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FOREWORD 

As has often been stated, the achievement of controlled fusion would 
be the ultimate solution of the earth's energy problems. Thus it is one of 
the most important scientific quests of our time, or perhaps of all time. 

The International Atomic Energy Agency has shared in this quest by 
sponsoring international conferences on fusion in 1961 at Salzburg and in 
1965 at Culham, following the first open exchange of information at the 
1958 Geneva Conference on the Peaceful Uses of Atomic Energy. In 1961 
the Agency also founded the journal Nuclear Fusion. In accordance with 
its continued strong interest in this subject, it recently sponsored the 
Third Conference on Plasma Physics and Controlled Nuclear Fusion 
Research, which was held in Novosibirsk, USSR, on 1-7 August 1968. 
The Conference, attended by more than 400 participants from 24 countries, 
took place with the full cooperation and support of the government of the 
USSR and the Institute of Nuclear Physics of the Siberian Academy of 
Sciences. The present two-volume publication contains the complete pro
ceedings of the Novosibirsk Conference, including the discussions. The 
texts of the 123 topical papers, from 14 countries, are here published in 
the original languages. The 34 papers presented here in Russian will be 
published in English translation in Nuclear Fusion early in 1969. 

Current research on fusion ranges from basic plasma physics studies, 
which provide a foundation for fusion research as well as constituting a 
scientific discipline in their own right, to work on the large experimental 
devices such as Tokamaks, stellarators, pinches, wherein perceptible 
progress is being made toward the main objective: longer containment of 
hot plasma. The programme, of, the-Novosibirsk Conference reflects this 
range of research effort and provides a balanced presentationof the current 
progress in the various approaches. Sincere thanks are due to the authors 
and the scientific institutions they • represent, and gratitude is expressed 
to the USSR authorities for their hospitality .and their help in arranging the 
meeting. . . . . 



EDITORIAL NOTE 

The papers and discussions incorporated in the proceedings published 
by the International Atomic Energy Agency are edited by the Agency's edi
torial staff to the extent considered necessary for the reader's assistance. 
The views expressed and the general style adopted remain, however, the 
responsibility of the named authors or participants. 

For the sake of speed of publication the present Proceedings have been 
printed by composition typing and photo-offset lithography. Within the limi
tations imposed by this method, eve ry effort has been mad-e to maintain a 
high editorial standard; in particular, the units and symbols employed are 
to the fullest practicable extent those standardized or recommended by the 
competent international scientific bodies. 

The affiliations of authors are those given at the time of nomination. 
The use in these Proceedings of particular designations of countries or 

territories does not imply any judgement by the Agency as to the legal status 
of such countries or territories, of their authorities and institutions or of 
the delimitation of their boundaries. 

The mention of specific companies or of their products or brand-names 
does not imply any endorsement or recommendation on the part of the Inter
national Atomic Energy Agency. 
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О Б З О Р ПО ЗАМКНУТЫМ ПЛАЗМЕННЫМ 
СИСТЕМАМ 

Л .А.АРЦИМОВИЧ 
ИНСТИТУТ АТОМНОЙ ЭНЕРГИИ 
им. И.В.КУРЧАТОВА, МОСКВА, 
СОЮЗ СОВЕТСКИХ СОЦИАЛИСТИЧЕСКИХ 
РЕСПУБЛИК 

При распределении тематики между участниками данной дискуссии на 
мою долю достался обзор экспериментов по замкнутым плазменным систе
мам . 

Следует.отметить, что при анализе различных экспериментальных 
программ не всегда удается провести строгое различие между замкнутыми 
и открытыми системами. Так, например, системы типа тета-пинча, кото
рые обычно относятся к классу открытых, при определенных условиях при
обретают такую структуру магнитного поля, что в них образуется замкну
тая плазменная конфигурация. Ввиду такой неопределенности я постара
юсь еще больше ограничить предмет обзора и буду касаться только замкну
тых систем с относительно небольшой величиной /3 . К этой категории отно
сятся стелл-араторы, различные типы так называемых мультиполей, торои
дальные установки с аксиальной симметрией и омическим нагревом (наибо
лее известными представителями которых являются Зета и Токамак), а т а к 
же некоторые другие системы, как, например, винтовой тороидальный т е -
та-пинч. 

Моя основная задача заключается в том, чтобьг дать краткий обзор 
развития экспериментальных исследований по замкнутым системам за пос
ледние три года . Таким образом, фоном для сравнения будет служить со 
стояние проблемы в том виде, как оно представлялось во время конференции 
в Калэме в 1965 году. Такое сравнение полезно для того, чтобы лучше 
оценить общие тенденции развития и удельный вес различных направлений 
исследований. Заметим, что даже яркие результаты, достигнутые ранее, 
блекнут, если дальнейшее движение тормозится. И наоборот, непрерывное 
и успешное продвижение вперед может вновь привлечь интерес к тем направ
лениям экспериментов, которые ранее казались потерявшими значения. 
Напомним вкратце ситуацию, которая существовала в выбранный нами исход
ный момент времени. Начнем со стеллараторной программы. Итогом 
экспериментальных исследований, проведенных на различных моделях стел-
лараторов в Принстоне, в 1965 году явилось подтверждение формулы Бома 
для скорости ухода частиц из плазмы. Результаты измерений времени 
жизни частиц в широком интервале изменения основных параметров процес
са (плотность, температура, напряженность магнитного поля) находились в 
очень хорошем согласии с этой знаменитой формулой. Однако, причины 
быстрого ухода частиц из плазмы оставались неясными. Этот уход мог быть 
обусловлен действием различных форм неустойчивости. Тем не менее, 
нельзя было полностью исключить предположение о том, что аномально боль
шой коэффициент диффузии в системах с такой сложной геометрией поля, 
как стелларатор, может объясняться также несовершенством магнитной 
структуры, т . е . разрушением магнитных поверхностей (заметим, что сущес
твование настоящих магнитных поверхностей в стеллараторе никогда не бы
ло математически доказано). 
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4 АРЦИМОВЙЧ 

Естественно, что такая ситуация должна была обязательно привести к 
разработке новой широкой программы исследований. Эта программа, ко
нечная цель которой заключается в выяснении физического механизма ано
мальной диффузии в замкнутых магнитных системах, складывается из сле
дующих главных пунктов: 

1 . Изучение свойств стелларатора как магнитной ловушки для отдель
ных заряженных частиц. 

2. Исследование процессов диффузии в так называемых <Э-машинах,в 
которых с помощью термической ионизации металлических паров создается 
квазистационарная низкотемпературная плазма, не возмущаемая прохожде
нием тока. 

3 . Изучение влияния геометрии магнитного поля на диффузионные 
процессы в плазме с помощью установок, получивших название мультиполей. 

В таких системах с внутренними проводниками, подвешенными в плазме, 
можно в широких пределах изменять две основные характеристики магнит
ного поля, которые должны определять, согласно теории, устойчивость 
плазменных конфигураций. Эти характеристики — глубина магнитной ямы и 
величина шира. Кроме того, естественно,нужно было продолжать изучение 
существовавших стеллараторных установок с целью получения более подроб' 
ной информации о зависимости между скоростью диффузии и основными па
раметрами системы. 

Результаты работ по указанной программе занимают значительное м е с 
то в тематике данной конференции. Прежде чем говорить об этих результа
тах, однако, нужно сказать несколько слов о том, в каком положении три 
года назад находились другие элементы рассматриваемой проблематики. 

Тороидальная установка Зета в течение ряда лет изнемогала под тяж
ким бременем крупномасштабных магнитогидродинамических неустойчи-
востей, и большинству из нас излечение этой болезни казалось безнадеж
ным . На конференции в Калэме появились, однако, первые указания на то, 
что в некоторых режимах амплитуда высокочастотных колебаний и скорость 
ухода частиц из плазмы в этой установке резко уменьшаются. Такой р е 
зультат стимулировал дальнейшее развитие работ на установке Зета . 

На установках семейства Токамак была подтверждена магнитогидро-
динамическая устойчивость системы при выполнении критерия Крускала-
Шафранова, но потери энергии оставались аномальными. Запас накоплен
ной экспериментальной информации был недостаточен для того, чтобы уста
новить какие-либо количественные закономерности, связывающие время 
удержания энергии в плазме с параметрами процесса. Тем не менее, уже 
на этой стадии было поднято знамя борьбы за освобождение от формулы 
Бома и удалось превзойти бомовские времена в несколько р а з . Направле
ние дальнейших разработок по программе Токамак было достаточно ясным. 
Нужно было расширять диапазон изменения основных параметров, использо-
вать более разнообразные диагностические методики и перейти к более сис
тематическому накоплению экспериментального материала. 

Я не буду останавливаться на характеристиках других замкнутых плаз
менных ловушек, поскольку в 1965 году результаты исследований, прове
денных на них, не укладывались в достаточно определенную картину. 

После рассмотрения общей характеристики начальных условий и тенден
ций развития экспериментов перейдем к обсуждению итогов данной конфе
ренции. Это обсуждение снова начнем со стеллараторов, затем обратимся 
к мультиполям и закончим системами с аксиальной симметрией. 



ЗАМКНУТЫЕ СИСТЕМЫ 5 

Отметим прежде всего эксперименты с тритием, проведенные в Калэме 
на тщательно изготовленной стеллараторной установке "Класп". В этих 
экспериментах впервые было показано,что стелларатор, при надлежащем 
исполнении магнитной системы, является хорошей ловушкой для отдельных 
заряженных частиц. Вместе с тем было выяснено, при каких нарушениях 
правильной геометрии поля начинается резкое уменьшение времени удержа
ния . Мне кажется, что в дальнейшем было бы желательно провести анало
гичные опыты и на других существующих стеллараторах для проверки ка
чества магнитной структуры. 

На стеллараторе Физического института им. П.Н.Лебедева АН СССР 
была установлена четкая связь между структурой магнитного поля и вре
менем удержания плазмы . Когда при изменении угла вращательного пре
образования возникает резонансное расщепление магнитных поверхностей, 
то одновременно резко уменьшается время удержания. 

В Гархинге в течение ряда лет ведутся работы по удержанию в стелла
раторе низкотемпературной плазмы, получаемой методом термической иони
зации. Результаты этих работ заслуживают внимания, так как в них впер
вые для плазмы получены времена удержания, близкие к тем, которые пред
сказываются классической теорией диффузии (и более чем на порядок вели
чины превосходящие бомовские времена). Эксперименты, из которых сле
дует этот вывод, представляются достаточно убедительными. В особеннос
ти это относится к опытам с бариевой плазмой, проводимым на новом стел
лараторе "Венделыдтейн II" . Однако следует с осторожностью относиться к 
экстраполяции этих результатов для случая высокотемпературной плазмы . 

Интересные эксперименты с плазмой низкой плотности были выполнены 
на Новосибирском стеллараторе. В этих экспериментах была исследована 
зависимость скорости диффузии от напряженности магнитного поля как в 
бесстолкновительном режиме, так и в режиме с малой длиной пробега заря
женных частиц. Установлено, что скорость диффузии всегда изменяется 
обратно пропорционально квадрату напряженности магнитного поля, причем 
для случая, когда столкновения играют существенную роль, абсолютная в е 
личина скорости диффузии приближается к величине, которую дает класси
ческая теория. Результаты измерений в Новосибирске хорошо сходятся с 
закономерностями, найденными в Гархинге. 

Очень большая программа экспериментов была выполнена в Принстоне 
на большом стеллараторе С. Для плазмы, изготовляемой самыми различ
ными методами, изучалась зависимость удержания от основных парамет
ров. Новые измерения показывают, что при некоторых условиях времена 
удержания т могут значительно превосходить величины, предсказываемые 
формулой Б о м а . Однако до сих пор еще не удалось установить однозначное 
соотношение между отношением т / т в и параметрами системы. На стелла
раторе С впервые была предпринята попытка найти связь между удержанием 
плазмы и флуктуациями концентрации и электрического поля в плазме . Р е 
зультаты этого исследования, по-видимому, можно сформулировать следу
ющим образом: если отношение продольной дрейфовой скорости электронов 
и е (при наличии тока) и тепловой скорости ионов V; превосходят единицу, то 
наблюдается прямая связь между флуктуациями и скоростью ухода частицы 
с плазмы. В противном случае, т . е . при u e / v j ^ 1, корреляция между ско
ростью ухода частиц и амплитудой флуктуации отсутствует . Интересным 
физическим эффектом является обнаружение на стеллараторе С аномально
го сопротивления плазмы. Данные, полученные при исследовании этого яв 
ления, смыкаются с результатами аналогичных исследований, выполненных 
на установках Токамак (при больших напряженностях электрического поля). 



6 АРЦИМОВИЧ 

Перечисленные экспериментальные результаты выбраны мной с и з 
вестным произволом, и на их основе можно получить лишь поверхностное 
впечатление об общем состоянии вопроса. Однако, если привлечь для рас 
смотрения всю совокупность фактов из различных работ, то,к сожалению,все 
же не удастся составить достаточно определенную картину процессов, от ко
торых зависит удержание плазмы в стеллараторах. Даже чисто феномено
логические закономерности, касающиеся времени удержания плазмы в стел
лараторах, нельзя считать сейчас однозначно установленными для широкого 
интервала изменения параметров. 

Приходится поэтому констатировать, что для создания прочного научно
го фундамента стеллараторной программы нужны дальнейшие усилия . Р а з в и 
тию работ в этом направлении будет способствовать ввод в строй новых стел-
лараторныхустановок . В связи с этим следует отметить, что недавно в Харь
кове была введена в действие большая установка "Ураган", рассчитанная на 
различные методы создания горячей плазмы . Характерная особенность 
магнитной системы "Ураган" состоит в том, что величина шира может дос
тигать относительно больших значений (до 0,1). 

Наряду с непосредственным "физическим" экспериментированием,боль
шое значение в дальнейшем могут приобрести "математические" экспери
менты с плазмой как коллективом частиц на электронных вычислительных 
машинах. Надо приветствовать первые успехи, достигнутые в этом направ
лении в Принстоне. 

Программа исследований на мультиполях первоначально казалась очень 
многообещающей, поскольку в таких системах можно в широких пределах 
изменять параметры, влияющие на устойчивость плазмы. Однако приходит
ся признать, что наши ожидания пока еще не сбылись. На существующих 
мультипольных системах не удалось установить однозначные закономернос
ти, связывающие время удержания с геометрией магнитного поля. Неожи
данную неудачу потерпели также попытки установить в мультипольных у с 
тройствах связь между флуктуациями и скоростью ухода частиц. По-види
мому, в существующих системах и з - з а наличия подвесок, проходящих через 
плазму, или же из - за наличия сильных электрических полей при индукционной 
подвеске внутренних проводников эквипотенциальные и магнитные поверх
ности не совпадают друг с другом, и это вызывает дополнительный уход 
частиц. В настоящее время остается надежда на то, что положение ради
кально изменится после перехода к сверхпроводящим мультиполям (с индук
ционным удержанием). Очевидно, что разработка этой новой техники зай
мет продолжительное время, а поэтому новые результаты появятся только 
к следующей международной конференции. 

Обратимся теперь к тороидальным установкам с аксиальной симметри
ей. Прежде всего нужно отметить очень важные и обнадеживающие резуль
таты, полученные на Зете при детальном изучении так называемых "спокой-
Hbix"("quiescent") режимов, обнаруженных несколько лет тому назад. Про
веденные эксперименты показали, что при определенных начальных условиях 
в системе на некоторой стадии процесса самопроизвольно создается такая 
конфигурация магнитных полей, которая обеспечивает магнитогидродинами-
ческую стабильность, и как следствие — высокое время удержания энергии 
и эффективный нагрев плазмы. Длительность "спокойной" фазы, по-види
мому связана со скин-временем для внешней оболочки плазменного шнура. 
Достигаемые в спокойных режимах времена удержания измеряются несколь
кими миллисекундами и во много раз превосходят бомовские времена. 

Вполне возможно, что в дальнейшем при переходе к большим магнитным 
полям и большим силам тока в установках типа Зегы удастся значительно 
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увеличить длительность "спокойного" периода и в результате получать 
плазму с очень высокими параметрами. 

На установках Токамак основные усилия были направлены на выясне
ние закономерностей нагревания плазмы и, в частности, на изучение зави
симости времени удержания энергии и времени удержания частиц от основ
ных физических параметров. Установлено, что время удержания тЕ быстро 
растет с возрастанием силы тока в плазме и не зависит от напряженности 
продольного магнитного поля. По-видимому, также можно считать, что т£ 

увеличивается с повышением температуры, поскольку мы наблюдаем возрас
тание тЕ во время процесса при почти постоянной величине Н„ . Таким об-
разом,в Токамаках пока не наблюдается ухудшения термоизоляции с ростом 
температуры, предсказываемым формулой Бома . Отношение т Е / т в в режи
мах с высокой температурой и высокой плотностью на установках Токамак 
достигает величины порядка 30. Приведенные результаты создают уверен
ность в том, что при дальнейшей интенсификации процессов в системах То
камак можно будет продвинуться значительно дальше по пути получения все 
более высоких температур и все больших времен удержания плазмы. При 
этом не исключено (хотя и не доказано), что при достаточно высоких темпе
ратурах уход частиц и потери энергии в Токамаках будут определяться чис
то классическими механизмами диффузии и теплопроводности на так назы
ваемых запертых частицах. Если бы это оказалось справедливым, то мож
но было бы сказать , что физические процессы в Токамаках в основных чер
тах поняты. Вполне возможно, однако, что какая-либо из многочисленных 
неустойчивостей может развеять эти надежды. 

При оценке дальнейших перспектив разработки кольцевых систем с оми
ческим нагревом плазмы нельзя забывать о том, что при высоких темпера
турах этот метод нагрева очень неэффективен, и даже при самых оптимис
тических ожиданиях вряд ли удастся с помощью простого омического нагре
ва поднять температуру плазмы выше нескольких киловольт. Поэтому од
ной из важнейших задач на будущее является разработка новых методов на
гревания плазмы в таких системах, как Зета и Токамак . 

Мой обзор подходит к концу, и поэтому я бы хотел сделать несколько 
замечаний общего характера. У меня нет намерения нарушать границы 
сфер влияния, добровольно установленные участниками данной дискуссии. 
И все же хотелось бы сказать несколько слов о таком.деликатном вопросе, 
как взаимоотношение между теорией и экспериментом, и о том, в частности, 
какой характер носят эти взаимоотношения в вопросах устойчивости плаз
менных конфигураций. За время разработки нашей проблемы, т . е . за 10-15 
лет, теоретический анализ дал ряд сильных результатов, которые могут 
восприниматься не только количественно, но даже грубо качественно, так 
как использование этих результатов позволяет установить отчетливые гра
ницы перехода между существенно разными состояниями плазмы . Сюда от
носятся: критерий Крускала-Шафранова, идея минимума В, идея о подавле
нии крупномасштабных плазменных деформаций широм, условия перехода 
электронов в режим ускорения и развития пучковых неустойчивостей. Эти 
достижения теории вошли в плоть и кровь современной физики высокотем
пературной плазмы и стали рабочим инструментом экспериментаторов. За 
последние годы главным направлением теоретических исследований стал 
анализ чрезвычайно многочисленных и трудно различимых форм различных 
слабых дрейфовых и резистивных неустойчивостей с относительно неболь
шими инкрементами нарастания. Практически весь этот анализ ведется в 
линейном приближении. Следует прямо сказать , что здесь теория пока еще 
не находит должной поддержки в эксперименте и, вероятно, не найдет до тех 
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пор, пока теоретики не перейдут к синтезу полученных ими частных резуль
татов, но уже на значительно более высоком нелинейном уровне. 

При современном состоянии экспериментов, когда мы в основном рабо
таем с несовершенной магнитной геометрией, с плазменными конфигураци
ями, для которых характерна неопределенность граничных условий и силь
ное взаимодействие со стенками, можно всегда в громадной картотеке не-
устойчивостей найти ту, которая нам больше всех других придется по вкусу. 
С таким же успехом вы отыщете и желательный всем стабилизирующий м е 
ханизм . А в общем экспериментатор должен относиться к теории как к хо
рошенькой женщине: с благодарностью принимать то, что она ему дает, но не 
доверять ей безрассудно. 

Мое второе замечание сводится к следующему. Затруднения, с которы
ми мы сейчас встречаемся при анализе физических процессов в замкнутых 
плазменных системах, отчасти связаны с тем, что экспериментальная прог
рамма в своем развитии была недостаточно последовательной. Следовало 
уделять больше внимания плазменным системам с возможно более простой 
конфигурацией и возможно более высокой симметрией, прежде чем изучать 
сложные несимметричные геометрии. Поэтому мне представляется, что в 
дальнейшем нужно сосредоточить больше усилий на исследовании таких от
носительно простых систем, как Зета, Токамак, Левитрон, круглый стелла-
ратор. В этих системах имеются широкие возможности для изменения гео
метрии полей при неизменной симметрии. 

Теперь я попытаюсь совершить диверсию в сторону другой сферы влия
ния. Часто задают вопрос: какая плазменная система лучше - з а м к н у т а я 
ловушка или зеркальная машина? Окончательный ответ на этот вопрос бу
дет получен, вероятно, очень не скоро, так как обе системы этих двух клас
сов имеют свои достоинства и недостатки. И, наконец, есть третий класс 
систем, в которых создаются плазменные сгустки с очень большой плот
ностью и очень малым временем существования . Возможно, что именно они 
в конечном счете одержат победу в тройном соревновании. Представляется 
полезным, однако, отметить одно обстоятельство. Допустим, что сравнива
ются две системы — замкнутая и открытая - с одинаковой плотностью плазмы 
и. одинаковой температурой ионов . В какой из этих систем время удержания 
плазмы больше? Выберем в качестве открытой ловушки самую наилучшую, т . е . 
такую, в которой подавлены все виды неустойчивостей. В идеальной откры
той ловушке длительность удержания плазмы будет порядка одного интерва
ла времени между двумя ион-ионными столкновениями. Таким образом, 
соотношение между временами удержания плазмы в замкнутой системе и 
идеальной зеркальной ловушке по порядку величины будет просто равно чис
лу кулоновских столкновений, которые испытывает ион в первой из этих сис
тем за то время, пока он в ней находится . Примером может служить уста
новка Т - 3 , принадлежащая к семейству Токамак. При плотности плазмы 
порядка 5-10 см" и температуре ионов водорода~0,5 кэв ион за время 
своей жизни в установке совершает несколько десятков столкновений. Т а 
ким образом, даже отнюдь не идеальная замкнутая ловушка по времени удер
жания в десятки раз превосходит идеальную (и еще неосуществленную) з е р 
кальную машину. Конечно, надо честно признаться, что температура ионов 
еще низковата. Однако, у нас есть надежда на ее дальнейшее повышение. 

Приведенное здесь сравнение отнюдь не преследует цели подкопа под 
программу разработки открытых ловушек . На данном этапе необходимо 
мирное сосуществование между различными направлениями развития иссле
дований, посвященных проблеме управляемых термоядерных реакций. И я бы 
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сказал больше —не только мирное сосуществование, но активное сотрудни
чество в рамках международного научного содружества. 

Наконец, еще два слова. Чего же мы достигли по сравнению с Калэмом? 
Мне кажется, что один, по крайней мере, действительно важный результат 
был достигнут. Мы освободились от мрачного призрака громадных потерь, 
воплощенного в формуле Бома, и открыли путь для дальнейшего повышения 
температуры плазмы с выходом на физический термоядерный уровень . 

Разрешите мне теперь принести искренние извинения авторам многих очень 
интересных работ, не упомянутых в моем обзоре по той причине, что я не об
ладаю способностью абсорбировать и переварить за несколько дней такой ог 
ромный объем научной информации. 





SURVEY ON CLOSED PLASMA SYSTEMS 

L.A. ARTSIMOVICH 
I. V. KURCHATOV INSTITUTE OF ATOMIC ENERGY 
MOSCOW, UNION OF SOVIET SOCIALIST REPUBLICS 

In the allotment of subjects to the speakers part icipat ing in this 
Panel Discussion I have been assigned the task of reviewing exper iments 
on closed p lasma s y s t e m s . 

I should like to s t a r t by pointing out that when one is analysing 
var ious exper imenta l p r o g r a m s it is not always possible to make a 
r igorous dist inction between closed and open s y s t e m s . Fo r example , 
sys t ems of the theta-pinch type, which we usual ly consider to be open 
s y s t e m s , acqui re under cer ta in conditions a magnetic field s t ruc tu re 
which is such that a closed p lasma configuration is formed. In view of 
this uncer ta inty I shall t ry to confine my review to closed sys tems with 
re la t ively low (3 - for example, s t e l l a r a t o r s , different types of the s o -
called mul t ipoles , toroidal devices with axial symmet ry and ohmic 
heating (the best known of which a r e Zeta and the Tokamak devices) , and 
a number of other sys tems such as the hel ical toroidal theta-pinch. 

My main task is to survey briefly the exper imenta l s tudies of closed 
sys t ems performed over the past th ree y e a r s . As a bas is for compar ison, 
I shal l the re fore take the s ta te of the problem as we saw it in 1965 at the 
t ime of the Culham conference. Such a compar ison is useful in that it 
enables one to evaluate more accura te ly the genera l t rends and the r e l a 
tive impor tance of the var ious l ines of r e s e a r c h . It is worth bear ing in 
mind that br i l l iant r e su l t s achieved in the past fade if subsequent p rog re s s 
is slow; by the same token, a success ion of advances can revive in te res t 
in l ines of r e s e a r c h which appeared to have lost the i r meaning. 

Let us r eca l l briefly the situation as it was at our chosen re fe rence 
date , beginning with the s t e l l a r a to r p r o g r a m s ! By 1965, exper iments 
at Pr inceton with var ious s t e l l a r a to r models had confirmed the validity 
of Bohm1 s formula for the r a t e of par t ic le escape from the p lasma. 
Par t i c le l ifetime measu remen t s for a wide range of p a r a m e t e r values 
(density, t e m p e r a t u r e , magnetic field strength) were found to be in very 
good agreement with this well-known formula. However, the r easons 
for the rapid escape of pa r t i c l e s from the p lasma remained obscure . It 
might be due to various types of instabil i ty, but one could not exclude 
completely the possibil i ty that the anomalously high diffusion coefficient 
for sy s t ems with such a complex field geomet ry as that of the s t e l l a r a to r 
was also associa ted with imperfect ions in the magnetic s t r uc tu r e , i .e . 
with magnet ic surface des t ruc t ion (it is worth noting that the exis tence 
in s t e l l a r a t o r s of r ea l magnetic surfaces has never been proved 
mathemat ica l ly) . 

This na tura l ly led to an extensive new p rog ram of invest igat ions , 
with the u l t imate objective of d iscover ing the physical mechanism of 
anomalous diffusion in closed magnetic s y s t e m s . The pr incipal compo
nents of the p rogram were : 
1. Study of the p roper t i es of the s t e l l a r a to r as a magnetic t r a p for in

dividual charged pa r t i c l e s ; 
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2. Investigation of diffusion processes in Q-machines, in which thermal 
ionization of metal vapours produces quasi-stationary low-temperature 
plasma that is not perturbed by the passage of current; 

3. Multipole studies of the influence of the magnetic field geometry on 
diffusion processes in the plasma. 

In such systems, with internal conductors suspended in the plasma, 
it is possible to vary within broad limits both magnetic well depth and 
shear - the magnetic field characteristics which, according to theory, 
play a principal role in determining the stability of plasma configurations. 

Naturally it was also considered necessary to pursue the study of 
existing stellarator devices with a view to obtaining more detailed in
formation about the relationship between the diffusion rate and the main 
parameters of the system. 

The results of the work performed as part of this program have 
been prominent at the present Conference. Before discussing these 
results, however, I should say a few words about the position three years 
ago with regard to other aspects of the subject we are considering. 

For a number of years Zeta had been weighed down by the heavy 
burden of large-scale magnetohydrodynamic instabilities,, and most of 
us felt that the complaint was an incurable one. At Culham, however, we saw 
the first indications that under certain conditions the amplitude of the high-
frequency oscillations and the rate of particle escape from the plasma 
could be reduced drastically. These results stimulated further work 
with Zeta. 

In devices of the Tokamak family confirmation had been obtained of 
the magnetohydrodynamic stability of the system when the Kruskal-
Shafranov criterion was satisfied, but the energy losses remained anom
alous. The amount of experimental data was insufficient to establish 
any quantitative connection between the duration of energy containment 
in the plasma and the parameters of the process. 

Nevertheless, even at that stage investigators were struggling to 
liberate themselves from Bohm1 s formula and had succeeded in ex
ceeding the Bohm times by a substantial factor. The line to follow in 
the Tokamak program was fairly obvious: it was necessary to extend 
the range of variations in the basic parameters, to use more varied 
diagnostic methods and to accumulate experimental data on a more 
systematic basis. 

I shall not dwell on the characteristics of other closed plasma traps, 
since in 1965 the results of investigations performed with such traps did 
not fit into a sufficiently well-defined picture. 

Having considered-in general terms the initial situation and the 
prospective trends, let us look at the results of the present conference. 
I shall again start with stellarators, go on to multipoles, and finally 
discuss systems with axial symmetry. 

Let us take the tritium experiments performed in the carefully 
designed "Clasp" stellarator at Culham. In these experiments it has 
been shown for the first time that, if the magnetic system is of suitable 
design, a stellarator is a good trap for individual charged particles. 
In addition, this work has shown which departures from the correct field 
geometry give rise to an abrupt decline in containment time. I think it 
would be useful to conduct similar experiments in other existing stella
rators with a view to verifying the quality of the magnetic structure. 
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The p r e c i s e re la t ionship has been establ ished, using the s t e l l a r a to r 
of the P.N. Lebedev Physics Inst i tute, between magnet ic field s t ruc tu re 
and p lasma containment t ime . When resonance dis integrat ion of the 
magnetic su r faces occurs as a resu l t of a change in the rota t ional t r a n s 
form angle, it is accompanied by a sha rp decline in the containment 
t ime . 

Over a number of y e a r s , invest igators at Garching have been working 
on the containment in a s t e l l a r a to r of a low- tempera tu re p lasma produced 
by t h e r m a l ionization. They have achieved noteworthy r e s u l t s , obtaining 
for the f i r s t t ime plasma containment t imes close to those predicted by 
c l a s s i ca l diffusion theory (and m o r e than an o rder of magnitude g r ea t e r 
than the Bohm t imes ) . The exper iments on which this conclusion is 
based a r e fairly convincing - par t icu lar ly those performed with a ba r ium 
plasma in the new Wendelstein II s t e l l a ra to r . However, we should be 
careful about extrapolating these resu l t s to h igh - t empera tu re p l a s m a s . 

In teres t ing low-density p lasma exper iments have been performed 
with the Novosibirsk s t e l l a r a t o r . The purpose of these exper iments has 
been to invest igate the dependence of the diffusion r a t e on magnetic field 
s t rength both under col l i s ionless conditions and in a reg ime where the 
charged par t i c les have a short path length. It has been found that the 
diffusion r a t e always va r i e s in inverse proport ion to the square of the 
magnetic field s t rength , the absolute diffusion r a t e approaching the value 
given by c l a s s i ca l theory when coll is ions a r e significant. The m e a s u r e 
ments made in Novosibirsk a r e in good agreement with the r e su l t s ob
tained at Garching. 

A major exper imenta l p rog ram has been ca r r i ed out with the Model-C 
s t e l l a r a to r at Pr ince ton . The dependence of containment on the main 
p a r a m e t e r s is being studied for a plasma produced by var ie ty of methods . 
Recent m e a s u r e m e n t s show that under cer ta in conditions the contain
ment t imes T significantly exceed those predicted by Bohm1 s formula . 
However, it has not yet proved possible to es tabl ish a c l ea r re la t ion
ship between the ra t io т / т в and the p a r a m e t e r s of the sy s t em. F i r s t 
a t tempts to es tabl ish a cor re la t ion between p lasma containment on one 
hand and p lasma concentrat ion and e lec t r ic field fluctuations on the other 
have been made with the Model-C s t e l l a r a to r . The r e su l t s of this study 
would appear to be the following: if the ra t io of the longitudinal drift 
velocity of the e lec t rons ve (in the p resence of current) to the t h e r m a l 
velocity of the ions V; exceeds unity, a direct cor re la t ion is observed 
between the fluctuations and the r a t e of par t ic le escape from the p lasma. 
If it is l e s s than unity, the re is no corre la t ion between the r a t e of 
par t ic le escape and the ampli tude of the fluctuations. An in teres t ing 
physical phenomenon observed in the Model-C s t e l l a r a to r is anomalous 
r e s i s t ance of the p lasma. The data re la t ing to this phenomenon tally 
with the r e su l t s of s imi l a r Tokamak exper iments performed with s t ronger 
e lec t r ic f ields. 

The exper imenta l r e su l t s have been singled out by me in a s o m e 
what a r b i t r a r y manner and give only a superficial impress ion of the 
genera l s ta te of the problem. However, even if one cons iders all the 
r e su l t s obtained in the re levant invest igat ions, it is unfortunately s t i l l 
imposs ib le to draw a sufficiently c l ea r picture of the p r o c e s s e s on 
which p lasma containment in s t e l l a r a t o r s depends . Even the purely 
phenomenological pat tern to which the containment t ime of p lasmas in 
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s t e l l a r a to r s conforms cannot yet be considered as definitely established 
for major p a r a m e t e r var ia t ions . 

We must therefore conclude that further efforts a re needed to c rea te 
a f i rm scientific bas is for the s t e l l a r a to r r e s e a r c h p r o g r a m . Work 
along these l ines will probably resu l t in the construct ion of new s t e l l a ra to r 
devices . In this connection, I would mention that a la rge device, the 
"Uragan" ("Hurr icane") , designed for the production of hot p lasma by 
var ious methods , recent ly went into operation at Kharkov. A special 
feature of Uragan ' s magnetic sys tem is that re la t ively high (up to 0.1) 
shear values can be achieved. 

In addition to d i rec t "physical" exper iments , "mathemat ica l " com-
puterbased exper iments with the p lasma considered as a body of par t ic les 
may acquire considerable impor tance in the future. The w o r k e r s at 
Princeton a r e to be congratulated on the f irs t advances in this di rect ion. 

At f i r s t , the p rogram of r e s e a r c h on mult ipoles seemed very p r o m 
ising, since the p a r a m e t e r s affecting plasma stabil i ty can be varied 
over a wide range in such s y s t e m s . However, expectations have not yet 
been fulfilled. In the existing multipole sys tems it has not proved 
possible to establ ish a definite re la t ionship between containment t ime 
and magnetic field geometry . Attempts to establ ish a re la t ionship be 
tween fluctuations and par t ic le escape ra te in multipole devices have also 
unexpectedly failed. It would appear that , due to the p resence of supports 
passing through the p lasma, or to the presence of s t rong e lec t r i c fields 
when the in ternal conductors a re inductively suspended, the equipotential 
and magnetic surfaces do not coincide in the existing s y s t e m s , 'and this 
gives r i s e to additional par t ic le escape . There remains the hope that 
the position will change radical ly when superconducting mult ipoles (with 
induction containment) a re adopted. However, it is obvious that , s ince 
it will take a considerable t ime to develop these techniques , new resu l t s 
will s t a r t appearing only towards the t ime of the next internat ional 
conference. 

Let us now consider toroidal devices with axial s y m m e t r y . I should 
first like to draw attention to the very important and encouraging resu l t s 
obtained with Zeta in detailed investigations of the quiescent r eg imes 
discovered some yea r s ago. Exper iments have shown that for cer ta in 
init ial conditions the magnetic field configuration which ensures magneto-
hydrodynamic stabili ty - and consequently long energy containment t imes 
and efficient plasma heating - is crea ted spontaneously within the sys tem 
at some stage in the p r o c e s s . The duration of the quiescent phase appears 
to be associa ted with the sk in- t ime for the outer sheath of the plasma 
column. The containment t imes achieved under quiescent conditions a r e 
severa l mi l l i seconds in duration and exceed the Bohm t imes by a sub
stant ial factor . With s t ronge r magnetic fields and c u r r e n t s , it is quite 
possible that the duration of the quiescent period will be increased in 
devices of the Zeta type and that p lasmas with, very high p a r a m e t e r 
values will be produced. 

The main effort in Tokamak exper iments has been directed at in
vestigating the p lasma heating p roces s and the dependence of energy 
and par t ic le containment t imes on the basic physical p a r a m e t e r s . It 
has been establ ished that the energy containment t ime тЕ i n c r ea se s as 
the cur ren t in the plasma r i s e s and is independent of the s t rength of the 
longitudinal magnetic field. The energy containment t ime may well also 
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inc rease with r i s ing t e m p e r a t u r e ; we observe an i nc r ea se in тЕ during 
exper iments at a lmost constant H„ . Thus , we have not yet observed in 
Tokamak devices the de te r io ra t ion in t h e r m a l insulat ion with r i s ing 
t e m p e r a t u r e predicted by Bohm1 s formula. In h igh - t empera tu re and 
high-densi ty r e g i m e s , the ra t io тЕ / т 6 in these machines at tains a value 
of the o rde r of 30. In the light of the above-mentioned resu l t s we a r e 
confident that , through further investigation of the p r o c e s s e s occurr ing 
in Tokamak s y s t e m s , substant ia l p rog res s will be made towards ob
taining increas ingly high t e m p e r a t u r e and increas ingly long p lasma con
tainment t imes ; and it is quite possible (although this has not been 
proved) that , at sufficiently high t e m p e r a t u r e s , energy los ses and the 
escape of par t ic les in Tokamak devices will be determined by the purely 
c lass ica l mechan isms of diffusion and heat conduction associa ted with 
t rapped p a r t i c l e s . If th is proved to be the c a s e , one could say that the 
bas ic features of the physical p r o c e s s e s occurr ing in Tokamak devices 
have been understood. However, any one of numerous instabi l i t ies 
might easi ly dispel these hopes . 

When as sess ing the future prospects of annular sys t ems with ohmic 
heating, one should not forget that at high t e m p e r a t u r e s this method of 
heating is very inefficient, and even if our most optimist ic expectations 
a r e rea l ized it is hardly likely that the plasma t empera tu re will be 
r a i sed above a few kilovolts by s imple ohmic heat ing. One of the main 
t a sks for the future will the re fore be to devise new methods of p lasma 
heating in Zeta , Tokamak and s imi l a r s y s t e m s . 

Since I am approaching the end of this review, I should like to make 
a few genera l comments . I do not intend to t r a n s g r e s s the boundaries 
of the sphe re s of influence establ ished for those part icipat ing in this 
Panel Discuss ion. However, I should like to say a few words about the 
ex t remely del icate question of the relat ionship between theory and ex
per iment , and in par t icu lar about the nature of this re la t ionship as it 
affects the stabil i ty of p lasma configurations. 

Over the past 10-15 yea r s theore t ica l analysis has yielded significant 
r e s u l t s , which we a r e able to in te rpre t not only quantitatively by also in 
a crudely qualitative manner , s ince they enable us to es tabl ish c lear ly 
the boundaries between significantly different p lasma s t a t e s . I am 
thinking he re of the Kruskal-Shafranov c r i t e r ion , the min imum-B con
cept, the idea of suppress ing l a r g e - s c a l e p lasma deformations by means 
of shea r , and the conditions for the t rans i t ion of e lec t rons to an a c c e l e r a 
tion r eg ime and for the development of beam ins tab i l i t ies . These achieve
ments in the field of theory have become part of the flesh and blood of 
contemporary h igh - t empera tu re p lasma physics and the tool of the ex 
pe r imen ta l i s t s . In recent y e a r s , however, theore t ica l s tudies have 
been di rected principally towards the analysis of the very numerous and 
ba re ly dist inguishable forms of the various weak drift and r e s i s t i ve 
ins tabi l i t ies with re la t ively sma l l growth r a t e s . Such analyses a r e p e r 
formed a lmost ent i rely in the l inear approximation. We have to admit that 
in this field the theory has not yet been confirmed exper imenta l ly and 
that it probably will not be until the theore t ic ians have synthesized the i r 
var ious r e su l t s at a significantly h igher , non- l inear level . 

In the p resen t s tate of exper imenta l r e s e a r c h - in which we a re 
working essent ia l ly with an imperfect magnetic geomet ry and with 
p lasma configurations that a r e charac te r ized by vagueness of the boundary 
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conditions and strong interact ion with the walls - it is always possible to 
find in the grea t instabili ty catalogue the pa r t i cu la r instabil i ty which is 
most to one' s liking; and with the same ease one can find the stabil izing 
mechan ism, which suits everyone. As a genera l pr inc ip le , we may say 
that the exper imenta l i s t should t r ea t theory as he would a beautiful woman: 
accept with grat i tude what she has to offer, but avoid t rus t ing her 
completely. 

My second comment concerns the difficulties which we a r e now en
countering in our a t tempts to analyse the physical p r o c e s s e s which occur 
in closed p lasma s y s t e m s . These difficulties a r e due par t ly to the fact 
that the conduct of the exper imenta l p rogram has been insufficiently 
consis tent . Before studying complex non - symmet r i c geomet r i e s we 
should have paid m o r e attention to plasma sys t ems with the s imples t 
possible configuration and the grea tes t possible s y m m e t r y . I therefore 
feel that we should in future concentrate on rela t ively s imple sys tems 
such as Zeta , Tokamak, Levitron and the c i r cu la r s t e l l a r a to r . In 
these sys t ems the re a r e many ways of varying the field geomet ry while 
keeping the s y m m e t r y unchanged. 

I shal l now attempt to c r e a t e ' a d ivers ion near another sphere of 
influence. The question is often asked as to which p lasma sys tem is 
be t te r - the closed t r a p or the m i r r o r machine . It is unlikely that a final 
answer to th is question will be obtained in the near future, s ince both 
sys tems have the i r advantages and drawbacks . The re i s , moreove r , a 
third sys tem in which p lasma blobs of very high density and very short 
l ifetime a r e produced, and this sys tem may eventually win the t h r e e -
sided contest . 

However, t he r e is one important point which should not be over 
looked. Let us a s sume that we a r e comparing two sys t ems - a closed 
and an open sys tem with identical p lasma densi t ies and identical ion 
t e m p e r a t u r e s . ' Which of these sys tems will give the longer p lasma con
tainment t i m e ? Let us take as our optimum an open t r a p in which all 
types of instabil i ty a r e suppressed . In this ideal open t r a p the p lasma 
containment t ime would be of the order of the in terval between two ion-
ion co l l i s ions . Thus , the ra t io of the containment t ime of a p lasma in 
a closed sys t em to that of a p lasma in an ideal m i r r o r t r a p would be of 
the same o r d e r of magnitude as the number of Coulomb coll isions ex
perienced by an ion while it is in the fo rmer sys t em. Let us take by 
way of example the third device of the Tokamak family. At a p lasma 
density of the order of 5 X lO13 c m " 3 and a hydrogen ion t e m p e r a t u r e 
of the o rder of 0.5 keV, the ion would experience seve ra l dozen col l i 
sions while it is in the device. Thus, the containment t ime of a closed 
t r a p that is by no means ideal is many t imes g r ea t e r than that of an 
ideal (and as yet non-existent) m i r r o r machine . Of cou r se , it must be 
admitted that the ion t e m p e r a t u r e is s t i l l r a t h e r low; but we a r e hoping 
to r a i s e it fur ther . 

The purpose of this compar ison was in no way to undermine the 
open t r a p r e s e a r c h p r o g r a m . At the p resen t s t age , it is e ssen t ia l that 
t he r e be peaceful co-exis tence between the var ious l ines of controlled 
nuclear fusion r e s e a r c h ; in fact, I would go as far as to say: not s imply 
peaceful co-ex i s tence , but active collaboration within the framework of 
internat ional scientific collaborat ion. 
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What, then, have we accomplished since Culham? In my opinion, 
at leas t one rea l ly important resu l t has been achieved: we have rid our 
se lves of the gloomy spec t re of the enormous los ses embodied in Bohm1 s 
formula and have opened the way for further i n c r e a s e s in p lasma t e m 
pe ra tu r e leading to the physical the rmonuclear level . 

Allow me to express my s ince re s t apologies to the authors of those 
many in teres t ing papers which have not been mentioned in my review - for 
the s imple reason that I am not capable of absorbing and digesting with
in a few days such an enormous amount of scientific information. 
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In these r e m a r k s I want to summar i ze those papers which deal with 
" low-beta" sys tems (high-frequency heating; acce lera t ion and stabil ization, 
and l a s e r p lasmas) , "high-beta" sys tems (plasma focus), and the Astron. 

Let me s ta r t with the Astron. As you know, the aim of the Astron 
P r o g r a m is to c rea te a cyl indrical shel l of rotat ing re la t iv is t ic par t ic les 
(electrons) at a sufficient level of intensity to produce a magnetic well 
with closed l ines of force which confines the p lasma . The energy of the 
re la t iv is t ic e lect rons is sufficient to heat the p lasma to the rmonuc lea r 
ene rg ie s . The most recent resu l t s from the Astron group, both theore t ica l 
and exper imental , a re encouraging. On the theore t ica l s ide, theor i s t s 
at LRL have found, in an init ial calculation, that if and when such a closed 
configuration is achieved, the stabil i ty of a p lasma in this well is r a the r 
favourable, provided a special hollowed-out E - l aye r distr ibution can be 
provided. Experimental ly , an injection of 300 a m p e r e s of 4 MeV elec t rons 
was achieved. This resul ted in a field r e v e r s a l of 6% from an E- l aye r 
having a length of about 2 m e t r e s . Moreover , at this intensity, the E - l aye r 
p recessed stably and rigidly, in a sense and at a frequency which were 
predicted by theory. This , I bel ieve, is an important resu l t . The idea 
that a 2 -me t re long shell of e lec t rons p recessed like a rigid body, I (for 
one) find a l i t t le incredible . Now this value of 6% is some 10 t imes g r ea t e r 
than what was achieved at Culham. But many problems remain , such as 
understanding what happens during injection; how to ta i lor the distr ibution 
of the E - l a y e r par t ic les to suit one ' s fancy or need; how to achieve trapping 
in a vacuum ra ther than a res idual gas , and many other p rob lems . Not 
the leas t among those other problems is how to proceed ult imately from 
MeV elect rons to GeV protons . But, Dr . Christofilos a s s u r e s me that by 
the t ime of the next conference, th ree years from now, the 6% which I 
quoted will have become at leas t 60% or very close to the value needed for 
field r e v e r s a l . 

I should like now to touch on high-beta r e s e a r c h . I think that high-beta 
r e s e a r c h has come of age in the las t few y e a r s . Let me explain what I 
mean by this s ta tement . Until very recent ly, all o r near ly all exper iments 
in this field were with high-beta p lasma . The p lasma was not stable long 
enough for meaningful exper iments to be performed on the p lasma . Now 
the situation is different. Reports a re presented at this conference on ex
per iments on theta-pinch devices , in which the p lasma is s table for suf-' 
ficiently long t imes (10 or 20 microseconds) for the high-beta p lasma to be 
regarded as just another p lasma column - not quite the p lasma column of 
a Q-machine, but a plasma column nonetheless . On such a plasma column 
one can do exper iments . Specifically, by an ingenious method an SL - 0 
bump of controllable amplitude was able to be induced in the plasma, and 
the growth or the absence of growth of the stabili ty induced by this bump 
could be studied exper imenta l ly . It was studied in a beautiful experiment 
at Culham, in which the growth of this Haas-Wesson instabil i ty was ob-
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served to be in agreement with theory . The Culham exper iment was on 
collisional p lasma; that i s , one in which the mean free path was short 
compared to the e igh t -met re length of the column. In the Los Alamos 
machine a s im i l a r experiment was done on a col l is ionless p l a sma . Here , 
no growth was observed for r easons not quite understood. Conditions in 
this exper iment were such that the exper imentor was able to do exper iments 
on effects of turbulent heating and on the excitation of the Kruskal-Shafranov 
m o d e s . 

Returning to the Culham exper iments , the re is one ve ry significant 
resul t , I think. In these exper iments radial l o s ses were measu red to be 
at leas t 200 t imes s m a l l e r than the calculated Bohm loss , when the sheath 
was diffuse, and they were in the o r d e r of Bohm lo s se s when the sheath 
was ve ry thin. Now, in a thin sheath one can expect turbulence because 
of the e lec t ron- ion acoust ic-wave ins tabi l i t ies . So, this resu l t perhaps 
is not so su rp r i s ing . But the fact that the losses a r e observed to be near ly 
c l a s s i ca l when the sheath is diffuse i s , I think, ve ry encouraging. 

Turning to closed high-beta sys t ems , we also l ea rn of a possible way 
of stabil izat ion of a short toroidal theta pinch, i . e . a theta pinch which is 
formed by trapping a r e v e r s e d - b i a s field. This is done by passing a hard 
core through the pinch which c a r r i e s a heavy cu r r en t . The cur rent r e tu rns , 
not through the plasma, but through conductors which a r e located outside 
the p lasma . As Dr . Kolb points out, t he re a re very in teres t ing s imi l a r i t i e s 
between this device and the Tokomak. They have s imi l a r p roper t i e s of 
shear , well-depth, e tc . In the Jutphaas exper iments , a toroidal sc rew 
pinch, it was discovered that a cold " p r e s s u r e l e s s " p lasma outside the 
pinch can provide some stabil ization against the Kruskal-Shafranov m o d e s . 

I think the most ambitious undertaking in this field is that of the Los 
Alamos group, and that is the very l a rge toroidal device, Scyl lac . Scyllac 
will ul t imately become a fast toroidal pinch with a d iamete r of about five 
m e t r e s . In such a device, one has to worry about equil ibrium, and one 
has to worry about whether o r not dynamic stabil ization is n e c e s s a r y . In 
a size of Scyllac, dynamic stabil ization is difficult and expensive. A group 
at New York Universi ty p resen t s a theore t ica l analysis of a cer ta in con
figuration for which equil ibrium may be assured without dynamic s tabi l i 
zation (paper C-24 /K-6) . If dynamic stabil ization is neces sa ry , there a r e 
papers (especial ly from the Leningrad group) stat ing that such stabil izat ion 
should be possible , because it appears to work on lower -be ta sys t ems , 
both toroidal and l inea r . 

1 A very interesting little gadget in high-beta research is the plasma 
focus. From a specially shaped co-axial gun a small-volume plasma is 
produced which is stable during a radial collapse. It is of a very high 
density (1019cm-3 or more), has a very high temperature, lasts a very 
short time (a small fraction of a microsecond), but puts out very copious 
neutrons. This device, whose plasma contains more than 1017 particles 
at temperatures of a few keV, seems to me a good injector for low-beta 
open systems in lieu of some of the other injection devices being used today. 
There has been much work on this system as measured by five papers from 
five different groups. Very thorough measurements have been done: 
spectroscopic studies, neutron measurements, X-rays and so on. The 
predominant, but not unanimous, opinion has it that the neutrons originate 
from a thermal plasma which is moving longitudinally at a velocity of 107 

to 108 cm/s while it is collapsing radially. An interesting off-shoot of this 
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work is that descr ibed by Dr . Morozov. He has introduced the important 
idea of " isomagnet ic flow" which can s tabi l ize the most dangerous (m = 0) 
instabil i ty of a z-pinch. The possibi l i ty therefore a r i s e s of a continuous, 
f low-stabil ized z-pinch with some r eac to r poss ib i l i t ies . Some of these ideas 
have been tes ted exper imenta l ly . By pulsing the neut ra l gas , the stabil i ty 
t ime was extended from fractions of microseconds to a few tens of m i c r o 
seconds, although at a considerable reduction in density and in t empera tu re 
of the p lasma . 

I now turn to low-beta r e s e a r c h . At the Culham Conference it was 
shown beyond any doubt that Ioffe was right and that in a min imum-В con
figuration all dangerous modes a re suppressed , that is , all modes of low 
frequency such that the magnetic moment of the par t ic les is conserved. 
But at Culham there were also the first papers on the loss -cone instabil i ty. 
The subject of the loss instabil i ty has been with the m i r r o r people ever 
s ince, both theoret ica l ly and experimental ly, and will be with them for a 
considerable t ime to come. But this is nothing to be dishear tened about. 
Again, judging from the papers and discussions in this conference, very 
considerable p rog re s s has been made both in the theore t ica l understanding 
of loss -cone instabi l i t ies and in the exper imenta l elucidation of these 
ins tabi l i t ies . I am not going to d iscuss theory he re , except to say that, 
in spite of the fact that some new instabil i t ies a re discussed here (in 
pa r t i cu la r , the so-cal led modified o r ave rage -nega t ive -mass instability), 
I think that this subject is r a t h e r well understood so far as ' the onset of 
instabi l i t ies is concerned - understood theoret ical ly , that i s . If any new 
s u r p r i s e s appear , they are not going to be shocking s u r p r i s e s . What is 
not understood is how these instabi l i t ies grow to the non- l inear reg ime 
and how they affect the par t ic le loss from the device . 

The m i r r o r machine is a simple machine. It is flexible, unlike many 
of the toroidal devices - even the axially symmet r i c to ro ids . It is access ib le 
to diagnost ics . One can control p lasma p a r a m e t e r s much m o r e readi ly 
than in a toroidal machine . Whether o r not these devices have r eac to r 
possibi l i t ies is not, I believe, that important to-day when the re is so much 
yet to be learned about the p lasma in a magnetic field. What one l e a rns 
about m i r r o r machines will be of in teres t to many devices - not just open-
ended devices , and because of flexibility of the m i r r o r machine, the various 
loss -cone instabi l i t ies can be studied one by one, unlike the situation in 
toroidal mach ines . 

We a r e shown at least two very beautiful examples of this point. The 
modified o r ave rage -nega t ive -mass instabil i ty has been studied in a very 
nice exper iment in the DCX-2 machine at Oak Ridge and possibly identified 
in Ioffe's PR-5 machine and in the DEÇA exper iment . In the Phoenix 
machine in a rea l ly beautiful experiment the H a r r i s instabil i ty (modified 
by finite geometry) has been studied very thoroughly as a function of a 
var ie ty of exper imenta l p a r a m e t e r s , t he i r effect on the growth ra te , and 
so on. I think this is just the beginning. I think that many, if not all of 
those modes , will fall to the exper imentor sooner o r l a t e r . However, 
many puzzles remain . F o r example, what has happened to the drift 
cyclotron instabil i ty which was supposed to be so prevalent? At Culham, 
Dr . Ioffe discussed the resu l t s of the PR-5 experiment and suggested that 
this was the instabili ty that was possibly responsible for the very fast 
decay t ime which he observed early when the density was high. So he 
built a l a r g e r machine (PR-6) in which he could vary the strength of the 
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magnetic field. Theory says that the threshold for the instabil i ty goes 
up very rapidly in the magnet ic field. Unfortunately, he did not observe 
the theore t ica l ly predicted resu l t . What he did observe was that the decay-
ra te var ied as a function of the radia l well depth, for r easons which a re 
not yet c l ea r . 

T h e r e a re o ther puzzles . The 2X machine and the MTSE machine 
yield different r e s u l t s . They use s i m i l a r magnet ic fields; they have 
s imi l a r p lasma p a r a m e t e r s : high t e m p e r a t u r e , high density, beta of a 
few per cent. By the way, this is the reason why I put quotation m a r k s 
around the word " low-beta": a few per cent is not real ly low. They use 
guns, although different 'guns, for injection. Yet in the MTSE machine 
the loss is apparent ly c lass ica l , except for some anomalous e lec t ron 
cooling, while in the 2X machine it r ema ins anomalously high. There 
a re exper imenta l differences which the exper imental is t waves his hand 
about. He s ta tes that in the MTSE the trapping is very fast so that not 
all the gun p lasma is t rapped. It may move around the machine and 
provide some l ine-tying or warm plasma stabi l izat ion. This is not so in 
the 2X machine . In the 2X machine puri ty is achieved by coating its 
walls with t i tanium while in the MTSE machine puri ty is achieved by 
just moving the walls .away. These exper imenta l differences a re f rus t ra t 
ing. After all , we ought to ul t imately wind up with a s tandard p lasma in 
a s tandard m i r r o r machine whose p roper t i e s and cha rac t e r i s t i c s a re de
te rmined by the p lasma p a r a m e t e r s within the machine and not by its 
h i s tory . 

As the re a r e puzzling things the re a r e also hear tening th ings . In a 
2X machine the decay ra te is lower the higher the init ial density, for 
r easons not quite understood, but the re it i s . While the c l a s s i ca l loss 
in MTSE is hard to understand, t he r e it i s . 

In the beam-injected p lasmas t he re a r e heartening th ings . The decay 
of the p lasma after the beam is turned off is s table, as a resu l t of the 
energy broadening which the turbulence of the instabil i ty p r i o r to beam 
shut-off induced in the ion dis t r ibut ion. The re is evidence that if one 
broadens the beam energy distr ibution p r io r to injection the density 
threshold for the instabil i ty goes up. There is evidence both from the 
Phoenix exper iment and the Alice exper iment that one can supp re s s some 
of the rf activity connected with the instabil i ty by heating the e lec t rons 
with mic rowaves . (This heating will br ing me to my next subject . ) The re 
is evidence that one can fool the instabi l i ty ( i . e . by adjusting c lever ly 
the boundary conditions and /or by feedback as in the Ogra experiment) , 
and suppress i ts amplitude by be t te r than an o r d e r of magnitude. Those 
working on the Ogra succeeded in suppress ing a flute instabil i ty and a 
cyclotron resonance instabil i ty at the fundamental. So the re a r e things 
that the exper imenta l i s t has up his s leeve which I am sure he will bring 
out in the next few y e a r s . 

The question of heating of the e lec t rons in a . m i r r o r machine brings 
me to my next point. At this conference the re a re many exper imenta l 
and theore t ica l papers on high-frequency heating, acce lera t ion , and 
stabil izat ion of p lasmas in open s y s t e m s . I think that the re is not enough 
communication between the two se ts of people, the " m i r r o r - m a c h i n e " 
people and the "high-frequency" people. If the m i r r o r - m a c h i n e people 
a re to do good exper iments , they have to know and understand exactly 
what happens when they apply a microwave field to the i r machine , and I 
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do not t h i n k t h a t t h e y u n d e r s t a n d now. T h e h e a t i n g e x p e r i m e n t s d i s c u s s e d 
in t h i s c o n f e r e n c e a r e of v e r y g r e a t v a r i e t y . T h e y a r e c o n c e r n e d p r i m a r i l y 
wi th c o l l i s i o n l e s s h e a t i n g , r e l y i n g e i t h e r on r e s o n a n c e a b s o r p t i o n o r on 
s t o c h a s t i c h e a t i n g . C o n v e r s i o n of e n e r g y f r o m t h e e l e c t r o - m a g n e t i c w a v e 
to t he p l a s m a c a n o c c u r b e c a u s e of d e n s i t y g r a d i e n t s , m a g n e t i c f ie ld 
g r a d i e n t s , e t c . I h a v e no t i m e to d i s c u s s a l l r e s u l t s , but I want to s e l e c t 
two e x a m p l e s which s t r i k e m e a s b e i n g the m o s t i m p o r t a n t . 

When o n e a p p l i e s a m i c r o w a v e f ie ld to a p l a s m a , t h e l a r g e s t d e n s i t y 
n o r m a l l y r e a c h e d i s s u c h t h a t t h e p l a s m a f r e q u e n c y i s of t h e o r d e r of t h e 
m i c r o w a v e f r e q u e n c y . It i s v e r y h a r d to go beyond t h i s b e c a u s e of cutoff 
c o n d i t i o n s . Yet i t w a s shown h e r e in a f o r m a l p a p e r f r o m t h e Ioffe I n s t i t u t e 
and in an i n f o r m a l r e m a r k f r o m B r u s s e l s , t h a t d e n s i t i e s w h i c h a r e by two 
o r d e r s of m a g n i t u d e a b o v e t h e c r i t i c a l d e n s i t y c a n b e a c h i e v e d if t h e 
e x p e r i m e n t a l c o n d i t i o n s a r e s u i t a b l y a r r a n g e d . A l s o , in t h e p a s t , p l a s m a s 
p r o d u c e d by m i c r o w a v e f i e lds w e r e u n s t a b l e at low p r e s s u r e s ( p r e s s u r e s 
l o w e r t h a n 1 0 " 5 t o r r ) . T h i s r e s u l t , of c o u r s e , i s not good if m i c r o w a v e 
p l a s m a s a r e t o be u s e d in m i r r o r m a c h i n e s . In a p a p e r f r o m Oak R i d g e 
i t i s s h o w n t h a t , by p r o d u c i n g t h e p l a s m a in a m i n i m u m - B g e o m e t r y , t h e 
i n s t a b i l i t y d i s a p p e a r s and p l a s m a s at p r e s s u r e s a s l ow a s 5X 10"7 c a n be 
p r o d u c e d s t a b l y , a l though t h e h i g h e s t d e n s i t y t h a t t h e y cou ld a c h i e v e so 
f a r w a s about a f a c t o r of 10 l o w e r t h a n t h e c r i t i c a l d e n s i t y . T h i s i s an 
i n t e r e s t i n g p l a s m a fo r u s e a s a t a r g e t for i n j e c t i o n of a h i g h - e n e r g y a t o m i c 
b e a m b e c a u s e of a d d i t i o n a l t r a p p i n g t h a t t h e p l a s m a p r o d u c e s and b e c a u s e 
of t h e a d d i t i o n a l s t a b i l i z a t i o n t h a t L a n d a u d a m p i n g by hot e l e c t r o n s p r o 
d u c e s . I s t i l l t h ink , h o w e v e r , t h a t not enough i s known and u n d e r s t o o d 
about the p r o p e r t i e s of a m i c r o w a v e - h e a t e d p l a s m a , w h e r e o n e g e t s two 
c l a s s e s of e l e c t r o n s , one at h igh e n e r g y and o n e a t low e n e r g y , and w h e r e 
o n e d o e s not know t h e r e a l d i s t r i b u t i o n in s p a c e and e n e r g y . I a m s u r e 
t h a t t h e s e t h i n g s wi l l c o m e in t i m e . 

M a n y p a p e r s on a c c e l e r a t i o n by rf f i e lds a r e d i s c u s s e d . T h e one tha t 
s t r i k e s m y fancy i s t h a t f r o m F r a n c e , w h e r e a p l a s m a p r o d u c e d by a r e l a 
t i v e l y s m a l l l a s e r i s a c c e l e r a t e d by t h e a p p l i c a t i o n of m i c r o w a v e f i e ld s 
wi th s u i t a b l e g r a d i e n t s . A g a i n t h e s e d e v i c e s can b e u s e d fo r i n j e c t i o n 
in to m i r r o r m a c h i n e s to get a r o u n d s o m e of t h e d i f f i c u l t i e s one h a s wi th 
g u n s , e s p e c i a l l y t h e p u r i t y d i f f i cu l ty . 

L e t m e c o n c l u d e by t a l k i n g about t h e l a s e r p l a s m a s . We h a v e l e a r n e d 
t h a t by u s i n g a l a s e r p u l s e on a s m a l l p a r t i c l e - a l a s e r p u l s e of t h e o r d e r 
of 5 to 50 j o u l e s wi th a d u r a t i o n of 5 to 50 n a n o s e c o n d s - p l a s m a s wi th a 
t o t a l n u m b e r of p a r t i c l e s of 10 1 5 to 10 1 7 c a n b e o b t a i n e d at t e m p e r a t u r e s on 
t h e o r d e r of 100 e l e c t r o n v o l t s . T h e s e a r e i n t e r e s t i n g p l a s m a s fo r t h e i r 
own s a k e , but t h e y a r e s t i l l not of g r e a t i n t e r e s t f o r t h e r m o n u c l e a r r e 
s e a r c h . If o n e had a l a s e r wi th an e n e r g y of 100 j o u l e s and a p u l s e d u r a t i o n 
of 10"1 0 s e c o n d s to 10"1 1 s e c o n d s (at a p e a k p o w e r of 1012 to 101 3 w a t t s ) , 
t h e r e would be ef f ic ient h e a t i n g b e f o r e t h e p l a s m a s had t i m e to e x p a n d . 
T h e n 101 7 o r so p a r t i c l e s would b e a v a i l a b l e at e n e r g i e s of 1 to 2 k i l o v o l t s . 
Such p l a s m a s would be of g r e a t i n t e r e s t fo r i n j e c t i o n in to m i r r o r m a c h i n e s , 
o r i n d e e d in to s t e l l a r a t o r s o r o t h e r t o r o i d a l m a c h i n e s . It i s f o r t u n a t e 
t h a t t h i s i s t h e d i r e c t i o n in w h i c h t h i s r e s e a r c h i s g o i n g . Such a l a s e r 
a l r e a d y e x i s t s in the L e b e d e v I n s t i t u t e , w h e r e P r o f e s s o r B a s o v i s w o r k i n g . 
U n f o r t u n a t e l y , he is not a p a r t i c i p a n t in t h i s c o n f e r e n c e . L e t m e point 
out t ha t t h e p e a k p o w e r of 10 w a t t s i s five t i m e s g r e a t e r t h a n t h e t o t a l 
a v e r a g e e l e c t r i c a l ou tpu t of t h e United S t a t e s . T h a t j u s t g o e s to show 
how s h o r t a t i m e of 10"10 s e c o n d s i s . 
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. Final ly, I find it quite in teres t ing to note that throughout this Conference 
only two speakers re fer direct ly o r indirect ly to the Lawson c r i t e r ion . 
This does not mean that we do not have the ul t imate goal of CTR in mind. 
It does mean, I th ink, that we have chosen to r each this goal through 
a thorough understanding of the behaviour of a p lasma in the magnetic 
field. This i s p r o g r e s s . 
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Le sujet de cet exposé a été défini, en fait, pa r différence avec les 
deux au t res rappor t s qui t ra i ten t essent ie l lement des configurations 
f e rmées et des configurations ouver tes . Je ten tera i donc de r é s u m e r les 
r é su l t a t s apportés par les communicat ions théor iques et pa r les communi
cations expér imenta les qui ne t ra i ten t pas d i rec tement du confinement magné
tique, c ' e s t - à - d i r e ce l les qui étudient l es phénomènes de base , te ls que les 
p roces sus dissipatifs sans col l is ions, les ondes et l es mic ro - in s t ab i l i t é s . 

A vra i d i re cette division des sujets ne s 'applique pas bien aux communi
cations théor iques . Une par t ie de ces communicat ions t r a i t e d i rec tement 
de l 'équi l ibre ou de la s tabi l i té du p lasma dans les configurations f e rmées 
ou ouver tes et je commencera i par les r appe le r br ièvement . 

A. THEORIE 

La proport ion de communicat ions théor iques appara î t moins grande que 
dans les conférences p récéden tes . Mais il y a surtout un changement dans 
la nature des t ravaux. P a r exemple, i l y a t r è s peu d ' ins tabi l i tés v ra iment 
nouvel les . P a r contre , un effort t r è s important a été fait pour é tendre les 
r é su l t a t s théor iques à des geomet r ies r é a l i s t e s . C 'es t le cas en par t icu l ie r 
dans les communicat ions théor iques sur les configurations f e r m é e s . 

1. Théor ie des configurations f e rmées 

Le thème général de ces communicat ions est l 'é tude de l 'équi l ibre et 
de la s tabi l i té du p lasma en tenant compte t r è s en détai l de la configuration 
magnétique r ée l l e . 

Pour r é a l i s e r une configuration du genre Ste l la ra tor , pa r exemple, 
le p r e m i e r souci est d 'avoir de bonnes surfaces magnétiques et nous avons 
appr is par une étude numérique que des per turba t ions t r è s faibles du 
champ magnétique pour ra ien t donner lieu à des effets de résonance et 
dé t ru i re les surfaces magnét iques . Ce résu l ta t n ' e s t qu'un aspect des 
difficultés p ré sen tées pa r le problème de l 'équi l ibre du p lasma dans des 
configurations f e r m é e s . Nous avons déjà été aver t i s par les mathémat ic iens 
de la difficulté de ce p rob lème; le p rofesseur Grad est m ê m e d 'avis qu' i l 
faudrait abandonner et il a proposé une solution de rechange . Si toutefois 
on p e r s é v è r e , on rencont re l es difficultés sous une forme physique: il 
apparaî t des champs é lec t r iques « se l f -cons i s t en t» qui peuvent avoir des 
formes compliquées et gênantes . Ces champs é lec t r iques peuvent ê t re 
l iés à l ' équi l ibre l u i - m ê m e , ou ê t r e ent ra înés par le mode de formation 
du p la sma ou les défauts de la configuration magnét ique. Leu r s consé 
quences sont étudiées de façon approfondie dans une communication p résen tée 
par M. Fur th à pa r t i r de l 'hypothèse de conservat ion du second invariant 
adiabatique J . Un champ élect r ique dont le potentiel est constant sur les 
surfaces magnétiques n ' e s t pas gênant, mais un champ i r r é g u l i e r peut 
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en t ra îner des déplacements importants des par t icules et donner lieu à des 
cel lules de convection qui sont spécialement dangereuses dans les multipoles 
sans champ toroidal . 

L'influence de la forme exacte du p lasma ou du champ magnétique sur 
la stabil i té apparaî t également dans p lus ieurs communicat ions . Dans le 
domaine de la stabil i té MHD l'influence de la forme de l 'axe magnétique 
est d iscutée . Mais un facteur encore plus important pour la stabil i té es t 
la forme des sect ions des surfaces à press ion constante . En par t icul ier , 
des sect ions c i r cu l a i r e s au voisinage de l 'axe magnétique ont l 'avantage 
de suppr imer la l imite de (3 imposée par les «ballooning m o d e s » à l ' o rd re 
le plus bas . 

L'étude des instabi l i tés à pa r t i r de l 'équation de Vlasov et à l 'aide 
d ' invar iants adiabatiques es t appliquée dans p lus ieurs communicat ions à 
la géométr ie symétr ique de révolution et à celle du Ste l lara tor droit, dans 
le domaine des instabi l i tés de basse fréquence et en considérant spécialement 
l ' instabi l i té due aux par t icu les piégées . Les résu l t a t s obtenus sont p a r t i 
cul ièrement impor tants pour les configurations mul t ipola i res , mais beaucoup 
s 'appliquent à toutes les configurations f e r m é e s . 

2. Théor ie des configurations ouvertes 

La théor ie des configurations ouver tes , telle qu'elle était connue à 
la Conférence de Culham, prédisa i t l ' exis tence de deux modes é l ec t ro 
stat iques ins tables par t i cu l iè rement dangereux, qui peuvent tous deux ê t re 
s tabi l i sés pa r des conditions imposées aux dimensions de la bouteille 
magnétique. L ' ins tabi l i té convective de cône de per te peut ê t re él iminée 
si la longueur de la bouteille magnétique n 'es t pas t rop-grande et l ' instabi l i té 
de dér ive cyclotronique demande que le rayon du p lasma soit assez grand. 
La condition est donc de faire des machines à m i r o i r s g r o s s e s et cour tes 
avec des dimensions longitudinales et t r a n s v e r s a l e s de l ' o r d r e de 100 rayons 
de giration des ions dans les conditions t he rmonuc léa i r e s . Ceci signifie 
aussi que la vérification expér imentale de la théor ie n 'es t prat iquement 
possible que dans des dispositifs assez grands et coûteux. Aussi un gros 
effort théorique a été fait pour r e c h e r c h e r tous les moyens de stabil isation 
poss ib les . On ne peut pas en fait suppr imer complètement les instabi l i tés , 
mais on peut au moins r endre les conditions de stabil i té moins s é v è r e s . 

Dans ce but, on a d 'abord r ep r i s en détail l 'analyse de la stabil i té 
du p lasma infini avec une distr ibution de cône de per te dans un champ 
magnétique uniforme. En plus des modes déjà mentionnés, une instabil i té 
absolue apparaî t au voisinage des harmoniques de la fréquence cyclotronique 
ionique. On a étudié l ' influence de la t empéra tu re des é lec t rons , de la 
distribution en énergie des ions, et de l 'addition d'un p lasma froid ou t i ède . 
Il es t possible de suppr imer complètement les modes résonnants absolus 
au moyen d'un p lasma tiède, mais au prix de densi tés et de t empéra tu re s 
inacceptables . P a r contre, on peut obtenir assez facilement des conditions 
de 's tabi l i té moins s é v è r e s avec quelques pour cent de p lasma t iède. Des 
résu l ta t s impor tants ont été obtenus en tenant compte de l ' inhomogénéité 
du' champ magnétique, et en par t icu l ie r la stabil isation des nouveaux modes 
résonnants . 

Malheureusement , une instabil i té nouvelle est apparue. Elle est 
décr i te par Kadomtsev et Pogutse, et également dans une communication sur 
le DCX-2; on peut la cons idé re r comme une instabil i té de m a s s e négative 
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modifiée. Un mécan i sme analogue à l ' instabi l i té de m a s s e négative devient 
possible du fait qu'une par t icule osci l lant entre deux m i r o i r s voit une 
fréquence cyclotronique moyenne qui dépend de son énerg ie . 

Un autre mécan i sme important est celui des ins tabi l i tés explosives 
qui peuvent r é su l t e r de l ' in teract ion non l inéa i re de deux modes, l 'un 
d 'énergie positive et l ' au t re d 'énergie négative, ou de l ' in teract ion non 

. l inéa i re des ondes avec les pa r t i cu le s . Ces effets non l inéa i res déstabi l i 
sants montrent qu'on ne doit pas s ' a t tendre , dans les configurations ouver tes , 
à une turbulence faible qui s 'é tabl i t à un niveau s ta t ionnai re . Le 
développement explosif prédi t par la théor ie peut co r r e spondre aux chutes 
brusques de densité, avec éjection de plasma, qui sont obse rvées expér i 
mentalement et qui pourra ient s ' accompagner d'une relaxat ion du p lasma 
v e r s un état plus s table . 

3. Communicat ions théor iques d ive r ses 

Un ensemble de huit communicat ions d ive r se s ne peut ê t r e c l a s sé dans 
aucune de ces deux théor ies (configurations ouver tes ou f e rmées ) . Les 
effets non l inéa i res sont le p r e m i e r sujet par o rd re d ' impor tance , puisque 
t ro i s communicat ions y sont consac rée s , dont deux sur l 'étude non l inéa i re 
des ondes de dér ive . On sait déjà que la stabil isat ion des ondes de dér ive 
par le c i sa i l lement (shear) ne peut pas ê t re étudiée uniquement avec les 
modes loca l i s é s . Il es t n é c e s s a i r e de teni r compte de paquets d'onde qui 
peuvent se propager en s 'amplifiant dans une zone instable jusqu 'à at teindre 
une zone stable où ils sont a m o r t i s . L 'ampli tude s ta t ionnai re qui en résu l t e 
peut ê t re calculée à p a r t i r des fluctuations t he rmiques . On a mis également 
en évidence un mécan i sme de réflexion non l inéai re des ondes qui pe rme t une 
amplification et rend l ' ins tabi l i té beaucoup plus dangereuse . Le c r i t è r e 
de stabi l i té a été p réc i sé en tenant compte de ce m é c a n i s m e . 

Les au t res sujets t r a i t é s vont de la mécanique s ta t i s t ique, avec l 'étude 
numérique d'un p lasma unidimensionnel, aux problèmes théor iques de 
confinement pa r gaz neu t re . 

Si ces comptes rendus n 'apportent pas de nouveauté fondamentale dans 
le domaine théorique, on ne peut pourtant pas p a r l e r d'un ra len t i s sement de 
l 'effort des théor ic iens . Il faut au con t ra i r e se ré joui r de voir que l eu r s 
efforts, toujours aussi soutenus, ont été consac rés à adapter de mieux en 
mieux la théor ie aux conditions expér imenta les r é e l l e s . Je pense en effet 
que l 'un des principaux p rogrès en reg i s t r é s es t l ' accord de plus en plus 
général et de plus en plus quantitatif en t re la théor ie et l ' expér ience . Cet 
accord se manifeste cer ta inement dans les résu l ta t s obtenus sur le confine
ment du p lasma, ma i s il es t plus facile à obtenir dans les expér iences dont 
le but est l 'étude des phénomènes de base . Ces expér iences vont faire 
l 'objet de la suite de ce rappor t . 

B. ETUDE DES PHENOMENES DE BASE 

Parallèlement à l'étude directe du confinement dans les configurations 
ouvertes ou fermées, de nombreuses expériences sont faites dans le but 
de comprendre les phénomènes d'importance fondamentale pour les 
recherches sur la fusion contrôlée. ' Ces phénomènes sont d'abord les 
effets dissipatifs sans collisions, qui se traduisent par la diffusion accélérée. 
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la r é s i s t iv i t é anormale, et le chauffage turbulent, et également l 'étude 
expér imenta le des micro- ins tab i l i t é s et des in terac t ions non l inéaires des 
ondes. 

1. Phénomènes dissipat ifs sans collisions 

Les effets dissipat ifs sans coll is ions sont étudiés dans t ro i s ca tégor ies 
d ' expér iences dont les résu l ta t s sont p r é s e n t é s : les ondes de choc sans . 
col l is ions, le chauffage turbulent et la diffusion anormale . 

a) Ondes de choc sans coll isions 

Les expér iences de s t r ic t ion azimutale (0-pinch), en par t icu l ie r , 
permet tent de produire de fortes ondes de choc à l 'aide d'un piston magnét i 
que dans un plasma initial dont les p a r a m è t r e s physiques peuvent v a r i e r 
l a rgement . C'est une idée déjà ancienne que de che rche r à produire une tel le 
onde de choc dont le front ait une épa isseur t r è s infér ieure au l ibre 
pa rcours moyen des par t i cu les . On sait maintenant que la clé du problème 
n ' es t pas de t rouver une longueur ca rac té r i s t ique qui remplace le l ibre 
pa rcours moyen, ma i s de disposer d'un mécanisme de dissipation anormal 
à l ' i n t é r i eu r du front de l 'onde. L ' épa i s seur du front 6 es t a lors dé terminée 
par la condition que l 'énergie dir igée puisse ê t re diss ipée dans la t r a v e r s é e 
du front. Connaissant cette épa isseur , on peut ca lculer la rés i s t iv i té 
effective qui est n é c e s s a i r e à cette dissipation et qui est proport ionnelle 
à l ' épa i s seu r du front et à sa v i tesse : 4 eff "" eu . Des ondes de choc sans 
collisions dans lesquel les nef f es t t r è s supér ieur à 1 normal sont déjà 
connues, en par t icu l ie r par les expér iences de Paul à Culham sur 
Taran tu la . 

Les résu l t a t s p résen tés ici montrent tous c la i rement l ' exis tence 
de te l les ondes de choc nettement détachées du piston. Ils peuvent ê t re 
c lassif ies schématiquement suivant la valeur du nombre de Mach 
magnétique M A . 

Мд< 2 ou 3. Il y a une sub-division par un nombre de Mach cri t ique 
au-dessus duquel appara issent les effets dissipatifs anormaux. 

Мд < M c r j t . La théor ie prédit une s t ruc tu re osci l lante de longueur 
ca rac t é r i s t i que : 

' с Л ~ — pour les ondes droi tes 
U pe 

с 
X ~ в pour les ondes obliques. 

Ces structures ont été observées à Novosibirsk, à Juliers et de manière 
particulièrement spectaculaire sur des ondes de choc obliques à 
l'Université du Texas. 

MA>Mcrit . Le mécanisme de dissipation apparaît et la structure du 
front devient apériodique. Ces conditions ont été réalisées à l'Université 
de Maryland, à Garching et à Novosibirsk. La communication présentée 
par M. Sagdeev montre clairement que l'épaisseur du front dépend de la 
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m a s s e des ions, et confirme l 'hypothèse du rôle joué par les ondes ioniques 
dans la dissipat ion. 

M A > 3. Il faut a lo rs faire in te rveni r d ' au t res mécan i smes de d iss ipa
tion qu'une s imple r é s i s t iv i t é . Dans ces conditions, i l apparaî t un 
phénomène important , le chauffage des ions, qui a été observé à Novosibirsk 
et à Garching. 

b) Chauffage turbulent 

Le chauffage turbulent r ep ré sen t e le plus évident des p rocessus 
dissipatifs anormaux. La perspect ive de pouvoir l ' u t i l i se r pour le chauffage 
d'un p lasma thermonucléa i re lui donne aussi une grande impor tance . 

Les communicat ions sur le chauffage turbulent sont publiées ici et 
je m 'abs t i endra i d'y reven i r . En par t icul ier , je ne che rche ra i pas à 
faire un r é s u m é du rappor t p résen té par M. Berezin su r l ' in teract ion 
fais с eau-p lasma . 

Je voudrais seulement souligner l ' importance des r é su l t a t s obtenus. 
L ' intensi té des effets dissipatifs obtenus est impress ionnan te . Ils se 
t raduisent en par t i cu l ie r par les densi tés d 'énergie de l ' o r d r e de 
5 X 1016 е У / c m 3 observées sur l es expér iences TN5 et NPR2 dans le 
l abora to i re du p rofesseur Zavoisky, ainsi que les va leu r s élevées du 
rendement global atteignant 25% dans NPR2. Le chauffage des ions a été 
auss i c la i rement obtenu. L'explication théorique qui fait in te rveni r les 
ondes ioniques a également reçu p lus ieurs conf i rmat ions . 

Les per formances bien connues, et en p rogrès constant, des expér iences 
«bu rnou t» d'Oak Ridge sont auss i t r è s i n t é r e s san t e s . Mais la nature du 
phénomène es t différente puisqu ' i l semble s ' ag i r d'une instabi l i té de faisceau 
d ' é l ec t rons . Le chauffage des ions est néanmoins observé de façon spec ta 
cu la i r e . 

c) Diffusion anormale 

On observe dans de nombreuses expér iences des fluctuations de densité 
ou de potentiel é lec t r ique et, en même temps , des pe r t e s anormales de 
p la sma . Il es t bien établi expér imenta lement que des fluctuations impor tan tes , 
par exemple de 10% su r la densité, peuvent appor ter une contribution à 
la fuite des pa r t i cu les . Mais il n ' ex is te encore que t r è s peu d 'expér iences 
où une relat ion quantitative ait été établie entre les fluctuations et la 
diffusion anormale . 

Une m e s u r e d i rec te du flux moyen de par t icules assoc ié à la diffusion 
a été mise au point à Pr ince ton . Cette mesu re a été faite en par t i cu l ie r 
su r un p lasma de césium en p résence d ' instabi l i tés de dér ive . On a 
constaté un accord qualitatif avec les prédict ions théor iques d'un modèle 
non l inéa i re de l ' ins tabi l i té . P a r contre , la compara ison avec le taux 
de per te globale du p lasma n 'a pas été donnée. La difficulté de dé t e rmine r 
les causes exactes de per te dans les expér iences sur l es p lasmas de cés ium 
apparaî t d ' a i l l eurs c la i rement dans les communicat ions . L 'analyse des 
p rocessus de diffusion et de recombinaison faite su r l ' expér ience B a r b a r a 
de Garching diffère sensiblement des résu l ta t s obtenus su r une expérience 
semblable à Pr ince ton . 

Sur la colonne de p lasma Daphnis de Saclay, la m e s u r e d i rec te de la 
diffusion t r a n s v e r s a l e à été comparée à un coefficient de diffusion calculé 
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à pa r t i r du temps de cor ré la t ion et de l 'ampli tude des fluctuations: les 
deux r é su l t a t s sont du même o r d r e de grandeur et décro issen t de façon 
semblable avec le champ magnétique. 

La compara ison des fluctuations avec les pe r tes de p lasma a été 
faite dans tous les mult ipoles, ma lheureusement avec le résu l ta t général 
que les pe r t e s étaient dues en majeure par t ie à d ' au t res causes , dont en 
pa r t i cu l i e r les mouvements convectifs ent ra înés par des champs é lect r iques 
s ta t ionnai res , résul tant , par exemple, d ' imperfect ions de la configuration 
ou de la méthode de formation du p lasma. 

Il y a donc encore t r è s peu de résu l t a t s expérimentaux quantitatifs 
su r la relat ion ent re les fluctuations et la diffusion. Pourtant ce problème 
est au moins aussi important que la comparaison entre la diffusion observée 
et celle de Bohm, et il devrai t faire l 'objet d'efforts impor tan ts dans 
l ' aveni r . 

En r é sumé , l 'étude expér imentale des mécan i smes dissipat ifs sans 
coll isions apparaî t comme un domaine en plein développement. L 'accord 
avec la théor ie es t encore semi-quantiat i f et les modèles théoriques 
u t i l i sés sont peu t -ê t re encore incer ta ins , mais les r é su l t a t s obtenus sont 
t r è s encourageants . 

2. Ondes et mic ro- ins tab i l i t é s 

Les t ravaux expér imentaux-sur les ondes et les mic ro - ins t ab i l i t é s 
p résen tés ici portent pr incipalement su r les observat ions d ' instabi l i tés 
de dér ive effectuées sur des p lasma de césium et sur des études d'effets 
non l inéa i res pa r t i cu l i e r s . 

a) Instabil i tés de dérive • 

Les p r e m i è r e s observat ions d'ondes de dér ive faites à Pr inceton ont 
été conf i rmées . L'étude de la relat ion de dispers ion a été complétée 
par celle de l 'ampli tude de l 'onde en fonction du champ magnétique en 
accord qualitatif avec un modèle théorique non l inéa i re . 

Un point important dans l ' identification des ondes de dér ive est 
le rô le joué par les champs é lec t r iques , qui sont t r è s difficiles à évi ter 
complètement dans un p lasma de cés ium. Une étude systémat ique de ce 
point a été en t r ep r i se à F r a s c a t i avec un dispositif spécialement conçu 
pour c r é e r un champ électr ique local isé et contrôlable . Les résu l ta t s 
montrent l 'appari t ion d'un mode instable du genre flûte lié au champ é l ec t r i 
que et, par a i l leurs , une instabil i té de dérive dans une région de fort 
gradient de densi té . L'influence du champ électr ique a également été 
étudiée à Pr inceton et une parfai te continuité a été observée entre les modes 
avec champ électr ique et les instabi l i tés de dér ive sans champ élect r ique. 

La s tabi l isat ion des ondes de dér ive par le c isa i l lement a été observée 
en accord qualitatif avec la théor ie . P a r contre, la diminution des fuites 
du p lasma par le c isai l lement est compliquée par le phénomène de convection. 
Une exploration t r è s fine du potentiel du p lasma a montré en effet que 
le c isa i l lement modifiait la forme du champ électr ique et réduisai t la 
convection. 

Un effet de stabil isation d'une onde de dérive par un champ électr ique 
alternatif a été observé à l ' Insti tut de physique des p lasmas de Nagoya. 
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b) Effets non l inéa i res 

L 'accord entre la théorie et l ' expér ience dans l 'étude des ondes de 
dér ive est t r è s encourageant, ma i s il r e s t e encore semi-quanti tat if . Un 
accord plus p réc i s peut ê t re obtenu dans l 'étude de phénomènes plus s imples 
et je voudrais en donner deux exemples , qui portent su r l 'étude d'effets 
non l i néa i r e s . 

Le p r e m i e r est l 'observat ion de la désintégration non l inéai re d'une 
onde de p lasma dans l ' expér ience EOS de Fontenay-aux-Roses . La v é r i 
fication de la théorie a porté su r les règ les de sélect ion sa t i s fa i tes par 
les ondes, produites , su r le seui l d ' instabil i té non l inéa i re lié à l ' a m o r t i s * 
sèment de l 'onde et sur la longueur de désintégrat ion. On a montré en 
par t i cu l ie r que la longueur de désintégrat ion était inversement p ropor 
tionnelle à l 'ampli tude de l 'onde à 10% p rè s , ce qui es t une bonne vér i f ica
tion du modèle théor ique. Il est r a s s u r a n t de voir qu'on peut comprendre 
quantitativement un phénomène qui joue cer ta inement un r61e fondamental 
dans le développement non l inéa i re des instabi l i tés et dans l 'appar i t ion 
de la turbulence. 

Un autre exemple, dans lequel l ' accord ent re la théor ie et l ' expér ience 
est par t icu l iè rement r emarquab le , est l 'étude détai l lée de l ' amor t i s semen t 
de Landau au labora to i re de la Gulf General Atomic à San Diego. La 
connaissance des ondes l inéa i res est suffisamment bonne pour p e r m e t t r e 
de m e s u r e r la densité et la t empé ra tu re des é lec t rons à pa r t i r de la 
relat ion de dispers ion avec une précis ion de 5%.' Le flux cohérent d 'é lec t rons 
recuei l l i à une distance supér ieure à la longueur d ' amor t i s semen t a été 
comparé aux prévis ions théor iques , et les pr incipales ca rac t é r i s t i ques , 
intensité du courant, valeur du maximum, sont en bon accord. Les r é s u l 
tats constituent donc une bonne vérification quantitative de la théor ie 
quas i - l inéa i re . 

Il est c la i r que les deux expér iences qui viennent d 'ê t re c i tées ne sont 
que des exemples et qu'un accord quantitatif en t re la théor ie et l ' expér ience 
est obtenu dans des domaines t r è s d ivers de la physique des p l a s m a s . 
On peut c i t e r l 'exemple bien connu de l ' accord entre les nombreuses 
m e s u r e s de densi té électronique dans le Ste l lara tor C. 

En conclusion, il me semble que ces comptes rendus n 'apportent 
pas seulement des résu l ta t s t r è s encourageants sur le confinement magné
tique des p l a smas , mais qu ' i ls sont aussi le reflet d'un p r o g r è s t r è s 
important dans la compréhension générale des phénomènes. Nous d i s 
posons maintenant d'une base physique solide pour les r e c h e r c h e s su r 
la fusion contrôlée . 
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The subject of my talk can best be defined by saying that it concerns 
questions not covered by the other two speake r s , whose ta lks deal 
essent ia l ly with closed and open configurations. I shal l attempt to 
s u m m a r i z e the resu l t s presented in the theore t ica l and exper imenta l 
papers which do not re la te d i rec t ly to magnetic confinement - that is to 
say, those which concern bas ic phenomena such as col l is ionless d i s s i -
pative p r o c e s s e s , waves and mic ro ins tab i l i t i e s . 

Actually, this division into subjects is not a very convenient one as 
far as the theore t ica l papers a r e concerned. Some of these papers deal 
d i rec t ly with plasma equi l ibr ium or stabil i ty in closed or open configura
t ions , and I shal l begin by re fe r r ing to them briefly. 

A. THEORY 

There appears to have been a s m a l l e r proport ion of theore t ica l papers 
at this Conference than at preceding ones . Moreover , t he re has been a 
change in the nature of the work repor ted . F o r example , t he r e a r e very 
few rea l ly new ins tabi l i t ies . On the other hand, considerable efforts have 
been made to extend the theore t ica l r e su l t s to r ea l i s t i c geome t r i e s . This 
is pa r t i cu la r ly so in the case of the theore t ica l papers on closed 
configurations. 

1. Theory of closed configurations 

The genera l theme of these papers is the study of p lasma equil ibrium 
and stabil i ty with detailed considerat ion of the actual magnetic configuration. 

The p r i m a r y p re requ i s i t e for achieving a configuration of the s t e l l a r a t o r 
type, for example, is to have good magnetic su r f aces . However, a 
numer ica l study has shown that very weak per turbat ions of the magnetic 
field could give r i s e to resonance effects and des t roy the magnetic 
su r faces . This is only one aspect of the difficulties presented by the 
problem of p lasma equil ibrium in closed configurations. We have been 
warned by the mathemat ic ians of the difficulty of this problem; Mr. Grad 
is even of the opinion that this approach should be dropped, and proposes 
an a l ternat ive solution. If one never the less p e r s i s t s with this approach, 
one encounters difficulties of a physical na ture : the re appear self-
consistent e lec t r ic fields which may have complicated and awkward 
shapes . These e lec t r ic fields may be associated with the equil ibrium 
itself, or resu l t from the way in which the p lasma is produced or from 
faults in the magnetic configuration. The consequences of such faults 
have been studied thoroughly in a paper presented by Mr. Fu r th , who 
takes as his s ta r t ing point the hypothesis of conservat ion of the second, 
adiabatic invariant J . An e lec t r i c field whose potential is constant at 
the magnet ic surfaces does not cause any trouble; however, an i r r egu l a r 
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field may cause substant ial par t ic le movement and give r i s e to convec
tion ce l l s , which a r e par t icu lar ly dangerous in mult ipoles without toroidal 
field. 

The influence of the exact shape of the p lasma or of the magnetic 
field on stabil i ty is a lso brought out by s eve ra l au thors . In the field of 
MHD stabil i ty, the influence of the shape of the magnetic axis has been 
d iscussed . However, an even m o r e important factor from the point of 
view of stabil i ty is the shape of the c ro s s - s ec t i ons of the constant-
p r e s s u r e su r faces . In par t i cu la r , c i rcu la r c r o s s - s e c t i o n s near the 
magnetic axis offer the advantage of suppress ing the limit on )3 imposed 
by the ballooning modes to the lowest o rde r . 

In s eve ra l pape r s , instabil i ty s tudies based on the Vlasov equation 
and on the use of adiabatic invar iants have been ca r r i ed out for the 
symmet r i ca l geometry of revolution and for that of the s t ra ight Stella-
ra to r ; the authors consider low-frequency instabi l i t ies and pay special 
r egard to the t r apped-pa r t i c l e instabil i ty. The r e su l t s a r e especial ly 
important for multipole configurations, but many of them a r e applicable ^ 
to all closed configurations. 

2. Theory of open configurations 

The theory of open configurations, as it was understood at Culham, 
predicted the exis tence of two par t icu la r ly dangerous unstable e l e c t r o 
stat ic modes , both of which can be stabilized by imposing cer ta in con
ditions on the dimensions of the magnetic m i r r o r t r a p . The convective 
loss oone instabil i ty can be eliminated if the magnetic t r a p is not too 
long, while the cyclotron drift instabili ty r e q u i r e s that the p lasma radius 
be fairly l a r g e . The answer would therefore be to build l a rge but short 
m i r r o r machines with longitudinal and t r a n s v e r s e dimensions of the 
o rder of 100 ion gyration radi i under the rmonuc lea r conditions. This 
means vir tual ly that the exper imenta l verification of the theory would 
be possible only in fairly l a rge and expensive devices . Accordingly, 
considerable theore t ica l effort has gone into studying all possible s tabi l iza
tion methods . One cannot in fact suppress instabi l i t ies completely, but 
one can at leas t r ender the stabil i ty conditions l ess r i go rous . 

With this object in mind, the analysis of the stabil i ty of an infinite 
p lasma with a loss cone distr ibution in a uniform magnetic field was 
f irs t r esumed and pursued in g r ea t e r deta i l . In addition to the modes 
a l ready mentioned, an absolute instabili ty appears near the harmonics 
of the ion cyclotron frequency. The influence of e lectron t e m p e r a t u r e , 
ion energy dis tr ibut ion, and the addition of a cold or warm p lasma has 
been studied. It i s possible to suppress the absolute resonant modes 
completely by means of a w a r m plasma, but only at the cost of unacceptable 
densi t ies and t e m p e r a t u r e s . On the other hand, it is fairly easy to obtain 
less r igorous stabi l i ty conditions with a few per.'cent of w a r m p lasma. 
Improved result 's have been obtained by taking into account the non-
uniformity of the magnetic field, and in par t i cu la r the stabil izat ion of 
the new resonant modes . 

Unfortunately, a new instabil i ty has appeared on the s cene . It is 
descr ibed by Kadomtsev and Pogutse , and was also repor ted in a paper 
on DCX-2; it may be considered as a modified nega t ive -mass instabil i ty. 
A mechanism like nega t ive -mass instabil i ty becomes possible because 
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a particle oscillating between two magnetic mirrors acquires a mean 
cyclotron frequency which is dependent on its energy. 

Another important mechanism is that of explosive instabilities, 
which may result from the non-linear interaction of two modes (a 
positive-energy and a negative-energy mode) or from the non-linear 
interaction of waves with particles. These destabilizing non-linear 
effects show that in open configurations one cannot expect the establish
ment of a weak turbulence at a steady-state level. The explosive de
velopment predicted by theory may correspond to the abrupt decreases 
in density (with plasma ejection) which are observed experimentally and 
which might be accompanied by relaxation of the plasma towards a more 
stable state. 

3. Various theoretical papers 

A varied collection of eight papers deals neither with open nor 
closed configuration theory. Non-linear effects are the principal subject; 
three of the papers deal with such effects, two of them relating to the 
non-linear study of drift waves. We know already that the stabilization 
of drift waves by shear cannot be studied solely with localized modes. 
It is necessary to take into account wave packets which propagate during 
build-up into an unstable zone, being damped when they reach a stable 
zone. The resulting steady-state amplitude may be calculated on the 
basis of the thermal fluctuations. A non-linear wave reflection mechanism 
has also been discovered; it permits build-up of waves and renders the 
instability much more dangerous. This mechanism has been taken into 
account in defining,the stability criterion. 

The other subjects discussed the range from statistical techniques 
(with the numerical study of a one-dimensional plasma) to the theoretical 
problems of confinement by a neutral gas. 

While this Conference does not produce any fundamentally new de
velopments in the field of theory, it cannot be said that the theoreticians 
are flagging in their endeavours. On the contrary, it is gratifying to 
note that their continuing efforts have been directed towards adapting 
theory more and more closely to actual experimental conditions.. I think 
that one of the principal advances recorded at this Conference has been 
the increasingly widespread and increasingly quantitative agreement between 
theory and experiment. This agreement can certainly be seen in the plasma 
confinement results, but it is easier to.achieve it in experiments relating 
to the study of basic phenomena. These, experiments will be the subject of 
the next part of my talk. 

B. STUDY OF BASIC PHENOMENA 

In addition to the direct study of confinement in open or closed con
figurations, many experiments have been directed at gaining an under
standing of the phenomena which are of fundamental importance to con
trolled fusion research. These phenomena are: (i) the collisionless 
dissipative effects which result in accelerated diffusion, anomalous r e 
sistivity, and turbulent heating, and (ii) micro-instabilities and non
linear wave interactions. 
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1. Col l is ionless diss ipat ive phenomena 

Coll is ionless diss ipat ive effects have been studied in t h r ee types of 
exper iments , the r e su l t s of which a r e being presented at this Conference; 
col l is ionless shock waves, turbulent heating andanomalous diffusion. 

(a) Col l is ionless shock waves 
Theta-pinch exper iments , in pa r t i cu la r , enable one to produce power

ful shock waves by means of a magnetic piston in an init ial p lasma whose 
physical p a r a m e t e r s may vary considerably. The idea of at tempting to 
produce a shock wave of this type, with the thickness of the wave front much 
less than the mean free path of the par t i c le , is an old one. We now know 
that the key to the problem is not to find a cha rac te r i s t i c length which will 
rep lace the mean free path, but to have an anomalous diss ipat ion mecha 
nism within the wave front. The thickness of the wave front is then d e 
te rmined by the condition that the di rected energy should be dissipated 
a c r o s s the wave front. Knowing the th ickness of the wave front, it is 
possible to calculate the effective res i s t iv i ty which is n e c e s s a r y for this 
dissipat ion and which is proport ional to the thickness of the wave front 
and i ts velocity: r?eff ~ ou. Coll is ionless Shockwaves in which r)e(f 
is much g r ea t e r than )inormai a r e a l ready known, par t icu la r ly through the 
exper iments ca r r i ed out by Paul on the Tarantu la device at Culham. 

The r e su l t s presented at the Conference demons t ra te c lea r ly the 
existence of such shock waves , which a r e dist inctly detached from the 
piston. They can be classified schemat ica l ly by the value of the magnetic 
Mach number M A . 

Мд < 2 or 3 . In this case one has a. sub-divis ion rela t ing to a c r i t i ca l 
Mach number above which anomalous dissipat ive effects make the i r 
appearance: 

MA < M c r i t . • The theory produces an oscil lat ing s t r u c t u r e of 
cha rac t e r i s t i c length 

X ~ c/upe f o r s t ra ight waves 
X ~ c/u • f ° r oblique waves . 

Such s t r u c t u r e s have been observed at Novosibirsk and Jul ich and, in a 
par t icu lar ly spec tacu la r manner , in the oblique shock waves at the 
Universi ty of Texas . 

MA > M c r i t . . The dissipat ion mechanism makes its appearance and 
the s t ruc tu re of the wave front becomes aper iodic . These conditions have 
been achieved at the Universi ty of Maryland, Garching and Novosibirsk. 
The paper presented by Mr. Sagdeev showed c lear ly the dependence of 
the thickness of the wave front on the ion m a s s and confirmed the hypo
thes i s concerning the ro le played by ionic waves in the diss ipat ion p r o c e s s . 

MA > 3. In this case one has to introduce dissipation mechan isms 
other than s imple res i s t iv i ty . An important phenomena (heating of the 
ions) occurs under these conditions and has been observed at Novosibirsk 
and Garching. 

(b) Turbulent heating 

Turbulent heating is the most obvious of the anomalous diss ipat ive 
p r o c e s s e s . It is also of considerable impor tance in view of the possibi l i ty 
of its being used in heating a thermonuclear p lasma . 
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The r epo r t s on turbulent heating a re published in this book and I 
shal l the re fore not repeat them at this point. In par t i cu la r , I shall not 
attempt to summar i ze the r epor t presented by Mr. Berez in on the beam-
plasma in teract ion. 

I should mere ly like to s t r e s s the importance of the r e su l t s obtained. 
The intensity of the diss ipat ive effects obtained is most impres s ive , in 
pa r t i cu la r , the energy densi t ies of the order 5 X 10 eV/cm observed 
in the TN5 and NPR2 exper iments ca r r ied out in Mr. Zavoisky* s laboratory 
and the h ighovera l l efficiency (25%) achieved in the NPR2 device. It is 
c lear that ion heating was achieved. The theore t ica l explanation involving 
ionic waves has also received substantial confirmation. 

The well known and steadily improving resu l t s of the "burnout" ex
per iments at Oak Ridge are a lso ext remely in teres t ing . But the nature 
of the phenomenon is different since it seems to be an electron beam 
instabi l i ty . Heating of the ions on a spectacular scale is never the less 
observed. 

(c) Anomalous diffusion 

• Density or e lec t r ic potential fluctuations a r e observed in seve ra l 
exper imen t s , together with anomalous plasma l o s s e s . It has been established 
exper imental ly that substant ial density fluctuations (for example, 10%) can 
contribute to the loss of pa r t i c l e s . There have so far been very few ex
per iments in which a quantitative relat ionship has been established between 
fluctuations and anomalous diffusion. 

The main part ic le flux associated with diffusion has been measured 
direct ly at Pr inceton. These measu remen t s were performed in a caesium 
plasma in the presence of drift ins tabi l i t ies . There is qualitative a g r e e 
ment with theore t ica l predict ions of a non-l inear model of the instabil i ty. 
On the other hand, the comparison with the amount of total p lasma loss 
was not r epor ted . The difficulty in determining the exact causes of losses 
in caesium plasma exper iments emerges c lear ly from the papers p r e 
sented at this Conference. The resu l t s of the analysis of diffusion and 
recombinat ion in the Barba ra experiment at Garching differ noticeably 
from those obtained in a s imi l a r experiment at Pr inceton. Direct m e a s u r e 
ments of the t r ans fe r diffusion in the Daphnis p lasma column at Saclay 
have been compared with a diffusion coefficient calculated on the bas is 
of the cor re la t ion t ime and the amplitude of the fluctuations. The two 
se t s of r e su l t s a r e of the same order of magnitude and d e c r e a s e in a 
s imi la r fashion with the magnetic field. 

A compar ison of fluctuations with plasma losses has been made for 
all mul t ipoles , unfortunately with the general resul t that the losses were 
due to other causes - in par t i cu la r , convective movements induced by 
s teady-s ta te e lec t r ic fields resul t ing from, for example, imperfect ions 
of the configuration or from the method of p lasma production. 

We the re st i l l have very few quantitative exper imenta l r e su l t s for 
the re la t ionship between fluctuations and diffusion, although this problem 
is at leas t as important as the comparison between observed diffusion 
and Bohm diffusion. This question should be thoroughly studied. 

In s u m m a r y , the exper imenta l study of col l is ionless diss ipat ive 
mechan isms appears to be.well under way. Agreement with theory is 
s t i l l only semi-quant i ta t ive and the theore t ica l models used a r e perhaps 
st i l l r a t h e r tentat ive. However, the resu l t s obtained a r e very encouraging. 
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2. Waves and micro- ins tab i l i t i es 

The exper imenta l papers on waves and micro- ins tab i l i t i e s presented 
at this Conference contain p r imar i l y observat ions of drift instabi l i t ies in 
caes ium p lasmas and studies of var ious non- l inear effects. 

(a) Drift instabil i ty 

The init ial observat ions of drift waves made at Pr inceton have been 
confirmed. In addition to the d ispers ion re la t ion, wave amplitude as a 
function of magnet ic field (in qualitative agreement with a non- l inear 
theore t ica l model) has become a subject for study. 

An important aspect of the identification of drift waves is the role 
played by e lec t r ic fields, which a r e ex t remely difficult to avoid completely 
in a caes ium plasma. This point has been studied sys temat ica l ly at 
F r a s c a t i in a device designed especial ly for the production of a localized 
and control lable e lec t r ic field. In this study, an unstable mode of the 
flute type and associated with e lec t r ic field has been observed, as has a 
drift instabil i ty in a region with a grea t density gradient . The influence 
of the e lec t r i c field has a lso been studied at Pr inceton and perfect con
tinuity has been observed between the modes with e lec t r ic field and the 
drift instabi l i t ies without e lec t r ic field. 

The stabi l izat ion of drift waves by shea r has been observed, in 
qualitative agreement with theory. On the other hand, the reduction of 
p lasma los ses by shear is complicated by convection. A detailed invest iga
tion of the p lasma potential has shown that shear modifies the shape of 
the e lec t r ic field and reduces convection. 

Stabilization of a drift wave by an al ternat ing e lec t r ic field has been 
observed at the Institute of P la sma Phys ics , Nagoya. 

(b) Non- l inear effects 

The agreement between theory and exper iment in the study of drift 
waves is ve ry encouraging, but r emains only semi-quant i ta t ive . More 
p rec i se agreement can be obtained in the study of s imple r phenomena, 
and I should like to give two examples re la t ing to the study of non- l inear 
effects. 

The f i rs t is the observation of the non- l inear dis integrat ion of a 
p lasma wave in the EOS exper iment at Fon tenay-aux-Roses . Verification 
of the theory has proved the select ion ru les satisfied by the resul t ing 
wave, the non- l inear instabil i ty threshold associa ted with wave damping, 
and the dis integrat ion length. It has been shown that the dis integrat ion 
length is inverse ly proport ional (to within 10%) to the wave ampli tude, 
which provides good confirmation of the theore t ica l model . It is r e 
assur ing to see that a quantitative unders tanding has been obtained of a 
phenomenon which undoubtedly plays a fundamental role in the non- l inear 
development of instabi l i t ies and in the appearance of turbulence . 

Another example of pa r t i cu la r ly r emarkab l e agreement between 
theory and exper iment is the detailed study of Landau damping at the 
labora tory of Gulf Genera l Atomic in San Diego. The information 
accumulated about l inear waves is sufficient to permi t measu remen t s 
of the e lec t ron density and t e m p e r a t u r e on the bas is of the d ispers ion 
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relat ion; such measu remen t s a r e accura te to within 5%. The coherent 
electron flux at a distance g r ea t e r than the damping length has been com
pared with theore t ica l predict ions and the principal cha rac t e r i s t i c s (current 
intensity and maximum value) a re in agreement . The resu l t s thus provide 
sa t is factory quantitative confirmation of the quas i - l inea r theory. 

Clear ly , the two exper iments just re fe r red to a r e only examples; 
quantitative agreement between theory and experiment is obtained in 
many different a r ea s of p lasma physics - for example, the agreement 
between the many m e a s u r e m e n t s of electron density in Ste l lara tor C. 

In conclusion, I feel that these repor t s not only produce encouraging 
resu l t s concerning the magnetic confinement of p l a smas , but also ex
t r eme ly important advances towards a general understanding of the 
phenomena involved. We now possess a sound physical bas is for con
trol led fusion r e s e a r c h . 





ЗАКЛЮЧИТЕЛЬНОЕ СЛОВО 
Г.И.БУДКЕР 
ИНСТИТУТ ЯДЕРНОЙ ФИЗИКИ 
СО АН СССР,НОВОСИБИРСК, 
СОЮЗ СОВЕТСКИХ СОЦИАЛИСТИЧЕСКИХ 
РЕСПУБЛИК 

Мне кажется, что за последние годы- в науке произошли изменения, 
открывшие новые возможности, на которых я хотел бы остановиться. Я 
хочу напомнить, что в 1951 году мы начали работы по физике плазмы и 
термоядерным реакциям. У нас была уверенность, что мы решим эту 
проблему с ходу, сразу . Мне было поручено обеспечивать регулирова
ние будущего термоядерного реактора, чтобы тот не очень "разогнался" 
и не вышел из-под контроля. Сейчас это поручение напоминает историю 
о том, как один хотел изобрести вечный двигатель и взял патент на то, 
чтобы тот не разгонялся до бесконечных скоростей. . . Большие успехи 
в разработке "взрывчатых термоядерных реакторов", которые были с о з 
даны за очень короткое время, породили у физиков уверенность в то , 
что они могут сделать все и сделать быстро. Однако очень скоро жизнь 
показала, что этим делом нужно заниматься не как конструированием, 
а как наукой, что надо развивать плазменную науку, и мы приступили к 
работе по изучению физики плазмы, которая длится уже более десяти 
л е т . 

Эта работа привлекла к себе новых людей с новой философией и но
вой идеологией. Мне кажется, что успехи, достигнутые за прошедший 
период физиками в данной области, заставляют нас вернуться к идее 
создания термоядерного реактора. Физику не обязательно начинать дело 
только тогда, когда он будет знать в с е . Чтобы вступить в бой, ему не 
обязательно ждать ,когда будет пришита последняя пуговица к шинели 
последнего солдата. Физику достаточно лишь очень тщательно изучить 
то , что принципиально в данном деле, и найти решение по определению 
неизвестных. Подобной была ситуация и при создании первого атомного 
(уран-графитового) реактора. 

Это не означает, что мы должны приостановить работу по физике 
плазмы. Наоборот, работы по ядерной физике только тогда получили 
бурное развитие, когда заработал первый ядерный реактор. Но мне ка
жется, что количество накопленных знаний о плазме достаточно, чтобы 
т е , кто тесно связан с этой проблемой, переключили свое внимание на 
создание термоядерного реактора, оставив исследовательскую работу 
тем, кто любит исследовать физические проблемы. На это могут возра
зить: как же можно начать и выполнить эту работу, если нет новых 
идей? Но идеи появятся в процессе работы. Если же мы не изменим 
нашу философию, то будем напоминать софиста, который утверждал, что 
не залезет в воду, пока не научится плавать . 

Очень часто ставится вопрос о том, как скоро будет создан термо
ядерный реактор. Ответ на этот вопрос аналогичен известной истории 
с путником и мудрецом. Однажды к мудрецу подошел путник и спросил, 
как долго ему идти до ближайшего города. Мудрец сказал: "Иди, иди 
вперед!". Путник недоуменно пожал плечами, но мудрец повторил: "Иди, 
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тогда я тебе скажу". Тот пошел, потом обернулся. Тогда мудрец ска
зал: "Иди, не оборачивайся". И путник пошел прямо вперед. "Вот т е 
перь я могу сказать , как долго тебе идти, — изрек мудрец. — Теперь я 
знаю, как быстро ты ходишь". . . Когда мы рассмотрим всю проблему в 
целом и будем знать, сколько на ее решение отводится материальных 
средств, людских ресурсов и какое уделяется ей внимание, тогда мы 
сможем ответить на вопрос, как долго будет создаваться термоядер
ный реактор. 

Еще один вопрос: кто первым придет к цели? Первым придет к цели 
тот, кто пойдет по этой дороге . Чтобы достичь цели, надо отправиться 
в путь . Во всяком случае, кто бы ни пришел первым, он достигнет це
ли в результате труда многих ученых и государственных деятелей, а 
также всех тех, кого объединяют наши постоянные конференции. Это 
будет результат международного научного сострудничества всех стран 
земного шара. 

Проблема термоядерной реакции — это не обычная физическая проб
лема . Это проблема, которая должна преобразовать общество и мир. 
Наше поколение, которое дало людям атомную энергию и термоядерную 
энергию в взрывном виде ,несет ответственность перед человечеством 
за решение основной энергетической задачи — получения энергии из во
ды . Люди ждут решения этой проблемы . Наш долг — решить ее при 
жизни нашего поколения, и поэтому мы должны вступить на этот путь. 
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I feel that the changes which have taken place in science in the last 
few yea r s open up new poss ib i l i t ies , about which I should like to say a 
few words . In 1951 we began work on the rmonuc lea r reac t ions in the 
confident belief that we would solve the problem with a rush and i m 
mediately . I was assigned the task of ensuring that our future t h e r m o 
nuclear r e ac to r would not get too much out of hand. It was like the s to ry 
of the man who wished to invent a perpetual motion machine and had 
taken out a patent on a method for keeping it under control . This attitude 
s temmed from the succes se s in developing "explosive the rmonuc lea r 
r e a c t o r s " , a task which was achieved within a very shor t period of t ime , 
leaving physic is ts with the impress ion that they could do everything -
and do it fast . However, exper ience soon showed that he re we had a 
scientific r a t h e r than a technological problem and that it would be 
n e c e s s a r y to study in detail the physics of p lasmas - which we have now 
been doing for over ten y e a r s . 

The work in this field a t t rac ted new people with a new philosophy 
and a new ideology. Now, I feel that the p rog re s s achieved by the 
physic is ts dur ing this period just if ies our again thinking in t e r m s of 
building a the rmonuc lea r r e a c t o r . The physicist is not obliged to embark 
upon a project only when he is in possess ion of all the facts; he does 
not have to wait until the last button is sewn onto the tunic of the las t 
soldier before engaging bat t le . He needs only to study carefully the 
underlying pr inciples and then to find a solution which will r evea l the 
unknowns. Such was the situation in the case of the f i rs t atomic (uranium-
graphite) r e a c t o r . 

That does not mean that we should give up p lasma r e s e a r c h - quite 
the con t ra ry in fact; it should be r emembered that nuclear physics rea l ly 
got under way only after the f i rs t atomic r e a c t o r s had been buil t . How
ever , I feel that the amount of data accumulated is now sufficient for some 
of those working in the field of p lasma physics to d i rec t the i r attention 
to the construct ion of a the rmonuc lea r r e a c t o r , leaving the r e s e a r c h to 
those who pre fe r to study physics p rob lems . If it is objected that no new 
ideas have been advanced as to how this should be done, my answer 
would be that ideas ma te r i a l i ze in the course of work and that , if we do 
not change our philosophy, we shal l r e semble the sophist who said that 
one should not enter the water unti l one had learned to swim. 

The question is often asked as to how long it will take to build a 
the rmonuc lea r r e a c t o r . The answer to this question is remin iscen t of 
the s to ry about the wise man who was asked by a t r ave l l e r how long it 
would take him to reach a town. The wise man replied "Walk oni Walk 
on'.". The t r ave l l e r was nonplussed and shrugged his shou lde r s , but the 
wise man said "Walk on, and then I shal l te l l you". The t r a v e l l e r walked 
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a l i t t le way and then turned round and looked at the wise man, who said 
"Keep walking, dont1 t look round". So the t r ave l l e r continued walking 
s t ra ight ahead. At length the wise man said "Now I can te l l you how long 
it will take you to reach your destination - now I know how fast you 
walk". When we have considered the problem as a whole and ascer ta ined 
what ma te r i a l and human r e s o u r c e s a re being expended, we shall be able 
to answer the question how long it would take to build a the rmonuclear 
reactor. 

There is another question: Who will first reach the goal? Those who 
first take the road towards the practical realization of our objective will 
be the first to reach it. One thing is certain, whoever reaches the goal 
will do so by virtue of the work of a great many scientists and statesmen, 
the work of the people concerned with this series of conferences. The 
results of these labours will be the fruit of international scientific co
operation between countries in all continents. 

The problem of the thermonuclear reaction is an unusual problem 
of physics, and one which will transform human society and the world. 
Our generation, which gave the world atomic energy and thermonuclear 
energy in explosive form, now is responsible towards Mankind to solve 
the main problem - obtaining energy from water. The world expects it 
of us, and it is our duty towards mankind. It is a task which our 
generation must accomplish, and to do so we must now set forth on the road. 
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Abstract — Аннотация 

DEVELOPMENT OF A COLLISIONLESS SHOCK WAVE PROGRAM. The authors generalize results 
obtained in investigations of the different types of collisional shock wave found in a plasma. For a wide 
range of plasma parameters they investigate in experimental devices virtually all the types of laminar wave 
occurring in a dilute plasma. They look into the nature of the turbulent processes which can occur inside 
a collisionless shock wave front under different conditions. The measured thickness of the wave front is 
found to agree with theoretical predictions based on turbulence models. The electron and ion components of 
the plasma behind the wave front are measured. 

РАЗВИТИЕ ПРОГРАММЫ ПО УДАРНЫМ ВОЛНАМ БЕЗ СТОЛКНОВЕНИЙ. Обобща
ются результаты исследования различных типов бесстолкновительных ударных волн в плаз 
ме . На экспериментальных установках охвачена широкая область параметров плазмы и 
исследованы фактически все типы волн ламинарной структуры, существующие в разрежен
ной п л а з м е . Проведены исследования по выяснению природы турбулентных процессов, ко 
торые могут возникать внутри бесстолкновительного ударного фронта в различных услови
я х . Экспериментально измеренная толщина фронта в этом случае согласуется с величи
ной, предсказанной теоретически на основе конкретных моделей турбулентности. Прове
дены измерения электронной и ионной компонент плазмы за фронтом волны . 

I . ВВЕДЕНИЕ 

На конференции 1965 года в Калэме было доложено о первом 
экспериментальном исследовании бесстолкновительной ударной волны 
в разреженной плазме [1] (см.также [2]), распространяющейся по
перек магнитного поля. 

Уже эти экспериментальные результаты подтвердили предска
зание теории [з] о многообразии типов структуры фронта, завися -
щем от параметров начального состояния плазмы и волны. Это мно -
гообразие явлений и критические условия, при которых происходит 
смена типов бесстолкновительного ударного фронта (в дальнейшем 
БУФ), явились предметом детального исследования [4] , результаты 
которого обобщаются в настоящем докладе. 

Широкий диапазон параметров БУФ потребовал создания ряда 
лабораторных устройств, основные характеристики которых сведены 
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Б таблицу I . Как видно из таблицы, использование этих устройств -
позволило перекрыть широкую область параметров плазмы от 
/7в ~ 10 см до /7„-*• 10 см . Содержание настоящего доклада, в 
основном, базируется на результатах, полученных на трёх первых 
установках табл.1, а работы на двух последних находятся в на -
чальной стадии. 

П. УДАРНЫЕ ВОЛНЫ, РАСПРОСТРАНЯЮЩИЕСЯ ПОПЕРЁК МАГНИТНОГО ПОЛЯ 

Исследования БУФ в этом случае проводились на установке 
УН-4, где с помощью магнитного поршня генерировались цилиндри -
ческие ударные волны. 

Анализ экспериментов показывает, что характерный простран
ственный размер 5" БУФ зависит от плотности, магнитного поля,от
ношения массы ионов к массе электронов, числа Маха в водородной 
плазме. Нижняя ветвь этой зависимости согласуется с представле -
нием о ламинарной осцилляторной структуре течения при малой плот
ности, когда микронеустойчивости не успевают развиться. Характер
ный масштаб переднего скачка и последующих осцилляции порядка 

4ùo*' и не зависит от массы ионов при изменении атомного ве
са на 2 порядка ( £ ) ,Нв^г Д е ) . Типичная осциллограмма маг -
нитного поля в волне этого типа, возбужденной в аргоновой плаз
ме, приведена на РИС.2. Такой характер течения внутри БУФ сохра
няется вплоть до определенной критической плотности /7с , выше 
которой осцилляции исчезают, а толщина переходной области Л 
становится много больше (третья ветвь, рис.1). Значение Пс за
висит от начального магнитного поля Но и возрастает примерно 
как Но (рис.з; при// .*- (0,5 - 1 ) .Ю 3 гс Пс4 101 2см"3) . Ти
пичный вид БУФ в режиме больших плотностей плазмы (^о ~ 1Сг -
10 см"5) приведен на рис.4. При макроскопическом описании в 
магнитной гидродинамике подобная структура БУФ может быть объяс
нена либо существованием аномально низкой проводимости плазмы, 
либо аномально высокой её вязкостью, т .к . частоты парных соуда
рений пренебрежимо малы. То обстоятельство, .что профиль магнит
ного поля опережает профиль электрического потенциала как раз 

¥1 
' Как следует из теории [з], при весьма малых плотностях 

We ПС*^-jp~ характерный масштаб осцилляции должен быть-
H/r/=v^k • По-видимому, самые левые эксперименталь

ные точки на рис т.(относящиеся к разреженной ксеноновой 
плазме) нужно интерпретировать именно так. 
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Р и с . 1 . Ширина фронта ударной волны в зависимости от начальной плотности плазмы и 
других параметров . 

Р и с . 2 . Структура БУФ при ламинарном течении (аргон, п0~ 10 см" ) 

с* на величину порядка толщины БУФ;показывает, что 6 е / / ~ Jz. /Г 
и достаточно для объяснения диссипации внутри БУФ. 

Какова же микроскопическая природа этой аномальной про
водимости? Наиболее правдоподобными являются гипотезы об ано -
мальном сопротивлении из-за: а) раскачки ионно-звуковых колеба
ний [з] ; б) электромагнитных волн с частотой -g£- ("свисты") 
[6] . Предпочтительность первой гипотезы подтверждают следующие 
дополнительные экспериментальные данные. 

I . Зависимость & от атомного веса л (рис.5); этот эф -
фект зависимости "сверхсопротивления" плазмы внутри БУФ можно 
трактовать как своего рода аналог "изотопического эффекта" в 
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Р и с . 3 . Граница ламинарности в аргоне (точки соответствуют экспериментальным з н а ч е 
ниям по,Но, при которых регистрировалась осцилляторная структура БУФ). 

100 f(nceK) 

Р и с . 4 . Профили Н, <р ПРИ апериодической структуре БУФ (водород, п 0 ~5-10 см ). 

сверхпроводниках, получившего свое объяснение в фононной (т.е. 
фактически ионно-звуковой) модели сверхпроводимости. Более того, 
зависимость Л от Я на рис.5 не противоречит закону &~(n%>gp> 
полученному из приближенной нелинейной теории ионно-звуковой не
устойчивости в плазме [5]. 
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Р и с . 6 . Конструкция электрического зонда: 1—антенны; 2 - коаксиал ; 3 и 5 - внешний 
экран и ферритовые кольца для защиты от помех; 4 — стеклянный изолятор; 6 — коаксиаль
ный выход. 

2. Зависимость Пс от Нс . В терминах ионно-звуковой не
устойчивости переход от ламинарного к турбулентному режиму про -
исходит тогда, когда PV > вп % о , где Р~£20 - и н 
кремент неустойчивости, Т~5ф2и - характерное время, а 

&) /ц> - порядка нулоновского, если амплитуда флуктуации % 
порядка равновесной. Это даёт неравенство С0о У/OCû^, согла -
сующееся'с экспериментальной зависимостью, приведенной на рис.з. 

3. Непосредственное измерение спектра микрофлуктуаций 
электромагнитного поля внутри БУФ. Для этой цели использовался 
миниатюрный двойной электрический зонд, конструкция которого 
приведена на рис.6. Экспериментально было установлено, что при 
П>/\ внутри БУФ наряду с регулярными колебаниями Е , соот

ветствующими профилю волны, возникают высокочастотные стохасти-
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Рис .7 . Распределение Н, Е г , Ё внутри БУФ при M ^>MC (аргон, по~ 10 см ). 

ческие колебания электрического поля (рис.7). Для анализа этих 
колебаний использовалось отличие длин волн ионного звука 
( A~.2Tr£jQ ) и "свистов" ( X - А ) . При изменении расстоя
ния между антеннами в 10 раз (0,5 - 5 мм) средняя амплитуда 
флуктуационного сигнала с зонда практически не изменялась, что 
с достаточной убедительностью исключает "свистовую" природу 
этих колебаний ( А ~ ^ ~ I сы). В пользу ионно-звукового ме -
ханизма свидетельствует также близость частоты колебаний и ион-
но-звуковой ( £^г ~ 100 f 150 Мгц, П0 ~> З.Ю13см~3). 

Оценка флуктуации потенциала внутри плазмы по зондовому 
сигналу затруднена тем обстоятельством, что диаметр антенны 
( d ~ 0,2 мм) и длина её части, контактирующей с плазмой 
( £ ~ 0,5-1 мм) превосходят характерный масштаб колебаний 
( ^ j , ~ 10 - I0"3 см в типичных условиях эксперимента ^ 

П ~ 10 Зсм ,Т е ~ I кэв), поэтому в оценку величины У 
С J 

должен входить фактор ^ ^ г •-=- . Различные способы учёта 
этого фактора дают для эффективной частоты столкновений, оцени
ваемой согласно [5] ÛeJJ ~ /{ .$t-- , значения, лежащие в пре-
делах одного порядка с экспериментальными, найденными из форму
лы [5]: ))о1Р „ 4тлехУА ц 
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4. Исследование спектра магнитных флуктуации. Весьма тща
тельные измерения, проведенные в широком диапазоне частот 
(10-500 Мгц), миниатюрными магнитными зондами показали, что маг
нитное поле внутри БУФ обычно носит монотонный апериодический 
характер. Колебания /V удается регистрировать преимущественно 
в плазме тяжелых газов на начальной стадии формирования фронта. 
Они могут представлять собой как слабые магнито-звуковые возму
щения, вызванные переходными процессами, так и "свисты" (изме -
ренные частоты близки к jf ~ * ^ р * - ) . 

Однако малость амплитуды ( Н~ 0.1 Но ) делает пренебре-
жимым их вклад в турбулентное сопротивление плазмы. Эффективная 
частота столкновений, оцененная по измерениям Н, оказывается 
на один-два порядка меньше требуемой для обеспечения наблюдаемой 
величины Л . 

Экспериментально найденные значения 6*~ 10 -10 C&SE, 
f ~ Ю.£ а/см внутри фронта позволяют оценить турбулентный 

нагрев <£%• и температуру Те за фронтом. В условиях рис.7. 
( А?-~- 3.10 см , Ир~ 10 гс) 7е ~ I кэв, что согласуется со 
значениями, полученными из измерений диамагнетизма плазмы за 
БУФ и из решения волновой задачи на ЭВМ. Таким образом, вся сово
купность изложенных данных о макроструктуре БУФ и микрострукту
ре электромагнитных флуктуации в волне с М< Мс не противоре
чит представлениям о резистивном механизме диссипации, обуслов
ленном "фононным трением". 

Рассмотрим результаты, относящиеся к сильной волне 
( М>Мс ) . 

Ранее было наблюдено резкое изменение структуры БУФ (об
разование "подножия", уширение до значения Д ~ % ) ПРИ 

Л/>Л7С~ 3 * 4 [1 ,2] . 

Последующие опыты были направлены на выяснение относи -
тельной роли в этом процессе механизмов дисперсии, сопротивле -
ния и вязкости. 

I . Дисперсионный механизм уширения, возможный при возник
новении перекоса фронта 9 относительно И0 был надежно исклю
чен, поскольку было экспериментально показано 6~0 при M'>Мс . 
Типичная осциллограмма магнитного поля в прямой волне при М>М~ 
приведена на рис.8. 



56 АЛИХАНОВ и др. 

Р и с . 8 . Профиль фронта H при M > Мс (водород, п0~5'1013 см" 3 ) . 

Р и с . 9 . Флуктуации электрического и магнитного полей внутри БУФ при M У М с ( аргон , 
n 0 ~ 1013 см" 3 ) . 

2. Предположение о возрастании сопротивления при M >Afc , 
как причине уширения фронта, противоречит наблюдаемому в экспе -
рименте исчезновению запаздывания профиля fP относительно про -
филя H . 

3. Одновременная регистрация профилей H и П установи
ла при М>Мс существование явления типа "изомагнитного скачка" 
плотности, что можно рассматривать как результат нарушения ба -
ланса между резистивной диссипацией и возрастающей нелинейностью 
в сильной волне, ведущего к её опрокидыванию и образованию мно -
гопотокового течения [4] . 

4. Электромагнитные флуктуации во фронте при переходе че
рез критическое число Маха изменяют характер: область их лока
лизации перемещается к подножию, одновременно регистрируются ко
лебания с частотами / ~ và)HSln и (рис.9). 

Методом, описанным выше, показано, что характерный мае -
штаб этих колебаний -$ /со0 . 

5. Выяснению микропроцессов внутри БУФ может послужить 
исследование энергетического спектра ионов и его зависимости от 
параметров волны. Измерения проводились с помощью дифференци -
ального электростатического анализатора энергии ионов, получен-



CN-24/A-1 57 

r(w) 

/ \ 

loo t (нсек) 

Р и с . 1 0 . Диаграмма , определяющая место и время "старта" нейтралов перезарядки 
(а — движение фронта к оси; б — движение нейтралов с энергией W~150 эв к периферии; 
водород, по~4-10 с м ' ( М ) М С ) . 

ных при обдирке нейтралов, испускаемых нагретой плазмой. Одно
временно использовались два анализатора,ориентированные соответ
ственно поперек и вдоль фронта. 

Зная расстояние от оси трубы до анализатора, положение 
магнитных зондов, скорости волны и регистрируемых ионов, можно 
построить диаграмму, устанавливающую место и время "старта" пе
резаряженных нейтралов (рис.Ю). Наиболее важным является эк -
спериментальный результат, показывающий, что при M>Mç_ ней -
тралы эмитируются "назад" относительно движения волны еще до её 
кумуляции на оси, что может быть объяснено лишь возникновением 
взаимопроникающих потоков (рис.ю,н). 

Средняя "температура" li , найденная из энергетического 
спектра ионов в области "подножия" волны При М<Мс ~ mil2 

нейтралы эмитируются лишь из осевой области после кумуляции вол
ны,, которая также^сопряжена с взаимопроникающими потоками и рас
качкой колебаний Е и H . 

6. Измерение скачка электрического потенциала на БУФ по
казывает, что величина rh- /t/z-ifz) начинает падать в области 
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Р и с . 1 1 . Профиль H во фронте (а) и интенсивность выхода нейтралов (б) при W~150 э в . 
Начало движения частиц на периферию - до прихода волны на зонд, г = 2 с м . 

200 ((нее*-) 

Р и с . 1 2 . Распределение электрического поля Е г вдоль возмущенного слоя плазмы при 
M У М с (последовательные пики Е г : во фронте, в области "поршня", во фронте отраженной 
волны). 

М^МС и при А/> А/с уменьшается примерно вдвое относительно 
исходного. Это может быть объяснено появлением и нарастанием при 

M>Д/С ионного давления во фронте. 

7. По-видимому, этой же причиной обусловлен тонкий эффект, 
обнаруженный с помощью электрического зонда: появление при М>Мс 
второго скачка Е% в области магнитного поршня. Это поле Et 
должно компенсировать градиент ионного давления (рис. 12). 

8. Измерения диамагнетизма электронов плазмы показали 
уменьшение относительного нагрева электронной компоненты пТе 
при М>М(_ (при M < Мс величина пТо. согласуется с адиаба
той Гюгонио). 

Обобщая изложенные результаты, можно выдвинуть следующую 
картину развития физических процессов внутри БУФ при M> Мс • 
При возрастании амплитуды волны резистивная диссипация перестает 
компенсировать нелинейное укручение профиля П , что приводит к 
нарушению однопотоковости и последующему развитию ион-ионной не
устойчивости с частотами порядка ~^-~ дУх-^ьЗйи Л ~ V 

*•'' 2'ïT ~ kJc, 

Оценка турбулентной вязкости по амплитуде колебаний £ , H 
приводит к значению ширины фронта, по порядку, близкому к C/Q . 
Однако, продеденные измерения не позволяют считать исключенным 
вклад ионного звука, возбуждаемого неустойчивостью ионных пото-
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ков после опрокидывания, в вязкостное уширение фронта. Это обус-
ловлено тем, что амплитуда колебаний £ , достаточная для объяс
нения наблюдающихся толщин БУФ, ниже чувствительности использо
ванной аппаратуры. 

Ш. УДАРШЕ ВОЛНЫ, РАСПРОСТРАНЯЮЩИЕСЯ ПОД УГЛОМ К МАГНИТНОМУ ПОЛЮ 

Закон дисперсии плазменных колебаний весьма чувствителен 
к направлению их распространения относительно магнитного поля 

[з] . Поэтому структура БУФ в волне, распространяющейся под уг
лом 9 к Но, представляет убегающий относительно основного скач
ка шлейф осцилляции с характерным размером <г 0 , что было 
впервые экспериментально подтверждено в [1] . Последующие иссле
дования "косых" волн проводились в двух экспериментальных схемах, 
различавшихся условиями возбуждения и параметрами начального со
стояния: I ) подвижный "магнитный поршень" (УН-4), 2) плазменный 
поток, налетающий на препятствие (ПУММ). Параметры эксперимента 
на установке УН-4- указаны выше ( г л . 1 , II). Наклон поршня к Но со
здавался благодаря неоднородности внешнего поля Н~ на краю 
ударного витка. С помощью системы б зондов, размещенных по коор
динатам t , ~Z , непосредственно измерялись угол наклона фронта 
Q , компоненты скорости Ц г , t / 2 , компоненты поля H t > Hg »Hvp • 

Основное внимание было уделено следующим вопросам: а) влияние на 
структуру БУФ угла в ; б) условия диссипативного подавления 
осцилляции; в) возможность разрушения фронта при больших числах 
Маха. 

Эксперимент показал, что при непрерывном изменении от О 
до 45° происходит непрерывная перестройка БУФ от вида рис.2 до 
вида рислз. 

Турбулентное сопротивление, о существовании которого, в 
частности, свидетельствуют шумовые измерения, не нарушает харак
терного осцилляторного профиля, что можно объяснить большим раз-
мерой ОСЦИЛЛЯЦИИ: -Ъ~9 > / 0 ^ • По этой же причине влияние пар-
лых столкновений обнаруживается лишь при весьма низких степенях 
ионизации о<-~ 10 . Особый интерес представляет эксперименталь
ное исследование зависимости структуры БУФ от амплитуды, посколь
ку аналитически не установлено существование критического числа 
Маха, а трудность качественного рассмотрения обусловлена суще -
ствованием убегающих осцилляции, затрудняющих укручение фронта. 
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Р и с . 1 3 . Структура БУФ при в~ 30° , когда: a) M < М с ; б) M > Мс . 

Результаты эксперимента, проведелного с постоянной ре -
гистрацией 9, показали, что с возрастанием амплитуды первона -
чально исчезают убегающие осцилляции, а затем оставшийся основ
ной скачок перестраивается подобно тому, как это происходит в 
прямой волне (образование "подножия" и т.д., рис.13). 

Решение задачи на ЭВМ показало весьма близкий к экспери
ментальному характер переходных процессов при приближении к 
А / ~ 5 * 6 . Резюмируя, можно сказать, что в косой волне диспер
сионный эффект не подавляется турбулентной диссипацией, однако, 
он не может предотвратить нарушения однопотоковости и разрушение 
осцилляторного профиля при больших амплитудах волны. 

Любопытный тип косых ударных волн генерировался на уста
новке "ПУШ". В этом случае ударный фронт формировался в резуль
тате взаимодействия плазменного потока с телом или с магнитным 
полем дипольной конфигурации. 

Выбранный метод генерации ударных волн позволяет получить 
квазистационарный БУФ. В условиях эксперимента "ПУШ" (см.табл.1) 
фронт не является чисто БУФ, т.к. большую роль играют и диссипа-
тивные процессы типа вязкости и джоулевой диссипации. Однако, 
дисперсионные эффекты и здесь достаточно велики, чтобы привести 
к осцилляторной структуре фронта ударной волны. На рис. 4 пока -
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Рис . 14 . Профиль магнитного поля в косой волне n 0 ~ 2-1014 см"3 , M o(f • 2 . Сплошные 
кривые — расчет , точки — эксперимент. 

заны экспериментальные и расчётные данные, полученные при учёте 
вязкости и джоулевой диссипации. Сопоставление расчётных и эк
спериментальных данных позволяет сделать вывод, что критическим 
параметром для возникновения осцилляции на фронте является сте
пень замагниченности электронов Сон^е. . При «V^e-^i 
наблюдаются осцилляции, если же и>нгсе.<1, осцилляции подавле
ны и профиль волны становится апериодическим. 

Вопрос о возможности существования БУФ, распространяюще
гося вдоль магнитного поля ( Q ~ 3L ), остается открытым. 

Параметры установки УН-6 (таблица I) должны позволить 
приподнять завесу над мистерией БУФ в этом случае. 

1У. УДАРШЕ ВОЛНЫ В ПЛАЗМЕ БЕЗ МАГНИТНОГО ПОЛЯ 

Одна из возможностей существования БУФ в плазме без маг
нитного поля связана с вопросом о нелинейных ионно-звуковых ко
лебаниях в неизотермической плазме ( Т е >>Т; ) [з] . Неизо -
термическая плазма представляет собой пример сильно дисперги -
рующей среды с малым поглощением. В такой среде возможно рас -
пространение нелинейных устойчивых элементарных волн, например, 
солитонов сжатия, а любое гладкое начальное возмущение, вообще 
говоря, с течением времени будет распадаться на совокупность 
таких элементарных колебаний с длинами волн порядка характерной 
длины дисперсии (дебаевский радиус в данном случае). 

На установке "Волна" (таблица I) поставлен эксперимент, 
в котором удалось наблюсти, как первоначально гладкое возмущение 
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Р и с . 1 5 . Осциллограммы сигналов с поглотителя на расстояниях (сверху вниз) ;1 , 3 , 12, 
19 см от источника. Масштаб времени и концентрации — соответственно 20 мксек и 
2-10 см на большое деление. 

большой амплитуды Б неизотермической плазме, в результате нели -
нейной деформации, распадается на элементарные колебания с харак
терным пространственным размером порядка дебаевского радиуса, 
т.е. появление осцилляторной структуры. 

Плазма образовывалась в металлической цилиндрической ка
мере (диаметром 90 см, длиной 120 см) ионизацией газа потоком 
электронов от накаленного катода (1к — 10 ма). Опыты проводи -
лись в инертных газах: ксеноне, аргоне и гелии при давлении 
0,5 - 1.10 мм рт.ст. Температура и концентрация электронов в 
такой плазме определялись из зондовых характеристик. Для созда -
ния волны возмущения в "спокойной" плазме был использован специ
ально разработанный для этой цели источник плазмы, представляю -
щий собой цилиндр диаметром 80 см и длиной 20 см, набранный из 
Последовательно ВКЛЮЧеННЫХ ПЛОСКИХ СеТОК ( 4 ) ("электростатичес-



64 АЛИХАНОВ и д р . 

ilMliliiii 
шшшшмшмтщ 

I l •МШиМтВшШШм 
Р и с . 16. Сигналы с зонда, полученные в последовательные моменты времени. Масштаб 
времени и концентрации — соответственно 10 мксек и 2'10и см ' на большое деление. 

кий поршень"). К центральной сетке прикладывался положительный 
потенциал с регулируемым фронтом нарастания. 

Измерение потока в волне регистрировалось с помощью по -
глотителя плазмы, состоящего из набора параллельных пластинок, 
установленных вдоль движения волны. Приложенное к ним напряже -
ние рассасывало плазму, и сигнал, пропорциональный току, пода -
вался на вход дифференциального усилителя. Частотная характерис
тика измерительной цепи была линейной вплоть до I мггц. 

На рис.15 приведены осциллограммы при некоторых положени
ях измерителя, показывающие эволюцию формы волны в ксеноновой 
плазме по мере её распространения. Скорость фронта равна 
3.10 см/сек, что соответствует числу Маха И ~ 1,5. Видно, как 
по мере распространения волны происходит уменьшение ширины фрон
та вплоть до некоторого уровня порядка 2 см, что примерно равно 
дебаевскому радиусу, а за фронтом возникают колебания с длиной 
волны порядка дебаевского размера. С помощью электростатическо
го зонда, перемещающегося перпендикулярно распространению волны, 
было установлено, что отклонение от плоской формы по всему фрон
ту не более I см. 

Характер регистрируемых на установке "Волна" сигналов со -
вершенно меняется при увеличении амплитуды "электростатического 
поршня" (рис.16). Колебания за фронтом волны в этом случае ста
новятся хаотическими. Их частота, по-прежнему, порядка Q0 . 
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Трудно предположить здесь какой-либо иной механизм возбуждения, 
кроме пучковой неустойчивости взаимопроникающих ионных потоков, 
возникающих после опрокидывания фронта нелинейного возмущения. 
Длина корреляции таких колебаний оказывается приблизительно на 
порядок больше дебаевского радиуса. Эта длина, к сожалению, не
намного меньше характерных размеров плазменного потока в установ
ке "Волна". Поэтому наблюдённую картину еще нельзя считать карти
ной установившегося БУФ. 

У. ЗАКЛЮЧЕНИЕ 

Таким образом, на установках табл.1 удалось исследовать 
практически все типы ламинарных структур БУФ, возможные в разря
женных плазмах. При этом достигнуто хорошее согласие с теорети -
ческими предсказаниями [з] . Границы перехода от ламинарного к 
турбулентному БУФ также достаточно удовлетворительно описываются 
теоретическими моделями, в которых используются различные неус -
тойчивости (удобно подытожить всё это с помощью табл.2). Наибо -
лее детально исследован при этом БУФ, распространяющийся поперёк 
магнитного поля. Доказано существование аномально низкой элек -
тропроводности внутри такого БУФ, причиной чему является ионно-
звуковая турбулентность [5] . Механизмы, связанные со "свистами" 
[6 ] , не проходят из-за слишком низкой интенсивности флуктуации, 
которые можно было бы отождествить с волнами типа "свистов". Од
нако само присутствие таких флуктуации (пусть даже малой интен
сивности) может свидетельствовать о том, что внутри БУФ неустой
чивость этого типа сосуществует с ионно-звуковой (хотя и играет 
второстепенную роль). Далее показано, что при числах Маха, боль
ших критического, главную роль начинает играть не аномальное со
противление, а вязкость. Происходящий при этом эффективный наг -
рев ионов указывает на то, что следует искать ионный механизм 
этой вязкости. Критическое число Маха И с ~ 3 •» 4 , что совпадает 
с границей появления изомагнитного скачка (для стационарной плос
кой волныИс = 2,8 при |f = 5/3) . Более того, показано, что при 
приближении M к Мс профиль плотности внутри БУФ становится 
круче магнитного. Теперь все это можно согласовать с опрокидыва
нием фронта плотности и появлением многопотокового движения ио
нов при M > Me • Тогда наблюденные электромагнитные флуктуации 
с u5 ~ (tOHQH)4m К ~ *§* естественно связывать с неустойчи-
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востью взаимопроникающих потоков ионов, движущихся поперёк маг
нитного поля [3] . Длина размешивания здесь порядка 

ù~ oJoiTf J или ^ \WJ (естественно 
предположить, что при максимальных амплитудах турбулентности 

е¥~Щиг , Н ^ ' - Н о » размешивание происходит на расстоянии 
порядка длины волны неустойчивости) . Измеренные величины 9 и 
H приводят к Д как раз на два порядка больше % 

СПИСОК ОБОЗНАЧЕНИЙ 

^ е » Щ' - массы электрона и иона 
е - заряд электрона 
С - скорость света 
П - концентрация плазмы 

£4р Х20 - электронная и ионная плазменные частоты 
СОн QH - электронная и ионная циклотронные частоты 

U>r^cùHQ.H ~ гибридная частота 
ZQ - дебаевский радиус 
И - магнитное поле 

£"г Еф - радиальная и азимутальная компоненты электрического 
поля 

У - электрический потенциал 
f /у £ - амплитуда флуктуации потенциала, магнитного и э л е к 

трического полей 
U - скорость волны 
Vq - альфвеновская скорость 
ТА - скорость плазмы за фронтом волны 
M - число Маха 

Tf_n - угол распространения волны по отношению к начально-
2 му магнитному полю 
Ау 8" - пространственная ширина фронта 
Т - временная ширина фронта 
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frcfa - эффективная проводимость плазмы 
))gll ~ эффективная частота столкновений 

^ е - время свободного пробега электронов 
Те 7{ - электронная и ионная температуры 

j - - плотность тока 
Л - длина волны колебаний 

/ - rv- - частота колебаний 
/ 2ч 

К - волновой вектор колебаний 
d - диаметр антенны электрического зонда 
£ - длина антенн электрического зонда 
L - длина установки 
'jî) - диаметр установки 
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D I S C U S S I O N 

S.D. FANCHENKO: Was the spect rum of the microwave osci l lat ions 
which you detected by means of an e lec t r ic probe monochromatic o r broad? 
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R .Z .SAGDEEV: It was a broad, d i sordered spec t rum. However] it 
cannot be in terpre ted quantitatively since the dimensions of the osci l lat ions 
may be much l e s s than those of the probe . 

S .D. FANCHENKO: Can one identify the oscil lat ion type? 
R. Z. SAGDEEV: ' The oscil lat ions in question have a wavelength l e s s 

than ten Debye radi i , and we do not know of any osci l la t ions (except ion-
sound oscil lat ions) in this range. 



E X P E R I M E N T A L RESULTS ON THE GENERATION 
AND STRUCTURE OF COLLISIONLESS 
SHOCKWAVES 

E. HINTZ 
INSTITUT FUR PLASMAPHYSIK DER KERNFORSCHUNGSANLAGE JULICH, 
FEDERAL REPUBLIC OF GERMANY 

Abstract 

EXPERIMENTAL RESULTS ON THE GENERATION AND STRUCTURE OF COLLISIONLESS SHOCK
WAVES, mvestigationsonshockwavesgeneratedinz-pinchesand 6-pinchesatlow densities have previously • 
shown that under certain conditions the structure of the wave front is determined by collective interactions. 
First experiments have been performed in a narrow parameter range. More experimental evidence on the 
dependence of the wave structure on shock parameters Мд , 3 0 , a and 6 is needed. Неге Мд = Û  4тгп0гт^/В*; 
80 = 8тт n0k T D /BQ, a= В§/8тг n 0 m e c 2 ; Q is the angle between BQ and the wave front. B0 is the initial 
magnetic field, nQ the initial density, TQ the initial temperature, m the particle mass, and U0 the shock 
velocity. 

An investigation of the dependence of the structure of collision-free Shockwaves on B0 (between 
0.02 and 1) and Мд (between 1.3 and 10) with a << 1 and 6<<1 was one main objective of the experiments 
reported here.- Another main purpose was to examine the conditions under which "steady-state" Shockwaves 
can be generated in a б-pinch, and to develop an experimental technique for the generation of such 
Shockwaves... 

The appearance of Rayleigh-Taylor instabilities in the plasma boundary is also discussed. 

1. INTRODUCTION 

Most of the experiments on collisionless Shockwaves have been per
formed in z-pinch [1,7] and 6-pinch [2-6] devices of cylindrical geometry 
with the driving current being generated by simple LC-circuits. Shock
waves obtained under such "conditions are time-dependent. In'case of 
0-pinches the diameter of the discharge tubes has, in addition, usually 
been too small to allow a distinct separation of wave front and piston 
and to exclude the possibility of the observed shock structure being 
influenced by the piston. The existing difficulties may be enhanced if 
the initial plasma does not fill the tube and if the distribution of plasma 
density and plasma temperature is strongly non-uniform. As a result, a 
comparison of the experiments with theory, which is usually done for 
steady-state conditions, is difficult and an unambiguous interpretation 
of the measurements and an identification of the collisionless dissipation 
mechanism may be impossible. 

To obtain better results it is not sufficient to use discharge tubes of 
larger diameter; it-is necessary to choose carefully the electrical circuit 
parameters and to examine and control the properties of the initial plasma 
for each case under study. If we take into consideration the conclusions 
from a simplified model it is found experimentally that Shockwaves can 
be generated in a 6-pinch (tube diameter 20 cm) which appear to be stationary 
for an appreciable period of time and the macroscopic properties of which 
are in agreement with the model. 

69 
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Detailed studies of col l is ionless Shockwaves [1-7] have so far been 
confined to the p a r a m e t e r range |30 « 1; 0 « 1 ; а « 1 ; 2 < M . < 4 . Although 
the re r emains much to be learned under these conditions, it appears 
des i rable to study Shockwaves in other p a r a m e t e r ranges where new s t r u c 
t u r e s and different dissipation mechan i sms will occur . In our labora tory 
we have f i rs t made an effort to genera te la rge-ampl i tude waves at sma l l e r 
Alfvén Mach-numbers; in addition, we have s ta r ted investigations at l a r g e r 
values of (30 (/30 « 1) part ly motivated by the fact that the magnetospher ic 
bow shock occurs under such condit ions. We have extended these studies 
to the limiting case B0 =0. This case is of prac t ica l in te res t since it is 
under this condition that 0-pinches have been successful in producing high-
density p lasmas with ion t e m p e r a t u r e s in excess of 5 keV. We expect 
that a detailed exper imental investigation will show that ion acoustic shocks 
[8] a r e respons ib le for the observed heating. 

2. EXPERIMENTAL PROCEDURES 

F o r the generation of the Shockwaves a 0-pinch [9] device was used. 
A diagram of the e lec t r ica l circuit and the typical shape of the cur ren t 
pulse in the compress ion coil a re shown in F ig . 1. The initial p lasma is 
generated by means of an e lec t rode less d i scharge . After the formation 
of a fully ionized p lasma of about 2 eV t empe ra tu r e , the p rehea te r bank 
is shor tc i rcui ted and a slowly r i s ing magnetic field is switched on, which 
keeps the p lasma away from the walls and at the same t ime c o m p r e s s e s 

FIG. 1. a) Electrical circuit diagram; b) shape of current pulse in compression coil. 
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the p lasma more or l e s s strongly, depending on its final magnitude. This 
cur ren t is c rowbarred at its maximum and then the main compress ion field 
is switched on. This field has a r i s e t ime of about 0.8 цв and its magnitude 
can be var ied between 1.5 and 7 kG. The compress ion coil is 45 cm long 
and has a d iameter of 20 cm. In general , deuterium at 3. 5 X 10" 3 T o r r 
was used as a filling gas . In one case we used argon at 2X 10~3 T o r r . The 
electron density was measu red by means of a microwave probe [10] of 
high space- and t ime resolution in combination with a 2 mm microwave 
in te r fe romete r . The magnetic field was measured with a par t icu lar ly 
smal l and fast magnetic probe . The electron t empera tu re in the init ial 
p lasma was determined by s tandard spect roscopic methods . 

The e lec t ron t empera tu re in the shock front is obtained by using the 
light sca t te r ing technique [6,7] . These measu remen t s a re difficult at 
smal l densi t ies and f irst r e su l t s have just been obtained. 

n0 

1т~%'' д.'540 G 

2-10" - ^ \ 

Bo--210G \ 

S„ = 100 G \ \ 

S, = 0 X ~ ~ ^ 

0 2 4 S в Рст2 

в= 3.5-W~3 Torr [ 0 2 ] 

FIG. 2. Radial density distributions shortly before start of compression for different magnetic bias fields. 

3. PROPERTIES OF THE INITIAL PLASMA 

Figure 2 shows density dis tr ibut ions at the t ime when the compress ion 
pulse is applied to the coil, the magnitude of the magnetic bias field being 
varied between 0 and 540 G. The density variat ion along the tube axis was 
l e s s than 20%. Figure 3 shows the development of the e lectron t empera tu re 
during the pre-hea t ing phase . The var ia t ion of the e lectron t empera tu re 
along the axis was negligible. The ion t empera tu re was not measured but 
it can be assumed that it is equal to the electron, t e m p e r a t u r e . A more 
complete descript ion of the apparatus and of the measu remen t s during 
the pre-heat ing phase is found in Ref. [11] . 

4. MACROSCOPIC PROPERTIES OF SHOCKWAVES IN 9-PINCHES 

Questions connected with the generation of s ta t ionary Shockwaves in 
б-pinches a re discussed in m o r e detail in Ref. [11] . Here we will 
summar i ze only the resu l t s of this d iscuss ion. 

If a s imple LC-ci rcui t is used for the generation of the compress ion 
pulse and if L0 is the inductance of the circuit before the plasma in the 
coil s t a r t s moving and L c the vacuum inductance of that part of the coil 
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which is init ial ly occupied by the p lasma, then L 0 / 2 L c « 1 is one r e 
quirement to obtain a "steady s t a te" shock. The cyl indrical convergence 
of the wave can be neglected as long as (R p -R s ) /Ro « 1, Ro being the 
initial radius of the p lasma and the subscr ip ts p and s re fe r r ing to the 
piston and the shock front, respect ive ly . 

To obtain a distinct separa t ion between piston and shock front we 
have to demand A / ( R p - R s ) « l and d / ( R p - R s ) « l . Here d is the pene
t ra t ion depth of the magnetic field into the shocked plasma and Д the 
shock th ickness . F o r r es i s t ive shocks with sufficiently high Alfvén-lVIach 
number the las t inequality is equivalent to A/(R 0 -R S ) <<(l / (n 2 ) • (a p /a s ) 
with 17 being the compress ion rat io a c r o s s the shock front and a the p lasma 
conductivity. 

Tm 
в 

6 
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2 • 

n 

• B0 -- 210 G 
" S„ = 360 G 
. So • 540 G 

Г* 

>? >. 

1 * — " " " " 

p0= 3.5-Ю'3'Torr [D2J 

FIG.3. Electron temperature as function of time for different magnetic bias fields. 

Since Г72»10 for s t rong shocks, we need tube radi i of at leas t 10 cm 
The r e s t r i c t i ons a r e 

as may be the case if the polari ty of the driving mag
netic field is opposite to that of the bias field. 

In that region of the tube where the shock can be considered as plane 
the following re la t ions hold: 

if we want to resolve the shock front and if cr яст, 
relaxed if ap » as 

1 1 ,1/2 
( 1 + Т Г 4 (М 0 п 0 т ; ) 1/4 

41+W" <*bmf4 Ж™ p • ' " U В""""!' Р 

where Up is the piston velocity, E p the e lec t r ic field at the piston, and 
у is the rat io of the specific hea t s . 

In F ig . 4 a typical magnet ic field signal is reproduced for a Shockwave 
in deuterium with a negative bias field of 360 G. About 200 ns after the 
s t a r t of the d ischarge the wave front a r r i v e s at the probe. The magnet ic 
field in the p lasma is compressed by the shock in about 40 ns , remains 
constant for 200 ns except for some fluctuations and is then r eve r sed as 
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the piston arr ives. The shock width can be taken from the B-signal and 
corresponds to 10 c/upe . 

Shock and piston velocity are approximately constant through a region 
of about 4 cm and the magnitudes of the piston velocity and of the driving 
magnetic field agree with the values calculated from the above formulae 
to within 15%. It is seen that the magnetic field of the piston is indeed 
practically constant. 

0.1 ys/Div 

A,= 0.2 

4-10l3cm'3 
Bo 360 G 

2.1 

FIG.4. Magnetic probe signal in case of "steady-state" shock wave propagating into plasma with 
negative bias field. 

All results presented in this report have been obtained with negative 
bias fields. If the bias field has the same polarity as the piston field it is 
more difficult to obtain stationary shocks, however the shock width does 
not change [11 ] . 

The main difficulties encountered in generating "steady state" shock-
waves were due to the appearance of instabilities. Two types of instabilities 
have been observed: 

a) Rayleigh-Taylor type instabilities (Fig. 5) 

This instability, which is often observed, starts in the acceleration 
phase of the piston. After the piston has obtained a constant velocity, the 
amplitudes do not grow any more. The observed growth rate y is con
sistent with wavelength and acceleration (7= s/k- g) [12] . On the basis of 
the existing data it cannot be decided by what processes the observed wave
length of maximum growth is determined; viscous damping [13] as well as 
density gradient [14] of the boundary layer might be important. With high 
initial temperatures (Te S 5 eV) and an initial magnetic field antiparallel 
to the compressing field the instability is not observed. In case of parallel 
fields the instability always appears although wavelength and amplitude 
depend on the initial parameters. 

b) Instabilities due to the magnetic field passing through zero 

This instability is observed only at later times when the piston has 
reached a constant velocity and has not been investigated in detail. 
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Exposure Time. 50nsec 200nsec after (a) 

По -- 2-WKcm3 a =-210 G 

FIG. 5. Development of Rayleigh-Taylor instabilities during implosion of plasma. 

5. RESULTS ON SHOCKWAVE STRUCTURES 

1. Large amplitude compress ion waves with osc i l la tory s t ruc tu re 

Waves with osc i l la tory s t ruc tu re can only be expected if the damping 
due to Coulomb collisions is sufficiently smal l and the Alfvén Mach-number 
is smal l enough for e lec t ros ta t ic ins tabi l i t ies to be unimportant [15] . F o r 
technological reasons we could not genera te s teady-s ta te col l is ionless 
Shockwaves of smal l Mach number . It was, however, expected that at the 
beginning of the d ischarge , during the accelera t ion of the Shockwave, regular 
osci l lat ions would be excited in the wave front. This was indeed observed 
in severa l c a s e s . F igure 6b shows osc i l lograms of the voltage at the coil, 
of the magnetic field and of the dB/dt at R = 4 cm. The electron density 
at this point of space was n « 5 X 1013 cm" 3 . The magnetic field signal 
shows the formation of a smal l amplitude Shockwave (MA~ 1. 3) immediately 
after the voltage has reached its max imum. Since the init ial field and the 
compress ion field a re of opposite polar i ty , the compress ion wave is c lear ly 
recognizable . The damped oscil lat ion is more evident in the B-s ignal . 
F r o m an analysis of the osc i l logram a wavelength of 10 C/UJ e is obtained. 
This is in agreement with theore t ica l expectations [15] (X= 2-я C/.J(1V1-1)U) ). 
By withdrawing the probe to R = 6 cm one can observe the wave at an e a r l i e r 
s tage . As shown in F ig . 6 a the wave has the shape of a so l i ta ry pulse . The 
half-width is about 5 c/up e . A quantitative comparison with theory is not 
possible since the accuracy of the m e a s u r e m e n t s is not good enough and 
the waves a r e non-s teady. 

Shockwaves with monotonie s t ruc tu re at smal l j3n 

Shockwaves were also studied under conditions s im i l a r to those obtained 
in var ious o ther l abora to r ies [1 -7 ] , i . e . at j30 = 0. 1 and M A « 2. 5 . F o r this 
case radial magnetic field dis tr ibut ions were measured and gave a shock 
thickness of 5 mm corresponding .to Д - 1 0 c/u) in agreement with obse r -
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vations by other au thors . The thickness of r e s i s t ive shocks derived from 
hydromagnetic theory is [15]: 

' 4 j r a U n ( M - l ) 
V„ 

(M-l) 

A compar ison of this thickness with the measu red shock thickness shows that 
the effective conductivity in the shock front is by a factor of 25 lower than 
the conductivity of the initial p l a sma . F o r the effective collision frequency 
we obtain i/eff = 5X 109 s"1 which is approximately 0.5ш . . 

200 iOO 600 / ^ a 0 400 600 I M 
FIG. 6. Oscillatory wave structures in early phase of shock formation; a) solitary wave (nQ = 3.1013 cm"3, 
R=6cm); b) shock wave at М д 13-15; (n0 = 5.1013 cm"3, R = 4 cm). Teo<= 8 eV, B0 « -600G. 

02 fjs/Div 
а) В Signal AI R • 45cm b) Radial Magnetic Field Profile 

n0 = erf-crn3 ft0 - 2Ю' BL= -900G 

FIG. 7. Shock wave in argon at Мд = 3 . 1 . 

To check whether the effective collision frequency i s proport ional to 
the ion p lasma frequency, we repeated the exper iment with argon. F igure 7 b 
shows a Shockwave profile in an argon p lasma at /30 = 0. 02 and MA~ 3.1 at 
an initial densi ty of n0 = 8X 1013 c m - 3 . Unfortunately, the Alfvén Mach-
number i s a l i t t le higher than the c r i t i ca l Mach number [16] at which 
purely r e s i s t ive shocks with a monotonie s t ruc tu re fail to diss ipate a 
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sufficient amount of energy, and another dissipation mechanism must 
be present . It is general ly believed that the double s t ruc tu re of the shock 
front at Alfvén-Mach numbers above 3, as was observed in other l abora 
to r i e s (see Refs [5, 7, 17]), is due to this effect. Here we observe a s imi l a r 
double s t ruc tu re , consisting of a broad and a nar row par t . The broad 
part occurs at a l a t e r t ime and changes with t ime . Most of the effective 
Joule heating occurs in the narrow par t , which has a thickness of about 
3 m m . F r o m this we again obtain veff « 1/2 и ; . One of the theore t ica l 
models for r e s i s t ive shocks in this Mach number range a s sumes that the 
shock front s t a r t s as a so l i ta ry wave [15] . Owing to the increas ing 
gradient of the magnetic field, the e lec t rons acquire a drift velocity 
sufficient to s ta r t an electron two-s t r eam instabil i ty which randomizes 
the drift velocity and resu l t s in an inc rease of the e lectron t e m p e r a t u r e . 
An ion wave instabil i ty, which heats the e lect rons further can be excited. 
If this were t rue one would expect sudden changes in the magnet ic field 
gradient . This has not been observed so far . However, an examination 
of the B-s ignal in the shock front of the argon case , F ig . 7 a, shows that 
the magnet ic field gradient f i rs t is r a t h e r s teep and then f la t tens . Simul
taneously, smal l amplitude fluctuations a r e observed with a frequency of 
about 5X 107 s"1 ( K O . 1 v&i( ) . Fluctuations at h igher frequencies would 
probably not be detected because of the frequency response of the measur ing 
sys t em. The drift velocity of the e lec t rons in the shock front is about 
3X 108 cm s " 1 , which is much l a r g e r than the init ial t he rma l velocity. 

3. Shockwave s t ruc tu res at l a rge gn 

F u r t h e r r esu l t s on Shockwave s t ruc tu res have been obtained at l a r g e r 
values of j3 (]30 ~ 0 . 5 and j3'0 = 1) and at Alfvén-Mach numbers between 2 
and 9. 

F ig . 8 shows a radia l magnetic field profile for a Shockwave at MA= 2.7. 
F r o m the shock profile we obtain Д= 10 с/ш and i/eff =>0 ,3u p i , as in the 
low-(3 c a s e s . Immediately behind the front, l a rge magnet ic field fluctu
ations were observed . The fluctuations have also a B e - component with 
an amplitude about equal to that of the B z fluctuations. The observed 
frequency is about 10 t imes the local ion cyclotron frequency u c i . 
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FIG.8. Shock wave in deuterium at MA = 2.7, B0 = 0.6. 
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F o r a shock under very s imi l a r conditions T e was measured in the 
middle of the shock front. We obtained T e = 19 eV ±30%. 

F ig . 9 shows the radia l magnetic field profiles for an Alfvén Mach-
number of 4 . 4 . The shock front is considerably b roade r than for MA= 2.7; 
however, the double s t ruc tu re observed for smal l (30 at such high Mach 
numbers does not appear . This may be connected with the high initial /3. 

The magnet ic field is not monotonie. Therefore it may well be that 
the dissipation in the shock is most ly res i s t ive , although the Alfvén Mach-
number is well above c r i t i ca l . S imi lar shock s t ruc tu re s have been ob
served b y H e p p n e r [181 in the e a r t h ' s bow shock, when owing to fluctuations 
of the in terplanetary magnetic field, /30 and.MA were abnormally low. In 
this case a shock width-is observed which is within a factor of two equal 
to c/Upi . In F i g . 9 Д » 0 . 3 c/Upi o r Д » 2 0 с /и р е . 

woo-
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-1000 
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n0 = 13-I0\m'3 

FIG.9. Shock wave in deuterium at MA = 4 .5 , B0 = 0.6. 

The 2 mm microwave probe was used to observe the density var ia t ion 
in the shock front. The density jump appears s imultaneously -with the jump 
in the magnet ic field. F o r high |30 t he re is no indication for a double 
s t ruc tu re up to Alfvén Mach-numbers of 6 . 5 . The in te r fe romete r signal 
is highly damped. If we as sume that the attenuation is due to "coll is ional" 
damping we obtain for the effective collision frequency 0.03<i/ e f f / u < 0 . 1 , 
where ш = 8. 5X 1011 r a d / s . It is c l ea r that the co r rec t in terpre ta t ion of 
the observed attenuation may be m o r e complicated. 

By increas ing E a Mach number MA = 8.7 was obtained at the same 
initial /3. The shock s t ruc tu re s did not change very much Д « 20 с/ u 
The s t ruc tu re changes considerably when j30= 1: for MA = 8.4 the shock front 
gets very broad and turbulent as is shown in F ig . 10. The shock thickness 
approaches A^c /u - j . 

4 . P l a sma compress ion at B 0 = 0 

Some p re l iminary resu l t s have been obtained on p lasma accelera t ion 
and plasma compress ion for B 0 = 0. Sheath formation and rad ia l implosion 
of the p lasma were observed by measur ing the radial magnet ic field 
distr ibution as a function of t i m e . The initial e lec t ron density had a value 
п. = 2 Х 101 3 c m " 3 , the e lectron t empera tu re in the p lasma was Te = 1.8 eV. 
Some magnet ic field m e a s u r e m e n t s a r e presented in F i g . 11 . The sheath 
thickness is Д «10 c/o 

pe 
and U p « 3 X 107 cm s"1 . The implosion velocity 
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and the th ickness of the cur ren t sheath a r e approximately constant. No 
magnetic field fluctuations a re observed in the cur ren t sheath; however, 
the electron drift velocit ies deduced from the cur ren t density should be 
sufficiently high to excite two s t r e a m instabi l i t ies (v d »6X 108 cm s ). 
This should resul t in a rapid heating of the e lec t rons in the p lasma boundary. 

At the end of the first implosion the radius of the p lasma cylinder is 
only about 1.5 cm. In contrast to th is , the "free pa r t i c l e" m o d e l p r e d i c t s 
a radius of about 5.5 cm, which means that this model is inapplicable for 
a descr ipt ion of the p lasma implosion. After the first maximum com
press ion the p lasma expands to a radius of about 2.5 cm. At this t ime 
the average perpendicular energy of the ions is es t imated to be about 
600 eV and В ~ 3 kG. Owing to the high drift velocit ies the electron 
cur ren t should be unstable and provide rapid heating of the boundary layer . 
The t empera tu re in the layer should diffuse ac ros s the p lasma radius in a 
t ime s m a l l e r than the accelera t ion t ime of the p lasma boundary. If we use 
the effective conductivity obtained before to calculate the heating ra te , we 
obtain d T e / d t « 3X l O ^ K s " 1 . 

The main effect is that Te is much l a r g e r than T{ before the actual 
p lasma implosion s t a r t s . This means that ion acoustic shocks can be 
formed. These shock waves would explain the observed rapid heating 
of the col l is ionless plasma during the first implosion. Indications exist 
that such shocks a re produced. 

R [crnj 

n0 = 5 • 10 cm 

FIG. 10. Shock wave in deuterium at MA = 8.7, 3 „ ~ 1 . 

• Uc = XI • КУШ 

FIG. 11. Magnetic field profiles during plasma implosion for B. = 0. 
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6. CONCLUSIONS AND SUMMARY 

The exper imental technique descr ibed allows col l i s ionless Shockwaves 
to be generated which at least in some cases appear to be s ta t ionary. 
Macroscopic p roper t i e s of the observed Shockwaves a r e in agreement 
with the es t imates obtained from a simplified model . Most of the problems 
encountered in generat ing s ta t ionary shocks seem to be due to interact ions 
of the shocked plasma with the vacuum magnetic field. Instabil i t ies in the 
p lasma vacuum boundary ' layer can have a dominant effect. In addition, 
magnetic field diffusion and p lasma heating due to s trong cu r ren t s seem 
to be of impor tance . 

In case the Alfvén Mach-number and the e lec t ron- ion collision 
frequency a re sufficiently smal l (7 s < (шсе uci )*/2 ), l a rge amplitude waves 
with osc i l la tory s t ruc tu re are observed during the formation of the shock-
wave. The observed wavelengths agree approximately with theore t ica l 
p red ic t ions . 

Coll is ionless Shockwaves were first generated in deuter ium at 3Q = 0.1, 
and Мд = 2 . 5 . The shock width was about Д M 10 c/w e as observed in other 
l a b o r a t o r i e s . Shockwaves in argon at /3Q =2 .3X 10~2 and М д = 3 . 1 showed a 
double s t ruc tu re with a broad and a nar row par t . The nar row part is 2 
to 3 mm broad, and an effective collision frequency veff " 0 .3 up i is deduced; 
the broad part is probably not s ta t ionary and i ts instantaneous width has 
therefore no s imple theore t ica l significance. 

Increas ing the /3Q from 0.1 to 0.5 does not change the shock s t ruc tu re 
at sma l l e r Mach numbers (Мд я 2 .7) . A fluctuating magnet ic field is now 
observed in the p lasma behind the shock. F o r M , > 3 and (30 =0 .5 the double 
s t ruc tu re mentioned before is not always observed . The shock width 
becomes typically broader by a factor of two ( Д ~ 20 c/u ). If the 
Alfvén Mach-number is varied between 3.8 and 8.7 the shock width does 
not change appreciably. 

The value of the init ial 0 was increased to one. F o r MA = 8.4 the 
shock front is much b roade r than before and approaches Д =c / io p i . In 
contras t to the o ther cases the magnet ic field in the shock front is now 
fluctuating. The change in j30 s e e m s to be responsible for this fact. 

Investigations of p lasma implosion for B 0 = 0 showed that, although 
the mean free path for ion-ion coll isions and the ion cyclotron radius a r e 
l a rge , the p lasma motion cannot be described by the " f r ee -pa r t i c l e " model . 
The magnetic field in the piston does not fluctuate. Ion acoustic shocks 
with 7= 5/3 would explain the observed plasma behaviour : Because of the 
l a rge electron drift velocit ies observed in the ' cu r ren t sheath, sma l l - s ca l e 
e lec t ros ta t ic turbulence should be generated and the e lectron t e m p e r a t u r e 
should r i s e rapidly. Large-ampl i tude ion acoustic waves should be ex
cited. Such waves would explain p lasma heating in low density S-pinches. 
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D I S C U S S I O N 

S . J . BUCHSBAUM: Could you comment, p lease , on your m e a s u r e 
ment of veff by means of the 2-mm in te r fe romete r? The value of v « =2u : 
s eems r a the r high. pl 

E . HINTZ: In addition to turbulent res is t iv i ty , the observed attenuation 
may be caused by effects such as refract ion of the microwaves in a medium 
with anon-un i fo rm refraction index. • • 

S .D. FANCHENKO: What was the effective collision frequency? 
E . HINTZ: Effective collision frequencies between 5 X 1 0 8 and 

5X 1 0 9 s _ 1 were observed . 
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Abstract 

INVESTIGATION OF ENERGY DISSIPATION IN COLLISIONLESS SHOCK WAVES. Strong magnetic 
compression waves are generated in a plasma with the electron density varying from 1012 to 5 X 1014 cm"3 

by means of a fast theta-pinch discharge (dB/dt = 3.5 X lO^G/s, coil length 60 cm, coil diameter 16 cm). The 
fast-rising magnetic field playing the part of the piston reaches 12 kG in 0.5 (is, a quasi-stationary field can 
be superimposed. The working gas (Нг, D2, He, Kr, Ar) is pre-ionized up to 20% (ne » 1012 - 2 X 1013 cm"3) 
by a pulse of strong ultraviolet radiation emitted by two z-pinches placed at both ends of the discharge tube. 
This pre-ionization can be followed, or at pressures above 5 u Нг can be substituted, by a fast theta-pinch 
discharge which produces a highly ionized plasma of density 1-5 X1014 cm"3 . In both cases conditions for 
collisionless shock waves can be achieved. 

The width and structure of the shock waves have been investigated by means of multiple magnetic 
probes. At electron densities > 1014 cm - 3 and a plasma Б > 1 shock waves with velocities between 2 and 
4 X lO'cm/s are being observed for both parallel and antiparallel initial fields. They show a well-defined 
shock front of width 0.5 to 1 cm, corresponding to 10 to 40 c/w , and a clear separation between front and 
piston. By properly adjusting the initial values of electron density and magnetic field, Alfvén Mach-numbers 
can be varied between 1 and 4. Their influence on the width of shock profiles and on heating rates is dis
cussed. The energy spectrum of ions which are lost along the axis of the theta-pinch is measured by means of 
an electrostatic energy analyzer. Typical mean parallel energies are in the range of 200 - 500 eV. 

At densities between 1012 and 1013 cm"3 and a plasma with 0 « 1 non-stationary shock waves with 
velocities between 5 X 107 and 108 cm/s and a width of 5 to 10 c/wp are observed. The mean ion energies 
are a few keV. 

Experimental profiles of magnetic field are compared with calculations based on a two-fluid model 
containing a collisionless friction term, which roughly describes the action of a two-stream instability by 
limiting the electron velocity to a critical value. Thereby this critical velocity is determined to be about 
1/4 to 1/2 of the local rms velocity of electrons. 

1. INTRODUCTION 

This paper describes an experimental investigation of collisionless 
shock waves produced by a fast theta-pinch discharge in a tube of 14 cm 
inner diameter. The work aims at studying the structure of collisionless 
shock fronts and the mechanisms of energy dissipation within them under 
various experimental conditions. The former is done by multiple magnetic 
probes, the latter by means of an electrostatic energy analyser measuring 
the energy spectrum of electrons and ions lost along the axis of the theta-
pinch. It is hoped that the results of these experiments will be extended by 
a 90° laser scattering experiment, currently under way, in which both the 
radial and azimuthal electron velocity distributions will be measured. 

Much care is taken to produce the shock waves in-.a plasma of homo
geneous and well-known initial density and magnetic field and to vary these 
quantities over a wide range. Therefore two kinds of pre-ionization are 
used. At filling pressures below 5 mtorr .Нг the gas is first ionized to about 
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10% (ne + 1012 - 2 X 1013 cm -3) by s trong ultraviolet radiat ion emitted by a 
Z-pinch placed at one end of the d ischarge tube. This pre- ioniza t ion can 
be followed, or at p r e s s u r e s above 5 m t o r r H2 can be substi tuted, by a fast 
theta-pinch d ischarge which br ings the degree of ionization to 70-80% 
(ne = 5 X 1013 - 5 X 10 1 4 cm" 3 ) . In the f i rs t case (pre- ionizat ion by 
UV-radiation) the p lasma (3 (= rat io of par t ic le p r e s s u r e to magnetic p r e s 
su re « ra t io of sound velocity to Alfvén velocity squared) of the init ial 
p lasma is in the range of 10~4 to 10"1, whereas in the second case (theta-
pinch pre- ionizat ion) it va r i e s between 10"1 and 10. 

Most of the r e su l t s repor ted here a r e for t r a n s v e r s e shock waves with 
Mach numbers between 1. 5 and 4. A c l ea r separat ion between shock and 
piston can be observed only for low Mach number s . 

2. TURBULENCE HEATING EXPERIMENT 

A fast theta-pinch d ischarge is used to generate s t rong magnetic 
compress ion waves in a tube of 14 cm inner d iamete r . The detai ls of 
construct ion and technical data of the different capaci tor banks employed a re 
summar ized in [1 ] . The fas t - r i s ing magnetic field playing the par t of the 
pis ton ' i s produced in a double-fed coil of 60 cm length and 15.8 cm d iameter 
by two 40 kV capaci tor banks connected in s e r i e s . The magnetic field 
r eaches 12 kG in 0. 5 txs. Special components of the bank system a r e : two 
low-inductance col lec tors of the sandwich type connected in s e r i e s , p r e s 
sur ized combined s ta r t and crowbar spark gaps, and s u p p r e s s o r units at the 
col lector for reducing line ref lect ions. 

One sixth of the main bank can be charged and t r iggered separa te ly and 
can thus be used for theta-pinch pre- ionizat ion of the p l a sma . A second 
pre- ioniza t ion system consis ts of a Z-pinch placed at one end of the d i s 
charge tube and dr iven by a 0.84 /uF, 120 kV capaci tor . The pinched p lasma 
emits s t rong ul t raviolet radiat ion, thus photo-ionizing the p lasma . 

A bias field of e i ther polar i ty can be produced by a slow bank which 
feeds a sepa ra te mult i turn coil surrounding the theta-pinch coi l . Thus the 
bias field can be kept homogeneous at the ends of the theta-pinch coil, making 
it possible to generate oblique shock waves at a wel l defined angle in this 
region of the coil . 

3. PRE-IONIZATION OF PLASMA 

3. 1. Photo-ionization by s trong ul traviolet radiation 

Pre- ion iza t ion of a p lasma by a pulse of s t rong radiat ion has some 
important advantages, e . g . puri ty and homogeneity of the p lasma, and easy 
control of the t rapped magnetic field. F o r hydrogen at p r e s s u r e s below a 
few mi l l i t o r r it even seems to be the only possible pre- ionizat ion. We t h e r e 
fore developed a light source [2, 3] which emi ts a very intense radiat ion 
pulse at wavelengths just below 800 A ( s 15. 4 eV = ionization energy of H2). 
The light source is a fast Z-pinch which is filled dynamically with hydrogen 
or r a r e gases of density ~ 1018 cm" 3 by means of a pulsed gas inlet . The 
Z-pinch is placed at one o r both ends of the theta-pinch tube, as shown in 
F ig . 1, with no windows in between. In the approximation of a point source 
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FIG.l . Experimental arrangement of UV-preionization and measured degree of ionization in 4 mtorr 
hydrogen. 

the radiat ion density dec rea se s with the distance z from the pinch propor
tional to z~2 exp(-zcmo), with n0 = neutra l par t ic le density and a = c r o s s -
section for photo-ionization (for X S 803 Â). The degree of ionization 
a = n e / (n 0 + ne) *» n e / n 0 has the same dependence on z and n0. It therefore 
inc reases - all other quanti t ies kept constant - with decreas ing neut ra l 
par t ic le density n0, indicating that this method is especial ly suited to 
pre- ionize gases at low filling p r e s s u r e s . F igure 1 shows the ax ia l ' d i s t r i 
bution of a for 4 m t o r r H2 for the ca se s of one and two Z-pinches , r e 
spectively. The absolute value of a has been measured , and is controlled at 
each d ischarge , using an 8 mm micro-wave in te r fe romete r . It can be 
varied over a range of at leas t two o r d e r s of magnitude (0. 2 to 20% for 
p r e s s u r e s below 10 /лНг) by choosing different gases for the Z-pinch filling 
and varying the delay t ime between s ta r t of gas filling and ignition of 
Z-pinch or the t ime between ignition of Z-pinch and theta-pinch d ischarge . 
F igure 2 shows ce and гц, as functions of t ime after the ignition of the Z-pinch. 
Among the var ious gases used so far in the Z-pinch the best r e su l t s with 
respect to a high degree of ionization have been obtained with xenon [3], 
which has therefore been used in most of the exper iments descr ibed in this 
paper . 

Since the relaxat ion t ime for e lect rons of density 1013 cm" 3 and energies 
below 100 eV is smal l compared with the duration of the radiation pulse, the 
e lect rons in the photo-ionized p lasma assume a t empera tu re Te , which 
according to Ref. [2] should be a few electron vol ts . The ions a re gradually 
heated by coll isions with the e l ec t rons . At an e lec t ron density of 
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Time after ignition of Z-pinch ( J J S ) 

FIG.2. Time-dependence of measured electron density ne in 4 mtorr hydrogen exposed to strong 
UV-radiation. 

ne = 1013 era"3 and a temperature of Te = 2 eV the equipartition time [4] is 
20 /us. It decreases inversely proportional to ne. 

3.2. Theta-pinch pre-ionization 

To increase further the density and temperature of the initial plasma, 
the UV-radiation pre-ionization can be followed by a fast theta-pinch pre-
ionization discharge, which breaks down the gas in the first half-cycle and 
produces an almost fully ionized plasma of a few tens of electronvolts. At 
filling pressures above 5 mtorr in hydrogen the theta-pinch on its own 
produces a well reproducible initial plasma although breakdown occurs only 
in later half-cycles. 

Figure 3 shows the time dependence of plasma density ne and ion 
temperature Tj in the pre-ionization theta-pinch for 10 mtorr H2. The 
values were determined spectroscopically by recording the line profiles of 
Ha(Doppler-broadened) and H6 (mainly Stark-broadened) and defolding the 
measured profiles with respect to the different line broadening effects. The 
results plotted are mean values along the line of sight, i . e . along the dis
charge axis in end-.on observation and along a major diameter in side-on 
observation. The slight differences in end-on and side-on temperature could 
be due to directed plasma velocities, radial velocities at early times, and 
streaming out of the theta-pinch coil at later times. The decrease in ion 
temperature after a few microseconds could indicate aheatingof the electrons 
by electron-ion collisions, since the equipartition time is less than 1 /JS. 
Measurements at 5 mtorr H2 .gave results similar to that at 10 mtorr H2', 
but with slightly higher temperatures. 
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FIG.3. Ion temperature Tj and density n e in 10 mtorr hydrogen (= 6.7x 1014 cm"3) preionized by a fast 
theta pinch discharge. 

SHOCK WAVES FOR 
1. 5 AND 4 

/3 > 1 AND WITH MACH NUMBERS BETWEEN 

The init ial p lasmas produced by the two above-mentioned pre- ionizat ion 
methods differ great ly with respec t to density and t e m p e r a t u r e , and the re 
fore also in the p lasma j3. It therefore s eems reasonable to d iscuss the 
exper imenta l r e su l t s for the two cases separa te ly . • 

F i r s t we want to repor t on shock wave observat ions in a p lasma formed 
by the theta-pinch pre-ionizat-ion. Typical values for this initial p lasma a r e : 
ne = nj = 2 and 4 X 1014 cm"3 at filling p r e s s u r e s of 5 and 10 m t o r r Нг,- r e 
spectively (degree of ionization up to 80%), T; « 40 eV, Te 4 Т ; , /3 « 5. .This 
means that, for the magnetic fields used, the sound velocity v s is greater -
than the Alfvén velocity vA, and that the Mach number M, defined as 

M 

^1^4 
with u being velocity of shock front, is mainly determined by vs . 
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4 . 1 . Pa ra l l e l bias field 

F igu res 4a and 5 show typical probe t r a c e s of the magnetic field at 
different radi i for a d ischarge in hydrogen with the abovementioned init ial 
conditions and a pa ra l l e l bias field of 350 G. The magnetic field was 
measured with multiple magnetic probes consist ing of six mult i turn coi ls 
(d iameter 0. 8 mm), 3 o r 12 mm apar t . The probes were shielded by a 
b r a s s tube and embedded in a quar tz jacket (d iameter 3 mm) . F o r detailed 
measu remen t s on fast shock s t ruc tu re s a single turn loop covered with 
quartz and a dimension in the direct ion of shock propagation of 1 mm was 
used in connection with a Tektronix 519 osci l loscope (0. 35 ns r i s e t ime) . 

в Е!1ГЗ: 

800 ns 

a) 

b) 

800 ns 

FIG.4. Probe traces of В and dB/dt at 3.2 cm radius showing structure of collisionless shock waves in 
hydrogen of density 4 x 10Hcm~ s . F = front, P = magnetic piston. 
a) B„ = +350 G, neo = 4 x 10" cm"3, 10 mtorr H2 

b) B0 = -440 G, ngQ = 3 x 1014cnrs, 7.5 mtorr H2 . 
. 

The signals of Fig . 4a show a well-defined shock front (F) and a c l ea r 
separat ion between front and magnetic piston (P) . The separa t ion steadily 
i nc r ea se s with t ime, as can be seen from Fig . 5, which shows more probe 
t r a c e s of the same shot. At about half the tube rad ius , the shock wave is 
almost s ta t ionary and has the following values which a re typical of these 
conditions: u = 3. 0 X 107 c m / s , jump in magnetic field B / B 0 = 2 . 7 , width of 
shock front D = 0. 6 to 0. 8 cm. F o r our initial t empe ra tu re Te + Tj = 75 eV 
and th ree degrees of freedom this gives a Mach number M = 2 .6 . The pure 
Alfvén Mach-number MA = u/vA would be 7 .8 . F r o m the conservat ion 
re la t ions one gets the following values behind the shock front: Te +T ; = 230 eV, 
n = 10.8 X 10 1 4 cm~ 3 . 

By increas ing the bias field s t rength, shock waves with sma l l e r Mach 
numbers could be genera ted . Typical values for a shock wave observed in 
5 m t o r r H2(e. g. F ig . 6) with a pa ra l l e l bias field of 500 G a r e : 
u = 2. 5 X 107 c m / s , B/Bo = 2.4 to 2 . 6 , and D = 0. 4 to 0. 5 cm. In this 
case the Mach number M i s 1.9, and MA is 3 .2 . 
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R = 08 

FIG. 5. Probe traces of magnetic field at different radii for the conditions of Fig.4a. 

R = 3 2cm 

FIG. 6. Probe traces of magnetic field at 4 .4 cm and 3.2 cm radius. B„ = 500 G, n ^ = 2 x 1014 cm"3, 
5 mtorr H, . 
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A compar i son of the measured shock widths D with the col l is ionless 
skin depth c /u p (c = velocity of light, up = e lectron p lasma frequency) shows 
that for shocks with M < 2, D « 12 c/wp , and for shocks with M = 2. 5 to 3, 
D « 30 c/Up » 1 c/f2p(S7p = ion p lasma frequency). Similar observat ions -
though for p l a s m a s with s m a l l e r |3 - have a lso been made by other 
authors [ 5 - 7 ] . One possible in terpre ta t ion of this broadening of the shock 
front above a c r i t i ca l Mach number is over turning of the shock front followed 
by ion two-s t r eam instabi l i t ies which lead to enhanced heating of the ions. 
F o r a hot p lasma Sagdeev [8] predic ts in this case a shock thickness of 
c / Çl p . In our exper iment s t rong ion heating is observed. The energy 
distr ibution of the ions lost along the theta-pinch axis is measured by an 
e lec t ros ta t i c par t ic le energy ana lyser [9] placed on axis , with i ts ape r tu re 
about 30 cm away from the end of the theta-pinch coil . F o r the above-
mentioned conditions the spect rum has a maximum at a few 100 eV during 
the first compress ion of the p lasma . 

4 . 2 . Es t ima te of the absence of coll ision p r o c e s s e s in the shock front 

It shal l now be shown that under these conditions the shock fronts a re 
co l l i s ion less . The condition that a par t ic le r is not appreciably deflected by 
binary coll is ions with pa r t i c l e s s during i ts passage through the shock front 
can be expressed by the following inequality 

vts = ns < a vrs > < ^ (1) 

where vTS is the collision frequency of pa r t i c l e s r with pa r t i c l e s s, vrs the i r 
re la t ive velocity, ns the density of background pa r t i c l e s s, and a the ap
propr ia te total collision c r o s s - s e c t i o n . 

F o r col l is ions between e lec t rons and neut ra l hydrogen the product a v 
is a lmost constant in the energy range of in te res t and is equal to 
1 X 10"7 c m 3 s - 1 [10 ] . Using this value and inser t ing the measured values 
u = 3 X 107 c m / s and D = 0. 6 cm into Eq. (1) we get for the density of neut ra l 
hydrogen n n 

n n < 5 X 10 cm 3 

A s imi l a r considerat ion for coll is ions between hydrogen ions and neu t ra l 
hydrogen, set t ing vrs equal to u and taking a = 2 X 10"1 5 cm2 (the charge 
exchange c r o s s - s e c t i o n at 1 keV, corresponding to u = 3 X 107 c m / s , i s 
4 X 10"16 cm2 in H2 [11] and 2 X 10"15 cm 2 in H [10] yie lds 

n n < 8 X 1 0 1 4 с ш " 3 

These values a r e higher than the background of neut ra l hydrogen p resen t in 
the exper iment , which was 1 X 1014 c m - 3 in d i scharges at 10 m t o r r and 
5 X 1013 cm" 3 at 5 m t o r r H 2 . 

F o r the e lec t ron- ion collision frequency vei we take the rec ip roca l of the 
deflection t ime defined in [4] . Inser t ing the corresponding express ion into 
Eq. (1) we obtain 

3/2 
ч

 Te (eV) u n e < 2 . 4 X 105 e_ д £ e In Л D 
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Using again the measured values for u and.D and a mean temperature before 
and behind the shock front (about 80 eV in this case) the condition becomes 
n < 7.4 X 1014 cm"3. This condition is just met for the discharges in 
10 mtorr H2, but is better fulfilled for the discharges in 5 mtorr H2 
(neo= 2X 1014cm-3). 

4 .3 . Antiparallel bias field 

Figures 4b and 7 show typical magnetic field profiles for conditions 
similar to that discussed before, but with the initial field in a direction 
opposite to the driving field. Again a shock front F travels ahead of the 
magnetic piston P, as can be seen best on the dB/dt trace of Fig. 4b. The 
shock formation in discharges with antiparallel bias field differs from that 
with parallel bias field in that the magnetic pressure at the plasma boundary-
first decreases, causing the plasma to expand. Only after a time interval 
At » 2 B0/(dB/dt) (B0 = bias magnetic field, dB/dt = rise of magnetic field) 
does the magnetic pressure start to compress the plasma. In our experi
ment for antiparallel bias fields the shock waves did not become quite 
stationary. Typical values for shock waves similar to those shown in 
Fig. 4b are (at about half the tube radius): u = 3 to 3. 5 X 107 cm/s, M = 3 
and D ~ 1. 0 cm « c/fL, which is rather similar to the results with parallel 
bias field. A strong damping of the discharge circuit indicates a high trans
fer of energy to the plasma. 

FIG. 7. Probe traces of 
Fig. 4b. 

R = 2.7 cm 

magnetic field at 5.1 cm and 2.7 cm radius for conditions similar to that of 

5. SHOCK WAVES FOR /3 « 1 

5.1. Experimental results 

Now we want to discuss shock waves in a plasma of lower density formed 
by a strong pulse of UV-radiation. These results are especially suited for 
comparison with theory since the initial density is almost homogeneous 
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a c r o s s the tube d iamete r and can be measured accura te ly . Also, the 
s t rength of the bias field can be var ied as one wishes . Typical values of 
this init ial p lasma a re ne = n, = 1012 to 2 X 1013 cm"3 , T e ~ 2 eV, T, 5 2 eV, 
/3 = 10~2. Under these conditions the Mach number is determined exclusively 
by the Alfvén velocity, i . e . M = u /v A . With respec t to coll ision p r o c e s s e s , 
for e lec t ron ion coll is ions the inequality (1) is fulfilled for these conditions, 
whereas for col l is ions between e lec t rons and neutra l hydrogen it is only valid 
for p r e s s u r e s below «« 8 ц Н^. 

Figure 8b shows a typical probe t r ace for these conditions with anti-
pa ra l l e l bias field. The shock s t ruc tu re is s im i l a r to the corresponding 
case at /3 > 1, but the shock veloci t ies a r e higher, and the shock front is 
formed only relat ively close to the axis and is non-s ta t ionary . The width 
of the shock front is about 1.8 cm (that i s , about 10 c / u p ) , and the velocity 
is u = 6 X 107 c m / s , corresponding to a Mach number M = 1. 6 < M . 

An e a r l i e r and be t te r separa t ion between piston and shock front, but 
again no s ta t ionary shock, is obtained for shock waves in heavier gases , 
e .g . argon o r krypton. Typical values for a shock observed in 1 m t o r r 
krypton a r e ; u » 5 X 107 c m / s , M « 20 and D « 1.2 cm « 10 c / u p ~ 1/40с/Ц,. 

F igure 8a shows a shock wave in 4 m t o r r Щ with a smal l pa ra l l e l bias 
field. The Mach number is about 3, D » 5 с /и . The energy spect rum of 
the ions as determined with the e lec t ros ta t i c ana lyser in a s im i l a r d i s 
charge at 4 m t o r r D2 has a maximum at 600 to 800 eV. In d i scharges at 
2 m t o r r D 2 , the maximum is at about 1200 eV with detectable in tensi t ies 
extending to 4-6 keV. 

a) 

b) 

FIG. 8. Probe traces of В at 2.0 cm radius showing collisionless shock waves in hydrogen of density 101S cm"3. 
a) B0 = +200 G, ngo = 8 / 1 0 " cm"», 4 mtorr H2 

b) B0 = -1000 G, n e o = 1.5 x 1013 cm-3, 7,5 m t o r r D2 . 

5.2 . Comparison with numer ica l calculat ions 

To get an idea of the dissipation p r o c e s s in the front of the compress ion 
wave we compared our exper imenta l r e su l t s with a numer ica l model. This 
model [12] desc r ibes the motion of ions and e lec t rons by t ime-dependent 
two-fluid equations, including e lec t ron iner t ia . It admits dissipat ion of 
o rdered motion for the e lec t rons only and is l imited to compress ion waves of 
modera te s t rength in which no over turning occu r s . As a rough descr ipt ion 
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of the action of a two-stream instability the azimuthal velocities of electrons 
relative to the ions are limited by a friction force to a critical value A veth 
where v,n is the local rms velocity of electrons and X is a constant para
meter. As long as the electromagnetic forces try to enlarge the value of the 
azimuthal velocity above this critical value the friction force is acting. 
When the azimuthal acceleration ceases in the course of compression the 
friction force is switched off. The power produced by the electron motion 
against the friction force is assumed to raise the internal energy of the 
electrons, thereby in turn changing the critical velocity. 

i.B(kG) 
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\ t/2 . 72ns 
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FIG. 9. Calculated profiles of magnetic field for two values of X (X = ratio of drift velocity of electrons to 
their thermal velocity). B0 = 1100 G, n e o = 1 « 1013 cm"3, deuterium. 

BlkGI R = 2.0 cm R = 4.2cm 

0 20 4 0 6 0 Ю I (ns) 0 5t> «Б GO M) i3Ô~ 

FIG. 10. Experimental and calculated (with X var-ying between 1/8 and 1) profiles of magnetic field at 
2.0 and 4.2 cm radius for the conditions of Fig.8. 
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Calculations were done for different values of X in order to get in
formation about the electron friction by adjusting the calculated profiles to 
the experimental ones. Figure 9 shows calculated profiles of the magnetic 
field for different instants of time for X = 1/2 and 1/8, respectively. In 
Fig. 10 calculated profiles of the magnetic field at two fixed radial positions 
(R = 2.0 and R = 4.2 cm) are compared with experimental profiles measured 
with magnetic probes. The calculated profiles are for different values of X, 
varying between 1/8 and 1. A comparison of the initial rise of the magnetic 
field indicates (the oscillations in the calculated profiles following this first 
rise could not be observed with the magnetic probes) that the critical 
velocity of the electrons is of the order of their thermal velocity ( l /4 to 
1/2 veth). This is a fairly low friction which does not broaden the front very 
much. On the other hand, the calculations show that for X > 1/2 the front 
breaks after travelling about half of the tube radius. Then other dissipation 
mechanisms will set in. 

6. SUMMARY 

Summarizing we can say that almost stationary, collisionless shock 
waves with M» 3 and a clear separation between shock and piston have been 
observed for plasmas with (3 > 1. The shock width is ~ с/Ц, and strong ion 
heating is observed. For conditions with /3 « 1 the waves are non-
stationary and the front thickness is 5-10 c/up , in agreement with the 
results of the numerical model. 
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Abstract 

MEASUREMENTS OF THE ION ENERGY DISTRIBUTION FUNCTION AND THE DENSITY PROFILE IN 
STRONG SHOCK WAVES. In a theta pinch discharge a strong implosion wave is produced by a rapidly 
rising magnetic field (dB/dt г 1011 G/s, zero bias field), resulting in ion energies in the keV region at 
the first maximum compression. This compression wave in deuterium is investigated spectroscopically 
to get information about the density profile and the velocity distribution function of the ions inside the 
imploding sheath. Because of the relatively low electron temperature (compared with the high ion 
energies) measurements of the Balmer line broadening are possible. The electron density profile is obtained 
from the Stark broadening of Dg. At filling pressures of p0 « 20 mtorr D2 a very broad density profile is 
found with maximum electron densities of some 1015 cm-3 in the outer parts of the imploding sheath. The 
electron density reaches a peak of 101б cm"3 at the end of the first implosion, as has also been found from 
laser scattering. At a filling pressure of 60 mtorr the maximum electron density is reached in the inner 
parts of the imploding layer. These measurements of the width of the impldoing sheath are in agreement 
with those made with magnetic probes for the current-carrying layer. Time- and space-resolved measure
ments (side-on and end-on) of the Doppler broadening of D a gave information about an anisotropic velocity 
distribution of the deuterons. For a 20 mtorr discharge (for example, in the density maximum of the 
imploding sheath) an undirected motion of nearly 400 eV was found to be superimposed on the radially 
directed imploding motion with kinetic energies of 550 eV. The ion energies parallel to the magnetic 
field, however, have a thermal component of only 120 eV and a mean kinetic part of about 60 eV. These 
results for the space-resolved ion velocity distribution function agree well with the data obtained from the 
spatially integrated measurements of the neutron emission at the end of the first implosion. For 60 mtorr 
discharges the thermal energies in the perpendicular and parallel directions do not differ as much as in the 
case of lower pressures. 

1. INTRODUCTION 

Attempts have already been made to achieve high ion temperatures by 
magnetic compression in theta-pinch devices by producing a very strong 
implosion wave, which can be obtained by a fast-rising magnetic field [1, 2]. 
Further ion heating in the low-pressure regime is limited, however, by 
the broadening of the current-carrying layer [1]. This broadening of the 
shock-wave profile has also been observed in several experimental investi
gations [3-6] at supercritical Mach numbers. It is an order of magnitude 
higher than in low Mach-number profiles and has been explained in terms 
of increased electron friction [3-5] , resulting in large electron heating. 
The broadening has also been ascribed by Zagorodnikov et al.[6] to an 
overturning of the ion sheath followed by ion-ion instabilities, as described 
by Sagdeev [7]. This mechanism would lead to enhanced heating and ther-
malization of the ions. Numerical two-dimensional calculations of strong 
shock waves by Kilb [8] also show an overturning of the ion layer at very 
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ear ly s tages of the theta-pinch implosion, and an effective entropy inc rease 
from ion-gyrat ion phase mixing is obtained. To decide whether the e lect rons 
or ions a r e preferent ia l ly heated and to what degree the ions a re thermal ized 
by instabi l i t ies , we made m e a s u r e m e n t s of the ion energy distribution 
function and the density profile in very strong shock waves . Fo r these strong 
implosion waves (without b ias field) we also found a ve ry broad cu r ren t -
car ry ing layer [1 ,2 ] . 

The purpose of the exper imenta l investigations was to determine the 
ra t io of the t r a n s v e r s e the rmal ion energy to the kinetic energy and the 
re la t ionship between the longitudinal and the t r a n s v e r s e the rmal energ ies . 

2. , APPARATUS AND DIAGNOSTICS 

A detailed descript ion of the theta-pinch appara tus has already been 
given by Wilhelm [ l ] . In a divided coil of 14 cm length and 7 cm diameter 
an e lec t r ic field strength of 1.6 kV/cm and a magnetic field r i s e of m o r e 
than 1011 G / s (without pla sma) can be reached. 

For pre- ionizat ion a 120 kV Z-pinch with a single cu r r en t pulse [9] 
was used. It produces a f ield-free p lasma with a mean degree of ioni
zation of about 50 percent at deuter ium filling p r e s s u r e s of 20 m t o r r . 

Under these conditions the col l is ionless skin depth C/u„e
a 2X 10 - 2 cm 

is l e s s than the mean ion gyrodius and the mean free path of resonant 
charge exchange of approximately 1 cm, The self-coll is ion t ime of ions 
(lfjs) is much longer than the t ime of observat ion. But e lec t ron-e lec t ron 
and electron-ion coll isions may be important , because of the relat ively 
low electron t e m p e r a t u r e . 

During the implosion phase of the main discharge the electron t empera 
ture is ve ry much lower than the mean ion energy. At the end of the f i rs t 
maximum compress ion , for example, the electron t empera tu re measu red 
by Lase r sca t ter ing [10] r eaches a value of only (80±20) eV, while the 
mean ion energy at this t ime is higher by one o rde r of magnitude [1 , 2]. 

Broadening m e a s u r e m e n t s at Ba lmer l ines can thus be performed 
durinff the implosion phase . The Doppler broadening of Da in end-on 
and side-on observation is influenced nei ther by Stark nor by Zeeman 
broadening under our exper imental conditions. F r o m space- reso lved 
m e a s u r e m e n t s , information on the ion energy distr ibution function can be 
obtained in this manner . 

The broadening of Dg in end-on observation is mainly produced by the 
Stark effect [11], thus giving the electron density. The Doppler broadening 
of De in the longitudinal direction is not completely negligible. For this 
reason the Doppler broadening of Dg (found from Da) was folded with 
theore t ica l Stark profiles [11], corresponding to different dens i t ies . The 
numer ica l comparison of the resul t ing curves with the measu red profiles 
gave the e lectron density and its e r r o r . 

As an example, F ig . l gives the measu red profile of D3 160ns after 
the ignition of the main discharge in 2 0 m t o r r D2 for the axial region as 
a function of the distance ДХ (A) from the line cen t re . F o r comparison 
some of the theore t ica l Stark profiles folded with the Doppler profile of' 
a para l le l mean ion energy of кТц =160 eV a r e plotted. 

The upper levels of the Balmer lines are above the collision limit [11]. 
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FIG.l. Measured line profile of Dg with Stark profiles of several electron densities folded with Doppler 
profile of kT|| = 160 eV. 

The curve of 1016 electrons /cm3 seems to fit the measured points 
best in this example. 

The measurements of line broadening were performed with a 10-channel 
monochromator in Littrow arrangement [12] with (f/6) and with 3.2 Â, 
2.8 Â or 1.05 A wavelength intervals per channel. The radiation was de
tected photoelectrically. 

The reproducibility of the discharges was checked by measurements 
of the diamagnetic signal [l] and the neutron production. The local magnetic 
field was measured by direct magnetic probes, which are discussed in 
Ref.U]. 

MEASUREMENTS 

The radial electron density distribution during the implosion phase 
was determined from the profile measurements of De. The results for two 
different initial pressures are plotted in Fig.2. The density profiles, es
pecially for the higher pressure, show a rather steep front. The width 
of the profiles, however, is rather extended. Magnetic probe measurement 
[1, 2] had already shown a comparably large width for the current-carrying 
layer. 

Figure 3 gives a sketch of the time behaviour of the imploding layer. 
The hatched region indicates those parts of the layer where the electron 
density is higher than 20% of its maximum value, the position of which is 
given by the heavily drawn line. The thin line shows the front of the plasma, 
characterized by the density jump. The dashed line is the spatial curve of 
the magnetic field rise [1, 2]. For 20 mtorr discharges the magnetic field 
and the electron density rise at almost the same point. The whole plasma 
of the imploding sheath .is mixed with the magnetic field. For the higher 
pressure, however, there exists (in front of the magnetic piston) a small 
field-free plasma region. 
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120ns 

UOns 

160ns 

200ns 

FIG.2. Electron density distribution for 20 mtorr (left) and 60 mtorr (right). 

The profile measurements of the Balmer line Da in end-on and side-
on observation show strong anisotropy of the ion energy2. This can be 
roughly demonstrated in Fig.4. The upper part of the figure shows the 
side-on Doppler-profile of 20 mtorr discharges. The end-on profile is 
drawn below. It has a mean width nearly three times smaller. Therefore, 
the mean ion velocities in the transverse direction seem to be considerably 
higher compared with the longitudinal motion.' 

The end-on profile of D„ can be approximated by a Doppler profile 
with a Maxwellian distribution with kTn = 160 eV. Experimental separation 

2 Doppler profile measurements at impurity lines do not give the deuteron energies because the im
purities are not in equilibrium with the deuterons under these collisionless conditions. 
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FIG. 4. Comparison of Doppler broadening of D a in end-on and side-on observation. 

of the di rected motion in the longitudinal direction gave a the rmal (un
directed) ion energy component of кТц =120 eV. 

In the s ide-on observation there i s folding over s eve ra l space regions 
with an undirected (thermal) component superposed on a rad ia l directed 
motion. This may be assumed isot ropic in the plane perpendicular to the 
magnetic field with a Maxwellian distribution of the t empera tu re kTj_. 
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Then the intensity I (x, ДХ ) at a dis tance x from the d ischarge axis 
and the wavelength difference ДХ from the line centre at XQ is given by 

1(х,ДХ) = / e(r) ( m 
V27kYjJr)y X0 

exp 

m[~AX + V:(r)^l 

• e x p 
2kT. (r) 

r d r 
2 - Y 2 •sir2 - X 

where e(r) is the line emission coefficient at rad ius r , and v r(r) is the 
directed radia l ion velocity and R is the p lasma (or tube) r ad ius . 

The solution of this integral equation was found by an approximation 
method. The veloci t ies v r(r) and t empera tu re s kTjJr) resu l ted when the 
minimum sum of the square of the e r r o r s between the m e a s u r e d intensi t ies 
and the va lues I (x, ДХ) from Eq.( l ) was reached . The number of m e a s u r e 
ments was near ly one o rder of magnitude higher than the number of r e 
sulting values Vr (r) and kTi ( r ) . 

With a parabol ic undirected distribution function instead of the Max-
wellian, s imi la r r e s u l t s a r e obtained. 

Some r e su l t s for 20 m t o r r d i scharges at 120 ns after ignition of the 
main discharge a r e plotted in F ig .5 . The upper pa r t shows the spatial 
distr ibution of the the rma l energies perpendicular (kTj_(r)) and para l le l 
(кТц (r)) to the magnet ic field. The kinetic energies Ek i n j_ (r) = (1/2)т^( 2 (г) 
a re drawn below. F o r comparison, the local magnetic field B(r) and the 
electron density ne(r) a re also plotted. 

The the rma l and kinetic ion energ ies in the t r a n s v e r s e direction a r e 
near ly of the same o rde r of magnitude. But the the rma l ene rg ies in the 
longitudinal direct ion a re lower than the the rmal t r a n s v e r s e energ ies 
by m o r e than a factor of two. 

The ion energy distribution is. strongly anisot ropic . Only in the outer 
p a r t s , where the e lec t ron density is smal l , a r e the t he rma l energies 
approximately equal . Ion heating in the t r a n s v e r s e direct ion occurs in the 
very broad region where the magnetic field i n c r e a s e s . 

To obtain information on the re la t ionship between the di rected and the 
isot ropic components of the ion distr ibution function, the energ ies were 
folded with the density to give 

a ^ . n e ( r )E( r ) 27rrdr 

NL is the line density and E(r) is the respec t ive energy component. The 
resul t ing averaged energies Ё a r e plotted in Fig.6 for 20 m t o r r d i scharges . 
Addition of the t r a n s v e r s e the rmal energy to the kinetic energy of rad ia l 
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FIG.5. Local distribution of thermal arid kinetic energies, magnetic field, and electron density for 20 mtorr. 
Time: 120 ns. 
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FIG.6. Time development of ion energy components. 

motion r e su l t s in the t r a n s v e r s e ion energy Е ц = Eidnl +kTJ_. F r o m this 
figure it can also be seen that the thermal energy кТц para l le l to В is very 
much sma l l e r than kTi . 

The mean kinetic energies in the longitudinal direction a r e only 40-60 eV. 
These 20 m t o r r d ischarges show very strong anisotropy of the ion 

energies during the implosion phase. At a filling p r e s s u r e of 60 m t o r r 
the anisotropy is not so pronounced. Here kTi~380 eV, kT» ~ 200 eV, and 
E k i n l r i s e s to 300 eV. 
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The spectroscopical ly determined ion energies can be checked by com
par i son of the neutron emiss ion calculated from the m e a s u r e d ion energy 
distribution and the density profile with the measu red neutron yield. 

At the f i rs t maximum compress ion a pronounced neutron peak of near ly 
1010 n e u t r o n s / s was measu red [2]. On the other hand, the neutron flux N 
was calculated from the spectroscopical ly measu red ion velocity d i s t r i 
bution and the density profile with 

R 

N = l J n i ( r ) 7 r r < a ( g ) g > ( r ) d r (2) 
0 

where 1 is the plasma length, R the plasma radius, g the relative velocity, 
cr(g) the'cross-section for neutron production, and ^cr(g)g)> the neutron rate 
averaged over the energy distribution function. With the measured ion 
energy distribution from Eq.(2), a value of N = (7±5)X109 neutrons/s was 
found. This is in good agreement with the measured neutron flux because 
the neutron rate ^C"(g)g/> is a very sensitive function of energy in the low 
keV region. 

4. DISCUSSION OF RESULTS 

The basic experimental results, especially in the case of low-pressure 
discharges (20 mtorr), show a very broad density profile of the imploding 
sheath, a pronounced ion energy anisotropy, and a rather high energy of 
the transverse undirected motion relative to the kinetic energy. These 
results can be interpreted in terms of an overturning [7] of the ion sheath 
and gyration phase mixing in the transverse plane as calculated by Kilb [8]. 
The transverse thermal energy kTi can thus rise to values as large as 
the kinetic energy Ekinl- This thermalization cannot be explained in terms 
of ion-ion instabilities due to counterstreaming ion layers [6,7]3, because 
in our experiments the electron temperature is much lower than the mean 
ion energy. For the onset of these instabilities, however, Te > Ti is re 
quired. 

Because of the long self-collision times of ions the relaxation from 
transverse ion velocity components to longitudinal components by Coulomb 
collisions is very unlikely: only less than 10 eV of the ion energy parallel 
to the magnetic field can be explained in this way. 

But, because of the high anisotropy of the ion energy, there may be 
instabilities leading to enhanced relaxation of ions. The condition for the 
onset of mirror instabilities [7] with E ; /Eц( - 1 >l//3_^is fulfilled for a 
large part of the sheath. Ец_ and Ел, are the ion temperature moments 
perpendicular and parallel to the magnetic field, and /3J_ is the ratio of 
perpendicular gaskinetic pressure to magnetic pressure. The condition 
may be modified for experimental cases with finite boundary conditions 
and non-vanishing ion gyroradii. The growth times in our experimental 
conditions are of the order of more than 30 ns and so filling of the longi
tudinal ion energy component by mirror instabilities may be expected.4 

3 The experiments in Ref .[6] have been carried out with non-zero bias field. 
4 HF oscillations on the diamagnetic signal [1] may probably be indications of these instabilities. 
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But the anisotropy of the the rmal energies is not lowered by this 
mechanism because during the growth t ime of the m i r r o r ins tabi l i t ies the 
perpendicular ion energies a r e inc reased by approximately 150 eV. 

A s imi la r instabili ty due to ion energy anisotropy is proposed by 
Kennel and Wong [13] and may also play a ro le in these s trong shocks . 
But the conditions for the onset of these instabi l i t ies a r e only fulfilled in 
smal l regions near the front of the implosion wave. 
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D I S C U S S I O N 

A.G. PONOMARENKO: Can you explain in g rea t e r detail the difference 
between the t r a n s v e r s e and the longitudinal energy of the ions in low-
density в -pinch exper iments? 

U.SCHUMACHER: Ion-ion coll is ions can be excluded as a reason for 
this difference: if there were no collective dissipation p roces s and no 
charge exchange coll is ions, all the energy would be in the radia l motion. . 
Ion two-s t ream instabi l i t ies can probably also be excluded, although the 
mean free path for charge exchange is such that this p r o c e s s could be 
significant. It would explain the sheath.broadening and the ion t empera tu re 
anisotropy. The t ime scales a re such that gyration phase mixing may also 
play a ro le . 
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Abstract 

EXPERIMENTS ON COLLISIONLESS SHOCK WAVES IN PLASMAS. The structure of collisionless shock 
fronts which is determined by the mechanisms of energy dissipation is one of the most interesting problems of 
recent plasma research. We used three different approaches. The first method is to produce the shock waves 
in a pre-ionized collisionless magnetized plasma by a super-Alfvénic disturbance from a plasma gun. A 
strong linear pinch discharge of peak currents of 100 kA in rarefied gases was used to produce a plasma. The 
properties of the pre-ionized plasma were evaluated by the cut-off of the transmission of three different 
microwaves and the data from electric double probes. With a gas pressure of 10~3 torr, the degree of 
ionization was found to be about 90%. The initial electron temperature was up to 15 eV; the ion temperature 
estimated from the pinch velocity was also 15 eV. A conical gun was fired at a peak current of 200 kA in 
this collisionless plasma to drive the shock wave. By means of a magnetic probe a sharp front was observed, 
the thickness of which was much smaller than the mean free path. The Alfvén Mach-number was varied 
from 1 to 4. In a certain domain of the plasma parameter, defined by the three axes initial number density, 
the magnetic field and the atomic weight of the gas, the shock front had an oscillatory structure. This was 
markedly influenced by the Alfvén Mach-number. A Rogowski probe was used to detect the electron drift 
current flowing along the shock front across the magnetic field. When the electron drift velocity exceeded 
the thermal one, an intense soft X-ray burst was observed by a Be-foil CsI(Tl) scintillator. These results 
seem to confirm the existence of a collisionless turbulent dissipation at an Alfvén'Mach-number of about 3. 

The second method consists of forming a standing shock wave with a transverse magnetic field in a 
fast collisionless caesium plasma flow produced by a plasma generator analogous to the ion rocket engine. 
The diminution of the pre-existent oscillation was very important. 

The last method is to produce the shock wave in a magnetized plasma by irradiating the target with an 
intense laser beam. Various configurations of the magnetic field are used to study the dissipation processes 
and also to simulate a sunflare phenomenon. 

1. INTRODUCTION 

The existence of shock waves in high-temperature collisionless plasmas 
in a super-high velocity flow depends upon the following three factors: a 
steepening effect due to a non-linearity, a dispersive wave property, and 
some collisionless dissipative mechanism [1]. The balancing of the first 
two effects, which is described by the Kortweg-de Vrier equation produces 
a steady solitary wave. If non-collisional dissipation which is assumed to 
be due to micro-instabilities in the plasma is introduced, the characteristic 
profile of a steady flow begins to change and forms a wave train tending to 
a shock wave. These energy conversion processes which dissipate the 
energy of a flow to non-linear wave motions are among the most interesting 
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problems in plasma physics; besides, they provide a heating mechanism in 
fusion research. 

To clarify the properties of collisionless shock waves we performed 
three different approaches. The first method [2] is to produce a shock 
wave perpendicular to the magnetic field in a pre-ionized collisionless 
magnetized plasma by a super-Alfvénic disturbancefrom a plasma gun. The 
main object of this experiment is to determine the shock structure for 
various Alfvén Mach-numbers and to find the instabilities responsible for 
shock formation. 

The second method [3] is to form the shock waves in a laser-produced 
magnetoplasma by irradiating it with another intense laser pulse. In this 
case we can use various configurations of the magnetic field and examine 
the stable regions of existence of the shock wave including an oblique form 
[4]. 

The third method is to form a standing shock wave against a transverse 
magnetic field by a super-Alfvénic continuous flow of caesium plasma from 
a hot-plate plasma generator [5]. This experiment aims at determining the 
characteristic fluctuations around the domain of the shock front. In this 
superhigh-velocity plasma tunnel we are also expecting to study the possi
bility of collisionless shock waves due to the ion acoustic instability without 
a magnetic field [6]. In Table I the typical plasma parameters of these three 
experiments are shown for comparison. These approaches to obtain in
formation on collisionless shock waves seem very effective. In our ex
periments, there is a definite domain of plasma parameters where collision
less shock waves, can be shown to exist. 

2. GUN DRIVE EXPERIMENT 

In the usual shock-wave experiments [7-10] symmetrical configurations 
of the magnetic fields were adopted. But we want to have a rather long inter
action region of.the waves and, therefore, use a gun drive system. 

2 .1 . Experimental arrangement 

A schematic view of the apparatus is shown in Fig. 1. The inner 
diameters of the discharge tubes were 6. 7 cm and 17 cm; the length was 
50 cm. The diameter of a magnet was 20 cm; its magnetic field was up 
to 3 500 G. The base pressure was less than 5. 0 X 10"5 torr . The working 
gases were hydrogen, helium, argon, nitrogen and air which were passed 
through a vessel under pressures ranging from 5 X 1'0"4 to 1 X 10 -1torr. 
After a transverse magnetic field had been applied by an electromagnet the 
gas was ionized by a linear Z-pinch discharge. The current was up to 100 
kA, its duration was about 60 jus, the discharge energy was about 640 J, 
20 kV, 3. 2 juF. A quiet magnetoplasma was used as a working medium; 
its electron temperature was varied by a time decay from the period of 
pre-ionization. The electron density ne and the degree of ionization a 
were estimated by measuring the cut-off times of microwave transmissions 
(three frequencies: 4 GHz, 10 GHz, and 70 GHz). The electron temperature 
Te was measured by pulse electric double probes, a mm-wave interfero
meter [ l l ] and a method making use of. the spectral line intensity. The ion 
temperature Ti was estimated from the converging velocity of the linear 
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TABLE I. TYPICAL PLASMA PARAMETERS OF THREE 
EXPERIMENTS 

Parameter 

Working plasma species 

Density (cm-3) 

Electron temperature T e (eV) 

Ion temperature Ti (eV) 

Magnetic field В (G) 

Ion Larmor radius R̂  (c r n) 

Ion-ion( electron-electron) 
mean free path X1 (cm) 

Electron-ion mean 
free path \ , ( cm) 

Alfvën velocity Wm (cm/s) 

Sound velocity Va (cm/s) 

Wave velocity V (cm/s) 

\ nmv2 (erg/cm3) 
ahead of front 
behind front 

2 nkT (erg/cm3) 
ahead of front 
behind front 

В2/8тг (erg/cm3) 
ahead of front 
behind front 

Characteristic lengths 

27Tv/Qci (cm) 

2 j rv /Q c e (cm) 

2ï ïv/nj (cm) 

2 j r v / n e (cm) 

2тг v/Vfice Qcj (cm) 

с /П е ' (cm) 

Magnetic Reynolds 
number Rm 

Gun drive 
experiment 

Nitrogen* 

7x 10» 

15 

15 

0-500 

4.8 

7.6 

5.4 

2 X 106 (300G) 

2x 10» (y=2) 

6x 106 

3 x 103 

7 .5x 102 

3.4 x 103 

-

3 .6x 103 

14.4 x 103 

180 

2.2 x 10"3 

1.28 x 10"2 

8 x 10-5 

0.63 

6.4 X 10-2 

2.7 x 102(L=6cm) 

Laser plasma 
experiment 

Carbon 

3x 10 12 

3 

0-1000 

2 

7.2 

5.2 

1.5 x lO'(SOOG) 

1 x 106(y=2) 

3'x 10' 

3.1 x 10 4 

9.6 
-

4 x 104 

6x 104 

4.7 X 102 

3.4 X lO"1 

0.29 

1.9 x 103 

12.6 

0.1 

1.98 x 102(L=6cm) 

Cs flow 
experiment 

Cesium 

10'- 109 

0.2 - 2 

0.2 

0-6200 

15 

17 

-
7.8 X 104(y=2) • 

8 .4x 106 

7.8 

6.4 x 10"4 

— 

. 

7.3X 105/B 

3/B 

14.8 

3 x (lO^-lO"2) 

1.47 X 103/B 

1.7x(10~102) 

60(L=20cm) 

* Hydrogen, helium, argon and air were also used. 

Z-pinch measu red by an image -conve r t e r c a m e r a and the Doppler width 
of radiat ion. F igure 2 shows a typical example of magnetoplasmas with 
an init ial p r e s s u r e of 1 X 10"3 torr . In the case of a i r the e lec t ron density 
was 7. 0 X 1 0 1 3 / c m 3 , at the onset of the afterglow, and the p l a sma was almost 
fully ionized. The e lec t ron 'and ion t e m p e r a t u r e s were 15 eV. The electron 
density and t e m p e r a t u r e s decreased exponentially with t ime constants of 
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Magnet 
(0 -35006) 

Linear Z-pinch 
t3.2jjF.20kV) 

FIG. 1. Schematic diagram of experimental apparatus of gun-drive experiment. 

Ti.Te П 
(eV ) « (crf f) 
mi <° « 

7x10 

- Linear Z-pinch 
• Afterglow 

200 400 600 800 
UuS) 

FIG.2. Number density n, degree of ionization a and temperatures T e , Ti of working plasma produced by 
a linear Z-pinch discharge in air and hydrogen at initial pressure of 1.0 x 10'3 torr. 

100 /_JS and 10 Ц&, respect ively . The mean free path of collision was 8 cm. 
The ion L a r m o r radius at 3 500 G was 0.48 cm, and the e lec t ron rad ius was 
2. 9 X 10"3 cm. The cha rac te r i s t i c scale of the magneto-acoust ic waves 
c /n e was 6 X 10"2 cm, where Пе is the e lectron p lasma frequency. The 
magnetic Reynolds number Rm was 2. 7 X 102 which shows that the magnetic 
flux is frozen. 

As the m a s s of the working p lasma atoms was increased , (i, e. going 
from hydrogen to helium, air and argon), the exper imenta l conditions of 
different Alfvén velocit ies were introduced. In a region where the mean 
free path was longer than the other cha rac te r i s t i c lengths of the plasma, 
a super-Alfvénic flow was applied to perform a col l is ionless shock-wave 
exper iment . 

A conical gun was used to drive a shock wave. The maximum cur ren t 
of the gun was 200 kA, the discharge energy was 1. 6 k j , 20 kV, 8/jF. In 
a t r a n s v e r s e magnetic field, only a fast magneto-acoust ic mode can exist 
in a stable manner . 

2. 2. Observation of the shock front 

The propagation of magnetohydrodynamic d is turbances was measu red 
by a set of four smal l and movable magnetic probes . F igure 3 shows the 
wave propagation behaviour of a wave front and a gun-driven p lasma. A 
typical propagation velocity v was about 3 to 6 X 106 с ш / s in hydrogen 

http://t3.2jjF.20kV
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FIG. 3. Time of flight wave propagation in hydrogen by gun-drive and a magnetic field distribution pattern. 

plasma of an init ial p r e s s u r e of 4 X 10"3 t o r r under a magnetic field of 
450 G. 

The magnet ic Mach number Mm was var ied from 1 to 4 according to 
the applied magnetic field intensity and also to the density of the p l a smas . 

The p lasma light radia ted at the instant of a r r iva l of the shock front 
was observed by a photomult ipl ier . The b remss t r ah lung gives an infor
mation on the p lasma density. F r o m the data from the magnetic probes 
and the light signals we see that the magnetic field and the p lasma density 
show a jump at the same t ime. In Fig. 4 the wave forms in hydrogen 
measu red by the magnetic probes a re shown for var ious magnetic Mach 
numbers , where the probe posit ions a r e indicated. The propagation of 
the fronts and the i r deformation were observed. In the case of weak 
magnetic fields and also at the f i rs t probe position the gun p la sma shows 
a diamagnetic r e sponse just after the wave front. 

As to the formation of the shock waves, the d ispers ion of the magneto-
acoustic waves and the dissipat ion mechanism a re impor tant . When the 
wavelength of these waves dec rea se s to the o rde r of c/n e , the d ispers ion 
proper ty is respons ib le for re ta ining the steepening of the front. The 
shock width of our exper imenta l r e su l t s was about 30 с/Пе. In Fig. 5 we 
see a pa r t i cu la r oscil lat ion which was introduced just after the front of 
the air p lasma . The width of the shock front was about 2 cm which was 
sma l l e r than the mean free path of collision in a range of Mm < 3. At the 
high magnetic Mach number Mm >3 , the wave front became broad and 
showed a two-s tep s t ruc tu re . As the p lasma became col l is ionless the 
cooperat ive motions of the p lasma predominated in excit ing the osci l la t ions, 
the frequency of which was approximately equal to the e lec t ron- ion hybrid 
frequency. These oscil lat ions were not observed in the case of coll is ional 
magnetohydrodynamic shock waves. In Fig. 6 the region where the osc i l la 
tory s t ruc tu re was observed is shown in a p a r a m e t e r volume composed of 
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magnet „ ^ ~\ relative strength of Bi 

1 st probe 

2nd probe 

3rd probe 

Ath probe 

B.=W0 G ВрАЗО G B,=120 

FIG.4. Wave forms measured by magnetic probes in various Mach numbers in hydrogen plasma (the gun 
was driven after 50 us of Z-discharges); initial pressure ~ 4 x 10*s torr, 80 G/div., 10 us/div. 

the three axes initial gas pressure Pj, magnetic field B1 and mass number 
of atom A. This region corresponds almost to the collisionless shock 
domain, where the x plane indicates the condition Mj= 1 and the y plane 
shows the condition that the mean free path of collision is equal to the ion 
Larmor radius. 

2. 3. Dissipation mechanism 

The study of the collisionless dissipative processes is very interesting. 
Many models which seem suitable to describe the process in a weak, shock 
condition have been proposed [12 - 15]. For high Mach numbers, however, 
the situation remains unclear. We measured a current in the front by a 
Rogowski probe with a diameter of 1 cm. Figure 7 shows a current wave 
form in hydrogen plasma which seems to be due to the drift electrons 
crossing the magnetic field in the surface of the shock front. 

The positive signal coming afterwards corresponds to a reverse current 
flowing in the surface of a piston plasma. Assuming the initial plasma 
density to be 7 X 1013/cm3, the electron drift velocity is up to 4. 5 X 108 cm/s 
which is greater than the thermal electron velocity of 2.6 X108 cm/s at a 
temperature of 15 eV. According to a theory of two-stream instabilities 
[16], the instability is introduced, when the velocity of the drift electrons 
exceeds the thermal velocity of the electrons behind the front. The threshold 
magnetic Mach number of this instability [1] is given by 
Mra = 1 + (3/8)(87ГпкТе/В2)1/3. In our experiment of Fig. 7, the flow velocity 
exceeds this threshold of Mm = 1. 26, Bo = 350 G and tends to be dissipative. 

To check the existence of beams in a front we used an ion-sensitive 
probe [17]. As is well known, if a surface of the ion-sensitive probe is 
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B.= 0(G) М=3.6 
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FIG. 5. Oscillation of the front structure in air plasma 130 G/div., 2 us/div; initial pressure 1 x 10"' torr. 

Oscillatory structure 

~f-~? B.(Gauss) 

P,(uHg) 

FIG. 6. Observed region of oscillatory shock structure and collisionless domain in the three axes representing 
plasma pressure, magnetic field and atomic number. 
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FIG. 7. Current in shock front by drifted electrons in hydrogen plasma, 1.0 x 10"3torr.; 1600 A/div. 
2fis/div., Вх = 350 G. 

20x10 torr I torr 

FIG.8. Directional beam distribution properties in shock fronts measured by an ion sensitive probe. 

put parallel to a magnetic line of force, less energized electrons cannot 
reach a collector on account of their small Larmor radius while the ions 
easily get there to-give the data of ion temperature and density. In the 
hydrogen plasma the surface of a probe with a diameter of 10 mm, was set 
along the x direction of the shock propagation and parallel or perpendicular 
to the line of force in the y direction as indicated in Fig. 8. These data 
show that the ion beam exists in the z direction and the energized electron 
beam was observed, the direction of which was more divergent in a 
collisionless case compared to a collision-dominated plasma. This confirms 
the fact that the electron beam is more quickly randomized by the two-stream 
instability than by the collisional thermalization. 

In helium plasma, the variation of the electron temperatures across 
the shock front was measured by the spectral intensity ratio of the Hel 
4713 Â and 4921 Â lines (Fig. 9b). The results are shown in Fig. 9a. 

The electrons were heated very rapidly in a turbulent state. The 
growth rate of the two-stream instability, estimated from a linear analysis, 
is Tmax = ï i inij/me)1 '6 [15]; in the case of hydrogen we obtained y = 3 X 1010/s. 
Then we measured the soft X-rays from the shock front using a Csl (Tl) 
scintillator. The scintillator, of 45 mm diameter and 3 mm thickness, was 
covered by a 150-/um-thick Be plate. In Fig. 10, the X-ray burst in the 
hydrogen plasma is shown when the front arrives at a given position of the 
detector. This indicates the existence of a few keV-electrons in the plasma. 
The two-stream instability in the front surface seems to be responsible for 
the turbulent dissipation of the collisionless plasma. 
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FIG.9(a). Electron temperature T e vs. time estimated by line intensity ratio Hel 4921Â/Hel 4713Â. 
The initial pressure was 5.0 x 10"3 torr in helium. The initial field was 320 G. The magnetic Mach number 
was 1.5. 

LASER PLASMA EXPERIMENT 

The development of high-power lasers enables us to produce an isolated, 
hot, neutral and impurity-free plasma at any desired point in the vacuum 
environment. We tried to drive a laser-produced carbon plasma immersed 
in a magnetic field by another laser-produced LiH plasma. 

3. 1. Experimental apparatus 

We used two glass lasers with diameters of 20 mm and 10 mm and 
lengths of 30 cm and 15 cm, respectively, supplying powers of 50 MW and 
20 MW of a 30ns-pulse in Q-switched mode, respectively. The irradiated 
targets were a carbon plate and a LiH crystal. The laser beams were colli-
mated through a lens. The experimental setup is shown in Fig. 11 where 
the direction of the magnetic field is perpendicular to the laser beams. Two 
magnetic probes were used to investigate the front structures. 
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FIG.10. Soft X-ray burst from shock wave in hydrogen plasma, 1.0 x 10"3 torr, B : - 300 G, 10 us/div. 

3. 2. Exper imenta l r e su l t s 

The carbon working p lasma was measured by e lec t r ic double probes , 
a par t i c le detector and Thomson sca t te r ing of the ruby l a s e r light. The 
r e su l t s a re shown in Fig. 12. The direct ional distr ibutions of p lasma a re 
shown in Fig. 13 [18]. In the t r a n s v e r s e magnetic field, the shock-front 
s t ruc tu re s were observed at different Mach numbers by changing the m a 
gnetic field intensity as shown in F'ig. 14. A carbon working plasma, the 



CN-24/A-5 113 

FIG. 11. Experimental setup of the laser experiment. 
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FIG. 12. Density and temperature of laser-produced plasma. 
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FIG. 13. Directional distribution of plasma from the carbon target without magnetic field. 

density of which was 10 1 3 /cm 3 4 / J S after i ts production, was driven by a 
LiH p lasma of the second l a s e r . In this period a burs t of soft X- rays was 
observed as shown in Fig. 15. When the Mach number is higher the shock 
front s e e m s to be broad and the dr iving p lasma penet ra tes into the field 
as in the high-j3 case . 
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FIG. 14. Shock structures of laser plasma in collisionless state. Sweep speed 1 us/div. The upper trace is 
the magnetic field (32 G/div) and the lower trace is the laser pulse. 
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FIG. 15. Soft X-ray intensity with magnetic field in laser plasma. 

4. CAESIUM PLASMA EXPERIMENT 

A steady supersonic alkali plasma flow was injected into a straight 
transverse magnetic field to study the collisionless standing shock waves. 

4. 1. Experimental arrangement 

A schematic diagram of the experimental apparatus is shown in Fig. 16 
We ionized Cs atoms from a reservoir by passing them through a hot 
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FIG. 16. Schematic diagram of experimental apparatus of Cs plasma flow. 

tungsten ionizer (1800CK). The ions from the ionizer were accelerated 
electrostatically through a Pierce-type electrode (0-5000V) and neutralized 
by thermal electrons from a hot filament sitting around the ion beam. The 
beam shape and its density were observed by a movable small collector. 
The velocity was measured by an electrostatic deflection-type energy ana
lyser. The local plasma density and temperature were measured by movable 
Langmuir probes. The oscillations were picked up by electric and magnetic 
probes and displayed on a spectral analyser. 

The beam diameter was about 15 mm. The typical beam current density 
was 3 mA/cm2 at an acceleration voltage of 5000 V, the beam velocity was 
about 107 cm/s , and the ion density was about 2 X 109 /cm3 . The transverse 
magnetic field strength was up to 6200 G and decreased with the distance as 
1/r3. 

In the neutralization process, electron mixing was freely accomplished 
and positive space charge was almost neutralized. The electron temperature 

accelerate voltage 
a 3000 V b 2000 V с 1500 V 

о—о Neutrolizer , ON 
• - • • Neutralizer , OFF 

FIG. 17. Characteristic structure of plasma density along the beam and magnetic field configuration. 
1.0 cm/unit, Acceleration voltage a) 3000V, b) 2000 V, c) 1500 V. 
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could be controlled injecting energetic electrons. In this case the beam in
duced a low-frequency oscillation. The neutralization by electrons of lower 
energy showed a decrease in intensity. 

4. 2. Experimental results 

When the injected plasma beam was very tenuous, no characteristic 
structure was observed around the magnetic field. As the beam density 
increased, the ion distribution shows humps along the beam. They are 
shown in Fig. 17 with the configuration of the magnetic field and the space 
potentials. The electron temperatures around the positions 10 and 5 were 
2 eV and 0. 2 eV, respectively. When the unneutralized ion beam was in
jected, the characteristic structure disappeared. This density structure 
seems to be caused by the charge separation effect due to different Larmor 
radii of ions and electrons. The condition of dynamic pressure balance 

Axial Position 

2 4 7 

FIG. 18. Radial distribution of low frequency oscillation and density at various axial positions. 
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FIG. 19. Characteristics of low-frequency oscillations at various axial positions. 
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(В2/87Г = (l/2)nmv2) was nearly satisfied at the axial position 11-12 where 
the ion density showed a maximum. 

Together with the appearance of a density structure, low- and high-
frequency oscillations began to take place. The low-frequency oscillation 
was of the order of several 100 kHz localized to a forward position. In 
Fig. 18 this spatial distribution of the amplitude of the low-frequency 
oscillation is shown with a radial distribution of the ion density. The high-
frequency oscillation was enhanced by a magnetic field whose frequency 
range was about 15 MHz. Figure 19 shows the spectra of these oscillations. 
When the electron temperature of the beam rose, the amplitude of the 
oscillations was increased, and the spectrum became noisy at the low-
frequency side of the peak. This may suggest that the ion acoustic wave 
instability plays the role of a collisionless mechanism randomizing the 
flow energy. 

5. CONCLUSIONS 

The three different approaches of a gun drive, a laser plasma and Cs 
flow experiments are of a complementary significance in the investigation 
of the collisionless shock waves. In the magnetic Mach number range of 
1-4, we ascertained the simultaneous jumps of the magnetic field and the 
density in the shock front. In this case we often noticed oscillations in the 
front. The r ise of the front seems to be the steepest for a magnetic Mach 
number of about 2. Measured shock-front widths are shown in Fig. 20. 

The dissipative mechanism of the two-stream instability was assumed 
to be a very important process for shock formation in our case. The drift 
electrons in the front were observed in detail. 

A soft X-ray burst indicates turbulent electron heating up to a few keV. 
The dissipative mechanisms caused by the ion acoustic and decay in

stabilities are still being studied. 
We want to express our gratitude to Dr. M. Yokoyama and Messrs T. 

Sasaki, R. Shimaki and M. Onishi for their help in our experiments. 
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FIG.20. Shock width in various Mach numbers. 
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D I S C U S S I O N 

S. D. FANCHENKO: How were the osci l la t ions at frequency up e 
detected? 

C. YAMANAKA: The oscil lat ion signals were detected by a movable 
probe connected to a spec t rum analyser . 
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Abstract 

OBLIQUE HYDROMAGNETIC SHOCK WAVES. An experiment is described in which shock waves are 
propagated in a magnetized hydrogen plasma with Alfvén Mach numbers up to Мд - 5 and at angles a to the 
magnetic field from 90° to 40°. 

The plasma of density ~ 5 x 1014 cm"3 and temperature ~ 1 eV is created in a pyrex chamber of 45 cm . 
diameter and 93 cm length by means of an oscillatory z -discharge. The initial magnetic field is 500-1000 G. 
A curved magnetic piston is driven into the plasma by exciting a rapidly rising Q -current in a single-turn 
loop of short axial length arranged round the tube on its midplane. A curved shock front propagates ahead 
of the piston in the manner of a bow wave. 

Magnetic and electric probes are used to study the development and structure of the shock front. On 
the midplane the front has the monotonie field jump typical of propagation perpendicular to the field, but 
for propagation at an angle to the field a radically different structure is seen. Ahead of the main jump in 
field and density there is a large-amplitude, circularly polarized oscillation which is identified as a high-
frequency Alfvén ("whistler") wave propagating at the same speed as the shock. The wavelength X is given by 

^ 2тг cos а с 

The results are compared with numerical computations of shock structure using hydromagnetic equations. 
To account for the observed structure, it is necessary to invoke collisionless effects. 

INTRODUCTION 

Compared with the extensive work on shock waves propagat
ing perpendicular to the magnetic field in a magnetized plasma, shocks 
propagating at oblique angles have received relatively little at tention. 
In this paper we describe an experiment specifically designed to study 
the oblique shock. 

Oblique shocks differ from perpendicular shocks in that, 
the component of magnetic field normal to the shock front allows 
electron motion parallel to the field to play a dominant role in deter
mining the s t ructure when the angle of deviation from the perpendicular 
exceeds ~ (me/ггч)^. Whereas the perpendicular shock jump has a 
characterist ic length ~ cA> p e , and may be followed by a train of 
oscil lations of similar wavelength, it is predicted that the oblique 
shock should be preceded by a train of oscil lations in the magnetic 
field having a wavelength ~ (с/шр1) cos a , where a is the angle 
between the direction of propagation and the field [ 1 , 2 , 3 ] . A 
precursor oscil lation of this kind was observed by Martone [4 ] 
at the end of a theta-pinch experiment, although the angle was not 
measured. More recently, Eselevich et a l . [5] have studied shocks 
deviating from the perpendicular by up to 10 and have observed the 
increase in wavelength with increasing deviation. 

For larger angleg (a~ 1) the characterist ic length of an oblique 
shock becomes ~ ( ra^me) 5 times the corresponding length of a per
pendicular shock, and to study the oblique shock one must work at 
relatively high plasma densi ty, or in large apparatus. The approach 
which has been adopted in the present work is to do both. 

119 
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THE APPARATUS 

A schematic diagram of the apparatus is shown in Fig. 1. 
The plasma is produced by an oscillatory z-discharge through hydrogen 
in a pyrex g lass tube 45 cm in diameter and 93 cm long, in which 
a uniform axial magnetic field of up to 1000 gauss has first been e s t ab 
lished by means of an external coil system. The filling pressure is 
20 mtorr, and the preheating current is a damped osci l lat ion of 100 kA 
peak and 80 jxsec half-period. This arrangement is identical in all 
important respects to the preheating system of Paul et a l . [ 6 ] . The 
plasma dens i ty , measured by a four-pass infrared interferometer, is 
~ 5.10 cm - 3 , T e + T t « 2 eV from the diamagnetic signal; and the 
degree of ionisat ion, by analogy with [6 ] is ~ 90%. For these con
di t ions , the character is t ic length c/o>pl is 1 cm. 

AXIAL FIELD COILS-

^ 

SHOCK FRONT 

ELECTRODE 

PROBES 

SHOCK LOOP PYREX TUBE 

^ ^ 

0 50cm 

FIG.l . Schematic diagram of the apparatus. 

A magnetic piston is produced by a single-turn loop, 50 cm 
diameter and 10 cm axial length, wrapped round the discharge tube in 
its midplane. The loop is fed at four symmetrical points , each of 
which is connected to a 2 \i F capacitor through a low-inductance 
transmission line and spark gap switch. With the capacitors charged 
to 60 kV, the voltage round the loop is 200 kV, and the current r ises 
to 190 kA in a quarter-period of 1.0 \isec. The magnetic piston is 
convex to the plasma, and as it drives radially inwards, a shock 
propagates ahead of it in the manner of a bow wave . With the excep
tion of a short region on the midplane, the shock is everywhere oblique 
to the field in the plasma. 

The strongest shocks are produced when the field of the 
piston is in the same direction as the field in the plasma, and the 
apparatus is normally operated in this condition. 

EXPERIMENTAL RESULTS 

The motion and structure of the shock front are studied 
with magnetic and electric probes inserted through the end electrode 
via sliding and swivelling vacuum s e a l s . Each magnetic probe 
cons is t s of 10 turns of 0.05 mm d ia . wire, wound on a former 0.3 mm 
dia . and enclosed in a glass tube 1 mm o . d . The electric probes 
consis t of platinum spheres , 1 mm dia . , on the end of 0.5 mm d ia . 

file:///isec
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wires sheathed in 1 mm dia . pyrex tube . The response time of both 
systems is better than 10 nsec . 

The best region for study is between 14 and 6 cm radius , 
since here the shock appears to have reached steady flow condit ions, 
and the effect of cylindrical convergence is not yet significant. The 
shock arrives in this region about 1.0 ^ s e c after firing the shock bank, 
and the time of arrival at any point is usually within ±15 n sec . The 
reproducibility of the system allows the motion of the shock to be 
mapped out using only two moveable probes and collecting data from 
a large number of sho t s . Fig. 2 shows the progress of a typical shock, 
velocity u s ~ 2 . 1 0 cm/sec (Alfvén Mach number M » ~ 4). When 
the incident shock hits the a x i s , a reproducible reflected shock propa
gates outwards. 

FIG.2. Progress of the shock front. Times in microseconds after firing the shock bank. 

At r = 10 cm, z = 12 cm, the incident shock is propagating 
at 45 to the field. In Fig. 3a we show the integrated signals from 
two magnetic probes at this posit ion, one measuring the field in the 
(r,z) plane and the other measuring the field in the azimuthal (9) 
direction. The field in front of and behind the shock is in the (r,z) 
plane, as would be expected from axial symmetry, and the component 
parallel to the shock, B„ , increases by a factor 3.6 across the shock, 
in agreement with the Rankine-Hugoniot relations for these flow con
di t ions . Within the shock front an oscil latory 9-component is generated, 
and from the relat ive phases of the components we see that the field 
vector rotates several times through the shock, in the direction of 
electron gyration in the initial magnetic field (Fig. 3b). The magnetic 
field jump thus has the character of a large amplitude, damped, 
"whistler" wave . 

By making similar measurements along the shock front, we 
can construct a two-dimensional picture of the instantaneous spatial 
s tructure. InFig . 4 we show the variation of the quantity (dBg/dt)/u 
where u is the shock speed, in the direction normal to the shock at 
different positions along the front. This quantity is proportional to the 



122 ROBSON and SHEFFIELD 

current densi ty in the (r,z) plane responsible for the generation of the 
6-component of field. From these measurements we deduce that the 
density of current flowing across the broken lines to maintain div j = 0 
is only a few percent of the principal current dens i t i e s . The interaction 
between parts of the shock front at different angles is therefore likely 
to be small , and we are justified in considering local regions of the 
front as plane. 

1000 

-1000 

FIG.3. a) Integrated magnetic probe traces at r - 10 cm, z - 12 cm-, 
a = 45°, B„ = 500 G, n = 5 x 10 м cm"3, us = 2X 107 cm/s (MA = 4.0). 

b) Bj| versus BQ. Conditions: 

2000 

FIG.4. Spatial structure of the incident shock derived from measurements of BQ along the shock front. 
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The dispersion relation for whistler waves is [ 7 ] 

2 i a 
cA k"* 

2 i 2 a 
с A к cos a 

nf 
+ 1 (1) 

where cA is the Alfven speed. The wavelength X of a whistler 
having phase velocity ш/к = MAcA is then 

2тг cos o: 
(MA

2 - l ) i 
с 

(dp i (2) 

In Fig. 5, we plot the measured wavf length in units of 
c/cjpi against the quantity 27г cos a/(MA

2 - 1)"5 . Included in this 
plot are resul ts in hydrogen at 20 mtorr ( c / u p l ~ 1 cm), deuterium at 
12 mtorr (c/upi ~ 2 cm), a = 75° to 40° , MA = 2.8 - 5 . 2 . Also 
shown are points derived from numerical calculations to be described 
later. The points lie c lose to the line representing equation (2), 
which confirms that the magnetic jump in an oblique shock indeed 
occurs through a whistler wave . It is a fortunate property of this 
wave that the dispersion relation (1) is only slightly modified at large 
ampli tudes. 

2.0 • 

i.o 

p i / c 

Н 2 Мд = 4.3 

H 2 MA = 2 - 8 

°2 МД • 5.2 
D 2 Мд • 3.5 
CALC Мд - 4.0 

CALC Мд = 2.0 

EXP1 
ERR 

rL. 
3R 

1.0 2.0 
/ 2 2тгсо8а/(мд

г - l) l / 2 

FIG. 5. Comparison of measured wavelengths with whistler dispersion relation. 

Signals from an electric probe at various positions round 
the shock front of Fig. 4 are shown in Fig. 6. On the midplane, the 
signal shows the character is t ic double structure of a large^Mach-number 
perpendicular shock [ 6 ] . For oblique ang les , the potential shows 
precursor osci l lat ions of the same wavelength as the magnetic structure, 
followed by a sharp r i se at the back of the shock. The synchronization 
of electric and magnetic probe signals is indicated by the arrows on 
Fig. 6 which correspond to the solid line in Fig. 4. 

The magnetic and electric structures of MA = 3 . 5 , а = 45° 
shocks in hydrogen at 20 mtorr and deuterium at 10 mtorr are compared 
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in Fig. 7. The unintegrated magnetic signals are shown, s ince these 
reveal more clearly a fine structure in deuterium which is absent in 
hydrogen. For these two ca se s the one-fluid descriptions are identical 
(mass densi ty , Alfvén speed, shock velocity), but in deuterium the 
character is t ic length с/шр1 and the energy per particle are twice 
their respect ive values for hydrogen. The whistler wavelength and 
the total potential jump in deuterium are twice the values for hydrogen, 
but the profiles are closely similar. The bumpiness of the deuterium 
traces increases with increasing MA , and appears to be an incipient 
instabi l i ty , since for MA î3 4 .5 the structure of the deuterium shock 
becomes somewhat irreproducible. 

The magnetic structure of the reflected shock in hydrogen 
is shown in Fig. 8 for the same conditions as Fig. 4. Compared to 
the strongly damped structure of the incident shock, a longer wave 
train is seen in which shorter wavelengths appear to be propagating 
first, in the manner of a true "whistler. " However, we find the 
structure does not change appreciably as the shock moves outwards, 
and so all wavelengths are apparently propagating at the same speed . 
It is difficult to es tabl ish the exact flow conditions at each point 
along the reflected shock front, since the reflected shock is propagating 
into a moving plasma in which the magnetic, field has been strongly 
modified by the incident shock. Here n ~ 1.7 x 10 cm , 
T, + Ti ~ 60 eV, В ~ 1350 g a u s s , ( 3 - 2 . 3 . The structure of the 
reflected shock in deuterium is irreproducible and appears to be un
s tab le . 

| 7 0 -

К 
50 ns 

FIG. 6. Electric probe traces at positions along the shock front (cf. Fig.4). 

DEUTERIUM 

VOLTS 
100 

GAUSS/SEC 
x l 0 ' u G A U S S / S E C 

FIG.7. Magnetic and electric probe signals at r = 10 cm, z = 12 cm. Conditions: a = 45°, B0 = 500 G, 
n = 5 x 1014 cm -3(hydrogen), n = 2.5 x 1014 cm"3(deuterium), us = 1.7 x 10' cm/s (MA = 3.5). 
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2000 

REFLECTED SHOCK 
\ [ 7 ~ j r J gauss/c/n 

10 12 2 0 cm 

FIG. 8. Structure of reflected shock in hydrogen derived from measurements of Bg along shock front. Initial 
conditions as in Fig.4. The short arrows indicate the estimated direction of the magnetic field. 

NUMERICAL CALCULATIONS 

We consider a model of a plane shock wave described 
by the two-fluid hydromagnetic equations in which the only diss ipat ive 
effects are resis t ivi ty r| and ion v iscos i ty Щ- Thermal conductivity, 
electron v i scos i ty , thermoelectric effects and electron inertia are 
neglected. This model was suggested by Bickerton [ 8 ] . 

The shock is taken to be at rest in the y-z p lane , the 
upstream flow is in the x direct ion, and the magnetic field upstream 
and downstream is in the x-y plane . The equations are then: 

niritV^v' = j x B - k (p, + p ,+ MiVx') ' 

E + v X B = n Г + (j*X В - x p / ) /ne 

Y - l Ф в n"Y = 
n j 

curl В = 4irj 

Mi(vx ) 

curl E = 0 p e J 

electrons 

ions 

ПТв : 5/3 

(3) 

where the primes indicate d /dx . These equations are solved on a 
computer for the six var iab les , В , В , T , T., n, and E . 

y ' z ' e ' 1 ' x 
For flow conditions corresponding to Fig. 3 (MA = 4 . 0 , 

a = 45 ) , with ri given by the Spitzer-Harm formula and with n t 
the coll is ional v iscosi ty coefficient, the solution is a broad, mono-
tonically increasing structure with only a vest igial whistler at the 
front. However, by reducing /iiby a factor ~ 5 (which is equivalent 
to artificially reducing the mean-free path \ц by this factor) we obtain 
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a solution (Fig. 9) in which a resis t ively damped whist ler , of wave
length \ ш = 1 • 1 с / и , , is followed by a region of viscous compression 
of width ~Хц . The condition for a whistler solution appears to be 
\ t l < 0.2Х.Ш, and provided that this is sat isf ied, the whistler structure 
is independent of \ l t . 

The wavelength of the computed whistler agrees well with 
observat ions , but the observed structure is somewhat more strongly 
damped. When we attempt to simulate the shock in deuterium the 
discrepancy is much greater. Not only is it necessary to reduce щ 
b y ~ 4 0 to obtain a whistler solution, but the structure shows a very 
long wavetrain because the higher electron temperature in deuterium 
results in less res is t ive damping (Fig. 10a). To account for the 
observed strongly damped structure we have to invoke a non-coll is ional 
res is t iv i ty . 

Throughout most of the whistler V e s 5, where vD is 
the local electron drift velocity and c s the local ion-sound speed. 
Under these condi t ions, anomalous resis t ivi ty can ar ise through 
the excitation of ion-sound waves . Following Sagdeev and Galeev [9] 
we take 

mc3 

ne" n = v* where v> -*fê)(ïfk «> 
and we find that we can compute solutions in good agreement with the 
results in deuterium by taking A = 0.001 (Fig. 10b). 

The computed total electric potential across the shock, 
normalized to miUg/2e is shown in Fig. l i a as a function of MA . 
The upper curve is computed on the assumption that the viscous heating 
goes into the electrons rather than the ions . The experimental points 
lie closer to the lower curve. The computed temperature ratio Te/(Te+T!) 
behind the shock corresponding to this c a se is shown in Fig. l i b . In 

DENSITY POTENTIAL 

C/a<n 

FIG. 9. Computed structure of shock in hydrogen, Мд = 4.0, et =45°, initial 8 = 0.16. 

—хлЛЛЛ/ If f L i " u U и и 
M С/шр; 

I i 1 
и U U U 

г 

x 
J 

ву 

( b ) 

FIG. 10. Computed magnetic structure of shock in deuterium; a) With collisional resistivity only; 
b) With anomalous, resistivity, A = 0.001. 
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our model electrons are heated by resis t ive dissipat ion and adiabatic 
compression in the whist ler , and by adiabatic compression in the viscous 
region. The ions are heated predominantly in the viscous region by 
viscous diss ipat ion and adiabatic compression. 

2eV 
M ; u 2 

0.5 

-WITH ION HEATING 

-ELECTRON HEATING 
ONLY 
a =45° 

"A 

(a) (b) 

FIG. 11. a) Measurements of total electric potential across the shock compared with two theoretical models; 
b) Computed ra t ioT e / (T e + Tj)behind the shock, assuming viscous heating of the ions. 

DISCUSSION 

Although our initial plasma is collision dominated (А, ,~\и 
- 1 0 " cm, w c e T e t ~ 0.2),in the hot plasma at the back of the shock 
Xte~l cm in hydrogen and ~ 8 cm in deuterium. As we have seen , it 
is clearly necessary to invoke col l is ionless resis t ivi ty to account 
for the damping of the whistler in deuterium, while in hydrogen it 
appears to be of the same order as the coll isional res is t iv i ty . With 
the coefficient A~ 10~3, the effective collision frequency v*~v p l 
towards the rear of the shock, but more experimental data are needed 
to determine whether (4)is a valid representation of the observed 
col l is ionless res is t iv i ty . Also, the theoretical model needs to be 
improved, notably to include the tensor nature of the resis t ivi ty and 
the effect of heat flow. Note, however, that the reduction of the 
effective mean free path by microturbulence preserves the validity of 
the fluid equat ions , at least for the e lect rons . 

It is an important feature of the oblique shock, which is 
not shared by the perpendicular shock, that the ion compression is 
not strongly coupled to the field compression, and so the viscous region 
may be considered separately from the whistler region. The point of 
separation is where the local acoustic Mach number goes through unity. 
Above the cri t ical Mach number M J « 2 . 5 , ions leave the back of the 
whistler with directed velocity in excess of their final flow velocity; 
for our MA = 4 shocks they would slow down by Coulomb coll is ions 
in ~ 0.6 cm in hydrogen and ~ 4 cm in deuterium. Ion-neutral col l is ions 
are unimportant since residual neutrals in the initial plasma will be 
ionized by the hot electrons in the whistler before reaching the back 
of the shock. Although we found it necessary to artificially reduce 
X u to obtain a whis t ler- type solution, this does not necessar i ly imply 
that col l i s ionless viscous effects are present. The calculat ion neglects 
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ion gyration which will probably be important here since v^/Qi behind 
the shock is 0. 5 cm in hydrogen and 1 cm in deuterium. A small mag
netic perturbation of approximately this length is seen at the back of the 
shock (the "pigs ta i l" in Fig. 3b). The electric probe a lso frequently 
shows a dist inct ive feature here (Fig. 7), but we cannot positively 
identify this as the double structure predicted by the calculat ion (Fig. 9). 
More detailed study of this region is necessary to determine the pro
c e s s e s operative there . 

Below the cri t ical Mach number it is unnecessary to intro
duce viscosi ty at al l [ 1 0 ] , and the oblique shock is then simply a 
resis t ively damped whistler wave in which compression of the ion 
flow is achieved by the electric field in the shock front. 
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С Т Р У К Т У Р А БЕССТОЛКНОВИТЕЛЬНЫХ 
УДАРНЫХ ВОЛН И ДИССИПАЦИЯ СИЛЬНЫХ 
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Abstract — Аннотация 

STRUCTURE OF COLLISIONLESS SHOCK WAVES AND THE DISSIPATION OF STRONG ALTERNATING 
MAGNETIC FIELDS IN A PLASMA. Various collisionless plasma heating mechanisms are investigated by 
studying the structure of the front of straight shock waves as a function of the initial magnetic field and by 
studying the turbulence of the current layer in an experiment of the theta pinch type. Collisionless shock 
waves are excited by trapezoidal pulses of a magnetic field having an amplitude of 1 - 1.5 kOe and a rise 
time of (3-5) x 10 8 s. The authors investigate the case where the pulsed field H is parallel to the quasi-
stationary field H -. They measure the electron temperature and study the nature of the propagation of 
probing magneto-acoustic perturbations in the plasma behind the shock wave front for small and large Alfvën-
Mach numbers М д . The results indicate that in both cases there is collisionless heating of the electrons, 
and for large Мд a strong irreversible process apparently caused by the appearance of energetic ions in the 
plasma is also observed. In an experiment with anti-parallel H and H fields the experimental conditions 
exclude the formation of a shock wave. In this experiment the authors use a plasma in the form of a hollow 
cylinder. The external magnetic field H, with an amplitude of 3 kOe a'nd a frequency f = 0,84 Mc/s, is 
produced by a broad winding. The authors observe the formation of a cylindrical current layer in the region 
of zero magnetic field. For plasma densities below 4 x 1013 cm 3 there is effective heating of the plasma 
electrons accompanied by intense noise emission at wavelength X - 3 cm and a sharp decline in the lifetime 
of the trapped magnetic field. This indicates turbulent heating of the plasma in the current layer. 

СТРУКТУРА БЕССТОЛКНОВИТЕЛЬНЫХ УДАРНЫХ ВОЛН И ДИССИПАЦИЯ СИЛЬ
НЫХ ПЕРЕМЕННЫХ МАГНИТНЫХ ПОЛЕЙ В ПЛАЗМЕ. Различные механизмы бесстолк-
новительного нагрева плазмы исследовались путем изучения структуры фронта прямых 
ударных волн в зависимости от начального магнитного поля, а также путем изучения турбу
лентного режима токового слоя в эксперименте типа 0-пинча. Бесстолкновительные удар
ные волны возбуждались трапецеидальными импульсами магнитного поля с амплитудой 
14-1,5 кэ и временем нарастания (3-ï-5)-10" с е к . Исследовался случай, когда импульсное 
поле H было параллельно квазистационарному полю Hi . Измерялась электронная темпера 
тура, изучался характер распространения зондирующих магнитно-звуковых возмущений в 
плазме за фронтом ударной волны при малых и больших числах Альфвена-Маха ( М л ) . 
Полученные результаты свидетельствуют о том , что в обоих случаях имеет место бесстолкно-
вительный нагрев электронов, а при больших (Мд) наблюдается также сильный необратимый 
процесс, обусловленный, по-видимому, появлением энергичных ионов в п л а з м е . Проведен 
эксперимент с антипараллельными Ни Н] полями, условия которого исключали образование 
ударной волны. Для этого специально использовалась плазма в виде полого цилиндра. 
Внешнее магнитное поле H (с амплитудой до 3 кэ и частотой f = 0,84.Мгц) создавалось 
широким витком. Наблюдалось образование цилиндрического токового слоя в области 
нулевого магнитного поля. При плотности плазмы ниже 4-Ю1 3 см"3 был обнаружен э ф ф е к 
тивный нагрев электронов плазмы, сопровождаемый интенсивным шумовым излучением на дли
не волны Х=3 см и резким сокращением времени жизни захваченного магнитного поля. Все это , 
по-видимому, свидетельствует о том, что наблюдался турбулентный нагрев плазмы в 
токовом слое . 
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1. ВВЕДЕНИЕ 

В 1961 году [1] было обнаружено сильное поглощение прямых магни-
то-звуковых волн большой амплитуды, возбуждавшихся в разреженной 
замагниченной плазме внешним высокочастотным контуром. Поглоще
ние энергии контура сопровождалось эффективным нагревом электрон
ного компонента плазмы в условиях, когда можно было пренебречь пар
ными столкновениями частиц. Наблюдаемое явление авторы связывали 
с возникновением в плазме мелкомасштабной токовой неустойчивости, 
которая должна приводить к резкому увеличению эффективности рассея
ния электронов. В соответствии с этим метод нагрева плазмы был 
назван турбулентным. 

В работе [ 2 ] , посвященной спектроскопическому исследованию турбу
лентно нагретой плазмы, была осуществлена скоростная развертка диа
метра плазменного столба в свете линии Не114686А и показано, что про
цесс турбулентного нагрева распространяется на всю глубину плазмен
ного столба со скоростью, близкой к альфвеновской. При этом электрон
ная температура на фронте возмущения возрастает от начального зна
чения T e l

r a 0,1 эв до максимальной величины Те2
 а 100 эв за время, рав 

ное приблизительно 1/4 периода колебаний высокочастотного контура. 
В упомянутых экспериментах [ 1 , 2] направление внешнего магнит

ного поля H на границе плазменного объема периодически изменялось 
во времени относительно направления поля Hj в невозмущенной плазме . 
При этом возбуждались следующие друг за другом волны сжатия и р а з 
режения. Интересно было выделить и исследовать раздельно обе эти 
противоположные фазы процесса: фазу сжатия, когда поле H параллельно 
полю Hj, и фазу разрежения, когда поля H и Hj антипараллельны . 

Программа для первого случая явилась причиной возникновения 
проблемы возбуждения и исследования в лабораторных условиях стацио
нарных бесстолкновительных ударных волн, распространяющихся поперек 
магнитного поля. Эта программа требовала создания трапецеидальных 
импульсов магнитного поля Н, обладающих достаточно большой амплиту
дой и удовлетворяющих условию т 0 « At<T, где т0 и Т - время нарастания 
и длительность импульса соответственно, a At — время распространения 
волны вдоль радиуса плазменного столба. Такого рода магнитный 
"поршень" был осуществлен с помощью высоковольтной искусственной 
линии специальной конструкции. Это позволило провести первые изме
рения ширины фронта прямых бесстолкновительных ударных волн в 
условиях,близких к стационарным [ 3 ] . Измеренная длительность фрон
та волны в плазме с плотностью n i K (1-5-3)1013 см"3 оказалась равной 
приблизительно 2C^/mMУeH:l~ 6Cs/mM'/e(Hj + Н), а соответствующая ши
рина фронта бе

 м 6 C / u p e - меньше длины свободного пробега относитель
но парных столкновений и меньше ларморовского радиуса ионов в волне 
(см. также [ 5 , 1 7 - 1 9 ] ) . 

Программа для второго случая, когда поле H антипараллельно полю 
Н1} разбивается на две различные по динамике волновых процессов об
ласти . При Ш |<2 |н х I в плазме образуется перепад магнитного поля, 
характерный для волны разрежения. Образование ударных волн в этом 
случае исключено. Плазма, расширяясь, опирается на стенку разрядной 
камеры и остывает на ней, а магнитное поле со скоростью этого осты
вания выходит из плазменного объема. При |Н |> 2 Ш-J В плазме может 
существовать квазистационарная конфигурация встречных магнитных 



CN-24/A-7 131 

полей. Исследование такого образования представляет самостоятельный 
интерес,поскольку в токовом слое,разделяющем встречные магнитные 
поля, можно осуществить условия, необходимые для турбулентного на
грева плазмы [4] . Эффективность бесстолкновительных диссипативных 
процессов еще больше должна возрасти при |н I » IHjl, поскольку в дан
ном случае плотность тока в промежуточном слое все время поддержи
вается на более высоком уровне, чем в квазистационарном случае, и 
кроме того, впереди токового слоя может образоваться бесстолкновитель-
ная ударная волна. 

В данной работе описываются эксперименты по исследованию бес 
столкновительных ударных волн при различных числах Альф вена-Маха 
и по изучению механизма диссипации в квазистационарном токовом слое, 
разделяющем магнитные поля. 

ИССЛЕДОВАНИЕ БЕССТОЛКНОВИТЕЛЬНЫХ УДАРНЫХ ВОЛН 
В ПЛАЗМЕ 

2 . 1 . Описание эксперимента 

Опыты проводились на экспериментальной установке УВ-2, подробно 
описанной в работе [ 5 ] . Плазма предварительной ионизации создава
лась током прямого электродного разряда . В качестве рабочего газа 
использовались водород и гелий. Сходящиеся цилиндрические ударные 
волны возбуждались в плазме послесвечения, когда ток предваритель
ной ионизации полностью прекращался. Момент старта волны задавался 
величиной регулируемой задержки t3 относительно тока предварительной 
ионизации. 

По спектрам рекомбинации было установлено, что в течение первых 
50-7-100 мксек гелиевая плазма состоит из однозарядных и двухзарядных 
ионов в отношении, равном приблизительно 5 / 1 . 

Для возбуждения ударных волн использовались трапецеидальные 
импульсы магнитного поля Н, которые создавались цилиндрическим 
витком ударного контура шириной 40 см . Импульсы поля H имели вре
мя нарастания т0 = (3 -f-5)-10"8 сек, длительность Т = (2,5+5)-10"' сек и 
амплитуду 1н I =(1 f 1,5) к э . Осциллограммы импульсов поля H и про
изводной dH/dt представлены на р и с . 1 . 

Рис . 1 . Осциллограммы импульсов магнитного 
поля H и производной dH/dt . Период 
калибровочного сигнала 10" сек . 
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2 . 2 . Методы диагностики 

Для исследования ударных волн и плазмы предварительной иониза
ции использовались дифференцирующие магнитные зонды [ 3 , 5] и кине
тика спектральных линий в плазме [2 , 6] . Для получения разрешенных 
во времени спектров плазмы применялись многокаскадные электронно-
оптические преобразователи (ЭОП). Обычно использовался участок 
спектра в диапазоне от ~4400А до ~5100А. 

Электронная температура измерялась по отношению интенсивностей 
линий нейтрального и ионизированного гелия. Плотность плазмы в 
области от Ю 1 2 до 5 '101 3см-з измерялась с помощью радиоинтерферо
метров [ 7 ] , а в области выше 5-101 3см-3 — по штарковскому уширению 
бальмеровской линии Нв[6,7] . Обе эти методики позволяли получить 
временную зависимость концентрации распадающейся в магнитном 
поле плазмы. По этой кривой и задержке t3 определялась плотность 
плазмы nj перед фронтом ударной волны . 

2 . 3 . Экспериментальные результаты 

2 . 3 . 1 : Результаты зондовых измерений 

Ранее [ 3 , 5] магнитный зонд использовался для измерения профиля 
магнитного поля в ударной волне. Было показано, что в плазме плот
ностью ~3-101 3 см-3 при числах Альфвена-Маха МА= 1,7 ширина переходного 
участка 6е

те 10С/ир е . При числах Мд = 4 ширина фронта в гели
евой плазме возрастала примерно на порядок величины. Последу
ющие эксперименты показали, что в тех же условиях ширина фронта в 
водородной плазме имеет заметно меньшую величину. Возможное объ
яснение этому факту будет дано в разделе 2 . 4 . Здесь же важно отметить 
следующее. Увеличение числа Мд достигалось уменьшением постоян
ного магнитного поля Нх в невозмущенной плазме при фиксированной 
амплитуде поля Н. Это, однако, приводило к увеличению скорости рас 
пада плазмы послесвечения. Поэтому в экспериментах с большими МА 
для получения заданной концентрации ni необходимо было пользоваться 
значениями задержек, лежащими в области t3 <50 *•100 мксек . 

В данной работе, помимо измерения профиля магнитного поля, м а г 
нитный зонд использовался для получения дополнительной информации 
о свойствах плазмы за фронтом ударной волны, в условиях, когда вслед 
за первой ударной волной возбуждалась вторая, зондирующая,волна. 
Очевидно, характер распространения этой второй волны будет зависеть 
от параметров плазмы, возникающих под действием предыдущего воз 
мущения и, в частности, от давления р = пТе + пТ; +• U2/8ÏÏ. Для получе
ния такой информации мы воспользовались тем, что ударный контур 
генерировал несколько идущих друг за другом и чередующихся по знаку 
импульсов магнитного поля. 

В атих-условиях были получены следующие результаты. При отно
сительно малых числах МА в первом полупериоде поршня, когда поля Hj 
и H параллельны, в плазме распространяется ударная волна с бе

м 10С/и)ре [ 5 ] . 
При этом четко наблюдаются эффекты кумуляции и отражения волны в 
приосевой области плазменного столба. Во втором полупериоде поршня, 
когда поля Н[ и H антипараллельны, магнитное поле выходит из плазмен-
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ного объема. При этом в сторону оси разрядной камеры распространя
ется возмущение с перепадом магнитного поля, характерным для 
волны разрежения. В третьем полупериоде поЛя Н, когда поршень снова 
становится сжимающим, в плазме возбуждается вторая, зондирующая 
волна. Амплитуда ее приблизительно равна амплитуде первой волны . 
Характерный для описанного случая профиль магнитного поля, получен
ный интегрированием сигналов магнитного зонда в приосевой области 
плазменного столба в водороде (пг

а 3-1013 см"3; Hi = 1500 э; Мд = 1,5), 
представлен кривой 1 на р и с . 2 . 

Р и с . 2 . Профили магнитного поля в ударной волне, полученные в приосевой области плаз 
менного столба: 1) Мд = 1,5; 2) М д = 4. 

При больших числах МА характер волновых процессов существенно 
отличается. Помимо эффекта уширения фронта волны наблюдался спе
цифический необратимый процесс [ 8 ] : магнитное поле Н, проникая с 
ударной волной в плазму, вмораживалось в ней и во втором полупериоде 
не выходило из плазменного объема . При этом полное давление 
р = п Т е + пТ; +Н2/87г возрастало настолько, что вторая, зондирующая, 
волна не могла проникать в плазму или проникала с малой амплитудой. 
Характерный для этого случая профиль магнитного поля в приосевой 
области плазменного столба в водороде (п^ 3-Ю1 см"3, H j=300 э и 
М А ~ 4) представлен кривой 2 на р и с . 2 . 

2 . 3 . 2 . Результаты спектроскопических наблюдений 

На рис .3 представлены фотографии разрешенного во времени спект
ра гелиевой плазмы в процессе работы ударного контура для двух зна
чений числа МА: МА = 1 , 5 и М А = 4 . Прежде всего, следует отметить, 
что эти спектрограммы также свидетельствуют об увеличении давления 
в плазменном объеме при увеличении числа МА . По интенсивности ли
ний, особенно линии НеП4686А, имеющей потенциал возбуждения 51 эв , 
видно, что в первом случае возбуждается три, следующие друг за другом, 
ударные волны с одинаковой примерно амплитудой. Во втором случае 
только первая волна является достаточно энергичной. 

Наиболее яркими примесными линиями на выбранном участке спектра 
оказались линия Ни и неразрешенные относительно друг друга линии^ 
О II4649 и О II 4642А. Интенсивность их практически не зависит от 
числа МА . 

Скорость разгорания спектральных линий гелия, особенно линии 
НеП4686А, падает с увеличением числа МА , тогда как максимальное 
значение отношения интенсивностей линий Не II 4686 А и Не 15016 А воз -
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растает . Как показа.ги и^ляерения, это значение равно ~1,5 приМд = 1,5 
и ~6 при Мд = 4 . Б условиях нашего эксперимента распределение ато 
мов по возбужденным уровням можно считать подчиняющимся режиму 
мгновенного высвечивания. При этом наблюдающееся отношение ин-

о * о 

тенсивностей линий Не II4686 А и Не 15016 А может быть объяснено только 
увеличением температуры электронов на фронте волны до величины 
Те

 & 100 э в . Действительно, степень ионизации плазмы перед фронтом 
волны была около 50%. При такой степени ионизации измеренное от
ношение интенсивностей можно было бы объяснить, если бы приписать 
электронам бесконечно большую температуру. Поэтому следует предпо
ложить, что на фронте волны происходит дополнительная ионизация. 
Однако, необходимый прирост пе при фиксированной плотности нейтраль
ных атомов и длительности фронта возможен тогда, когда Т е практи
чески мгновенно возрастает до величины порядка 100 э в . 

Р и с . 3 . Фотографии разрешенного во времени спектра гелиевой плазмы в процессе работы 
ударного контура: а) МА = 1,5j б) МА = 4 . 
1 - H e l 5016А; 2 - Не I 4Э22А; 3 - Н е ; 4 - Не I 471 ЗА; 5 - Не II4686A; 6 - О II 4649А и 
О П4642А. 

2 . 4 . Обсуждение 

Спектроскопические измерения приводят, как мы видели, к электрон
ной температуре за фронтом волны Те s 100 эв . Такое значение Те не 
может быть объяснено на основе механизма парных соударений. Дейст
вительно, дрейфовая скорость электронов на фронте волны Удр = HC/547rn.ie 
составляет в наших экспериментах (2-т-3)'108 с м / с е к . Вследствие парных 
кулоновских столкновений Те на фронте может возрасти только на вели
чину порядка 20 э в . Измеренное значение (Те)Шах- 100 эв может быть 
объяснено только, если эффективная частота столкновений у>10 сек"1, 
что почти в сто раз превышает среднюю частоту парных кулоновских 
соударений при Те " 20 эв и n j<10 1 4 , a также частоту всех других столк-
новительных процессов. Разумно предположить, что эта аномально 
высокая частота столкновений имеет коллективную природу и обуслов
лена неустойчивостью движения электронов на фронте волны [ 1 , 2, 9] . 

В то же время наблюдается существенная разница в характере про
никновения зондирующих возмущений в плазму, образующуюся за фрон
том волны при малых Мд и больших Мд . Это можно объяснить различ
ным характером диссипативных процессов в указанных двух областях 
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исел Мд. В случае малых Мд в качестве основного механизма дисси-
ации теория [10, 11] привлекает механизм токовой неустойчивости, 
:ри котором должны нагреваться преимущественно электроны . Во вто

ром случае в плазме,по-видимому, могут появляться быстрые ионы, 
поскольку согласно двухжидкостной теории уединенных волн [ 1 0 - 12] 
при МА=Мд* = 2 должно наступать отражение ионов в поле разделения 
зарядов на фронте волны1 и развитие неустойчивости ион-ионного типа, 
рассмотренного в [13] . Но электроны в этом случае, как показывает 
эксперимент, также нагреваются ,что явно указывает на наличие турбу
лентности в плазме . 

Рассмотрим теперь поведение плазмы, образующейся за фронтом 
волны при Мд< Мд* и Мд > М£ во втором полупериоде поршня . В первом 
случае плазма, расширяясь, опирается на стенку камеры горячими 
электронами и остывает в течение нескольких электронных циклотронных 
периодов. Такой отрезок времени значительно меньше те , поэтому магнит
ное поле во втором полупериоде поршня выходит из плазменного объема . 
Соответственно вторая, зондирующая, волна проникает в плазму. Во 
втором случае, если помимо горячих электронов имеется значительное 
количество быстрых ионов, остывание плазмы, следовательно и размо
раживание силовых линий магнитного поля, должно затянуться, по 
крайней мере , на промежуток времени, равной ларморовскому периоду 
ионов ТН; . Поскольку THi > 2Т полное давление р =пТ е +пТ ; +Н2/8тт 
в плазменном объеме, обусловленное возросшим /5 и захваченным м а г 
нитным полем, не успевает снизиться заметным образом к моменту воз 
буждения второй, зондирующей, волны. Поэтому последняя при МА>МА 'Не 
может проникать в плазму. 

Процесс отражения ионов на фронте ударной волны, вообще говоря, 
должен приводить к перераспределению поля разделения зарядов на 
расстояние порядка ларморовского радиуса ионов RHi или, другими сло
вами, - к расширению фронта волны до размеров C / u p i . Этот процесс, 
однако, в полной мере может развиться лишь в условиях, близких к 
стационарным. Легко показать, что такие условия достигаются лишь 
при удовлетворении довольно жесткого условия R>10 \12А/п{, где А — 
массовое число иона. Например, при пг — 1014 см"3 и А = 1 радиус плаз 
менного столба R должен превышать 10 с м . 

В условиях данных экспериментов это требование не удовлетворя
лось, поэтому полного расширения фронта ударной волны в водороде не 
должно было наблюдаться. Интересно, что условие (2) для гелиевой 
плазмы более жестко, чем для водородной. Между тем , расширение фронта 
волны в первом случае было больше, чем во втором. Это, по-видимому, 
можно объяснить существованием в плазме предварительной ионизации 
однозарядных и двухзарядных ионов гелия . В такой плазме разность 
потенциалов, образующаяся из - за разделения зарядов на фронте волны, 
должна сообщить двухзарядным ионам скорости в два раза большие, чем 
однозарядным. При этом отражение двухзарядных ионов может насту
пить при меньшем числе МА, чем в случае с ионами одного сорта . Во
обще говоря, такая же ситуация должна возникать в плазме, состоящей 
из ионов с одинаковым зарядом, но с разными массами. В подобных 
случаях возникает относительное движение ионов с разными Z e / M , 

В реальной плазме с низким /3, вследствие аномального сопротивления, связанного 
с неустойчивостью тока, критическое число Мд должно возрасти до значения, превышаю
щего 3 . 
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которое может прекратиться только в результате трения между этими 
потоками. При отсутствии парных столкновений эффективное трение 
может быть обеспечено развитием неустойчивости ионных потоков 
с разными Z e / M , аналогичной неустойчивости во встречных потоках 
одинаковых ионов, которая исследована в работе [13] . 

3 . ЭКСПЕРИМЕНТЫ ПО ТУРБУЛЕНТНОМУ НАГРЕВУ ПЛАЗМЫ 
ПРИ АННИГИЛЯЦИИ ВСТРЕЧНЫХ МАГНИТНЫХ ПОЛЕЙ 

3 . 1 . Описание эксперимента 

Условия, необходимые для осуществления турбулентного нагрева в 
токовом слое, разделяющем встречные магнитные поля, были рассмотрены 
в работе [4) . В той же работе приводится обширная библиография по 
вопросу аннигиляции встречных полей. Эксперименты проводились на 
установке, получившей название "ДИМПОЛ" (диссипация магнитных 
полей). Чтобы уменьшить возможность образования ударной волны и 
ее влияние на конечное состояние плазмы, предварительная плазма 
создавалась в виде полого цилиндра диаметром 14 см и толщиной слоя 
плазмы 0 ,5*0 ,6 с м . Внутренний диаметр вакуумной камеры равен 17 с м . 

Для создания плазмы использовался пеннинговский разряд с горя
чими электродами в виде колец. Ток разряда в большинстве эксперимен
тов составлял 30 а (в некоторых случаях достигал 40+50 а ) . Постоянное 
магнитное поле имело форму магнитной ловушки с пробочным отношением, 
равным 2, и создавалось двумя катушками диаметром 1 м, установлен
ными на расстоянии 1 , 2 м друг от друга . Кольцевые катоды пеннингов-
ского разряда диаметром 100 мм устанавливались в магнитных пробках. 

Переменное магнитное поле с амплитудой до 4 кэ создавалось р а з 
рядным контуром с частотой 0,84 Мгц . Цилиндрическая катушка контура 
длиной 30 см и диаметром 20 см имела в средней части разрез шириной 
6 см для диагностических целей. 

Предварительный разряд зажигался при непрерывном протоке ней
трального г а з а . Основная часть экспериментов проводилась на водо
роде; в ряде контрольных опытов применялись аргон и ксенон. Концен
трация нейтрального газа устанавливалась от 5-Ю12 см"3 до 1014 с м - 3 . 
Концентрация заряженных частиц в предварительно ионизованной плазме 
измерялась интерферометром на длине волны Х = 8 м м . При токе раз 
ряда 30 а она слабо зависит от давления нейтрального газа и меняется 
от 5-101 2см"3 до 1013 см- 3 . 

3 . 2 . Результаты эксперимента 

Как указано в работе [4], должно существовать пороговое значение 
концентрации, при котором токовая скорость электронов может превысить 
некоторую критическую величину и может возникнуть неустойчивость. 
При этом проводимость плазмы из-за турбулентности должна стать очень 
низкой,и захваченное в плазму поле должно быстро диссипировать. Это 
явление должно сопровождаться сильным нагревом плазмы. 

Первые же опыты показали, что действительно существует крити
ческое значение концентрации, которое разделяет два принципиально 
различных режима работы, отличающихся поведением магнитного поля 
внутри плазмы на втором и последующих полупериодах переменного маг-
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нитного поля. При плотности нейтрального водорода в камере больше 
4-Ю13 см - 3 и концентрации предварительной плазмы порядка 1013 см- 3 на 
втором полупериоде разряда осевой магнитный зонд регистрирует захват 
магнитного поля первого полупериода (рис.4), которое удерживается в 
плазме в течение 3 — 5 полупериодов переменного поля, т . е . 2 * 3 мксек . 

О 0,5 1 1,5мксек 

Р и с . 4 . Осциллограммы магнитного зонда, иллюстрирующие зависимость времени жизни 
вмороженного магнитного поля на втором полупериоле от концентрации нейтрального г а з а . 
Ток пеннинговского разряда 34 а, амплитуда переменного магнитного поля Н= 3,5 кэ, 
зонд с L.R— интегрированием: 
а - п 0 = 10 " см" 3 , Н0= 175э; б - 4 - Ю 1 3 см"3 , 1400 э; в - 4-Ю13 см" 3 , 1 225 э; г - 5 - Ю 1 3 см" 3 , 
1400 э; д - 7 , 5 ' 1 0 1 3 см"3 , 1400 э . 

При снижении концентрации ниже 4-10 см - 3 поле также захватывается , 
но быстро диссипирует (за время порядка 0,2 т0 ,3 мксек) . Во время 
перехода внешнего магнитного поля через ноль, на осциллограммах маг 
нитного зонда (рис.5) появляются колебания высокой частоты в диапазоне 
от 10 до 100 Мгц, свидетельствующие о появлении неустойчивости, с о 
провождающей быструю диссипацию магнитного поля. В результате 
диссипации энергии магнитного поля плазма нагревается, о чем свиде
тельствует появление быстрых электронов, регистрируемых сцинтил-
ляционным датчиком в пробках (рис.6) . При концентрации выше 4 10 см"3 

поле долго существует в плазме и высокочастотные колебания отсут
ствуют. На рис . 5 показаны осциллограммы магнитных зондов, измеря
ющих dH z /dt : верхняя — с зонда, расположенного в 2 см от стенки камеры, 
нижняя — с центрального зонда. Из приведенных осциллограмм видно, 
что частота колебаний падает с ростом плотности плазмы . 

Через широкую кольцевую щель в витке контура проводились изме
рения микроволнового излучения из плазмы на длинах волн 3,2; 1,6 и 
0,8 с м . Рупоры приемных антен были ориентированы так, что вектор Е 
в них был перпендикулярен магнитному полю контура. Проводились 
также измерения рентгеновского излучения из плазмы . 
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ЦЗмксек 

Р и с . 5 . Осциллограммы магнитных зондов, регистрирующих d H 2 / d t в начале второго по
лу периода. Верхние осциллограммы — зонд на расстоянии 2 см от стенки, нижние — осевой 
зонд. Н = 4 кэ , Н0 =700 э . Амплитуда высокочастотных колебаний магнитного поля дости
гает 100-г 150 эрстед: 
а) пи= 1013 с м , б) n0= 2-1013 см"3 . 

Р и с . 6 . Осциллограммы осевого магнитного зонда (вверху) и сцинтилляционного датчика, 
регистрирующего появление горячих электронов в пробках на первом и втором полуперио
дах . 

Предварительные измерения показали ,что интенсивного жесткого 
рентгеновского излучения, выходящего через стенки разрядной камеры 
(6 мм стекла) , не наблюдается. Сцинтилляционный датчик, расположен
ный на оси камеры в магнитной пробке, регистрирует появление электро
нов с энергиями порядка 5 * 10 кэв (кристалл CsJ был закрыт алюминие
вой фольгой толщиной 9 мк) . Как видно из осциллограмм рис .6 , быст
рые электроны появляются одновременно с развитием высокочастотных 
колебаний, в то время как СВЧ-шумы в диапазоне 3,2 см и 1,6 см з а 
паздывают на несколько десятков наносекунд (рис.7) . Это запаздыва
ние увеличивается с уменьшением значения переменного магнитного 
поля. СВЧ-излучения в диапазоне 8 мм обнаружено не было. 
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Р и с . 7 . Осциллограммы осевого магнитного зонда (верхняя в каждой паре) и огибающей 
СВЧ-шумов: __ 
а) X = 1,6 см, Н 0 = 7 0 0 э , п 0 = 1 0 1 3 с м ~ 3 , Н= 4 кэ ; 

п л ~-
Н = 4 кэ ; 
Н = 1,3 к э . 

б) Л =3,2 см, Н 0 = 7 0 0 э , п 0 = 1 0 1 3 с м " 3 

в) Л =3,2 см, Н 0 = 7 0 0 э , п 0 = 1 0 1 3 с м " 3 

3 . 3 . Обсуждение результатов 

1 . Наблюдаемая на опыте пороговая зависимость времени сущест
вования захваченного поля от концентрации может быть обусловлена раз 
витием неустойчивости, приводящей к быстрой диссипации вмороженного 
магнитного поля. По критериям работы [4] можно оценить пороговые 
значения плотности, при которых токовые скорости не превышают соот
ветственно тепловой скорости электронов и скорости ионного звука, 
предполагая при этом, что плазма холодная ( 5 - 10 эв ) . При максимальных 
значениях встречных полей (4 кэ с каждой стороны слоя) токовая ско
рость становится меньше тепловой скорости электронов, когда плотность 
больше 5-10 см"3, и остается больше скорости ионного звука при плот
ности до 1015 см" 3 (предполагается, что плазмой такой плотности запол
нено все сечение камеры). Пороговое значение плотности, при котором 
токовая скорость перестает превышать тепловую, совпадает с наблюда
емым на опыте. Однако,этому совпадению не следует придавать абсо
лютного значения, так как на втором полупериоде могло происходить 
заметное увеличение плотности плазмы в результате десорбции газа 
со стенок. Кроме того, оценки делались для холодной плазмы, тогда как 
на первом полупериоде происходит сильный нагрев плазмы . Чтобы 
окончательно решить, с каким типом неустойчивости связана наблюда
емая на опыте пороговая зависимость, необходимо измерить плотность 
и температуру плазмы на втором полупериоде . 

2 . Появление интенсивных колебаний при смене знака переменного 
магнитного поля отмечалось и ранее в работах ряда авторов [14, 15 ] , 
где они хорошо объяснялись возбуждением собственных колебаний плаз
менной оболочки в магнитном поле или магнито-звуковым резонансом. 
В данном случае такое объяснение нельзя признать удовлетворительным 
по следующим причинам: 
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а) согласно расчету, период собственных магнито-звуковых коле
баний т = 2 Î 7 - \ ' M / H , где M — масса на единицу длины оболочки. Под
ставляя сюда магнитное поле в плазме Н, которое существует к момен
ту возникновения колебаний (~103), и минимальное значение концентра
ции 5-Ю12 см"3 , получим верхний предел возможной частоты колебаний 
~10 7 гц, что существенно ниже частоты наблюдаемых колебаний; 

б) из приведенных осциллограмм, снятых одновременно с двух 
магнитных зондов (рис.8) и помещенных на разном расстоянии друг от 
друга вдоль оси камеры, видно, что масштаб колебаний по Z для высоко
частотной части спектра существенно меньше размера ударного контура 
(сигналы отличаются полярностью из - за соответствующего подключения 
зондов). Различие в осциллограммах проявляется уже при расстоянии 
между зондами порядка 4,5 см; 

Ц/мксек 

Р и с . 8 . Зависимость корреляции продольной составляющей высокочастотных колебаний от 
расстояния между магнитными зондами, сдвинутыми вдоль оси камеры (без интегрирования}: 
H • 700 э; Н= 4 кэ ; п0= 10 
а) 1 = 0 см; б) 4,5 см; в) 9 с м . 

в) контрольные эксперименты, выполненные на более тяжелых 
газах (аргоне и ксеноне), показывают, что частоты колебаний практи
чески не зависят от массы ионов. 

Изложенные результаты говорят за т о , ч т о в данном случае, по-ви
димому, возбуждается не магнито-звуковая волна. Одним из возмож
ных типов колебаний,которые могут здесь развиваться, являются ко
лебания типа "свистящих атмосфериков". Расчет неустойчивости такого 
типа приведен в докладе Арефьева, Гордеева и Рудакова на данной кон
ференции. Согласно этой теории,длина волны возмущений по Z порядка 
толщины токового слоя, умноженной на 2тг, уменьшается с увеличением 
частоты колебаний. 

3 . В работе [16] также наблюдались в разряде типа U-пинча СВЧ-шу-
мы из плазмы на длинах волн 8 мм и 4 мм, но их условия несколько от
личались от наших условий. Характерной особенностью этих шумов я в 
ляется , как и в данном случае, запаздывание появления СВЧ-сигналов 
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по отношению к перемене знака магнитного поля в плазме . Это излу
чение авторы вышеупомянутой работы объясняют возбуждением кине
тической неустойчивости на гармониках электронной циклотронной часто
ты в результате анизотропии функции распределения электронов по ско 
ростям (большие поперечные скорости у электронов). При этом для ча 
стоты излучения должно выполняться условие: u = nu)HeSupe- В наших 
экспериментах при напряжении на контуре 30 кв максимальная напряжен
ность переменного магнитного поля равнялась 4 кэ, чему соответствует 
электронная циклотронная частота i = l , l -10 1 0 гц . Следовательно, на
блюдаемое в данных экспериментах излучение может соответствовать 
первой и второй гармоникам электронной циклотронной частоты . 

Появление шумов в диапазонах 3,2 и 1,6 см примерно сопадают по 
времени, что также говорит в пользу объяснения, приведенного в рабо
те [16] . Возможно также развитие других неустойчивостей, возника
ющих из - за анизотропии функции распределения, например, "конусной". 

В заключение можно сделать следующие выводы: 
1. При плотности плазмы ниже некоторой критической величины 

аннигиляция встречных магнитных полей происходит очень быстро и с о 
провождается нагревом электронов плазмы . 

2 . В плазме развиваются интенсивности колебания как ВЧ-диапа-
зона (до 100 Мгц), так и в диапазоне до 2-Ю10 гц, свидетельствующие о 
проявлении коллективных процессов. Колебания в диапазоне 10-г 100 Мгц 
можно связать с раскачкой волн типа "свистящих атмосфериков" . 

Материалы, изложенные в разделе 2 данного доклада, были получе
ны при участии С .П .Загородникова, Е .А .Стригановой, Г.В.Шолина; 
в разделе 3 - при участии А .И .Жужунашвили и С .С .Соболева . Всем им 
авторы выражают искреннюю благодарность. Авторы пользуются слу
чаем выразить свою признательность Е .К.Завойскому,постоянное вни
мание и ценные советы которого способствовали выполнению данной ра
боты, и поблагодарить А.В .Гордеева и Л .И.Рудакова за многочислен
ные обсуждения. 
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Abstract 

COLLISIONLESS SHOCK WAVES AND TURBULENT HEATING IN HIGH VOLTAGE THETA PINCHES. 
Based on preceding experiments with smaller systems, a large (46 cm diameter, 100 cm length) theta pinch 
has been constructed which is driven by a Blumlein-type transmission line (~0.4£2) capable of generating a 
1 MV pulse (open circuit) of 100 ns duration. For the experiments described herein, it was operated at 40% 
of design voltage. The corresponding peak field is 3.2 kG, and a strong shock wave (5 x 107 cm/s) is 
generated in the initial plasma containing a (parallel or antiparallel) bias field. This initial plasma is 
prepared in typically 5 m Torr Dz by a sequence of auxiliary discharges through the theta-pinch coil. Shock 
structure and field-vacuum interface are investigated (mainly by magnetic probes). These measurements, 
besides being compared directly with theoretical predictions, also yield current densities required for the 
determination of effective (turbulent) electrical conductivities from measured electron heating rates (using 
X-ray emission). Ion energies are estimated from neutron yields. Indications are that there is an anomalous 
ion heating mechanism, in addition to anomalous electron heating, as observed in preceding experiments 
from Thomson scattering measurements. In parallel with these laboratory investigations, a computer simul
ation program has been developed which permits quantitative discussion of the influence of non-stationarity 
and cylindrical convergence on the experimental results and of the deviations from classical results caused 
by anomalous transport processes (with coefficients either estimated theoretically from growth rates of ex
pected microinstabilities or chosen to fit the experimental results). 

Introduction 

Previous work at this laboratory [1,2,3,4] and others [5,6,7,8] has 
established the possibility of heating a low density plasma by means of a 
fast rising current. Plasma heating occurs directly as a result of the 
induced plasma current or by shock waves produced by the current. Under 
the conditions of interest the observed heating rates cannot be explained 
by two particle collisions. At low densities however, the particle drifts 
are of sufficient magnitude to excite instabilities which, according to 
their nature, may heat the electrons, ions, or both. Some questions 
of interest are: 

1) How efficient can the coupling between an external energy source and 
the plasma thermal energy be? 

2) What are the important dissipation mechanisms? 

3) Does thermal energy go into electrons or ions preferentially, and under what 
conditions? 

4) Can a study of shocks provide basic information on growth rates, 
turbulence levels, wave energy spectra, etc. associated with various 
instabilities? 

*Work performed under the auspices of a Joint Program in Plasma Physics between the U.S. Naval 
Research Laboratory and the University of Maryland. 

** US Naval Research Laboratory, Washington, D. C. , USA. 
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In order to provide a means to answer these and related questions, a 
number of 9-pinch type shock devices have been operated. Indications of 
strong electron [2], and ion [3,4] heating have been reported, and exper
ience gained with these machines has led to the device described herein, 
which is basically a large-bore 9-pinch driven by a high-voltage pulse 
line. 

The objective of the experiment is the creation and investigation of 
high-energy plasmas by imploding high-voltage theta pinch sheaths, under 
conditions where the external energy source is rather, closely coupled to 
the plasma. Good coupling is achieved by matching the generator impedance 
to the effective plasma resistance Reff ="$£•> due to motion of the plasma 
boundary. This resistance increases both with plasma radius and plasma 
boundary velocity, and reaches about one ohm at r = 20 cm ror vg = 
8 x 107 cm/sec. Construction of pulse lines at impedances much less 
than one ohm is difficult. Accordingly, a tube of 46 cm inside diameter 
was chosen for the work. This will lead to initial values of Reff in the 
range <, 1 ohm, and provides long paths for shock travel to allow investi
gations of broad shock structures. 

In the following, we will describe the apparatus and procedure for 
establishing an initial plasma. Certain experimental conditions will 
next be described, leading to a variety of wave types. Finally, we will 
attempt to interpret the observed behavior in terms of existing shock theory. 

Initial Plasma Generation 

Plasma currents are generated by a fast-rising current pulse in a 
single turn coil one meter long surrounding the 46 cm diameter tube. 
Prior to this, a plasma is created in the tube by a ringing discharge into 
the same coil, and a bias magnetic field is provided by a quasi-static 
current, also in the same coil. 

The plasma tube is pyrex, 3 meters long, evacuated to a base pressure 
of 5 x 10-6Torr. Typical fillings are deuterium at 5 to 10 mTorr. The 
initial plasma is created by a 100 KHz discharge into the coil from a 0.85uF 
capacitor charged to 70 kV (Fig. 1). This current damps away in about 
150 usee, after which the bias magnetic field is switched on. This field 
is provided by a 56 uF capacitor bank at 11 kV, and is crowbarred at peak 
current, leaving a slowly changing field that damps out with a time constant 
of 70 usee. The fast current pulse is switched on sometime during the decay 
of this field. 

2,iH 
SOLID DIELECTRIC 

SWITCH 

^чялп-J 
BLUMLEIN 0.4И 

500 KV 
r= 120ns. 

! • - f^ 
t(ms) 

GLASS TUBE (18 DIA.) 

I 2/iH S 2^H 

i I 
T T BIAS PREHEATER 
58^f O.S^f 
11 kV 70W 

FIG.l . Schematic diagram of electrical circuit. 
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High-Voltage Pulse Line 

The fast current pulse is provided by a Blumlein type parallel-plate 
pulse line, of characteristic impedance 0.4 a and electrical length 120 nsec 
(Fig. 2). The line is constructed of three copper sheets, each 0.25 mm 
thick, with Mylar dielectric 4 mm in thickness, and measures 4 meters wide 
by 7 meters long. The two outer copper sheets are connected at one end 
through a short taper section to a 2 meter long by 1 meter wide line that 
couples to the coil, while the middle sheet in the sandwich is isolated, 
ending 2 meters short of the coil. The whole assembly is immersed in a bath 
which is a weak solution of copper sulfate (p = 103 ohm-cm) in water. This 
solution acts to evenly grade potentials at the edges of the line, prevent
ing local accumulations of charge that would lead to surface arcing ov 
corona. The center plate can be resonance charged to a design voltage of 
500 kV by a separate Marx generator. In the initial experiments described 
in this paper, the line was operated at - a charge voltage of 200kV (energy « 
lOkJoule). 

DEMINERALIZED WATER 
STORAGE. TANK 

FIG.2. Experimental layout. 

The line is switched between the top and middle plates by means of a 
single solid dielectric switch at the midpoint of the end of the line 
opposite the coil. This is a sheet of polyethylene, needle-stabbed to a 
depth that will lead to its breakdown just as the line reaches full voltage 
while charging. Since the resonance charging takes only 4 psec, the line is 
in fact not charged until after the initial plasma has been generated and 
the bias field established. Breakdown of the solid dielectric switch then 
generates a wave which propagates toward the coil. On arriving at the dis
continuity representing the end of the center plate, the potential between . 
the top and middle plates reverses abruptly, now adding to the potential 
between bottom and middle plates, and placing twice thé charge voltage on 
the coil. 

The coil current rises rapidly until the wave reflected from the far 
end of the line returns about 120 nsec later. After this time the electri
cal circuit begins to behave more like a simple lumped L-C circuit than a 
pulse line feeding an inductance, and the magnetic field in fact continues to 
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increase slowly to a peak of about 3.5 kGauss at about 2A0 nsec, returning 
slowly to гего about 360 nsec later. 
Plasma-circuit Coupling 

For about the first 120 nsec, the generator appears to the load as a 
resistive source, and the current risetime depends on the ratio of load 
inductance to source resistance. The rise time constant assuming an applied 
square waveform is L0/(Z0+Reff)> a"d the peak current to be expected is 
2V0/(Z0+Reff), where Reff=dL/dt is the effective plasma resistance due to 
motion of the boundary, V0 the charge voltage, and L0 is the inductance of 
the plasma-filled coil. In practice, the applied voltage from the Blumlein 
is not square, primarily due to the internal reflections within the line 
arising from the single point switching1; consequently, the current rise 
time is greater than predicted for an ideal pulse line. The initial current 
development also depends strongly on L0, and it is necessary that the coilbe well 
filled with plasma to obtain high currents before the plasma moves 
appreciably. 

During the current pulse, the plasma boundary moves inward, causing an 
increase in LQ. Thus, when the first line reflection arrives at the coil, 
it sees a large inductance, and the current in the coil is not strongly 
affected. We obtain a current pulse in this way that rises rapidly and 
lasts much longer than the line transit time. 
The Initial Plasma 

Conditions in the initial plasma have been determined by spectroscopic 
measurements (line intensity ratios, line to continuum ratio, absolute line 
intensities, line intensity time history) and through analysis of small 
amplitude magnetosonic waves induced at the plasma boundary. The 100 KHz 
initial discharge ionizes and heats the gas to a temperature of a few eV. 
The gas rapidly cools to about 1.5 eV as the discharge current damps away, 
as evidenced by disapperance of Dg line radiation. In addition, the gas 
rapidly expands out the ends of the coil, reducing the density. This axial 
expansion proceeds with a time constant of order 50 usee. The bias field 
is turned on about 150 usee after the preheater discharge, and rises to its 
peak in 15 usee. The currents induced by this field penetrating the plasma 
again heat the gas, and a temperature of 5 to 6 eV obtains, again rapidly 
decreasing as the field becomes steady after being crow-barred. The plasma 
is pinched toward the tube axis by the bias field, and leaves a strongly 
non-uniform density distribution. The fast discharge is usually delayed 
until the bias field has decayed by a factor 2 or more to allow the plasma 
to expand somewhat. It is likely that neutrals diffuse into the test 
section during these delays. However, at the very low density used the 
neutrals are probably not effectively coupled to the shocked plasma. 

A lower limit to the initial plasma density near the tube wall, where 
the speed of the magnetosonic wave is too large to measure, may be inferred 
from the observed current density there, coupled with the observation that 
the electron cyclotron radius in the driving field must be less than the 
tube radius. This leads, e.g. to a density пел> 101" cm-3 near the tube 
wall in case I. 
Neutral Background 

The appearance of a constant intensity of line emission of neutral 
deuterium in the region behind the shock shows the continuing presence of 
neutral atoms. On these time scales, the failure of neutral atoms to burn 
out is to be expected, since ionization cross sections are of order 

•1. There is provision for multiple switching in later experiments. 
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ICP^cm2, s 0 t n e ionization time is of order 10-u sec, assuming an electron 
density ne=10 cm- . Ions interact with the neutral background through 
change exchange with a cross section о ̂> 10-15cm-3. If the neutral density 
is <, 5 x 1013cm-3 however, the ion mean free path is greater than the tube 
radius. 
Diagnostics 

The wave magnetic field Bz is monitored by a magnetic probe 0.4 mm in 
diameter protruding about 10 cm radially from an axial support rod. It may 
be traversed across the tube radius. Visible light output is monitored 
axially along a narrow pencil 8 cm off the tube axis, as well as side-on 
through a slot in the coil. An image-converter camera allows streak photo
graphy of 'gross plasma effects. The soft x-ray emission is measured by 
means of scintillators placed behind thin metallic foils of Al, Au or Pb. 
Four such channels I are collimated to look along the axis at the central 20cm 
diameter, and allow an estimate of the x-ray spectrum on a single shot. 

The neutron output is monitored by a pair of lead-shielded scintillat
ion counters placed at two positions off the end of the tube. Neutrons may 
not be detected side-on due to the shielding effect of the water surrounding 
the coil. These counters, in addition to responding to neutrons, are 
sensitive to gamma rays in the energy range about 0.5 MeV. (Lead shields 
used are 3 or 6 mm in thickness). Both neutrons and gammas appear in short 
pulses of the order of 100 nsec wide, so neutrons are easily distinguished 
by their time of flight delay. No spatial resolution was atte.ipted for 
either neutrons or gammas. 
Experimental Results 

Case I 
A filling of 5 mTorr deuterium was used with a 300 Gauss anti-

parallel bias field, resulting in the density distribution shown in Fig. 3 
at the time the fast field was turned on. Magnetic field profiles from the 
probe are shown in Fig. 4, and typical time histories of Bz, neutrons, 
x-rays and Te are shown in Fig. 5. 

Examining the magnetic field profiles we see that there are two 
distinct regimes of interaction of driving field with the plasma - the 
region r > 10 cm, in which the initial density n„ 4, 2 x 1012; and the region 
r £ 10 cm, where the initial density n » 1 x 10 . 

In the outer (r > 10 cm) region, the field penetration appears to be due to 
a diffusive process, leading to no compression of the initial field. The 
width of the front is about 10 cm, which is about equal to c/wp^ and is much 
greater than a resistive (binary collision) skin depth, and suggests the 
presence of a microinstability leading to enhanced effective resistivity. 
The probe traces in the outer region are characterized by strong fluctuat
ions in Bz near peak field at a frequency of 50 MHz, which is the upper 
limit of probe response. This frequency also corresponds to the local lower 
hybrid frequency in the region of the oscillations. 

The conditions that an electron-ion two-stream instability be excited 
in the current stream when Te = T^ are (1) шре > wce and (2) vD > v^, where 
vu is the electron drift velocity relative to the ions, and vth is t n e 
electron mean thermal velocity. The first condition is satisfied through
out the experiment, except perhaps in the very early stages near the tube 
wall. Electron drift velocities deduced from measured current densities in 
the outer region are well above initial thermal velocities while the field 
is penetrating, and could reach relativistic values in the low density 
regions near the tube wall. The two-stream instability develops with a 
growth rate about equal to шр^. The time 2̂ /ai . has been used as an 



148 DESILVA et al. 

1.2 

1.0 

0.8 

: о . б 

: 0.4 

0.2 

0 

5 

Е « 

о 3 

><г 

1 

ис 

-ч 

- \^ 
-
-
-

-
_ 
-

) 

1 

1 

1 
5 

1 1 

1 1 

, 
M 

/ \ 
У \ ч... 

1 i ^ - - . 
10 15 

RADIUS (cm) 

1 

i 

~~т 
20 

-
-
-
-
-

-

'S 
Го 

FIG.3. Initial plasma measurements. Upper curve shows x-t plot of small amplitude magnetosonic wave 
peak for 5 mTorr D2 filling, 300 G bias. Curves labeled (I) are Alfvén speed VA and ion density n; deduced 
from above. Dotted curve labeled (II) is ion density deduced in similar manner with 10 mTorr D2 filling, 
450 G bias field. 

13 
i I 

-

-

- _ 

-

1 1 

400ns \ Л 
300ns C/i 

\ \y 

1 1 

/ LS 

1 

Агооп$ 

I 

/ С 

1 

It— 
i 

li 
l/ 

,-

NOOns 

1 
0 5 10 15 20 

RADIUS (cm) 

FIG.4. Magnetic field profiles from probe for case 1 (see text). Tube wall is at 22.8 cm. 

effective collision time in a code calculation i,described in a following 
section) which reproduces the rapid diffusion-like penetration of the 
magnetic field profile (Fig. 6), and predicts electron temperatures 
Tesi20 KeV. (Use of the conventional Spitzer-Harm resistivity in the code 
leads to strongly relativistic drift velocities and very narrow profiles.) 
Although the code calculation shows the field penetrating with a velocity 
about 10 cm/sec, it also shows the plasma radial velocity to be only about 
5 x 106 cm/sec 
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r=23cm |' |Г=9ст 

FIG.5. Time histories fro case I. (a) dB/dt from probes at tube wall and at a.radius of 9 cm. (b) Dg 
emission at r = 8cm. (c) X-ray intensity seen through Al foil 0.13 mm thick, (d) Output of neutron detector. 
Large peak is due to y-rays, smaller peak to neutrons. Dotted curve shows neutron peak shifted to correct 
for time-of-flight delay, (e) Electron temperature deduced from soft x-ray measurements. The y-ray 
point is T e assuming y's are produced by electrons on tail of Maxwellian distribution. 
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FIG.6. Magnetic field Bz from numerical code calculation, using initial density from Fig.3(1) and observed 
external current, with "collision frequency" W^/2TT. 

Soft x-ray measurements show an electron temperature decreasing from 
about 10 keV from the first appearance at r < 10 cm at 160 nsec, about the 
time the earliest magnetic disturbance comes into view of the detector at 
г Я210 cm. Emission of у-гаУэ with energies above 0.5 MeV is seen to begin 
about the same time as x-ray emission, though the observable^volume was not 
restricted to r ,£, 10 cm as in the case of the x-rays. The y's peak about 
70 nsec before the observed x-ray peak, i.e. about the time the piston field 
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encounters the steep density gradients near r ^ 9 cm. I t i s in teres t ing to 
assume the observed y-flux being produced by electrons far out on the t a i l 
of a Maxwellian velocity d i s t r ibu t ion : the necessary electron temperature 
would be of the order of 40 keV. This suggests a non-Maxwellian d i s t r i b u t 
ion out on the t a i l since the soft x-rays indicate a temperature of only 
7 keV for the same time. Absolute in tens i ty measurements show that the 
observed x-ray flux can only be explained if i t i s produced by a l l the 
e lectrons, i . e . i t i s not possible that only a small fraction of the 
electrons have the temperature quoted above. 

The neutron emission i s of the order of 105 neutrons emitted with a 
duration of about 200 nsec, which corresponds to a peak neutron flux of 
10 neutrons/sec. The neutrons peak at about 430 nsec, before the magnetic 
disturbance has reached the tube ax i s . If we assume th is flux i s generated 
by D-D reactions in the t o t a l coi l volume with a mean ion density 
n = 1013cm-3 th is would require an ion temperature of TjSi6 keV. The actual 
emitt ing p lasma volume will, of course , be sma l l e r so the above ion t empera tu re 
will be an unde res t ima te . If, for example, the effective volume were 15% of the 
total coil volume at the same density the t empera tu re es t imate i nc r ea se s by a 
factor of 2. Any reasonable deviation from a Maxwellian velocity distribution 
should not change th i s mean energy by more than a factor of 2. Detectable 
neutron emission from D-D reactions does not begin un t i l the wave encounters 
the denser'plasma around г ДУ.0 cm; however the lack of detectable neutrons 
ar is ing e a r l i e r i s completely consistent with the lower density in the 
region r > 10 cm, and does not necessari ly mean the ions are cold there . 

Image converter photographs of the plasma taken axia l ly show a sharply 
defined luminosity moving toward the tube ax is . This l ight seems to be 
associated with the f ield reversal region where Ъ2££0. Dg l igh t was observed 
from an axia l pencil at r = 8 cm and i s seen to r i s e sharply about the time 
the f i r s t magnetic disturbance appears there , increasing to a peak in tens i ty 
in the v ic in i ty of Bz reversa l . The persistence of Dg l ine emission for 
hundreds of nanoseconds after passage of the current sheet i s further 
evidence for a high density neutral background, weakly coupled to the plasma 
through infrequent co l l i s i ons . 

Shots taken at lower i n i t i a l density show much more intense x-and y-ray 
emission, and the magnetic f ie ld shows violent high frequency osc i l l a t ions 
even near . the ax is . The implication i s that at lower density the d r i f t 
ve loc i t ies are higher, leading to a higher level of turbulence. 

In the inner region, r <, 10 cm, a compressional wave forms, accompanied 
by pronounced steepening of the leading edge of the driving f i e ld . In th i s 
region, even though the gradients a r e l a r g e r , owing to the high initial density 
the electron drift velocity is low and the two-s t r eam instabil i ty should not 
occur . The leading edge of the compress ion front t r ave l s at М д ~ 3 . The 
shock conservat ion equations for y = 5/3 predict a compress ion ra t io rj»2.8 
for a M д = 3 shock, which is about what is observed . By the t ime this com
press ion forms at 300 nsec , the x - r a y s have reached peak intensity, y - r a y s 
a re near ly gone, and neutrons a r e inc reas ing towards a peak at 430 n sec . 

Case I I 

We have also investigated the conditions at higher fill pressures 
(10 m Torr D„) and 450 gauss bias field. The initial density, deduced again 
from a study of small amplitude magnetosonic waves, appears in this case to 
be higher everywhere than in case I, but not by a factor of two (Fig.3)„ 
Measurements were made with the bias and compressing field both parallel and 
antiparallel. The two situations seem to be vastly different; the parallel 
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field arrangement leading to shock-like compression waves and the antiparallel 
to the same diffusive type field penetration as in the 5mTorr case. 

(a) Antiparallel bias field 

The antiparallel field geometry gives no magnetic compression at гЯбст 
and only small compression at r<16 cm with no structure resembling a 
stationary shock wave. Although the electron density did not simply 
increase by a factor of two over the 5 mTorr case, the observed maximum 
electron temperature from the x-ray measurement appeared to be only about 
1 keV, measured at the time of peak intensity. Earlier than this, the data 
were too irreproduceable to obtain a temperature. This low temperature may 
be interpreted as due to larger particle density and hence, lower drift 
velocity near the walls. 

11 _1 
Neutron flux in this case is about 5 x 10 -sec at peak, lower by a 

factor of two than in case I. Since the estimate of T. is insensitive to 
small changes in ion density and neutron flux, we conclude that T. is about 
A keV. 

(b) Parallel bias field 
The parallel bias field situation leads to a sharp front moving into 

the plasma at about M s 2.5 in the outer 10 cm of the plasma and then slowing 
down to M s 1 in the central 13 cm. The sharp leading edge has a width 
of about 7 mm which is 3.5 с/ш (initial plasma). The electron drift 
velocity in the middle of the shock front, assuming the electron density 
is compressed at the same rate as the magnetic field, is about 5 x 108 cm/sec. 
This is about ten times the initial plasma thermal, velocity. Assuming a 
resistive shock, the effective collision time deduced from the expression 

l ш ' uox , where Д is shock thickness, u0 is shock velocity, and 
x is effective collision time; is about 6/ш . The numerical 
code computation using as a collision time 2TT?CO . when drift velocities 
exceed thermal velocities, gives a sharp shock with width Дз4с/ыре. As shown 
in Fig. 7, two regions ot changing magnetic field are observable; the one 
on the c/co scale length followed by a constant field, then a field increase pe 
on the с/ы . scale (initial plasma) which is about the same as the diffusion 
length in й е antiparallel case. The electron temperature is again about 
1 keV but the absolute x-ray intensity is about a hundred times lower than in 
the 10 m Torr antiparallel case. This may be in part due to the decrease in 
the emitting volume. No neutrons were observed in the parallel case. The large 
magnetic compression ratio of about four and the low x-ray intensity may also 
result from a loss of electron energy along the field lines. 

10 15 
RADIUS (cm) 

FIG.7. Magnetic field profiles from probe for case II, with bias and driving fields parallel. 
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Numerical Code Simulation 
In a first attempt the low density plasma is described by a two-fluid 

model. The effects of viscosity, heat conduction, coupling of electron 
and ion kinetic energies and electrical resistance are taken into account. 

Electron and ion pressure are considered to be scalars and all the 
coefficients for the mentioned effects are "classical" (except as noted). 
In Ohm's law, the electron inertia terms are included. The set of partial 
differential equations is solved numerically by an implicit method in order 
to avoid too small time steps in this low-density and high velocity regime. 
As initial conditions, measured plasma density profiles are used. Results 
corresponding to experimental case I are shown in Fig. 6. 
Summary 

Under the conditions of our experiment, two types of magnetic disturbance 
occur: one by a diffusion-like penetration of the induced current into 
the plasma and the other by a shock wave disturbance in front of the 
induced current. 

Comparision of experimental observations with computer calculations 
implies that in the antiparallel bias field configuration rapid diffusion 
of the applied current into the plasma occurs with tne penetration length 
determined by an enhanced resistivity characteristic of an electron-ion 
streaming instability (effective collision frequency v аш ./2тг). With an 
initial filling of 5mT D_ we observed electron temperatures up to about 7 keV 
and ion energies of the same order. The peak neutron emission occurs before 
the current stream reaches the axis and also before the ions undergo one 
gyroperiod. Larmor radii of the hot ions are greater than tube dimensions. 

In the parallel bias field configuration а ( М А ^ . Э ) whock wave develops, 
well separated from the piston. The narrow (3.5 с/шр?) front thickness is 
consistent with simple resistive shock estimates using an enhanced 
resistivity determined by an electron-ion streaming instability. The observed 
electron temperatures are about the same as in the antiparallel case but 
the x-ray intensity is about one hundred times smaller, presumably due 
to a small volume of hot plasma. No neutrons were observed in the parallel 
bias case. 
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D I S C U S S I O N 

S.J. BUCHSBAUM: Could you please explain why, in the ant ipara l le l 
case , the shock has no t ime to develop? 

A.W. DESILVA: Although we do not know, for cer ta in the cause of the 
difference between magnetic profi les in the two cases , we believe that it is 
due to a difference in the ra t io of accelera t ion t ime of the p lasma boundary 
to field diffusion t ime . If this ra t io i s smal l , one may expect a shock to 
form; if it i s l a rge , a diffusion profile may form. In the field r e v e r s a l 
region accompanying the ant iparal le l ca se , neut ra l gas p resen t near the 
tube walls will ionize, loading and slowing the piston., and at the same t ime 
leading to inc reased l o s se s and to a sho r t e r diffusion t ime . 
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Abstract — Аннотация 

EXPERIMENTS IN ТОКАМАК DEVICES. The authors describe the results of recent investigations carried 
out with magnetic fields of 9-35 kG in the Tokamak devices T-3 and TM-3, presenting new data on the condi
tions of plasma column equilibrium, the energy balance and the containment time of particles in the plasma 
column. The total ion and electron temperature is determined by measuring the diamagnetism of the plasma 
and the radiointerferometric broadening of the plasma density. The electron temperature is estimated indepen
dently by measuring the soft X-ray emission spectrum, and the ion temperature by analysing the energy spectrum 
of the charge-exchange atoms. The density of the plasma electrons varies between 1012 and 5 X 1013 cm"3 . 
The electron temperature lies within the range 100-2000 eV, while the ion temperature reaches -300 eV. 
The authors give the energy containment time Tg characterizing the confinement of the plasma. An 
attempt is made to find an emipirical formula linking r E with the basic parameters characterizing the 
state of the plasma. It is shown that тЕ increases with the amplitude of the discharge current pulse and 
is independent of the longitudinal magnetic field as long as the plasma column is magnetohydrodynamically 
stable. The maximum value of тЕ is ~ 10 ms. At high temperatures iv differs significantly (by a factor 
of up to 50) from the value given by Eohm 's formula. Anomalously high plasma resistance is observed in 
cases of large currents and low electron densities. The charged particle containment time is determined 
by measuring the rate of ionization of the neutral hydrogen atoms entering the plasma column during the 
discharge and the variation in plasma electron density over time. It is found to be several times greater 
than the energy containment time r E . 

ЭКСПЕРИМЕНТАЛЬНЫЕ ИССЛЕДОВАНИЯ НА УСТАНОВКАХ ТОКАМАК. Изложены р е 
зультаты последних исследований на тороидальных установках Токамак: Т - 3 и Т М - 3 . При
ведены новые данные об условиях равновесия плазменного шнура, энергетическом балансе 
и времени удержания частиц в плазменном шнуре. Эксперименты проводились в диапазоне 
магнитных полей от 9 до 35 к г с . Суммарная температура ионов и "электронов определялась 
на основании измерений диамагнетизма плазмы и радиоинтерферометрических измерений ее 
плотности. Независимо электронная температура оценивалась по результатам измерения 
спектра мягкого рентгеновского излучения, а ионная температура — по результатам анализа 
энергетического спектра атомов перезарядки. Концентрация электронов в плазме варьиро
валась в пределах от 10 12 до 5-Ю13 с м " 3 . Электронная температура была в пределах от 100 
до 2000 эв , а ионная температура достигала величины ~300 э в . Приводится величина 
энергетического времени удержания тЕ , характеризующая термоизоляцию п л а з м ы . Сделана 
попытка найти эмпирическую формулу, связывающую тЕ с основными параметрами, х а р а к т е 
ризующими состояние плазмы. Показано, что величинат Е возрастает с увеличением а м 
плитуды импульса разрядного тока и не зависит от величины продольного магнитного поля в 
пределах обеспечения магнитогидродинамической устойчивости плазменного шнура. М а к 
симальное значение тЕ достигает величины ~10 м с е к . При больших значениях температу 
ры величина т значительно (до 50 раз) отличается от величины, определяемой формулой 
Б о м а . При больших токах и малых концентрациях электронов наблюдалось аномально в ы 
сокое сопротивление плазмы . Время удержания заряженных частиц определялось на осно
вании измерений скорости ионизации нейтральных атомов водорода, поступающих в плазмен
ный шнур в течение разряда , и временного хода концентрации электронов в п л а з м е . Это 
время оказывается в несколько раз больше времени удержания энергии тЕ . 
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Цель экспериментальной программы, выполняемой на установках 
Токамак, заключается в том, чтобы получить возможно более полную ин
формацию о свойствах кольцевого плазменного шнура с током, стабилизи
руемого с помощью сильного продольного магнитного поля. В докладе 
изложены результаты исследований, проведенных по этой программе на 
установках ТМ-3 и Т-3 в 1967- 1968 г г . В таблице 1 указаны геометри
ческие размеры установок и интервалы значений основных параметров 
(начальное давление р 0 , напряженность продольного магнитного поля H z , 
сила тока J ) , в пределах которых производились измерения. 

ТАБЛИЦА 1. ГЕОМЕТРИЧЕСКИЕ РАЗМЕРЫ УСТАНОВОК ТМ-3 И Т-3 И 
ИНТЕРВАЛЫ ЗНАЧЕНИЙ ОСНОВНЫХ ПАРАМЕТРОВ 

Установка 

Т - 3 

Т М - 3 

а а ) 

ао 
см 

15 

8 

R6» 
см 

100 

40 

Ро 
мм рт .ст . Н2 

8-Ю"5 - 1 0 " 3 

10"4 -2-Ю"3 

J 
ка 

25-120 

10-40 

«г 
кэ 

17-34 

10-25 

а'ао —радиус диафрагм. 
6)R —большой радиус тора . 

Ранее было установлено, что в установках Токамак для обеспечения 
магнитогидродинамической устойчивости плазменного шнура необходимо, 
чтобы величина q(a) = Hz-a/Hj (a)-R (где H, -напряженность поля на грани
це плазмы и а—радиус поперечного сечения плазменного шнура) превы
шала 2-3 [1]. Во всех экспериментах указанное условие выполнено. За
метим, что оно допускает простую интерпретацию. Запас устойчивости 
q(r) = H z - r /Hj ( r )R есть функция г - радиуса поперечного сечения торои
дальной магнитной поверхности в плазменном шнуре. Отношение между 
величинами запаса устойчивости на границе плазменного шнура и его 
осевой линии зависит от распределения тока по сечению плазменного шну
ра . При естественных предположениях о характере этого распределения 
(оно, очевидно, должно иметь колоколообразную форму) находим, что от~ 
ношение q(a)/q(0) лежит в пределах от 2 до 3 . Поэтому условие q(a) ]>2-3 
означает, что q(0) должно превышать единицу. Смысл этого результата 
очевиден: критерий устойчивости Крускала-Шафранова для желобковых 
деформаций и первой моды ( т = 1) винтовых возмущений должен выпол
няться во всем объеме плазмы. 

В описываемых измерениях получены новые данные об условиях рав
новесия плазменного шнура, об энергетическом балансе и о времени 
удержания частиц в плазменном шнуре. 

Рассмотрим сначала результаты измерений, относящихся к условиям 
равновесия. 

Согласно теории равновесия, развитой Шафрановым [2] , горизон
тальное смещение центра магнитной поверхности плазменного шнура от
носительно центра поперечного сечения медной оболочки камеры равно 
<50 + I5H, г Д е ; 
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b 2 H i 
(2) 

В этих выражениях /3, = 87rp~/Hj(a) (р~ — средняя величина давления 
плазмы), 1 j — внутренняя индуктивность плазменного шнура на единицу 
длины и Н± — напряженность поперечного управляющего магнитного поля, 
создаваемого с помощью специальных контуров с током . При постоянных 
значениях а, 1 j и (3j смещение должно быть линейной функцией Н± . На 
рис.1 показана зависимость измеренного экспериментально смещения 5 
от величины б н при двух различных значениях начального давления водо
рода в камере на установке Т М - 3 . При начальном давлении, равном 
2,8-10 мм рт . ст . H 2 , данные измерений подтверждают линейную зависи
мость 5 от <5Н (с угловым коэффициентом, равным 1). Однако, при на-

-3 
чальном давлении ~ 1-10 мм рт . ст. Нг наблюдается резкое отклонение 
экспериментальных данных от предсказанной теории. 

ст 

Р и с . 1 . Зависимость измеренного на установке ТМ-3 смещения б от бн (положительным 
величинам б и 6Н соответствуют смещения к внешней части тора) . 
Режим разряда: J — 28 ка; H z - 18 кэ : 
Кривая 1 — р 0 = 2,8-10" мм рт . ст . Н2 . 
Кривая 2 — р 0 = 9-10 мм рт .ст . Н2 . 

В указанном случае вертикальное внешнее поле H перестает выпол
нять ту основную функцию, для которой оно предназначено. Это поле 
оказывается не способным уменьшить смещение плазменного шнура нару
жу в широком интервале изменения величины Н± . Обнаруженная анома
лия начинает проявляться при тем больших значениях начального давле
ния газа , чем больше сила тока в плазме . Нарушение обычных условий 
равновесия при больших начальных давлениях га за ( т . е . в плазме с высо
кой электронной концентрацией) наблюдается также и в опытах на у с т а -
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новке Т-3 . Происхождение этого эффекта пока еще не установлено. Для 
его объяснения a p r io r i можно было бы выдвинуть следующие предполо
жения: 

1. Наличие большой продольной скорости у ионной компоненты плаз
мы . В этом случае в уравнении равновесия нужно учитывать влияние 
центробежной силы. 

2. Увеличение внутренней индуктивности плазмы ( т . е . величины 1;) 
вследствие того, что в некотором слое плазменного шнура ток меняет 
знак. При сильном влиянии скин-эффекта такое явление, в принципе, мо
жет иметь место . 

Подтверждением первого предположения могло бы служить изменение 
контура спектральной линии за счет Допплер-эффекта при наблюдении 
вдоль оси плазменного шнура. Изучение контура линии однократно иони
зованного гелия показало, что у ионной компоненты нет большой направ
ленной скорости . Второе предположение трудно подвергнуть прямой 
экспериментальной проверке. Поэтому в настоящее время его нельзя 
исключить. 

Изучение энергетического баланса плазмы представляет собой один 
из наиболее важных элементов данной экспериментальной программы. 
Измерение диамагнитного эффекта позволяет определить запас энергии. 
Принимая определенный закон распределения температуры по сечению 
плазменного шнура и используя данные радиоинтерферометрического из 
мерения концентрации, можно из измерений диамагнетизма найти сред
нюю величину суммарной температуры ионов и электронов, т . е . величину 
Те+г)Т\= Т, где 7}—отношение концентрации ионов к концентрации электро
нов (для водородной плазмы rj = 1 ). Фактически выбор конкретного вида 
функции Т(г) слабо сказывается на вычисляемой средней температуре. 
В данных вычислениях обычно принимается параболический закон зависи
мости Т(г) . 

В качестве независимого метода оценки электронной температуры 
можно использовать результаты измерений спектра мягкого рентгеновско
го излучения плазмы . Такие измерения были проведены на установке 

1 2 - 3 
ТМ-3 при концентрации плазмы порядка нескольких единиц' 10 см [3] . 
Спектр рентгеновского излучения определялся путем амплитудного ана
лиза импульсов в пропорциональном газовом счетчике. Оценки электрон
ной температуры на основе таких измерений находятся в хорошем согла
сии с результатами определения Т е по диамагнитному эффекту ( в иссле
дованных режимах Т;<С Те , и поэтому Т~ Т е ) . 

Для измерения ионной температуры применяется метод,основанный 
на анализе энергетического спектра атомов перезарядки [4] . Этот 
метод,в принципе, дает возможность определить максимальную величину 
ионной температуры в шнуре. 

На рис. 2 показан энергетический спектр протонов в установке Т-3 
для различных моментов времени. На рис. 3 приведены также результа
ты измерения энергетического спектра дейтонов на установке Т-3 
(верхняя кривая снята при Hz = 32 кэ, J = 120 кА и п е ~ 4-10 см ). В 
опытах с дейтериевой плазмой при достаточно больших значениях силы 
тока J индикатором ионной температуры может служить также нейтрон
ное излучение плазмы. 

Измерения проводились при разрядах в водороде с добавкой гелия. 
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б -г 10,5msec 
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Р и с . 2 . Энергетический спектр протонов в зависимости от времени, измеренный на у с т а 
новке Т - 3 . 
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Р и с . 3 . Энергетический спектр дейтонов, измеренный на установке Т - 3 . Нижняя кривая 
снята при тех же условиях разряда, что и верхняя кривая на р и с . 2 . 

Используя осциллограммы тока, напряжения и показания магнитных 
зондов,определяющих положение шнура в разрядной камере, совместно с 
данными о величине диамагнитного эффекта и радиоинтерферометричес-
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кими измерениями концентрации, можно составить систему уравнений 
процессов, с помощью которых, кроме суммы температур Т и средней 
электронной концентрации, определяются также радиус шнура а и средняя 
величина электропроводности <т. Решение уравнений процесса произво
дится с помощью электронной вычислительной машины, и все указанные 
выше параметры вычисляются в функции от времени. На рис. 4 приведе
ны результаты таких расчетов для типичного режима разряда на установ
ке Т - 3 . Видно, что сумма температур Т возрастает в течение процесса. 
Этот рост продолжается и после того, как ток в плазме проходит через 
максимальное значение. 

г) 

д) 

X£l msec 

а,с*(еГ1) 

1 Ч Ь 10 П 14 

Р и с . 4 . Р е з у л ь т а т ы расчета параметров плазменного шнура на установке Т -3 при 
Hz - 30 кэ : 
а) ток разряда (осциллограмма); 
б) кривая 1 —сумма температур Т, вычисленная по диамагнитному эффекту, 

кривая 2 - температура электронов, вычисленная по электропроводности, Т е о ; 
в) концентрация электронов; 
г) время удержания энергии тЕ ; 
д) радиус шнура, вычисленный в предположении параболического распределения плотности 
тока по сечению шнура. 
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Если электропроводность плазмы определяется кулоновскими соуда
рениями, то справедлива классическая формула ст = AT e , где А для исс
ледуемого интервала значений п е и Т е и чистой водородной плазмы мож
но установить равным ~ 1-10 (ст - в единицах CGSE, Т е - в градусах) . 
Исходя из этого соотношения, можно попытаться определить из электро
проводности среднюю по сечению плазменного шнура электронную температу
ру. В дальнейшем она обозначается Те а . Изменение Теово время процесса 
показано на рис. 4 (кривая Ь2). Видно, что в рассматриваемом частном 
случае (при относительно высокой электронной концентрации пе) отноше
ние Т / Т е о находится в пределах от 2 до 2,3 (при статистической ошибке 
в измерении отношения около 20-30%). При больших энерговкладах на 
частицу, т . е . при больших значениях Е / п е , где Е — напряженность элек
трического поля в плазме, величина Т / Т е о резко возрастает . 

На установке ТМ-3 величина отношения Т / Т измерялась в широких 
пределах изменений параметров. Оказалось, что все экспериментальные 
результаты, полученные как при различных параметрах разряда, так и в 
различные моменты времени на протяжении одного процесса, можно пред
ставить в виде одной зависимости, если использовать некоторые безраз 
мерные координаты. Такая зависимость приведена на рис. 5. По оси 

— /— 3/2 / 
ординат отложена величина (Те / Т е о ) , равная ст/стехр, где <у - электропро
водность, вычисленная с помощью классической формулы при температу
ре Те , аехр—измеренное значение электропроводности. По оси абсцисс 
отложено отношение Е / Е с , где Е с — так называемая критическая напря
женность поля по Дрейсеру (Е с ~ 10 п е / Т е ) . 

40 

За 

го 

л? 

Р и с . 5 . Зависимость отношения сг/ст 
от Е / Е с г ДЛЯ установки Т М - 3 . 

/ 2 3 4 S 6 7 8 9(0-

Полученные результаты указывают на то, что в условиях, когда куло-
новские столкновения не в состоянии остановить переход электронов 
плазмы в режим непрерывного ускорения электрическим полем, появляет
ся другой механизм торможения, обусловленный, по-видимому, взаимо
действием ускоренных электронов с волнами в плазме. С этим процес
сом связано нагревание электронов плазмы за счет перехода энергии про
дольного движения электронов в энергию поперечного движения. Теория 
этого эффекта была развита Кадомцевым и Погуце [5] . Результаты из-

, егар 

_ i _ j 1 I I ( I i _ 
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мерений на установке ТМ-3 можно рассматривать как качественное под
тверждение этой теории. Энергетический баланс плазменного шнура мо
жет быть представлен в форме следующего равенства: 

dW W 
^®--Е

 ( 3 ) 

Здесь W— запас энергии в плазме, Q —тепло, выделяемое током в единицу 
времени, т^ —интегральная характеристика термоизоляции плазмы, кото
рая обычно называется временем удержания энергии в плазме . В величи
не тЕ учитываются все возможные виды потерь энергии: за счет диффу
зии, теплопроводности, излучения и перезарядки (а также, в принципе, за 
счет ухода частиц вдоль силовых линий при резонансном разрушении маг 
нитных поверхностей). Исследования энергетического баланса плазмы на 
установках Т-3 и ТМ-3 при различных значениях начальных параметров 
разряда и в разные моменты времени привели к установлению следующих 
фактов: 

1. Время удержания энергии тЕ в режимах разряда с n e ) l ' 1 0 см 
в пределах точности измерений не зависит от напряженности продольно
го магнитного поля, если обеспечена магнитогидродинамическая устой
чивость шнура по Крускалу-Шафранову. 

2 . Величина Tg , измеренная в определенный момент времени после 
начала разрядного импульса, возрастает с увеличением концентрации 
(см . рис . 6) . 

Пе,ст -3 

' ъ З/о13 

Р и с . 6 . Зависимость времени удержания энергии тЕ от концентрации электронов пе на 
установке Т - 3 . Режим разрядов: J m a x

= 40 ка ; H z = 25 кэ . 

> 13 -3 

1-10 см и сохранении формы импульса разрядного то 
ка величина тЕ возрастает с ростом силы тока в плазме в пределах с о 
блюдения критерия Крускала-Шафранова (рис.7) . 

Сделана попытка путем обработки экспериментального материала, 
накопленного при работе на установках Т -3 и Т М - 3 , найти эмпирические 
формулы, связывающие тЕ с основными параметрами, характеризующими 
состояние плазмы. Одна из полученных эмпирических формул имеет вид: 

а 2 п е Т 3 / 2 

const (4) 
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Она удовлетворительно описывает экспериментальные данные в интервале 
изменения п е от 2-10 до 510 см" , К Т - о т 100 до 1000 эв , а - от 8 до 
17 см и H z — от 12 до 35 килоэрстед при q(a))>2. Учитывая, что Т£ пред
ставляет условную интегральную характеристику теплового баланса, а 
также принимая во внимание, что термоизоляция плазмы может в большой 
степени определяться условиями на границе плазменного шнура и может 
зависеть также от распределения тока по сечению шнура, мы не должны 
переоценивать значение найденного соотношения между т Е , п е и Т е . Для 
интерполяционных оценок при установившемся режиме можно пользовать
ся также формулой т ~ а Н , п а , где # ~ 1 / 3 . 

msec 
в 

з . 

У»,сгх,«е 

Р и с . 7 . Зависимость т £ от силы разрядного тока на установке Т - 3 при п е = 2*10 см" 
Кривая 1 - Hz= 17 кэ ; 
Кривая 2 - H z = 26 кэ ; 
Кривая 3 - Н г = 34 кэ . 

При интерпретации эмпирических формул необходимо помнить, что в 
Токамаке 'плазма удерживается только во время протекания тока, т . е . в 
данных условиях нет возможности изучать термоизоляцию плазмы без не
прерывного выделения в ней энергии. Поэтому трудно определить, явля
ется ли улучшение термоизоляции следствием повышения температуры 
плазмы или наоборот. Однако, независимо от того, как интерпретировать 
найденную зависимость тЕ от основных физических параметров процесса, 
следует признать установленным, что термоизоляция плазмы в установ
ках Токамак, в исследованных нами режимах, не ослабляется с ростом 
температуры . Поэтому величины потерь энергии при достаточно высокой 
температуре оказываются во много раз меньшими, чем те значения, кото-
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Р и с . 8 . Зависимость отношения тЕ к бомовскому времени тв от Т . 

рые вычисляются на основе применения формулы Бома . На рис .8 для 
широкого интервала изменений основных параметров процесса даны отно
шения измеренных значений тЕ к величинам тв , вычисленным по форму
ле тв = За e H z / с К Т е . Величины тЕ / т в приводятся здесь в функции тем
пературы . Видно, что при КТ~ 103 эв отношение тЕ / т в превышает 30. 
Вместе с тем, при К Т ^ 100 эв , это отношение может быть значительно 
ниже единицы. На несоответствие между результатами измерений на ус 
тановках Токамак и формулой Бома было впервые указано на конферен
ции в Калэме в 1965 году [6], и это было встречено тогда с заметным 
чувством недоверия. В настоящее время уже никто не высказывает удив
ления по этому поводу, так как вера в универсальный характер фомулы 
Бома полностью подорвана. 

В настоящее время мы не располагаем экспериментальными данными, 
с помощью которых можно было бы однозначно разъяснить вопрос о м е 
ханизме потерь энергии в установках Токамак. Однако, можно сделать 
замечания по этому поводу. 

Измерения ионнной температуры показывают, что она быстро возрас
тает с увеличением .п е (см. рис.9) [4] . Наблюдаемая зависимость Ti от 
п е, а также результаты измерений ионной температуры в водороде и дей
терии при одинаковых значениях n e , J , H z , находятся в согласии с пред
положением о кулоновском характере передачи энергии от электронов к 
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ионам. При этом предположении можно заключить, что потери энергии 
из плазмы не связаны, в основном, с ионной компонентой плазмы. В 
справедливости этого вывода можно убедиться на основе следующих 
рассуждений. 

150 

m 

so 
/ 

У 

/?&, c/rCJ 

/ 2 3 Ю" 

Р и с . 9 . Зависимость Т\ от пе для установки Т М - 3 . 

Допустим, что основная часть энергии, уходящей из плазмы, перено
сится ионами. В таком случае в установившемся режиме для водородной 
плазмы должно было бы соблюдаться условие: 

3 „ T e + T j -17 Т 
1,2-10 п , -

• T i 
TW (5) 

В правой части этого равенства стоит величина энергии, которую ион по
лучает в единицу времени в результате столкновений с электронами. Из 
(5) следует: 

Tf2<610_2neTE (6) 

Пусть п = 1-10 см и тЕ = 1,5-10 сек . При этом величина электронной 
температуры, согласно неравенству (6), должна быть значительно меньше 
110 г р а д . , т . е . КТ е ниже 100 эв . Вместе с тем, при указанных значе
ниях n e и тЕ получаем на установке ТМ-3 плазму с температурой до 
1000 эв . Поэтому потеря энергии через ионную компоненту не может 
принадлежать к числу основных механизмов, ответственных за охлажде
ние плазмы в установках Токамак (в исследованных до сих пор режимах 
опытов). В дополнение к этому следует отметить, что потери энергии на 
излучение и перезарядку также не могут объяснить наблюдаемую ско
рость охлаждения плазмы. По-видимому, должен существовать некото
рый механизм аномальной теплопередачи, который осуществляется за 
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счет энергии электронной компоненты. Баланс числа частиц в плазмен
ном шнуре, в принципе, легче интерпретировать, так как при этом нужно 
принимать во внимание только два главных процесса: потерю частиц бла
годаря диффузии и появление новых частиц вследствие ионизации ней
тральных атомов, проникающих в плазму из окружающего пространства 
(десорбция со стенок). Уравнение баланса, учитывающее оба указанных 
процесса, имеет вид: 

dt тп 
(?) 

где n - концентрация частиц в плазменном шнуре, тп —среднее время 
жизни заряженной частицы, I — приток частиц извне (число актов иониза
ции в единицу времени). В этом уравнении n и dn/dt определяются из 
интерферограммы . Для того чтобы найти время жизни частиц, нужно 
знать также число актов ионизации I. 

Подавляющая часть потока нейтральных частиц, проникающих в плаз
менный шнур, обусловлена десорбцией водорода со стенок. Поэтому 
можно попытаться определить величину I путем измерения абсолютной 
величины интенсивности свечения линий бальмеровской серии. На опыте 
были выбраны линии Н а и Нц. Измерения абсолютной интенсивности и з 
лучения линий были проведены на установке Т М - 3 . На рис.10 приведены 
данные радиоинтерферометрических измерений и измерений абсолютной 
интенсивности излучения линии Н а для типичного режима работы установ
ки Т М - 3 . Поскольку в любом элементе объема число актов ионизации к ; 
и число актов излучения k r пропорционально концентрации нейтральных 
частиц, то между ними должно существовать соотношение к ; = | к г , где 
коэффициент пропорциональности Ç является функцией электронной т е м 
пературы Т е и электронной концентрации пе . В .А.Абрамовым, Э . И . К у з -

2ГС.С 

I I É L-J^fc 

Р и с . 1 0 . Осциллограмма свечения линии Н а и временной ход концентрации электронов в 
процессе разряда на установке Т М - 3 . Режим разряда: ро= 4,6-10 ~4 мм рт .ст . Н 2 , J = 40 ка, 
Hz =24 к э . Регистрация линии Н а начинается на третьей миллисекунде. 
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нецовым и В .И.Коганом было выполнено вычисление величины Ç как 
функции от Те и пе в предположении, что нейтральные частицы, проника
ющие в плазму извне, в основном, представляют собой атомарный водород. 
Из указанных вычислений следует, что в довольно широком интервале из 
менения Те коэффициент | изменяется лишь незначительно. Зависимость 
Ç от п е при пе~10 также довольно слабая. Поэтому, усредняя соотно
шение kj= Çk r по объему плазмы, можно записать, что I = Ç JH , где JH — 
полное число квантов данной линии, излученных плазмой, а величина Ç 
берется для средних значений Те и п е . При измерении на установке 
ТМ-3 были определены значения I и найдены средние времена жизни 
частиц в плазме . На рис.11 приведены для сравнения результаты вычис
ления тп с учетом и без учета притока нейтральных частиц в плазму. 
Как показывают эти данные, учет величины I в уравнении баланса изменя
ет величину т не более чем на 20%. Некоторый элемент произвола в 
эту поправку вносит сделанное предположение о том, что в плазму прони
кает только атомарный водород. 

3 
/ 

7 

Сп msec 

Рис . 1 1 . Изменение времени жизни частиц т в течение разряда . Режим разряда: 
Ро = 4,6'10 мм рт . ст . Н2 , J= 40 ка, H z = 24 к э . 
Кривая 1 - в ы ч и с л е н и е тп с учетом притока нейтральных атомов по линии H ; 
Кривая 2 — то же для линии Hg ; 
Кривые 3 и 4 — величины тп без учета притока электронов для режимов , в которых и з м е р я 
лись линии Н а и Нй соответственно . 
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Из данных, приведенных на рис.12 и 13, следует, что время жизни 
заряженных частиц в плазменном шнуре на установке Т М - 3 , вычисленное 
с поправкой на приток извне, превышает среднее время сохранения энер
гии Тс более чем вдвое и в оптимальных режимах достигает 6 мсек . 

На установке Т-3 аналогичные измерения не производились. Можно 
только заметить , что, если соотношение между тп и тЕ приблизительно 
одинаково для обеих установок Токамак, то в оптимальных режимах эк
сперимента на Т-3 длительность удержания частиц должна составлять не 
менее 20-30 мсек (что соответствует отношению т п / т в от 50 до 70). 

L 
to £0 За 

Р и с . 1 2 . Зависимость времен удержания от продольного магнитного поля Hz для момента 
разряда t= 4 мсек . Режим разряда: р 0 = 3,7-10 мм рт . ст . Н2 , J = 16 ка . 

pPj mTorr 

OS to ts 
Рис . 13 . Зависимость времени удержания от начального давления водорода в камере р 0 , 
для момента разряда t = 4 м с е к . Режим разряда: J=40 ка, Hz - 24 к э . 
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выводы 
1. Для обеспечения гидромагнитной устойчивости.в установках Т о -

камак условие q / 1 должно выполняться в каждой точке объема плазмен
ного шнура. 

2. В режимах с q(a)^>2-3 и Т е /Т е о ~ 1 интегральная характеристика 
термоизоляции плазмы т„ : 

а) не зависит от напряженности продольного магнитного поля Hz при 
соблюдении условия Крускала-Шафранова; 

б) возрастает с увеличением концентрации плазмы; 
в) возрастает с увеличением силы тока в плазме. 

3 . Термоизоляция плазмы в установках Токамак не ослабляется с 
ростом температуры. 

4 . При больших значениях температуры тЕ значительно (до 50 раз) 
отличается от характерной величины времени удержания, определяемой 
известной формулой Бома . 

5 . В большинстве режимов потери энергии, в основном, связаны с 
электронной компонентой плазмы и не могут быть объяснены аномальны
ми ионными потерями, если принять кулоновский механизм передачи энер
гии от электронов к ионам. 

6. Предположение о кулоновском механизме теплообмена подтвер
ждается измерением зависимости т ; от параметров разряда в водороде и 
дейтерии. 

7 . Измерения скорости ионизации нейтральных атомов водорода и 
временного хода концентрации электронов плазмы позволяют определить 
время удержания заряженных частиц. Оно оказывается в несколько раз 
больше времени удержания энергии тЕ . 

Основное заключение, к которому мы сейчас приходим, анализируя 
экспериментальную информацию, полученную при работе по программе То
камак, можно сформулировать следующим образом. 

8 системах Токамак при достаточно высокой напряженности продоль
ного магнитного поля можно в настоящее время получать плазму с кон-

13 -3 
центрацией порядка 5Т0 см , электронной температурой до 0,7 кэв, 
максимальной ионной температурой до 0,5 кэв (в водороде). При этом 
плазменный шнур обладает очень высокой устойчивостью (время жизни 
заряженных частиц в оптимальных условиях превышает, по-видимому, • 
20 мсек) . 

Полученные результаты позволяют с уверенностью рассчитывать на 
то, что в рамках программы Токамак удастся продвинуться значительно 
дальше и выйти на уровень ионной температуры порядка киловольта и вы
ше при временах удержания энергии , измеряемых десятыми долями с е 
кунды . 
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DISCUSSION 

В. COPPI: The Tokamak experiments, aimed at evaluating the electron 
temperature and revealing the presence of anomalous resistivity, have been 
followed by similar ones on the Princeton stellarator. The latter experi
ments, in which the temperature was precisely measured by laser light 
scattering, have shown the existence of anomalous resistivity at very low 
electric fields much smaller than the runaway threshold and, since it was 
possible to observe the transition from normal.to anomalous resistivity, 
they have led to studies of the nature of this anomalous resistivity by ob
serving the dependence of its onset on various physical parameters. 

We propose an explanation of the stellarator experiments which does 
not involve the effects of runaway electrons. This differs from the one 
which is mentioned in your paper and which relates to the high electric 
field regimes of the Tokamak experiments. What is missing now is a 
detailed interpretation which will link the two regimes. 

S.D. FANCHENKO: Perhaps I might be allowed to make a comment 
in this connection. In 1963, our group found anomalous resistivity in a 
toroidal discharge with very strong electric fields (far in excess of the 
Dreicer field). This anomalous resistivity was due to ion sound excitation 
at lower fields and to Langmuir oscillation excitation at higher fields. 

These results are supported by the work of Hamberger and collabo
rators at Culham (paper CN-24/D-8). 

L.A. ARTSIMOVICH: With regard to Mr. Coppi's comment, it is 
possible that our interpretation is not the correct one - we were simply 
pointing to one of the possibilities indicated by Kadomtsev. 

In this connection I should like to point out that the relationship be
tween the measured and theoretical electrical conductivity in our low-
density plasma is also a function of the magnetic field strength. The 
presence of a magnetic field in the system is therefore of considerable 
importance. If one plotted a curve showing this relationship as a function 
of the ratio of Larmor radius to Langmuir frequency, one would find 
substantial differences between the experimental and theoretical values 
when the Larmor radius was significantly greater than the Langmuir 
frequency. This is a further indication of the importance of the longi
tudinal magnetic field; if there is no strong longitudinal magnetic field, 
the .difference between the experimental and theoretical values is rela
tively small. 

In this sense, the regime in our experiments differs from that obtained 
in the experiments of Lavoisky, Fanchenko and co-workers, who did not 
employ strong magnetic fields. Nevertheless, Kadmotsev's theory pro
vides an interpretation of the dependence in question. 

J .L . TUCK: You ascribe the continued emission of H , H. from your 
hot (Tj = 0 . 5 - 1.0 keV) plasmas to the entry of cold hydrogen desorbing 
from the walls. In the case of our Scylla 9-pinch, we find such an effect 
to be more a symptom of enhanced diffusion; and a 6-pinch is, after all, 
not unlike a short segment of a Tokamak. No H or Hfi emission from 
our plasma is observed when conditions favour stability, although our 
plasma is hotter (T; =2 -5 keV) and denser, and the walls are much nearer 
(3.5 cm). On the other hand, when the 6-pinch is deliberately allowed to 
become unstable (by lowering the temperature), a wave of plasma comes 
in from the wall. А Дих of cold hydrogen into a Tokamak plasma, where 
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the ion t e m p e r a t u r e is determined by t r ans fe r from Joule-heated e lec t rons , 
might have a mos t complex effect - even ra is ing the ion t e m p e r a t u r e . Do 
you have any idea of the magnitudes of any such effects? 

L . A . ARTSIMOVICH: The ion t e m p e r a t u r e is not l imited by the gas 
flux from the walls , but by ohmic heating of the e lec t rons and by heat 
t rans fe r from the e lect rons to the ions . The role of atoms penetrating 
from outside the system is secondary . 

G. VON GIERKE: Could you say something about the fluctuations 
in Tokamak devices? 

L . A. ARTSIMOVICH: Unfortunately, I cannot. Fluctuation m e a s u r e 
ments have not yet played an important part in our exper imenta l work. 





ОБ УСТОЙЧИВОСТИ ПЛАЗМЫ В 
ЗАМКНУТЫХ СИСТЕМАХ 
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Abstract — Аннотация 

PLASMA STABILITY IN CLOSED SYSTEMS. The authors investigate the stability of closed plasma configu
rations using the general geometric criterion of local stability developed by Mercier and co-workers. To render 
in an explicit form the equilibrium configuration parameters on which the stability of the configuration depends, 
the general geometric criterion is transformed by expanding with respect to the deviation from the magnetic axis. 
In the resulting criterion the terms describing the ballooning mode and plasma stabilization through deepening 
of the magnetic well due to the toroidal magnetic surface displacement associated with the plasma pressure 
are rendered explicitly. For circular magnetic surface cross-sections these terms cancel out exactly and the 
stability condition is found to be independent of the plasma pressure. In the case of elliptical magnetic surface 
cross-sections, the effect of the ballooning instability predominates over deepening of the magnetic well. 
In this case the plasma pressure, which is critical for stability, is limited. The resulting stability criterion 
is applied to a number of toroidal systems. The authors consider the conditions for stability in closed systems 
with a spatial magnetic axis and in systems with a circular magnetic axis of the two-turn and three-turn 
stellarator type. They also consider the effect of the longitudinal current on plasma stability in such systems. 
In closed magnetic traps without longitudinal current, plasma stabilization is relatively simple in the presence 
of a shallow magnetic well. The critical valu^ of 0 = 2p/B2 may exceed the relative depth of the vacuum 
magnetic well 0V"/V* by an order of magnitude. When there is a longitudinal current, there appear additional 
factors that affect the stable containment of the plasma. 

ОБ УСТОЙЧИВОСТИ ПЛАЗМЫ В З А М К Н У Т Ы Х СИСТЕМАХ. Исследуется устойчи
вость замкнутых плазменных конфигураций. При этом используется общегеометрический 
критерий локальной устойчивости Мерсье и др. Для выделения в явном виде параметров 
равновесной конфигурации, от которых зависит ее устойчивость, общегеометрический 
критерий преобразуется методом разложения по отклонению от магнитной оси. В получен
ном таким образом критерии явно выделены слагаемые, описывающие балонную моду не
устойчивости и стабилизацию плазмы за счет углубления магнитной ямы из-за тороидаль
ного смещения магнитных поверхностей, связанного с давлением плазмы. Для круглых се
чений магнитных поверхностей эти слагаемые в точности компенсируются, и условие 
устойчивости оказывается не зависящим от давления плазмы. В случае эллиптических 
сечений магнитных поверхностей эффект балонной неустойчивости преобладает над углуб
лением магнитной ямы. В этом случае критическое для устойчивости давление плазмы огра
ничено. 

Полученный критерий устойчивости применяется к некоторым конкретным тороидаль
ным системам. Рассматриваются условия устойчивости в замкнутых системах с простран
ственной магнитной осью,а также в системах с круговой магнитной осью типа двухзаход-
ного и трехзаходного стеллараторов . Рассматривается также влияние продольного тока 
на устойчивость плазмы в таких системах. В замкнутых магнитных ловушках без про
дольного тока стабилизация плазмы сравнительно легко осуществляется при наличии не
глубокой магнитной ямы. Критическое значение /3 = 2р/В2 может на порядок превышать 
относительную глубину вакуумной магнитной ямы ФУ'/у. При наличии продольного тока 
появляются дополнительные факторы, влияющие на устойчивое удержание плазмы. 
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1 . П О С Т А Н О В К А З А Д А Ч И 

Состояние теории гидромагнитной устойчивости плазмы в 
приближении беснонечной проводимости в настоящее время 
позволяет произвести детальный анализ особенностей замкнутых 
систем для удержания плазмы. Мы будем иметь ввиду системы, 
не содержащие проводников с током внутри плазмы, т.е. систе
мы типа стелларатора и токамака, но не левитрона и октуполя. 
При этом мы ограничимся рассмотрением однородных конфигура
ций, у которых.магнитное поле на оси постоянно, а сечения 
магнитных поверхностей вблизи оси представляют собой эллипсы 
с постоянным отношением полуосей. Общей основой для рас -
смотрения таких систем может служить предложенный Мерсье [1] 
метод разложения по расстоянию от магнитной оси. 

Как известно, равновесие и устойчивость плазмы зависят 
от числа вращения силовых линий M * <у/У£ , от производ
ной /w'= JM/J<J> , характеризующей перекрещенность силовых 
линий ( шир ) и от производной у 1 1 - ^V/clcf*3" , характери
зующей крутизну усредненой магнитной ямы ( при ~\fff< О ) 
или магнитного бугра ( У " > 0 ). Здесь через jf и (j> обозна
чены поперечный и продольный потоки магнитного поля, а через 
У - объём, ограниченный магнитной поверхностью, через кото
рую проходит поток ф . Все упомянутые величины, вообще гово
ря, не постоянны. Расчеты систем, обладающих симметрией,пока
зывают, что значения /VI , м' , у * на крайних магнитных 
поверхностях вблизи сепаратрисы могут сильно отличаться от 
значений этих величин в центральной части системы { в окрест
ности магнитной оси). Однако в реальных системах, не обладаю
щих строгой симметрией, магнитные поверхности на периферии, 
как раз в той области , где M , м' , у'' изменяются круто, 
оказываются разрушенными. Пригодной для удержания плазмы 
является лишь центральная часть системы. Это обстоятельство 
и оправдывает применение к расчету тороидальных систем с 
достаточно плавной магнитной осью метода разложения в окрест
ности магнитной оси. Независимо от способов создания системы 
для удержания плазмы её свойства в основном зависят от значе
ний M , M1 , Y ' в окрестности магнитной оси. 

Для определения (И и У в окрестности оси достаточно 
задания шести геометрических параметров, зависящих от длины 



CN-24/B-2 177 

дуги <S , отсчитываемой вдоль магнитной оси 
fa), *W, IV), Si*) , Н^'^у^) 

Здесь К и 32. - кривизна и кручение магнитной оси ; £. 
параметр эллиптичности,связанный с отношением полуосей £t , 
Л , эллиптического сечения магнитных поверхностей вблизи 

магнитной оси : , ,,,,, . „,. 

(1) 
Наряду с £ удобно использовать также параметр £ , связан
ный с £ соотношением 

е * = Vo^iyc/ -^" (2) 
$($) - угол между главной нормалью к оси и малой полуосью 
эллипса, так что S(L)/21f <=• К определяет число оборотов, 
которое совершает сечение магнитной поверхности при прохожде
нии вдоль замкнутой системы с длиной оси L, ; параметры 
(!(}}, fait) характеризуют асимметрию сечения магнитных 
поверхностей- (третью гармонику), которая наиболее заметно 
проявляется при удалении от оси. 

Производная /и' при £Фо требует для своего определе
ния знания ещё двух параметров, характеризующих четвертую 
гармонику магнитных поверхностей. Однако в критерий устойчи
вости М1 входит в более высоком приближении разложения по 
отклонению от оси. Поэтому для описания равновесия и устойчи
вости плазмы в окрестности магнитной оси достаточно задания 
указанных выше шести параметров. В методе разложения по сте
пеням расстояния f> от магнитной оси это соответствует 
ограничению третьим приближением разложения. 

При расчете устойчивости плазмы в замкнутых системах 
необходимо принимать во внимание искажение магнитных поверх
ностей, связанное с наличием плазмы. При конечном давлении 
плазменный шнур подобно накаченному балону стремится растя
нуться. При этом внутренние магнитные поверхности оказыва
ются смещенными наружу относительно внешних поверхностей в 
сторону более слабого тороидального магнитного поля. Благо
даря этому возникает углубление магнитной ямы. Этого углубле
ния достаточно для компенсации существенной доли эффекта ба-
лонной неустойчивости замкнутого плазменного шнура. Такая 
самостабилизация плазмы в замкнутой системе весьма сущест-
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венно повышает критическое отношение давления плазмы к дав
лению магнитного поля Ô = 2 bMz , при котором плазма устой
чива ( в приближении идеальной гидродинамики ) благодаря 
наличию вакуумной магнитной ямы. 

Для расчета искажений магнитных поверхностей под влия
нием плазмы необходимо задавать внешние граничные условия. 
8 условиях большинства существующих экспериментальных торо
идальных систем в качестве граничных условий необходимо 
задание внешнего магнивного поля. Однако решение задачи с 
таким условием требует расчета магнитного поля вне области, 
занятой плазмой, что при некруглой форме сечения магнитных 
поверхностей представляет собой достаточно сложную задачу. 
Более проста для решения задача с другим условием, соответ
ствующим наличию идеально проводящего кожуха профилирован
ного сечения,фиксирующего форму крайней внешней магнитной 
поверхности. Мы ограничимся здесь именно этой постановкой 
задачи. 

В третьем приближении разложения по расстоянию f> от 
магнитной оси, достаточном для описания основных характе
ристик равновесной конфигурации и параметров, влияющих на 
устойчивость, уравнение семейства магнитных поверхностей 
имеет вид 

f = Jb. [f*0+tb2t,) + *>V, <*« + о(хSM(+ «ДОЗ^+^ЗД3«Л=<^+ (3) 

Здесь В с - магнитное поле на магнитной оси, взятой за 
координатную ось, U. - фаза эллиптического сечения вблизи 
оси 

* - » * * (4) 

9 - азимутальный угол, отсчитываемый от главной нормали к 
магнитной оси ; erf, , <^ , ^ , <•, - параметры третьего 
приближения магнитных поверхностей. Эти параметры связаны 
двумя соотношениями, так что независимыми являются только 
два из них [2]. 

Сечения $*Cekit магнитных поверхностей представляют 
собой семейство несимметричных замкнутых кривых. Целесообраз
но ввести понятие геометрической оси заданной магнитной по
верхности. Определим её так, чтобы в системе координат, свя
занной с геометрической осью и деформированной так, чтобы 
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эллипсы вблизи оси превратились в "окружности" k ^ e + h t i , 
уравнение магнитной поверхности в третьем приближении не 
содержало бы гармонии c*4u_ , £,<,«. : 
«f * Р г+ ^ (£, ̂  (НУ* + fyt*b\7u.)f? - «•** = Я г

 (5 j 
В недеформированной системе координат, связанной с геометри
ческой осью,это уравнение имеет тогда вид 

+ % [Ms;* зu + зs ли £ J ЯГ3} = &« г 
где р у & - расстояние от оси и фаза сечения магнитной 
поверхности в новой системе координат. 

Одну из этих поверхностей примем за поверхность 
идеально проводящего кожуха 

V(fr,Z,s)~B0a; (7) 
Задав кожух, мы тем самым фиксируем параметры £ , *., , <ъ . 
Заданным значениям этих параметров соответствует семейство 
кожухов, сечения которых изображены на рис.1. Значение V 
на сепаратрисе при (1г*0 равно 

*£•= &.af - &.<У*/и<£ <8) 
Для определения магнитных поверхностей <̂  = Во я * при 

заданном кожухе достаточно знать смещения Д/ = ),0г , А г = } г а х 

их геометрических осей по нормали и бинормали к магнитной 
оси. Эти смещения однозначно выражаются через заданные пара
метры £ , я , а,г с помощью уравнений равновесия [з]. 
Параметры ̂  , ̂  , ̂  , £ связаны с «f, , «f, , о^ , ̂  
соотношениями 

*2=L*'t;?,,-£tV4i. , (9) 

Заметим, ,что в выражение для У " параметры о^ , e/t , «'з , ̂  
входят в комбинациях (1-£)°(л - ЪЫг , (2+zJe(t- Зе«V 
Как видно из формул. (7) первая из них равна -Ч(1-1)еУг$х , 
а вторая ~Н(<*1)(Уг\х • Таким образом, магнитная ямы в 
соответствии с качественными соображениями зависит непосред-
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ственно от смещения магнитных поверхностей. Поскольку в 
смещении есть часть, зависящая от давления плазмы, то и в 
магнитной яме можно выделить чисто геометрическую часть и 
часть, связанную с давлением плазмы 

г- 1С* v; 
В свою очередь геометрическая часть магнитной ямы состоит 
из вакуумной магнитной ямы и ямы, созданной током, текущим 
по плазме. 

ч*%г<£ 

Р и с . 1 . Семейство возможных сечений кожуха с заданным параметром q1 = l ' , ' 2 / 3 / 3 a s в 
"скругленной" системе координат. При переходе к нормальной системе координат следует 
ось у растянуть , а ось х сжать в ~J(l + е )(\ - е ) р а з . 

Общий критерий гидромагнитной устойчивости плазмы отно
сительно локальных возмущений [4— 7] состоит в основном из четырех членов 
[8 , 9 ] . 

£+С +B+WÏ0 
(11) 

Первый член £*jM,z характеризует стабилизирующую роль 
шира, второй С~р' - перестановочную неустойчивость, связан
ную с продольным током, третий В ~р,2к2 — балонную моду неустойчивости, 
связанную с непостоянством кривизны силовых линий, четвертый 
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\y~p'V" — стабилизирующую роль магнитной ямы. В окрестно

сти оси слагаемое S выпадает, так как оно более высокого по

рядка малости по р, чем остальные слагаемые . 

В соответствии с разделением магнитной ямы на две части 
можно написать 

W-V.+ty (12) 
Расчет показывает, что при S.-=Q углубление магнитной ямы, 
связанное с давлением плазмы, полностью компенсирует балон-
ную неустойчивость ("У|£=-6). В общем случае, £.фО , 

w f + Ô ~ - *7>'х си) 
Таким образом,роль балонной моды неустойчивости уменьшается 
с уменьшением £. . Однако в ряде систем для удержания плазмы 
глубина вакуумной магнитной ямы также падает с уменьшением 
£ . Поэтому существуют оптимальные значения параметра £• , 
дающие максимальное критическое значение /3 по устойчивости 
в конкретных тороидальных ловушках. 

2 . СИСТЕМЫ С КРУГЛЫМ СЕЧЕНИЕМ МАГНИТНЫХ 
ПОВЕРХНОСТЕЙ 

Рассмотрим сначала системы, в которых внешнее магнитное 
поле есть поле соленоида, ось которого представляет собой 
замкнутую кривую с кривизной k(4) и кручением &(â) . При 
3£в0для обеспечения равновесия в таких системах необходим 
ток. ПриэС^о равновесие возможно и без продольного тока, 
однако, при этом плазма неустойчива. Продольный ток приводит 
к смещению магнитных поверхностей в область ослабленного то
роидального магнитного поля и созданию усредненной "вакуумной" 
ямы ( "l£V О ), обеспечивающей гидромагнитную устойчивость 
плазмы. Критерий устойчивости плазмы в таких системах при 
однородной плотности тока и параболическом распределении дав
ления получен и исследован в работах Мерсье [1] .Возможно 
обобщение этого критерия на случай произвольных распределений 
давления и тока по радиусу плазменного шнура. Соответствую
щий критерий выглядит как обобщение нритерия Сайдема на слу
чай замкнутого плазменного шнура [8]: 
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Здесь м = му + лг0, My - число вращения, обусловленное током 

a Mo " число вращения, связанное с кручением магнитной оси 
^ -ijj^i 5 - *£ (16) 

_. о 
Функция р связана с вакуумной магнитной ямой 

В этой формуле kK - фурье-компоненты относительной кривиз
ны i 

KW- к(4)*кр-1(ъ*~$Ж.&) (18) 
Заметим, что . 

fj I^HI1-Jc*«M*Vs 
«i- oo L I (I9) 

При J- О критерий (14) принимает вид 

(20) 4 м ^ 
Устойчивость при 0 ^ 0 возможна только за счет шира (/и =£о). 

При jf^о коэффициент р может превышать единицу, так 
что критерий устойчивости выполнится даже при /и'=о . В част
ности, для плазменного шнура с круговой магнитной осью ( То-
камак ),когда khL/ln = &>*•> f*o~о , коэффициент F = 1/р£ , 
и условие устойчивости выполняется в области достаточно ма
лых токов [i] 

С' < L (2!) 
В системах типа рейстрека эта область устойчивости 

сужается и исчезает, когда длина прямолинейных участков срав
нивается с длиной закруглений. Но зато появляются дополни
тельные области устойчивости ( щели Мерсье ). Диаграмма 
устойчивости в рейстреке приведена на рис.2. 

На рис.3 приведена диаграмма устойчивости в восьмёрке 
Спитцера, составленной из дуг одинакового радиуса. Характер-
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ным здесь является то, что попасть в область устойчивости 
при наращивании тока нельзя, не проходя области неустойчи
вости. Этим восьмёрка с током принципиально отличается от 
системы Токамак. 

Р и с . 2 . Диаграмма устойчивости плазмы в Токамаке , имеющем форму рейстрека: L s , L c — 
длины прямого и закругленного участков, соответственно, Mj = 1/q =LBQ /2!raB0 . 

Р и с . 3 . Диаграмма устойчивости плазмы в восьмерке Спитцера при наличии продольного 
тока , IUQ —поделенный на 2тт собственный угол вращательного преобразования, связанный 
с геометрическим углом восьмерки а соотношением ju0 = 1 - 2а /тт, Hj = LBe/2fl"aB0 . Из ри
сунка видно, что центральная область устойчивости соответствует примерно условию 
-lK.f^.0 при ц )<С0 и условию 0 <д <1 при ^ J ^ O ; ( ^ = / J O + W ) . 

3 . СИСТЕМЫ С НЕКРУГЛЫМ СЕЧЕНИЕМ МАГНИТНЫХ 
ПОВЕРХНОСТЕЙ 

В системах с некруглым сечением магнитных поверхностей 
расчёт устойчивости нетрудно произвести в предположении,соот
ветствующем примерно однородному распределению тока и парабо
лическому распределению давления плазмы [1],П]. Системы 
с принципиально некруглым сечением - это системы стелларатор-
ного типа, в которых вращательное преобразование создаётся 
поперечным мультипольным магнитным полем. Однако и в тех 
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системах, где вращательное преобразование создается за счёт 
тока или кручения оси, деформация сечений магнитных поверх
ностей может способствовать углублению ямы и, тем самым,повы
шению устойчивости плазмы. . 

Сначала мы рассмотрим именно такие системы, так как они 
могут обладать осевой и винтовой симметрией. 

а) Токамак с некруглым сечением кожуха 

Условие устойчивости плазмы в осесимметричном Токамаке 
может быть записано в виде [з, 7] 

$< hw + l'fM-ffhb) (22) 

где 
•t ' 

•f = 
(23) 

(24) 

Последнее слагаемое в (22) характеризует роль балонной моды 
неустойчивости. 

Из критерия устойчивости видно, что если при £=-0 
( круглое сечение ) плотность тока ограничена условием 

№7чв: < i (25) 
то п р и £ ^ о , 0.,-фо предел тока может стать выше ( особенно 
при £<:о, Z,<ot что соответствует сплюснутому в направлении 
оси симметрии сечению с заострением, направленном внутрь 
тора ). Например, при £ = 0,8 , fl,R= 0,5 

)ТМ<<,к-о,1^ (26) 
а при £ = - 0,8 , <^,Я = - 0,5 

ГЛ7НЫ< 23,4-14fi (27) 
Для нагрева плазмы выгодно иметь большое Jz , однако 

если при этом сечение сильно сплюснуто, то возникают большие 
градиенты температуры и сильные потери тепла, зависящие от 
7 г Г . При фиксированной тороидальности кожуха (т.е. при за
данном отношении горизонтальной полуоси €* к радиусу R ) 
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угу «Tti+tî/tD/l* = 2Т/£(*+*) . Таким образом, 
температура будет тем выше, чем больше jz(.-H-z) . Оптималь
ным с точки зрения нагрева плазмы будет условие, при котором 
максимальна безразмерная функция 

9-$^-£'£*£!».-д£ (as; 
Для круглого сечения кожуха ( Ê = 0 ) Ç = I. Графини 

зависимости функций ^ / у . ^ ) и i^-t) показаны на рисЛ. 
На рис.5 (кривая "а") представлена функция Q при чисто 

Р и с . 4 . Зависимость функций ^ / ( l - e ) и f 3 / ( l - e ) от е . Первая из них характеризует 
магнитную яму в Токамаке чисто эллиптического сечения, вторая —роль баллонной моды. 

Р и с . 5 . Зависимость функции Q, характеризующей влияние формы кожуха на нагрев плазмы 
в Токамаке , от с при 0, = 1 и разных значений параметра ассимметрии сечения q ^ 
a ) q j R = 0 ; b J q ^ O . S ; c j q j R ^ - 0 , 5 . 

эллиптическом сечении кожуха ( <L = 0 ) с 3 9 - I. Как видно 
из этого рисунка, Q имеет максимальное значение при круглом 
сечении ( £. = 0 ). В случае несимметричных сечений величина 
Q изменяется на 12еу„/(2 + е) . Сростом \ ^ \ 

уменьшается средний радиус сепаратрисы семейства кожухов с 
заданным значением <^i и, соответственно, отношение попереч
ного размера плазменного шнура к его длине. Поэтому следует 
выбрать Çt не слишком большим. Для достаточно крутого тора 
с <jLtk= 0,5 и Ц,ХИ= - 0,5 функция Q ( t ) показана на том же 
рис.5 ( кривые в , с ). Здесь имеется два максимума при 
£= + 0,7. Значение Q в этих максимумах в два с небольшим 
раза превышает значение Q при £ = 0. Форма сечения кожухов 
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с faRr 0,5 ; £ = 0,7 и <££= - 0,5, £ s - 0,7 показана 
на рис.6. Действительный же выигрыш, связанный с изменением 
формы кожуха, зависит от закона, по которому реальный коэф
фициент теплопроводности связан с температурой плазмы и не 
может быть оценен в рамках данной работы. 

Р и с . 6 . Возможная форма кожуха в Токамаке , соответствующая кривым b и с на р и с . 5 . 

/ 
б) Пространственная система с магнитной ямой 

Пространственной системой мы для краткости будем назы
вать систему, ось которой представляет собой пространствен
ную кривую, обладающую кривизной к и кручением эе . Про
странственные системы с круглым сечением магнитных поверх
ностей, как следует из раздела 2, имеют магнитную яму только 
при наличии продольного тока конечной величины. Добавление 
второй и третьей гармоник магнитного поля позволяет создать 
пространственную систему, обладающую магнитной ямой и в от
сутствие тока [2]. Простейшей пространственной системой 
является система с винтовой симметрией, имеющая вид винтово
го соленоида. Если винтовой соленоид обвивает тор, кривизна 
которого мала по сравнению с кривизной винта, то мы получаем 
замкнутую систему, мало отличающуюся от системы с винтовой 
симметрией. 

Условие устойчивости плазмы в системе с винтовой сим
метрией выглядит так ( R = L/zw = VÎT*1***-' ̂  

(29) 

В отсутствие продольного тока { М-, = 0 ) стабилизация 
возможна, если произведение £f,/k превышает некоторое крити
ческое значение. На рис.7 показана зависимость &^г/яг от £ 
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при фиксированном значении (j,t для винтового плазменного 
шнура с углом подъема 45° (£=эе). Следует иметь ввиду, что 
средний радиус сечения плазменного шнура можно считать неза
висимым от aL и равным среднему радиусу сечения кожуха Q-
e q K лишь при <lidK<СУг/з/з' 1 когда размер сепаратрисы семей
ства магнитных поверхностей с данным а.х больше размера 
кожуха. При фиксированных размерах системы при увеличении 
а, сепаратриса попадает внутрь камеры. В этом случае Manen

di 

Р и с . 7 . Зависимость критического по устойчивости давления плазмы от с и q, в винтовом 
плазменном шнуре: 
l - q j R ^ O . 3 ; 2 - q ! R = 0 , 5 ; 3 - q,R= 1,0; 4 - qjR= 1,2 . 

мальный размер шнура ограничен размером сепаратрисы Q K ^ -
- Z*^/3f$<Li. .Поэтому несмотря на то, что функция й/еЙ?г 
растет с увеличением <f,L , граничное значение J3 в данной 
системе сначала растет с a,t , достигает максимума при 
о,, « €.^/з<ъ QK И затем падает. Зависимость &ы*х от £* 
при фиксированной тороидальности £/<?* представлена на 
Рис.8. Как видно из этого рисунка, при соответствующем выбо
ре параметров системы ограничения на давление плазмы с точки 
зрения гидромагнитной устойчивости практически нет 
( /3*i«u ~* )• Заметим, что глубина ямы при этом невелика 
( ~ 4- % )• 

В системе с вакуумной магнитной ямой можно пропускать 
ток, не нарушая равновесия и устойчивости плазмы. Если ток 
имеет такое направление, что числа вращений My и (Ч« одного 
знака, то он оказывает стабилизирующее действие. Малый об
ратный ток ({MjKl^ol , /и,р0* О. ) оказывает дестаби
лизирующее действие. Его максимально допустимая вели -
чина зависит от глубины вакуумной магнитной ямы. Достаточно 
сильный обратный ток, при котором изменяется знак суммарного 
вращательного преобразования, (//иэ I > //tfe/ ), оказывает так
же стабилизирующее действие. 
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Диаграмма устойчивости винтового плазменного шнура с 
максимальной вакуумной магнитной ямой ( £ я* 0,3 ; £Д» I ) 
представлена на рис.9. Как видно из рисунка, по плазме можно 
пропускать также и переменный ток, не выходя из области 
устойчивости. 

Рассмотренная пространственная система с винтовой сим
метрией может служить грубой моделью замкнутых систем типа 
пространственных восьмёрок. 

Р и с . 8 . Зависимость критического давления от qx при оптимальном значении е в винтовой 
системе с фиксированной тороидальностью R / a k = 4 . 

в) Двухзаходный стелларатор 

Под двухзаходным стелларатором обычно подразумевается 
система, в которой поперечное магнитное поле изменяется по 
закону &£р 2i(e + tC$), где ) = 2ÏÏS/L, . Благодаря эффекту 
кривизны, которая входит с множителем £хь(±1Ъ)к любому 
двухзаходному стелларатору всегда подмешиваются гармоники 
поля гхр iIQ * **$) и гя.рС(зе + 2ц$ ) . При этом пара -
метры at , fyz магнитных поверхностей имеют вид 

U •%»<"** > ^-fc.*'1-1* (зо) 
Оказывается, что примесные гармоники даже при малой ампли
туде довольно сильно влияют на форму магнитной оси и на кру
тизну магнитной ямы. Искусственным добавлением примесных 
гармоник можно существенно расширить возможности двухзаход-
ного стелларатора. Поэтому будем считать амплитуды а/0 , 
а1о произвольными. 

Чувствительность магнитной ямы к полю третьей гармоники 
усложняет применение критерия устойчивости к конкретным 
установкам. Поэтому мы ограничимся .здесь выяснением принци
пиального вопроса о возможностях двухзаходного стелларатора, 
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полагая, что магнитная ось при наличии плазмы является 
окружностью радиуса R. . Так как оптимальные условия устой
чивости достигаются при малой эллиптичности, то мы запишем 
критерий устойчивости двухзаходного стелларатора, полагая 

CL«i : 

îr г, г Нс£ [ | -^£ г+ Vfa.+ feJg] (3D 

Р и с . 9 . Диаграмма устойчивости винтового плазменного шнура с максимальной вакуумной 
магнитной ямой (€ « 0 , 3 ) ; q j R ^ l ) при наличии продольного тока (/JJ / 0) . 

Из этого условия следует, что в случае чисто эллипти
ческих сечений магнитных поверхностей ( %а-<^го-О ) плаз
ма устойчива лишь при £* < Ъ/ZK1 . При этом максимальное 
критическое давление равно /Зц,,х = 3QY32R1 И достига
ется оно при ьг в 3/чн*~ • 

Добавление третьей гармоники существенно изменяет усло
вие устойчивости. На рис.10 приведены графики функции R*B/Q*-
для стелларатора о d = 7 при Ящ-Ъо-Я* На рис.11 изображе
на зависимость я от параметра третьей гармоники при 
фиксированной тороидальности кожуха /?/^tté. Эта кривая 
построена аналогично кривой рис.8 для винтового плазменного 
шнура с той разницей, что размер шнура принимается равным 
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половине размера сепаратрисы, поскольку в системах, не обла
дающих симметрией магнитные поверхности вблизи сепаратрисы 
разрушены. Как и в случае винтового шнура, в двухзаходном 
стеллараторе при соответствующем выборе его параметров нет 
ограничения по давлению плазмы. Однако определенным практи
ческим недостатком его является отмечавшаяся выше чувстви
тельность к весьма малым изменениям формы равновесной конфи
гурации. 

02 OJt 0,6 £ 

Р и с . 1 0 . Зависимость критического по устойчивости давления плазмы от е и qj в двухза 
ходном стеллараторе с п= 7 : 
1 — qjR= 0,5; 2 - q i R = 0 , 7 5 ; 3 - q j R ^ l . O . 

Рис.11. Зависимость критического давления от qj при оптимальном значении е в двухза
ходном стеллараторе с n-7,R/ak- 6. 

г) Резонансный характер трехзаходного стелларатора 

Трехзаходный стелларатор выпадает из общей схемы рас
смотрения, использованной в настоящей работе, из-за равен
ства нулю угла прокручивания на магнитной оси ( М{р)=0 ). 
Случай M = 0 относится к числу резонансных. Малое попереч
ное однородное магнитное поле В х приводит к существенному 
искажению конфигурации в окрестности магнитной оси. Характер 
этого искажения легко уяснить, рассмотрев задачу о влиянии 
поперечного поля By =6.1. на семейство круглых магнитных 
поверхностей il= xlt4*~= c«t^t .Для hi -заходного стел
ларатора м •=• Mt.\l(^'Z) . В этом случае, как нетрудно 
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показать, возмущенные магнитные поверхности описываются 
уравнением f 

s ^ _ \x^-o+ 2(*-ть±Л CoMtf 
m-i L (Mtge J 

Магнитная ось этого семейства имеет координаты Х^Хо / $ - 0 . 

Х ^ . -£В± 
(4*8. 

Из-за корневой зависимости смещения от возмущающего поля 
( Х0с Виг^'3^ ) величина смещения даже при малом возмуще
нии оказывается достаточно большой. Вблизи оси сечения эл
липтические, причем параметр эллиптичности и отношение полу
осей равны, соответственно 

Искажение начальной формы магнитных поверхностей перестает 
сказываться лишь при значительном удалении от оси *1 »|Лв1 . 

В трехзаходном стеллараторе (№ = 3 ) отношение полу
осей эллипсов вблизи оси равно tu/if s \/з* . На рис.12 пока
зана форма магнитных поверхностей при И̂ = 400 \г/цх , 
бх/Зо = Ю . Как видно, уже простая модель показывает 
очень большую чувствительность приосевой области к возму
щающему однородному полю. 

Численные расчеты магнитных поверхностей в трехзаход
ном стеллараторе Uo, и ] подтверждают эти заключе
ния. Более детальные расчеты показывают, что отношение полу
осей не постоянно. По мере продвижения вдоль магнитной оси 
оно слегка меняется. При этом сам эллипс слегка покачивается, 
но не проворачивается вокруг оси полностью. 

Путем тщательного регулирования можно добиться обращения 
однородного поперечного магнитного поля на оси в нуль.Однако 
уже незначительные изменения параметров плазмы { например, 
давления ) вновь приводят к искажению приосевой области. 
В случае трехзаходного стелларатора поперечное поле связано 
с давлением соотношением Вх^ fih/flmm* ' 

Это резонансное свойство трехзаходного стелларатора 
требует специального подхода н расчету критического давления 
плазмы с точки зрения гидромагнитной устойчивости. 
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ПРИЛОЖЕНИЕ I 
В работах [4-6] был получен общегеометрический необ

ходимый критерий устойчивости равновесной идеально проводя
щей плазмы,относительно локальных возмущений. При этом под 
локальными возмущениями понимаются малые смещения плазмы от
носительно положения равновесия, имеющие произвольную форму 
на рассматриваемой магнитной поверхности и малую протяжен
ность в направлении нормали к магнитной поверхности. 

Р и с . 1 2 . Иллюстрация неустойчивости приосевой области трехзаходного стелларатора на 
модели цилиндрически-симметричной конфигурации с ц = и1г . Принято AI3=4O0/R , где R — 
радиус воображаемого тора . Возмущающее поперечное поле составляет 10"2% от продольно
го (Вх/В о = 10"4 ). 

Для равновесной плазмы, описываемой уравнениями 

*/>-г;й / /•*"** ' *îrS'° ал) 
соответствующий критерий устойчивости можно представить в 
виде [7]: 

где г^^ф^Ф 
б- =(]4 WV \NVI7 

(1.2) 

(1.3) 

ИЛ) 
Величины _Q. и р « также как и давление Р , являются по
верхностными функциями, зависящими только от текущего объема 
Y заключенного внутри рассматриваемой магнитной поверх-

file:///nVI7
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ности. Они выражаются через производные по объему У от 
продольного и азимутального магнитных потоков <f> и { и 
продольного и азимутального токов 5 и X 

f.rf-tf, SL.rwtf-f№ (I.5) 
Угловыми скобками обозначено усреднение по объему, заключен
ному между двумя соседними магнитными поверхностями, или, 
что эквивалентно, усреднение по замкнутой магнитной силовой 
линии, лежащей на рациональной магнитной поверхности 

Член $ /</ характеризует стабилизацию широм, величина 
Р - описывает стабилизирующее действие магнитной ямы 
( w i h S ) , a величина Q- описывает дестабилизацию, связанную 
с конечным давлением плазмы. 

Как показано в работе [9], критерий (1.2) без члена 
ffly является достаточным условием устойчивости для плазмы, 
удерживаемой квазиоднородным магнитным полем. При этом усло
вие квазиоднородности предполагает малость магнитного поля, 
создаваемого токами в плазме, по сравнению с внешним магнит
ным полем. 

В окрестности магнитной оси 6 плазменной конфигурации 
критерий (1.2) без члена£ г / у можно преобразовать к виду 
[9] __„ _,* , _, / Q \м \*' 

>ZO 

где р - расстояние от магнитной оси, а штрихами обозначены 
производные по продольному потоку ф . Здесь характеристи
кой магнитной ямы является ~\f" , а остальные члены описы -
вают дестабилизацию,связанную с наличием токов в плазме. 
Для устойчивости при спадающем давлении P'(Y)< О необходи
мо у*< о . 

Величину У в окрестности магнитной оси можно пред
ставить в виде контурного интеграла по магнитной оси : 

"V \ « / \ /vil' / (1-7> 
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где к(4) и dt(4) -кривизна и кручение магнитной оси, 6(S) = ih'i 
- параметр эллиптичности приосевых нормальных сечений магнит
ных поверхностей, &(4)- угол малой полуоси эллипса с нор
малью к магнитной оси, Вор) и j0(i) - поле и плотность тока 
на магнитной оси, Р*{>(ф) , oft(4/ и o(t.{i) - параметры магнитных 
поверхностей, уравнение которых в скругляющей системе коорди
нат 1 , "& , 5 , проворачивающейся вокруг магнитной оси i 
вместе с приосевыми сечениями магнитных поверхностей, имеет 
вид 

Член, пропорциональный р ^ в выражении (1.8) в общем 
случае сокращается при подстановке у " и V'=JB B критерий 
устойчивости (1.7), который в результате также может быть 
представлен в виде контурного интеграла на магнитной оси à 

Входящие сюда параметры & и У*, определяются стандартной 
системой уравнений 

Ъ'-*%*- *k£*s.\s J (i.ii) 

где 
-̂ a; "'-**А J- ̂  (*'-** a ) - и-12* C*£ V ifio 

- угол прокручивания магнитных силовых линий в окрестности 
магнитной оси. 

Уравнения для параметров с^ и «* имеют такой же вид 
как и (I.II), однако в правые части этих уравнений входят 
также и параметры У* и Y*. . Поэтому целесообразно предста
вить (/t и c(z в виде сумм 

— «v; <•, = oti + o/i / «/i = a/« + *i. (1.13) 
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таким образом, чтобы ос< п «г удовлетворяли уравнениям 

При этом критерий устойчивости (1.10) можно преобразовать 
так, чтобы в него не входили % и «г. : 

-?}{№-'««)-№- Ç- $* '-&'}% - (1Л5) 

._£ 

Как показывает выражение (I.15),условие устойчивости конфи
гураций с круглыми приосевыми сечениями магнитных поверхно
стей, когда £=• о , сводится, при z/<. О, к требованию У% О , 
где в выражении У " отброшен член, пропорциональный р ' . 

Для получения уравнений для параметров магнитных поверх
ностей о?, и с^ ограничимся решением граничной задачи при 
заданной форме нормального сечения внешней магнитной поверх
ности Z • В общем виде семейство магнитных поверхностей, 
каждую из которых можно принять за внешнюю поверхность s > 
можно в рассматриваемом приближении записать в смещенной 
системе координат 

х, = г, а/1?, = х*+* 
(I.I6) 

}•%,&*,''/. + } 
в виде 

V f tï(li<*i&i * ètS,\x)j t l3C*3$t + ê^/iJà}) =£Гг ( I . I 7 ) 

где а = co*it , a Z<(4 ) - заданные функции. При этом функция 
магнитных поверхностей представляется в виде 

T . ( I . I 8 ) 
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Сравнивая это выракение с выражением (1.9) для функции V 
в координатах у=-?с^г?-, »*££/**?• , получим при малых 

V 

A t = IXo/Q2- , Д г = ^ . / * г
 ( 1 Л 9 ) 

(/t^A^li. , «г= аг + Ъъ , <<з= ё3 / <•,« éy (I.20) 

Функции èi(4j могут быть заданы произвольно, при этом только 
следует иметь в виду, что семейство (I.I7) имеет сепаратрису, 
размеры которой зависят от Zi . Бели ограничиться случаем 
симметричных относительно оси Ч профилей сечений магнитных 
поверхностей, то Дг= e^'lyO, и остаются два произвольных 
параметра несимметричности сечений èi. и ез . В тексте докла
да мы ограничились случаем if О . В общем случае параметры 
«^ и' ô?t , входящие в критерий устойчивости (I.I5), удов
летворяют стандартной системе уравнений 

Здесь ft. и 5* соответственно равны 

**- (^М^><^И£Ч>* (I.22) 30 

во в, * - - $у11№+*ъ) +Ф*#)ь + (&'+ k)ci 

и введены следующие обозначения : и/« £'- ае , 

<i-*£Y*W - с-*в;й**к* (124) 
Таким образом, входящие в критерий устойчивости пара

метры o?f , Ât и Yt , Уг определяются системами уравнений 
(I.2I) и (I.II) с известными правыми частями. Решения этих 
уравнений можно представить в виде рядов Фурье, что в основ
ном и использовалось в тексте доклада. Однако, в ряде случаев 
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представляется более удобным использовать интегральное реше
ние [1], которое для стандартной системы уравнений 

2/-VZi«k J (1.25) 
может быть записано в виде d 

a a 
где Z •= 2± * i 2д, > 1 в £ + ^ л > ^ " длина магнитной 
оси конфигурации , v * -Vf*; •* $9<rJ4 • 
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• D I S C U S S I O N 

R . S . PEASE: What is the l imit on (3 for stability in Tokamak sys t ems? 
L . S . SOLOVYEV: There is no l imit on j3 in the formula 

p1 ( 4 /R 2 - j2//32) > 0. If one drops the, assumption that the t r a n s v e r s e 
c ros s - sec t ions of the magnetic surfaces near the magnetic axis a r e 
c i rcu la r , the width of the stabili ty region becomes dependent both on 
the p lasma p r e s s u r e and on the ellipticity and non-symmet ry (pear shape) 
of the magnetic surface c r o s s - s e c t i o n s . 

M . S . RABINOVICH: In your presentat ion you stated that, if no mag
netic well was employed, hydrodynamic stabili ty was impossible however 
great the shea r . Did I understand you cor rec t ly? 

L . S . SOLOVYEV: Yes, you did. Since M e r c i e r ' s general ized geo
me t r i c c r i t e r ion is an essent ia l condition for stabili ty, while the magnetic 
well is a fundamental stabilizing factor in this c r i t e r ion , there is - generally 
speaking - an unstable region in the vicinity of the magnetic axis when 
there is no magnetic well. 
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M.S. RABINOVICH: To what extent are your calculations applicable? 
For example, there is apparently no dependence on /3 in Tokamak devices 
in your approximation, whereas there is in the next approximation. 

L.S. SOLOVYEV: For a toroidal system with a longitudinal current 
(Tokamak) and with magnetic surfaces having circular transverse cross-
sections, the pressure-dependent terms in the stability criterion cancel 
out. The dependence of the stability region on pressure is extremely weak 
in such a case - from the point of view, naturally, of the generalized 
geometric criterion for local hydromagnetic stability. 



P R O P R I E T E S DES PLASMAS 
TOROIDAUX A j3 FINI 

J . - C . A D A M ET С MERCIER. 

A S S O C I A T I O N E U R A T O M - C E A , F O N T E N A Y - A U X - R O S E S , FRANCE 

Abstract — Résumé 

PROPERTIES OF TOROIDAL PLASMAS WITH FINITE 6. There are particular values ( б/2тг)0 of the 
rotational transform on the magnetic axis in the vicinity of which the plasma is strongly perturbed. If the 
plasma has a plane magnetic axis defined by its curvature, 1/R(s) = Eak exp ( i 2k TTS/L) a value of 
(t /2тг)0 = к corresponds to each Fourier coefficient a^ f 0. 

There are two possible methods for studying these deformations and their effect on plasma stability: 
expansion in the vicinity of a magnetic axis; and the helicoidal approximation, which is applied particularly 
to the type of configuration whose rotational transform is due to the longitudinal current. 

This approximation reduces the problem to one of solving equations for a helicoidal plasma and simplifies 
analysis. 

The paper is a fairly general study of the equilibria predicted in devices of the Tokomak and Harmonica 
types. The authors show how the various equilibrium characteristics (displacement of the magnetic axis, mean 
magnetic well - V", and shear) vary as a function of parameters such asA/2fl^> and 0 = \ 2p/B2/ and those 
parameters characterizing the current and pressure distributions. 

The above quantities increase substantially as(t/2ir)0 is approached, until the simple-topology (one 
magnetic axis) equilibrium breaks down. 

Models describing the behaviour of a plasma with several magnetic axes are studied and tend to prove 
that, when one passes the point where ( L/2TT) = k, there results either strong turbulence of the plasma or 
states involving several magnetic axes. 

The equilibrium can be studied experimentally by measuring the flux passing through a loop formed 
by two diametrically opposed conductors wound several times around the torus. The plasma displacement 
and formulas giving this flux as a function of the plasma parameters are established and compared with the 
experimental results. 

The MHD stability is studied with the localized criterion. The high V" < 0 and the strong shear 
calculated near (t/27r)0 favour non-MHD instability. 

PROPRIETES DES PLASMAS TOROIDAUX A 0 FINI. On sait qu'il existe des valeurs particulières 
( б/2тг) 0 de la transformation rotationnelle sur l'axe magnétique au voisinage desquelles le plasma est 
fortement perturbé. Si le plasma présente un axe magnétique plan défini par sa courbure 
1/R(s) = 2a^ exp(i2k7rs/L), à chaque coefficient de Fourier a ^ f 0 correspond un(t/2TT)0 = k. 

Pour étudier ces déformations et leurs conséquences sur la stabilité, deux méthodes sont possibles: 
le développement au voisinage d'un axe magnétique et l'approximation hélicoïdale qui s'applique prin
cipalement au type de configuration dont la transformée rotationnelle est due au courant longitudinal. 

Cette approximation réduit le problème à la résolution des équations pour un plasma hélicoïdal et 
permet des études analytiques plus simples. 

Le mémoire présente une étude relativement générale des équilibres prévus dans les appareils du type 
Tokomac et Harmonica. Il montre, en fonction de paramètres tels que \ь/2тг / , 0 - \ 2 p / B 2 / et de 
ceux qui caractérisent la répartition du courant et de la pression, comment varient les diverses caractéristiques 
de l'équilibre: déplacement de l'axe magnétique, puits magnétique moyen (V") et cisaillement. Ces 
quantités sont très fortement augmentées à l'approche de(t/27r)o jusqu'à la rupture de l'équilibre de topo-
logie simple (un axe magnétique). 

Les auteurs étudient des modèles de comportement du plasma avec plusieurs axes magnétiques; ces 
modèles tendent à prouver que le franchissement de(t/27r)0 = к conduit soit à une turbulence forte du 
plasma, soit à des états comportant plusieurs axes magnétiques. 

L'étude expérimentale de l'équilibre peut se faire en particulier par la mesure du flux passant a 
travers une boucle formée par deux conducteurs diamétralement opposés dans une section et tournant 
plusieurs fois le long du tore. Les auteurs établissent des formules donnant ce flux en fonction des para
mètres du plasma ainsi que le déplacement de ce dernier. 

Ils étudient la stabilité MHD avec le critère localisé. Le fort V"< 0 et le fort cisaillement calculé 
près de (t/27t) 0 sont par ailleurs favorables aux. instabilités non MHD. 

199 
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Pour étudier les propriétés des plasmas torol'daux plusieurs méthodes sont 
possibles, qui peuvent se compléter pour obtenir les renseignements nécessaires à 
la compréhension des divers phénomènes / 7 / , / 2 / , / 3 7 , / 5 7 . Parmi ces méthodes 
nous rappellerons le développement au voisinage d'un axe /T/ et la représentation 
hél icoïdale du plasma torique / 2 7 • 

La première méthode a permis de mettre en évidence certaines valeurs 
part icul ières des paramètres caractérisant la transformation rotat ionnel le sur l 'axe 
magnétique au voisinage desquelles le plasma est fortement perturbé. Si l 'axe ma
gnétique est p l an , on peut le déf in i r par sa courbure ~—,;=£a|/ exP l ~P&-- e t â 
chaque a ^ ^ O correspond u n [ - ^ — ) = k. 

La déformation du plasma est alors due aux effets de courbure et dépend 
fortement de f i . A cette déformation sont liées des propriétés intéressantes tel les 
qye la formation de puits magnétiques moyens ( V " < 0 ) et l 'augmentat ion des 
effets de cisai l lement (shear) „ L ' inconvénient de la méthode précédente est qu 'e l 
le rel ie d i f f i c i lement les propriétés près de l 'axe magnétique à la géométrie totale 
du plasma ( plasma, vide , coque, champs magnétiques extérieurs appliqués) et 
cesse d'être appl icable quand ( J"° ) tend vers К . Dans ce dernier cas , la mé
thode hél icoïdale s'applique très bien et permet d 'étudier le plasma dans son ensem
ble en étudiant un problème de type p lasma-hél icoïdal , l ' image hél icoïdale du plas
ma étant d i f férente suivant la s ingular i té к é tud iée . Dans la suite de cet ar t ic le 
nous exposerons certaines études de configurat ions fermées planes (axe magnétique 
plan ) dont la transformation rotat ionnel le est due au courant longi tudinal I . Les 
résultats seront en par t icu l ier appl icables aux appareils du type Tokamac et 
Harmonica : 
- avec к = 0 axe magnétique c i rcu la i re - (Tokamac , Harmonica 0 ) , 
- avec к = 2 axe magnétique donné par Л =-^ÏL( / l + 2 cos ^"[|а ) (Harmonica I I ) . 

Dans la part ie 1 nous étudîerons4es propriétés générales des équi l ibres 
avec un seul axe magnétique au voisinage d e ( - ^ j ^ ) = k . 

La partie 2 étudie la stabi l i té MHD de ces équ i l ib res . 
La part ie 3 expose quelques modèles de plasma de topologie plus com

plexe qui peuvent se présenter quand les condit ions requises pour les équi l ibres 
de topologie simple ne sont pas rempl ies. 

1 . PROPRIETES DANS L 'APPROXIMATION HELICOÏDALE DES PLASMAS 
EN EQUILIBRE 

1 . 1 . Calcul général 

Dans un t rava i l précédent / 2 / sur la méthode hél icoïdale nous avons 
établ i les (équations suivantes pour un plasma MHD 

7 ^ Г-~* - » л -I г- О 
B = F u + u Л g r a d F 

f et F fonctions uniquement de p et t = 8 + r 
f et la pression p sont fonctions arbitraires de F qui est donné par : 

tf = g div ( - ^ g r a d F ) g = ( ^ a u p c o s t ] 2 • U2?2 

2k-n - ^ = ("l-ciK P c o s t ) " i ^ - U p ~te 

9 
K = — r — u = 
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Pour des questions de s impl ic i té nous l imiterons p(F) et f(F) à des fonc
tions quadrat iques. Nous poserons alors sans perte de général i té 

f ' = r 0
2 - ^ 2 F 2 = f\2 - A * F 2 

R2 

P = P2 F? + Pi F + Pc (3) 

Nous supposerons en outre que le champ magnétique longi tudinal appliqué est fort 
et qu ' i l est peu perturbé par le plasma . On peut alors développer l 'opérateur У? 
suivant I es puissances successives de (a p )~ (kp )^ / £,en écr ivant F = F-,(£) + F2 (£,) 
et P = -T0+ 0 ( £ 2 ) = В s + 0(8). L'opérateur ï s 'écri t : 

/ F = Vc + - y - grad c - J _ grad c (4) 

l ' indice " c " indique que l'on do i t écrire les opérateurs en coordonnées c y l i n 
driques p et t . Pour un tore à section c i rcu la i re , la solution générale à 
l'ordre £ г s 'écr i t : 

t = t " _ ^ E ( X ' t ) = t ~ ( ^ + ^ R > N S C ° S t ) l (5) 

E ( x < t ) = I o - М Я ' » ) _ K g j IQ ( h W J o ^ ' M c o c t 
21 

(6) 

(auR) g (xyE, 

Iх '2 + 2 U R x - M *̂) cos (7) 

, K R ) У 
2 '(^I*) ^ i t H ^ - ' l - ^ o ^ 1 ^ c o s t 

avec p = R* y = p 2 R' , 2 о 2y X = constante d ' intégration 

ХУ r0 
i l . 

( ' • * ) 
xy 

4 1 , • I o -
И'2 

^n - *n У) (8) 

Pour obtenir cette solution nous avons tenu compte du fa i t qu'à l ' ap 
proche des singularités p^ et p 2 croissent et peuvent devenir d'ordre -4— et 
qu'alors des termes comme (cii,p) p1 ou (a^p) p 2 doivent être considérés com
me d'ordre zé ro . Par contre, nous avons négligé des termes comme (a t,p\ p., qui ne 
sont pas déterminants pour les propriétés au voisinage de la s ingu lar i té . La connais
sance de F permet alors de ca lcu ler toutes les quantités intéressant le plasma. 
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Les quatre paramètres Х,У , jx'2 , ET , contenus dans F peuvent être reliés à 
des quantités physiques globales telles que le courant total longi tudinal l e t la pres_ 
sion moyenne Рм . Ces quantités seront introduites dans les calculs par les quari-
tités sans dimension : 

' M 
271 

? 

I 
2 л R 

L 
2-nR f, 

1 = k + 

2 P M 

(9) 

(10) 

2П — étant une valeur globale de la transformation rotat ionnel le dans le plasma. 
Compte tenu de la condi t ion de confinement du plasma , c'est-à-dire de la nul
l i té de la pression P pour P = R on obt ient : 

E 0 - E1 

( H ) 

(12) 

d'où l'on t ire par intégrat ion en négl igeant les termes en £ 

g 

avec E0 = „ - 2. (J-o ^-Z~^1 /2 ) ' v01"'0"1, de 0,36 à 0,25 lorsque 

> t ' 2 va r i e de J 0 ^ à + 00 . 

Pour que la pression soit partout posit ive nous devons imposer plusieurs condi t ions: 

a) (УЕ . , ) < 0 

b) (4^-V = î 4.0 Э х 7 t = 0 

La condi t ion b) s 'écr i t 1) 4 1 avec 

a k R 
L(u±2}±)-^&31+AbLy,£. E) (13) 

Remarquons que le cas l imite E^ = 0 n'impose pas la condi t ion b) mais que 
si О > 1 la topologie de l 'équi l ibre est complexe avec 2 axes magnétiques 
(cf .5 3 ) . 

Calcu l des courants : Il se f a i t sans d i f f i cu l té à part i r de : 

,2 , 
К J = j u u - u A grad Г = J u u + - j ^ - u л qrad F 

Ju = #F-
(14) 
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On trouve le courant to ta l à part i r de la composante longi tudinale j s ; 

vient : 

'M _ _ L _ ± L L _ U _ L W 
2TJ 2T!R Ç0 2 T I R / 2nR / 2 

= - U -
(15) 

d'où 

_ 2 1 * * U _ L ^ 7 
(16) 

En ut i l isant cette expression le courant j s 'écr i t 

T W M ) t ( ^ ) f - E - ) 
t a, R xcos 

y- ч L f jl ^ - E . 
4 l 2 A 2nR / f] E 0 E-j-

(17) 

A l 'aide de (12) et (16) on peut exprimer y en fonct ion de E , 

7 = 2 Af 
41; 

2nR 
1 

L'expression de y (13>) s 'écri t alors 

E . 
(18) 

a K R 
lob Hz 

2л R 
P> (19) 

La partie symétrique de L montre clairement que le paramètre u '^ caractérise 
la forme de la répart i t ion de courant : si u.1 ri < 0 , j _ aura un maximum et un 
minimum si J A ' 2 n > 0 . Lorsque y.' —>0 la répart i t ion du courant ne di f fère 
d'une constante que par sa part ie antisymétrique proport ionnel le à la courbure. 
Ces effets deviennent très forts quand n — >Opart icul ièremenr pour les termes 
contenant p, comme le montre (17) ou (19) . Cependant , n ne peut devenir 
trop pet i t sans qu'on v io le la condi t ion \) 4- 1 . Nous terminerons en donnant 
les expressions finales pour le ca lcu l de E ( x, t ) 

r- _ I o - I 0 ( j x ' ) 
t -c\JM = ' -syM 2 1 . 

(20) 
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•NS 

NS'-

1.2 
2 I 2 2 ( Û U R ) 

4 I 2 

b i ^ ) + & M 

M/*'*) _ XIQQVX) + L _ i i i \ / I, (M' 
1 л 1 о А 2 I-, 

(21) 

M ' 2 I 2 

j i ' I ^ x ^ - x 2 ) - ni hiv'* (22) 

E s et le premier terme de E ^ç, sont Indépendants de E^ , E^S reste pet i 
ne présentant pas d 'ampl i f i ca t ion pour n pet i t analogue au terme en ^ . N i 
tons également que ( - Ц ^ 5 - ) х = 1 = О 

L'expression de la répart i t ion de pression est donnée par 

h. E ( E - 2 E ) 

E „ - E , 
(23) 

expression qui met bien en évidence le rôle de E-j sur cette répar t i t i on . 
Une dernière caractérist ique importante de ces configurations au v o i 

sinage d'une singulari té ( Y)—*• 0 ) est le déplacement qui peut être très important 
de l'axe magnétique par rapport au centre du plasma. Pour avoir la posit ion x ^ 
de l 'axe magnétique qui se trouve sur l 'axe t = 0 (ou T)) o n cherche les racines 
de f ~ ^ 'Jt-o ~ в • Nous la donnerons expl ic i tement dans l 'un des cas pa r t i cu 
liers que nous traiterons par la suite . . 

Remarquons enf in qu'au voisinage de - j v r - = U la représentation hé 
l icoïdale к est prépondérante et l 'axe magnétique tourne к fois autour de l'axe 
central du plasma par grand tour de to re . 

I .2 . Cas par t icu l ier 

a) Champ magnétique dans le cas du vide entourant le p lasma 

P=fn 
Uï, 

F=F0 +«0 °/og p + —£- fz + cost 

Pi + - i a u Uf° p3 

*°аи P / £- ' « oa p + ci. p + 

on en déduit 

e ' -^ - . f }^^ 2 

f 0 (^+a k pcost) + «:0k 

^ 

sint e P 

(24) 

(25) 

p s — K ^ 
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b ) f ' # Ô 

Cette l imi te a l 'avantage de s impl i f ier considérablement les expres
sions analy t iques. Elle permet en outre de découpler les effets de répar t i t ion 
de courant des effets de courbure en s'affranchissant des premiers pour ne d é 
gager que les effets physiques importants qui sont ampli f iés par l 'approche de 
la singulari té n = 0 . E ( x , i ) s 'écri t alors : 

E ( x , t ) = ( W l-x>ACosi+
 V K R ) (4_x2) c o s t (26) 

( a У. ЩЧ r e s t a n r toujours pet i t devant 
s'écrit : 

\) . Dans les mêmes condit ions V 

( ° k R ) 4 1 2-nR 

(27) 

Comme mentionné précédemment on obt ient faci lement l'expression 

du déplacement de l 'axe magnétique (sur l 'axe t=1) 

x _ - 1 ± | / l t 3 i / 
M з7 

X étant compris entre -1 et + l ; dans le cas jj ^ Л on voi t qu ' i l n'y aura qu'une 
seule valeur de xM alors qu'on en trouve 2 pour p > Л . L e déplacement ma-
. . ; l_ I l _ - . . . l - _ i l - _ ! . ._ I - . . . . , __ Л I .ч A . ! l ximum de l 'axe pour les topologies avec un seul axe est х м = -^-
s'écri t au contraire x M — —£— 

c) Cas E-, = ° o et E-, = 0 

pour v> pet i t . 
iM); 

Le cas ЕЦ = oo correspond à la lo i l inéaire pour P : p_ = 0 , la répar
t i t i on de pression correspondant à ce cas étudié en déta i l dans /2/ 

£ e = 2 p , E ( x ( t ) 2 

Le cas E.. = 0 donne au contraire : P D = 2D> — = — 

On voi t que quel le que soit la valeur de D la pression est str ictement 
pos i t i ve . Ce cas est.étudié dans le § 3 . 

1 . 3 . Cisai l lement des lignes magnétiques (shear) 

Une propriété importante des configurat ions en re lat ion avec la sta
b i l i t é MHD et non MHD est l 'e f fet stabil isant de la var ia t ion de la transforma
t ion rotat ionnel le en fonct ion de la surface magnétique . 

Selon la r é f . / 2 / nous écrirons : 

l c = u _ ^ _ d E . = u~(*,. R\ / A L u n x 
2-n с1Ф M°wR) -Й -И 1 

-1 Г x dx (28) 

£ E N S s m t 

l ' in tégrale étant prise sur la courbe déf in ie dans une section droi te par E=Cte . 
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Pour simplifier les calculs et faciliter l' interprétation, nous calcule

rons le "shear" dû 6 la répartition des courants indépendamment des effets de 

courbure ( a i. R = 0 ) et celui calculé avec y-' =0 et entièrement lié aux effets 

de courbure. 

S, ( q k R ) = 0 : - ^ = U + ^ X b ^ ( 2 9 ) 

Pour u,1 = 0 et ( a ^ R ) ф О on obtient 

Lz L . , -П V a - c - ? 1 , f = \ o - b (30) 
2TI 2 ^ ^u>| ' I \J a - с 

a,b ,c , racines de У 2 t 3 -H (1 - V2) t 2 - 2 E t + E 2 = û 

I/ (Ф) fonction elliptique complète. 

Sur le bord du plasma (E=0) ou sur son axe (E=E..) cette expression se simplifie 

et donne : 

2. L= U + 4 ) / 

^ L d
= u + r A 

/ 0 f Î D 2 

/<-И 

[г + р + э у 2 ) (3i) 

(32) 

Cette dernière expression {-^rr-J, est tout à fait générale comme on peut le 
montrer en étudiant (28) pour £ —» 0 . Il est intéressant de remarquer que si 
le courant a un maximum les deux shears (cylindrique et de courbure) sont de 
même signe, ( 17 >0), de signes opposés si le courant est minimum. Nous verrons 
dans la partie 2 que pour les termes de stabilisation liés à V" c'est le contraire 
qui se produit . 

1 .4 . Equilibre à deux milieux : plasma-vide 

1 .4.1 . Plasma et vide avec coque conductrice circulaire et champ transverse 
appl iqué 

Pour simplifier les calculs, nous supposerons dès le départ que le plas
ma a une section circulaire décentrée de la distance S par rapport au centre 
de la coque circulaire ( § > 0 signifie que le déplacement est vers l'extérieur 
pour s = 0 ) . Le mouvement du plasma par rapport à l'axe de la coque est ana
logue au mouvement de l'axe magnétique par rapport à l'axe géométrique du 
plasma. Il tourne к fois si (-=•-—] /v, U. . Une étude plus poussée utilisant 
les coordonnées bipolaires a permis de montrer que l'approximation circulaire 
est seulement valable si jJ < Л . 

Pour calculer S il est commode de poser R=l . On écrit à l'aide de 
(24) que la coque de rayon b serait surface magnétique si le champ magnétique 
extérieur В n'était pas appliqué . 
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ê Uf„b -^0ok€'^Uf(ak )Kf0bn(^1-B ijb + -bL 

Pour ca lcu ler °i0, °c Ai i l suffit d 'écr i re que la surface du plasma de 
rayon R=l est surface magnétique pour le champ dans le vide ainsi que les 
2 équations de cont inu i té des champs magnétiques sur cette surface. F ina le 
ment : 

auR 

ktr U b2 R 

Ь/R B J 
ТтП? ^ r R2J 

^тг+(Ч* 
R' 1 Г 

)+U 
V ± + k(Jg-s) 

a^R 2 47I R2 

(33) 

Remarque : dans /5/ on introdui t la self induct ion interne d'une unité de 
longueur du cordon de plasma 

L,= 
Ti a2 Ц 

B', ? à? dp de 
(x = 1) 

(34) 

ce qui donne à £ 2 près dans notre cas 

L L = 

+ r? ••? 1 _J 
кч-ii (35) 

pour k=0 t i = L^ . Si on écr i t alors 

U 
R -+-

к / 4L 
•? V ^ 1 1 " 2nR 

P> 
r 

(36) 

i l est fac i le de voir que pour k=0 l'expression de é est identique à la formule 
(48) de la ré f . / 5 7 . 

Un moyen de diagnostic très bien adapté à ces phénomènes consiste 
à mesurer le f lux к passant à travers un ruban faisant к tours le long du tore, 
dont les bords seront disposés symétriquement par rapport à l 'axe central de la 
coque (distance 2 i ) et disposés dans le mi l ieu vide pour ne pas perturber le 
plasma „ 

Ce f lux К est proport ionnel à F ( { n ï - F ( - i , 0 ) et nous le définirons 
en introduisant un champ magnétique transverse moyen B i tel que 

К =2 L e B, (37) 
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On trouve 

В 
x 

/"2тГ£ 

С/ R 

[^ Mh k F 
F L f« 

où £Y est donné par (33) avec Bj^ =0 
et Sp est la même expression que £ g avec 

b 
e (k-

u / 

T 
R 

Ub2N 

R 2 J 

à la place de b . 

(38) 

1 . 4 . 2 . Plasma-vide en l'absence de coque conductr ice 

Le problème consiste à évaluer le champ magnétique B e e que l 'on 
doi t créer de l 'extér ieur pour que le plasma précédemment étudié soit en é q u i 
l i b r e . „ 

Pour cela nous devons calcu ler le champ extérieur B e au voisinage 
du pjasma puis lu i retrancher le champ créé par les courants intérieurs au plas-
raoBe' _ ^ _,,. _*. 

Bee = B e , - Be.1 (39) 

Dans le cas k=0 , symétrie de révolut ion , le ca lcu l est ana ly t ique-
ment s imple. Pour les cas plus compl iqués, seul un ca lcu l approximat i f est pos
sible sans trop de comp l i ca t ion . Pour les champs extér ieurs, .comme nous vou
lons étendre un peu la va l id i té du ca lcu l à des valeurs de 

2TI non nécessaire
ment très proches de к , nous prendrons les formules (25) pour Bext en sommant 
sur к . Dans cette sommation , 0 doi t être remplacé par (—^В— И ; de même, 
pour le courant j s (17) , qui nous permettra de calcu ler approximativement 
le champ créé par les courants intérieurs , nous ajouterons une sommation sur 
к dans les mêmes condi t ions. 

Cette général isation n'est pas rigoureusement exacte et cela t ient au 
fa i t que les expressions trouvées représentent une solution adaptée au mode к 
dominant . Ceci est visible en remarquant que même pour a k R - 0 la solution 
choisie dépend de l ' image hél icoïdale envisagée. Cependant si on pose que 

y. П = JJ-'u ( ~*£n~k) est une quantité indépendante de к , la généra l i 
sation proposée est valable dans la mesure où les expressions qui interviennent 
dans les calculs tels que (—zÂ^—j dépendent peu de u.1 . 

Cette général isation étant admise pour déterminer le champ extér ieur 
produit par les courants intérieurs sans calculs lourds et sans intérêt compte tenu 
des approximations fai tes, nous remplacerons le ca lcu l de ce champ dans la sec
t ion d'abscisse curv i l igne par le champ produit par le tore c i rcu la i re de même 
courbure en s et parcouru par le courant J s ca lculé en s . 

On peut montrer que cette approximation revient à ca lcu ler exac te 
ment le terme en -g- et en log p dans un développement du champ au v o i 
sinage d'un conducteur, le terme constant suivant n'étant pas évalué exac te 
ment . 

Ce ca lcu l donne pour le champ 

Bei = H 
^ 0 a k ^p Py 

f \ l 
i n ( ( 

2к-ш У f 
ы„ иоа[к 4? Рч 

L 2 Г 
cos(e 2Uns ,-т-

(40) 

2-nR R 
L Д 2R(s)/l 2T? 4 R 

8R(s) 
sin 6 e p +cos f 
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d ' o ù B e e q u e l 'on décomposera 

B e e = B X e + B 2 t + Bj_p[a n + B s (41) 

B i e est " n champ transverse qui tourne к fois le long du to re . Il a pour 
valeur : 

T£-'oH r(-^)(akR) 4 2 a, R /, 
2p siirt+fg c°st (42) 

В oi- est un champ transverse qui tourne 2k fois autour du tore 

1 /2TIR ^2b-^J2uf(^)(okR) Ux*(*p «'nl-Oeccet (43) 

B , ptah est un champ transverse perpendiculaire au plan de l 'axe magnétique, 
Son module dépend de e 

B j _ p l a n = - ^ o V 
2 n R \ R 

. p i a n - o ^ L / 2 R ( s ) V 2 

si k=0 , on a simplement : 

.Л / «Ufcfc)) 
sin в ер+слс, в ep (44) 

B, 2-nR ) (w • ^ 2-n R 2 a0R 
(45) 

2 . ETUDE DE LA STABILITE. 

Nous uti l iserons le cr i tère de Suydam généralisé / 6 / s o u s la forme don
née dans [\J . 

' d v U - n j j ^ Q j g r a d r P 
B2ds 

Igrad^l V2TW d V Л Ф * larac |cjradV| >/0 
(46) 

Comme dans / 2 / et pour les mêmes raisons , nous avons par t i cu l i è re 
ment étudié la 2ème part ie du cr i tère l ié au V" et aux effets de pression 
(bal looning ) .Pou r comparer ces 2 parties , on peut écr ire de façon très sché
matique ce cr i tère en négl igeant les ternies de pression liés au shear et au V" : 

d £ \ î T i 
+ 2 

L P> 
2 - n R / E - E dE 

JJOQ U >_, (termes de pression ) (47) 

où U = 

Vers l 'axe magnétique E / E ^ , donc le terme de shear ne joue pas. 
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Près de la s ingular i té , s i p n'est pas trop pet i t ,\) ф / д . , R\2 9- \ 
ce qui donne en ordre de grandeur: *] 

9 •) 
(AS) + -, -r A JjyO. U >/ ( termes de pression) 

1 i 

(48) 

S = 
\[V У) V 2 n 

Dans le cas ju. '=0, S ne dépend que de X> (voir f i g . 1 et 8 ) . 
Pour v = J\ A F = \ / ~ 4 ^ ~ et si (au R ) =0,1 la f i g . 5 donne 

Д -Zoa U ф 0,1 / les 2 termes sont du même ordre dans le cr i tère , quel 
que soit Çb pas trop pet i t . 

0 0,1 0,2 0,3 0,4 0,5 Q6 Q7 0,8 0,9 

FIG.l . Variation de l'angle de transformation rotationelle en fonction de E/EM . 

Les études sur ce cr i tère (46) ont été fa i tes, soit analyt iquement (au 
voisinage de l 'axe magnétique par exemple ) , soit numériquement. Sans c o n 
naissance précise sur la répart i t ion de pression, nous avons étudié le cas l i 
néaire (E,=DÛ Pz-° )• 

Les F i g . 2 , 3 et 4 montrent les domaines d 'équi l ib re stable à un axe 
magnétique pour k=0 et k=2 ( a - =1 , cas Harmonica 2) et k=4.avec valeur 
var iable de a ^ / a 0 . L a courbe y = Л sépare les régions représentant des 
configurat ions à un axe magnétique des régions représentant des configurat ions 
à topologie plus complexe (3ème par t ie ) . Les courbes ju_ =Cte séparent les 
domaines stables et instables pour les régions du plasma voisines de l 'axe ma
gnét ique. Ce sont les régions les plus d i f f i c i l es à stabil iser et où l 'ef fet du 
terme shear, de toute manière, ne joue pas . 

Il est à remarquer que le domaine de stabi l i té diminue quand y2- d e -
croft et devient négat i f , c'est-à-dire lorsque le courant tend à se concentrer 
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FIG.2. Domaines maximum de stabilité pour les machines du type Harmonica 0 pour différentes valeurs 
de u. 

FIG.3. Domaines maximum de la stabilité pour les machines du type Harmonica 2 pour différentes valeurs 
d e u . 
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ju = 0,1i 

a„R=0,15 

FIG.4. Influence du rapport a^/ag sur le domaine de stabilité. Machine type Harmonica 4. 

0 ,95-

030 

aR= lziR = o,i 

F1G.5. Profondeur moyenne de puits; influence de u. 
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dans le plasma (maximum de courant ) . Cet effet est plus accentué pour k=2 
que pour 0 car la courbe ь>= 1 est plus haute . Plusieurs expériences font penser 
que tx' ^ serait négat i f et de l 'ordre de quelque s uni tés pour n Уу О . S i la v a 
leur devenait assez négative , on ne pourrai t trouver une conf igurat ion à la 
fois stable sur l 'axe magnétique et de topologie s imple. Nous examinerons ce 
cas plus lo in ( S 3 ) . 

Effet du V> . Quelque soit Ç>, on constate sur les figures que des courbes de 
stabi l i té, après être restées relat ivement indépendantes de(3 pour G pe t i t , chutent 
assez brutalement pour des G> var iant de 1/1000 à l / f O O . Or , les calculs au 
voisinage d'un axe magnétique montrent que si les surfaces magnétiques sont 
des petits cercles au premier ordre, ces courbes seraient indépendantes de Ci : 
l 'effet constaté i c i provient du déplacement de l 'axe magnétique qui se traduit 
aussi par une déformation importante des surfaces magnétiques près de l 'axe qui 
ne restent plus c i r cu la i res . Il y a donc un grand intérêt à étudier des plasmas 
de l imite extér ieure non c i rcu la i re et tels qu'après déplacement à l 'approche 
d'une singulari té les surfaces magnétiques.soient des cercles au voisinage de 
l'axe magnétique, région part icul ièrement d i f f i c i l e à stabi l iser. 

La F i g . 5 montre en fonct ion de V , qui est le vrai paramètre de 
déformation du mi l ieu plasma, le puits magnétique moyen qui se c rée . L ' i n f l u 
ence de LL est fa ib le . 

La F i g . 8 montre de même en fonct ion de \) dans le cas j x =0 , la 
var iat ion de -^&-• —7— 

Pour х)—У, l imi te d ' équ i l i b re , le puits moyen et le shear atteints sont 
importants. On obtient des puits de l 'ordre de 10%. Si l 'on caractérise le shear 
par A = (——) - I —^—] les effets de courbure seuls ( u,1 = 0 ) permettent 

^2-nJmax ^ 2"n /bord• r 

d'obtenir des valeurs de Д = \J 3 - ri /w 0, 8 (pour f] =0,5) et les effets liés à 
la répar t i t ion de courant (jA. / 0 ) conduisent pour des valeurs de U- trouvées 
expérimentalement ( j u . ' ^ 2,k l ) Q Д A> 0 6<ft /v Q2>. 

Sans entrer dans la discussion des instabi l i tés non M H D , notons que 
ces facteurs (V" et shear) sont favorables à ' la stabi l i té . 

Quant aux instabi l i tés " k i n k " que nous n'avons pas envisagées dans ce 
t r a v a i l , el les doivent être étudiées en connexion avec les effets de courbure 
qui changent certains ordres dé grandeur au voisinage dés singularités , ce 
qui ne permet pas a pr ior i d 'u t i l iser les résultats classiques dans ce domaine. 

3 . PLASMA A TOPOLOGIE COMPLEXE 

Nous avons vu au cours des parties précédentes qu'à part i r d'une 
certaine valeur 1) =.1 les équi l ibres étudiés présentaient 2 régions possédant 
chacune leur axe magnétique ( F i g . 6 e t ' 7 ) . De plus, en général , une : 
des régions est à pression négative si on cont inue à supposer la pression nul le 
sur le bord du plasma. 

L'étude des états du plasma qui correspondraient, à x)y\ est importante 
pour plusieurs raisons: 
a) Si , comme nous l'avons vu au S 2 , la valeur de U1 -̂ est très négat ive , 

on ne pourra pas éviter, part icul ièrement pour les équi l ibres Ь к élevé 
(Harmonica 2 , 4 , . . . ) des conf igurat ions de ce t y p e . 
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0.10 0.50 0.70 0,95 х м 0.95 0.70 050 0,10 

FIG.6. Etude de la forme des surfaces E(x, t) pour В = 0,002, к = 2, ц = 1,21, r/ = 0 ,3 , aR=—— = 0 , 1 . 

80 90% 90 80% 10% 10 80 90% . 8 0 10 

FIG. 7. Etude de la forme des surfaces E(x, t) pour S = 0,002, u = 1, к = 2, tj = 0 , 1 , aR = —— = 0 , 1 . 

b) Par a i l leurs , dans la phase transitoire de créat ion de la conf igurat ion 
cherchée, i l est probable que l 'on devra franchir plus ou moins rap ide
ment ces,domaines à topologie complexe. Si le franchissement est r a 
pide , i l faut étudier les propriétés dynamiques du système; si le f r an 
chissement est assez lent pour pouvoir considérer que le système passe 
par une série de quasi -équi l ibres, on peut tenter de prévoir le compor
tement des systèmes avec des modèles simples. 
Remarquons d'abord que | ^ - к (' est minimum sur le bord du p las

ma et lorsque {-*%A, , -U.V-Л (32) . Si \) augmente, alors les 2 régions du 
i ! I bord ' . . . (., . 

plasma sont enveloppées'par une surface magnétique qui conserve -=-£- = к , 
comme on peut s'en persuader en notant que la l igne magnétique commune aux 
2 régions sur cette surface tourne к fo is . 

Deux cas ont été étudiés /JJ : 
a) E 1 =0 

Cas simple à pression toujours pos i t i ve . Ce cas ne permet pas le f r an 
chissement de la s ingular i té . 
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FIG.8. Variation de l'angle de transformation rotationelle en fonction de v. 

b) E ^ O 
On ne peut avoir de pression posit ive dans les 2 régions du plasma 
qu'en prenant des valeurs de E-j dif férentes dans chacune d'el les et 
on ne peut atteindre - y é - - ^ qu'en introduisant une couche de 
courant â la séparat ion. Même dans ce cas, on n'obt ient pas rée l l e 
ment le franchissement de la singular i té к car la suite continue des 
configurat ions de topologie simple et franchissant la s ingular i té к 
sont des suites distinctes : par exemple , les réparti t ions des courants 
sont dif férentes pour les mêmes Ю . 
On est donc tenté de conclure que la créat ion de 2 axes magnétiques 

obtenue en augmentant ( Q c ) ne s'achève pas en conf igurat ion à topologie 

simple , la valeur к ayant été f ranch ie , à moins que des effets dynamiques 
( instabi l i tés, turbulence . . . . ) ne v iennent complè tement p e r t u r b e r les phéno
mènes. 
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D I S C U S S I O N ' 

M.S. RABINOVICH: What is the difference between your approach 
and that of Solovyev and co -worke r s? 

C. MERCIER: There a re two methods for studying the c h a r a c t e r i s t i c s 
of toroidal p l a smas : expansion near the magnetic axis (the genera l case -
С Merc i e r , Nucl. Fusion 3_ (1963) 89; С Merc i e r , Nucl. Fusion 4_ (1964) 
213; C. Merc i e r , P rob lems in the study of toroidal configurations, 
EUR-CEA-FC-397 , 1966) and expansion near the s ingular i t ies ( t / 2 n = 0 

.for Tokamak, i / 2 n = 2 for Harmonica II - C. Merc i e r , on P lasma Physics 
and Controlled Nuclear Fusion Resea rch 1_ (P roc . 2nd Conf.) 1_ (1966) 417). 
The fo rmer method, which has been used by Solovyev and c o - w o r k e r s , 
has the disadvantage that (for convergence questions) it does not pe rmi t 
the study of p roper t i es nea r the s ingular i t ies or of the magnetic surfaces 
far from the magnetic ax i s . 

In our paper , we used the l a t t e r method. It is l e s s genera l , but 
applies throughout the p lasma, enabling one to study the approach of 
s ingular i t ies and even the m o r e complex configurations (severa l magnetic 
axes) which may then a r i s e . 

The difference between the two methods may be i l lus t ra ted by the 
following example . With the f i rs t method, if the magnetic surfaces a r e 
c i r c l e s near the axis , no ballooning effect l imi t s /3. On the other hand, 
the second method places a l imitat ion on (3, although the external p lasma 
re ta ins a c i r c u l a r c r o s s - s e c t i o n . This l imitation is due to d isplacement 
of the magnet ic ax is , which may be substant ia l and which may resu l t in 
non-c i r cu l a r magnetic surfaces near the ax is . 
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Abstract . 

BEHAVIOUR OF OHMICALLY HEATED PLASMA IN A HELIOTRON MAGNETIC FIELD. The behaviour 
of a plasma produced by ohmic heating in a corrugated toroidal magnetic field with circular cusp trains 
near the wall - the heliotron field - is studied experimentally. Rogowski-coil and directional-probe 
measurements show that the current column is well confined inside trie separatrix without contacting the 
wall of-the vacuum vessel and seems to be stable with respect to Kruskal iristabHities as could be expected.. 
The effect of the vertical magnetic field By on the plasma equilibrium is examined. The'cross-section area, 
where the equipotential surfaces of the static electric field across the plasma column are'closed,1 becomes 
maximum for optimum Bv and fills up the region inside the separatrix. When By is not optimum the area' 
is small and some of the equipotential surfaces inside the separatrix are not closed. Experimentally ob
served optimum values of Bv are by more than a factor of 2 smaller than the theoretically calculated values; 
changing.the heliotron field to the Tokamak-type field makes little difference although the plasma 
parameters remain almost the same in both cases. Periodically intensified By in space corresponding to 
the period of the corrugated field remarkably improves the maximum current. Anomalous plasma loss 
through the ring cusp is observed. It results from the cusp split due to strong pulsive azimuthal current 
flowing through the cusp. This pulsive current is the azimuthal component of a spiral plasma current 
string rotating around the minor axis. The period of the rotation or of the pulsive current increases with 
increasing magnetic field intensity and plasma density, and finally the rotation ceases. When this current 
flows through the cusp, the cusp splits into two parts and the magnetic lines of force, formerly confined 
inside the separatrix, move outside and cross the wall resulting in an anomalous plasma loss. It seems that, 
under the present experimental conditions, the plasma in the heliotron field hardly forms the necessary plasma 
density profile required for stability against interchange, and the plasma becomes unstable for interchange 
of m = 1. The rotation is due to the radial electric field. 

1. INTRODUCTION 

This paper consists of two parts. In the first part, the behaviour of a 
plasma produced by ohmic heating in a corrugated toroidal magnetic field 
with circular cusp trains near the wall [1-4], i.e'. the.heliotron field, is 
studied. Recently, plasma confinement by modified heliotron fields was 
proposed in order to overcome defects of the heliotron field. [5,6]'. The 
second part of this paper describes an experiment on one of these modified 
heliotron fields, the poloidal heliotron field having a poloidal conductor 
buried inside the plasma. While the ohmically heated plasma in the 
heliotron-C machine is noisy and shows an anomalous cusp loss, the 
plasma injected from a gun into the poloidal heliotron field is extremely 
quiescent and has very long life-time'corresponding to about 20 times 
of the Bohm confinement time. 
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THE HELIOTRON-C EXPERIMENT 

The magnetic field configuration of the heliotron-C machine is shown 
in Fig. l . This field provides an equilibrium of the plasma inside the 
separatrix, and the plasma with an appropriate density profile is stable 
with respect to the flute instability [2]. The heliotron-C machine shown 
in Fig.2 is designed such as to eliminate the U-bend drift by the azimuthal 
drift due to the corrugated field and such as to produce the uniform 
electric field needed for the ohmic heating by distributing the 16 iron cores 
of the coupling transformer around the torus. The major radius is 1.02m, 
the tube radius 7 cm, the magnetic field on the axis under the negative coil 
0.1 Wbm , the mirror ratio on the axis 3.5-8, the radius of the neutral 
line 2 cm and the loop voltage 500 V. The basic pressure is about 10"6 Torr; 
hydrogen is used as the gas. 

The observed values of the optimum vertical field B v , which is neces
sary for the equilibrium of a current-carrying toroidal plasma, are by a 
factor of 2-3 smaller than the theoretically predicted values [7, 8] as shown 
in Fig.3. Replacing the heliotron field by a Tokamak-type field makes 
little difference on the Bv -IOH relation although the plasma parameters 
remain almost the same in both cases. The substitution of a stainless 
aperture limiter by a glass limiter requires larger Bv for optimization 
since the stainless limiter has some short-circuit effect for the charge 
separation. The heliotron field being corrugated, it seems to be effective 
to superpose the corrugated vertical field Bw upon the uniform vertical 

-XI I 

NEUTRAL LINE SEPARATRIX 
(LINE CUSP) 

FIG.l . The heliotron-C magnetic field. 

DISCHARGE TUBE(GLASS) 

Ф 
MAGNETIC COIL 

IRON CORE 

^DIAGNOSTIC PORT 

1 METRE—I 
FIG.2. The heliotron-C machine. 
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FIG. 3. Optimum vertical field Bv for the ohmic heating current IQH* 
The thick chain line is the hoop force term of Bv calculated theoretically. If we include the pressure term 
of Bv, the deviation from the experimental value becomes larger. 
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FIG.4. The effect of the superposition of corrugated vertical field Bw on the uniform vertical field. 

field Bv corresponding to the period of the confining field. Figure 4 shows 
that the appropriate superposition of Bw improves the maximum IQH by 
about 40%. 

The electric potential in the cross-section of the plasma column is 
produced both by the perpendicular charge separation due to the U-bend 
drift and the radial charge separation due to the radial density gradient 
and the difference in the ion and electron Larmor radii. In the heliotron 
plasma, the equipotential surfaces are closed in the region inside the 
separatrix when Bv is optimum. If Bv is not optimum, the region where 
the surfaces are closed becomes narrow and the potential gradient becomes 
steeper. Т\ /Те is equal to 1 .for the heliotron discharge and equal to 2/3 
for the Tokamak-type discharge although other plasma parameters are almost 
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the same in both cases. ' This result suggests the existence of a thermali-
zation effect due to the corrugated field. The ohmic heating current is 
confined to the region inside the separatrix. Outside the separatrix, I0H 
is zero. The plasma density is about 1020 m"3 - on the axis, and the plasma 
is quite noisy. An/n is about 20% on the axis and about 100% oh the 
separatrix. 

In the discharge we observed a helical current string rotating around 
the axis. The pitch of the helix changes in the axial direction and is shortest 
near the neutral line. In the plane including a neutral line where В = 0, the 
azimuthal component of this helical current is concentrated in the region 
near the neutral'line." When'Io'H = 2 kA, E0H = 80 Vm"1 •, Te.= 6 eV, n~ 1019 m 3 

and В = 0.1 Wbm:2, on,the axis under the neutral line, the helical current 
near the neutral line is about 600 A according to the measurement with the 
Rogowski c.oil whose inner diameter is 1.5 cm. Since the helix rotates the 
signal observed by the Rogowski coil is pulsive and its-frequency is about 
50 kHz which agrees with the frequency of rotation of the ErX В drift. This 
phenomenon seems to be closely connected with the anomalous loss mecha
nism of the heliotron discharge.. The azimuthal component of the above-
mentioned large helical curr.ent breaks the magnetic surface of the 
separatrix pulsively and moves the plasma inside the separatrix toward the 
wall. We observe the strong pulsive plasma flow outside the separatrix. 
The decay time of the afterglow plasma is about 30 /us. 

3. MINIMUM В HELIOTRON FIELD 

From the experimental results, it is concluded that the normal cusp 
loss and the anomalous loss due to the cusp split quickly remove the 
plasma on the separatrix, and. the plasma inside the separatrix cannot 
satisfy the density profile necessary for stability against interchange [2]. 
To overcome this effect, modified heliotron fields putting the negative 
coils of the heliotron field inside the .vacuum.vessel were proposed [5, 6]. 
The field configuration of the poloidal heliotron field is shown in Fig.5, 
which is the same as already proposed by Kadomtsev [ l ] . The buried 
conductors and the magnetic surfaces of the helical heliotron field are 
shown in Fig.6. These fields form, magnetic-wells of the potential 
U = - /d l /B, and the bottom of the well is on the separatrix which is the 
surface woven by the lines of force passing the points where Bz = Br = 0. 
It is interesting that the plasma inside the separatrix has no contact with 
the supports of the buried conductors; it is stable as far as the region 
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MAGNETIC SURFACE BURIED CONDUCTORS 

OF THE HELICAL HELIOTRON OF THE HELICAL HELIOTRON 

FIELD FIELD . 

FIG.6. Buried conductors and the magnetic surfaces of the helical heliotron field. 

just outside the sepa ra t r ix is filled with the p lasma [1 , 2]. When the p lasma 
fills the region inside the maximum U surface, it is stable with r e spec t 
to flute instabi l i ty . The p lasma outside the sepa ra t r ix will be lost 
gradually because of the support l o s s . When the 'p lasma density just outside 
the separa t r ix becomes sufficiently low, the p lasma inside the sepa ra t r ix 
s t a r t s to leak out owing to the instabi l i ty . However, we can dec rease the 
effective loss r a t e by making the ' region inside the separa t r ix sufficiently 
la rge compared with the size of the' support . Moreover , if we compensate 
the p lasma loss due to the supports-by injection or other means and keep 
the p lasma density constant just outside the separa t r ix , the p lasma inside 
the separa t r ix will be confined stably, and the confinement t ime will be 
extended considerably. The substitution of the old p lasma by the newly 
injected one will take place only in the region outside the separa t r ix , but 
not inside i t . 

4. MINIMUM В HELIOTRON EXPERIMENT • -, 

As in the p re l iminary experiment on the p lasma confinement by a 
poloidal heliotron field, the p lasma behaviour in a m i r r o r field with a 
buried poloidal conductor is invest igated. The exper imental device ' is •'• 
shown in F ig .7 ; The bur ied copper r ing with an inner d iameter of 9 cm 
is placed inside the vacuum tube ofl '5 cm diameter in the mid plane of 
the m i r r o r field. The' cur ren t of the r ing is supplied externally through 
the support of 1.0 cm d iameter . The radius of the neutra l line with В = 0' 
is 2.5 cm. The m i r r o r rat io of the field inside the sepa ra t r ix is 9 on the 
ax is . The field intensity is 2.2 X 10"z Wbm"2 on the axis under the buried 
conductor.- Thus, the maximum В on the axis is 0;2 Wbm"2 . The base 
p r e s s u r e is 4X 10"6 T o r r . The p lasma is produced by a coaxial gun and 
injected into the field through a 'g lass ape r tu re l imi te r of 3 cm diameter ' 
which makes it possible to reduce the 'neut ra l influx produced by the gun 
firing into the confining region'. To cut the tail of the p lasma s t reaming ' 
into the confining- region» as quickly as possible , a short c i rcui t controlling 
the cur ren t width through the gun in the range between' 1-5 and 60 MS,- is !'-' 
applied to the gun. The gas is hel ium. 
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FIG. 7. Preliminary experimental device of the poloidal heliotron. 
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FIG.8. The time variation of the radial density distribution of the plasma injected into the poloidal 
heliotron field. 

The time var ia t ion of the rad ia l density distribution near the bur ied 
conductor is shown in F ig .8 . The figure shows that the p lasma quickly 
sp reads in radia l direct ion with an average speed of 1.5 X 103 ms" 1 . 0.4 m s 
after gun firing the profile becomes flat inside the sepa.ratrix, and the 
density decays, keeping this profi le . In this s ta te , the observed t ime 
constant of the density decay is 0.45 m s as shown in F ig .9 , and the p lasma 
is very quiescent . 

The fac tors contributing to the p lasma decay in this system could be 
the support loss , the end loss and the radial-diffusion l o s s . If we 
designate by т0 the decay t ime in the absence of support lo s s , and by TS 
the decay time due to the existence of two supports , the total decay time 
T N due to the existence of 2N supports can be writ ten approximately as 
т^ = т~0

1 + ( N / T S ) . Observat ion of T N for different N gives TS =1.7 m s and 
т0= 0.62 m s . Since т0 consis ts of the t ime constant of the end loss , rm, 
and that of the radia l diffusion loss , rt , we have T'Q1 - т"т +т г . The com
puted value of Tm is 3.4 m s for n = 1017 m"3 , T t = 23 eV and T e = 15 eV. 
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FIG. 9. The decay curves of the density n, the ion temperature Tj and the electron temperature T e of the 
plasma confined in the poloidal heliotron field. 

Then, we have тг of 0.76 m s . This is about 22 t imes the Bohm confine
ment t ime, TB = 2 . 8 В г р

2 т ; 1 (eV), where В = 0.11 Wbm"2 , r p = 4 X 1 0 " 2 m 
and T e = 15 eV. Even the observed confinement t ime of 0.4'5 m s is sti l l 
13 t imes тв . It is in teres t ing that, if we assume that each par t ic le of the 
p lasma can touch the support , the calculated lo s s t ime for two suppor ts , 
та" = V(viS)"1 , is 0.25 m s , which is much shor te r than the m e a s u r e d TS of 
1.7 m s . This t ime is about one third of the observed radia l diffusion t ime 
тг , 0.76 m s , and about one half even of the observed total confinement t ime 
0.45 m s . As shown in Fig.9 , the ion t empera tu re d e c r e a s e s with a decay 
t ime of some 0.2 m s . There is neut ra l gas flowing through the ape r tu re 
from the gun. This neut ra l gas p r e s s u r e is 6.6 X 10"5 T o r r at 0.5 ms after 
the initiation of the gun injection; it coincides well with the decay t ime of 
the charge t rans fe r of ions with neu t ra l a toms . The electron t empera tu re 
Te is a lmost constant . These curves a r e quite s imi la r to those of the 
exper iment on the toroidal octupole [9]. When we produce the hel io t ron-С -
type field by inser t ing a glass tube of 7.5 cm outer d iamete r and destroy 
the condition of min B, a s t rong oscil lat ion takes place in the p lasma . 

R E F E R E N C E S 

[1] 

[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 

KADOMTSEV, В. В., in Plasma Physics and the Problem of the Controlled Thermonuclear Reactions 
(LEONTOVICH, M.A., Ed.), Pergamon Press (1960) 417. 
UO, K., J. phys. Soc. Japan 16 (1961) 1380. 
UO, K., Kakuyûgô-kenkyu 1. (1958) 1. 
UO, K., Physics Fluids 5 (1962) 1293. 
UO, K., Kakuyugo-kenkyu 20 (1968) 193. 
MOHRI, A. , MATSUDA, S., Kakuyûgô-kenkyu"20 (1068) 165. 
SHAFRANOV, V.D. , J. nucl. Energy, Part С, 5(1962)251. 
YOSHIKAWA, S., et a l . , MATT-155 (Dec., 1962). 
OHKAWA, T . , et a l . , CN-21/115 (1965). 





О С П Е К Т Р Е Т У Р Б У Л Е Н Т Н Ы Х ФЛЮКТУАЦИИ 
ПАРАМЕТРОВ ПЛАЗМЫ СИЛЬНОТОЧНОГО 
ТОРОИДАЛЬНОГО РАЗРЯДА 
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ФИЗИКО-ТЕХНИЧЕСКИЙ ИНСТИТУТ 
и м . А . Ф . И О Ф Ф Е , Л Е Н И Н Г Р А Д , 
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Abstract — Аннотация 

SPECTRUM OF TURBULENT FLUCTUATIONS OF PLASMA PARAMETERS IN A HIGH-CURRENT TOROIDAL 
DISCHARGE, The turbulent fluctuations of various plasma parameters are investigated in a high-current toroidal 
discharge stabilized by a weak longitudinal magnetic field (the "Alpha" device). The authors study voltage 
fluctuations at double probes, fluctuations in the signals from magnetic probes and fluctuations in the power 
of a microwave signal in the 4-mm range passing through the plasma. Using equipment for the correlation 
analysis of electrical signals, they determine the mean squares of the amplitudes and the power spectra of the 
above fluctuations over the range 50 kc/s - 2 Mc/s. In addition, they investigate the spatial correlation of 
the signals from the double and magnetic probes. It is established that the power density of the fluctuations of 
all the signals in the range considered falls monotonically as the frequency rises. No characteristic frequencies 
are found in the.spectra. It may be assumed that the voltage fluctuations at the double probes are associated 
with random movement of the plasma surrounding the probes across the lines of force of the magnetic field. 
It is then possible to calculate from the voltage fluctuations the characteristic velocity of such motion; this 
is found to be of the order of 106 cm/s. On this assumption, the voltage fluctuation spectrum coincides with 
the velocity spectrum of the transverse plasma motion; it is found that the velocity spectrum of the plasma 
motion is similar to the velocity spectrum of hydrodynamic turbulence. 

Velocity fluctuations in the presence of a mean density gradient lead to plasma density fluctuations. 
Study of the fluctuations of the microwave signal passing through the plasma confirms the presence of density 
fluctuations of the order of 10% of the mean density value. 

The turbulent motion across the magnetic field also leads to an increase in the plasma diffusion rate. 
The particle lifetime calculated from the coefficient of turbulent diffusion is found to be close to the measured 
energy lifetime. 

О СПЕКТРЕ ТУРБУЛЕНТНЫХ ФЛЮКТУАЦИИ ПАРАМЕТРОВ ПЛАЗМЫ СИЛЬНОТОЧНОГО 
ТОРОИДАЛЬНОГО РАЗРЯДА. В сильноточном тороидальном разряде , стабилизированном ела -
бым продольным магнитным полем (установка "Альфа") , исследовались турбулентные флюктуа -
ции различных параметров плазмы. Изучались флюктуации напряжения на двойных зондах, 
флюктуации сигналов магнитных зондов, флюктуации мощности СВЧ-сигнала 4-х милли
метрового диапазона, проходящего через плазму . При помощи аппаратуры для корреляци
онного анализа электрических сигналов определялись средние квадраты амплитуд и спект
ры мощности флюктуации указанных величин в диапазоне 50 кгц - 2 мгц . Исследовалась 
пространственная корреляция сигналов с двойных и магнитных зондов. Установлено, что плот
ность мощности флюктуации всех сигналов в исследованном диапазоне монотонно падает с ростом 
частоты . Каких-либо характерных частот в спектрах не обнаружено. Можно предположить, 
что флюктуации напряжения на двойном зонде связаны с хаотическим движением окружающей 
зонд плазмы поперек силовых линий магнитного поля. Тогда по величине флюктуации на
пряжения можно вычислить характерную скорость такого движения, которая оказывается 
порядка 10" с м / с е к . Спектр флюктуации напряжения в этом предположении совпадает со 
спектром скоростей поперечного движения п л а з м ы . При этом о к а з ы в а е т с я , что спектр 
скоростей движения плазмы подобен спектру скоростей гидродинамической турбулентно
с т и . Флюктуации скорости при наличии градиента средней плотности приводят к флюкту-
ациям плотности п л а з м ы . Исследование флюктуации проходящего СВЧ-сигнала под
тверждает наличие флюктуации плотности порядка 10% от среднего ее значения . Турбу
лентное движение поперек магнитного поля приводит также к увеличению скорости диффу
зии п л а з м ы . Время жизни частиц, вычисленное по величине коэффициента турбулентной 
диффузии, оказывается близким к измеренному энергетическому времени жизни. 
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Эксперименты с сильноточными разрядами, стабилизированными 
слабым продольным магнитным полем и проводящим кожухом, пока
зали, что плазма в таких разрядах находится в турбулентном сос
тоянии. Эта турбулентность проявляется в интенсивных флюктуаци-
ях с частотами порядка сотен килогерц как интегральных харак
теристик разряда (производной тока, яркости свечения спектраль
ных линий, мощности проходящего через плазму СВЧ-сигнала), так 
и локальных параметров в любой точке внутри плазмы (сигналы с 
электрических и магнитных зондов). 

Причиной развития турбулентности, вероятно, является маг-
нктогидродинамическая конвективная неустойчивость, приводящая 
к возможности обмена силовыми трубками магнитного поля с плаз
мой между центральными и периферическими областями разряда. Б 
работе Кадомцева [1] исследованы условия возникновения конвек
тивной неустойчивости в разряде рассматриваемого типа. Исходя 
из критерия устойчивости Сайдема, показано, что конвекция раз
вивается, если давление плазмы на оси разряда превосходит неко
торую величину, определяемую начальным стабилизирующим полем HQ 
и параметром /?s -£Z , где У - ток разряда, &.- радиус ста-

( e*Ho 
билизирующего кожуха. Давление устойчиво удерживаемой плазмы 
в таком разряде не может превосходить четырех процентов от 
давления магнитного поля на оси. 

На установке "Альфа" [2] в последнее время проводилось 
изучение явлений, связанных с турбулентностью. Имелась возмож
ность оценить условия в разряде с точки зрения выполнения кри
терия Сайдема. По известным току разряда и распределению маг
нитных полей в сечении шнура было вычислено максимально воз
можное давление устойчивой плазмы. Имелись сведения о плотнос
ти и температуре плазмы, полученные разными методами (зонди
рование пучком нейтральных атомов, измерение радиационной тем
пературы в СВЧ-диапазоне, измерения с помощью многосеточного 
анализатора энергий заряженных частиц). По этим данным было 
вычислено газокинетическое давление P=nH(Te.+Ti) . Оказалось, 
что это давление в 3-4 раза превышает-максимально допустимое 
с точки зрения критерия Сайдема. Таким образом, условия для 
развития конвективной неустойчивости являются благоприятными. 

Па установке "Альфа" в одинаковых режимах работы исследо
вались различные флюктуационные явления: измерялись средне
квадратичные значения и спектры сигналов двойных электрических 
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и магнитных зондов и колебаний мощности проходящего через плаз
му СВЧ-сигнала. Кроме того, изучалась пространственная корре
ляция зондовых сигналов. Для анализа сигналов £ыл построен при
бор, блок-схема которого изображена на рис.1 [з] . Прибор пре
образует подаваемые на вход флшктуационные электрические сиг
налы Xt и Vj. в напряжение, пропорциональное их коэффициентам 
корреляции или автокорреляции: т 

М„ s f / Xt(i) *i(t+t) oft 
где X(t)~ значение сигнала в момент t ,X(t*^- значение сиг
нала в момент t+t , X - время задержки, 7" - время усред
нения. 

<етШ-
g^GJŒKI 

"^НГНЯ-î 

Р и с . 1 . Блок-схема корреляционного анализатора; 1 - у с и л и т е л и ; 2 - регулируемая линия 
задержки; 3 — перемножающая ячейка; 4 — интегратор . 

Величина/^ при Z" = 0 представляет собой среднеквадратичное 
значение сигнала Xi • Зависимости коэффициентов корреляции 
от времени задержки представляют собой корреляционные функ
ции исследуемых сигналов B/t Ct) и Зц С£) . Спектр мощ
ности флюктуации сигнала Xi вычисляется по его автокорреля
ционной функции путем преобразования Фурье: 

wf (и» = £ réiulrB„ (V of г 
В нашей работе это вычисление выполнялось на ЭВМ. 

В корреляционном анализаторе, с которым проводились 
измерения, линия задержки допускала исследование сигнала при 
задержках от 0 до 20 мксек ступенями через 0,2 мксек. Это 
определяло анализируемый диапазон частот в спектре сигнала -
от 50 кгц до I Мгц. Исследуемый разряд имел импульсный ха
рактер, длительность его составляла 3 мсек. Это ограничивало 
допустимое время усреднения величиной, равной 0,5 мсек. Сиг
нал с выхода корреляционного анализатора регистрировался им
пульсным осциллографом, обычно вместе с сигналом тока разряда, 
и позволял определить изменение коэффициента корреляции в 
течение разряда. Так как воспроизводимость усредненных пара-
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•метров от разряда к разряду была хорошей, функцию корреляции 
можно было построить, используя значения ряда коэффициентов 
корреляции, полученных при разных временах задержки в после
довательных разрядах. Ниже приводятся функции корреляции,от
носящиеся к моменту максимума разрядного тока. Состояние плаз
мы в этот момент можно было считать стационарным в течение 
времени усреднения анализатора. 

^анее было обнаружено, что между электродами двойного 
зонда, находящимися под плавающим потенциалом в плазме силь
ноточного разряда, развивается значительное напряжение флюк-
туационного характера [4] . Предполагается, что оно отражает 
флюктуации напряженности электрического поля внутри плазмы. 
Для изучения этого явления на установке "Альфа" применялась 
зондовая система, состоящая из а двойных зондов, размещенных 
на одной кварцевой трубке, которая вводилась через вакуумное 
уплотнение по радиусу разрядной камеры. Электроды каждого двой
ного зонда были расположены так, что регистрировалась составляю
щая поля, перпендикулярная оси трубки. Они представляли собой 
платиновые проволочки диаметром I и длиной 5 мм, вваренные в 
трубку на расстоянии 8мм друг от друга. Расстояние между сосед
ними парами электродов равнялось 10мм. Выводы от каждого зон
да были тщательно экранированы от электрических и магнитных на
водок. Сигналы с двойных зондов через разделительные трансфор
маторы подавались на вход корреляционного анализатора, и по ос
циллограммам напряжения на его выходе строились корреляционные 
и автокорреляционные функции флюктуации. 

В измерениях, описываемых в докладе, зондовую систему уста
навливали вблизи оси разряда и ориентировали так, что регистри
ровалась перпендикулярная оси составляющая электрического поля. 
Так как магнитное поле в этом месте направлено вдоль оси разря
да, то зонд регистрировал перпендикулярную силовым линиям ком
поненту электрического поля. 

Флюктуации магнитного поля изучались при помощи системы 
магнитных зондов, состоящей из 8 катушек, помещенных внутри 
кварцевой трубки. Расстояние между соседними катушками равнялось 
10 мм, а их оси были перпендикулярны оси трубки. Каждая катушка 
имела диаметр около 5мм и состояла из 70 витков. Система зондов 
была экранирована от электростатических наводок. Резонансная 
частота магнитного зонда вместе с его кабелем составляла 2 Мгц, 
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поэтому на более низких частотах напряжение, снимаемое с зонда, 
было пропорционально производной магнитного потока сквозь его 
катушку. При измерениях система зондов помещалась вблизи оси 
разряда и ориентировалась таким образом, что регистрировалась 
перпендикулярная оси разряда составляющая магнитного поля. 

Режим работы установки "Альфа" при всех измерениях, описан
ных в докладе, характеризовался следующими параметрами: 

Давление водорода в разрядной камере Р 0 = *.10 мм рт.ст. 
Стабилизирующее поле . tfe = 360 эрст. 
Напряжение на конденсаторной батарее Hв = 7,5 кв 
Амплитудное значение тока разряда У^аХ = 90 кА. 

Измерения относятся к моменту максимума разрядного тока. 

\ 

Р и с . 2 . Автокорреляционные функции флюктуации в интервале 0-г4 мксек: 
о— электрического поля; 
• -производной магнитного поля. 

На рис.2, приведены функции автокорреляции флюктуации 
напряжения на двойном зонде и сигнала с магнитного зонда в 
зависимости от времени задержки 'С . Мы предполагаем, что 
они совпадают с функциями автокорреляции флюктуации попе- . 
речных составляющих электрического поля и производной маг
нитного поля. 

На рис.3^приведены спектры мощности флюктуации электри
ческого. поля,£"Д » ?(и>) , магнитного поля,//^ - f(co) и его , 
производной /L//* - /fcû) • Спектры вычислены по соответ
ствующим функциям корреляции. Спектр для магнитного поля был 
вычислен по спектру его производной, учитывая, что //ы s£jfi(j. 
Кроме того, в другой серии измерений сигнал с магнитного 
зонда подавался на вход корреляционного анализатора после 
электрического интегрирования. Таким образом,сразу анализи
ровались флюктуации магнитного поля. Спектр, полученный на 
основе этих измерений, близок к рассчитанному по спектру 
флюктуации производной поля. 
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Р и с . 3 . Спектры мощности флюктуации: 
о—электрического поля; 
• —магнитного поля; 
+ —производной магнитного поля. 
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Измерялись среднеквардатичные величины флюктуации элект
рического и магнитного поля. Они имеют величину: 

(Ё2)1'2^30 в/см, (Н"2)1/2 = 40 эрст. 

Для определения линейного масштаба флюктуации полей бы
ли выполнены опыты по изучению взаимной корреляции сигналов 
с дв,ух зондов. Сигналы с двух двойных или с двух магнитных 
зондов, находящихся на различном расстоянии друг от друга, 
подавались на два входа корреляционного анализатора, и по 
осциллограммам строились пространственные корреляционные 
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Р и с . 4 . Пространственные функции корреляции флюктуации: 
о — электрического поля; 
• —магнитного поля; 
+ —производной магнитного поля. 

функции. На рисЛ эти функции приведены для флюктуации элект
рического поля Bte (t) , флюктуации магнитного поля Вин ft) 
и его производной &#'#' (Z-) • Пространственный масштаб 
корреляции для двух первых функций близок к 5см. 

В том же режиме работы, что и зондовые измерения, вы
полнялись исследования флюктуации мощности СВЧ-сигнала, про
шедшего сквозь турбулентную плазму. Это явление описано в ра
ботах [5, 6]. Можно предполагать, что оно является результатом 
рассеяния электромагнитной волны на неоднородностях коэффици
ента преломления в турбулентной плазме и интерференции рассе
янных волн в точке приема. Флюктуации мощности сигнала, про
шедшего сквозь турбулентную среду, широко изучались в связи 
с проблемой распространения радиоволн в ионосфере. Теория,раз
работанная для этого случая [7, 8], применима и к явлениям в 
плазме сильноточного разряда. 
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СВЧ-зондирование производилось в 4-мм диапазоне длин 
волн. Плотность плазмы по данным измерений с помощью пучка 
нейтральных атомов водорода составляет 2.10 I/см3. Таким 
образом, плазма прозрачна для СВЧ-сигнала, и отношение час
тоты сигнала к плазменной частоте равно двум. Влиянием маг
нитного поля на распространение сигнала можно пренебречь,так 
как частота сигнала значительно выше циклотронной. 

Р и с . 5 . Блок-схема аппаратуры для исследований флюктуации мощности СВЧ-сигнала : 
1 - сигнальный клистронный генетатор; 2 - У ПЧ приемника ; 3 - гетеродинный клистронный 
генератор; 4 — блок автоматической подстройки частоты; 5 — корреляционный анализатор; 
6—блок резонансных фильтров; 7 — осциллограф . 

Блок-йсема СВЧ-"аппаратуры приведена на рис.5. Сигнал 
проходил между передающей и приемной рупорными антеннами, 
расстояние между которыми равно 90см. Характерной особенно
стью супергетеродинного приемника сигналов является наличие 
системы мгновенной автоматической регулировки усиления,благо
даря чему приемник имеет логарифмическую зависимость выход
ного напряжения от мощности сигнала. Это обеспечивает боль
шой динамический диапазон при исследовании флюктуации мощнос
ти сигнала, достигающий 30 дб. логарифмирование сигнала удоб
но также и по другой причине. Теория распространения волн в 
среде со случайными неоднородностями дает выражение для ве
личины, называемой флюктуацией уровня сигнала Х- & Т£ » рД е 

А - мгновенное значение амплитуды сигнала, А 0 - ее среднее 
значение. Сигнал на выходе логарифмического приемника пропор
ционален флюктуации уровня, что облегчает обработку результа
тов измерений. 

Флюктуационный сигнал с выхода приемника регистрировался 
непосредственно на экране осциллографа, а также исследовался 
при помощи корреляционного анализатора и при помощи набора 
резонансных фильтров в диапазоне 100 кгц - 2 Мгц. 

Обработка осциллограмм сигнала показала, что закон рас
пределения флюктуации логарифма мощности сигнала близок к нор
мальному. Это соответствует предсказаниям теории. Средняя вели-
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чина флюктуации логарифма мощности составляет + 7 дб от среднего 
уровня. Наблюдается также общее ослабление проходящего сигнала, 
составляющее в. рассматриваемом режиме 3-5 дб. 
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Р и с . 6 . Автокорреляционная функция флюктуации уровня СВЧ-сигнала в.интервале 
0-^4 мксек . 

Функция автокорреляции сигнала приведена на рис.6. Она близ
ка по форме к функции автокорреляции флюктуации напряжения на двой
ном зонде, иднако она имеет более резкий спад в начальном участке, 
что указывает на большую амплитуду высокочастотных составляющих 
в спектре. 
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Р и с . 7 . Спектр мощности флюктуации уровня СВЧ-сигнала : 
• — корреляционный анализатор; 
+ —резонансные фильтры. 

Спектр мощности флюктуации уровня, рассчитанный по функции 
автокорреляции, изображен на рис.7. Там же нанесены точки, полу
ченные путем статистической обработки осциллограмм .сигнала, про
пущенного через резонансные фильтры. 

Таким образом, все исследованные флюктуации (электрического 
и магнитного полей и проходящего СВЧ-сигнала) имеют сходный ха
рактер. Времена корреляции всех процессов близки к 2 мксек. Плот
ность мощности в спектрах всех флюктуации монотонно убывает с рос
том частоты, хотя и имеется некоторое различие в частотной зави
симости. Быстрее всего убывает с частотой мощность флюктуации 
магнитного поля, медленнее всего - СВЧ-сигнала. Каких-либо харак
терных частот в диапазоне 50кгц - 2 Мгц в спектрах не обнаружено. 
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Следует отметить, что флюктуации яркости свечения спектральных 
линий, исследовавшиеся ранее в работе [э], также имеют случайный 
характер, и время корреляции их составляет несколько мксек. Од
нако тщательный анализ их спектра не проводился. 

Вероятно, все.флюктуации имеют общую причину и связаны с 
магнитогидродинамической турбулетностью разряда. Можно поаытать-
ся по имеющимся данным определить величины, характеризующие эту 
турбулентность. . 

Теория распространения волн в среде со случайными неоднород-
ностями дает выражение для среднеквадратичной флюктуации уровня[?]: 

J'=f£i>= ЗУ Z7-* ffc ft- **£?) 
где ./К""- коэффициент преломления среды, &JT- его флюктуация, 
£ - масштаб корреляции неоднородностей^ - толщина слоя турбу
лентной среды, J - длина волны сигнала в среде,Т^вА- =~ -
- волновой параметр. ^ 
Выражение справедливо, для Jfê j i A j T « i . Подставив сюда 
измеренную величину Z и приняв по данным зондовых измерений 

V— 5 СМ, оцениваем величину флюктуации коэффициента преломления AN ~ 
= 10 . Отсюда вычисляем величину флюктуации электронной 
плотности в плазме: 

/ 
(%£)г - OJ5T 

Если причиной флюктуации плотности являются коллективные дви
жения в плазме при наличии градиента средней плотности от оси 
разряда к стенкам разрядной камеры, то величину флюктуации 
плотности модно оценить по формуле: 

й П ~ р С*** Л ^ JL 
Я ~ ̂  п « 

где ^-масштаб коллективных движений, ft - радиус разрядной 
камеры. 

Подставляя ê = 5см, R = 50см, получаем -^"S" 0,1, что 
согласуется с величиной, определенной по флюктуациям мощности 
СВЧ-сигнала. 

Данные о частотном спектре флюктуации уровня позволяют 
сделать некоторые выводы о спектре флюктуации плотности [7, 8]. 
Можно утверждать, что в спектре флюктуации плотности отсутст
вуют какие-либо характерные частоты в исследованном диапазоне, 
так как в противном случае эти частоты появились бы и в спект-
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ре СВч-сигнала. Очевидно также, что с ростом частоты интенсив
ность флюктуации плотности монотонно убывает. Однако определе
ние точной зависимости от частоты затруднительно. Ряд причин, 
известных из теории, приводит к тому, что в спектре СВЧ-сигнала 
увеличивается мощность флюктуации в высокочастотной области по 
сравнению со спектром флюктуации плотности. Одна из этих причин -
влияние многократного рассеяния СВЧ-сигнала на неоднородности. 

Флюктуации разности потенциалов между электродами двойного 
зонда, по-видимому, отражают флюктуации напряженности электри
ческого поля в плазме. Последние, в свою очередь, должны быть 
связаны с хаотическим движением плазмы поперек силовых линий 
магнитного поля. Действительно, если плазма в месте расположе
ния зонда движется поперек силовых линий со скоростью iT , в 
систе_ме координат, связанной с зондом, должно существовать 
поле £ = [V H ] . Так как флюктуации магнитного поля малы, 
^=? « I, можно считать £=£г/~Н 7 » где А/ - усредненное 

магнитное поле в точке, где расположен зонд. Таким образом, 
по величине напряжения на зонде можно оценить среднее значение 
поперечной составляющей скорости плазмы, а функция корреляции 
и спектр флюктуации напряжения и поперечной составляющей ско
рости совпадают. 

Наблюдаются флюктуации напряженности порядка 30 в/см. При 
магнитном поле I03 эрст. это соответствует флюктуациям скорости 
3.10 см/сек. Разделив масштаб корреляции флюктуации напряжен
ности - 5см на характерное' время корреляции - 2мксек, получаем 
ту же величину. Скорость коллективных движений, оцененная таким 
образом, составляет заметную долю от тепловой скорости ионов, 
имеющей при Тс = 50эв величину 10 см/сек. Интересно отметить, 
что автокорреляционная функция флюктуации напряжения на двойном 
зонде очень близка по форме к экспериментально наблюдаемым функ
циям корреляции пульсаций скорости в турбулентном потоке газа 
[loi. Таким образом, экспериментально наблюдаемые факты можно 
объяснить, предположив, что в плазме сильноточного тороидаль
ного разряда существует развитая магнитогидродинамическая тур
булентность. Она характеризуется величиной поперечных скоростей 
коллективных движений порядка 3.10 см/сек, масштабом корреляции 
скоростей £"^ 5см, временем корреляции Т =• 2мксек и весьма 
широким спектром - от десятков килогерц по,крайней мере,до 
500 кгц, а возможно и выше. Флюктуации скорости плазмы сопро-
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вождаются флюктуациями плотности порядка 10% и флюктуациями маг
нитного поля. Можно оценить коэффициент турбулентной диффузии: 

Он оказывается равным M сьг/сек. Бремя диффузии частиц из цент
ра разряда на стенку при этом составляет 100 мксек. 

Это время можно сравнить с энергетическим временем живни 
в рассматриваемом режиме разряда: 

- УпК(Ъ +Те) 
Ъе " ~~ZT5 

где У - ток разряда, Isl - напряжение на обходе камеры в мо
мент максимума тока, ] / - объем плазмы. 

Энергетическое время жизни в момент максимума разрядного 
тока составляет 60 мксек. Сравнение энергетического времени и 
времени диффузии подтверждает установленный ранее факт, что 
уход частиц на стенки вследствие турбулентности является глав
ной причиной охлаждения плазмы в рассматриваемом режиме работы. 
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СВОЙСТВА ПЛАЗМЫ В КОМБИНИРОВАННОМ 
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ИСПОЛЬЗОВАНИЮ А Т О М Н О Й Э Н Е Р Г И И С С С Р , 
С У Х У М И , 
С С С Р 

Abstract — Аннотация 

PROPERTIES OF A PLASMA IN A COMBINED HIGH-CURRENT DISCHARGE. The authors consider 
the results of experiments relating to the properties of the combined discharge which occurs when a6 - p inch 
and a z-pinch are produced simultaneously in the same space, and new data concerning G-pinches and 
z-pinches separately. It is established that in this combined system the plasma is significantly more stable 
than in the individual pinches: the positive processes which are typical of the individual pinches and which 
promote plasma heating and containment are preserved and intensified, whereas the negative processes 
vanish or are substantially attenuated. For example, the hydromagnetic instabilities which occur in 
z-pinches (m = 0 and m = 1 modes) or in6_pinches (cumulative ejection of plasma streams through the 
containing magnetic field) are not observed. Similarly, there is no repeated discharge along the chamber 
walls, which is typical of z-pinches and which substantially limits heating of the compressed plasma since 
most of the discharge current thereby flows through the boundary region. In a combined pinch, the plasma 
maintains its stable state even when the longitudinal current flowing through it is several times in excess of 
the Kruskal-Shafranov limit. The authors discuss the observed effect of the initial stage in the development 
of the z-pinch discharge on the behaviour of the plasma and on the distribution of the magnetic field in the 
combined pinch: pre-ionization of the gas and the superposition of an anti-parallel initial magnetic field 
improve the conditions for the formation of a skin layer and increase the efficiency of plasma compression 
and heating. The authors also present data showing that there is a definite optimum relationship between 
the temperature of the electron component of the plasma in a combined pinch and the length of the period 
between the triggering of the S~pinch and the z-pinch. Ideas of a thermodynamic nature are put forward 
and the conclusion drawn that, from the point of view of achieving a thermonuclear reaction under laboratory 
conditions, systems with 6 « 1 should offer significant advantages over systems with 6« 1. 

СВОЙСТВА ПЛАЗМЫ В КОМБИНИРОВАННОМ СИЛЬНОТОЧНОМ Р А З Р Я Д Е . Р а с с м а т 
риваются результаты экспериментов по исследованию свойств комбинированного разряда , 
возникающего при совместном зажигании т е т а - и зет-пинчей в одном и том же объеме, а 
также новые данные, относящиеся к -тета - и зет-пинчам в отдельности . Установлено, что 
в получаемой таким путем комбинированной системе плазма значительно более стабильна, 
чем в отдельных пинчах. При этом сохраняются или усиливаются процессы положитель
ного характера , свойственные отдельным пинчам и способствующие нагреву и удержанию 
п л а з м ы . В то же время процессы противоположного характера исчезают или в значитель
ной мере ослабевают . Так, например, в комбинированном пинче не наблюдаются гидро
магнитные нестабильности, возникающие в зет -пинчах (моды m = 0 и m = 1) или в т е т а -
пинчах {коммулятивные выбросы плазменных струй через удерживающее магнитное поле); 
отсутствуют повторные зажигания разряда вдоль стенок камеры, характерные для з е т -
пинчей и существенно ограничивающие возможность нагрева сжатой плазмы, так как 
основная доля разрядного тока при этом протекает в пристеночной области . В комбиниро
ванном пинче плазма сохраняет стабильное состояние и в том случае , когда протекающий 
по ней продольный ток в несколько раз превышает известный предел Крускала-Шафранова . 
Обсуждается наблюдаемое влияние начальной стадии развития разряда в зет-пинче на по
ведение плазмы и на распределение магнитного поля в комбинированном пинче. При этом , 
предварительная ионизация г а з а и наложение антипараллельного начального магнитного 
поля улучшают условия формирования скин-слоя и увеличивают эффективность сжатия и 
нагрева п л а з м ы . Приводятся данные, показывающие наличие определенного оптимума в 
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зависимости между температурой электронной компоненты плазмы комбинированного 
пинча и величиной промежутка времени между моментами зажиганий т е т а - и зет -пинчей . 
Высказываются соображения термодинамического характера , на основе которых делает 
ся вывод о том, что с точки зрения возможности осуществления термоядерной реакции 
в лабораторных условиях опыта, системы с f5^ 1 должны обладать значительным преиму
ществом по сравнению с системами, в которых /3 <5С 1. 

ВВЕДЕНИЕ 

В настоящее время исследование плазмы с (3* 1 ведется в основном 
по трем направлениям: 
1 . Эксперименты по плазменному фокусу. 

Опыты проводятся на зет-пинчах специальной конструкции [1] и 
коаксиальных пушках [2] . 

Благодаря фокусировке плазмы вблизи центрального электрода уда
ется получить в малом объеме, в течение короткого промежутка вре
мени, очень высокие значения концентрации и температуры плазмы. 
2 . Эксперименты с тета-пинчами. 

В этих опытах для нагрева и удержания плазмы используются быст-
ронарастающие во времени магнитные поля, создаваемые в одновитко-
вых катушках [3] . 
3 . Эксперименты с комбинированными разрядами [ 4 ] . 

Комбинированные разряды представляют совмещенные в одном объ
еме з е т - и тета-пинчи. Как будет показано ниже, есть основание пола
гать , что в комбинированных разрядах удастся использовать положитель 
ные качества каждого из разрядов (удобный метод нагрева плазмы, вы
сокие плотности и т . д . ) и подавить нежелательные (магнитогидродина-
мические неустойчивости, повторные пробои у стенок разрядной камеры 
в зет-пинче и т . д . ) . 

Кроме того, комбинированные разряды удобны и тем, что удержи
вающие магнитные поля можно создавать токами, протекающими на 
самой плазме . 

В докладе изложены результаты экспериментов, полученные на 
установке "Комбинированный пинч". Предпосылкой для создания такой 
установки послужили исследования, проведенные с з е т - и тета-пинчами, 
в результате которых выяснилось, что,наряду с известными магнито-
гидродинамическими и мелкомасштабными нестабильностями плазмы, 
существенное влияние на развитие сильноточного разряда оказывают ее 
структурные особенности, а также повторные зажигания разряда в з е т -
пинче [5 , 6 ] . 

Основные выводы этих исследований сводятся к следующему: 
1) Как в т е т а - , так и в зет-пинчах сжимающийся слой плазмы рас

падается на периодическую систему Е-волокон, ориентированных вдоль 
электрического поля и представляющих собой элементарные зет-пинчи 
(рис .1 , ряды 1, 2, 3 , 5 ) . Теоретические исследования двумерной моде
ли плазмы [ 7, 8] приводят к выводу, что структуры с Е-волокнами явля
ются энергетически более выгодными, чем однородная структура той же 
мощности. 

2) Кроме Е-волокон, возникает периодическая система Н-волокон, 
ориентированных вдоль магнитного поля и, по-видимому, представляю
щих собой элементарные тета-пинчи (рис .1 , ряд 6). Очевидности струк
туры также являются энергетически более выгодными. 
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1) 

2) 

3) 

4) 

5) 

G) 

7) 

Р и с . 1 . Фотографии Е - и Н-волокон в з е т - и тета-пинчах: 
1) зет-пинч I z = 200 ка; 
2) зет-пинч I z = 1000 ка; 
3) зет-пинч I z = 240 ка (фотография сбоку); 
4) тета-пинч 1̂ = 370 ка; 
5) и 6) тета-пинч Iv= 300 ка (фотография под углом 10° к оси разрядной камеры); 
7) тета-пинч 1^=400 ка . 
Экспозиция каждого кадра 0,5 мксек . Временной интервал между кадрами 2 мксек . 

3) При сжатии плазмы в тета-пинчах столкновения Н-волокон стиму
лируют возбуждение плазменных струй, движущихся наружу,поперек м а г 
нитного поля,и достигающих стенок камеры (рис .1 , ряды 4, 7) . При этом 
струи в направлении к оси камеры сильно тормозятся . Причиной такого 
торможения является наличие захваченного магнитного поля, быстро на
растающего по мере сжатия плазмы. При достаточно быстром нарастании 
магнитного поля между плазмой и катушкой могут, по-видимому, отсут
ствовать и наружные струи. 

4) На образование волокнистых структур существенное влияние ока
зывает начальное магнитное поле. Оно стимулирует развитие параллель
ных ему волокон, одновременно подавляя перпендикулярные волокна 
(рис.2 (1), зет-пинч в аксиальном магнитном п о л е ; р и с . 2 ( 2 ) , тета-пинч 
в азимутальном магнитном поле). 

5) Важная особенность развития разряда в зет-пинчах состоит в том, 
что скорость накопления энергии в плазме ограничивается главным об
разом не магнитогидродинамическими нестабильностями, как это счита
лось раньше, а повторными зажиганиями разряда у стенок камеры (рис .1 , 
ряд 2) . 
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Естественным следствием перечисленных результатов явилась идея 
"Комбинированного пинча". Так как в з е т - и тета-пинчах токи взаим
но перпендикулярны, то совместное зажигание их в одном разрядном 
объеме приведет к тому, что зет-пинч окажется в продольном магнит
ном поле тета-пинча, а тета-пинч в азимутальном магнитном поле з е т -
пинча. Это должно привести к ослаблению структурных неоднородностей 
сжимающегося слоя и к повышению стабильности плазмы. 

Р и с . 2 . Фотографии з е т - и тета-пинчей, показывающие влияние начального магнитного 
поля на структуру плазмы: 
1) зет-пинч в аксиальном магнитном поле; 2) тета-пинч в азимутальном магнитном поле. 
Экспозиция каждого кадра 0,5 м к с е к . Временной интервал между кадрами 0,5 м к с е к . 

ЭКСПЕРИМЕНТАЛЬНАЯ УСТАНОВКА И МЕТОДЫ ИЗМЕРЕНИЯ 

Первые опыты проводились на разрядной камере, изготовленной из 
органического стекла и имеющей в радиальном сечении шестигранную 
форму [5 , 6] . Диаметр камеры — 30 см, длина межэлектродного проме
жутка — 50 см . Максимальный ток в зет-пинче достигает ~400 ка с 
полупериодом Т/2 = 12 мксек, а катушке тета-пинча достигает ~800 ка 
с полупериодом Т/2 = 16 мксек. Тета-пинч можно было включить после 
зет-пинча с регулируемой задержкой. Рабочий газ — Не. Конструкция 
электродов и магнитной катушки позволяла фотографировать разряд 
одновременно с торца и сбоку. На рис .3 приведена принципиальная 
схема второй установки. В качестве разрядной камеры использовалась 
алундовая (А1203) или кварцевая труба длиной 57 см и внутренним диамет
ром 6 с м . На концах разрядной камеры имелись демпферные объемы. 
Они предназначались для ослабления разрушающего влияния аксиальных 
плазменных струй на торцовые окна, изготовленные из оптического 
стекла . Электроды линейного пинча представляли собой полые цилиндры. 
Межэлектродное расстояние - 33 с м . Аксиальное магнитное поле созда
валось в одновитковой медной катушке длиной 35 см и внутренним диаметром 
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7 8 см. Предварительная плазма создавалась апериодическим разрядом е м 
кости (Ci = 12 мкф, V = 30 кв, I = 60 ка) на межэлектродный промежуток . 
Для питания зет-пинча использовалась емкость Сг(Сг • 12 мкф, V =30 кв, 
1 = 140 ка) с полупериодом разряда Т/2 = 7,5 мксек . К катушке т е т а -
пинча через коллекторные пластины прямоугольной формы подсоединя
лись две батареи конденсаторов. Первая предназначалась для создания 
быстронарастающего магнитного поля (С4 = 215 мкф, V =30 кв, Hz = 50 кгс , 
Т/2 = 10 мксек) . Вторая батарея конденсаторов (Сз = 2000 мкф, V = 5 кв, 
Н,о = 3 кгс , Т /2 =200 мксек) служила для создания квазипостоянного 
магнитного поля . Последовательность срабатывания разрядных конту
ров для комбинированного пинча с предионизацией и антипараллельным 
магнитным полем показана на р и с . 4 . Через 80 — 90 мксек после вклю
чения квазипостоянного магнитного поля срабатывала батарея предио-
низации. Когда ток предварительного разряда спадал почти до нуля 
(через 10—13 мксек), включались з е т - и тета-пинчи, причем, как пра
вило, первым включался з ет -пинч , а п о т о м , с регулируемой задержкой 
в пределах 0 — 5 мксек, включался тета-пинч. Такая схема позволяла 
изучать в отдельности зет-пинч, тета-пинч и "Комбинированный пинч". 
8 качестве рабочего газа использовался водород. Диапазон рабочих 
давлений - 2U0"1 +• 10"2 мм р т . с т . 

Г " " " • " ' " V.", \ ' У-У'У '.у., ">\ N 

Р и с . 3 . Принципиальная схема второй установки "Комбинированный пинч" 

. Токи в разрядных контурах измерялись интегрирующими поясами 
Роговского . Напряжение на электродах линейного пинча и на вводах 
магнитной катушки измерялось с помощью малоиндуктивных низкоом-
ных делителей. Фотографирование разряда производилось с помощью 
"СФР-2М" в режиме кадровой съемки со скоростью 2-Ю6 кадров/сек . 
Распределение магнитных полей в разрядном объеме получено на основании 
зондовых измерений. Отклонение аксиального тока от оси разрядной 
камеры регистрировалось с помощью двух магнитных зондов, располо
женных диаметрально на внешней стороне разрядной камеры и включен
ных таким образом, чтобы сигнал с них был равен нулю, когда ток 
протекает по оси разрядной камеры. Появление сигнала, отличного от 
нуля, свидетельствует об отклонении плазменного шнура от оси р а з 
рядной камеры. Временные характеристики жесткого рентгеновского 



242 КВАРЦХАВА и др . 

излучения исследовались с помощью сцинтиллятора NaJ и ФЭУ. Про
странственные характеристики излучения определялись по фотографиям 
разряда в рентгеновских лучах. Энергия 7 " к в а н т о в оценивалась по 
поглощению излучения в свинцовых и медных экранах. 

i /«« сак) 

Р и с . 4 . Временная последовательность включения разрядных контуров комбинированного 
пинча. 

Электронная температура до 100 эв определялась из отношения ин-
тенсивностей примесных спектральных линий трижды ионизованного 
углерода. Для надежного измерения интенсивностей линий углерода 
в разрядную камеру напускался метан СН4, концентрация которого не 
превышала 1% концентрации водорода. Электронная температура выше 
100 эв оценивалась по тормозному излучению плазмы в области мягкого 
рентгена. 

РЕЗУЛЬТАТЫ ЭКСПЕРИМЕНТОВ 

На рис .5 (ряды 4, 5, 6) приведены СФР-граммы разряда в комбини
рованном пинче. Ряды 4 и 5 представляют собой две проекции, с торца 
и сбоку, одного и того же разряда . Ток зет-пинча - 300 ка, ток в катушке 
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*• t 
Рис .5 . 1)3ет-пинч (фотография с торца); 2) зет-пинч (фотография сбоку);3) тета-пинч (фотогра
фия с торца); 4) и 5) комбинированный пинч (фотография одного и т о г о же разряда сторца и с б о -
ку), ток в зет-пинче — 300 ка, ток в катушке тета-пинча - 420 ка; 6) комбинированный пинч (фото
графия сбоку) ,ток в зет-пинче — 400 ка , ток в катушке тета-пинча - 750 ка . 
Начальное давление гелия р= 10"1 мм р т . с т . Экспозиция каждого кадра 0,5 м к с е к . В р е 
менной интервал между кадрами 2 м к с е к . Зет-пинч включался на 2 мксек раньше т е т а -
пинча. 

тета-пинча — 420 ка . В случае ряда 6 ток зет-пинча равен 400 ка, а в 
катушке тета-пинча - 750 ка . Тета-пинч включался на 2 мксек позже 
зет-пинча. 

Торцовые фотографии показывают, что плазменный шнур в обоих 
случаях имеет достаточно четкую границу и устойчив в течение всего 
полупериода разрядного тока; повторные пробои у стенок разрядной 
камеры отсутствуют. Для сравнения на этом же рисунке приведены 
фотографии отдельных з е т - и тета-пинчей, на которых видны характер
ные для них неустойчивости (ряды 1, 2, 3 ) . Если предположить, соглас
но приведенным фотографиям, что весь ток зет-пинча сосредоточен в 
столбе радиусом 4,5 см , то коэффициент устойчивости К = (Hz/Hv)(2ffa/L) 
будет больше единицы только в течение двух микросекунд (рис.6) в об
ласти, где ток зет-пинча в конце первого полупериода переходит через 
нуль; в остальное время он меньше единицы. Таким образом, несмотря 
на то, что условие устойчивости Крускала — Шафранова [9] по существу 
не выполняется, плазменный шнур устойчив в течение всего первого 
полупериода разряда . 

Объяснение этому факту, видимо, следует искать в структуре т о 
кового слоя и связанной с ней геометрией магнитных полей. Дейст
вительно, на боковых фотографиях разряда видно, что плазменный шнур 
представляет собой жгут скрученных токовых волокон. Магнитными 
зондами было измерено распределение азимутальной и аксиальной состав
ляющей магнитного поля вдоль радиуса разрядной камеры. На основании 
этих измерений можно сделать следующие заключения. Аксиальное 
магнитное поле на оси разрядной камеры больше вакуумного поля т е т а -
пинча в течение всего первого полупериода разрядного тока, что указы
вает на наличие спиральной деформации токового шнура и согласуется 
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с боковыми фотографиями разряда . Обработка зондовых измерений 
показала, что в том случае, когда тета-пинч включается через 0,5 -5-1 мксек 
после зет-пинча, пристеночные плазменные токи почти отсутствуют, 
т . е . вторично пробои не возникают. На рис .7 показана зависимость 
электронной температуры плазмы Те от 'сдвига At между моментом 
включения зет - и тета-пинчей. Она достигает максимума (14 эв) при 
At = 0,5 мксек и уменьшается в два раза при At = 1,5 мксек . Точность 

К 

18 Ь(нисек) 

Р и с . 6 . Зависимость коэффициента устойчивости К = H z / H ' 2 ) r a / L от времени; построена 
для условий рис.5(4) и (5). 

is 

ю • 

Те эй. 

•2 -1 о 1 г з 1 I 
A t мксек. 

Р и с . 7 . Зависимость электронной температуры плазмы в комбинированном пинче от сдвига 
по фазе At между з е т - и тета -пинчами. 

определения температуры составляет ± 1,0 эв. Для того чтобы понять 
такую сильную зависимость электронной температуры от сдвига по фа
зе, рассмотрим последовательные стадии развития зет-пинча: первая 
стадия — пробой межэлектродного промежутка и образование скин-слоя 
у стенок разрядной камеры; вторая стадия — завершение формирования 
волокнистой структуры плазменной оболочки; третья стадия — быстрое 
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радиальное сжатие плазмы под действием нарастающего магнитного 
давления; четвертая стадия - повторный пробой у стенок разрядной ка 
меры . 

Для того чтобы получить разряд с высоким значением / 3 ^ 1 , т ета -
пинч следует включить на первой стадии развития зет-пинча, когда 
уже образовался скин-слой. В этом случае тета-пинч зажигается по 
оболочке зет-пинча. Аксиальное магнитное поле проникает в плазму 
только на толщину скин-слоя. Сжатие осуществляется суммарным 
магнитным давлением з е т - и тета-пинчей. Этот режим соответствует 
примерно At = 0,5 мксек и дает максимальную электронную температу
ру. Если тета-пинч включается раньше, чем образовался скин-слой зет-пин
ча, то аксиальное магнитное поле заполнит весь объем плазмы и после об
разования скина будет захвачено. В результате,степень сжатия и 
температура плазмы будут меньше, чем в первом случае. Если тета -
пинч включается на второй стадии зет-пинча, когда уже имеется р а з 
витая волокнистая структура, то и в этом случае аксиальное магнитное 
поле, видимо, может легко проникнуть через щели между волокнами 
в плазму и по мере сжатия токовой оболочки будет захвачено. Этот р е 
жим соответствует At - 1 , 5 мксек . При включении тета-пинча на четвер
той стадии зет-пинча пристеночный плазменный ток, возникший в ре 
зультате вторичного пробоя, будет экранировать аксиальное магнитное по
ле. Температура центральной области плазмы в этом случае будет полностью 
определяться зет-пинчем, по которому течет относительно малый ток. 
Этот случай соответствует At > 3 мксек . 

В зависимости от условий разряда (размеров разрядной камеры, 
материала стенок и степени их обезгаженности, начального давления, 
рода га за , скорости нарастания тока) длительности перечисленных 
стадий разряда зет-пинча могут меняться . Кроме того, в зависимости 
от начальных условий может измениться сам процесс развития разряда . 

Описанные выше результаты получены в условиях, когда в плазме 
присутствуют примеси ионов тяжелых атомов и напряженности магнит
ных полей сравнительно малы. Поэтому естественно, что электрон
ная температура плазмы не превышает 20 э в . 

В дальнейшем опыты проводились на установке, показанной на рис .3 . 
За счет уменьшения разрядного объема были увеличены напряженности 
магнитных полей. Созданы более чистые вакуумные условия. Изме
рения в комбинированном пинче проводились в основном в двух режи
мах . В первом режиме отсутствовало начальное квазипостоянное 
магнитное поле. Во втором режиме на разряд накладывалось началь
ное антипараллельное магнитное поле напряженностью HZQ = 2 кгс . 
Начальное давление водорода 10"1 мм р т . с т . 

На рис .8 приведены осциллограммы азимутального и аксиального 
магнитных полей на оси разрядной камеры и на расстоянии 13 мм от 
оси, а также сигнал с компенсированного магнитного зонда. Измерения 
проведены в первом режиме. Зет - и тета-пинчи включаются одновре
менно. На оси разрядной камеры аксиальное магнитное поле больше ва
куумного поля тета-пинча и по форме близко к-синусоиде. На расстоянии 
13 мм от оси аксиальное поле совпадает с вакуумным полем . Сигнал с 
компенсированного зонда является большим. Эти факты указывают на 
то , что имеет место спиральная деформация плазменного тока . Оценки 
показывают, что шаг спирали - порядка длины межэлектродного рассто
яния. Из характера приведенных осциллограмм видно также, что толщи
на скин-слоя больше радиуса разрядной камеры (R = 3 см) . 



246 КВАРЦХАВА и др . 

Юмксек 

Р и с . 8 . Комбинированный пинч 
At = 0: 
1 и 2 —магнитные поля Н^ и H z на 
расстоянии 13 мм от оси разрядной 
камеры; 3 и 4 — магнитные поля Hv 
и Hz на оси разрядной камеры; 
5 — сигнал с компенсированного 
зонда . 

Юмксек 

Р и с . 9 . Комбинированный пинч с 
антипараллельным начальным м а г 
нитным полем Hzo = 2 кгс , At = 0: 
1 и 2 —магнитные поля Н^ и Н2 на 
расстоянии 13 мм от оси разрядной 
камеры; 3 и 4 —магнитные поля Hv 
и Hz на оси разрядной камеры; 
5 — сигнал с компенсированного 
зонда . 

На рис .9 приведена осциллограмма для второго режима. Зет - и 
тета-пинчи, как и в первом случае, включаются одновременно. Качест
венно картина развития разряда соответствует р и с . 8 , только амплитуда 
сигнала с симметричного зонда несколько меньше, а на фронте аксиаль-
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ого магнитного поля в приосевой области камеры появляются высоко-
астотные колебания. При этом, вначале магнитное поле нарастает 
едленнее, чем вакуумное; толщина скин-слоя, видимо, сравнима с ради

ксом разрядной камеры . 
На рис.10 приведена осциллограмма для первого режима. Тета -

пинч включался на 1 мксек позже зет-пинча. До полного сжатия плаз 
мы аксиальное магнитное поле на оси равно нулю. В момент сжатия 
оно быстро (за 2-Ю"7 сек) нарастает и становится больше вакуумного 
магнитного поля тета-пинча. На расстоянии 13 мм от оси аксиальное 
магнитное поле равно вакуумному полю. Таким образом, толщина скин-
слоя при At = 1 мксек меньше радиуса разрядной камеры и равна прибли
зительно 2 с м . Интересно отметить, что величина сигнала с компенси
рованного зонда гораздо меньше, чем в первых двух случаях. Спираль
ная деформация тока имеет место и в этом случае, так как величина 
аксиального магнитного поля на оси после сжатия плазмы больше ваку
умного поля, но радиус плазменного столба меньше, чем At = 0 . 

Юмксек 

Р и с . 1 0 . Комбинированный 
пинч At = 1 мксек: 
1 и 2 —магнитные поля Н~ 
и Hz на расстоянии 13 мм от 
оси разрядной камеры; 
3 и 4 —магнитные поля Hv и 
Hz на оси разрядной камеры; 
5 — сигнал с компенсирован
ного зонда. 

На рис.11 приведены осциллограммы магнитных полей для второго 
режима. Тета-пинч включался на 1 мксек позже зет-пинча. Такого 
сдвига во времени между з е т - и тета-пинчами уже достаточно, чтобы 
плазменной оболочкой захватывался антипараллельный магнитный поток. 
К началу третьей микросекунды плазма уже сжата к оси. После завер
шения фазы сжатия антипараллельное магнитное поле из приосевой об
ласти исчезает , но появляется азимутальное магнитное поле. В это же 
время компенсированный зонд регистрирует отклонение продольного 
тока от оси к стенке камеры. В последующий момент времени зонды, 
расположенные на расстоянии 13 мм от оси, регистрируют прохождение 
плазменного шнура с обратным захваченным магнитным полем . Сигнал 
с компенсированного зонда в это время уменьшается до нуля, так как 
плазменный шнур располагается симметрично относительно зондов . В 
дальнейшем сигнал с компенсированного зонда меняет полярность, что 
свидетельствует о том, что плазменный шнур находится по другую сто 
рону от оси разрядной камеры . 

Интересной особенностью этого режима является то, что плазменный 
цилиндр, скручиваясь в спираль, несет в себе захваченное антипараллель-
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ное магнитное поле . Время развития спиральной неустойчивости состав
ляет 2-5-3 мксек. Шаг спирали, оцененный по величине аксиального маг
нитного поля, порядка 13 см. 

Р и с . 1 1 . Комбинированный пинч с анти
параллельным магнитным полем Hz 0 = 2 кгс , 
At = 1 мксек: 
1 и 2 — магнитные поля H v и Н2 на р а с с т о 
янии 13 мм от оси разрядной камеры; 
3 и 4 — магнитные поля Н^ и Hz на оси 
разрядной камеры; 5 —сигнал с компенси
рованного зонда; 6 — ток в з ет -пинче . 

Следует отметить, что во всех описанных опытах в начале второго 
полупериода разрядного тока тета-пинча имеется захваченное обратное 
магнитное поле ,которое после сжатия плазмы быстро исчезает . Темпе
ратура плазмы в это время максимальна. 

На рис.12 приведены графики изменения электронной температуры 
во времени, при наличии антипараллельного магнитного поля, для трех 
значений At . Для первой кривой At = 0, для второй— At = 0,3 мксек и 
для третьей — At = 0,8 мксек . Вакуумное магнитное поле тета-пинча рав
но 20 к г с . Зависимость электронной температуры плазмы в первом полу
периоде от At качественно такая же, как и в экспериментах с шестигран
ной камерой (рис.5) и согласуется с зондовыми измерениями магнитных 
полей. В случае первой кривой захватывается большой поток магнитно
го поля (рис.8) , поэтому степень сжатия и температура плазмы соответст
венно малы . В случае второй кривой поток обратного захваченного м а г 
нитного поля мал или вообще отсутствует (подобная картина наблюдается 
и в комбинированном пинче без антипараллельного магнитного поля, но 
при At = 1 мксек (рис . 10). 

Третьей кривой соответствуют осциллограммы магнитного поля, 
приведенные на р и с . 1 1 . Резкий спад температуры плазмы на пятой 
микросекунде объясняется развитием винтовой деформации плазменного 
шнура и его уходом из приосевой области, в которой проводятся наблю
дения . 

Во всех описанных опытах на второй установке было зарегистриро
вано рентгеновское излучение с энергией порядка 15 кэв , которое в о з 
никает всегда одновременно с током зет-пинча. Длительность излуче
ния составляет 1,5 -5-2 мксек . 

Таким образом,характерными особенностями развития разряда в 
комбинированном пинче без предионизации газа являются: 

1) При нулевом сдвиге между моментами зажигания з е т - и т е т а -
пинчей (At = 0) толщина скин-слоя больше или сравнима с радиусом р а з 
рядной камеры . 

Юмксег 
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2) При увеличении At до одной микросекунды, толщина скин-слоя 
уменьшается до 2 с м . 

3) Наложение антипараллельного магнитного поля всегда уменьша
ет толщину скин-слоя. 

4) Наиболее благоприятным режимом для комбинированного пинча 
является режим, когда захваченный плазмой магнитный поток отсут
ствует ., 

5) В начальной стадии разряда наблюдается жесткое рентгеновское 
излучение. 

а А к /в го 32 t„reeK 

Р и с . 1 2 . Зависимость электронной температуры плазмы в комбинированном пинче с анти
параллельным магнитным полем (Hzû = 2 кгс , I . At = 0 ; I I . At= 0,3 мксек ; III . At=0,8 мксек) 
от времени. 

Для того чтобы выяснить,какой вклад вносит в процессы,развива
ющиеся в комбинированном пинче, каждая из компонент, были проведе
ны аналогичные измерения на з е т - и тета-пинчах в отдельности. 

На рис.13 приведены осциллограммы тока ,напряжения ,рентгенов
ского излучения и омического сопротивления плазмы в зет-пинче без 
предварительной ионизации. На начальной стадии разряда видны высо
кочастотные колебания напряжения. Они всегда сопровождаются из 
лучением жесткого рентгена, интенсивность которого однородно рас 
пределена по длине разрядной камеры. Сопротивление разряда опре
делялось по падению напряжения между электродами и полному р а з 
рядному току с вычетом реактивного сопротивления . В начале разряда 
оно порядка одного ома и много больше реактивного сопротивления. 
Через 1 +2 мксек колебания напряжения срываются, рентгеновское 
излучение исчезает , а активное сопротивление плазмы становится 
меньше индуктивного. 

Полагая (на основании эондовых измерений магнитных полей и 
фотографий разряда) , что плазма занимает весь объем разрядной ка
меры, можно вычислить проводимость плазмы. В начале разряда она 



250 КВАРЦХАВА и др . 

l !2r -10 CGSE, а в момент срыва неустойчивого режима до-
113л 

составляет о-
стигает ст - 5-1013CGSE. При этом толщина скин-слоя б = (С/47гаш)1/'2 

должна уменьшиться от 15 см до 2 с м . Как было показано выше, в тех 
режимах, когда тета-пинч включался через 1 мксек после зет-пинча, 
толщина скин-слоя не превышала 2 см (рис.10) . При смещениях 
At < 1 мксек, в отсутствии антипараллельного магнитного поля, толщина 
скин-слоя становится больше радиуса разрядной камеры (рис.8) . 

R(o„) 

Ь(пксек) 

3 мксек 
Р и с . 1 3 . Зет-пинч: 1 — осциллограмма тока; 2 — напряжение на межэлектродном промежут
ке; 3 — осциллограмма рентгеновского излучения. Справа — график зависимости активного 
сопротивления разрядного промежутка от времени. 

Оценки показывают, что при температуре электронов в начальной 
фазе развития зет-пинча Т е ~ 5 эв , отношение эффективной частоты 
взаимодействия электронов с плазмой уЭф - пе2/от& к классической 
частоте v = 25п/Т составляет величину порядка 50. После срыва не
стабильного режима это отношение становится порядка единицы. Т а 
ким образом, в начальной стадии зет-пинча, видимо,развивается кол
лективная нестабильность [ 10] , приводящая к увеличению толщины 
скин-слоя в плазме . 

В случае использования предварительной ионизации газа ,колебания 
напряжения и рентгеновское излучение отсутствуют. Толщина скина 
становится меньше радиуса разрядной камеры . В момент максималь
ного сжатия плазмы регистрируется мягкое рентгеновское излучение. 
Оценка электронной температуры по этому излучению дает значение 
порядка 100—150 э в . 

Были проведены также измерения на отдельном тета-пинче. В ре
жиме без предионизации, при начальном давлении 10" мм р т . с т . , в пер
вом полупериоде разряд не зажигается . Во втором полупериоде появля
ется жесткое рентгеновское излучение с энергией около 100—150 к э в . 
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При этом магнитное поле совпадает с вакуумным . В третьем полупери
оде формируется нормальный пинч. С уменьшением давления разряд 
зажигается в более поздних полупериодах. В режиме с предиониэацией 
жесткое рентгеновское излучение отсутствует, а разряд зажигается 
во втором полупериоде. 

При наложении на тета-пинч с предиониэацией антипараллельного 
магнитного поля, разряд зажигается в первом полупериоде. Причем ин
тенсивность мягкого рентгена возрастает на порядок по сравнению с 
тета-пинчем без предионизации и начального поля. Электронная темпе
ратура в момент максимального сжатия достигает 150 — 200 э в . 

Проведены первые опыты с комбинированным пинчем с предиони
эацией. В этом режиме толщина скин-слоя составляла =1 с м . Сжатие 
плазменной оболочки происходит эффективно. Жесткое рентгеновское 
излучение в начальной стадии разряда отсутствует . 

iÛMHCeK 

Р и с . 1 4 . Комбинированный пинч: 
1—ток в зет -пинче ; 2 — ток в катушке тета-пинча; 3 — мягкое рентгеновское излучение 

На рис. 14 показана осциллограмма мягкого рентгеновского излу
чения из комбинированного пинча с предиониэацией. Длительность 
излучения в два раза больше, чем в т е т а - и зет-пинчах в отдельности. 
Следует отметить, что в комбинированном пинче без предионизации 
мягкое рентгеновское излучение отсутствует . 

ВЫВОДЫ 

1. Установлено, что плазма в комбинированном пинче более устой
чива, чем в з е т - или тета-пинчах в отдельности. 

2 . На динамику плазмы в комбинированном пинче существенное 
влияние оказывает начальная стадия развития зет-пинча. В течение 
первых 1 -=-2 мксек в зет-пинче развивается коллективная неустой
чивость, которая приводит к увеличению толщины скин-слоя. Примене
ние предварительной ионизации позволяет подавить эту нестабильность. 
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3 . Начальное антипараллельное магнитное поле улучшает условия 
скинирования тока . 

4 . Исследована зависимость электронной температуры в комбини
рованном пинче от временного смещения между з е т - и тета-пинчами. 
В случае разрядной камеры большого радиуса ( R = 16 см) в режиме без 
предионизации оптимальное смещение равно 0,5 мксек . В случае р а з 
рядной камеры малого радиуса (г = 3 см) в режиме с предионизацией 
At = 0 . 

В дальнейшем основное внимание будет уделено изучению устойчи
вости плазмы в комбинированном пинче в режиме с предварительной 
ионизацией. С помощью лазерной методики предполагается провести 
измерение радиального градиента электронной плотности и ионной темпе
ратуры плазмы. Будет измерено абсолютное значение электронной 
концентрации по штарковскому уширению спектральных линий и т . д . 

Следует отметить, что для окончательного выяснения вопроса ста 
бильности плазмы в комбинированном пинче необходимо провести опыты 
в тороидальной геометрии или в линейных пинчах большой длины, так 
как в коротких пинчах время жизни плазмы, как правило, ограничивается 
быстрыми концевыми потерями. 

НЕКОТОРАЯ ТЕРМОДИНАМИЧЕСКАЯ ТРАКТОВКА 
ПОЛУЧЕННЫХ РЕЗУЛЬТАТОВ 

Отличительная черта плазменных систем, используемых в термо
ядерных экспериментах, состоит в том, что они не достигают состояния 
термодинамического равновесия: в них всегда присутствуют градиенты 
температуры, плотности частиц, распределения скоростей, электри
ческого и магнитного полей и др . и связанные с этими градиентами 
потоки энергии (тепловой, механической и электромагнитной), массы, 
количества движения, энтропии и т . д . 

В системах типа "магнитных ловушек" с /3<К1 очень быстро на
ступает стационарное состояние, что препятствует достижению не
обходимых параметров плазмы: при попытках накопить в системе з а 
ранее "нагретые" частицы не удается превысить значения концентра
ции 1010-М011 см"3; при нагреве предварительно приготовленной плазмы 
температура не превышает нескольких сот электронвольт . При / 3 - 1 , 
напротив, трудно удержать систему достаточно долго в стационарном 
состоянии: оно или вовсе не достигается, или реализуется в течение 
слишком короткого времени. В лучших системах такого типа (напри
мер, в."Сцилле IV") продолжительность стационарного состояния не 
превышает 5 мксек. 

В термодинамике необратимых процессов для характеристики 
эволюции системы используется величина а — внутреннее производст
во энтропии (или обобщенной энтропии) в единицу времени, представля
ющая собой сумму обобщенных мощностей — произведений от термо
динамических сил (градиентов) Xi и вызываемых ими потоков (термо
динамических скоростей) Ji 

а = Е Xi Ji 
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Для необратимых процессов всегда <т> 0. Общий критерий эволю
ции, сформулированный Пригожиным [ 11 — 13] , приводит к выводу, что 
если система, взаимодействующая с окружающей средой, обладает 
выраженной индивидуальностью и подчинена граничным условиям, не 
зависящим от времени, о может только уменьшаться. Это означает, 
что подобные системы развивают тенденцию к упорядочению внутренней 
эволюции путем повышения эффективности к.п. д. термодинамических процес
сов . Подобная тенденция сохраняется и в том случае, когда в систе
ме, наряду с необратимыми диссипативными явлениями, происходят 
и обратимые механические явления. Теорема Пригожина гласит, что 
при соблюдении некоторых условий эти системы в конечном итоге до
стигают стационарного состояния, при котором а приобретает минималь
ное значение, определяемое условиями (мощностью) взаимодействия с 
с окружающей средой. 

Теорема Пригожина находит много интересных приложений [14] . В 
частности, для стационарной дуги она приводит к известному принципу 
Штеенбека [ 1 5 ] , согласно которому падение напряжения принимает ми
нимальное значение для заданной силы тока и при фиксированных внеш
них условиях. Как известно, это свойство характерно почти для всех 
видов сильноточных разрядов. Аналогичная ситуация возникает и в 
пинчевых разрядах после завершения сжатия плазмы. Это указывает 
на возможность применения упомянутого критерия и к такого рода 
системам. Попытаемся на этой основе сделать некоторые выводы по 
отношению к рассмотренным в предыдущих разделах результатам экспе
риментов . 

Опыт показывает, что,хотя согласно критерию Пригожина отдельные 
з е т - и тета-системы должны стремиться к стационарному состоянию, в 
действительности же они или не достигают его , или пребывают в нем в 
течение очень короткого времени (например, система "Сцилла IV") . 
Из предыдущего рассмотрения следует, что в зет-пинчах это происхо
дит, главным образом, в результате повторных зажиганий разряда 
(образуется новая плазма с новыми границами), а также из-за возму
щающего влияния плазменных струй, выбрасываемых с поверхностей 
электродов катодными и анодными пятнами. Они усиливают нестабиль
ности сжатой плазмы. В тета-пинчах этому способствуют начальные 
неоднородности плазмы (волокнистая структура) и наличие однородного 
удерживающего поля, медленно изменяющегося во времени (выбросы 
плазмы желобкового типа и т . д . ) . В комбинированных пинчах причи
ны, приводящие к нарушениям граничных условий, значительно ослаб
лены. В результате хорошего "сгребания" газа и наличия "шира" м а г 
нитного поля, здесь повторные зажигания разряда затруднены; отсут
ствует влияние приэлектродных процессов и ослаблены эффекты, вызы
ваемые начальной неоднородностью плазмы; наличие "шира" магнитно
го поля улучшает гидромагнитную стабильность пинча, а скрученность 
составляющих его волокон удлиняет пути аксиального движения плазмы. 
Это указывает на то, что комбинированная система более устойчива, 
чем отдельные пинчи. В ней сохраняются или усиливаются свойства 
отдельных пинчей, способствующие нагреву и удержанию плазмы, а свойст
ва, приводящие к развитию нестабильностей, подавляются. 

Таким образом,из приведенного рассмотрения следует, что для до
статочной стабильности стационарного состояния плазменной системы 
существенное значение имеют не только свойства самой плазмы, но и 
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"прочность" граничных условий . Поскольку достижение термоядерных 
параметров потребует дальнейшего наращивания мощности разряда, 
мы будем встречаться с усиливающимися трудностями в сохранении 
граничных условий неизменными. Поэтому комбинированные системы, 
видимо, будут иметь определенные преимущества по сравнению с просты
ми системами. 
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D I S C U S S I O N 

F . L . RIBE: Does a fast-growing kink instabil i ty develop in the second 
appara tus? If so, how does it depend on the p resence of a r eve r sed t rapped 
field? 

G.G. ZUKAKISHVILI: In the combined pinch in the second appara tus , 
a helical instabil i ty also exists when the re is a r eve r sed trapped magnetic 
field in the p lasma column, which twis ts into a helix and entrains the r e 
ve rsed field. As the reversed trapped field diminishes , the radius of thé 
sp i ra l d e c r e a s e s , while the p lasma t empera tu re r i s e s accordingly. Helical 
instabil i ty appears to develop because the Kruskal-Shafranov stabil i ty con
dition is not satisfied. On the other hand, stabil ization by the conducting 
sheath is not possible s ince the radius of the p lasma is much l e s s than that 
of the conducting sheath (the role of which could be played by the theta-
pinch coil) . 

H. A . B . BODIN: Regarding the maximum electron t e m p e r a t u r e achieved 
with a r eve r sed trapped field, is the measu red value in agreement with the 
value calculated o r es t imated theoret ica l ly on the basis of r e s i s t ive and 
compress ion heating with no energy l o s se s o r cooling, o r is the t empe ra 
t u r e held down by radiat ion or other l o s s e s ? 

G.G. ZUKAKISHVILI: The maximum t e m p e r a t u r e values calculated 
on the basis of compress ion heating a re near the measured va lues . Since 
the sys tem which we were studying was a short one with open ends, the 
dec rease in p lasma energy after maximum compress ion may be attributed 
mainly to end l o s s e s . 
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Abstract 

THE POLYTRON: A TOROIDAL DISCHARGE WITH PULSED MAGNETIC CUSPS . An experiment is 
described in which an axial current is produced in a toroidal plasma with many large superposed cusp magnetic 
fields and also a small axial magnetic field. The effects of preheating the discharge are given. It is shown 
that the presence of the magnetic fields modifies the discharge as follows: (1) ит for the electrons is much 
greater than unity and the axial current is very much smaller than the axial current with no cusp fields; (2) 
A Hall current is produced by electrons drifting azimuthally in the cusp regions; this is verified by measure
ments of the axial magnetic field and of the total flux across the cross-sectional area; (3) The Larmor radius 
for the ions is greater than the separation of the cusps and the axial current is mainly composed of ions, thus 
motion of the plasma's centre of mass is predicted. 

For the experimental conditions used the maximum ion velocity is limited by the periodic variation of 
the electric field rather than by collisions with trapped electrons. Spectroscopic measurements of the Doppler 
shift in an argon plasma made tangentially to the axis of the torus are given, together with measurements of 
the directed ion motion made with Faraday-cup-type probes. A computer study of a time-varying MHD model 
of the experiment has been performed. Comparisons between computed and experimental results are given with 
predictions of the conditions necessary for a stable ion-current regime. 

1. ШГЮШСТЮЫ. 

The "Polytron" device is a toroidal discharge configuration on which 
is superimposed multiple cusp shaped magnetic fields as shown in Pig. 1. 
The radial component of each cusp field, Bp, interacts with the axial current 
density, iz, to give rise to an azimuthal Hall current. This in turn 
interacts with Bf to produce an î x S force in the z direction independent 
of the sign of В?. (For convenience we are using the terminology of 
cylindrical coordinates). Provided the ion Larmor radius is sufficiently 
large., this force preferentially accelerates the ions, whereas the electrons, 
having much smaller Larmor radii, tend to remain trapped within the cusps. 
If the ion velocity so produced is greater than the ion thermal speed,, the 
radial leakage out of the cusps will be prevented. Besides providing 
the acceleration mechanism, the cusp field if dominant should provide 
stability. The cusp fields are stronger on the outside of the torus and 
this is necessary to balance in equilibrium the strong centrifugal force 
of the ion current. 

The system was first proposed by Haines [l] who determined the necessary 
operating criteria on the basis of a hydrcmagnetic model. Durmett £2]has 
subsequently analysed the Hall acceleration in more detail. 

2. EXPERIMENTAL DETAILS. 

A schematic diagram of the assembly is shown in Pig. 1. The discharge 
vessel is a quartz torus of 50cm major diameter and 4.6cm minor diameter. 
The firing sequence together with details of typical working parameters 
is given in Pig. 2. The toroidal magnetic field, used to assist pre-
ionization, is small and does not appear to disturb the system. Experiments 

255 



256 DANGOR et al. 

have been done in hydrogen and helium but the most comprehensive results 
have been obtained with argon. 

Diagnostics have been confined to tho following: The axial plasma 
current and current in the induction rods were measured with Rogpwski 
coils; current distributions in the plasma have been measured with con
ventional magnetic field probes and the asymmetric Hall currents have 
been measured with external loops positioned in the null region between 
cusp coils5 time-resolved photographs and line spectra of the plasma have 
been obtainedf finally a Faraday-cup probe Jjj] has been used to detect 
axial ion velocity. The properties of the preionizer discharge have 
been examined using a 4mm microwave interferometer and Langnuir probes. 

luF 30 kV 

Individual 
cusp bank 

J 216uF 35kV 

FIG. 1. Schematic diagram of the Polytron. 

200 6 

AXIAL FIELD 
BANK 1.5 kV 

DISCHARGE CURRENT 
PRE IONISER 20 kV 

CUSP FIELD 
BANK 3 k V 

INDUCTION ROD CURRENT 
MAIN BANK 10 kV 

DISCHARGE CURRENT 
MAIN BANK 10 kV 

TIME SCALE 
50 100 150 p s 

FIG.2. The firing sequence. 
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3. RESULTS. 

1 1. Current waveforms 

Current waveforms clearly indicate the existence of two regimes as 
may be seen in Pig. 3. At a low main bank voltage (7.5 kV) the discharge 
current i s drastically reduced by the presence of the cusp fields, whereas 
at a higher voltage (25 KV) the plasma current i s unaffected by the cusps 
and remains large. Also shown in the figure i s an intermediate case. 
Note that in the low current regime the waveform exhibits a large current 
spike at the time when Bcusp = 0« The division between the two regimes 
depends on other parameters such as the magnitude of the cusp field and the 
gas f i l l ing pressure (see Pig. 8). In general the low current regime is 
favoured by low main bank voltages, high cusp fields and low in i t i a l 
f i l l ing density. Further discussion is given in section 4. 

4kG 

"cu»p 

2.6 к А 

Xtube 

13 kA 

4ub« 

65 kA 

T t ub . 

- / \ 

t — 
MAIN BANK 
VOLTAGE 

7.5 kV yr 
15 kV 

t—. 

25 kV 

lOusec/div 
AR60N 3jjm Hs 

F1G.3. Axial current waveforms. 

3.2.Magnetic field measurements 
The acceleration mechanism is entirely dependent on azimuthal Hall 

currents. The magnetic fields produced by these currents can be measured 
by a loop or probe in the midplane between cusps. These can clearly be 
seen from the dependence of the loop signals on the polarity of cusp 
banks and main bank as shown in Fig. U. Over a wide range of experi
mental conditionsj the Hall current signal was proportional to the main 
bank voltage and inversely proportional to the cusp field for шт » 1 
(see Pig. 8). It was found that the gas pressure was critical in 
determining the duration of the Hall current. For an argon plasma., at 
pressures below 20 vm Hg, the Hall current lasted for the whole of the 
current first half-cycle but showed oscillations which depended on the 
size of the axial electric field. Between 20 m Hg and 500 ym Hg 
pressure, the Hall current lasted for 2 to 4 visec before disappearing 
completely. Above 500 vm Hg pressure} the Hall current lasted throughout 
the discharge and was smoother (see Fig. 5). The behaviour of discharges 
in hydrogen and helium at pressures up to 100 um Hg was similar to argon 
at pressures below 20 um Hg. 
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FIG.4. Variation of Hall current with bank polarity. 

MAIN BANK: 10 kV 
CUSP BANK =2.5 kV 

50 6 
у л Л ^ ^ ч Л Л - ^ 

250 G 

250 6 

10 ц s 

MAIN BANK = 20 kV 
. CUSP BANK=2.5kV 

100G 

500 G 

500G 

PRESSURE : 
•^~ 5 j im 

PRESSURE : 
100 pm 

PRESSURE 
^ 1000 ц т 

10 p s 

10 

DURATION 
OF HALL 5 
SIGNAL 

5 10 100 

TUBE PRESSURE pm 

1000 

FIG. 5. Variation of Hall current with pressure and electric field. 
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Analysis of magnetic field profiles across the discharge showed that 

the axial current was confined mainly to a region 2 cm diameter around the 
centre of the tube at pressures up to 20 um Hg whereas at pressures 
greater than 100 ym Hg the current density was almost uniformly distributed 
across the whole tube. Even very modest cusp fields prevented the implosion 
of a current sheet. The radial distribution of the Hall current showed 
a displacement towards the inside of the torus probably due to the inward 
displacement of the magnetic axis through toroidal effects. 

5.3. Spectroscopic measurements 
The achievement of a centre-of-mass axial velocity is central to the 

Polytron concept and spectroscopic work was concentrated therefore on 
Doppler shift measurements of the principal ion species involved. The 
line profile was measured photoelectronicalty using a Hilger and Watts 
medium quartz spectrometer 3 the radiation being sampled tangentially to 
the axis of the torus. The ion motion was expected to be in the direction 
of the applied electric field and comparison was therefore made of the 
profile measured with the electric field in one direction and then reversed. 
Fig. 6 shows a Doppler shift of Argon IV A2809A corresponding to a 
directed velocity of 1.1 x 10° em sec-1 with respect to the laboratory 
frame. This was measured in a low current regime in which Hall 
acceleration was expected. A Doppler shift of the same order was obtained 
from another region of the discharge. Here the shift was measured with 
respect to the profile obtained in both the preionizer discharge and in 
the main bank discharge at the time when Всцдр = О when no ion currents 
were expected. 

An estimate of the electron temperature has been obtained from the 
time history of line radiation from successive ionization stages in the 
argon discharge. An analysis similar to McWhirter and Kolb ]T] indicates 
an electron temperature of the order of 20 eV for a discharge "in the low 
current regime (10 kV main bank voltage. 4 kG cusp field, 5 um Hg pressure). 
The measurement was obtained about 1 psec after initiation of the main 
discharge which is before wall interactions occur (see section 3-5). 
At higher pressures the electron temperature is lower. 

MAIN BANK • VE POLARITY 
MAIN BANK-VE POLARITY 

LIGHT 
OUTPUT 
1=2809 A 
ARGON IV 

5 kA 

DISCHARGE 
CURRENT 
MAIN BANK = 
10 kV 
CUSP BANK: 
2.5 kV 
PRESSURE = 
10 pm 

i p s 

WAVELENGTH — • 
(1 DIVISION: 0.175 A ) 

LINE PROFILES AFTER 
TIME = 1.5 ps 

FIG.6. Line profile showing Doppler shift. 
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p.h.Ion probe measurements 
Further confirmation of ion currents was obtained by the insertion 

of a Faraday cup probe into the discharge. The probe was positioned 
to receive particles travelling parallel to the axis of the tube and a 
radial scan was made from the outside wall to the axis. Measurements 
were made parallel and antiparallel to the applied electric field. The 
experiment was then repeated with the polarity of the main bank changed 
to eliminate spurious results. Typical probe traces and results are 
shown in Fig. 7. During the first half cycle of the discharge at peak 
cusp field it was found that the plasma noise was large on the tube axis 
and small away from the axis. This was probably due to the presence of 
high-energy electrons in the region where Bp is small. At a later time 
when Bcugn = 0 the plasma noise was excessive and arcing frequently 
occurred in all regions of the discharge. 

PROBE FACING DIRECTION 
OPPOSED TO ELECTRIC FIELD 

PROBE FACING DIRECTION 
ALONG ELECTRIC FIELD 

5k A 

PROBE SIGNAL 
AT TIME 
-Sjn 

(orb. units) PRESSURE 

20 mm 
RADIAL DISTANCE 

FIG. 7. Ion probe signals. 

3.5.Photography 
Image converter camera, pictures clearly show the leakage of plasma 

to the walls at the centre of the cusps at times greater than 1 usee 
from initiation of the main discharge. At pressures below 20 ym Hg for 
argon this appears to be the only cause of loss of plasma. For inter
mediate pressures of 50-500 ym Hg the cusp shaped plasma remains stat
ionary for 1 to Ц ysec and then there is a displacement of the cusp 
shape in the direction of the applied field. . After a further 0.5 to 1 
usee the plasma breaks up. At pressures above 500 ym Hg the plasma is 
slightly cusp shaped and fills most of the tube. No break up of plasma is 
observed. There is a good time correlation between the presence of the 
Hall current and the cusp shaped appearance of the plasma. 

Associated with the observed plasma leakage to the wall in the cusp 
regions there is a drop in electron temperature, and at low pressures 
oscillations occur in the Hall currents. 
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4. COMPARISON WITH THEORY 
Computer calculations have been performed on a magnetohydrodynamic 

model J2l in which the electric and magnetic fields are given realistic 
time variation. Current waveforms so derived have shown the same 
behaviour as Pig. 3. In the low current regime the computations indicated 
that the axial current was carried wholly by the ions, whereas the high 
current regime corresponded to an electron axial current. This changeover 
from axial ion current to an electron current occurred in the theoretical 
model when the induced azimuthal currents had grown large enough to rerove 
the applied cusp field from the plasma region. 

The computer program has been run for a variety of conditions and 
amplitude variations of axial plasma current and azimuthal Hall current 
are compared with experiment in Fig. в. Certain plasma parameters were 
assumed in the computations, and so the main significance is the qualit
ative agreement with the experimental results. 

EXPERIMENTAL COMPUTED EXPERIMENTAL COMPUTED 
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20kV 
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20kV 10 100 TOOOiim 10 100 lOOOum 
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1.2(kW •1 

(CUSP VOLTAGE ) 

FIG.8. Comparison of experiment with MHD model calculations. 

5. CONCLUSIONS 
Two discharge regimes characterised by very different axial currents 

have been obtained and the Hall current observed. These observations 
are in agreement with a numerical MHD model. Directed ion motion has 
been found by Faraday cup and Doppler shift measurements. These results 
are taken as evidence for the existence of the basic ion acceleration 
mechanism. 

However,cusp leakage has not been eliminated. This could be due to 
inadequate acceleration of the ions. An additional factor in the present 
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experiment is that the cusp coils are large compared with the tube 
diameter and this prevents the attainment of a strong radial magnetic 
field in the plasma. Theoretical considerations show that higher ion 
velocities will be obtained if the discharge is operated at lower number 
densities and higher electric fields. Modifications are at present 
being made to improve the effectiveness of the cusp system and to enable 
preionization at lower filling pressures. 
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Abstract 

FACTORS INFLUENCING THE PERIOD OF IMPROVED STABILITY IN ZETA. Further experimental and 
theoretical studies have been made of the period of improved stability in Zeta. 

Measurements, by Thomson scattering, show that the electron temperature, T e , at the start of the period 
is about 100 eV. Studies have also been made of T e during this period. Detailed measurements have been 
made of the plasma parameters (Ne , Te) at the edge of the discharge. Measurements of the axial field at a 
pinch parameter of 1.8 show that this field is reversed by about 20°lo of the initial axial field B0 at the start of 
the period. This reversal disappears after 1 ms when the improved stability ceases. At a pinch parameter of 
2.9 the reversal is 80°fo of B0 and the period is extended to 3 ms. The degree of reversal is constant round the 
major axis of the torus. 

A reversed axial electric field at the edge of the plasma is always observed during the period. The 
dependence of stability on this field has been studied further by modifying the machine so that the field can 
be controlled externally. 

The observations of the field configuration in the outer regions during the period of stability are con
sistent with the requirements of MHD theory. However, residual fluctuations are still observed and an analysis 
has been made of the possible instabilities which might cause these fluctuations. The MHD stability close to 
the magnetic axis for localized modes with vanishing pressure gradient has been studied and compared with 
experiment. Resistive instabilities, in particular the tearing mode and the possibility of stabilization by ion 
viscosity, have been analysed for the measured configurations. Estimates have been made of the growth 
times. The trapped particle modes are predicted not to be serious during this period and calculations have 
been made of the shear stabilization of drift modes. 

1. Introduction 

Attempts to produce stable plasmas in toroidal pinch geometry 
[1-3,33] have shown that certain pinch configurations are more favour
able than others. In Zeta [5,6], stability is observed for periods of 
up to 3 msec in spite of a markedly unstable phase beforehand. A typi
cal result for the rate of change of current fluctuations is shown in 
Fig. 1. In Tokomak [4] hydromagnetic stability is apparently obtained 
with strong toroidal curvature but a much weaker rotational transform 
than in Zeta. The theoretical requirements for stability have been 
studied extensively [6,7,8,9] and from these results it has been con
cluded that the observed improved stability in Zeta is attributable to 
a combination of a reversed axial electric and magnetic field (Em , В -
Fig.3) in the outer regions, as indeed was found in a small programmed 
experiment [3]. 

In this paper we compare the theoretical requirements for stability 
with the observed field configurations both near the wall and the mag
netic axis. New measurements of the electron temperature and density 
as a function of time, suggest that the particle and energy containment 
times are appreciably longer than obtained previously. 

Experiments have been made on the effect of a programmed longitud
inal electric field (Em) on stability. The origin of the period and the 
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FIG. 1. Gas current and rate of change of current showing the period of improved stability. 
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FIG.2. Modified ZETA equivalent circuit, May 1968. 
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ctors which determine its lifetime and the residual fluctuations are 
discussed. 

2. Apparatus and Parameters 

The torus assembly and power supply is essentially as described by 
previous workers [32]. The present equivalent circuit is shown to the 
left in Fig.2, and to this has been added a 0-5 MJ capacitor bank which 
provides additional control of the longitudinal electric field. The 
primary windings have been split, two thirds being powered by the large 
capacitor bank and the remaining third, with either polarity, by the 
smaller bank. The timing of the discharge of the small bank with respect 
to the first, is variable. Stabilizing magnetic fields of up to 2 kG are 
used. 

The range of gas currents used in these experiments is 400-700 kA and 
initial deuterium gas pressures are 1-5—3 mtorr. The paramagnetic mag
nification of the stabilizing field produces central B<p fields of up to 6 kG. 
Periods of improved stability lasting up to 3 msec are observed, when the 
pinch configuration parameter 6, is greater than 1-8. (9 is the ratio 
of the azimuthal field BQ at the walls to the initial stabilizing field 
B ^ Q ) . The coordinate system and field components are shown in Fig.3. 

3. Electron Temperature 

Previous measurements [6] of the electron temperature and density, 
by 90° Thomson scattering, have been extended into the period of improved 
stability. This has been achieved by increasing the sensitivity of the 
system by a factor of ten using a larger exit aperture and two passband 
filters - 6893Â, 6800Â, whose widths are 27 and 41Â respectively. The 
new results agree to within the errors ( 15$) with the previous measure
ments, which were made with a six channel system, at earlier times when 
the temperature is relatively low (60 eV). The measured scattered 
signal at 6800Â, shown in Fig.4, is relatively flat during the period, 
and falls later when the plasma is lost. The scattered and Doppler shifted 
signal at 6893Â also shown in Fig.4, falls steadily throughout the 
period. These results, which show that during the period the density 
remains almost constant and the electron temperature rises, - are sum
marized in Fig.5. The magnitude of this rise is about 50-100 eV, but it 
is difficult to estimate accurately due to uncertainties in the magni
tude of the 6893Â signal. These results are consistent with earlier 
microwave measurements [io] which indicated a rise of 40 eV with the den
sity remaining constant. The density falls rapidly at the end of the 
period. 

Taking a temperature of 90 eV at the start of the period, the obser
ved central current densities (Section 5), a density of 5 x 1013e cm" *, 
classical resistivity and neglecting radiation and conduction losses, an 
electron temperature rise of 110 eV in 800 usee is calculated from ohmic 
heating. This rise will be somewhat less if ion-electron thermalisation 
is included; it is slightly affected by considering an average ohmic 
heating rate in a minor cross section. This is consistent with the 
observed temperature rise, and indicates a relatively low loss by radia
tion and conduction. The use of classical resistivity is jusitified 
because the ratio of the drift speed of electrons to the sound speed is 
1*2. Previous [32] and recent [11] experimental results have established 

*This value for the electron density is obtained from relative density 
measurements by laser scattering, and observations previously reported 
[в]. 
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(mstc ) 

FIG. 4. 90°-scattered light from a ruby laser (6943 A) at two wavelengths as a function of time. 

FIG. 5. The electron temperature and density during the relatively stable period. 

that unless this ratio significantly exceeds unity there should be no 
anomalous resistivity. 

During the longer period of improved stability scattered signals com
parable with those of Fig.4 are obtained. There is no observable scat- • 
tered signal at 6800Л, if the conditions for the period are not satisfied 

These results suggest that the energy containment times are at least 
3«5 msec, and the value deduced from the observed parameters is 10 msec. 
As the temperature is increasing and the density remains constant, an 
energy balance calculation shows that the particle containment time ex
ceeds 3»5 msec. The calculated Bohm diffusion time is about 1 msec. 
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FIG.6. Longitudinal magnetic field at various times as a function of radius in the outer regions. 

Previous measurements of the pa r t i c le containment time in helium d i s 
charges [12] gave values up to 2 msec, but in tha t case the current was 
lower and the plasma less s t ab l e . 

I t has been assumed that T^ = T e , because the turbulent phase be
fore the period preferent ia l ly heats the ions [13] and during the period, 
the equipar t i t ion tijne i s 1-4 msec. With th is assumption, the centra l 
value of p (8та1кГ/В2(0)) a t the end of the period i s about 1CÇS, whereas 
short ly before the period i t i s 6%. 

4 . Outer Field Configuration 

Suydam's necessary c r i t e r i o n for the s t ab i l i za t ion of local ised 
modes, requires tha t the shear - Вт ц.'/ц.» where fi = Be/rB<p, should 
be everywhere non-zero. Even discharges with vanishing pressure grad i 
ent are unstable where the shear vanishes [15]. As 

2R 
В £l = _-J + lbL£ > о for stability, (1) 
<p u r B e 

where В 2 = в| + B 2 and j M is the current density along the magnetic 
field, then a confined plasma with jn -» О near the walls, will require 
a reversal in the sign of B„. To ensure juB remains positive, a re
versed j- in the outer regions is also desirable but, theoretically, 
does not seem to be necessary. A reversed axial magnetic field is ob
served throughout the shorter periods of improved stability (~ 1 msec) 
[б]. The measured axial field distribution for a period starting after 
2 msec and lasting for 3 msec is shown in Fig.6. The normalised shear 
parameter, 62 = 2яг2 d/dr . B^rB», whose magnitude is of interest 
when considering the stability of microinstabilities, is calculated to 
be 1-2 at the field reversal position. The reduction in the reversed 
axial field close to the liner at t = 1»2 msec is due to flux being 
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FIG.7. Comparison of shear and pressure gradient in the outer region before and during the period. 

drawn into the plasma volime from the interspace between the liner and 
the aluninium wall. A comparison of the shear calculated from the field 
distributions and the pressure gradient deduced from the ion saturation 
current to a double Langmuir probe [б], is shown in Fig.7, Tor times 
before and during a shorter (~ 1 msec) period. Before the period the 
criterion is violated but during the period it is satisfied everywhere 
and at the field reversal position by a factor of over a hundred-

The requirements for a reversed j,„ and 
condition 

jn В B„ < ( В В, Ф i everywhere, 

satisfy the sufficient 

(2) 

for the stability of the non-localised kink mode. A reversed E,, is 
always closely correlated with the start and finish of the period of 
improved stability. The experimental necessity for this reversal has 
been verified by controlling the axial electric field as described in 
Section 2. The results, in terms of the effect on the rate of change 
of current fluctuations, are shown in Fig.8. 

(a) shows a normal period of improved stability, 
(b) application of the reversed voltage at the conditions shown in 

(a) and 
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Negative voltage 
applied at this time 

(0 
FIG.8. Effect on rate of change of current 
fluctuations of applied voltage. 

Positive voltage 
applied lor this time 

(c) application of a positive axial electric field at the condition 
shown in (a) which has previously been noted [5]. 

The creation and destruction of the period of improved stability clearly 
shows the necessity for the axial electric field reversal. Applying the 
reverse voltage at a much later time has little effect on the abrupt 
termination of the period. This could be due to the plasma being well 
isolated from th-э walls during ths period or that the reversed axial mag
netic field vanishes at this time and is not influenced by the second 
applied voltage. 

Distributions possessing these field reversal properties can be ob
tained analytically by writing jn'seji En, J_L = °J_ E±> E = (О, E„, E ). A 
range of such configurations has been shown to be stable against all 
modes by the Newcombe criterion [17] for field reversals of 30% and P's 
of 20%. An exanple of a stable configuration is shown in Fig.9f where 
the fields are shown as a function of normalised radius. 

The reverse B^ arises from the instabilities during the current 
rise and it is possible to show that it can be generated by a finite 
amplitude kink mode, tiiough turbulent fluctuations can also give such 
a reversal [18]. 

The observations that B,. and Е ф (j„ ) reverse in the outer regions 
during the period thus satisfy the requirements of infinite conductivity 
hydromagnetic stability theory. 
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FIG.9. Field configuration for Eg = Q .6 X/E С ) а п^ ° | / 0 | | = 0-01. 

The decay time of the reversed field layer in Fig.6, has been calcu
lated. In this region the decay time is determiied by (Гц [31 ] and this 
has been estimated from electron temperature measurements by Langmuir 
probes and Thomson scattering, which give T ~ 20 eV in these outer 
regions. Using a Bessel function model for the field gives a decay time 
of 4 msec which is close to that observed for the reversed field. 

The magnitude of the reversed field has been found to be independent 
of position around the major axis, suggesting that no asymmetry effects 
are associated with the period. This symmetry of the initial applied 
magnetic field has been destroyed by reversing one of the fifty coils 
generating this field. This reduces the applied field by 40Й near the 
reversed coil and completely destroys the period of improved stability. 

5. Central Field Configurations 
Measurements of the field configuration close to the magnetic axis 

have been made by means of a multi-coil probe, for a few discharges, in 
conditions where the period of improved stability was not destroyed. 
Measurements of В , Bg,Br have been made with an accuracy of better 
than \$>. The variation of B» as a function of distance from the centre 
of the minor cross section before and during the period is shown in Fig.10. 
The variation of all three components is shown in Fig.11. The uniform Br 
variation indicates that the magnetic centre is situated 2-5 cm above the 
probe at this time, this distance decreases steadily during the |>eriod and 
reaches zero when it ends. 

By expanding about the magnetic centre, the variations of the field 
components for vanishing pressure gradient are found to be 

Br = | ^ sine + 0(r3) 

B 6 = Cr - ̂  cos6 + 0(r3) (3) 

В =B°-£ cos8 B° + -^ B° c o s ^ - 0 - ^ * — I cose -l! cos36 B° + 0(r4) 
Ф Ф R ф R2 <p ' в 0 RB° R 3 Ф 

Ф Ф 
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t«l-2m.stc 
(before period) 

FIG. 10. Central longitudinal field B„; solid line as calculated from Eq.3, dotted line includes a correction 
for pressure gradient. 

The theoretical curves are shown in Fig. 10 and observations during the 
period give a vanishing pressure gradient at the centre. Prior to the 
period a negative pressure gradient is observed. The magnitude can be 
obtained from a modified form of (3) which gives 1/r . dp/dr = - 6«1 x 102 

dynes.cm- . If the pressure profile is assumed to be similar to that 
given by the model configuration in the last section, then the estimated 
value of p is 20%. This is consistent with Tj 

The Suydam criterion in a toroid is [19] 

> Te at this time. 

4 cp • « * * < ' q2) > 0 (4) 

where q = T B V R B Q ; as q < 1 the measured configuration is locally 
unstable at tne centre before the period. A stability analysis close to 
the magnetic axis of a toroid using the theory of Newcombe [17] for the 
case of vanishing dp/dr in this region, shows that the field configura
tion is always stable, independent of the value of q. Consequently the 
field configuration at the later time is believed to be stable to local 
perturbations near the centre. The vanishing pressure gradient could be 
due to the ohmic heating being greater off the central axis, as we would 
expect from strong reverse field configurations. 

Calculation of the toroidal displacement, taking into account the 
observed pressure and field reversal, using the theory of Shafranov [20], 
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gives a horizontal displacement of 6 cm which is comparable to that obser
ved. The initial vertical displacement is not understood. 

6. Central Fluctuations 
Infrared laser transmission experiments have been performed to study 

the density fluctuations at the centre of the discharge [21 ], using a 
shadowgraph technique [22] which is sensitive to the second derivative of 
the density. The observed intensity fluctuations are related to the mag
nitude of the density fluctuations, their spectral index and the large 
and small correlation lengths. No marked change in the level of the inten
sity fluctuations is observed from before to during the period, but the 
fluctuations are noticably slower. Correlation measurements show that the 
length correlation increases from 2.5cmto4.0cm. From these observations we 
deduce that the random velocities fall by a factor of about two. Micro
wave measurements by Wort [lO] on the larger scale density inhomogeneities 
show a reduction by a factor of five. These results therefore indicate 
that the larger eddies are euppressed during the period, which implies a 
gross form of stabilisation, as we might expect from the suppression of 
a kink instability. Correspondingly the Reynolds number is reduced and 
thus the measured length scale will increase, as is observed. On the 
basis of these considerations and the fact that the mean density falls 
from peak current into the period, it is apparent that the level of the 
density fluctuations at the centre remains the same. As previously 
noted [б] the level of the density fluctuations in the outer region is 
considerably reduced. 

7. Discussion 
We have interpreted the improved stability in terms of infinite con

ductivity hydromagnetic stability theory and have also considered the 
effect of other modes of instability, in particular resistive ones. The 
residual fluctuations in the centre of the plasma indicate that there 
remains some form of instability. 

The tearing mode has recently been studied [24] for a configuration 
similar to that shown in Fig.6. It was shown that resistivity hardly 
affects the stability of the m = 1 mode, and it has been established 
[25] that this mode is the most dangerous. 

For the experimental parameters, finite conductivity pressure driven 
flutes (g-mode) will be affected by ion-ion collisions and the electron 
pressure gradient in Ohm's law [26]. In the central regions, where the 
radius of curvature is large and the shear weak, there will be stability 
for negative pressure gradients if Te >'80 eV, which is probably margin
ally satisfied. However in the outer regions where the radius of curva
ture is smaller, much higher temperatures are necessary for complete 
stabilisation (300 eV), even though the shear is strong; however, the 
growth rate is reduced by ion-ion collisions. 

Consideration has also been given to the trapped particle instabil
ités [27] in a system with a large azimuthal field, and here shear turns 
out to be relatively unimportant and collisiona? stabilization will occur. 

If we now consider the overheating effect [23], then the time taken 
to heat the plasma onmically to some critical value of p (20%), 
obtained from the known parameters, is ~ 10 msec. The expression is sen
sitive to p so that a critical p of 1CÇS gives a time of 2«1 msec. 
However the local overheating effect may be more serious than this because, 
if the current density is peaked near the centre, negative pressure gradi-
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ents will be created which will violate the Suydam criterion at the cen
tre [28]. This violation will move out in radius until the plasma is 
lost. This effect suggests a possible explanation for the residual in
stabilities at the centre of the discharge. Because the density is con
stant and the temperature increasing, the 'runaway' condition is not 
approached [29]. 

8. Conclusions 
To achieve kink stability in these diffuse discharges where the 

field configuration approaches a vacuum field at the edge, reversal of 
the В ф field in this outer region is necessary. The reversal of the 
electric field does not appear theoretically to be essential in all 
circumstances, but experiments using direct control of Е ф show that 
it is necessary in the circumstance of the present experiments. These 
results are in good agreement with those obtained on a small scale 
experiment where both Еф and B» were programmed [3]; in the present 
experiment, the reverse Вф is generated, apparently, by instabilities 
of the discharge during the current rise. 

During the period of improved stability, the electron temperature 
rises- from 90 eV to 150-200 eV, in approximate accord with the ohmic 
heating rate calculated from the collisional resistivity formulae, and the 
density, measured by light scattering at the centre remains constant. 
These results suggest energy confinement times exceeding about 3 msec. 

The field structure in the centre of the discharge at the end of the 
period agrees with toroidal equilibrium theory for a vanishing pressure 
gradient. Although there is a small unexplained vertical displacement at 
the outset, these measurements preclude a marked helical equilibrium 
structure at the centre. 

Fluctuations of density in the central regions show changes indica
tive of a gross stabilization during the quiet period, but no overall 
major reduction in amplitude. Local overheating effects leading to vio
lation of Suydam's criterion - might be important in the low shear regions. 
The major reduction in the fluctuations occurs in the outer high shear 
regions [б], but there are nevertheless residual fluctuations in these 
regions which are not accounted for. 
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D I S C U S S I O N 

S.J . BUCHSBAUM: In the stable Zeta, how many Bohm t imes does the 
3 -ms confinement t ime r ep re sen t ? 

R. S. PEASE: I must emphasize that the 3 -ms energy confinement t ime 
i s based on the assumption of Spitzer res i s t iv i ty . However, our m e a s u r e 
ments of anomalous res i s t iv i ty published in 1961 suggest that this is a 
good assumpt ion. The figure i s the minimum consis tent with it and with 
the exper imenta l data, and r e p r e s e n t s about four Bohm t i m e s . 

V.D. SHAFRANOV: Could one improve the stabil i ty in Zeta by 
p rog ra mming the negative longitudinal magnetic field? 

R. S. PEASE: I expect that we could lengthen the period of stabil i ty if 
we had d i rec t control over the longitudinal field in the outer reg ions . 
P e r h a p s , a lso, we could improve the configuration. However, the p resen t 
const ruct ion of Zeta prec ludes such control . 



ИССЛЕДОВАНИЕ СЖАТИЯ ПЛАЗМЫ-
НА У С Т А Н О В К Е " Т У М А Н " 
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М.Г.КАГАНСКИЙ, С .Г .КАЛМЫКОВ, А .И .КИСЛЯКОВ, 
В.А.ОВСЯННИКОВ, Л.В.СОКОЛОВА и С .С .ТЮЛЬПАНОВ 
ФИЗИКО-ТЕХНИЧЕСКИЙ ИНСТИТУТ им.А.Ф.ИОФФЕ, 
ЛЕНИНГРАД, 
СССР 

Abstract — Аннотация 

PLASMA COMPRESSION STUDIES IN THE "TUMAN" DEVICE. The paper describes experiments 
relating to the ohmic heating and adiabatic compression of a plasma by a magnetic field in the "Tuman" 
device. A conducting liner is installed in the toroidal sections of the dielectric discharge chamber, leading 
to an increase in plasma temperature and in the degree of plasma ionization. The plasma is compressed 
by a magnetic field which rises to a maximum of 10 kOe in 20 us. By means of u.h. f. location it is found 
that compression is accompanied by effective detachment of the plasma column from the walls of the dis
charge chamber and the diaphragm. The plasma density near the diaphragm is less than 5 x 1012 cm"3 

during compression. Outward displacement of the plasma column in the toroidal drift direction is found 
to occur during compression. Compression is accompanied by substantial plasma heating; when the ampli
tude of the compressing field is 10 kOe the plasma conductivity rises by a factor of 5 - 8 , which corresponds 
to an increase in electron temperature from 7 -10 eV to 30 - 40 eV. The increase in plasma temperature 
is due to adiabatic compression and to an increase in the efficiency of ohmic heating. When the plasma 
is compressed the energy containment time increases by a substantial factor to 20 -40 us. This is accompanied 
by a sharp decrease in the intensity of the Hg line, indicating a decrease in the neutral concentration, which 
is estimated at ~ 2 x 1012 cm"3 during compression for a plasma density ~ 1015 cm"3. 

ИССЛЕДОВАНИЕ СЖАТИЯ ПЛАЗМЫ НА УСТАНОВКЕ "ТУМАН". Описываются опыты 
по омическому нагреву и адиабатическому сжатию плазмы магнитным полем в установке 
"Туман" . В тороидальных участках диэлектрической разрядной камеры был установлен 
проводящий лайнер . Это привело к повышению температуры плазмы и степени ее иониза
ции. Сжатие плазмы осуществляется магнитным полем, нарастающим до максимального 
значения 10 кэ за 20 м к с е к . С помощью СВЧ-локации установлено, что при сжатии про
исходит эффективный отрыв плазменного шнура от стенок разрядной камеры и диафраг 
мы . Вблизи диафрагмы концентрация плазмы при сжатии меньше 5-Ю12 см" 3 . Обнару
жено смещение шнура при сжатии наружу, в сторону тороидального дрейфа. При сжатии 
обнаружен существенный нагрев п л а з м ы . При амплитуде сжимающего поля 10 кэ прово
димость плазмы возрастает в 5 — 8 раз , что соответствует увеличению электронной 
температуры от 7—10 до 30 — 40 э в . Увеличение температуры плазмы происходит за 
счет адиабатического сжатия и повышения эффективности омического нагрева. При сжа
тии время удержания энергии увеличивается в несколько раз и составляет 2 0 - 4 0 м к с е к . 
Интенсивность линии Не при этом резко уменьшается , что указывает на уменьшение 
концентрации нейтрали. Оценка концентрации нейтрали при сжатии дает значение 
«-2101 см"3 при концентрации плазмы «-10 см" 3 . 

1. ВВЕДЕНИЕ 

Адиабатическое сжатие плазмы в тороидальной магнитной ловушке 
нарастающим магнитным полем может быть использовано для получения 
равновесного шнура плотной и горячей плазмы, изолированного от стенок 
и диафрагм разрядной камеры. В течение нескольких лет в ЛФТИ про
водятся опыты по изучению адиабатического сжатия на установке "Туман". 

277 
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Первые эксперименты [1] показали, что несовершенная геометрия м а г 
нитного поля в установке препятствует омическому нагреву плазмы в 
сильном продольном магнитном поле. После улучшения конструкции 
установки и подбора поперечного магнитного поля, составляющего ~ 10" 
от продольного, удалось значительно улучшить параметры плазмы, по
лучаемой при омическом нагреве [2] . Эксперименты по сжатию плазмы, 
полученной при омическом нагреве (п — 10" см"3 , Те = 5 — 10 эв) магнит
ным полем, нарастающим до амплитудного значения за 20 мксек показа
ли [ 3 ] , что при сжатии концентрация внутри шнура существенно возра
стает , а вблизи диафрагмы резко уменьшается. Так, при концентрации 
внутри шнура ~10 см - 3 , вблизи диафрагмы концентрация менее 10 см - 3 . 
Однако, заметного нагрева плазмы при сжатии не наблюдалось . Оценки 
показали, что причиной быстрого охлаждения плазмы являлась резонанс
ная перезарядка. 

В экспериментах, описываемых в данной работе, в тороидальные 
участки разрядной камеры был введен металлический лайнер из нержаве
ющей стали, толщиной 0,1 м м . В соответствии'с данными работы [ 4 ] , 
при наличии металлического лайнера, из - за закорачивания полей р а з 
деления зарядов, существенно замедляется уход плазмы на стенки при 
нарушении равновесия. 

2 . ОМИЧЕСКИЙ НАГРЕВ 

Схема установки и расположение применявшихся средств диагнос
тики приведены на р и с . 1 . Проводились измерения напряжения на об
ходе разрядной камеры и тока разряда, смещения оси тока с помощью 
магнитных зондов, фотографирование разряда с помощью СФР, зонди
рование плазмы пучком быстрых нейтральных атомов [5] , СВЧ-лока-
ция плазмы [3 ] ,измерение относительной интенсивности спектральной 
линии водорода — Hg, измерение рентгеновского излучения, измерение 
диамагнетизма плазмы в прямых участках в период омического нагрева . 

Как и в предыдущих опытах, для улучшения равновесия плазменного 
шнура в тороидальных участках создавались дополнительные попереч
ные поля. Однако, их влияние на проводимость плазмы при наличии про
водящего лайнера было не таким сильным, как в опытах с диэлектри
ческой разрядной камерой [3] . 

Сначала возбуждается квазистационарное продольное магнитное 
поле; его полупериод составляет ~2 мсек . Одновременно включается 
дополнительное поперечное магнитное поле, имеющее такой же период, 
что и продольное магнитное поле. Когда продольное магнитное поле 
достигает амплитудного значения, с помощью ВЧ-импульса длительностью 
30 мксек осуществляется предварительная ионизация. Затем проводится 
омический нагрев, длительность которого составляет ~250 мксек . При 
омическом нагреве наблюдается рентгеновское излучение. Оно излуча
ется в основном из области диафрагм. Энергия квантов достигает 
1 - 2 Мэв . Наличие жесткого рентгена показывает, что грубые воз 
мущения магнитного поля в установке отсутствует, так как для получе
ния необходимой энергии электроны должны ускоряться на протяжении 
нескольких тысяч оборотов. Эксперименты проводились в водороде в 
диапазоне давлений (1 -20)-10" мм р т . с т . Работа производилась при 
непрерывном протоке водорода. Измерениям предшествовала трениров
ка разрядной камеры 30 — 50 разрядами. 
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Квазистационарное магнитное поле составляло в тороидальных участ
ках от 12 до 24 кэ . Соотношение полей в прямых и тороидальных участ
ках в период омического нагрева составляло 1 : 20. Ток омического на
грева обычно составлял от 1 до 3 ка, что соответствовало запасу устой
чивости по Крускалу-Шафранову q = 1 — 3 . 

На рис.2 приведены осциллограммы тока разряда, напряжения на 
обходе разрядной камеры и интенсивности спектральной линии водоро
да - Не, полученные при давлении 2-Ю"3 и 20-10 мм р т . с т . Расчет про
водимости дает значение ~1,2-1015 CGSE при давлении 10-20-10" мм рт . 
с т . (при продольном поле в тороидальных участках 18 кэ) . С уменьше
нием давления проводимость несколько уменьшается; при давлении 
2>10"3 м м . р т . с т . и квазистационарном поле в узких частях 18 кэ и 24 кэ 
составляет 4-Ю14 CGSE и 6-Ю14 CGSE соответственно. С уменьшением 
давления ниже 1-Ю"3 мм р т . с т . проводимость быстро падает. 

Р и с . 1 . Схема установки "Туман": 
1 — металлический лайнер; 2 — катушка продольного магнитного поля в прямых участках; 
3 - диафрагма; 4 —разрядная камера; 5 — катушка продольного магнитного поля в торои
дальных участках; 6 —медный кожух; 7 - пояс Роговского; 8 — трансформатор омического 
нагрева; 9 — щель для снимков СФР ; 10 —плазма; 11 - анализатор проходящего пучка ней
тральных атомов; 12—источник пучка нейтральных атомов . 

Измерение концентрации плазмы с помощью пучка нейтральных ато 
мов показали, что концентрация достигает максимума после максимума 
тока (приблизительно через 100 - 150 мксек после начала омического 
нагрева) . На рис.3 показана зависимость максимальной концентрации 
плазмы от давления. Как видно из р и с . 3 , максимальная концентрация 
линейно растет с давлением, причем величина ее приблизительно со 
ответствует концентрации атомов водорода перед разрядом. При дав
лении 1-10" мм р т . с т . и более низких давлениях концентрация плазмы 
значительно ниже, чем концентрация нейтральных атомов. 

Диамагнитный сигнал измерялся с помощью катушки,намотанной 
на прямой участок разрядной камеры . При расчете диамагнетизма 
учитывался вклад парамагнитного эффекта . Парамагнитный сигнал, 
за исключением начального периода времени, был в несколько раз мень
ше диамагнитного. Диамагнитный сигнал достигает максимума несколько 
позже, чем ток, и составляет при давлении 2-Ю"3 мм р т . с т . и квазиста
ционарном поле в узких частях 18 кэ пТ = (1,0 *• 1,5)-1015 эв . см - 3 . При 
концентрации п = 1,4-1014 см"3 это дает для электронной температуры 
Те = 7 - 10 эв , согласующееся с температурой, вычисленной из прово
димости плазмы . 
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О 100 200 300 t 

Р и с . 2 . Осциллограммы: 1,2,3 — осциллограммы напряжения на обходе камеры, разрядного 
тока и интенсивности линии Н е соответственно, полученные при омическом нагреве при 
давлении 2-10" мм рт . с т . ; 4,5 — осциллограммы напряжения на обходе и разрядного тока 
соответственно при давлении 2*10" мм р т . с т . Напряженность магнитного поля в торои
дальных и прямых участках - Н т = 18 к э , Н0 = 0,9 кэ соответственно . Начальное напряжение 
на обходе разрядной камеры U 0 - 750 в . 

1 2 3 k 5 P«fO"fMMpmcm 
Р и с . 3 . Зависимость максимальной концентрации плазмы от начального давления водорода 
в разрядной к а м е р е . Н т = 18 кэ , Н0 = 0,9 к э , и 0 = 750 в . 

Уже отмечалось, что с ростом давления проводимость плазмы растет. 
Это связано с тем, что при омическом нагреве мощность выделяется, 
в основном, в тороидальных участках установки, которые имеют малое 
сечение, а основной объем плазмы находится в прямых участках. 
Из-за конечной температуропроводности температура плазмы в торо
идальных и в прямых участках может существенно отличаться. Оценка 
времени выравнивания температуры t T ^ X 2 / n , где Х - расстояние между 
областями с перепадом температуры, а г] - коэффициент температуро
проводности, дает t T = 20 мксек при Те = 10 эв , п =5-1014 см"3 , X =50 с м . 
Низкая температуропроводность плазмы может приводить к тому, что 
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в прямых участках температура ниже, чем в тороидальных. Этот э ф 
фект усиливается с ростом концентрации, чем, по-видимому, обуслов
лен факт роста проводимости с ростом давления (проводимость опреде
ляется , в основном, сопротивлением тороидальных участков) . 

При омическом нагреве расчет энергетического времени жизни 

= З п к ( Т е + Т 0 
Е 2W к * 

где W - мощность нагрева, определяемая по осциллограммам, апк(Т е + Т; 
определяется из диамагнитных измерений, дает значение тЕ ~ 5 — 8 мксек . 
Это время соответствует времени передачи энергии от электронов к 
ионам - тв . 

„ __3 M (KTe)3/2 

где M и m — масса иона и электрона соответственно, е — заряд электро
на, К — постоянная Больцмана, LK ~ кулоновский логарифм. Расчет 
дает для наших условий (п = 1,4-1014 см"3 , Те = 10 эв) тв = 10 мксек . Это, 
по-видимому, указывает , что охлаждение электронов происходит через 
ионную компоненту плазмы. Достаточно присутствие в плазме 5 — 10% 
нейтралей, чтобы обеспечить требуемую высокую скорость охлаждения 
плазмы за счет резонансной перезарядки. Время перезарядки ионов 

где п0 — концентрация нейтральных атомов, Vc - скорость ионов, а - с е 
чение резонансной перезарядки. При по =1-10 см"3 из соотношения (3) 
тп = 4 мксек . 

3 . СЖАТИЕ ПЛАЗМЫ 

Сжатие плазмы осуществлялось быстрым увеличением продольного 
магнитного поля в прямых участках установки. Обычно сжатие начина
лось спуся 120 мксек после начала омического нагрева. Период сжима
ющего магнитного поля составлял 82 мксек . Таким образом, время 
сжатия составляло ~20 мксек. После сжатия происходило расширение 
плазмы, затем продольное магнитное поле в прямых участках уменьша
лось до нуля; при этом происходил интенсивный контакт плазмы со стен
ками, в плазму попадало большое количество примесей [3] . Поэтому 
исследовались только процессы,происходящие в первом полупериоде 
сжимающего поля, т . е . при сжатии и расширении плазмы. На рис.4 
приведены осциллограммы, полученные при амплитуде сжимающего 
магнитного поля 10 к э . Как видно из осциллограмм, с нарастанием сжи
мающего магнитного поля начинается рост тока в плазме . При этом воз
растание тока происходит несмотря на быстрое уменьшение Uo6x и на 
уменьшение сечения шнура. Таким образом, при сжатии наблюдается 
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нагрев плазмы. Отметим, что возрастание тока при сжатии получено 
лишь в этой серии опытов; в опытах [3] без металлического лайнера 
ток в плазме уменьшался. Это, по-видимому, связано с более высокой 
степенью ионизации плазмы в этих опытах. Однако, увеличение тока 
происходит лишь при давлениях водорода меньше 5'10" мм р т . с т . На 
рис .4 показаны также осциллограммы тока и напряжения на обходе р а з 
рядной камеры, полученные при давлении 2-10 мм р т . с т . Видно, что 
наложение сжимающего магнитного поля практически не меняет характера 
изменения тока разряда. Здесь же виден вклад в напряжение на обходе 
индуктивного члена IL, связанного с изменением индуктивности шнура 
L при его сжатии и расширении. Отметим, что при давлении 2-Ю"3 мм 
р т . с т . ток вдвое меньше, чем при 2-Ю"2 мм р т . с т . Соответственно 
меньше и роль индуктивного члена. 

2 

с. 

0 100 200 300 t 
Р и с . 4 . Осциллограммы, полученные при сжатии плазмы: 
1 — производная сжимающего магнитного поля; 2,6 — ток омического нагрева при давлениях 
2 - 1 0 ' 

ст . соответственно; 4 — интенсивность линии Hg. 
Н т = 18 кэ , Н0 = 0,9 к э , и 0 = 750 в . Амплитуда сжимающего магнитного поля Нс = 10 к э . 

мм рт . с т . и 2-10 мм рт . с т . соответственно; 3,5 — напряжение на обходе разрядной 
камеры при 2-10" и 2-10" мм рт . с т . соответственно; 4 -

При сжатии наблюдается существенное уменьшение интенсивности 
свечения спектральной линии водорода Hg (рис.4 - 4 ) . Очевидно, это 
связано с резким уменьшением концентрации нейтрального водорода при на
греве плазмы. Это подтверждается и фотографированием плазменного шнура 
с помощью СФР. На рис.5 приведена фоторазвертка свечения плазмен
ного шнура. С началом сжатия свечение шнура резко ослабляется и 
остается очень слабым вплоть до момента времени,когда при расширении 
шнура плазма касается стенок. 

Изменение проводимости при сжатии показано на р и с . 6 . При рас 
чете проводимости ток и напряжение на обходе плазменного витка были 
получены с помощью осциллограмм, аналогичных показанным на р и с . 4 . 
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При этом предполагалось, что сечение канала тока в прямых участках 
определяется изменением магнитного поля S c = So(Ho/Hc), где Sc и So, 
Нс и Но сечение токового шнура и напряженность магнитного поля при 
сжатии и в период омического нагрева. Расчеты приведены для ампли
туд сжимающего поля 3,5 и 10 к э . Видно, что с ростом амплитуды сжи
мающего поля растет проводимость плазмы. Однако, максимальная про
водимость достигается значительно позже максимума сжимающего м а г 
нитного поля. Кроме того ,после расширения проводимость плазмы 

W LmceK 

Р и с . 5 . Изменение проводимости плазмы в период сжатия и расширения плазмы 
(р= 2-Ю"3 мм р т . с т . , Н т = 18 кэ , Н0 = 0,9 кэ , U0 = 750 в): 
1 - Н с =3 кэ; 2 - Н с = 5 кэ ; i - H c = 10 к э . 
а0 — проводимость плазмы перед началом сжатия . 

Р и с . 6 . Снимок свечения плазмы в прямом участке камеры, сделанный через щель шири
ной 4 мм с помощью СФР. Показаны границы диафрагмы. Стрелками указаны начало р а з 
ряда и начало сжатия . 

значительно выше, чем перед сжатием. Помимо факта увеличения про
водимости при сжатии,следует обратить внимание на резкое умень
шение амплитуды колебаний тока с момента начала сжатия. 

Локация плазмы СВЧ-излучением проводилась в сечении ВВ прямого 
участка (рис .1) . На рис .7 показана осциллограмма, полученная при ло 
кации на 8 м м . Отражение СВЧ-излучения происходит при этом от слоя с 
концентрацией 1,7-1013 см"3 . По набегу фазы можно определить, на ка 
кое расстояние перемещается слой плазмы с такой концентрацией. Это 
расстояние растет с ростом сжимающего магнитного поля и составляет 
3 - 4 см при сжимающем поле 10 к э . Примерно такое же расстояние 
получается при зондировании на 16 с м . Это показывает, что при сжатии 
происходит эффективный отрыв плазменного шнура от стенок и диафрагм 
разрядной камеры. При концентрации в сжатом шнуре ~10 1 5 см"3 вблизи 
диафрагмы концентрация меньше, чем 5-Ю"12 см"3 (критическая концентра
ция для 16 мм СВЧ-излучения). 
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На рис .7 приведены величины набега фаз , полученные при локации 
шнура с внутренней и с наружной стороны разрядной камеры. Приве
денные результаты представляют усредненные значения,полученные в 
ряде разрядов при амплитуде сжимающего поля 3 кэ и 10 к э . Видно, что 
при сжатии происходит смещение плазменного шнура наружу,в сторону 
тороидального дрейфа, примерно на 1 см (на уровне концентрации 
1,7-1013 с м - 3 ) . Отметим, что имеющиеся данные показывают то, что 
и в процессе омического нагрева наблюдается некоторое смещение шнура. 
Таким образом, суммарное смещение при сжатии,видимо,несколько более 

t.CIKxIO -6 

Р и с . 7 . СВЧ-локация плазменного шнура излучением.с длиной волны 8 мм (р= 5-10 мм 
рт . с т . , Н т = 18 кэ , Н0 • 0,9 к э , и 0 = 750 в): 
i^g — осциллограмма интерференционного сигнала при Н с = 3 кэ ; dH/d t —осциллограмма 
производной сжимающего магнитного поля ; 1 и 2 — набег фазы при сжатии и расширении 
шнура соответственно при Нс = 10 кэ и Нс = 3 кэ ; Сплошная кривая — локация с внутренней 
стороны разрядной камеры; пунктирная кривая — локация с наружной стороны разрядной 
камеры. 

1 см . Измерение концентрации показало, что плотность плазменной мише
ни nL при сжатии почти не меняется . В то же время расчет дает уве 
личение произведения nD (D — диаметр плазменного шнура) в 2 раза при 
отсутствии потерь частиц. Это может быть связано со смещением сжа
того плазменного шнура, при котором зондирование происходит не по его 
диаметру, а по хорде, отстоящей от центра шнура на расстоянии 1 — 1,5 см. 

Основным результатом, полученным в работе, является эффектив
ный нагрев плазмы при сжатии. При амплитуде сжимающего поля 10 кэ 
проводимость увеличивается в 5 — 8 раз , что соответствует увеличению 
температуры электронов примерно в 4 раза , от 7—10 до 30 — 40 э в . 
Увеличение проводимости при адиабатическом сжатии при отсутствии 
потерь должно быть примерно таким же. Однако, тот факт, что макси
мальная температура достигается значительно позже максимума сжи
мающего поля и после расширения плазмы значительно выше, чем перед 
сжатием, показывает, что роль омического нагрева в повышении темпе
ратуры плазмы также существенна. 

Эффективный нагрев при сжатии соответствует, по оценкам, уве 
личению энергетического времени жизни до 20 — 40 мксек. Это, по-
видимому, связано с тем, что при сжатии происходит резкое уменьше-



CN-24 /B-9 285 

ние концентрации нейтрали в плазме . На этот факт указывает как р е з 
кое уменьшение интенсивности линии Hg (рис.4 —4), так и СФР-фотораз-
вертка (рис .5) . Уменьшение количества нейтрали в плазме происходит 
из - за уменьшения потока нейтрали со стенок и диафрагм при сжатии 
шнура. Кроме того, при увеличении плотности нейтраль поглощается 
в более тонком поверхностном слое плазмы . Резкое уменьшение ко
личества нейтрали в плазме соответственно увеличивает время пере
зарядки. Если время перезарядки становится больше времени об
мена энергии между электронами и ионами, то время удержания энергии 
определяется временем перезарядки. Отметим, что время перезарядки 20 — 
40 мксек в соответствии с уравнением (3) соответствует концентрации 
нейтральных атомов (1 — 2) 1012 см"3 . При этом, поскольку тп > тв с т а 
новится возможным нагрев ионов. Нагрев при сжатии не наблюдается 
при давлениях водорода выше 5-10' мм р т . с т . С повышением давления, 
как отмечалось выше, быстро увеличивается концентрация нейтрали в 
плазме и, соответственно,уменьшается время перезарядки тп. При сжатии 
время удержания энергии остается малым, и нагрев плазмы отсутст
вует . Снимки СФР, сделанные при большом давлении, показывают, что 
при сжатии сечение плазмы остается довольно интенсивным. Это ука
зывает на то , что в плазме остается большое число нейтралей. 

Существенным является наблюдаемое при сжатии смещение плаз 
менного шнура наружу, в сторону тороидального дрейфа. Пока имеются 
лишь данные, полученные с помощью СВЧ-локации, о смещении пери
ферийных областей плазмы с концентрацией,значительно меньшей кон
центрации шнура (п~10 1 5 см"3) . Для выяснения смещения центра шнура 
будет проведен эксперимент по зондированию пучком быстрых нейтраль
ных атомов по нескольким каналам. 

В заключение авторы пользуются случаем, чтобы выразить искрен
нюю благодарность А . Б . Б е р е з и н у , Л .В.Васильевой , Г .М.Малышеву , 
В .Е .Мисюку и В.Л.Паутову за помощь в работе . 
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Abstract 

PROPERTIES OF A TOROIDAL SCREW PINCH SURROUNDED BY A CONSTANT-PITCH MAGNETIC FIELD. 
In the screw pinch a toroidal plasma is produced by a fast-rising helical magnetic field. Experimentally this 
plasma is found to be in equilibrium, showing complete reproducibility during the 7 us that the confining field is 
present (C. Bobeldijk et a l . , Plasma Physics £ (1967) 13). The behaviour of the screw pinch is strongly 
influenced by force-free currents flowing in the low-density plasma outside the central column. If the 
conductivity of this plasma is high enough and if near the wall field lines of constant pitch are applied, a 
constant pitch will result throughout the outside region. Experimentally, this constancy has been observed. 

The plasma column is in equilibrium because the outward drift is counteracted by the compression 
of the Bp-field against metal shells surrounding the torus. Calculations on the equilibrium position show 
that a pinch surrounded by a constant-pitch magnetic field is more easily kept in equilibrium than a pinch 
surrounded by vacuum. Also the stability is markedly improved by the presence of the constant-pitch region; 
a normal mode analysis shows that a 6 = 0 screw pinch is stable for all m and k. For high S unstable modes 
with k-numbers around the interchange value appear; the growth rates may be limited by a proper choice 
of the pitch and of the circumference of the torus. 

Apart from the arrangement mentioned above, a small device (R = 16 cm, r = 4 cm) is in operation. 
A combination of capacitor banks applies initially a fast-rising and then a low-frequency clamped field. 
This allows a study at higher temperatures and during longer confinement times. In a third experiment a 
torus of the same size as in the first assembly (R = 36 cm, r = 6 cm) and a 75 kj clamped capacitor bank are 
used. 

Our diagnostics include holographic plasma interferometry and miniaturized dielectric-filled waveguide 
probes. 

1. Introduction 

Experiments carried out at Rijnhuizen as part of a stu
dy on toroidal pinched plasmas have led to the discovery of an 
unexpectedly stable configuration. In this configuration, the 
"screw pinch", the plasma column is produced by a rapidly ris
ing helical magnetic field. 

As is well known, such a plasma can be in equilibrium 
in a torus if the discharge tube is surrounded by a conducting 
shell. The plasma column is then forced to a position, slightly 
eccentric in the tube, where the outdriving force is balanced 
by the force arising from the compression of the Bg-field*^ be
tween the plasma and the metal wall. In our experiments this e-
quilibrium is observed. 

Cylindrical coordinates r,6 , z are used; the z-direction 
coincides with the axis of the column. 
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Since our first measurements on the screw pinch in 1963 
p.,2\ its enhanced stability has been very intriguing. In an 
earlier paper [3] estimates for the growth time of an m=l in
stability were given; according to existing theories this kink 
instability should develop rapidly, as soon as the longitudinal 
current surpasses the Kruskal-Shafranov limit, as it does in 
our experiments. 

We have realized only recently that the discharge is 
strongly influenced by force-free currents flowing in the low-
density plasma outside the central column. In most pinch exper
iments, this low-density plasma has a good conductivity so that 
it moves as if frozen to the field. Following the initial im
plosion of the pinch, field lines of (in general) helical shape 
move radially inward with the low-density plasma. These field 
lines cannot be further twisted if they are tied at the ends of 
the system, or if the system is endless (toroidal). The pitch 
of a helical field line is then constant in a coordinate frame 
moving with the plasma (compare Sec. 2.1 and the proof given by 
Colgate et al. Щ ] . In the screw pinch the field lines at the 
wall are applied with a constant pitch; consequently throughout 
the outside region a constant pitch is to be expected. 

The magnetic field distribution thus formed (Sec. 2.1) 
differs strongly from the vacuum-field configuration.This modi
fies considerably the existing theories for toroidal equilibri
um QfJ and for stability [б]. A brief outline of the modified 
theory for the equilibrium is given in Sec, 2.2; more details 
can be found in \J ,&] • Similarly an outline of a modified nor
mal mode stability analysis is given in Sec. 3 and in \jf\; the 
detailed theory will be published Qf] . 

The influence of "pressureless plasma" on stability has 
been discussed previously jjio] ; however, in the configurations 
considered the pressureless plasma carried current in the per
turbed state only; the equilibrium field had a vacuum configu
ration. 

The constant-pitch configuration around the screw pinch 
is due to the relatively fast formation - the field rises to 
its maximum in 3 or 12 vis - and to the constancy of the pitch 
at the wall. In both these respects the screw pinch is different 
from other helical field systems like the Tokamak and the Stel-
larator. floreover in these two systems the flow of currents in 
the outside region is unlikely because of the lower density and 
the presence of a limiter or divertor. 

In a paper by Colgate et al. on the screw-dynamic pinch 
IjQ the existence of the constant-pitch region was already dem
onstrated. Since the pitch in that experiment was much shorter 
than in ours (6 mm compared to 1 m) a different-looking field 
distribution was found. At that time no modification of the ex
isting stability theory was considered. 
2. Equilibrium 
2.1 Field distribution in linear geometry 

We consider a plasma column compressed to a radius rQ, 
in a cylinder with radius r^. A pressureless plasma occupies 
the region r0<r<r^. If the electron temperature and the density 
of this plasma exceed certain limits jj-l] the magnetic field 
lines are constrained to move with the plasma. Suppose that the 
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pitch h = 2ïïrBz/Bg of a helical field line varies when the line 
moves radially. The field line is then either further twisted 
or unwound, which implies that the low-density plasma rotates 
around the axis with a z-dependent speed. This situation may 
occur if the lines of force when leaving the system do not in
tersect with conductors. However, if the lines are tied at the 
ends or if the system is toroidal such a differential rotation 
is impossible. Then the pitch of the field line should be con
stant for an observer moving with the plasma, that is 

dh/dt = 0 (1) 

Eq. (1) can also be derived from the conservation of flux in 
loops moving with the plasma [4,llJ . However, in these deriva
tions the essential role of the ends is less clearly shown. The 
importance of the ends is also evident"if we consider the cur
rents flowing along the field lines.(compare Eq. (3)). 

Since all the plasma behind the snowplow has come from 
the region just in front of the wall, the pitch distribution in 
space can be derived from the time variation of the pitch at 
the wall. In the screw pinch hfr-̂ ) is constant in time, so ev
erywhere outside the column h(r,t) is constant. For mathematic
al convenience we introduce the parameter y = 2тг/Ь. 

If the density of the plasma in the outside region is 
low Jhe currents in thcj plasma are predominantly force-free: 
j x В = 0. Using curl В = \i0j and \i = constant we calculate 
the fields and the current densities 

B2 = C{1 + y 2r 2) - 1 B8 = UrC(l + u 2 r 2 ) - 1 (2) 
y 0j z = 2yC(l + vi2r2)-2 u0Je = 2u2rC(l + u 2r 2)" 2 (3) 

The integration constant С can be expressed in the Bz-field at 
the wall: С = (1 + y2rf)Bz(ri). The field and current distribu
tions are plotted in Fig. 1 as a function of the dimensionless 
parameter pr. Only the part between pr0 and yr^ applies to the 
experiment; in our case the values of pr are less than 1, which 

FIG.l . Magnetic field components and current densities in a cylindrically symmetric force-free field of 
constant pitch. The hatched area 0.2 < ur < 0.6 corresponds to the outside region under typical experimental 
conditions. The curves for Bz and j z are normalized at the axis. 
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means that Bg rises with r, rather than falling off as 1/r like 
in vacuum. In Colgate's experiment \jf\ yr ranged between 1 and 
10; there Bg decreases with r and the Bz-curve has a concave 
shape. 
2.2 Equilibrium in toroidal geometry [j , 8]. 

The plasma column with radius r0, confined by the con
stant-pitch magnetic field within a conducting shell of radius 
X\, is now bent to form a torus with major radius R. The plasma 
then experiences three out-driving forces, associated with the 
plasma pressure, the inhomogeneity of the Bz-field and the lon
gitudinal current (hoop force). An outward motion of the column 
causes a compression of the Bg-field between the plasma and the 
wall. The hoop force is then reversed and increases until at a 
displacement Д of the column an equilibrium is obtained. The 
magnitude of Д clearly depends on the Bg-field distribution. 

We follow the calculation by Shafranov jjs] in which the 
toroidal effects are expressed as first-order corrections of 
the cylindrical solution. At a certain stage of this derivation 
the displacement of a magnetic surface at radius r can be found 
from> 

dA(r)/dr = {^r<B|>r - 2y0rp + 2y0r<p>rl/RB^ (4) 
where a quantity between triangular brackets is to be averaged 
over a cross-section with radius r. 

In Shafranov's paper the zero-order Bg-field is then 
assumed to be proportional to 1/r (a vacuum field), which leads 
to the displacement Д(г0) = Д of the column itself 

\ас = ж { ^ + < Л + *H1 -^)} (5) 
The parameter Л depends on the pressure and field distribution 
inside the column: 

Л + 1 = ih<Bl> + 2u0<p> }/Bg4r0) (6) 
xo Lo 

In our situation the Bg-field distribution of the con
stant-pitch configuration, given in Eq. (2) is to be inserted 
in Eq. (4). The general solution for Д is complicated \jf\ ; for 
the small values of y2r2 in our experiments Д can be approxim
ated as 

The values of Д obtained from Eq. (7) are considerably smaller 
than those obtained from Eq. (5), as is illustrated in the fol
lowing table, valid for a homogeneous plasma column with skin 
currents and for у = 10 m _ 1, rQ = 0.02 m, rj = 0.06 m and 
R = 0.36 m (compare Fig. 2). 

6 

0 . 0 
0 . 1 
0 . 2 

Л 

- 1 
1 .6 
4 . 2 

Д (cm) v a c 

0 . 3 3 
1 . 4 8 
2 . 6 4 

Д (cm) 
c p 

0 . 0 9 
0 . 2 4 
0 . 3 6 

о For larger values of 6, i.e. the ratio of the plasma pressure 
to the magnetic pressure just outside the column, the assump
tion Д<<г^ which has been used to derive Eq. (4) is no Ion-



CN-24/B-10 291 

ger true for A v a c; the eccentricity Д of the plasma in the 
tube remains pleasantly small for the constant-pitch field. 
3. Stability [8,9] 

In the equilibrium calculation, given in Sec. 2.2, the 
outward displacement of the column was found to be smaller for 
a column surrounded by a constant-pitch field than for a column 
surrounded by a vacuum field. A similar improvement might be 
expected for the stability; since in the constant-pitch case 
more Bg-flux has to be compressed against the wall, the restor
ing force on the perturbation will be larger. 

To check this supposition a normal mode analysis has 
been carried out for a linear homogeneous plasma column with 
skin currents surrounded by the constant-pitch magnetic field 
given in Eq. (2), within a conducting cylinder (see Pig. 2). If 
the equilibrium is perturbed, the total current density in the 
outside region remains force-free, that is parallel to the to
tal B-field. A differential equation for e.g. B l r (the radial 
perturbed field) can then be derived. In the case where the 
outside region is a vacuum, the corresponding equation can be 
solved analytically Q>]; in our case .computer calculations are 
necessary. The solutions in the outside 'and the central region 
have to be matched at the perturbed boundary of the column by 
means of the surface equations. These equations are in this 
case consistent with the requirement that the component of the 
material velocity normal to the surface should be continuous. 

I 
: B;(p=o) 
! (juo.i) 
I (P=0.2) 

plasma 

О 0.2 . 0.4 - 0.5 

FIG.2. Magnetic field configuration as used in the calculations. The Bz-field inside the column depends 
on fl.- The field components outside the column are shown for the constant-pitch model (full lines) and for 
the vacuum model (dashed lines). The parameters are: u •= 10 m J , r1 = 0.02 and r0 = 0.06 m. . 

The procedure outlined above leads to a dispersion re
lation; real roots w of this equation indicate, instability. We 
write the equation in the form L s (l-B)f(u) = R. The function 
f(co) is a monotonie increasing function of ш [12]; the right-

pressureless plasma 
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hand side R is independent of ш. Factors determining L and R 
are the wave numbers of the perturbation, m and k, the pitch of 
the applied field, given as the parameter y, the plasma parame
ters and the dimensions of the system. If the value L for ш= О 
exceeds R, stability is ensured; if it is less an instability 
grows at a rate ш to be found from the equation L(to) = R. 

In Fig. 3, L and R are plotted as a function of к for 
m= 1; L is given for ш= О and 6=0. Apart from RCp calculated 
for the constant-pitch field, also Rvac/ the right-hand side of 
the corresponding dispersion equation for a pinch surrounded by 
vacuum is shown. The values of u, r0, and r, correspond to typ
ical experimental parameters. 

0.1 

0.05 -

•0.05-

5 10 15 20 
longitudinal wave number к 

FIG. 3. Stability diagram for the m = 1 mode. In the constant-pitch model the fl = 0 screw pinch is stable 
(L > Rep). The same column in vacuum is unstable in the shaded area (L < 1Ц,ас). The indicated values of 
n correspond to modes fitting the circumference of the torus with R = 0.36 m. The other parameters are as 
in Fig.2. 

It is evident from Fig. 3 that the constant-pitch field 
causes a marked improvement of the stability; for 6 = 0 the 
pinch turns out to be stable for all k. At higher values of В 
the curve L comes down and at a critical value 6C the curves L 
and R touch. In the given example 6C = 3 %, at still higher 6 
an instability will grow at about the value of к where the per
turbation is parallel to the field, that is for к + ym = 0. All 
computer runs made thus far, indicate that the shortest distance 
between L and R is found at about this value of k. If we gener
alize these results, a simple calculation for this particular 
mode would predict stability for all values of у and r0 at 6 = 0. 
For small yr0 the value of 6C goes to zero. 

In the experiment the instability has to fit the circum
ference 2TTR of the torus. Therefore the only k-values permitted 
are given by к = nm/R, where n is an integral number. The ver
tical lines in the figure indicate these values for R = 0.36 m. 
The modes at these k-values turn unstable at a 6 larger than or 
equal to the 6C defined above. 

The same plasma column, with the same fields at its 
boundary, but confined in a vacuum field, is unstable, even at 
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g = 0 since in the hatched region Rvac > L. The only possibility 
to avoid the instability in this case is to choose u (or R) 
such that the first possible mode for n = 1 occurs at the right 
of this area. This means that the longitudinal current has to 
be below the Kruskal-Shafranov limit. If the field outside the 
column has a constant-pitch, such a limit does not exist. 

Note that the curves R and R v a c intersect when 
к + pm = 0. A perturbation parallel to the magnetic field does 
not disturb the field, therefore the type of field distribution 
does not influence the stability of this mode. 

Calculations on the stability of modes with m = 0, 2 
and 3 have shown that the m = 1 mode is the most dangerous one. 
The m = 0 mode is stable for any 6; the m = 2 and 3 modes are 
stable up to critical B-values larger than that for m = 1. 

The stability against local interchanges in a skin of 
finite thickness is discussed in |jf] ; it appears that at least 
in some of our experiments the skin thickness is such as to 
give enough shear to satisfy Suydam's criterion. Local inter
changes could also be present in the outside region, where, ac
cording to the model used above, the shear is zero. However, 
the destabilizing pressure gradient is also small in this re
gion. Furthermore, slow-growing modes might be suppressed be
cause of the finite length of the torus, unless the lines of 
force close on themselves. 

4. Experimental methods 
The screw pinch is studied in four toroidal set-ups, of 

which several parameters are given in the following table 
Device I : la II III 
R and r1(cm) 36 б 36 6 16 4 36 6 
coilsystem 2 orthogonal coils one helical coil 
energy (kJ) 15 15 2.5/12.5 75 
H (Wb/m2) 0.6 0.6 1.5 2 
Bjj ' (V/m2) 2.6x 105 2.6xi05 106 2.5xl05 

l/4-period(ys) 3.5 3.5 12 12 
In all systems the quartz torus is surrounded by a copper shell 
of 1 to 3 mm thickness. The gaps in this shell are covered by 
insulated overlapping metal strips; the primary coils are wound 
outside the shell. The devices I and la, which are very similar 
in construction, were originally intended for work on the al
ternating pinch [jLl}. Two primary coils can produce z- and 8-
pinches, either simultaneously, as in the screw pinch, or with 
any desirable phase difference. The two primary systems have' 
both a ringing frequency of 70 kHz. Device I is more extensive
ly described in £3J. 

The devices II and III, which recently have been put in 
operation, are equipped with one helical coil, so that only 
screw pinches can be studied. The maximum value of the field 
has been raised and clamp switches have been added to allow a 
study of the discharge during longer times. In device II a fast 
capacitor bank, damped by resistors, applies initially a fast-
rising B-field. At the first current maximum of the fast bank, 
a slow capacitor bank is switched. The resulting waveform of 
the primary field should lead to a fast implosion of the plasma, 
followed by a prolonged period of confinement. 

In all experiments a pre-discharge is applied in the 
form of a low-power screw pinch. Usually the pitch of the field 
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in this discharge is chosen equal to that of the main dis
charge, to avoid a tine variation of the pitch during the early 
stages of the main discharge. 

Density measurements have been performed by means of a 
microwave reflection probe Fl3,14]. Densities well above the 
critical density are found from the phase angle of the reflect
ed wave, which is measured interferometrically. So far the 
measurements have been done with an 8-mm waveguide probe, insu
lated at the outside and closed by an alumina window of X/4 
thickness. This probe might perturb the plasma, especially if 
it is moved into the central core. Thin dielectric-filled 8 mm 
probes as well as a set-up at 4 mm are being prepared. 

5. Measurements 

Magnetic field distributions of a screw pinch are 
shown in Fig. 4. The measured quantities are clearly in much 
better agreement with the constant-pitch model than with the 
vacuum model; in the region outside the column Be rises with r 
(vacuum: Be Œ1/r); Bz has a convex distribution (vacuum: con
stant); |BeI/Bz is linear in r (vacuum: °= 1/r); the pitch h is 
constant (vacuum: <* r2) . 

radius (cm) 

FIG.4. Magnetic field distributions of a screw pinch in 40 micron He (device I). The field components and 
the derived quantities, |Bg | /BZ and the local pitch h are plotted at six lines. The major axis of the torus is left. 

The Be-field near the wall deviates from the model. 
Presumably the force-free currents close to the wall are hin
dered by a local cooling of the low-density plasma or inter
rupted by the quartz surface, due to either irregularities of 
the surface or the eccentricity of the magnetic surfaces. The 
convex Bz-distribution is tilted as a result of the toroidal 
geometry. The bounces of the pinch cause oscillations of the 
Bz-field in the column. In the outside region Bz is enhanced 
by force-free currents. Although the column may exclude some 
Bz-field a net increase in Bz-flux is to be expected. Conse
quently, the discharge behaves paramagnetically as we have 
verified with a compensated loop system. 

The local pitch h depends on the position of the mag
netic axis, that is the point where BQ is zero. Inaccuracies 
in the Bg measurements influence the pitch curves, especially 
near the centre. The displaced column compresses BQ at the 
outside. This causes the local pitch to be shorter at the 
outside than at the opposite side of the column. 
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In the devices I and la the duration of the confine
ment is 7 us, the length of the first half period. During this 
time the discharge is completely reproducible and apparently 
stable. In the devices II and III the confining field lasts 
longer allowing the growth of an instability, presumably of 
the m = l type. In Fig. 5 a streak picture of a screw pinch in 
device III is shown. The magnetic field distributions in de
vice II have been measured; both for slow and fast rising 
fields, distributions similar to those in Fig. 4 have been 
found. No precise measurement of 6 is available, but we es
timate it to be 10 to 20%. This would mean that the critical 
6 (Sec. 3) for m = l is exceeded. 

12 cm 

12 cml 

'I 
'I 

0 10 ns 
FIG.5. Streak picture of a screwpinch in 40 micron He (device III). The two pictures are taken from 
mutually perpendicular directions, in part a slow outward motion can be seen, simultaneously a downward 
motion is registered in part b . 

Densities obtained from measurements with a microwave 
reflection probe are shown in Fig. 6 as a function of time at 
three positions close to the wall. Outside the pinch the densi
ty is 2 to 5 * 101 3 el/cm3 compared to a density of >_ 2 x 1016 

el/cm3 inside the column; at the end of the half cycle when the 
field goes to zero the plasma moves outward. Because of the ori
entation of the probe window fast inward moving plasma could not 
be detected. Earlier measurements with a coaxial electrostatic 
double probe showed also a dense core at the same position, but 
could not give quantitative information about the density out
side the pinch. Densities will also be measured by means of in-
terferometric holography[15, 16] ; results are not yet available. 

The electron temperature has been estimated from the de
cay time of the He II A 4686 A line; in device I or la the tem
perature is 15 eV at 20 micron He filling pressure. This esti
mate is in good agreement with the temperature determined from 
the outward drift in toroidal 9-pinches, and with energy cal
culations for the screw pinch. In these calculations the energy 
input during the implosion and the energy loss by electrons ne
cessary for exitation and ionization of He+-ions are taken into 
account Q.7I . 

6. Discussion 

A pinched plasma is surrounded by a dilute plasma of a 
density which is less than the density in the core by a factor 
100 to 1000 (compare Fig. 6). Large force-free currents may 
flow in this medium if the lines of force either are contained 
in a closed system or intersect with conductors when leaving 
the system. The currents then conserve the pitch of the field 
lines, thereby modifying the field distribution and influencing 
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FIG.6. The density measured with the microwave reflection probe as a function of time at three positions 
in the outside region (the parameter is the distance from the outer wall). The course of the primary current 
is indicated by the dashed curve. Note that the density is plotted both on a logarithmic and on a linear 
scale. -The discharge is a screw pinch in 60 micron He in device I. 

the overall behaviour of the column. These currents flow in any 
type of pinch with the exception of the pure z- and the pure 6-
pinch. In the screw pinch a constant pitch is applied at the 
wall and therefore the pitch of the field in the outside region 
is constant in time and space. 

At high current densities in the dilute plasma the drift 
velocity of the electrons exceeds their thermal velocity. In
stabilities might then allow the field lines to leak through the 
plasma; however since the resulting "turbulent heating" will 
raise the thermal velocity the instabilities are probably quench
ed. In our present experiments these effects are not yet to be ex
pected. Also the resistive decay of the currents is not impor
tant on the present time scale. 

Preliminary experiments in the new devices show a slow-
growing instability/ which is probably excited because the max
imum admissible 6 is exceeded. Calculations are in progress to 
optimize this 6 beyond its present value of about 6% by a proper 
choice of rj, y, and the length of the system 2irR. In the ex
periments we attempt to lower 6 by changing the initial condi
tions and the time dependence of the main fields. 
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D I S C U S S I O N 

F . L . RIBE: What i s your es t imated value of 3? 
P .C .T . van der LAAN: Between 10% and 20%. Accura te m e a s u r e m e n t s 

of )3 a r e to be made , and we hope to reduce it below the c r i t i ca l value p r e 
dicted by theory . 

F . L . RIBE: What i s the re la t ionship between the e lec t ron drift velocity 
and the e lec t ron t he rma l velocity in your exper iments? 

P . C . T . van der LAAN: The drift velocity is about 10% of the the rmal 
veloci ty. This i s not a p r e c i s e es t imate because the e lec t ron t empera tu re 
of the low-densi ty p lasma is not known. 
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Abstract 

TRAPPED-PARTICLE INSTABILITY IN AXISYMMETRIC TOROIDAL SYSTEMS. We examine the trapped-
particle instability of low в plasmas in toroidal fields with large aspect ratio and nearly-cylindrical symmetry. 
This problem was considered by Kadomtsev and Pogutse for Tokamak fields where the component Bfi about 
the minor axis is small. We find that when EU is not small, as in pinch-like systems, the instability has a 
qualitatively different behaviour. 

The instability arises in systems with large BQ only if the local radial density variation at some point 
is much stronger than that of the magnetic field strength, and does not arise at all in a magnetic well. Shear 
of the magnetic field lines is not important. 

The presence of a radial electric field in Tokamak systems is known to change the nature of the insta
bility, but has no effect on large Вд system except to cause a frequency shift. Collisions have a stabilizing 
effect. The conclusion is that devices with large BQ are less prone to the trapped-particle instability than 
Tokamaks. 

1. INTRODUCTION-

The trapped-particle instability has been studied by Kadomtsev and 
Pogutse [1] and Galeev et al. [2] for Tokamak fields with large ratio of 
major to minor toroidal radius ( i .e . large aspect ratio R/a) and small 
ratio of azimuthal to longitudinal magnetic field (viz. Be

 a (a/R)Bs). In 
this work we remove the restriction Be =s(a/R)Bj, which is valid for 
Tokamak and Stellarator studies. We examine the trapped-particle 
instability for general toroidal systems with large aspect ratio and nearly 
cylindrical symmetry, including, for example, levitrons or low-j3 toroidal 
pinches. 

In section 2 the single particle paths are discussed for Tokamak and 
pinch systems. In certain circumstances of experimental interest [3] 
the Tokamak analyses [1, 2] hold for a Stellarator. In section 3 we examine 
•the electrostatic oscillations of a low-|3 plasma, by .means of the linearized 
Vlasov equation. It turns out that the trapped-particle flute modes are 
unstable only in radial positions where the logarithmic density gradient 
greatly exceeds the logarithmic magnetic field gradient (n'/n~ +(a/R)"7 

B ' / B 0 ) . If n'/n and B[j/B0 have opposite signs, the flute modes are 
stable. 

In section 4 it is shown that when the collision frequency reaches a 
particular order of magnitude it may modify the growth rate of the insta
bility, but never alters its order of magnitude. (This contrasts with 
Tokamak systems where a critical collision rate enhances the instability. ) 
Further increase of the collision rate completely removes the instability 
in both systems. 
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The presence of a radia l e lec t r ic field me re ly causes a frequency 
shift, whereas in Tokamak sys tems the trapped par t ic le instabil i ty is 
quenched, and a new one a r i s e s [2] . 

2. SINGLE-PARTICLE BEHAVIOUR 

The s ing le -par t ic le analysis shows the existence of trapped par t ic les 
whose guiding centre motion is a relat ively rapid osci l lat ion between 
magnetic m i r r o r points and a s lower drift off the magnetic field l i ne s . 
The single par t ic le paths (2.4) below will be used to integrate the Vlasov 
equation in section 3 . 

The co-ord ina tes used to descr ibe the toroidal system a re plane 
polars (г, в) measured perpendicular to the minor axis, which is taken 
to coincide with the magnet ic axis o r axis of the buried conductor in a 
levi t ron . The position of the (r , 6) planes on the minor axis is fixed by 
the angular co-ordinate Ç. These co-ordinates differ slightly from 
Kadomtsev and Pogutse ' s , where the magnetic surfaces have the s imple 
equation p = constant, and consequently p is curv i l inear . Here , the mag
netic surface equations a re l ess s imple , but the co-ord ina tes have the 
s imple m e t r i c 

ds2 = d r 2 + r 2 d6 + (R- r cos в) dç2 

where R is the major r ad ius . 
We study axially symmet r i c toroidal magnetic fields В = (В , В В ) 

where 

Вг =е Ьг(г) s i n e 

Bp = B 2(r) + e b 2 ( r ) c o s e (2.1) 

B ^ B g f r ) +e b3(r) c o s e 

where e = r / R is smal l . These fields a re symmet r i c about the major axis 
(independent of Ç) and near ly symmet r i c about the minor axis (weakly 
dependent on e) . The functions B 2 ( r ) , B 3 ( r ) , b 3 ( r ) a re a r b i t r a r y , but 
the requi rement div В = 0 impl ies ( r 2 ^ ) ' = r (b2 - B 2 ) . The fields (2. 1) 
include a fairly wide c l a s s , including cu r r en t s of a r b i t r a r y radial de
pendence, but weak 6-dependence. F o r example, the explicit form of 
(2.1) due to a ha rdcore cur ren t Ij on the minor axis , and a s t raight cur ren t 
I0 on the major axis is 

В 0 = Й г1 ( 1 - i e t * + 1 ) c o s e j (2.2) 

В = ^ l â ( 1 + e c o s e ) 
С 2л- г ' 



CN-24/B-11 301 

where S.(r) = log e / 8 , and the express ions a re in MKS uni ts . An e lec t r ic 
field may be present , normal to the magnetic su r f aces . To zero o r d e r in 
e this field will be represen ted by the potential Ф(г). 

The guiding cent re equations in general form are 

-* ~~* -* -* 2 2 
dr VIIB EX В m v l l -* ->• •* mvJ_ - i -»i 
^ = 7 ^ + ^ % f + - ^ L B X B - V B + — r ^ j g - B X V B | (2.3) 
dt |B| |B|2 e |в| 2е |вГ 

where the velocity v = (vj. , v. ) has been resolved para l le l and perpendicular 
to the magnetic field. Substituting the field (2.1) in express ion (2.3) , we 
obtain: 

dr v i | b i „ V2+v.2 b 0 
-ТГ = e - L i sin в + -r—-11 e ^ sin в 
dt B 0 2Г2г В0 

d6 _ v, |B2 ^ i / В , еф- ^ V2 + vf B 3 B 0 ' \ V 2 +v 2 J r b 0 ) ' 
rdF = i ^ + ^ - ^ + ̂ t n + ^ e ~ ? B 7 c o s e (2Л) 

R d£. _ V ^ 3 I /B2 еФ̂ _ + V 2 +VH B2B^ 
dt " B 0 "fi Ц m 2 B 2 

where | в | = B0 + eb 0 cos в, В0 = (В 2 +В 2 ) and B 0 b 0 = B 2 b 2 + B 3 b 3 . The t e r m s 
included in Eqs (2.4) a r e of zero o r d e r and first o r d e r in the inverse 
gyrofrequency 1/Г2 = т / е В 0 . We assume е Ф / m ^ V 2 , where V2 = v 2 + v 2 , so 
that the e lec t ros ta t ic energy is comparable with the t h e r m a l energy . The 
two t e r m s containing the factor e/T2 a re important in the Tokamak case 
where B Q

œ const . Remaining t e r m s of o r d e r (v^/af2)e have been omi t ted . 
To zero o rde r , the first two equations can be rewr i t ten 

(2 .5) 

de_ 
dt 

1 dr e b i . 

7 de = в7 s in 

• ^ K , I * V I (2.6) 

The projected guiding cent re position r (0) to be used in Eq . (2 .6 ) is ob 
tained by integrat ing E q . ( 2 . 5 ) . The resu l t r . = r - ( r b j / B 2 ) e cos в gives 
the displacement of the magnet ic surfaces from c i rc les centred on the 
magnet ic ax i s . F r o m Eq . (2 .6 ) , expanding | Ê | , we obtain 

^ = - ^ ? / е h ( r ) J 2 x 2 - 1 T cos6 (2.7) 
dt rBo 

where 2 x 2 - 1 = (1 - nB0/V2 ) /h2e and h 2 ( r ) = 1^- - ^ r - ^ L | . The minus 
I B 0 B 2 B 0 I 

sign in E q . ( 2 . 7) cor responds to ( b 0 / B 0 ) > ( b j / B 2 ) ( r B ' 0 / B 0 ) , and the plus 
sign to the opposite inequality. In Tokamaks, h = +1 and the minus sign 
appl ies . The var iable x is a label for the p a r t i c l e s . Decreas ing x 
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cor responds to sma l l e r longitudinal velocity v.,, and to ze ros of d0/dt 
(trapping) close to в = n. The value x = 1 is the boundary between t rapped 
and untrapped pa r t i c l e s . If b 0 > ( r b x / B 2 ) BJ the t rapped par t ic le orb i t s 
l ie on the outer half of the to rus as in F ig . l a , -whereas for b 0 < r b 1 / B 2 B^ 
they l ie on the inner half of the t o rus as in F ig . l b . In both cases the 
collective behaviour of the t rapped par t ic les is the s a m e . The first case 
is the normal one, and the following analysis applies to this c a se . The 
second case , which corresponds to l a r g e r field s t rength on the outer 
half of a magnetic surface, is uncommon. It might occur , for instance, 
in a levi t ron in which magnetic surfaces were displaced inwards re la t ive to 
the cent ra l conductor by applying a ve r t i ca l field . If the magnitude of the 
ve r t i ca l field were so adjusted that h(r) = 0 in the region of maximum 
density gradient, and smal l at o ther radi i , the t rapped par t ic le instabil i ty 
should be very much weakened. 

(<0 (b) 

FIG.l . Toroidal coordinates with (r, 6)-origin on the minor axis. The broken lines show the (r, 6) 

projections of the trapped particle orbits when (a) b0 > —1 B^ t (b ) b 0 < —i B'0 , w h e r e b 0 B 0 - B2b2 + В b 
a n d B - ^ + B 2 ) 1 / 2 . Bz " ' 

3 3 

The t rapped par t ic les have v.. ~Vj~e . This conclusion is not modified 
by the presence of the e lec t r ic field drif ts , as it is in Tokamaks [2] . 

The quantity Ç = Ç -q6, where q = ( r /R) ( B 3 / B 2 ) m e a s u r e s the par t ic le 
drift off the field l ine. F r o m Eq. (2 .4) we get 

d? 
dt 

v 2 + i B-
2 Ш Bg 

1 B_o еФ' 
QR B 2 m 

v 2 + i 
2QR 

r b 0 ) ' 
rB n 

-q cos 
bo 1 + W q' Bo (2.8) 

In Tokamaks, where (B 2 /B 3 ) = O(e), rBJ / B 0 = O(e) and q = О (1), the first 
t e rm is negligible and the drift depends on 0. The direct ion of the Ç-drift 
can be a l tered, for some par t ic les at least , by al ter ing q ' / q . Hence, shear 
has an important influence on the t rapped par t ic le instabil i ty. But for 

This was pointed out to the authors by P. H. Rebut. 
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genera l fields of type (2.1) , where q = O(e) the f irs t t e r m in Eq. (2.8) is 
the dominant one, and the f drift has the same sign (that of -(1/Г2) (B' /B) 
for all 9 . Shear has no significant effect on the t r apped-par t i c l e instabil i ty. 

The osci l la t ion t ime т of the trapped par t ic les is important in the 
analys is of collective effects (section 3). F r o m Eq . (2 .7 ) we obtain 

4 
vJ7 

4 

r B o Г de 
B 2h J J2xz- 1 - c o s в 

e0(x) 

r B 0 

B7h ^ K < x > (2.9) 

where K(x) is the complete elliptic integral of the first kind. The express ion 
(2. 9) is valid for 0 < x < 1, that is for the t rapped p a r t i c l e s . W h e n x > l , 
T ( l / x ) is the t ime taken for two c i rcui ts of the minor axis by the untrapped 
p a r t i c l e s . F r o m the r -equat ion in Eqs (2.4) the maximum radial d isp lace
ment from a magnetic surface has the very smal l value Д г » ^ / 7 V/fi . In 
Tokamak fields т~е"3^2 r / V and Arose"1/2 v / f2 . These l a r g e r values a c 
count for the enhanced diffusion coefficients predicted for Tokamak sys tems 
by Galeev and Sagdeev [4] . No such effect could occur in pinch s y s t e m s . 

We conclude this section by noting that the Tokamak analysis of 
Kadomtsev and Pogutse [1] can be used intact for s t e l l a ra to r s of the type 
discussed by Gibson and Taylor [3] , where the helical field components 
have smal l magnitudes charac te r ized by eh ~ e , in the form (еъЬ!, e^bg, 
e e h b ). The smal l value of the helical Ç-component leads to the Tokamak 
forms of Eqs . (2.7) and (2 .8 ) . Physical ly, the helically t rapped par t i c les 
(or ' localized pa r t i c l e s ' [3] , or bananas [5]) have very smal l Vj| =• Veh and 
a r e negligible. The toroidally t rapped par t ic les ('blocked pa r t i c l e s ' [3]) 
have v., »Vv/ëjj and behave as in Tokamaks , being only weakly affected by 
the helical field. Since an 1 = 3 helical winding gives q ' /q = - 2, it invariably 
sat isf ies the c r i t e r ion for shear stabil ization deduced by Kadomtsev and 
Pogutse [1] . 

3. COLLECTIVE BEHAVIOUR 

As in the Tokamak analysis [1] , the equilibrium distr ibution function 
f • (v , r ) is near ly Maxwellian. To first o rde r in Q~ , 

1 , - - , f f = f n i 4 ( B X V ) . ( V f 0 j + ^ f 0 . V O ) (3.1) 
i 

where f„. = n0(r)(m. /2тгкТ ;)3/ exp (-rm V /2kTj), and Ф(г) is the equil ibrium 
e lec t ros ta t ic potential . 

The solution of the l inear ized Vlasov equation may be wri t ten in the 
form 

f ( . 4 = - ! i Г v<i>™ Э-4^- dV (3 .2) 
J im J 9 V 
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where integration is over the guiding cent re paths in the unperturbed 
f ie lds . Because the sys tem is independent of Ç and periodic in в, 
ф^ ' may be writ ten 

ф(1) = ф(г,в) exp[- i (ut + iÇ)l (3-3) 

where ф is periodic in 0, and & i s an in teger . 
Integrat ing the solutions fp) over velocity space yields the per turbed 

density of e lec t rons and ions . Using the quas i -neut ra l i ty condition, valid 
for low frequency d is t rubances , we have 

о 2 

Oè + i)v=-iV^vfojj at. 
j -«, 

( u - ^ - u E ^)ф(в') 
v о 

л. i ( * .L. o 2 /г>Л R В з 9tf ' exp[-i(ut ' + К Ч (3.4Ï 

where Ç1 = Ç(f ) is the s ingle-part ic le path, the T: a re the ion and electron 
t e m p e r a t u r e s , and 

U*i ~R mi ni f0j B0
 ; " E R B2 

The function ф(г, в) is now writ ten as a F o u r i e r s e r i e s 

Ф(г,в)= £ * m (r )e i m 6 (3.5) 

Equation (3.4) may be averaged over the fast oscil lat ion t ime т of the 
t rapped o r untrapped par t i c les , provided ы < т . This i s achieved to 
f i r s t approximation by replacing the rapidly oscil lat ing par t of the 

0 
integrand by its average over a single period. The integration / dt' can 

then be c a r r i e d out, since the average drift veloci t ies remaining in the 
exponential a re constant . It follows that 

) il qsV 1 
= e L % еЧ)п°У,*п1

е 1 т е = е '" , '1 t J d^f°j 
T 

I i tn 

" - Hj +ШЕ J") fe J + 1] 
B o / V q B 2 / 1 Г -ifm-tctfO1 

/ f i t 1 P» 
u - u E - u D j 

d f e ' " " " " " (3.6) 
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w h e r e 

° i R 2 0 . Bg ( 3 . 7 ) 

a n d / dv i s now o v e r t h e t r a p p e d p a r t i c l e s o n l y . T h e c o n t r i b u t i o n of 

t h e u n t r a p p e d p a r t i c l e s to t h e . i n t e g r a l i s n e g l i g i b l e , b e c a u s e f o r t h e m t h e 
d e n o m i n a t o r i s и - u E - u D j - (m - i q ) ( В 2 / г В 0 ) у ц w h i c h i s l a r g e r t h a n t h e 
n u m e r a t o r p r o v i d e d j m - i q l > u*. T/VM . 

E q u a t i o n ( 3 . 6 ) i s s i m p l i f i e d by pu t t i ng T e = T; and w r i t i n g t h e o p e r a t o r s 

0 2TT- 6 (x) 
d t ' Г 

90(x) 

d 6 ' 

2 , / 2 K ( x ) . J 2 x ' ^ - l - c o s 0 ' 

and 

dv = 27Г / v, dv. 

t-Vëv 

-TêV 

dv„ 

= 2тгЬ J~e / V 2 d V 
dx* 

X0(8) ^ 2 x 2 - l - c o s 6 

w h e r e xo = ( l / 2 ) ( l + c o s 9); c o s # 0 = 2 x 2 - l . T h e n f r o m E q . ( 3 . 6) , i n v e r t i n g 
t h e F o u r i e r t r a n s f o r m , and c h a n g i n g t h e o r d e r of the d0 and dx i n t e g r a l s 

( r ) = nj2ë h / V dV-

X > 

U) 

— 2 2 
Ш - l d n 

I , m ' В э 

" D l ** B2 

X<4 
d x cm . t qcm . .C q 

( 3 . 8 ) 
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w h e r e u =u - u c , and 

2тг-в0(х) 

С - Г 
e0(x) 

c o s n ô d S 

1 - c o s в 

It i s po in t ed ou t in Ref. 2 t h a t C n (x ) = ÎT /Ч/Т P n . i (1 - 2x 2 ) w h e r e P i s t h e 
L e g e n d r e f u n c t i o n . T h e q u a n t i t i e s in ( 3 . 8 ) now r e f e r to t h e i o n s . F o r 
f lu te m o d e s , wi th s l o w l y v a r y i n g p h a s e a l o n g t h e f i led l i n e s , we c h o o s e 
m * i q . S i n c e С d e c r e a s e s r a p i d l y a s n i n c r e a s e s , a p u r e f lute m o d e 
wi th a s i n g l e f ixed m n u m b e r i s a p p r o x i m a t e l y d e s c r i b e d by 

1 =- ^ h /VdV ^Щ^.Л-J ^ Ô W (3.9) 
J П0 Ъ\ UD U 2 - t j 2 J K(x) 0 

w h e r e 

ъ\ ^ 2kT № 
в2

2 «D М У 2 В ; / В 0 

R e p l a c i n g t h e v e l o c i t y - d e p e n d e n t t e r m s in E q . ( 3 . 9 ) by t h e i r a v e r a g e , w e 
h a v e 

i"ï \ n j . /n„ 

w h e r e t h e p o s i t i v e n u m b e r X i s g i v e n by 

p dx C 0 (x ) 

It m a y b e s e e n f r o m E q . ( 3 . 1 0 ) t h a t t h e t r a p p e d - p a r t i c l e i n s t a b i l i t y 
o c c u r s o n l y if t h e d e n s i t y g r a d i e n t i s m u c h s t e e p e r t h a n t h e g r a d i e n t in 
m a g n e t i c f ie ld s t r e n g t h , i . e . e 1 n ' 0 / n 0 > B ' 0 / B 0 . 

An e q u i l i b r i u m e l e c t r i c f ie ld p r o d u c e s a D o p p l e r shif t in t h e f r e q u e n c y , 
but d o e s not af fect t h e s t a b i l i t y c r i t e r i o n . In t h e T o k a m a k o r d e r i n g s c h e m e 
a n i m p o r t a n t ef fect of t h e e l e c t r i c f ie ld i s t h e d i s p l a c e m e n t of t h e c e n t r e 
of t h e band of t r a p p e d v e l o c i t i e s f r o m VH = 0 to v,i = ( Ф ' / В 0 ) ( В . / В е ) = 0 ( Ф ' / е В 0 ) . 
H e n c e a m o d e s t e l e c t r i c f ie ld m a y d i s p l a c e t h e t r a p p i n g b a n d to t h e t a i l 
of t h e ion d i s t r i b u t i o n [2] . T h e c o n d i t i o n t h a t t h e d i s p l a c e m e n t of t h e 
band of t r a p p e d v.. s h a l l be n e g l i g i b l e i s 

< V H> / Ф 
vth i v Li фАкт,Мв, 

еФ \ / В, 
Рм ^Г Т ^ - ^ « 1 
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where pLi is the ion L a r m o r r ad iu s . Since the f irs t factor is much l e s s 
than unity, th is condition is satisfied if B e = 0 ( В г ) and еФ S kTj . The in
stabil i ty will not occur if B ' / B and n ' / n have opposite sign, i . e. if p a r 
t i c les a r e t rapped in a magnet ic well region such as can be produced in a 
levi t ron with a ve r t i ca l magnetic field. 

The physical origin of the stabil izat ion may be explained as follows. 
Consider a sinusoidal density per turbat ion, initially neutron. If 
( B ' / B ) / ( n ' / n ) > 0, the resul t ing radia l ÊX В convection inc reases the 
density per turbat ion . However, when the charge separa t ion dis tance 
exceeds a half wavelength of the sinusoidal per turbat ion, the ions and 
e lec t rons begin to come in phase again and neut ra l ize each o ther . If the 
t ime taken to drift one half wavelength is l e s s than the init ial e-folding 
t ime , the per turbat ions will not grow significantly. The condition for 
this is 7 < u D . This can occur in the la rge-B e case , but not in Tokamaks , 
as can be seen from E q . ( 3 . 1 0 ) . The growth r a t e of the instabili ty, if it 
o c c u r s , is of o r d e r у~е1 /4(шф W D)1/2_ j n a Tokamak, wD«e и% so 
7«e3/4us ; !> u D . In the large-Be case , if B ' / B > e1/2 n ' / n i. e. u D > e1 / 2 u#, 
the na tura l growth ra te is l e s s than ioD and so the above stabil izat ion effect 
o c c u r s . 

4 . THE E F F E C T OF COLLISIONS 

The effective collision frequency for the sca t te r ing of par t ic les out of 
the narrow cone in velocity space corresponding to trapping, whose angular 
width is Ofe1/2), is v, / e where Vj is the frequency for l a rge-angle sca t te r ing . 
Inclusion of a collision t e r m (9f/9t) c o l l = - (i/./ejf'1 ' on the r ight-hand side 
of the l inear ized Vlasov equation (3. 2) causes ш to be replaced by u + iy , /e 
in the d ispers ion re la t ion (3. 6). Including only the e lectron coll is ions, 
E q . ( 3 . 6) may be wri t ten in o r d e r of magnitude as 

N/Tu* N/T ш* 
0(1)« + : . (4.1) • и - u-, iv. D ы +—f- +wD 

ы2 + ~rw+\'T (и
с

+^и
с) + (^ ш * ш о- ш в>Н° <4-2) 

The nature of the solutions of this quadrat ic equation for и depends on the 
o r d e r of magnitude of i ts coefficients, without reference to numer ica l 
fac tors , which have been omit ted. Wheni/ e /e « i ^ s e 1 ' 2 ^ the coll is ion-
l e s s analysis holds . When ve**eu which is the growth ra te of the collisic 
l e s s instabil i ty, the value of w is modified, but i ts o r d e r of magnitude r e 
mains unchanged. When v >> eu D t he last t e r m in Eq . (4 .2 ) is negligible, 
and no instabil i ty o c c u r s . 

In Tokamak sys t ems [2] the col l is ionless analysis holds for 
г / е « е ш*, enhanced instabil i ty occurs when i/e « е3/,2шл , and complete 
s tabi l i ty fori / >> e 3 / V * . 
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The conclusion is that the col l is ionless t r apped-par t i c l e instabil i ty of 
sect ion 3 is stabil ized by collision ra tes v > > e u while collision r a t e s 
i / e $ e u D a r e unimportant . 

5. CONCLUSIONS 

Asymptotic analysis for smal l e = a /R leads to the conclusion that 
configurations with B e = 0 ( B c ) a re l ess prone to the t r apped-par t i c l e 
instabil i ty, because it occurs only in regions of la rge density gradients 
where e1^2 n ' 0 /n 0 > B ' / B 0 and is not enhanced by col l i s ions . When e is very 
smal l , th is is a str ingent condition. Thus la rge aspect rat io to r i should be 
s t ab le . However, if the asymptotic analysis is applied to prac t ica l s y s t e m s , 
where a/R is frequently not very smal l , the above condition for the oc
cu r rence of the t r apped-par t i c l e instabil i ty can be sat isf ied. When it 
does occur , the instabil i ty growth ra te is e1'2^,,. , which i s r a the r f as te r 
than the Tokamak growth ra te of e3/4u,.. . E lec t r i c fields such that 
еФ£кТ do not affect the stabil i ty condition. 
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D I S C U S S I O N 

B . COPPI: What is your explanation for the fact that, with the col-
l is ional t r apped-pa r t i c l e instabil i ty, t he r e is no peak in the growth ra te 
when the pinch order ing is considered? 

Т . Е . STRINGER: The growth rate of the coll is ional t r apped-par t i c le 
instabil i ty at tains i ts maximum value when collisions f irs t become im
portant , and then falls off with increas ing frequency as v't . The o r d e r 
of magnitude of the maximum growth ra te is e* d (Lnn)/d(lnB) t imes the 
growth ra te of the col l is ionless instabi l i ty . F o r a Tokamak this factor 
is 0(e "2), so that the maximum growth r a t e of the coll isional mode always 
exceeds that of the col l is ionless mode. F o r the pinch order ing this is general ly 
not the ca se . The coll isional mode s t a r t s with a growth ra te comparable 
with the col l is ionless mode, and its growth ra te dec rea se s with increas ing 
collision frequency. 

A . B . MIKHAILOVSKY: How does Tokamak differ from a pinch 
d ischarge? 

Т . Е . STRINGER: The most important difference between Tokamak 
and pinch-like fields l ies in the rat io between the magnetic drift and the 
diamagnetic drift ve loc i t ies . In Tokamak this ra t io is always of o r d e r e, 
and consequently in our Eq. (3 .10) the second t e r m would be of o r d e r e-i . 
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Hence, u is always imaginary . In a pinch-l ike geometry this rat io is not 
determined by the aspect ra t io , but depends on the detai ls of the radia l 
field dis t r ibut ions . 

A . B . MIKHAILOVSKY: Is there no MHD instabil i ty in pinch 
d i scharges? 

Т . Е . STRINGER: The growth ra te of the t r apped-pa r t i c l e instabil i ty 
is much less than that for MHD instabi l i t ies , and we have taci t ly assumed 
that the configurations studied a re MHD-stable and that the collision 
frequency is too low for r es i s t ive ins tabi l i t ies . The existence of s table 
MHD pinch configurations has been demonstra ted by Kadomtsev and by 
Whiteman, and levitron configurations should cer ta inly be MHD-stable . 

P . L. HUBERT: I should like to mention the Stator II device con
s t ructed at our labora tory by Mr. Rebut. It is a kind of levi t ron in 
which there is a slight outward displacement of the cent ra l ring, so that 
one can achieve uniformity of the field along a line of force to within a 
few per cent. Do you think that this degree of prec is ion is enough to 
avoid t r apped-par t i c l e instabi l i t ies? 

Т . Е . STRINGER: The var ia t ion of magnetic field s t rength around 
the magnetic surfaces is proport ional to [ l + e h 2 ( r ) c o s ô ] . Thus, if the 
p a r a m e t e r s a re adjusted in such a way that the field s t rength is near ly 
constant over the magnetic sur faces , h(r) is much l e s s than unity, and 
from Eq. (3 .10) the p lasma is stable up to much higher density gradients ; 
i . e . (n ' /n) < (B' /B) e"z h"1 . A uniformity in field strength over surfaces 
to within a few per cent should permi t relat ive density gradients that 
a r e an o r d e r of magnitude m o r e rapid than the gradient in field s t rength. 

A. A. RUKHADZE: What assumption did you make regarding the 
potential difference ac ros s the p lasma radius? 

Т . Е . STRINGER: We assumed that it was l e s s than, o r comparable 
with, the p lasma t empera tu re ; i . e . еФ(0) S, kT. 

A. A. RUKHADZE: Which collisions lead to stabil ization of the 
instabil i ty considered by you - e lectron or ion? 

Т . Е . STRINGER: The collisions which reduced the growth ra te were 
the electron coll is ions, which first affected the solution when ve~eu. At 
higher collision ra tes the ion collisions also became important , completely 
stabil izing this mode. 
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Abstract 

PLASMA CONFINEMENT IN A TOROIDAL OCTUPOLE MAGNETIC FIELD. The confinement of low-
density (n = 109 cm"3) collisionless plasmas with T i = 40 eV, T e =» 10 eV produced by gun injection or with 
T e - 1 eV, Tj < 1 eV produced by microwave heating was studied to determine the mechanisms for plasma 
loss from an inductively excited, mechanically supported toroidal octupole. The decay time for the hot 
ion plasma was =< 700 us while the lifetime for the cold ion plasma was about 3 times longer. Particle 
collector measurements indicated that most of the particles were lost on the hoops and their supports for both 
types of plasma. Direct measurements of the radial particle loss to the outside wall using a large azimuthally 
symmetric screened collector outside the MHD stable region indicated that roughly 15% of the hot ion plasma 
and-S 2% of the cold ion plasma was lost radially during the quiescent confinement period. The amplitude 
of the fluctuations (1 kHz to 1 MHz) in the MHD stable region implied a turbulent diffusion coefficient; the 
order of 10~3of the Bohm diffusion coefficient which was not.large enough to produce the observed radial 
loss. Studies were also made to determine the importance of low-frequency fluctuations or convective cells 
which may have been produced by injection, magnetic field perturbations or azimuthal density variations. 
The addition of,a toroidal magnetic field decreased the lifetime slightly and generated large-scale convective 
cells in the shearless layer near the plasma surface. Currents parallel to the magnetic field have been observed 
which must be considered in determining the cause of increased fluctuation with the increase of the toroidal 
field. The mechanical supports were also guarded with magnetic dipoles in the manner proposed by Lehnert. 
The plasma flux to one of the supports was reduced for the hot ion plasma by an order of magnitude when there 
was one ion gyroradius between the mechanical support and the guard field separatrix. However, the plasma 
flux along the guard field separatrix increased to the value of the original support flux and there was a negligible 
(< 20%) improvement of the lifetime. An inductively excited, magnetically force-free octupole is being 
assembled with transiently withdrawn supports to eliminate the plasma loss to hoop supports. The device will 
provide at least 10 msec of experimental time during:which only 5% of the'magnetic flux diffuses into the 
internal hoops. 100 eV protons will have'15 gyroradii'on each side of the separatrix. 

Introduction 

Toroidal multipoles have been studied extensively starting with 
the low 6 analysis of equilibrium and flute stability by Kadomtsev [1] 
and the high g ballooning stability of Qhkawa and Kerst [2]. Previous 
experimental results [3,4,5] have dealt with the overall properties 
of gun injected plasmas in mechanically supported toroidal octupoles 
such as injection and filling by E x В motion and quiescent confine
ment as the ions were lost at a rate proportional to their velocity. 
The overall confinement properties in these experiments were consis
tent with the loss of plasma due to the thermal flow of plasma into 
the supports. In the experiments described here, plasma losses to 
the supports, hoops and vacuum vessel walls were determined from the 
measurements of currents to particle collectors in an attempt to deter
mine the intrinsic confinement properties of an octupole without 
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supports. The observations indicate that the losses were not mainly 
on the supports but rather on the current-carrying hoops. Observa
tions indicate that low frequency (= 100 Hz) phenomena are responsible 
since high frequency (10 kHz to 1 MHz) fluctuations were not consis
tent with the observations. The effect of obstacles similar to sup
ports, static and magnetically-guarded, insulated and conducting, were 
studied for subtle effects on confinement. 

APPARATUS 
The magnetic field was a pulsed half sine wave of 5 msec dura

tion which was produced by inductively coupling a 6 kj capacitor bank 
to the four internal hoops. The total current induced in the copper 
hoops was 3 x 105 A. The primary winding was placed as close as 
physically possible to the insulated gap and was distributed to match 
the required current density in the wall of the vacuum vessel thereby 
avoiding large field perturbations [6]. 

|7=<~) NT n«l09cm3,Te =IOeV 
Ыл у, ' . ?W, is5 

35.6 cm-
FIG.l . General toroidal octupole apparatus showing field lines, |B| contours, positions of Ihe hoop supports, 
particle collectors on the hoops and wall and other diagnostic equipment. 

Each of the four hoops was held in place by three beryllium cop
per supports as shown in Fig. 1. Each hoop support was constructed 
from a 1 cm diameter beryllium copper rod with a 4 mm wide slot cut 
along the length of the rod to form a current loop for magnetic guard
ing. Each support could be energized to 2 x 101* A by a separate pulse 
transformer which was driven either by the current in the primary of 
the main octupole transformer or by a 1 msec long square pulse from a 
separate delay line which permitted varying the guard field strength 
relative to the octupole field and allowed the guard field to be ap
plied after the plasma had been injected. This insured that the guard 
field did not affect the injection and filling processes. 

The pulsed magnetic field diffused into the copper hoops and the 
aluminum vacuum vessel due to their finite electrical conductivity. 
The location of the field lines near the metal surfaces at the peak 
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of the magnetic field was determined with an electron beam. Field 
line positions were calculated for a superconducting wall one skin 
depth (0.7 cm) behind the physical wall to simulate magnetic field 
diffusion. Calculated positions agreed closely with the electron beam 
measurements and are shown in Fig. 1. The magnetic field will be 
specified in terms of N ^, the minimum number of 40 eV proton gyro-
radii between ф (separatrix) and ф (the $ dJl/B stability limit). 
For the gun injection plasma the parameters were n = 109 cm-3, . 
T. - 40 eV, T = 5 eV and N . * 5.0. Cold ion plalmas (1\ < 1 eV, 
T* = 2 eV, n - 109 cm"3) were produced in a background gas of hydro
gen at 10" ч torr by a 140 ysec long 5 kW pulse of 3.2 GHz microwaves 
when electron cyclotron resonance occurred in the magnetic field. 
Typical resonance zones are shown.in Fig. 1. 

DIAGNOSTICS 
The density was inferred from the ion saturation current to a 

single Langmuir probe. Electric fields and floating potentials in 
these low density plasmas could be measured only with balanced resis
tive [7] or capacitive [8] attenuator probes which had an input resis
tance of 2 МП and an input capacitance of 0.5 pF. Energetic ions 
were extracted from the center of the toroidal octupole through a 
high permeability tube and then analyzed with an electrostatic energy 
analyzer. Also, with a miniature analyzer mounted in the tip of the 
extracting tube, the ion distribution function was found [9] to be 
given by f = exp -[(mv2/ kT-) + aP„]. This implies an isotropic 
velocity distribution. Calculations indicated that nonadiabatic ef
fects can produce a large scattering in velocity space [10]. 

The total number of electrons in the confinement region was de
termined by using a microwave cavity perturbation technique. Micro
waves at a frequency of 24 GHz were used to excite the entire aluminum 
vacuum chamber in a high order mode. When ш2 » ш 2 and the spatial 
variation of microwave electric field is much shorter than the den
sity variation, we have ôf/f = (/n 3x)/n fax = N~/n V„ where 
4im e2/m = ш2 and N„ is the total number of electrons in the cavity 
of volume V-. 

Particle collectors of various types were used to estimate the 
magnitude of the plasma losses from the toroidal octupole. Several 
systematic checks were made to determine the extent to which particle 
collectors were disturbing the plasma. An individual hoop and its 
three supports were electrically connected but could be biased with 
respect to the other hoop assemblies and the vacuum chamber wall. . 
Method #1 of estimating the total flux to the hoops and supports was 
to operate the internal hoop assemblies as a large floating double 
probe with adjacent hoops oppositely biased. The total number of 
particles collected on the hoops and supports, 4 x 10 1 Ц, agreed with 
the 3 x 10llf particles inferred from microwave diagnostics. Since 
the other losses from the device were found to be small, this indica
ted that the hoop and support current measurement was not grossly in 
error. However, I-V characteristics for the hoops did not saturate 
at V = 2kT /e indicating that hoop voltages were capable of pulling 
plasma out of the confinement region. This was verified by pulsing 
on an 80 volt bias on the hoops with respect to the vacuum chamber 
walls at t = 2.5 msec for a magnetic field of N • =2.5 which caused 
a more rapid decay of the plasma. There was no noticeable increase in 
decay rate for a 40 volt bias at N . =5.0. Due to the lack of satur
ation, the actual loss was estimâtes by extrapolating, the I-V char
acteristic to zero voltage as shown in Fig. 2. Because of this diffi-
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culty the collector measurements may be in error by as much as a factor 
of 2. 

Method #2 for determining hoop loss was to insulate the hoop sup
ports from the plasma with mylar insulators and to operate the hoops 
as floating double probes. Method #3 used azimuthally symmetric par
ticle collectors operated as floating double probes which were con
structed from printed circuit board with 0.02 mm thick copper sheet 
which did riot disturb the 100 Hz magnetic field. These collectors, 
which were mounted as shown in Fig. 1, had the advantage that they 
could collect ions and electrons from the same magnetic field line. 
The collector for the inner hoop extended 2.3p. out from the last field 
line touching the inner hoop leaving 3.9 p- between the density peak 
and the collector tip. The outer hoop collector extended 1.5pi out 
from the last field line touching the hoop leaving 2.1pi between the 
density peak and the collector tip. Method #4 used a double probe 
which consisted of two strips of 0.02 mm brass foil with a width of 5 
cm along the hoop mounted tightly on the hoop surfaces. All of these 
techniques .gave qualitatively the same results but quantitative 
measurements of better than a factor of 2 were difficult due to the 
lack of voltage saturation. The HR light was unaffected as the bias 
voltage was applied to the hoops indicating that ionization due to 
hoop bias was absent. Two copper cylinders which had the same size 
as real hoop-supports were placed at the same azimuthal position, one 
above an inner hoop and one above the outer hoop in a position simi
lar to that of a real support. In method # 5, these cylinders were 
biased as a floating double probe to estimate the losses to a real 
support. . . . , 
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FIG.2. Thecurrent-voltage characteristic for the inner hoops with supports insulated, operated as a floating 
double probe as in method 2. -The characteristic Was taken at t = 2.5 ms for the gun-injected plasma. 

Method #6 was used to estimate the plasma flux to the outer 
vacuum wall from the current drawn to a collector placed near the 
vacuum wall(Fig. 1). This azimuthally symmetric collector had an 
outer screen electrode with ~40% optical transparency and could be op
erated as a floating double probe. The central conductor, constructed . 
from a printed-circuit board with 0.02 mm copper- plating, was divided 
into independent inner and outer collectors.. Each of the collectors, 
was in turn subdivided into 36 equal sections to test for azimuthal 
variation of radial particle loss. Small circular plate collectors 
placed on the vacuum wall were used to.detect localized loss and to 
detect wall loss before and after the radial collector was installed. 
Ion saturation was observed in the I-V characteristic of the screened 
-collector for bias voltages greater than 20 volts. The bias voltage 
on this detector placed near the wall was observed to have a negligible 
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effect on the plasma. The collector extended into the plasma so that 
its tip was 3p• from the conducting wall, 2p. from the last field line 
in the wall aria lp. inside ф . The particle loss to the upper ring 
(nearest the plasma) of the collector was roughly 14 times larger than 
the particle loss to the lower ring indicating that the wall loss collec
tor was acting as a limiter. Some particles were still observed to 
hit the wall with thé wall loss collector in place so the wall loss 
collector current was taken only as a lower limit of particle flux 
being lost on the walls. Similar collectors have been used previously 
to measure plasma losses in other plasma devices [11]. 

Results 

General Plasma Properties 

The overall time behavior of the plasma parameters at the center 
of the confinement region is given in Fig. 3. The lifetime of an ion 
has been feundto be proportional to the reciprocal of the ion velocity 
[3]. The density decay time at peak magnetic field for the gun injec
ted plasma was roughly 1 msec as compared to - 3 msec for the microwave 
produced plasma. 

x|015 I 

2 3 

T IME , ms 

FIG. 3. Time decay of the plasma parameters at the centre of the toroidal octupole. 

The density profile (Fig. 4) as determined from an ion saturation 
current profile assuming a constant temperature has shown .that the den
sity was constant along a field line to within ah experimental accuracy 
of 20%. The experimental uncertainty arises since the effect of the 
magnetic field on the probe collection efficiency is not known. The 
azimuthal variation of the plasma was studied by placing five single 
probes collecting ion saturation current at azimuthal angles, 
9 = 50°, 100°, 180°, 243°, 310°. The probes were individually 
calibrated by placing them 10 cm from a standard probe in the plas
ma. The rms deviation of the five probe currents from the mean div
ided by the mean measured in the zero field region at 500 usee after 
plasma production was 0.03 for the gun injected plasma and 0.21 
for the microwave produced plasma. 
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FIG.4. Typical density fluctuations are exhibited for various positions on the density profile. These 
positions are also labelled on the flux plot. The density profile is for the gun-injected plasma at t = 2.2 ms 
taken along a line marked S between the rod and wall. A typical ion saturation current trace is shown at A. 
The remaining traces are filtered to remove the quiescent density signal. Trace A has an amplitude of 
2 x 10' cm"3 div"1 . All remaining traces have an amplitude of 2 x 108 cm"3 div"1. фс is at 2.8 cm. 

(4) 

О 

\ 

V 
17' 

• • • ' ' • • Г - Ч з ' 

TIME (0.5 ms/div) 

FIG.5. Currents to plasma collectors biased to 45 V for the gun-injected plasma: 1) magnetic field; 
2) total support current, 6mA/div; 3) outer hoop current method 3, 10 mA/div; 4) inner hoop current, 
method 2, 4 mA/div ; 5) wall collector current method 6, 2 mA/div ; 6) all hoops plus supports 
method 1, 20 mA/div, 7) total number of electrons, microwave diagnostics, 1014 particles/div. 
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Plasma Loss Measurements 

The currents to various particle collectors are shown in Fig. 
5 for a gun injected plasma with Np. = 5.0. The injection and fill
ing period lasts from 1.7 to 2.0 msec, the confinement period from 
2.0 msec to 3.0 msec and plasma ejection due to the magnetic field 
decay starts at 3.0 msec. The total number of ions collected on 
the wall loss collector was roughly 101 of the total collected an 
the hangers, hoops and the wall loss collector during the confine
ment period. A very pessimistic upper limit for the wall loss can 
be obtained from the ejection of plasma at the end of the magnetic 
field pulse. The lifetime of the plasma due to the wall loss at 
t[ = 3.5 msec is given by 

CO °° 

TW - [ / a^) dt • / W
 dtJ/Vw 

M
 zi 

where ou,, <\, are the hoop and wall collection efficiencies, L, and 
I w are the ion currents to the hoops and wall collectors respective
ly. Now assuming that ov, was independent of time, we find 

CO 

Tw > [ I *w d t ] / Iw = 3-° msec-
This still represents an upper limit if more particles hit the wall 
at late times due to large gyroradius. The lifetime of the plasma 
at this point was roughly 1 msec. Therefore, the wall loss was less 
than 301 of the total loss. 

The loss of particles as detected by the particle collector on 
the hoops decayed smoothly in time (Fig. 5). If the hoop loss were 
due entirely to field diffusion, the loss should stop abruptly at 
t = 3.75 msec when the electric field at the surface of the hoop re
verses. The integrated flux from t = 2.2 msec to 4.0 msec to the 
inner collector was 3 x 1013 which corresponds to "10% of the total 
number of particles in the machine at t = 2.2 msec. The integrated 
flux over the same period of time for the outer hoop collector cor
responds to =50% of the total number of particles. The loss rates 
at peak field to various regions of the machine for the gun plasma 
are presented in Table I. These rates are estimated from the currents 
drawn to the collectors with 45 V bias which did not perturb the gross 
properties of plasma and may be in error by a factor of two due to 
the lack of voltage saturation. 

However the numbers are internally consistent and the sum of all 
the fluxes corresponds quite closely to the flux required to produce 
the observed density decay observed by the microwave diagnostic system. 
Previous estimates of the support loss assuming thermal flow of plasma 
into the supports predicts a total support loss of roughly 1017 par
ticles/sec which is a factor of 3 larger than the observed losses to 
the supports [4]. 

The azimuthal variations of the hoop loss and the loss to the 
outer wall were also studied. The azimuthal variation of the wall 
losses (Fig. 6) for the gun plasma show a 6-peak variation. Some of 
these peaks can be identified with azimuthal perturbations in the de
vice such as the three supports, the insulated gap, and the two pump 
ports. However, the physical causes for these azimuthal variations 
which persist near the edge of the plasma arenot known. Note that at 
t = 4.0 msec when the magnetic field was leaving the machine through 
the insulated gap, the wall loss of plasma increased at this position. 
The azimuthal symmetry of the hoop losses was investigated by divid-
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ing the hoop loss collector into six segments. Segments centered on 
9 = 0 ° and 180° each received 22% of the total hoop loss, 181 was col
lected on each of the segments centered at ±60° and 10% was collected 
on the segments centered at 8 = ±120° indicating that hoop losses were 
greater near supports. However,no increased local losses were obser
ved near small obstacles which were extended into the plasma. 

The plasma losses are tabulated in Table I for the microwave 
produced plasma at the time of peak magnetic field. The rates were 
determined from the currents drawn to the collectors with 36 volt 
bias and may be in error by as much as a factor of 2 due to the lack 
of voltage saturation. 
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FIG. 6. Azimuthal distribution of wall losses for the gun-injected plasma. The wall loss collector had 36 
segments each of 7.5 cm length. Solid circles at в = ± 60°, 180° represent the positions of the hoop supports. 
Open circles at 0 - - 20°, + 100° represent the positions of the pump ports. 

TABLE I 

Summary of Collector Measurements at Peak Field 

Inner hoops 
Inner hoops 
Outer hoops 
Outer hoops § supports 
Supports 
Outer wall 
All hoops § supports 
Observed decay. 

Method 
#3 
n 

• ttz 

#1 
#5 
#6 
#1' 
%/т = 

Flux (10xu 

Gun Plasma 
S.O 
4.0 
8.8 
10.0 
3.0 
1.3 
20.0 
17.0. 

particles/sec) 

Microwave Plasma 
-
6.6 
-
13.0 
3.8 
0.1 
-

16.0 
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Particle Loss Mechanisms 
Since the plasmas studied were collisionless and had В < 10 6, 

the plasma^could move across the magnetic field region only by means 
of an E x B drift. The electric fields which could give rise to the 
observed loss rates to the hoops and walls originate from at least 
five sources: fluctuations, field line diffusion into the walls and 
hoops, inductive electric fields due to the time varying magnetic 
fields, rotating convective cells produced during the injection phase 
and low frequency electric fields arising from obstacles such as hoop 
supports and probes or from azimuthal perturbations in the magnetic 
field. 

The fluctuations in the octupole have been extensively analyzed 
and reported [4,12,13]. The flute instabilities (F of Fig. 4) outside 
ф had little effect on particle containment since they were outside 
tne main body of the plasma. The probe induced oscillations (C and D 
of Fig. 4) should have little effect on plasma containment since they 
only arose when a probe or baffle was inserted into the plasma. The 
low frequency fluctuations (E of Fig. 4) observed in the jidZ/Ъ stable 
region at 9 = 150° had k,, - 0, A2 - 6 cm with on and 6V essentially in 
phase. The amplitude of this fluctuation was largest near 9 = 150° 
and was decreased by an order of magnitude at 9 = -50°. The maximum 
flux to the wall in a region of azimuthal width A9 near 9 = 150° is 
given by ф = / <6n<5V> dA = 2тт A9R(6nôV/A1) (#d£/B) sinct = 1.3X1017û9sina 
where R is the distance from the major axis to the point where XL was 
determined and a is the phase angle between <5n and ÔV. Experimentally 
a < 10° which gives an upper limit of ф < 2 x 1016 Д9 compared to a 
measured particle flux of 0.5 x 1016 Л9. Therefore, this fluctuation 
may have been the cause of plasma loss near 9 = 150° but at other azi
muths such as 9 = -50° other processes are required to produce the 
observed loss. This fluctuation may have been caused by a lack of 
equilibrium produced during injection or it may be an indication of 
an instability such as the flute-like modes [14] produced by resonant 
particles. 

Fluctuations near the outer hoops which had <5n/n ~10"2 and 
ôeV/kT Й 10"2 were capable of producing a flux to the outer hoops of 
Ф < 5 x 1015 or roughly 5% of the observed loss. 

Magnetic flux measurements show that a maximum of 231 of the to
tal magnetic flux in the octupole had diffused into the outside hoops 
at the time of peak magnetic field. Measurements of electric field 
at the surface of the outer hoop indicate that 1% of the magnetic 
flux diffused into the hoop in 1 msec near peak field. This corres
ponds to a volume extending out from the hoop a distance of 2 mm on 
the density plot of Fig. 4 which contains only 0.61 of the total num
ber of particles. An upper limit was obtained by extending this 
volume by one ion gyroradius (5mm) which gives an upper limit of 6% 
of the total number of particles that could strike both outer hoops. 

The motion of plasma arising from these time varying magnetic 
fields has been studied, and agrees well with the expected transport 
of plasma. At the end of the multipole magnetic field pulse, large 
amounts of plasma were observed hitting the wall near the insulated-
gap (Fig. 6). However, since the plasma was injected near peak field 
when only a small amount of field line motion takes place, the elec
tric fields arising from this motion did not cause the observed 
plasma loss to the outside walls or to the hoops at the time of peak 
field. 

It has been previously reported that the gun injected plasma fills 
the toroidal octupole by developing large vortices with electric-fields 
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of =10 "* V/m. These electric fields were observed to be correlated 
with losses to the wall during injection [15]. These electric fields 
were reduced to the order of a few V/m after = 100 ysec. Observations 
on the azimuthal variation (Fig. 6) show greater losses to the hoops 
and outer wall at the injection 9 = 0 ° , and collision 9 = 180° azi-
muthally suggesting that the initial convective cell persists for 
several msec. 

A fifth loss mechanism is the generation of low frequency 
electric fields by obstacles due to the lack of equilibrium near 
hoop supports and probes which penetrate the plasma. These electric 
fields have been measured around a wide variety of artificial ob
stacles as well as around the hoop supports themselves. Figure 7 
shows the floating potential across a model support. These poten
tials were strongly dependent on the coordinate ф and essentially 
constant along a field line. A model has been proposed to explain 
the potential field structure observed. The average magnetic field 
gradient drifts of ions and electrons are in opposite directions 
which produce a charge separation due to the slight decrease in den
sity at the support with the electric field at the support pointing 
in the direction of the ion drift. Measurements of the floating po
tentials afound obstacles are in good qualitative agreement with 
this simple model. Since this electric field is curl free the po
tential structure produced by the three sets of hoop supports will 
be a three peaked saw tooth with sharp gradients existing at the posi
tion of the supports and small reverse gradients between the support 
positions. 

The maximum flux to the outer hoops given by the local flux 
toward the hoop at the supports is roughly ф = пАЕ/В = 4 x 1017 where 
A is the area over which the electric field exists. This flux was 4 
times the observed flux. Since the plasma in regions between sup
ports was flowing away from the hoops, the density profile in ' 
the azimuthal direction must be known to calculate the net plasma 
loss. 

Magnetic Guarding 

The hoop supports were guarded with magnetic dipoles in the man
ner proposed by Lehnert [16] to determine the efficiency of magnetical
ly guarding supports in a plasma. Previously it has been reported 
[17] that magnetic guarding of all 12 hoop supports gave a negligible 
increase in plasma lifetime. The measurement of plasma lifetime was 
not a sensitive test for magnetic guarding since the particle collec
tor measurements indicated that the support losses were a small frac
tion of the total losses. The support' losses were measured by a par
ticle collector which covered the surface of one of the supports. 
Collectors mounted on the surface of the hoop and the outer vacuum 
wall intercepted the null lines of the guard field and were used to 
measure the loss of plasma along the nulls (Fig. 8). All collectors 
were operated as single probes biased at -45V with respect to the 
vacuum wall. At the time of the guarding experiments the ion temper
ature was 20 eV. When the current through the guarded support was in
creased to provide six 20 eV gyroradii between the support and the 
guard field null, the flux to the support decreased by an order of 
magnitude indicating that magnetic guarding of the support was effec
tive. However, the flux of plasma to the hoop and to the outer wall 
increased to roughly the same value as the original flux to the sup
port as shown in Fig. 9. 
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FIG.7. The floating potential variation around a 0.625 cm diam. obstacle is shown for flux surfaces lying 
inside and outside the separatrix. Also shown is a schematic of these regions with the VB drifts for the ions 
and the expected charge separation due to particle losses on the obstacle. 

| I (a) 

FIG.8. Magnetic guarding apparatus: (a) perspective view of the octupole showing the positions of the 
guarded supports and the guarded obstacle; (b) side and top view of a guarded support showing the positions 
of the particle collectors used to measure support loss, wall loss and hoop loss. 

The increased wall loss cannot be caused by field lines spiral
ling out of the octupole since all of the field lines are still closed 
after one transit around the minor cross-section due to reflection 
symmetry about the midplane of the octupole. 

The outward loss of plasma has been estimated by Lehnert [18] 
assuming that single particles undergo a random walk near the null of 
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the guard field resulting in ambipolar diffusion which produces a 
total flux out of the confinement region given by ф = 4TTNV p 3Vn = 1013 

particles/sec where N = 12 is the number of guarded supports, V = 
2 x 108 cm/sec is the electron thermal velocity and p = 8 x 10 ~3 cm 
is the electron gyroradius. The observed flux corresponds to 
3 x 1016/sec which cannot be explained by Lehnert's model. Recently a 
magnetohydrodynamic model [19] has been developed which treats the in
itial acceleration of a slab of plasma along the null of a guard field 
or along the null of a multipole. This model, which is based on the 
lack of magnetohydrodynamic equilibrium since p f р(ф* d£/B) near a 
guarded support, predicts that the plasma on a field line initially 
accelerates outward with an acceleration given by 

а(ф) 
k ( Ti + T e ) Vn u O ) 

M 
- иСФЛ 
ïïŒ 

where u = js dA/B and а ^ ) = О. The effective size of the hole through 
which plasma accelerates outward with a free acceleration a = 
[k(T-+T )Vn]/nM is roughly 6ird2 where 2d is the spacing between the two 
leads or the guarded support. The effective loss area, 6ïïd2, is rough
ly the same as the area of the unguarded support and therefore this 
model predicts that guarding should not affect the total loss rate ap
preciably which is in qualitative agreement with the experimental re
sults. 

I 2 3 
GUARD CURRENT (I04A) 

FIG. 9. Variation of losses near a guarded support as a function of guard current. The positions of the 
collectors are described in Fig. 8. A guard current of 3 X 104 A corresponds to 6 gyroradii for 20 eV ions 
between the support and the guard field null. 

Also, experiments have been done on the effect of placing dipole 
obstacles into the center of the machine in the midplane of the octupole 
(Fig. 8). The U-shaped dipole obstacles were constructed from 9 mm 
diameter hard copper rods with a center to center leg spacing of 1.5 
cm and were extended from the outer wall to the center of the octupole 
in the same position as the iron pipe shown in Fig. 1. Three ob
stacles were placed at azimuths of 9 = 50°, 180°, 310° and each could 
be pulsed with up to 2 x 101* A using the same circuits that were 
used for energizing the guarded supports. This provided 5 gyroradii 
for 32 eV protons between the support and guard field null. Measure-
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ments of the lifetimes of 32 eV ions and of ion saturation current to 
a Langmuir probe near the null field region showed that the plasma life
time decreased to one-half when the dipole obstacles were inserted into 
the center of the octupole and then recovered when the obstacles were 
energized. There was no significant difference between the dipole 
obstacles forward guarded with the magnetic field inside the dipole 
opposing the octupole field, or with reverse or with transverse guard
ing in agreement with results obtained earlier at General Atomic [20]. 
All field lines in the octupole remain closed after one transit around 
the minor cross-sections for forward and reverse guarding of the dipole 
obstacle due to the reflection symmetry about the midplane. 

The loss of plasma to the dipole obstacle as measured by the ion 
saturation current to the dipole obstacle decreased by an order of 
magnitude when there was 3 gyroradii between the hairpin and the 
separatrix at the outer wall. The loss to a wall collector increased 
but remained one order of magnitude below the original unguarded ob
stacle loss (Table II). The increase in wall loss for the dipole 
obstacles was almost an order of magnitude greater than the increase 
in wall loss for the guarded supports. 

Therefore, the increase in lifetime due to guarding the dipole 
obstacles that extend into the zero field region of the octupole 
does not imply that magnetic guarding was effective since there was 
an associated outward loss which for realistic supports in the high 
field region would be comparable to the original support loss. 

Discussion 

The experiments indicate that low frequency electric fields with 
a period comparable to the confinement time associated possibly with 
the presence of hoop supports or the injection process were responsible 
for the plasma loss as observed by the particle collectors. An effec
tive Bohm time has been defined [12] for a toroidal multipole by assum
ing that the Bohm diffusion coefficient was valid locally and that the 
density was constant along a field line during the diffusion. The 
observed loss rates for the gun injected plasma, indicated that loss 
across the minimum average В stable region to the outer wall was ~2% 
of the Bohm rate and the flux across the minimum В stable region to 
the hoops was ~20% of the Bohm rate. However,' the equivalent Bohm rate 

TABLE II 

Summary of Loss Measurements near a Guarded Support 

Flux (1016/sec) 
Model Support Obstacle 

Direct Loss 
Unguarded 0.40 7.0 
Guarded 0.06 0.7 

Local Wall Loss 
Unguarded 0.015 0.18 
Guarded 0.06 1.0 

Local Hoop Loss 
Unguarded 0.14 
Guarded 0. 28 
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for a multipole was derived using the assumption that D <* В"1 along a 
field line. If the losses were due to kfl = 0 fluctuations or connec
tive cells, D <* B"2 along a field line and the previous analysis is 
not valid. 

When the hoop supports were magnetically.guarded the associated 
plasma loss along "the null region was comparable to the original sup
port loss indicating that magnetic guarding would be intolerable in 
a full scale fusion machine if this loss scaled as the support area. 
Experiments are in progress to determine the scaling for the null loss 
rate. 

MINOR HOOP DIAMETER- 17.8 CM 

FIG. 10. Computed magnetic field pattern and relevant dimensions for the magnetically force-free toroidal 
octupole under construction. 

An inductively excited, magnetically force-free octupole is be
ing assembled with transiently withdrawn supports to eliminate the 
effect of hoop supports on plasma confinement which complicates study 
of the intrinsic confinement properties of the toroidal octupole. 
The 5 cm thick- aluminum wall which carries the return current was 
shaped to provide a magnetically force-free configuration for the 4 
solid aluminum hoops as shown in Fig. 10. The total current in the 
hoops is a sine wave with a peak of 1.4 x 106 A and a half period of 
50 msec, which will provide a minimum of 12 gyroradii for 100 eV pro
tons between ф and ф and allows 10 msec of experimental time during 
which 51 of the magnetic flux diffuses into the internal hoops. A 
typical operating cycle will consist of 

a) withdrawing the 16 supports ; 
b) triggering the capacitor bank for multipole field; 
c) plasma injection, and 
d) repositioning of the hoop supports. 
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DISCUSSION 

B. LEHNERT: The plasma loss in the direction along the guarded 
supports can be interpreted in a different way. In your configuration, the 
dimension of the plasma in the direction along the supports is comparable 
with the distance between the supports. Thus, when magnetic guarding is 
switched on, the surfaces of the average guiding centre drift of ions and 
electrons become strongly deformed and a considerable part of the plasma 
drifts out to the walls at the supports. In your device, this should also 
apply to the experiment with the hairpin-shaped obstacle, but to a smaller 
extent, since the transverse dimension of the plasma is greater at the 
obstacle than at the. supports. In fact, the total loss in the obstacle ex
periment also decreases by almost an order of magnitude when magnetic 
guarding is switched on. Therefore, your results for magnetic guarding 
are not necessarily negative. I would say that they are encouraging and 
that further research on this problem is necessary. 
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D. MEADE: From a general point of view, the existence of single-
particle drift surfaces which leave the machine is in reality simply the 
microscopic picture of the lack of MHD equilibrium described in the paper. 
Some classes of particles with drift surfaces leaving the machine will 
always be present, regardless of the spacing of the magnetic guards. These 
particles produce a self-consistent electric field which causes the particles 
to leave the machine by an E X В drift. We find experimentally that, for a 
guarded support which has a/2d ^ 3 (where a is the plasma thickness and 2d 
is the spacing of the supports), the local flux to the wall near the support 
increases by 0. 04 X1016particles/s, when the support guarding is energized 
(Table 2). The local loss to the wall near the guarded obstacle, where 
a/2d =: 11, increases by 0. 8 X 1016particles/s. This larger loss is in 
disagreement with your suggestion that the loss for the guarded obstacle 
should be reduced because of the greater ratio of plasma thickness to 
support spacing. 

It is important note that the guarding of an obstacle really does not 
have any direct relevance to the guarding of an actual support, since the 
obstacle need not penetrate the toroidal plasma; but a support must pene
trate the plasma, thereby destroying its toroidal properties. 

In spite of what Mr. Lehnert has just been kind enough to say, I find 
the present experiments very discouraging. However, we shall reach a 
final conclusion when the experiments to determine the scaling of the loss 
rate as a function of В and T are completed. 
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Abstract 

PLASMA INSTABILITIES IN GULF GENERAL ATOMIC MULTIPOLE DEVICES. The plasma instabilities 
are studied in both the octopole and quadrupole configurations. A typical set of parameters is a plasma density 
of 1010 cm-3, an ion temperature of 100 eV, and an electron temperature of 10 eV. In both devices the difference 
of the vector potential between the separatrix and the wall or the stability limit corresponds to about five 
gyroradii for 100 eV hydrogen ions. 

In the octopole configuration, three types of fluctuations are recognized. The first type of fluctuation 
has a zero wave number parallel to the magnetic field and propagates along the diamagnetic current with a 
wave number comparable to the reciprocal of the ion gyroradius. The amplitude of the potential fluctuation 
is about 50 mV and increases rapidly as the octopole field is decreased. The fluctuation is suppressed by 
applying a toroidal field of a few gauss or by lowering the ion temperature. The results of the fluctuation 
measurement and the transmission experiment agree with the theoretical dispersion relation for drift cyclotron 
instability. 

The second type is observed at the plasma density below 3 x 108 cm - 3 with a toroidal field larger than 
40 G. The mode is identified as the electron-driven drift cyclotron instability with finite parallel wave number. 

The third type is observed in the plasma with a density below 3 x 10"8 cm"3 only when the ion temperature 
is lowered. A toroidal field of a few gauss suppresses the fluctuation. The amplitude is approximately uniform 
and no phase shift is observed along the magnetic line of force. This mode is interpreted as the ion-driven 
instability due to the modulation of the magnetic field along the line of force. 

Large-amplitude (20%) fluctuations are found inside the stability limit in the quadrupole device. The 
frequency spectrum is 10 kHz to 500 kHz. The wave number parallel to the magnetic field line is zero. The 
phase velocity is in the direction of and less than the ion diamagnetic drift velocity. These characteristics 
are consistent with an interchange instability due to finite gyroradius of ions. The absence of this type of 
instability in the octopole device is expected from the theory. 

I. INTRODUCTION 

It has been shown by several experiments that mhd type instabilities 
may be controlled in toroidal configurations and that the plasma is con
fined for a much longer period than the mhd time scale. The next step 
then is to study and eventually to control the microinstabilities. 

Three parameters are considered important for controlling the micro-
instabilities. They are the magnetic well, magnetic shear, and connection 
length between the good curvature and the bad curvature region. Quantita
tive information on the effects of these parameters are necessary to arrive 
at a configuration for thermonuclear plasma. In multipole configurations, 
the shear may be changed by superposing a toroidal magnetic field. The 
depth of the magnetic well and the connection length may be varied by chang
ing the number of poles, for example, an octopole to a quadrupole. 

* The work repotted herein was supported in part under a joint General Atomic-Texas Atomic Energy 
Research Foundation program on controlled thermonuclear reactions and in part by the US Atomic Energy 
Commission under Contract No. AT(04-3)167, Project Agreement 38. 
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The f l u c t u a t i o n s i n bo th t h e Gulf Genera l Atomic o c t o p o l e [ l , 2 , 3 ] and 
quadrupole dev ice [U] a r e measured. Plasma pa ramete r s a re kept as c lo se as 
p o s s i b l e i n comparing the two c o n f i g u r a t i o n s . The measurements a re made 
for a wide range of p a r a m e t e r s , such as t h e plasma d i e l e c t r i c cons t an t and 
the r a t i o of t e m p e r a t u r e s . 

Three t y p e s of f l u c t u a t i o n s a r e found in t he oc topo le c o n f i g u r a t i o n s . 
They a r e a l l a t a low l e v e l ; l e s s t h a n 1% in d e n s i t y modula t ion ampl i tude . 
By r educ ing t h e magnet ic f i e l d , t h e ampli tude i s i nc r ea sed t o about 5%. 
The measurements a re performed a t t h e inc reased f l u c t u a t i o n l e v e l . Two 
types a r e observed in t h e quadrupole c o n f i g u r a t i o n . The ampl i tude i s l a r g e r 
than 15fo and weakly dependent on t h e magnet ic f i e l d . 

The summary of t h e expe r imen ta l o b s e r v a t i o n s and t h e t h e o r e t i c a l i n t e r 
p r e t a t i o n s of t h e s e f l u c t u a t i o n s w i l l be d i s cus sed i n t h i s a r t i c l e . 

I I . PLASMA PARAMETERS 

The Gulf Genera l Atomic oc topo l e dev ice has been d e s c r i b e d p r e v i o u s 
l y . [ 1 ] I t has been conver ted t o a quadrupole c o n f i g u r a t i o n . The magnet ic 
f i e l d s t r e n g t h i n bo th c o n f i g u r a t i o n s g ive about t h r e e g y r o r a d i i between 
t h e m u l t i p o l e a x i s and t h e c r i t i c a l f lux l i n e for 100 eV hydrogen i o n . 
The magnet ic w e l l d e p t h , de f ined by {j> d s / в ( a t i|r=\|i / 2 ) - $ d s / в ( a t \|t=i|ic) } / 
j> d s / в ( a t i(r=i|ic) where i|i i s t h e f l ux func t ion and i|ic i s t h e va lue a t 
t h e c r i t i c a l l i n e , i s 10$ fo r t h e oc topo l e and 3$ for t h e quadrupole 
c o n f i g u r a t i o n . The f lux su r face where t h e magnetic, shea r v a n i s h e s i s w i t h i n 
1 mm of t h e ty=tyc su r f ace because of t h e l a r g e a spec t r a t i o of t h e d e v i c e . 

The plasma i s produced by a c o a x i a l gun i n bo th c a s e s . The plasma 
d e n s i t y i s v a r i e d from 1 0 1 1 cm"3 t o 10° cm_3. The cor responding d i e l e c 
t r i c c o n s t a n t s a r e 1000 and 1 . The ion t empera tu re i s approximate ly 
100 eV and t h e e l e c t r o n t empera tu re i s 10 eV. [5] The ion t empera tu re may 
be lowered by i n t r o d u c i n g e i t h e r hydrogen o r oxygen gas i n t o t h e d e v i c e . 
The r a t i o of t h e plasma p r e s s u r e t o t h e magnet ic f i e l d p r e s s u r e p i s 
sma l l e r t h a n t h e mass r a t i o of an e l e c t r o n and a hydrogen i o n . 

The decay of magnetic f i e l d , plasma d e n s i t y , and t empe ra tu r e s i s n e g l i 
g i b l e du r ing t h e sampling t i m e , t y p i c a l l y 100 ~ 200 usee , of t h e f l u c t u a 
t i o n measurements . A t o r o i d a l f i e l d of up t o a t e n t h of t h e average multi-* 
po le f i e l d may be a p p l i e d . Because of t he magnetic s h e a r , i t i s p o s s i b l e 
t o examine bo th regimes, m § k i i ve ЪУ changing t h e t o r o i d a l f i e l d . 

Langmuir p robes a re used t o s tudy t h e p r o p e r t i e s of t h e f l u c t u a t i o n s . 
The frequency range s tud i ed i s 20 kc ~ 500 k c . The expe r imen ta l methods 
a re d e s c r i b e d i n d e t a i l i n Reference [ 3 ] . 

I I I . FLUCTUATIONS IN THE TOROIDAL OCTOPOLE 

The f l u c t u a t i o n l e v e l i n t h e oc topo le c o n f i g u r a t i o n i s low, l e s s t h a n 
lfo w i t h a normal s e t of p a r a m e t e r s (n ~ 1 0 1 0 спгЗ , т^ ~ 100 eV and 5 
g y r o r a d i i t o t h e wal l ) as r e p o r t e d p r e v i o u s l y . [ 2 , 3 ] By reduc ing t h e mag
n e t i c f i e l d by a f a c t o r of 2 , t h e f l u c t u a t i o n l e v e l was i nc r ea sed by 
n e a r l y an o r d e r of magni tude . This type of f l u c t u a t i o n i s c a l l e d Mode I . 

The c h a r a c t e r i s t i c s of t h e f l u c t u a t i o n s change when pa rame te r s such as 
plasma d e n s i t y , ion t empera tu re and t o r o i d a l f i e l d a re v a r i e d . F igure 1 
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FIG. 1. Potential fluctuations in the octopole as a function of the toroidal magnetic field with plasma density 
as a parameter. 

0 1 2 
OXYGEN PARTIAL PRESSURE (10'5 TORR) 

FIG. 2. Potential fluctuations in the octopole as a function of the oxygen pressure in vacuum chamber with 
toroidal field as a parameter. 

shows the fluctuation amplitude as a function of the toroidal field with 
plasma density as a parameter. At all densities, Mode I becomes undetect
able above 10 G of the toroidal field. At densities lower than io9 cm" J, 
a new type of fluctuation appears with a toroidal field of several tens of 
gauss as shown in Fig. 1. This mode is called Mode II. 

Figure 2 shows the fluctuation amplitude as a function of the oxygen 
pressure introduced in the vacuum chamber with the toroidal field as a 
parameter. The abscissa can be considered a measure of ion temperature 
since the ion temperature decreases as the oxygen pressure increases. Above 
2 X 10"° Torr, Mode I and Mode II become undetectable. A new mode appears 
in the range of oxygen pressure from 2 X 10"° Torr to 2 X 10" 5 Torr, if 
the plasma density is below 10° cm"3. This mode is called Mode III. 

The summary of the experimental results are tabulated in Table I. 
the following each mode will be discussed separately. 

In 

3.1 Mode I 

All the characteristics of this mode are consistent with the drift 
cyclotron instability.[6,7,8] Other types of instabilities have one or more 
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p r o p e r t i e s i n d i sagreement wi th t h e expe r imen ta l o b s e r v a t i o n s . Refe rence [3 ] 
d e s c r i b e s t h i s i n s t a b i l i t y i n d e t a i l . 

The s u p e r p o s i t i o n of a t o r o i d a l f i e l d produces a shea r i n t h e magnet ic 
f i e l d and produces a f i n i t e p a r a l l e l wave number. For a t o r o i d a l f i e l d B^ 
much sma l l e r than t h e average m u l t i p o l e f i e l d Вдо, t he p a r a l l e l wave number 
к|| i s g iven approximate ly by кц ~ kj_ (Bfc/%), where k x i s t h e pe rpen 
d i c u l a r wave number. A f i n i t e p a r a l l e l wave number i n t r o d u c e s a motion of 
e l e c t r o n s a long t h e f lux l i n e due t o t h e e l e c t r i c f i e l d . The i n e r t i a of 
e l e c t r o n s due t o t h i s motion a f f e c t s t h e r e a l p a r t of t h e f requency of t h e 
wave and t h e Landau damping a f f e c t s t h e imaginary p a r t of t h e f requency . 
Both are s t a b i l i z i n g . The i n e r t i a l e f f e c t s are independent of t h e e l e c t r o n 
t e m p e r a t u r e whi le Landau damping depends on t h e e l e c t r o n t e m p e r a t u r e . With 
t h e p a r a m e t e r s of t h i s exper imen t , t h e i n e r t i a l e f f e c t s g ive a sma l l e r 
c r i t i c a l кц , hence a sma l l e r t o r o i d a l f i e l d , f o r t h e s t a b i l i z a t i o n of t h e 
mode t h a n t h e c r i t i c a l v a l u e s due t o Landau damping. The t h e o r e t i c a l p r e 
d i c t i o n a g r e e s wi th t h e e x p e r i m e n t a l o b s e r v a t i o n . 

T A B L E I. E X P E R I M E N T A L R E S U L T S F O R O C T O P O L E S . 
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The d e n s i t y i s a t 8 cm v e r t i c a l l y from t h e a x i s . 

The phase v e l o c i t i e s i n b r a c k e t s have not been c o r r e c t e d for t h e 
E X В d r i f t . 
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The d r i f t cyclotron i n s t a b i l i t y has a density threshold. The condition 
for i n s t a b i l i t y i s given by[6,7] 

4 / R 2 > 8 (riT/o^ + me/m.) (1) 

where R^ is the ion gyroradius and R = n(dn/dr)_:l-. With the experimental 
parameters, Eq. (l) gives 1 X io9 cm"3 as the threshold density. This is 
consistent with the experimental results. 

3.2 Mode II 
This mode is observed only with a plasma density below 5 x 10° cm"3 

and a toroidal field larger than 10 G. The experimental results show a 
finite parallel wave number and propagation in the direction of the electron 
diamagnetic drift which suggest the universal drift instability. However, 
the mode disappears when the ion temperature is lowered. This and the 
presence of Mode I indicate the importance of an ion cyclotron wave. 

Cyclotron waves, one (Mode IIA) propagating in the direction of the 
ion diamagnetic drift[6] and the other (Mode IIB) propagating in the oppo
site direction[l^ may become unstable with a finite кц. The growth rate 
is computed digitally for these instabilities using the dispersion equation 
given by[9j 

! + !î + (k2+k2)A2 - ^ c e ^ i l-^Vgej 

(2) 
1 " " У с ! | - m + n i + k v g i 

k,,v. k„v. /2nb "Hvi \ V l 

where 

Z(C) = (1//ÏÏ) • J ехр( -у 2 ) (у -С) - 1 dy and b = k2 T^/m-riT , 

v c e and v c i are the electron and ion diamagnetic ve loci ty , and v„e and 
v„-̂  are the guiding center ve loc i t i e s of electrons and ions. 

Mode IIA i s reduced^o Mode I with кц = 0 . As кц i s increased to 
about кц ~ (ai/ve) (Те /Т^)^, the mode becomes stable due to the p a r a l l e l 
motion of e lec t rons . A further increase in кц, to values much larger than 
(to/ve), makes the mode unstable again, i f the e lectron temperature i s much 
smaller than the ion temperature. The rea l par t of the frequency stays 
almost constant with various кц. 

Mode IIB also becomes unstable for кц larger than (a>/ve) . However, 
t h i s mode i s s tabi l ized with a small electron to ion temperature r a t i o in 

' contrast to Mode IIA. 

The observed dependence of the amplitude on the to ro ida l field arid on 
the ion temperature may be expalined by e i ther mode. However, the observed 
d i rec t ion of the propagation seems to favor Mode IIB, assuming the Doppler 
sh i f t due to E X В d r i f t i s not large enough to reverse the d i rec t ion of 
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propagation. Without further t e s t s , for example, varying electron tempera
t u r e , a def in i te discrimination between two modes i s not poss ible . 

3. Mode I I I 

This mode is observed only with plasma densities below 3 x 1° cm"^ 
and with oxygen pressures above 2 X 10"° Torr. The amplitude has a broad 
maximum around an oxygen pressure of 1 x 10"5 Torr. At this pressure the 
lifetime of 100 eV ion is about 100 (isec. This agrees with the value 
calculated from charge exchange cross section. The fluctuations are meas
ured at 200 (isec after injection when the ion temperature may be about 
10 eV. With this oxygen pressure, the ion temperature cannot be measured 
accurately, because the relation between the ion energy in the plasma and at 
the detector is not known at energies comparable to the electron temperature. 

The characteristics of the Mode III fluctuation are similar to those 
of the fluctuation observed in the quadrupole configuration, except they only 
appear when the ion temperature is comparable to the electron temperature. 

Several calculations have been made on interchange instabilities 
recently. These instabilities are due to (l) ions staying for a long time 
in the bad region[10], '(2) a large ion gyroradius making an average drift 
velocity in the bad direction[4], (3) resonance between the ion bouncing 
frequency along a flux line and the drift wave frequency[llj, (U) resonance 
between the drift wave and the ion drift motion[12,13], and (5) the effect 
of the curvature modulation along a flux line[lU,15]. A low density or a 
nonisotropic temperature is required for all modes. 

The presence of Mode III, only when the electron and ion temperature 
are about equal, suggests instability (3) or (5). These instabilities re
quire that the drift wave résonantes with the ion transit time between the 
good and the bad region. 

kiVci ~ (2TT/L) vi 

where L is the connection length. They also require that the electron 
Landau damping does not overcome the resonant ion contribution. This sets 
a lower limit on the ion temperature for instability. The experimental 
observation appears to agree qualitatively with either instabilities (3) or 
(5). The discrimination between (3) and (5) is not possible from the avail
able experimental data. 

IV. FLUCTUATIONS IK THE TOROIDAL QUADRUPOLE PLASMA 

Fluctuations of larger amplitude were observed in the toroidal quadru
pole plasma.]_k] The fluctuation amplitude does not decrease by increasing 
the multipole field. The amplitude distribution on the median plane from 
the rings to the wall is shown in Fig. 3. The amplitude is much larger 
outside the separatrix than inside, where the absolute minimum В condition 
is satisfied. The toroidal field does not affect the amplitude appreciably. 
However, it changes the character of the fluctuation from a flute mode 
(кц =0) to a drift mode (ky ^ 0). The critical field for the transition 
is about U G. At this field, the relation <и/(кц ve) = 1 is approximately 
satisfied. The summary of the experimental results is tabulated in Table 
II. 
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0.5 

R(CM) 
FIG. 3. Distribution of the quadrupole fluctuation ДЦ of the ion collection current normalized to the average 
current Ij at 1 ms. The distance is measured from the surface of the outer ring towards the wall. The position 
of the separatrix, the stability limit, and the flux line at the edge of the limiter is at 2 cm, 2.7 cm, and 
3.1 cm, respectively. 

The magnetic well of the quadrupole configuration i s much shallower 
than that of the octopole. Therefore the i n s t a b i l i t i e s (2) , (3), and (h) 
mentioned in Mode I I I section become important. In the multipole config
urat ion the f ie ld i s weak where the field curvature i s favorable and i s 
strong where the curvature i s unfavorable. The ions in the "good" region 
do not pa r t i c ipa t e effect ively in the d r i f t motion due to the f lu te e lec 
t r i c f ie ld as the ions in the "bad" region do. This puts more weight on 
the contribution from the "bad" region and may des tab i l i ze the mode. As 
shown in Referenced] the i n s t a b i l i t y (2) should be present in the quadru-
pble i f k ^ g i > <1/Ж>/<10(ь)е-ъ/11сВ>, where <A> = J A ds/B/Jds/B. For 
the quadrupole the i n s t a b i l i t y condition i s sa t i s f i ed even inside the mhd 
s t a b i l i t y l i m i t , when the ion gyroradius i s f i n i t e . 

The i n s t a b i l i t y (k) i s due to some pa r t i c l e s d r i f t ing in the bad 
d i rec t ion although the "average" d r i f t veloci ty i s in the good d i rec t ion . 
The i n s t a b i l i t y occurs i f the d r i f t wave resonates with the p a r t i c l e s 
d r i f t ing in the bad d i rec t ion . Since the d r i f t ve loc i ty of the p a r t i c l e s 
i s ordinar i ly smaller than the phase velocity of the d r i f t wave, e i ther a 
small plasma density or nonuniform temperature i s required for the ins ta 
b i l i t y . The s t a b i l i t y condition i s given by[l2j 

k 2 X 2 (1-1(Ъ)е-Ъ) (Т|ц/Т± 1 - 1) <v . ) /v . 
> g l " С1 

(3) 
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where v c i = c T ^ n ' / n - Т{/2Т±)/еЪ. <v t) i s v g i averaged over t h e 
o r b i t s of a l l p a r t i c l e s . The c o n d i t i o n fo r i n s t a b i l i t y (3) i s a l s o given 
by Eq. ( 3 ) . [ 1 3 ] The number of p a r t i c l e s i n resonance wi th t h e wave and 
hence t h e growth r a t e are p r o p o r t i o n a l t o ехрС-щ/kjVg-jJ ra e x p [ v c i / v g i ] , 
where v g i i s t h e d r i f t v e l o c i t y i n t h e bad r e g i o n . In an average mag
n e t i c w e l l , <v g i ) i s much sma l l e r t h a n v*.j_. T h e r e f o r e , t h e c o n d i t i o n 
for i n s t a b i l i t y may be s a t i s f i e d w i t h a s i g n i f i c a n t growth r a t e . The 
e x p o n e n t i a l f a c t o r i s of t h e o r d e r of e " (5 ~ 1 0 ) . 

The h igh ion t e m p e r a t u r e has a d e s t a b i l i z i n g e f f e c t , because t h e r a t i o 
between t h e average d r i f t (v g i> and t h e d iamagent ic v e l o c i t y becomes 
s m a l l e r due t o t h e f i n i t e g y r o r a d i u s e f f e c t . In t h e l a r g e gy ro rad iu s l i m i t , 
( v g i ) i s p r o p o r t i o n a l t o t h e g r a d i e n t of i> ds r a t h e r t h a n on <p d s / B . 
Then t h e i n s t a b i l i t y c o n d i t i o n , Eq. ( 3 ) , can be s a t i s f i e d i n t h e quadrupole 
even a t h i g h e r d e n s i t i e s . 

With a t o r o i d a l f i e l d l a r g e r t h a n 5 G which co r re sponds t o t h e con
d i t i o n m ~ k| |V e , t h e i n s t a b i l i t y changes t o a u n i v e r s a l d r i f t i n s t a b i l i t y . 
The measured p r o p e r t i e s a re i n agreement wi th t h e t h e o r y . 

T A B L E II. E X P E R I M E N T A L R E S U L T S F O R Q U A D R U P O L E P L A S M A S 
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The d e n s i t y i s a t 3 .5 cm v e r t i c a l l y from t h e a x i s . 

V. SUMMARY 

Three types of fluctuations are observed in the toroidal octopol« 
plasma. The first type is observed at densities above 1010 cm"3 on the 
axis. It was identified as the drift cyclotron instability. At densities 
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below 5 X 109 cm"3 on t h e a x i s , and wi th a t o r o i d a l f i e l d l a r g e r t h a n 
10 G, t h e second type , - t h e e l e c t r o n - d r i v e n , d r i f t c y c l o t r o n i n s t a b i l i t y 
a p p e a r s . The t h i r d t ype i s observed a t low d e n s i t i e s when, t h e ion .tempera
t u r e i s lowered . The f l u c t u a t i o n l e v e l of t h e s e i n s t a b i l i t i e s i s low and 
i t i s not r e s p o n s i b l e f o r t h e observed plasma l o s s . 

F l u c t u a t i o n s of l a r g e ampl i tude were found i n t h e quadrupole d e v i c e . 
The ampl i tude i s 30 t i m e s l a r g e r t h a n i n t h e o c t o p o l e . They a re t e n t a 
t i v e l y i d i e n t i f i é d as r e s i d u a l i n t e r c h a n g e i n s t a b i l i t i e s . The s u p e r p o s i t i o n 
of a t o r o i d a l f i e l d does no t a f f e c t t h e ampl i tude of t h e f l u c t u a t i o n , bu t 
i n d u c e s a t r a n s i t i o n from t h e i n t e r c h a n g e i n s t a b i l i t y t o t h e d r i f t i n s t a 
b i l i t y . The observed, p lasma l o s s may be due t o t h e s e i n s t a b i l i t i e s . 

The deeper magnet ic w e l l i n t h e oc topo l e c o n f i g u r a t i o n avo ids t h e 
i n t e r c h a n g e i n s t a b i l i t i e s and may account fo r t h e o v e r a l l lower f l u c t u a 
t i o n l e v e l . 
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D I S C U S S I O N 

B. COPPI: What is your view regard ing the anomalous par t ic le 
lo s ses in the quadrupole and octopole configurations in the absence of 
fluctuations? 

T. OKHAWA: In the quadrupole configuration, the loss is. to the 
wall. The lo s s in the octopole configuration is due to the p resence of 
the suppor ts and is not re la ted to the p l a sma fluctuations. 
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Abstract 

Cs-PLASMA IN THE GARCHING OCTOPOLE W V. In the Octopole a Cs plasma in the density 
range of typically some 108 cm-3 is produced by contact ionization with an ion input flux of the order 
of Ф= 1015 s"1. The influence of an applied azimuthal magnetic field is studied. In accordance with 
a previous experiment an improvement in density by a factor of 10 is found, when superimposing 
Вл, = 65 G. Axial density profiles show a maximum near the lower small separatrix. No appreciable 
azimuthal density gradient is found, however a large density gradient parallel to the magnetic field 
towards the rings is to be concluded, n proportional to Ф is found. The experimental confinement 
time is т„ ю 20 ms for B„ = 65 G and т. = 2 ms for By = 0. The confinement is discussed in terms 
of a collisionless model where non-conservation of magnetic moment and large Larmor radii lead to 
recombination of particles at the rings. 

Introducti ot) 
Preliminary results on the Octopole were reported [l] in 19&5» 

at the Culham Conference. After several technical improvements re
garding the current-carrying rings the investigation of the con
finement of a Cs plasma in the Octopole has been resumed. For the sake of 
continuity as well as to check the possible influence of the above-
mentioned changes on the physics in this machine the experimental 
conditions are chosen in the same range of operation as in 19&5- I n 

this paper, however, we concentrate on experiments where the main 
magnetic field as well as the temperature of the plasma source, is 
kept constant. 

Apparatus 
A description of the apparatus is already given in ref. [l]. 

Here we only list the main features and give details of certain 
changes made in the meantime. 
When energizing appropriately a system of two pairs of inner rings 
along with outer reverse windings a meridional field as shown in 
fig. 1 is produced. The maximum magnetic field at the big separa
trix, B Q = 2.3 kG, is near the inner ring at z « 15 cm, near the 
outer ring there is В = 0.84 kG. Vertically between the crossing 
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FIG. 1. Magnetic field plot of octopole W V. 

points of the séparatrices there is В « 50 G. The theoretical limit 
of a flute-stable confinement, ф , is inside the vacuum tank. Con
sidering Cs ions with energy of 0.2 eV there are about 3.J Larmor 
radii p. between ф and the big separatrix in the plane z = 0. Near 
the outer ring, however, there is only one Larmor radius between 
the shell of the ring and the small separatrix. Generally, pi is of 
the order of a scale length in the magnetic field. 
These statements also were valid for the experiment described in 
ref. [l]. In the meantime more rigid structures of the shells around 
the coils with also three supports for each ring were constructed. 
Care was taken to keep the new shells inside the same magnetic flux 
lines as were those described in ref. [l]. The dimensions of the 
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supports have been increased slightly, the long sides still being 
parallel to the field lines of the meridional field. The surfaces 
of the supports are insulated by silicon paint, the shells of the 
coils are connected electrically with the vacuum tank. 
The magnetic field is switched on for two seconds, this time being 
long compared to the experimental confinement time as well as to 
the rise time of current in the inner rings. An azimuthal magnetic 
field В up to several hundred gauss can be superimposed upon the 
meridional field. 
We use contact ionization of Cs-vapour which is directed vertically 
from the bottom of the machine towards a hot conical spiral of about 
2 cm diameter and 1.6 cm height, made of 2 mm dia tantalum wire. 
The tip of the cone is pointing downward. The spiral is heated by 
d.c. up to 2500 °K. The heating is switched off during the pulse 
time of the magnetic field. As the spiral is well insulated it can 
assume its floating potential. The plasma source is placed at the 
same azimuth as the big supports of the rings in order to have a 
maximum of azimuthal symmetry in the machine. We use single Lang-
muir probes and special double-double probes as described.in ref. 
[2] as diagnostic tool?. The single probes are of 0.5 mm diameter 
and 2 mm length biased with respect to the spiral.'Ion density is 
calculated the usual way. An empirical correction factor of 2.5» 
see e.g. ref. [3, 4], is applied. 
The probe signals are evaluated at t = 1 s. At this time the spiral 
is cooled down from 2500 °K to about 2J00 °K. No corrections' regar
ding recombination at the probe itself and at the shaft are'made. 

Experiments 
We first investigate the influence of an applied azimuthal mag

netic field В on the density of the Cs plasma in this machine.In 
the previous experiment, ref. [l], an increase of nearly'one order 
of magnitude in peak density was reported when superimposing a weak 
magnetic field В Й 50 G on the main-meridional field. In fig. 2 
we give the results of our investigation. Using an ion input flux 
i= 10 s~ the density n vs azimuthal field t В is measured 
at azimuthal position cp = 18O0 with respect to the plasma source, 
at several points of the big separatrix, as indicated .in the insert. 
There is a close agreement with the 1965 results when normali
zing the 1965 data at the maximum of the curve. With increa-
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sing B the density rises monotonically up to a factor of 10 
as compared to the density at В = 0 . The maximum of the curve 
is reached near В = 65 G; beyond this maximum there is a slow 
decrease. The same behaviour is found when measuring axially at 
R = 30 cm above the inner ring. 

65 G 

*>» * 8 » о » , 
Я? у v СТО 

• < 7 У 

-<MoBsJ 

Т=2300'К 
Bo=2.3kG 

* 7 о single 
probe 
position 

. 1965 
normalized 

100 
-L 
200 В ф ( 0 

FIG.2. Density versus azimuthal magnetic field B„. Probe position indicated in insert. 

In fig. 3 we give axial and radial profiles of Cs ion density 
n in the Octopole. The data of these curves is gained during 
several days of experiments where the ion input flux $ was va
rying from 9; 10 to 3.4*10 ̂  s . Corresponding to the result 
of the following fig. 4 (n proportional to Ф) we normalized 
the profiles to $ = 1*10 15 The vertical profiles at azimuthal 
angles Ф = 60° and l8o° are taken with the identical probes, 
the vertical profile at 9 = 1800 is measured with double-double 
and with single probe, resp. The radial profiles are obtained 
with two different single probes. All these profiles are taken 
with an azimuthal field В 

Ф 
65 G; with В = 0 we only show a 

vertical profile at <p= 180 . The relative agreement of the 4 
different probes used is within a factor of 2. 
We note the following details of the profiles: 

i) with В Ф 65 G and В = 0 we find in the axial pro-

ii) 

files a maximum of density in the lower half of the 
machine, peaked around the lower small separatrix. 

This asymmetry is not changed when using the re
verse polarity of the currents which produce the me
ridional field. 
the radial profiles are rather flat-topped and cen
tered around the big separatrix. 
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•SINGLE 
•PROBE 

•DOUBLE 
•PROBE 

(MO'V 
NORMALIZED 

T=2300°K 
B0=2.3 kG 

FIG.3. Axial and radial density profiles. 

iii) the density at the big separatrix is approximately 

constant at the different points in the profiles 

shown. However, when measuring axial profiles above 

the rings at an azimuth of l80° we find peak densi

ties of about one order of magnitude lower than those 

as given in fig. 3- This information is obtained with 

another double-double probe of the same construction 

and dimensions as were used in the profiles shown. 

Assuming the same sensitivity this means that a remar

kable density gradient parallel to the magnetic lines 

is to be concluded. 

iv) apparently there is no appreciable azimuthal density 

gradient to be observed. 

A comparison of confinement mechanisms as predicted by theo

retical considerations with the experimental data can be un

dertaken by a study of a n vs i plot, e.g. as shown in fig. 

11 of ref. [l]. 
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In fig. 4 we present our data obtained by single and double-

double probes at several points of the big separatrix. The 

bulk of the experimental points follows the relation n pro

portional to *. Vertically above the upper rings, however,but 

still near the separatrix we find the density to be an order 

of magnitude lower. The density above the inner ring (x) 

appears to be higher by about a factor of 2 as compared to the 

density above the outer ring (+). 

• DOUBLE PROBE 
<P=I80° 

PROBE . SINGLE 
• • DOUBLE 

<P=I80° 60° 

<t>(s-') 

FIG.4. Density at large separatrix-versus-ion input flux and theoretical particle losses. 

Discussion 

In fig. 4 three theoretical curves (straight lines) are re

produced from fig. 11 of ref. [l], corresponding to resistive 

and Bohm-type diffusion and to recombination at the supports, 

resp., as predominant loss processes. In order to take into 

account our changés in the size of the supports we shifted the 

line "SUPPORTS" by a factor of 1.5 towards lower densities.The 

curve "RESISTIVE" also is adjusted to a magnetic field higher 

by a factor of 2 as compared to the corresponding line in fig. 

11 of réf. [l]. 

The dashed line marked ION-ION is taken from a report of GRAWE 

C5]. 

i) Resistive 'diffusion 

Resistive diffusion as the 'predominant loss process in 

the Octopole W V is not to be expected. 
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ii) Bohm diffusion 
This type of loss mechanism yields n proportional to $. 
However, the bulk of the experimental points is found to 
be about a factor of 60 higher in density than predicted 
by this model. Furthermore, the experimental radial pro
file is not as broad as the Bohm profile (ref.[6]). 

iii) Support losses 
- Recombination of the ions at the supports of the Octo-
pole was concluded to be the predominant loss process 
in the-1965 experiment [l]. Similar statements were made 
e.g, by OHKAWA et.al. [7]' and KERST et.al, [8], 
Our experimental data obtained axially above the rings 
at the same radii where the supports are situated, how
ever, do not yield constant density along the big separa-
trix, but typically show one order of magnitude less den
sity than in the region of low magnetic field. Consequent
ly this would shift the curve SUPPORTS of fig. 4 higher 
by the same amount beyond the experimental error of the 
measured п(Ф) curye. Therefore it. is to be concluded that 
- assuming unchanged probe sensitivity as mentioned above 
•- in the O.ctopole with magnetic fields, as used in this ex
periment the confinement, .of a Cs.plasma of 0.2 eV mean 
thermal energy is not governed by recombination at the 
supports. 

iv) Like particle diffusion 
This was considered by GRAWE [5] using the experimental 

.. data of the 1965 experiment [l]. Numerically he solved-
гь transport equation and succeeded in a nearly perfect fit 
of the vertical density profile given in ref.Ll], fig. 10. 
The resv / of his calculation, however, was very insensi
tive with respect to a variation of the ion input flux $; 
as shown in fig. 4 of this paper, dashed curve, marked 
"ION ION" . Since in 1965 n proportional to Ф was found, 
GRAWE concluded that like particle diffusion is not 
likely to be predominant. 
In our present investigation the meridional field was 
higher by a factor of 2 as compared to the conditions of 
fig. 10 in ref. [l]. As the probability of like particle 
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diffusion is proportional to pt [9] (p. ..ion Larmor radius), 
we are of opinion that like particle diffusion is to be ex
cluded as the main loss process. 

Collisionless model with large Larmor radii 
Following the procedure as described in ref. [8] to evalu

ate the absolute confinement zones we calculate a vertical den
sity profile by integration over the distribution function of 
the Cs ions. This was taken to be Maxwellian with a mean ther
mal energy of 0.2 eV at the source. The losses due to recombi
nation at the supports are taken into account. Electric fields 
which should be present in the machine are neglected. According 
to the energy dependence of the confinement zones the confine
ment of particles with energy higher than 0.2 eV should be poor. 
This profile is shown in the middle part of fig. 5, (bold curve), 
adjusted at the mid plane to fit the experimental curve taken 
with В = 65 0 at ip = l80° (light curve). 

Due to the magnetic flux between the big and the small se-
paratrix the calculated profile shows a marked dip at the small 
separatrix. Experimentally, this dip is not observed. However, 
at the lower small separatrix there is a maximum of density,the 
origin of which has to be studied in the future. 

In the case of a toroidal multipole with a collisionless plasma 
the energy H and the momentum p are conserved, see e.g.ref. [8]. 
Whenever a charged particle penetrates the zone of low magnetic 
field the magnetic moment \i. may change. This may be regarded as 
an elastic collision where the momentum vector is rotated 
about some angle in velocity space. 
In the case of a superimposed perpendicular field this state
ment also holds true, as can be seen in the upper part of 
fig. 5- There, for a linear quadrupole we calculate numeri
cally the path of a charged particle with given Larmor ra
dius and starting direction. One percent of the maximum 
magnetic field at the separatrix is superimposed. 

In this connection we now discuss a loss mechanism which 
might be applicable to this experiment. This model yields a 
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A = CONST. 

LINEAR 

H = pj;+(py-Bzx)2 

+(p2-A|2 

TOROIDAL 

R A — 4 1 

FIG. 5. Collisionless model with non-conservation of magnetic moment and large Larmor radii. 

relation of n proportional to $. Qualitatively the improve
ment of the confinement by applying the azimuthal field В 
can be shown, however no prediction can be made with respect 
to the reduction of particle density beyond the optimum value 
of B„ « 65 G. 

cp 
Since in the Octopole between, the outer.ring and the small 
separatrix the distance is only one Larmor radius p. of a 
0.2 eV Cs ion those particles having by chance a larger radi
us of gyration than this distance are lost by recombination 
at the shell. This effect depletes the velocity distribution 
beyond a critical perpendicular velocity v J.C- Whenever 
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a Cs ion is passing near the zone of lower field at a rate 
v « 4 - j ^ « 2-1CK s (L « 1 га being the length of the big 
separatrix), ii might change. There is a probability с < 1 that 
this change transfers part of the parallel velocity to perpen
dicular velocity beyond the critical value. 

In order to calculate the losses in stationary state we have 
to balance the input flux $ and the losses i= с v n V ; n being 

5 3 an average density in the confinement volume V « 1CK cm . 

Inserting the experimental values of the measurement without 
azimuthal field (see fig. 3) we find cQ =.0.2 corresponding to 
a confinement time т » 2 ms. This time is short as compared 
to ion-electron or ion-ion collision times, respectively.This 
value reduces to с « 0.02 when considering the results of the 
measurement with optimal В . Sine e in the case with azimu-Ф thai field (non-zero-min-B-device) и Is a better adiabatic 
constant the confinement should be improved. 
Particles with energy E < •"• vf- cannot leave the plasma in 
the model discussed above. Those low velocities, presumably 
do not exist in the Octopole at the conditions of this ex
periment. With a Ta-spiral at about T = 2^00 °K and at den-
sities of typically 10 cm ^ there exists an electron sheath 
with sheath voltage U large as compared to 0.2 V. In the 
collisionless regime the distribution function (assumed to 
be at the source half-Maxwellian with temperature T) is acce
lerated in the sheath+. 
Thus the distribution of velocities in this experiment might 
well be as asymmetric as shown in the lower part of fig. 5» 
with only the shaded area of the velocity space being populated. 

In the loss model discussed here characteristic distances in 
the machine are compared with local Larmor radii of a 0.2 eV 
Cs ion. Considering the influence of the sheath acceleration 
one might argue that larger Larmor radii have to be taken in
to account. 
Up to now we have totally neglected effects of electrical 
fields which at least are caused by the large factor between 
+) In accordance with ref. [3] this introduces no marked error 

in our evaluation of probe signals. 
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ion and electron Larmor radii. Taking into account the gradient 
of the measured floating potential, however, leads to the con
clusion that the Larmor radius of an Cs ion can be reduced up 
to a factor of 2. This counteracting effect might balance 
part of the increase of Larmor radii caused by energy gain in 
the sheath in front of the emitter. 

Conclusion 
Prom the experimental data and the results of a simple 

collisionless model of particle losses taking non-conserva
tion of magnetic moment as well as effects of Larmor radii 
into account we believe that confinement of Cs ions in this 
experiment on the Octopole is governed mostly by recombi
nation at the surfaces of the rings. 
To test this model more experiments are to be made, espe
cially those using smaller'Larmor radii and an emitter with 
less sheath voltage. The decrease of density beyond the op
timum value of В « 65 G is to be investigated further. Up 
to now no explanation of this feature is given. 

This work was performed under the terms of the agreement bet
ween the Institut filr Plasmaphysik GmbH, Munich-Garehing, and 
Euratom to conduct joint research in the field of plasma 
physics. 
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DISCUSSION 

J. L. TUCK: In Fig. 3, the two peaks are of unequal height. Is 
there any asymmetry in the geometry of the apparatus to which this 
inequality can be related? 

F. RAU: As I mentioned in my oral presentation, the device has 
two independent quadrupoles, and asymmetries in plasma production 
can lead to preferred filling of one of the two quadrupoles even when 
the conical spiral is located near the mid-plane of the device. 

J. L. TUCK: When you say "recombination of particles at the 
rings" are you implying something different'from "loss to the rings"? 
Once an ion has reached the rings, it is a loss as regards confinement, 
whether it chooses to recombine or. not. 

F. RAU: Of course, there is a sheath near the surface of the 
rings. By "surface recombination" we simply mean that particles 
are lost at the surface of solid materials. 

S.J. BUCHSBAUM: At the temperatures obtained in your experi
ment, how did the thickness of the sheath compare with the Larmor 
radius? 

F. RAU: The sheath thickness, which is governed by the Debye 
length, was about 0. 3 mm. This is small compared with the Larmor 
radius, especially when one bears in mind that the magnetic field is 
high at the surface of the ring. 

F. F. CHEN: Does the toroidal field needed for a tenfold increase 
in density correspond to that which gives a sufficient pitch of the lines 
of force for the injected ions to miss the filament on the first turn? 

F. RAU: It gives a much larger pitch. 
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Abstract 

ORNL LEVITATED TOROIDAL MULTIPOLE PROGRAM. We are studying confinement of gun-injected 
and microwave-produced plasmas in. a levitated toroidal quadrupole in which internal hoop supports are not 
present to limit plasma confinement. Electromagnetic lévitation is made possible by reducing the 60 Hz skin 
depth in the copper walls with liquid nitrogen cooling. The cooling also increases the magnetic field lifetime 
so that an e-folding time of 17 ms was measured after crowbarring. Computations indicate that in a properly 
designed, larger device, an e-folding time of 100 ms can be reached. 

Washer-gun hydrogen plasmas and Bostick-type lithium gun plasmas were injected into the levitated 
quadrupole with typical parameters: В >; 3 kG, T e и 3 eV, n ; ~ 10s cm"3, and 1 < Tj < 30 eV. The hydrogen 
plasma lifetime increased as the probe area decreased, and extrapolated to about 30 times Bohm. The longest 
observed e-folding lifetime was about 1 ms. Surprisingly long-persisting localized fluctuations in the 300 kHz 
range appear azimuthally opposite the plasma-producing H or Li gun. 

Electron-cyclotron resonance (with 40 W at \ = 12 cm) was used to produce hydrogen plasmas with para
meters: Hi» 10I0cm-3, T e ss 30 eV, and т /твоЬт я 3 0 - Density fluctuations (Дп/п) in the region of good 
field curvature were less than 0.05 and in the region of bad curvature 0.10-0.25. With the removal of the 
magnetic well (by removing the inner hoop), ?7TBohm ani^ n i each dropped a factor of 4 and Дп/п became 
greater than 0.25. 

Recent experiments using 200 W at \ = 3 cm have produced plasmas with higher densities (n > 1 0 n cm"3 

assuming T e и 100 eV), higher temperatures (T e м 100 eV) and longer lifetimes (T ~ SO us «40 т^0^т) than 
in the X = 12 cm experiments. Detailed probe measurements of density and temperature are consistent with 
models for plasma behaviour based on computed magnetic field plots. Probe data show clear evidence of the 
changes in heating zones during the variation of the sinusoidal magnetic field and a large obstacle intercepting 
all flux lines effectively prevents the formation of the plasma. 

We are also studying a levitated helical hexapole, whose advantages over the quadrupole are a better 
ratio of connection length to radius of bad curvature and more confinement volume. 

1. INTRODUCTION 

An exciting development in fusion physics has Ъееп the production 
of a stable plasma, usable for detailed studies, in the toroidal multipole 
magnetic field configuration. One important limitation of the toroidal 
multipole plasma containment experiments of Kerst [l], Ohkawa [2]., and 
Eckhartt [3] is the presence of mechanical supports holding the internal 
conducting hoops that generate the multipole magnetic field; these sup
ports can be a dominant plasma loss mechanism and apparently effective 
shielding is not yet possible [k]. 

One scheme to eliminate these obstacles to the plasma is to use 
electromagnetic lévitation to support the internal conductors. The earlier 
toroidal multipole experiments [1,2,3] had used octupole configurations 
(h hoops) with internal supports; the early levitron [5] experiments 
utilized lévitation but of only a single hoop (dipole). 

* Research sponsored by the US Atomic Energy Commission under contract with the Union Carbide 
Corporation. 
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The ORIIL toroidal multipole program is involved with experiments of 
plasma confinement in two magnetic geometries with levitated internal con
ductors ; the quadrupole and the hexapole. 

2. LEVITATION 

2.1 Basic Concept 

Operation of the quadxupole is accomplished by inducing hoop cur
rents (ls) and allowing the quadrupole field (Ф3) of these hoop currents 
to induce, in turn, eddy currents (le) in the walls surrounding the hoops 
(see Fig.l). The multipole field then does "both the plasma confining and 
the levitating. If the magnetic pressure of the plasma confining field is 
transmitted from hoop surface to wall surface, then lévitation is achieved 
when the hoops are sufficiently below the center position so that the force 
of gravity is equal to the difference in magnetic forces acting on the 
hoops. 

FIG. 1. Schematic drawing of the ORNL levitated toroidal quadrupole showing the primary (Ip), secondary 
(Is), and eddy (Ie) currents and the primary (0p) and secondary (0$) fluxes. 

The extent of the magnetic force at the wall depends on the surface 
current whose magnitude is a function of the eddy current impedance. For 
a given frequency and geometry, the eddy currents vary roughly as (re-
sistivity)-l/2 which means for copper that a reduction in temperature from 
+20°C to -190°C reduces the resistivity a factor of 10 and yields a three
fold increase in lévitation force at the wall, presuming a resistive eddy-
current impedance. As the impedance for our quadrupole is resistive at 
room temperature, cooling the bars as well as the walls results in a 
generally higher field level at each point in addition to the reduction of 
the rate of magnetic field diffusion into the walls. 

For the wall to carry current in the direction opposite to that for 
the hoop currents, it must not form a closed loop threading the transformer. 
A radial cut placed in the copper shell for this reason is oriented to be 
between the poles of the iron core (see Fig.2) and forces the eddy-current 
path to include both the inner and outer surfaces of the torus. The path 
can be shortened, the impedance reduced, and the magnitude of the current 
increased by placing jumpers around the outer leg of the core connecting 
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the two split edges together. By placing a sufficient number of these con
nections on the torus, it is possible to reduce- the local field errors (at 
the cut) that would result from local radial currents going to a single 
point-contact jumper. The bottom half of the quadrupole is shown in Fig.2 
with levitated hoops. Without the repulsive forces from the top half, the 
inner, lighter hoop will rise higher than the outer, heavier hoop. 

FIG.2. Levitated hoops in the bottom half of the quadrupole. 

2.2 Importance of Hoop-Wall Geometry and Cooling 

The new effect present when one levitates two hoops rather than a 
single one (see the early le\itron work [5]) is the strong attractive force 
between the hoops; this force must be balanced by repulsive wall forces 
acting on both hoops at all other azimuths. 

For plane geometry, one could represent the wall currents by image 
currents within the wall a distance equal to the hoop-to-wall spacing plus 
the skin depth. With this model, equilibrium occurs for zero skin depth 
with a hoop-to-wall spacing less than or equal to one-half of the hoop-to-
hoop distance. Since the room temperature 6o Hz skin depth is О.83 cm, 
the liquid nitrogen 60 Hz skin depth is lO'V2 x О.83 cm, and as the rele
vant spacings are of order 1-2 centimeters, it should be possible to 
observe significant changes in the balance of forces as a function of 
temperature. Using a small test model with a simple rectangular internal 
cross-section, one does see a dramatic change from no equilibrium to an 
azimuthally symmetric equilibrium (with slowly growing oscillations) 
below a temperature of about -100°C. 
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2.3 Excitation of the Coil and Crowbarring 

The quadrupole forms the inducti 
(as in Fig.3) that reduces the reactive 
liance on series resonance also enhance 
the circuit tries to reduce the stored 
magnetic field e-folding time (see Fig 
and R are the inductance and resistance 
the radius and H scales as f-1/2 •where 
Thus Ъу scaling up in linear size three 
from 60 Hz to 15 Hz, the e-folding time 

e part of a series resonant circuit 
current drain on the source. Re-
s the oscillation of the hoops as 
energy. The 17 msec crowbarred 
3) is proportional to L/R where L 
of the quadrupole. L scales as 
f is the excitation frequency, 
times and scaling down in frequency 
should be more than 100 msec. 

.BUG) 
C = 0.8mF 

VC = I50V 
IC = 50A у 
f=60Hz / 

Hg RELAY 
(CROWBAR 

AT TIME t=tc) 
(г^)Ъ-±с 

QUADRUPOLE 
IMPEDANCE 

H = R + jmL 

AUTOTRANSFORMER 
CORE 

t=50m sec/cm 

t=IOmsec/cm 

e-FOLDING TIME т = 17 msec 

MAGNETIC FIELD NEAR THE 
SURFACE OF THE OUTER HOOP 
VERSUS TIME 

RESONANT INDUCTION CIRCUIT 

FIG. 3. Excitation and crowbarring of magnetic field 

g .h Core Saturation 

In the test model experiments, the entire device (made of copper 
slabs and a split autotransformer core) was immersed in a liquid nitrogen 
bath. An equilibrium is possible at the cryogenic temperature with the 
presence of the liquid required to stabilize the hoops against the weak 
resonant circuit effects, apparently through viscous damping. Excitation 
of the core into saturation greatly increased the oscillation amplitude, 
driving the hoops into the top and bottom of the container in the buildup 
time showa-̂ .n FigA. 

2.5 Vacuum System 

Throughout these multipole experiments, a large cylindrical \acuum 
tank encloses each apparatus being used. In a vacuum tank shaped to fit 
around or be the torus, it would be necessary to provide multiply-connected, 
insulated, and cryogenic high-vacuum seals because of the cryogenic temper
atures and radial cuts in the torus. Installing the multipole and iron 
core in the (k ft diam.) tank allows ease of operation and flexibility to 
the extent of changing the entire configuration in a short time. Back
ground pressure using a 10-inch diffusion pump and baffle (at -50°C) and 
the torus- cold is p < 3 x 10"T torr. In addition, the large tank absorbs 
gas pulses (produced from gun injection) with little pressure rise. Cool
ing of the hoops in the multipole is accomplished by the use of four steel 
pins attached to remotely controlled air cylinders that can be lowered, 

file:///acuum
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after each operation, to press each hoop against the liquid-nitrogen-cooled 
torus. The hoops can he cooled from ahove room temperature to liquid 
nitrogen temperature in about 15 minutes. 
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FIG.4. Correlation of hoop oscillation with iron core saturation. 

FIG. 5. Computed magnetic field plots. 

3. QUADRUPOLE EXPERIMENTS 

3-1 Magnetic Flux Properties 

The magnetic characteristics of this particular quadrupole were com
puted [6] for zero skin depth and are described in Fig.5. Nearly 80$ of 
the flux encircling each bar is enclosed within the separatrix. The pre
sent bars are shown by the two inneimost circles, and the design for new 
hoops, which would place the separatrix (i|rs) and its density maximum 
equidistant from wall and hoop, is also indicated. At present, microwave 
heating zones (at \ = 12 cm and X = 3 cm) encircle each of the bars (cor
responding to Is Я 18 kA) and with the newer hoops, X = 3 cm heating zones 
will be within the well region. 
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3-2 Diagnostic Techniques 

The principal diagnostic tools have Ъееп floating double probes 
placed at various positions in the cross section and at many azimuthal lo
cations. Inductive current pickups are used to measure probe current thus 
maintaining electrostatic isolation of the probes from ground. Densities 
are inferred from the ion saturation current measurements, assuming the ion 
velocity is given by v< = (ЗкТе/пц)-1-/2. Time dependent electron tempera
tures are then obtained from the probe characteristics. The double probe 
signals are also analyzed to make use of the buildup time, the decay time, 
and the time dependence of the saturation current. In addition, diagnostic 
tools include photographic emulsions to detect x-rays, photomultipliers at 
different cross-sectional locations, and a solid state x-ray counter for 
time resolved energy measurements. 

PLASMA LOSS 
RATE t" (ustc) 

RESIDUAL LOSS 
RATE V M K C 

> - • * ̂  
J L 

Tathm (it*, fre», 2KO) 

t 200 M SEC/CM 

0.6 0.9 
PROBE AREA (CM*) 

FIG. 6. Loss rates for injected plasmas. 

3-3 Warm Ion Plasmas 

3-3«1 Lifetime Experiments 

Plasma production is accomplished by either a hydrated titanium washer 
gun or a Bostick-type lithium gun. The use of lithium was prompted by the 
fact that the charge-exchange cross section for Li+ on background H2 or N2 
is less than 10_1°cm 2 [7]. The guns are at different azimuths, but each 
is located so as to fire directly up toward the field zero and can be 
triggered to fire at any specified phase of the magnetic field. The princi
pal set of experiments conducted with the injected gun plasmas involve 
measuring the e-folding decay times as a function of total probe area in 
the device at peak magnetic field strength. The best measured values for 
the decay time were on the order of 1 msec; the Bohm diffusion time is cal
culated to be about 30 microseconds or l/ЗО the measured time. The filled-
in circles in Fig.6 represent the average values of the decay rates from 
many events and the spread of values is indicated by the vertical error 
bars. Uncertainty in the effective area of the probes is the reason for 
the horizontal spread. The pressure rise in the large vacuum tank, about 
1Ю0 liters in volume, is up to б х 10"" torr so that the instantaneous 
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neutral pressure in the torus, which has a volume of about 1 liter, could 
be as high as 10"3 torr at the time of firing of the gun; in which case the 
neutral gas scattering time is of order 1 ms. In addition, the sinusoidal 
60 Hz magnetic field has an approximate e-folding time of 3 ms. There is 
also a diffusion of the magnetic field into the wall which, at a speed 
1 mm/ms, would have an effective e-folding time of about 3 ms. In addi
tion, the classical Coulomb scattering time is much greater than 100 times 
the measured value. 
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FIG. 7. Comparison of dipole and quadrupole ion saturation current profiles. 

3.3-2 Azimuthally Localized Fluctuations 

Both the lithium and hydrogen plasmas can be characterized by steep, 
azimuthal density gradients following injection (more than one order of 
magnitude drop from the point of injection, 9 = 0, to the point of colli
sion, 9 = 180 ) and by long persisting fluctuations localized around the 
collision point. These results in the levitated toroidal quadrupole [8] 
demonstrate that long persisting, localized fluctuations do exist in the 
absence of hoop supports and are indicative of the filling properties of 
the azimuthally symmetric quadrupole magnetic field. 

З Л Hot Electron Plasmas 

3A.1 Resonant Heating with kO W of \ = 12 cm Microwave Power 

Since filling is more uniform and production on a specified Mod В 
surface is possible with microwave heating, we began to use the easily 
generated electron-cyclotron resonance plasmas in a filling pressure of 
8 x 10"5 torr. We have been investigating the effect of the quadrupole 
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magnetic well by removing the inner noop, so we can measure plasma pro
perties with and without the magnetic well, i.e., in a quadrupole and in 
a dipole. The ion saturation current profiles for plasma in the dipole 
and for comparison in the quadrupole are presented in Fig.7. Plasma is 
detected up to and through the wall because there is a large access hole 
which allows the l-l/2 kG magnetic field to leak out a considerately long 
distance. A probe current of 50 (oA indicates a density of lO^-Ocm-3, when 
the ion velocity is taken to be (ЗкТе/mi)1/2 with Te = 30 eV. 

FIG.8. Improvement of plasma profile in the quadrupole. 

A summary of the results with the quadrupole and the dipole for the 
\ = 12 cm hydrogen plasma is listed in Table I. The fluctuation level in 
the quadrupole is a constant (o.05) in the well region along the probe's 
line of motion but varies in the bridge region from 0.10 near the center 
line to 0.25 near the wall, corresponding to the crossing from stable region 
to unstable region. 

A comparison of plasma profiles between two quadrupoles with \ = 12 cm 
microwave plasma is indicated in Fig.8. The First Model was used for early 
experiments and the Second Model is presently in use for X = 3 cm experi
ments. The differences are two: first the access holes which were 3/^" 
diam. in the lower case are now l/k" in the upper case, greatly reducing 
the leakage of the magnetic field and the plasma; and secondly, the pro
truding hump in the bottom case has been flattened out considerably in 
the upper case. 
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3.I+.2 Resonant Heating with 200 W of Л. = 3 cm Microwave Power 

Hot electron (Te » Tj_) hydrogen plasmas produced Ъу X = 3 cm 
microwave heating are Ъeing studied in the levitated toroidal quadru-
pole. Considerable emphasis has Ъееп placed on malting a reliable esti
mate of Te. Table II summarizes these results. 

When resonant microwave heating is pulsed on, the probe current 
e-folding buildup time is of order 20 us. From the growth rate 
dni/dt = ng ne aionlz.ation ^electron and using ne = n±, av is about 
5 x 10-8 cm3/sec, the highest value av can have; this determination 
gives a lower limit to the electron temperature of order 100 eV. 

Table I I 
Plasma Electron Temperature Determination 

A. X-ray Emulsion Absorption a, 1-3 keV 
B. Double Probe Characteristics > 100 eV 
C. Probe Current Buildup Time % 100 eV 
D. 4 Gyroradii Across Flux Bridge < 3 keV 
E. Incident Microwave Power Fully 

Used «0.3-3 keV 

Table I 
Comparison of X = 12 cm Microwave Plasmas 

in Two Magnetic Configurations 

T (eV) 

T ( y s ) 

T/TBohm 

n (cm ) 

] 
Дп/п > 

wel 1 

bridge 

Quadrupole 

30 

30 

30 

8-109 

0.05 

0.10-0.25 

Di pole 

15 

15 
8 

2-109 

>0 .25 

> 0 . 2 5 

The characteristic curves on the double probes placed near the heat
ing zones show essentially straight line behavior up to the maximum applied 
bias voltage of 300 V, implying that Te > 150 eV. On the left hand curve 
in Fig.9, it is clear that breakdown is occurring over 200 V. These data 
were taken with microwave power on; at the microwave turnoff, however, 
the signal amplitudes do not drop rapidly, but have smooth decays indicat
ing that at least for the first half e-folding time the temperature re
mains reasonably constant. From the analysis of probe signal decays • 
after microwave turnoff, it is clear that the decay time constant is 
80-100 us in the magnetic well and is over 200 us in back of the outer bar. 
The decay measurement is made when the heating takes place at the inner 
bar, so that the longer decay accompanies the measured lower temperature 
in the non-resonant zone. 
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Considering dE/dt = ng cTexcitation v e l e c t r o n AEexcitation; t h e 80 us 
decay of Te (shown on the right side of Fig.9) is consistent with cooling 
on the background gas Ъу excitation or ionization processes. In fact, 
after microwave turnoff, increases in the probe current are frequently 
measured after a 10-15 |is delay. 

The "broad band light signals have nearly the same decay time constant 
as the probe signals do, further corroborating the fact that electrons with 
Te > 13.6 eV do exist after microwave turnoff. After the initial buildup .. 
of light and probe signals, the light flux is constant indicating a constant 
production rate of plasma particles. Since the current probe signals limit 
after buildup, this suggests there is an increase in the loss rate at 
higher densities. 

a. 
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DOUBLE PROBE CHARACTERISTIC CURVES FOR 
X=3cm MICROWAVE PLASMA 

FIG. 9. Electron temperature measurements in the magnetic well and in the flux bridge. 

An upper limit to the electron energy can be made by studying the 
x-ray spectrum using personnel monitoring type x-ray film. In a graded 
absorption measurement, it was possible to bracket the energy of the 
x-rays (and, hence, the electrons) causing the image to be on the order 
of 1-3 kV. 

Calculating that all the incident microwave power ( ~ 100 W) put in
to the cavity goes into heating (ne и 1011cm"3)plasma electrons (in kO us), 
then an upper limit is placed of order 300 eV, or 3 keV if ne h o t = 
°-lne total- ' 

The.final determination of the upper limit is made in terms of the 
gyroradius of hot electrons. With 1 cm of space between hoop and wall at 
the bridge and an average of 2 kG magnetic field, 15 keV electrons could 
have two gyroradii on each side of the separatrix. 

These five determinations seem to bracket the electron temperature 
during the heating and for at least a short time after the heating is off 
in the range between 100 and 1000 eV. Using the lower, more pessimistic 
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number and the average value for the magnetic flux as determined Ъу Hobbs 
and Taylor [9], the Bohm time is about 2 us. Since the decay time is on 
the order of 80 to 100 us, the conservative T / T ^ Q ^ is on the order of 40. 

3.4.3 Change in Heating Zone 

The computed Mod-B contour plots shown in Fig.5 indicate that as 
the magnitude of the hoop currents increases there will Ъе a heating zone 
first encircling the inner bar and then, secondly, an additional zone en
circling the outer hoop. The appearance of the second zone comes when 
the inner hoop resonance zone is near the cavity wall and is essentially 
confined to a vertical line spaced between the inner hoop and the field 
zero. 

B(t) 

'OUTER 
BRIDGE 

'INNER 
BRIDGE 

CHANGE OF HEATING ZONES WITH TIME 

FIG. 10. Probe currents showing the effects of changing the microwave resonance zones. 

Fig.10 illustrates the positions of the heating zones and a clear 
example of the plasma signals in each of the bridge regions appearing out 
of phase with each other. A probe in the magnetic well region seems to 
indicate an average (or sum) of the two outer probes, plus transients at 
the times of heating zone change. 

Light signals were measured in the well region and in a bridge re
gion. As the magnetic field varied, the light in the well region took on 
the same shape as the well probe. The outer bridge light occurred only 
when the heating zone was encircling the outer bar. 
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Thus, it appears that a prohe in each of the resonance regions 
(within the separatrix) sees mostly that plasma contained on the self 
flux. The two regions are connected, however, by the 20$ mutual flux, 
and current from the plasma in the neighboring bar's zone does appear 
on the probe curves as a smaller signal. The time constant for the 
density in the outer heating zone to drop when the heating zone vanishes 
into the bar is on the same order of magnitude as the decay time when 
the microwave power is pulsed off. 

Statistical evidence from x-ray films exposed to various (upper) 
parts of the cross section at many azimuths indicates that most of the 
x-ray production is in the region directly above and to each side of the 
bars but not in the center, the magnetic well region. This implies that 
the hot electrons are confined to the resonance zones and produce x-rays 
there. 

EFFECT OF VARIOUS OBSTACLES ON X=3cm MICROWAVE PLASMA 

A. Little effect 
B + (C) Alters production rate locally1 

(< Icm "I ("decreased "| 
at probe < £3 3cm I from obstacle, probe current Is < increased > 

{ « 8cm J [unchanged J 

0. Prevents formation of plasma 

FIG. 11. Different conducting obstacles placed in the magnetic field. 

Ji.k.k Fluctuations 

The fluctuation amplitude appears to accompany the heating zone, 
i.e., the outer bridge probe shows high frequency noise when a heating zone 
encircles the outer bar and not when it is around the inner bar and vice 
versa for the probe around the inner bridge (see probe currents in Fig.10). 

3А.5 Obstacle Experiments in the Microwave Generated Plasma 

With a l/U" diam. bar or obstacle located at В (Fig.Il) the current 
signal on a fixed position double probe placed directly above the obstacle 
was measured as a function of the bar's vertical position. Resonance 
heating was taking place around the inner hoop when the microwave power 
was cut off, and the probe amplitude readings were normalized with respect 
to another probe placed in the wall 105° in azimuth away minimizing the 
effects of shot-to-shot fluctuations. 

There is no significant decrease in plasma lifetime caused by the 
introduction of the obstacles at В or С. This implies that the presence 
of the bar is affecting only the plasma production rate or the microwave 
field pattern as manifested by the steady state current amplitude and not 
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the loss rate as determined from the plasma lifetime. Since this effect is 
strongest in the immediate vicinity of the bar, one concludes that the pro
duction hy microwave resonance is a local phenomenon occurring uniformly 
around the machine. 

As a second experiment, a similar bar (C) vas pushed in to touch the 
outer hoop as a dummy support. Once more the effect of the bar on the 
steady-state amplitude was maximum in the neighborhood of the disturbance. 

A 1 cm thick conducting obstacle (insulated from the hoops) shown as 
D in Fig.11 was placed l80° from the microwave port and 90° from a set of 
probes. The plasma is prevented from forming and then forms alternately 
with the frequency of vibration of the hoops (fv и 16 Hz) as the hoops are 
and are not touching the obstacle. With the obstacle cutting all flux 
lines, the plasma-forming hot electrons can live at most one or two machine 
transits, a time (a few microseconds) that is less than the exponentiation 
buildup time (40-50 us) 

Another, even more drastic, step with even clearer results is the ex
periment performed by pressing the hoops against the bottom of the cavity 
with the resonance field energized. No plasma is detected on any probes in 
this case. 

k. HELICAL HEXAPOLE 

In addition to the levitated toroidal quadrupole, another device, the 
levitated helical hexapole is also under study. The helical hexapole (Fig. 
12) is structurally a single piece although at any radial cross section it 
appears to be a conventional hexapole configuration (the other three 
"poles" carrying the return currents are in a continuous copper wall 
(not shown) surrounding the three conductors). This device has the ad
vantage over the quadrupole of a better ratio of connection length to 

I 

FIG. 12. The helical hexapole (made from a 1-in diam. copper bar). 
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radius of bad curvature and more confinement volume; the built-in shear 
will require the addition of an external toroidal field for comparison 
purposes. I t is necessary to design the hexapole to withstand the magnetic 
compression forces by its torsional strength; the present structure having 
1-1/2" diam. copper tubes of 0. 3" wall thickness (work hardened) with 21" mean 
major diam. appears to be sufficiently strong for preliminary investigation 
and has been levitated. 

5. SUMMARY 

Electromagnetic lévitation of a toroidal quadrupole is being used 
to study various types of plasmas in the absence of hoop supports. Lévi
tation is made possible when the quadrupole is liquid-nitrogen cooled to 
reduce the skin depth below the size of the relevant hoop-to-wall spacings. 

The experiments with a gun injected hydrogen plasma show that the 
loss rate of the sampled plasma was linearly proportional to the area of 
the measuring probe. In addition, gun plasma experiments showed the 
peculiar nature of the axisymmetric quadrupole magnetic field itself (with
out hoop supports) during the filling process in which localized fluctua
tions persisted at the collision point for the duration of the experiment. 

The introduction of low power \ = 12 cm microwave fields into the 
quadrupole facilitated the direct comparison of a quadrupole and a dipole, 
showing that the magnetic well reduced the fluctuation level and resulted 
in both a higher temperature and density, as well as a longer decay time. 

With higher power A. = 3 cm microwave fields available, the electron 
temperature was increased to between 100 eV and 1000' eV. The observed 
heating of the electrons is consistent with expectations based on the com
puted flux plots and the observed behavior of the plasmas in the presence 
of the obstacles is also consistent with a two-component electron plasma -
one, the hot electrons in and near the heating zones and two, those elec- ̂  
trons less than 100 eV away from the heating zones. The drift time around 
the machine for this second component is comparable to the observed life
time so that this component would not.be affected by the presence of 
obstacles. 

We are continuing these experiments with emphasis on measuring hoop 
support effects, the comparison between the two ratios of mutual-to-self 
flux in two quadrupoles and the comparison between hexapole and quadrupole 
plasmas. 
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D I S C U S S I O N 

F . F . CHEN: How did you compute the Bohm t ime? 
M. ROBERTS: We used the integral p roper t i e s of the magnetic field 

in the manner p re sc r ibed by Hobbs and Taylor in P l a s m a Phys ics 1_0 (1968) 
207. 

A. F . KUCKES: Are your microwave-genera ted p lasmas fully ionized? 
If not, how do you reconci le your electron t empera tu re of severa l hundred 
e lec t ron volts with a p lasma r i s e t ime of 25 /us? I think the ionization t ime 
must be much shor te r for this e lec t ron t empera tu re . 

M. ROBERTS: The p lasma density is about equal to the neutra l densi ty. 
Our calculat ions, based on av = 5 X10"8 c m 3 / s , show that the build-up t ime 
of 25 /JS is consistent with an e lec t ron t empera tu re of 100 eV. 

P . L. HUBERT: Could your helical hexapole be made force- f ree by 
appropr ia te contouring of the outer chamber , in a manner s im i l a r to that 
proposed for the University of Wisconsin' s octopole? 

M. ROBERTS: At p resen t , we a re using the to rs iona l s t rength of 
the copper hoops to balance the magnetic forces , but on a l a r g e r sca le we 
would probably have to contour the wal ls . 
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Abstract 

LOW-FREQUENCY STABILITY OF AXISYMMETRIC TORUSES. The low-frequency stability of low-8 
collisionless plasma in axisymmetric toroidal configurations such as multipoles with and without applied 
toroidal fields is studied in some detail. Defining the "bounce" frequency w. = ( / dJ2/v||) -1 modes are 
investigated with w> w. , CJ, . <aj< ш^е, and ш<ш^^. Three classes are found: (1) flute modes, (2) balloon
ing and drift modes, and (3) trapped particle modes. 

Stability of the flutes requires, without a toroidal field, favourable /dC/B, and with a toroidal field 
a new generalization of the V" criterion. Even with these criteria satisfied residual flute instabilities occur 
depending on resonant particle effects. Two modes are found: _an electron flute with ш/ш*е> 0 destabilized 
if UJ, . < ш < UÂ  by electron resonances provided T. /T < L /rR, and an ion flute with ш/ и** > 0 __ 
destabilized if u S i ^ j by ion resonances requiring finite Debye length and к J X ' > (1 + T e /T ; ) r /R , 
though having an exponentially small growth rate if (1 + T e / T j ) 4тгрс2/Вг > rR/L2. Here w*; e are the 
diamagnetic drift frequencies, r the density scale length, R the average radius of curvature, and L the 
connection length. 

For systems unstable to the generalized V" criterion, the residual ion instability occurs at all densities 
and is insensitive to shear. Slight anisotropy or temperature gradient also affects the stability of the residual 
ion flute, but quasi-linear calculations indicate that the non-linear formation of a sufficient stabilizing 
anisotropy is slow. 

The drift ballooning mode local to a bad curvature region and the drift universal mode are unstable 
for ojjjj < w< W[,e provided Tj/Te < L2/rR and T, /T < L/r, respectively. An eikonal procedure provides 
the effect of shear on the ballooning mode including geodesic curvature. 

Trapped particle models have ш< wu;. Curvature-driven modes, insensitive to shear but stable in 
maximum-J configurations, are also stabilized if r/R is not too small, and criteria are given but can be very 
restrictive. For large k̂  a new overstable mode relatively insensitive to shear, independent of curvature, 
and not involving resonant particles is found requiring terms of order'(ш/ш..)2 and k2a.2, where â  is the 
ion Larmor radius: instability occurs if k2 a' > (1 + T;/T£)r/L. 

1. INTRODUCTION 

This paper t r e a t s low-frequency ins tab i l i t i e s of low-j3 co l l i s ion-

l e s s p l a s m a s magnet ica l ly confined in a x i s y m m e t r i c toro ida l conf igura

t ions, p a r t i c u l a r l y mul t ipo les , both with and without to ro ida l field. The 

ana lys i s is based on the Vlasov equation solved in this geome t ry for p e r t u r 

bat ions with pe rpend icu la r wavelengths p e r m i t t e d to be of the o rde r of the 

L a r m o r r a d i u s . The magnet ic field s t rength is al lowed to vary finitely 

along the field so that t r a p p e d - p a r t i c l e effects a r e included. Only e l e c t r o 

stat ic modes a r e cons idered , but the theory includes the in te rchange or 

flute mo d es , drif t modes , and t r a p p e d - p a r t i c l e m o d e s . 

The ana lys i s with only a poloidal field is p r e s e n t e d in some 

detai l in Sec. II. Defining the "bounce" frequency Ci), ~ Vrp/L for each 

T Also Institute for Advanced Study, Princeton, New Jersey. 
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species , the discussion of the ins tabi l i t ies is divided into th ree reg imes , 
namely, W< W , W . < W< W , and Ш > Co . In Sec. Ш some re su l t s on 
the effect of a toroidal field and the assoc ia ted shear a r e presented; l imi ta 
tions of space do not pe rmi t a detailed discuss ion of this c a se . In Sec. IV 
the main r e su l t s and conclusions a r e summar ized . 

2. POLOIDAL FIELD ONLY 

The equil ibrium ax i symmet r i c poloidal vacuum magnet ic field 
may be wri t ten 

B* = V X = Vl// X V<9 (1) 

thus defining an orthogonal set of spatial coordinates 0//,£ ,\), l// being the 
magnet ic flux and в the angle about the axis of symmet ry . For velocity 
space coordinates , we use the energy and magnetic moment per unit m a s s , 
namely, 

2 2 
E = v / 2 + еф/т , fi = v , / 2 B . . 

together with a coordinate Ç denoting the azimuthal angle of the velocity 
vector about the field l ine. In t e r m s of these coordinates , the para l l e l 
velocity is 

q = [2(e - MB - e 0 / m ) J 1 / 2 

3 
and the volume element in velocity space is d v = BdfidedÇ/q, contributions 
from posit ive and negative pa ra l l e l veloci t ies being added. The equil ibrium 
is a s sumed to vary on a scale r much l a rge r than a L a r m o r radius a, and 
to lowest o rde r in a / r the equil ibr ium distr ibution function i s F = F(£, fX, Ц/) 
which will normal ly be taken to be Maxwellian, i . e.', F'= N(l^) F (e) = 
N(>//) (27Tv,j,)" / e x p ( - e / v T ) , without t e m p e r a t u r e gradient or equil ibrium 
e lec t r ic potential . Per tu rba t ions a r e Four ie r analyzed, e. g. , for the 
pe r tu rbed e lec t r ic potential 

Ф = 00//.X) exp(-iCi)t + Ив) 

but, except in ' t rea t ing the shear p rob lem in Sec. II, the 1̂  dependence of " 
the eigenfunctions is neglected (local analys is) . Frequencies Ш a r e a s sumed 
to be much less than a gyro-frequency П, but perpendicular wavelengths 
k" may be of o rder a gy ro - rad ius a; specifically we t r e a t the case where 

- ~ - ~ k ( r ~ « , к±а~ 1 (2) 

All the usua l low-frequency modes , namely, in terchange or flute modes , 
drift waves, and t rapped-par t i c le modes , may be recovered in l imiting 
ca se s of th is order ing . A formal t rea tment of such per turba t ions in a 
genera l magnet ic field configuration has recent ly been p resen ted [ l] : 
the Vlasov equation for the pe r tu rbed distr ibution f is solved i tera t ively 



C N - 2 4 / C - 5 369 

u s i n g t h e o r d e r i n g (2), a n d for t h e l o w e s t - o r d e r d i s t r i b u t i o n a v e r a g e d o v e r 
t h e a z i m u t h a l v e l o c i t y a n g l e Ç w e o b t a i n a n e x p r e s s i o n 

u \ " 

e_ IdF , £m_ dF 
' m ' \ 9 c eO) d\p 

(3) 

H e r e J = J ( J £ V J / R Œ) w h e r e R i s t h e m a j o r r a d i u s , a n d the q u a n t i t y H 
i s g i v e n by a n o r b i t i n t e g r a l t a k e n a l o n g a g u i d i n g - c e n t e r o r b i t , n a m e l y , 

s a t i s f y i n g t h e e q u a t i o n 

H = i C ^ J o < dt1 (4) 

Ш WD ± i q H о (5) 

w h e r e s i s t he l e n g t h a l o n g a f i e ld l i ne , d s = d ) ( / B , a n d W i s a f r e q u e n c y 
f o r m e d f r o m the p a r t i c l e g r a d i e n t and c u r v a t u r e d r i f t s , n a m e l y , 

D 
I m 
e B (2е-мв)Ц (6) 

A r i g o r o u s d e r i v a t i o n of E q s . (3) and (5) h a s b e e n g i v e n in Ref. 
[ l ] a n d l i m i t a t i o n s of s p a c e p r o h i b i t i t s r e p r o d u c t i o n h e r e . H o w e v e r , a n 
i n t u i t i v e d e r i v a t i o n m a y b e g i v e n b a s e d on g u i d i n g - c e n t e r o r b i t t h e o r y . 
T h e f i r s t t e r m in E q . (3) c l e a r l y a r i s e s f r o m the t r a n s f o r m a t i o n to t he 
t o t a l e n e r g y £ a s a v a r i a b l e ; t he t h i r d ( o r b i t i n t e g r a l ) t e r m a r i s e s f r o m 
the p e r t u r b a t i o n s Ô£ a n d ôty a c c u m u l a t e d fo l lowing t h e p a r t i c l e o r b i t . 
T h e e n e r g y c h a n g e s a c c o r d i n g to 

d£_ 
dt 

9 1 ^ 
at 

and the g u i d i n g - c e n t e r o r b i t i s d e t e r m i n e d by 

d£ _ 8^1 d£ _ m Э£& ds 
dt 39 ' d t D 9<// ' dt ч 

t h e t e r m s in ( ф) on t he r i g h t b e i n g the e l e c t r i c d r i f t t e r m s e x p r e s s e d in . 
t he l^, в c o o r d i n a t e s y s t e m . " H e r e t he e x p r e s s i o n (<p) d e n o t e s t he a v e r a g e 
p o t e n t i a l s e e n by a p a r t i c l e in i t s g y r a t i o n a b o u t a gu id ing c e n t e r a t 6r 

i. e. , GC' 

<< << GC v X B-VO/f iB)) 

= 0 _ _ < exp(+i£v. c o s m / R Q)) = J 6 r G C \ r 1 ' о ' ' t о М o r G C 
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Integrating along guiding-center orbi ts we obtain express ions for the 
changes бЕ and б'/', and hence an expression for the per turbed guiding 
center distribution, namely, 

e 
m 9£ + еШ дф Н 

where H is a s given in Eq. (4); fu r thermore , we have 

( f ) ç = < f G C ( e + ^ < ^ . v e / Q B ) > 

^ ( e x p f i ^ c o s Ç / R ^ ) ^ = J o f G c 

which completes the derivation of the orbit integral t e r m in Eq. (3). 
The t e r m in 9F/9ji in Eq. (3) a r i s e s natural ly in the formal theory [ l ]bu t 
is difficult to obtain intuitively; it exp res ses the constancy of a gene ra l 
ized jX invariant [2], namely, 

For a Maxwellian distr ibution without t e m p e r a t u r e gradient, 
Eq. (3) reduces to 

e F 
<f> = - f M 1 - ^ ; joH] (7) 

where 

f T d N 
Ct> = — г 

* Ne d\j/ 
i s the diamagnetic drift frequency. The per turbed dis tr ibut ions (f) a r e 
to be substituted into the Poisson equation 

mZ X e I B d ^ d E < f> / ч = <LZ<P/RZ
0 « о (8) 

usually in the la t te r approximate form (qua s i -neut ra l i ty) . The difficulty 
l ies in Eq. (5) where solution involves a complicated orbit in tegral along 
the field. We consider two limiting cases for which simple solutions 
may be obtained, namely, W < Ct), and Ct> > U>, . 

For Ct> < co^ we have to lowest order 3 H / 8 S = 0, i . e . , H = con
stant, this constant being determined by the requ i rement that the next-
order t e r m in H be periodic over the closed orbit; dividing by q and 
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integrat ing around we obtain the solution to lowest o rder in w/w,, 
namely, 

J <p 
H = 1 . ~ J Ф 

1-Ш- /О) ° 
1 + -ОГ) (9) 

where J ф and Ш-р. denote t ime averages along the orbit , e. g. , 
о 

'•$?-/$т 
the second form of Eq. (9) being for COp < W. Using Eq. (6) it may easi ly 
be shown that 

-D e 1*4/ST 
Certa in ins tabi l i t ies depend on cor rec t ions to this lowes t -o rder solution 
of Eq. (5) and these may be calculated by i tera t ion. T e r m s of f i rs t 
o rder in W/сл c lear ly cancel in the velocity space integrat ion (summing 
over _+ contributions); the second-order t e r m in the solution for H is 
found to be (for untrapped par t i c les , with a slightly different form for 
t rapped par t ic les ) 

H<2> = c / 
j -ds /q m"v 

where we have neglected COJ-J and set JQ = 1, both approximations being 
valid in cases where this t e r m is employed. A m o r e convenient form of 
the solution r e su l t s from a Four i e r analysis in a var iab le 

Jde/q 

over the period т = Zïï/(X>^ = J d s / q . Writing 

27Tint/-r' q-щ 
w e o b t a i n i m m e d i a t e l y f r o m E q . (5) t h e s o l u t i o n H = Штф / (ШтТ2яп) , 
and to s e c o n d o r d e r 

(27ГП) П 

For W > U), a solution of Eq. (5) may easily be obtained by 
i te ra t ions , t reat ing the derivat ive t e r m ' a s smal l ; keeping t e r m s of' 
f i rs t o rder in ш/о)_ and t e r m s of second order in the der ivat ives ' ( the 
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f i r s t - o r d e r t e r m s c a n c e l i n t h e v e l o c i t y s p a c e i n t e g r a t i o n , s u m m i n g 
o v e r +) we o b t a i n 

H = J 0 + ̂ j 0 T i i ! V . aJi(a!V] (12) 
о Ш or CO ds W 3s | CO 9s / 

E v e n if one o r the o t h e r of the a p p r o x i m a t e s o l u t i o n s (9) and 
(12) i s v a l i d f o r t he m a j o r i t y of t h e p a r t i c l e s of one s p e c i e s , t h e r e wi l l 
be c e r t a i n p a r t i c l e s , in p a r t i c u l a r r e s o n a n t p a r t i c l e s , fo r w h i c h the 
a p p r o x i m a t e s o l u t i o n f a i l s . T h e s e r e s o n a n t p a r t i c l e s g ive r i s e to 
L a n d a u d a m p i n g o r g r o w t h ; i n s t a b i l i t i e s wh ich d e p e n d on t h e m w i l l b e 
t e r m e d r e s i d u a l . T r e a t i n g a l l s u c h r e s o n a n c e t e r m s a s s m a l l , t he 
g r o w t h r a t e of a r e s i d u a l i n s t a b i l i t y m a y b e e v a l u a t e d by s t a n d a r d p e r t u r 
b a t i o n m e t h o d s . Def in ing l i n e a r o p e r a t o r s L and R by 

L ( w ) I 6 = V f d M d g J <f> n o n - r e s o n a n t 
R f C O j J 9 Z j q | ( f ) r e s o n a n t 

t he qua s i - n e u t r a l i t y c o n d i t i o n (8) i s L(CO)0+R(CO)0 = 0. It w i l l be found 
t h a t fo r b o t h of the a p p r o x i m a t i o n s (9) a n d (12) t h e e x p r e s s i o n / 0''~L0ds 
i s r e a l for r e a l U), so t h a t t h e g r o w t h r a t e у i s g i v e n b y 

С * d L Г * 
У \ ф <pds - .- I m \ <f> R 0 d s 

T h e e x p r e s s i o n on the r i g h t m a y b e c a l c u l a t e d by s o l v i n g E q . (5) e x a c t l y 
( i n t e g r a t i n g a l o n g f i e ld l i n e s u s i n g an i n t e g r a t i n g f a c t o r [ l ] ) ; a l t e r n a t i v e l y , 
the m e t h o d of F o u r i e r a n a l y s i s d e s c r i b e d a b o v e m a y be u s e d . "We o b t a i n 

I m J ф'Яфаз = - т г ^ | (CO-COJ [FTdMd£.^ô(C0- f f i D -nO> b ) | J ^ Ï | 2 (13) 

n 

wi th T = 277/o)b = j> d s / q , and w h e r e I = exp(j^ iJ (C0-C0D)ds/q fo r u n -
t r a p p e d p a r t i c l e s a n d I = c o s / s 0 (CO-COjOds/q fo r t r a p p e d p a r t i c l e s w i t h 
t u r n i n g p o i n t s 0 . T h i s e x p r e s s i o n i s a s u m of t e r m s r e p r e s e n t i n g r e s o 
n a n c e s b e t w e e n CO-COrj and h a r m o n i c s of t h e " b o u n c e " f r e q u e n c y CO, . 
Often CO i s m u c h l a r g e r t h a n t h e d r i f t f r e q u e n c y CO.-, fo r a t y p i c a l t h e r m a l 
p a r t i c l e so t h a t t he n = 0 t e r m i s e x p o n e n t i a l l y s m a l l , a r i s i n g only f r o m 
h i g h - e n e r g y p a r t i c l e s w i t h l a r g e CO,-,. S i m i l a r l y , if CO i s m u c h l a r g e r 
t h a n a t y p i c a l ft), t h e n Ф 0 t e r m s a r e a l s o e x p o n e n t i a l l y s m a l l , a g a i n 
a r i s i n g f r o m h i g h - e n e r g y p a r t i c l e s . T h u s t h e l a r g e s t r e s o n a n c e s o c c u r 
if Ci)< CO, ; h e r e t h e f i r s t few t e r m s n = 1, 2, . . . d o m i n a t e and a c o n t r i b u 
t i on of o r d e r (CO/CO, ) i s found. T h i s c o n t r a s t s w i t h t h e w e l l - k n o w n r e s u l t 
for a s t r a i g h t u n i f o r m f ie ld w h e r e for s m a l l p h a s e v e l o c i t i e s r e s o n a n c e 
t e r m s of o r d e r 0 ) / k v T a r i s e ; t h e d i f f e r e n t o r d e r s of m a g n i t u d e a r i s e 
f r o m the d i f f e r e n t v o l u m e s of v e l o c i t y p h a s e s p a c e i n v o l v e d in t h e r e s o 
n a n c e : h e r e w e r e q u i r e s m a l l ftV and h e n c e s m a l l e n e r g y , w h e r e a s fo r 
a u n i f o r m f i e ld w e r e q u i r e m e r e l y s m a l l p a r a l l e l v e l o c i t y . C l e a r l y t he 
r e s u l t t h a t t h e r e s o n a n t t e r m s a r e of o r d e r (СО/СО-]-,) i s r e l a t e d t o t h e 
e x i s t e n c e of t h e n o n - d i v e r g e n t n o n - r e s o n a n t t e r m of o r d e r (со/ft), ) 2 c a l c u 
l a t e d a b o v e ; t h e v e l o c i t y s p a c e i n t e g r a l of t h i s t e r m d i v e r g e s for a u n i 
f o r m f i e ld . A t t h i s p o i n t we m a y n o t e t h a t t h e s i gn of t h e r e s o n a n c e 
t e r m s fo r one s p e c i e s i s e n t i r e l y d e t e r m i n e d by the s ign of t h e f a c t o r 
CO-СОф; h e n c e i n s t a b i l i t y c o n d i t i o n s m a y b e i n f e r r e d w i t h o u t i n v e s t i g a t i n g 
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t h e d e t a i l e d s t r u c t u r e of the r e s o n a n c e s , p r o v i d e d t h e d a n g e r o u s s p e c i e s 
c a n b e i d e n t i f i e d . 

2 . 1 T h e c a s e Ct)< ш . 
bi 

H e r e w e u s e t h e a p p r o x i m a t e so lu t i on (9) fo r b o t h i o n s and 
e l e c t r o n s . A r e a l q u a d r a t i c f o r m (which m a y be u s e d a s à v a r i a t i o n a l 
p r i n c i p l e a t l e a s t for r e a l Ш) i s o b t a i n e d by m u l t i p l y i n g the c h a r g e 
n e u t r a l i t y c o n d i t i o n (8) by 0 / B a n d i n t e g r a t i n g o v e r s, g iv ing 

± ] FT d № [0 ш_ш 
D 

—2 
<t> о / J 0 (14) 

7 7 2 2 
A s s u m i n g Ct) > o>_, e x p a n d i n g J Q = l - b / 2 w h e r e b = £ v , / 2 R Я , and 
k e e p i n g t e r m s of o r d e r W-p/w a n d of o r d e r b, we h a v e 

> - Frd/ idE j 0 - 0 + 1 - — : фЩ + - H f 0 (15) 

T h e c o n t r i b u t i o n f r o m t e r m s of o r d e r {w/w, ) to t h e q u a d r a t i c f o r m m a y 
b e o b t a i n e d f r o m the so lu t i on f o r g iven in E q . (11). We ob t a in a 
c o n t r i b u t i o n 

2 ; ш.\ r r-ч 2 . i2 

Y%- 1 - - ('FTdMdE: V T I»"! (16) 
Z^ T I CD / J p l_j 2 

n (27m) 
and , i n v e r t i n g t h e F o u r i e r t r a n s f o r m s , 

2 2 

>3-tf d t d t ' 0 ( t ) 0 ( t ' ) 
(27Tn) 

-27Tin ( t - t ' ) / i 

r / (2iTn) 

•ft d t d t ' 0(t) 0 ( f ) i_ 'iril1 + ( t - t 1 ) 
12 2 T , 2 

2 T 

ïï^ d s ' 

q q' 
0(S)0(S ' ) K(S, S') (17) 

w h e r e fo r the u n t r a p p e d p a r t i c l e s we h a v e 

2 T 

(18) 

a n d for the t r a p p e d p a r t i c l e s ( the s, s ' i n t e g r a t i o n s in E q . (17) by c o n 
v e n t i o n b e i n g t a k e n only one w a y b e t w e e n t h e t u r n i n g p o i n t s ) 

K ( s , s ') = j - ^ (|t - f |+ t + f ) + - y ( t 2 + f 2 ) (19) 

w h e r e t = /g d s / q (with s a t u r n i n g p o i n t fo r t r a p p e d p a r t i c l e s ) . The 
k e r n e l s K(s , s ' ) a r e p o s i t i v e d e f i n i t e . 
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2.1.1 The ion flute instability 

If Ci)~Ui> OJJ-J, the largest term on the left in Eq. (15) is 

Ш 2 -2 
FTdjjdE (0 - ф ) (20) 

which is always positive by the Schwartz inequality except for <j> - ф = 
constant, which is therefore the lowest-order solution for the eigen-
function, i. e. , a flute mode. The dispersion relation may be found by 
keeping correction terms of order CO /со and terms of order b (for the 
ions), and putting (j> = constant in these correction terms. Varying (15) 
with respect to tf>, integrating the resulting equation over s, and perform
ing the velocity space integrations we obtain a dispersion relation 

CO \ CO2. I T \ 

- "£ 0 O + - £ 1 + ^ U > =0 (21) CO ч i' 2 T. 
CO 

w h e r e b- = i Vrn. / R Q Qf > ( ) d e n o t e s a n a v e r a g e o v e r s, i . e . , ( b ) 
/ d s / B = / b d s / B , a n d -{к) i s t h e a v e r a g e f a v o r a b l e c u r v a t u r e , i . e . , 
-</c) f d s / B = ( d / d £ n N ) / d s / B . E q u a t i o n (21) h a s two r e a l r o o t s of 
o p p o s i t e s i g n s . In t h i s r e g i m e , n a m e l y , C0< U>Dj, t h e l a r g e s t r e s o n a n c e s 
a r e t h e t e r m s l i k e (co/ov) f r o m t h e i o n s . E m p l o y i n g t he p e r t u r b a t i o n 
t e c h n i q u e d e s c r i b e d a b o v e w e find t h a t f o r t h e s e t o b e d e s t a b i l i z i n g w e 
r e q u i r e 0 < co/co.^ < 1, a n d c l e a r l y (21) d o e s no t h a v e s u c h a r o o t . H o w 
e v e r , if t he P o i s s o n é q u a t i o n r a t h e r t h a n q u a s i - n e u t r a l i t y i s u s e d ( i . e . , 
f i n i t e D e b y e l e n g t h t e r m s i n c l u d e d ) t h e r e i s a f u r t h e r t e r m on t h e lef t in 
(21), n a m e l y , {a-) , w h e r e dj = £ 2Л2 / R 2 ̂ 2 , a n d t h i s t e r m c a n l e a d t o 
a r e s i d u a l i n s t a b i l i t y . T h e c o n d i t i o n fo r i n s t a b i l i t y c a n b e found f r o m 
t h e m a r g i n a l c a s e w h e r e CO = CÔ .. a n d i s 

/ T \ 
< d . ) > - | i + î s <K> . ( 2 2 ) 

i 

Unless the density is very low, this condition is satisfied only for very 
short perpendicular wavelengths (large It). The condition that CO < CO.. 
at the marginal case CO = CÔ- for perpendicular wavelengths short enough 
to satisfy (22) requires 

R 2 / T 1 
B > l + = 2 

47TNM.G2 I T i 

I 2 

r l <«> 
l 

where r is the density scale length, L a typical connection length along 
the field (COb~'vT/L), and R~-(«) . If (23) is violated the instability 
will have CO > CO*"., and hence an exponentially small growth rate. 
Inspection of the quadratic form (14) for 20~1 shows that, provided 
T e < Tj and |C0| > 1С0фе1, flute modes of this type may exist even for 
bj ;> 1; for in this case the electron contribution to (20) dominates and 
remains of the same form as before, so that a flute mode occurs. 
Here the dispersion relation obtained as before reduces to 

CO U-K) l-Io(b.)e b i ) ) + ̂  f(^0(b.)e"bi) + (к) Ь j = 0 

(24) 
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where к = 2(3£nB/9j?nN) is the local curvature. It has been noted [3] 
that the average ion curvature appropriate to this case, namely, (KI (b-) 
exp(-bj)) , is different from the average in the sense of . /ds/В; indeed, 
for b̂  > 1 it essentially involves the variation of / ds rather than / d s /B . 
However, even if this average is unfavorable an unstable root of (24) does 
not occur (even with small Te /Tj) if 

2Г ~b'l\ " b - ' 
.fC)|l-Io(b.)e '])> 4</CIo(b.)e ' ) 

which (typically) holds for all values b̂  > 1. Furthermore, it may be 
noted that the above theory of the residual instability is unaffected; for 
the condition for residual instability is obtained from the marginal case 
U) = CO.,.., and here the value of b^ is irrelevant since the whole term in
volving JQ vanishes.' Thus the condition (22) for residual instability 
remains good independent of bj, and the average curvature term therein 
(coming only from the electrons) remains as before, i .e . , in the sense' 
of fds/B. - • 

Unless the density is very small this mode has W'~Ci> ., and 
hence its stability is sensitive to small effects so far neglected. We have 
considered two such effects, namely, a small anisotropy (T \ф Tj_) and a 
small temperature gradient. Anisotropy is included by replacing the 
Maxwellian equilibrium distribution by 

F(CM) ~ exp С „ / 1 1 T - " B o h - т 
V I v V т„ тх T, 

where BQ is some constant reference value; this distribution is every
where locally a two-temperature Maxwellian but of course the anisotropy 
varies along the field. Defining CO.... in terms of Тц, the'sign of the.ion 
resonance terms [these involve only 9 F / 9 E and dF/dlj/, see Eq. (3)]is 
still determined by the sign of Ш - CO,;-j.. .However, the terms in 9F/9JI in 
Eq. (3) for the ions contribute to the real part of the dispersion relation, 
and the instability condition (22), obtained from the marginal case CO = CO.,.. 
becomes 

в / т • '• ,.' T \ 

'. J- ' \ i / 

provided b^<l, otherwise the term bj is replaced by 1 - I0(bj)exp(-b-)• 
Thus anis.otropy is stabilizing if Тц< Tj_, destabilizing if Т_|_<Тц. А 
similar effect occurs due to a temperature gradient. The ion resonance 
terms involve slow particles; their sign is given by W - CO,,., as before 
provided we define C0.,;i in terms of 9£n.(N/T V2)/9lJ/ instead of 3£nN/9^/. 
There is a temperature gradient contribution to the real part of the' dis
persion relation,and the instability condition (22), obtained from CO = С0Ф;, 
becomes 
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so that a small positive 8£nT/3£nN is stabilizing. Adding.both small 
effects, the condition that to < to, . at to = to.,., for perpendicular wavelengths 
short enough for instabil i ty gives a final instabil i ty c r i t e r ion replacing 
(23), namely, 

4*NM. с 
l 'Г1 _5 9lnT 

2 3£nN 

T 
_e 

I + = £ 
L_ 
rR 

(25) 

In an initially Maxwellian p lasma with a density below the 
threshold density a spectrum.of flute waves grows with the waves taking 
energy from the bouncing motion of the ions, thereby reducing the para l le l 
t empera tu re of the ions. We have constructed a quas i - l inear theory which 
shows that a s a consequence the spec t rum of waves produces an anisotropy 
with .T_L> T[| which tends to stabilize the mode. However, t i m e - s c a l e 
es t imates show that the t ime for energy exchange between the waves and 
pa r t i c l e s is longer by a factor L / r than the t ime scale for spatial dif
fusion. Consequently, the par t i c les can diffuse out of the sys tem before 
quas i - l inea r stabilization occurs unless the init ial densi ty . is c lose to 
threshold. These conclusions a r i s e from a study of the quas i - l inear 
equation for the slow variation of the background ion distr ibution F(£, \i, . 
ty, t), namely, 

3F 
at 

£ , n 

to +nto, 
D b 

_3 
эе 

К 
,2 2 to D 

to. 

to -to 
IL D 

• \2 2 •ntoj + y £ 

|m_ 3F 
e 3l^ 

, 3F to +nto — 
D b ' Эе 

the functions J^ a r i s ing from the var iable pa r t of the cu rva tu re drift top. 
The l a r g e s t t e r m s a r e the n = 0 non-resonant l^-derivat ive t e r m s leading 
to diffusion on a t ime scale т£, ~ 2 e <j>^ y[/l . Computing by a moment 
equation the ra te of loss of pa ra l l e l energy from the resonant pa r t i c l e s 
to the waves (principally the to = Ob resonance) ,we obtain a t ime scale 
for creat ion of anisotropy, namely, т^,1 ~ 2Ъ- е ' ^f y . / T ^ ~ b . TJI 1 , and 
Ь ~ r ^ / L r for the most unstable modes ( to~to, . ~"to " ) . 

i ' b i * i ' 

2.1.2 The trapped par t ic le instabil i ty 

Returning to the quadratic form (15) and considering non-flute 
solutions, taking to^ — to.vto and neglecting the t e r m of o rder b, we hâve 

Ik j FTdMde(02 - фг) + Y | (Vxdjude to. ш 

to 

- 2 
0 

(26) 

If t he re a r e par t i c les with t ime-averaged drifts such that to^to > 0, i. e . , 
J = / qds increas ing outwards, see Eq. (10), then ins tabi l i t ies a r e p o s s i 
ble . Such an instabili ty has been d iscussed by Kadomtsev and Pogutse [4] 



CN-24/C-5 377 

considering trapped pa r t i c l e s in a Tokamak configuration, and by 
Rosenbluth [5] considering pa r t i c l e s in a multipole which m i r r o r close to 
В where the curvature i s unfavorable, using t r i a l functions for 0. 
An a l ternat ive to the method of t r i a l functions is a WKB approximation 
for the eigenfunctions, p resumably good at l eas t for h igh-order modes . 
We wri te 

0 = 0 e 
iykds л | - i l kds 

(27) 

By steepest descents around the par t ic le m i r r o r point where q 
ing both q and the phase / k d s as rapidly varying) we find 

0 ( t rea t -

•nix |0 | 

z ainB/9s| |k| 
(28) 

where sQ is the m i r r o r point given by £ = (iB(s0), and where f is a 
quantity determined by the symmetry of the mode about B m i n : f, = 2 for 
an even mode, fj = 0 for an odd mode, fj = 1 if the configuration is not 
symmet r i c about B m i n . Substituting (2 7) into the var ia t ional pr inciple 
(26) using (28) to calculate 0 , varying 0 and к to produce equations for 
к and 0, respect ively , there r e su l t s 

k ( s ) 
3irf,T со 1 e * 

2T.C0 
l 

9£nN 1 d s (1 - Л . В ) 
1 / 2 I d s 

(1 -Л.В) 1/2 
2 

\B(s)=l 

0 (s) ccB |k ( s ) | 

The instabil i ty has CO < 0 and is localized to the region encompassing 
the m i r r o r points of t rapped pa r t i c l e s which have CO-pCO.,. > 0; WKB turning 
points occur at the "null" points, defined to be the m i r r o r points of 
t rapped pa r t i c l e s with CO,, = 0. The dispers ion relat ion is obtained from 
the phase in tegra l condition (n + l/2)7T = / k d s , the in tegra l being taken 
between the nul ls . In a mult ipole the nulls occur very close to B m a x 
and "bounce" per iods of p a r t i c l e s involved a r e logar i thmical ly l a rge ; 
if 2L is the (short) length between the nulls the phase in tegral condition 
gives a growth ra te y 2 - C o | . ( T e / T j ) ( r L / R L ) ( b L / L J"1. 

If the growth ra te is small enough, the assumption CO > COJ-J 
b reaks down; with CO ~ CO,-, the mode can be stabil ized. To calculate this 
effect, we r e tu rn to the unexpanded quadrat ic form given in Eq. (14) 
(again setting J = 1). A var ia t ional pr inciple for CO2 may be found for 
the case T = T. by summing over species ; we obtain 

Г '" 
\ FTd/ide U 

_2 
- - 2 

C O , C O - C O * D D 
2 - 2 

CO - C O 

-Z 
= 0 
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Considering the margina l mode CO - 0, we find that instabil i ty occurs if 
(carrying out the velocity space in tegra l s where possible) . 

fT' '<-H"(^r/ ikw- 1/2 
(29) 

where X - jX/t. If this inequality cannot be satisfied for any t r i a l function 
<p, the mode is s table. Clearly, t r i a l functions which maximize the r ight-
hand side of (29) a r e localized near the null point on the unstable side, 
where the denominator in the integral is small and negative; the WKB 
solution for this case gives eigenfunctions peaked in this way: specifically 
at Ci) = 0 we find k(s) ~ 0(s)^ ~ ( s - s ) _ 1 where s is the null point. Strict ly 
the WKB solution fails for such sharply peaked eigenfunctions but it 
suggests the t r ia l function to use in (29), namely, 0 ~ ( s - s Q ) " ' , con
f i rmed by a m o r e careful ana lys i s . Choosing such a t r i a l function we 
may evaluate both sides of (29). In evaluating the r ight-hand side, two 
cases mus t be distinguished, namely, (i) where the field is increasing 
towards the unfavorable region, a s in mult ipoles, and (ii) where the field 
is decreas ing towards the unfavorable region, as in Tokamaks . In (i), 
only pa r t i c l e s with posit ive ШфСО contribute significantly, namely, those 
which m i r r o r just_on the unfavorable side of the null; in (ii), pa r t i c l e s 
with both signs of WJ-J contribute, namely, those which m i r r o r close to 
the null on either side. Surprisingly, the same resu l t is. obtained for both 
c a s e s . After a s traightforward calculation which need not be reproduced 
here , we find for stability 

1 ЭВ1 Э / Э 
2 9s I ЭЛ. I 9£nN 

(30) 

where X B(s ) = 1. For a multipole configuration this reduces to о о to 

r L 2 
о 

2 2 
where L is defined by B — B m (1 - s / L ), s = L is the null, with r 
and R evaluated at B„ . ,_ ( i . e. , r / R = дЫВ/dlnN at B _ ). max* ' ' max 

The instabil i t ies discussed above do not occur in "maximum-J ' 
configurations [5] where all the t ime-averaged drifts a re favorable. 

2. 1. 3 The ion drift trapped par t ic le instability 

For short perpendicular wavelengths the t e r m s of o rde r s bj and 
(Co/W ĵ) may no longer be neglected. When both a r e included, we find a 
new t rapped-par t i c le instability essent ial ly independent of field curvature , 
and hence occurr ing even in max imum-J configurations. Assuming 
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tion order (ш/шы)2 given in Eqs . (16)- (18) is 

i + ^ - l \ FTdme(^. 2 - ф2) 

(Ct)*CO.-))1/<- < CO < CO ,̂ the var ia t ional pr inciple (15) including the contr ibu-
4i>' 

- f F.rdWC -^фЪф + ШШп \ \ d s d ^ ' <2>f6'K(s, s') = 0 (31) 

Inspection of this quadratic equation for CO (the kernel К is posit ive 
definite) r evea l s that ins tabi l i t ies (almost purely growing) can occur if 
Ъ; is sufficiently la rge (see Fig. la), specifically if in order of magni 
tude b . 1 / 2 W # i / 0 J b i > 1 + T i / T g , which may be writ ten, using CO^ = h^'Z 

v T . / r * 

b i > i (1 + r) < 3 2 > 
1/2-and the growth ra te i s y ~ bj ^ h i - *"or b- > 1 the assumption CO < CO 

breaks down and the instabil i ty does not occur. For b- too small to 
satisfy (32), res idual instabil i ty [ i . e . , from the ion resonance t e r m s 
like (со/со,.) ] occurs in the lower branch of the d ispers ion re la t ion 
(see Fig. la), i . e . , the branch with CD ~ CO^ ^ / ( 1 + Ti/Te). 

A detailed analysis of this mode has been c a r r i e d out by two 
methods; (i) solving the var ia t ional pr inciple (31) using the WKB approxi 
mation (27), and (ii) using s imple t r i a l functions (the var ia t ional pr inciple 
i s good for r ea l CO and may be thought of as a max imum pr inciple for bj, 
providing the l a rges t bj for stabil i ty). In (i) we use the resu l t (28) for 
<t>, and compute the in tegra l over К for t rapped pa r t i c l e s in (31) by the 
same s teepest descents method around q = 0 used to obtain (28). Varying 
ф we obtain an equation for k(s), namely, 

i 
where f, is another symmet ry factor, namely, 1/6 for an even mode, 
1/2 for an. odd. mode, and 1/3 if no symmet ry occu r s . In mult ipbles this 
instabil i ty occurs for the even mode, i. e. , even about В m j n , and the 
d ispers ion relat ion is obtained from the phase in tegra l condition, / kds = 
27Tn, taken around the field l ine. Setting to zero the d iscr iminant of the 
resul tant quadrat ic equation for CO to de te rmine the marg ina l case , we 
find instabil i ty (for n = 1) if 
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FIG.l. Dispersion curves for (a) ion drift trapped-particle mode; (b) electron drift trapped-particle mode. 
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FIG.2. (a) Quadrupolc field model; (b) trial function for ion drift trapped-partiele mode: 
function for electron drift trapped-particle mode. 

(c) trial 

E v a l u a t i n g t h e s e i n t e g r a l s for t he s a w - t o o t h m o d e l of a q u a d r u p o l e f ie ld 
shown in F i g . 2a for s m a l l f ie ld m o d u l a t i o n ( s m a l l A), we find i n s t a b i l i t y 
if (32) i s s a t i s f i e d wi th an e x t r a n u m e r i c a l f a c t o r of v 6 / 4 on t h e r i g h t . 
F o r l a r g e f i e ld m o d u l a t i o n the c o n d i t i o n i s l i t t l e c h a n g e d , the n u m b e r 

/ 4 be ing r e p l a c e d by 1 / V 2 ; h e r e b- a n d r a r e to b e e v a l u a t e d a t В • . 
S ince the WKB s o l u t i o n m a y fa i l fo r t he l o w e s t - o r d e r m o d e (n = 1), c a l c u 
l a t i o n s h a v e b e e n done for the s a m e s a w - t o o t h m o d e l u s i n g m e t h o d (i i) , 
i . e . , t r i a l f u n c t i o n s . T h e s q u a r e - w e l l t r i a l funct ion shown in F i g . 2b 
w a s u s e d . C a l c u l a t i n g t he i n t e g r a l s i nvo lved , . - t he v a r i a t i o n a l p r i n c i p l e 
(31) b e c o m e s (for s m a l l Д ) , only u n t r a p p e d p a r t i c l e s c o n t r i b u t i n g to the 
(0)/o>, ) 2 t e r m . 

1 +
 T -

1/2 Д ' Ш.,.. b. 

Ш 
_8_ 
15 

ШШ , . L 

1/2 2 
^ V T . 
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giving an instability condition similar to (32) with a numerical factor 
V15/32 on the right, very close to the WKB result. One general feature 
should be noted: as the field modulation becomes small the condition 
for instability remains approximately unchanged [this may be seen in the 
general case by inspection of (33)] . However, the growth rate is reduced, se by inspec 

J / 2 b . l / 2 w bi" 

2.2 The case Wb-< U< Ш-b e 

Here we use the approximate solutions (9) for the electrons and 
(12) for the ions. A variational principle is again constructed by multi
plying the neutrality condition (8) by <f>/B and integrating over s, giving 

T. 
l 

T e 

+ 1 

ZTTF Td/Jd£ 

-Ц$ч{ - b . ,' Ci) . 

1-1 e 1 1 + - ^ о I Ct> 

V T 
K ) | 0 2 - - ^ f / l e"bi 

where к = 2(3£nB/9j£nN) y and the ion velocity space integration has 
carried out. Where b - land к < 1, the first term in (34) is the larg 
and must vanish to lowest order, giving two possibilities, namely, ç 
constant (flute mode) or U)^0)^e (drift mode). 

2.2.1 The electron flute instability [1, 6] 

(34) 

been 
est 

The flute mode dispersion relation is obtained by varying (34) 
with respect to (j>, putting ф = constant in the small terms, and integrating 
over s. We obtain the same dispersion relation as for the ion flute, i. e. , 
Eq. (21). But here the largest resonances are from the electrons [either 

\ - ' t o r m c r\-y f l i e n — Л ^ о е л п ^ п ^ о с n t l \ f t r o fi) — ft) I , T h e 0) D e J the (ш/U), )3 terms, or the n = 0 resonances where W 

perturbation technique shows these to be destabilizing if 0< w/o),,. < 1, 
and hence from Eq. (21) there is a residual electron flute instability if 

1 ><b.> > - - i (к) 

If b- .• 1, a flute mode occurs only if T x T. and W > (i)o.„ and so the i ~ > ' e i '-e 

electron flute instability does not occur. 

2.2.2 The electron drift instabilities [l, 6, 7] 
Putting Ct) = 0)ф in the small terms the variational principle (34) 

shows that residual instability (again arising if w/w.,. < 1) occurs if, for 
bi<l , 

ж^£")'2>3ч¥(й) (35) 
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M a x i m i z i n g the l e f t - h a n d s i d e , w e find m o d e s l o c a l i z e d a r o u n d K m a x 

fo r Ь - < К (d r i f t b a l l o o n i n g m o d e ) a n d a r o u n d b r n a x for Ц > к (d r i f t 
u n i v e r s a l m o d e ) , s a t i s f y i n g (35) if Ь^>(Т^/Те) r R / L 2 a n d Ь > - ( T i / T e ) 
r / L , r e s p e c t i v e l y , w h e r e r a n d R a r e to b e e v a l u a t e d a t t h e r e s p e c t i v e 
m o d e l o c a t i o n s . A m o r e c o m p l e t e d i s c u s s i o n m a y b e found e l s e w h e r e 
[1 .6 .7] . ' 

2 . 2 . 3 T h e e l e c t r o n d r i f t t r a p p e d - p a r t i c l e i n s t a b i l i t y 

F o r v e r y s h o r t p e r p e n d i c u l a r w a v e l e n g t h s , i . e . , l a r g e b j , t h e 
e l e c t r o n d r i f t m o d e h a s w/w^ s m a l l . F o r one of the m o d e s , n a m e l y , 
t he odd m o d e , t he t e r m s of o r d e r (w/co, ) 2 b e c o m e i m p o r t a n t , a n d w i t h 
t h e s e i n c l u d e d a n e w a l m o s t p u r e l y g r o w i n g e l e c t r o n d r i f t i n s t a b i l i t y i s 
found, c o n t r a s t i n g w i t h t h e r e s u l t s of p l a n e g e o m e t r y c a l c u l a t i o n s w h e r e 
on ly r e s i d u a l i n s t a b i l i t i e s a r e found e x c e p t for Ct)i;WD e . F o r t h e m o d e 
odd a b o u t В • , w e h a v e ф = 0; n e g l e c t i n g a l l c u r v a t u r e t e r m s in (34), 
t a k i n g CU< 0)-^ and b , > 1, a n d a d d i n g the e l e c t r o n t e r m of o r d e r ( ш / ш Ь е ) 
g i v e n i n E q s . (16) - (18), w e h a v e 

• • ^ ' • ^ 
d s 
B (z^)1/2 

+ 0)0)^. \ 27TF TdjudC Г \ — ^ 1 фф' K(s, s ' ) = 0 

I n s p e c t i o n of t h i s q u a d r a t i c e q u a t i o n for CO ( s e e F i g . lb) s h o w s t h a t 
i n s t a b i l i t i e s ( a l m o s t p u r e l y g r o w i n g ) c a n o c c u r if ш * ; / ш ' К е ' : > ^ i •* 

(1 + T . / T ) , i . e . , if 

T „„ / Т. ч 2 

ъУ >(-) =5 — 1+ =i l ^L / T . m \ T 
l/Z

>lL]Z _ Ç . M . ( , + _ L < 3 6) 

e 

and h a v e g r o w t h r a t e s y~ ^ b e / ^ i • -* г° г k- t o ° s r n a ^ to s a t i s f y (36), 
r e s i d u a l i n s t a b i l i t y [ i . e . , f r o m t h e e l e c t r o n r e s o n a n c e t e r m s l i k e (CO/CO, ) J 
o c c u r s in t h e b r a n c h w i t h s m a l l e r C0| ( s e e F i g . lb) , i . e . , t he b r a n c h 
w i t h CO - C O - g / b j 1 / 2 (1 + T e / T j ) , m e r e l y t h e l a r g e b- l i m i t of t he u s u a l 
d r i f t i n s t a b i l i t y . T h e r e s u l t (36) h o l d s on ly fo r b e < 1; p u t t i n g Ъ "-" 1, 
t h e l i m i t i n g v a l u e , in (36) w e o b t a i n a s t a b i l i t y c o n d i t i o n T - / T e > ( m / M ) 
( L / r ) if T^ > T . A d e t a i l e d a n a l y s i s of t h i s m o d e h a s b e e n c a r r i e d out 
by t he s a m e two m e t h o d s u s e d f o r t h e ion d r i f t t r a p p e d - p a r t i c l e m o d e ; 
n a m e l y , (i) a WKB a p p r o x i m a t i o n a n d (ii)- s i m p l e t r i a l f u n c t i o n s , a p p l i e d 
to t h e s a w - t o o t h q u a d r u p o l e m o d e l shown in F i g . 2 a . T h e odd s q u a r e -
w e l l t r i a l f unc t ion shown in F i g . 2c w a s u s e d [ h e r e bo th t r a p p e d a n d u n 
m a p p e d p a r t i c l e s c o n t r i b u t e t o t h e (CO/uV) t e r m ] . F o r s m a l l f ie ld 
m o d u l a t i o n s , t h e m e t h o d s p r o v i d e d n u m e r i c a l f a c t o r s of 3*j2-n&-/16 a n d 
15 «\/27Г A / 6 4 for t he r i g h t - h a n d s i d e of (36) ; g r o w t h r a t e s a r e of o r d e r у 
~ д 1 / 4 с о Ь е / ъ Д Л . 
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The case W > k>, is l e s s interest ing and is not d iscussed here , 
since for Ct> < Ct).;, ext remely shor t perpendicular wavelengths a r e required, 
except for very large L. Residual flute and drift ins tabi l i t ies do occur 
in this r eg ime but growth r a t e s a r e exponentially smal l . 

3. POLOIDAL AND TOROIDAL FIELDS 

With a toroidal field BT added to the poloidal field B^ the 
stability problem becomes much m o r e complicated since, because of 
the shear , it i s , in general , n e c e s s a r y to calculate the l/ '-dependence of 
the eigenfunctions. The analys is is further complicated by the p resence 
of radia l drifts due to geodesic curva tu re . We wri te for per turbed 
quantit ies 

ф= $ Сф, x ) exp[- iO)t+i£ (в- j B T d x / R Q B i ) ] (37) 

the phase being constant along a field l ine; the matching condition is then 
[ in^l = i H I ' Ф, where [ J denotes the jump going once around in \ , 
С(Ф) = f B T d) ( /R 0 B^ , and ^ is measu red from some rat ional surface 
where Hi = 27Tn. The function фСф,\) is to be de termined. The analysis 
is lengthy and will be presented e lsewhere . We confine ourse lves he re 
to a' s ta tement of some of the essen t ia l r e su l t s . 

3. 1 Flute modes 

For Ш< (J), . these a r e localized within Hi'ф <• 0)/Ш-и . We find 
the average curva ture [replacing ( / d s / B ) ' J to be given by a new gener 
alization of the quantity V", namely, 

v+t 
2 , 1/Braax iJB-IHy^J* /г-н* в1(1-хв)1/2 

which may be compared with the resu l t of a finite res i s i t iv i ty fluid theory 
[8J, namely, 

,2 

A Schwartz inequality shows that 

B^ \ B^ ' B, 

2 . \ - l 

J J Bj(l-XB) ' \ J B^ 

which r e l a t e s V'''" a n ( j V "'" as follows: if the average toroidal curva ture 
is^favorable, i . e . , d/dtyj B 2 d X / B 2 > 0, (e. g. , in sphera tors ) then_V+t > 
V'4'1" so that the condition V'T < 0 i s s t ronger than the condition V " < 0; 
if, however, the average toroidal curvature is unfavorable then the 
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V*-1" < 0 condition is the s t ronger . Essent ia l ly , in the V' ' c r i te r ion the 
toroidal curva ture contribution comes only from the untrapped pa r t i c l e s , 
and is therefore reduced. The flute modes a r e easi ly stabil ized by shear 
[shear ~ ( m / M ) * / ^ J , except if V"H" > 0 when a res idua l ion flute instabili ty 
r emains , highly localized but not shear stabil ized. For CO > w -u e the 
average curva tu re is found to be given by V" ' ; for W î < ^ < ШЬе ^ е 

appropr ia te quantity has not been determined. 

3.2 Trapped-par t i c le ins tabi l i t ies 

These a r e not highly localized (lity > 0>/o>bi) and the untrapped 
pa r t i c l e s (which cause mos t of the difficulty in the analysis) a r e not 
significantly involved [5J. The analys is in Sec. II r ema ins good provided 
in in tegra ls over s we wri te ds = Bdx./B ,. The m a x i m u m - J condition 
becomes 

И = _3 Г qBdX <• о 

It has been noted [4J tha t having Bi i nc rease outwards in s te l la ra tor or 
Tokaraak configurations reduces the number of trapped pa r t i c l e s with 
3 j / 8 ^ > 0, though there always remain some (namely, those trapped on 
the outside very close to В • ). A "null" where dj/dty = 0 always occurs , 
and hence we can apply the stability c r i t e r ion (30) which now becomes 

2 
В f 9B _9 / 8 Г Bd^ „ , n , l / 2 

В 3 Эх ЭА. V9£nN J B' 

We have applied this condition to a Tokamak configuration, but find it 
difficult to satisfy; it becomes 

В. \ 2„ . 
1 \ ;r Rr 

d in r X r 3 / 2 / r 2 

о 
in the mos t favorable case where the left-hand side is very large; he re 
r is the minor radius and r the density gradient scale . 

3. 3 Geodesic curva ture ballooning modes 

The toroidal field provides geodesic curva ture ; he r e we look for 
possible drift ballooning instabi l i t ies , i . e . , with W ĵ - Ш ' ш , driven 
by it. We use the form (37) so that the ^-dependence of ^ d e s c r i b e s the 
whole var ia t ion along the field, with Bdx/Bj[= ds ; we take a WKB form 
in both s and ty, i. е. , ф •• exp(i / \афа^{/ + i / k s ds ) , giving 
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w h e r e 

W D ITD- V ( 0 + f B T d X / R o B ^ ) 

CO = к , v* . V)// 

а 2 ( £ 2 B 2 / R 2 B 2 + kZ |V ^ | 2 ) 

= b f l + V 

We h a v e h e r e n e g l e c t e d one t e r m in b w h i c h d e s c r i b e s t h e e f fec t of the 
s h e a r , n a m e l y , a t e r m in (д/дЦ/)1 В d x / R Q B j , bu t t h i s i s r e l a t ive ly -
n e g l i g i b l e for m o d e s l o c a l i z e d i n ^ . We t r e a t t h e s e c o n d g r o u p of t e r m s 
i n (38) a s s m a l l a n d pu t CO = ШФ in t h e s e t e r m s . I m p o s i n g the c o n d i t i o n 
9Co/3ki , = 0 for n o n - c o n v e c t i o n of t he m o d e in \p, we f ind k ^ | Vi// | = v,-.. • 
V l / V 2 a ) * e

a i . S u b s t i t u t i n g b a c k in to (38) we f ind 

2 , 2 2 
T. / CO, \ / T 
_A ( 1 . ^ e ) = 1 + _ 
X \ CO ' \ T - b . л + ~ т 

ifl W, . 2 2 | „ , | 2 
e e *e 4C0o, a. IVi^l CO 

k s V T. 

*e 

w h i c h shows (a t l e a s t fo r m o d e s of t h i s type) t h a t t h e g e o d e s i c . c u r v a t u r e 
i s in fac t s t a b i l i z i n g ( p a r t i c u l a r l y for s m a l l £), s i n c e i t t e n d s to m a k e 
1 - C0,;!e/C0 > 0. T h e po in t of l o c a l i z a t i o n in s i s w h e r e 3k / 3 s = 0, i. e . , 
f r o m (38) w h e r e 

л L _ ̂  _ ^)- о 
\ * e *e ' 

t o g e t h e r w i t h a c o n d i t i o n t h a t t h e s e c o n d d e r i v a t i v e b e n e g a t i v e . T h i s 
shows t h a t t he g e o d e s i c c u r v a t u r e c a n a l t e r t h e m o d e l o c a t i o n and 
( p a r t i c u l a r l y a t s m a l l I) t h i s s e e m s to b e i t s d o m i n a n t e f fec t . 

T h e s e c o n c l u s i o n s do no t a p p l y to v a l u e s of кл, s u c h t h a t Эсо/Эк у 
Ф 0, w h e r e the m o d e w i l l be c o n v e c t e d out by t h e g e o d e s i c c u r v a t u r e 
effect b e f o r e i t h a s t i m e to g r o w a s long a s у ^ CO - C0.^e a s c a l c u l a t e d 
a b o v e . 

4 . CONCLUSIONS 

T h e p r i n c i p a l n e w c o n t r i b u t i o n s of t h e p r e s e n t w o r k a r e a s 
f o l l o w s : 

(i) A f a i r l y c o m p r e h e n s i v e t h e o r y h a s b e e n g i v e n of t he l ow-
f r e q u e n c y s t a b i l i t y of low-Д c o l l i s i o n l e s s p l a s m a s in a x i s y m m e t r i c 
t o r u s e s , i n w h i c h the v a r i a t i o n of t he f ie ld s t r e n g t h a l o n g the f ie ld i s 
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r igorous ly t rea ted . Modes previously d iscovered in s impler geomet r ies 
(i. e. , e lec t ron flute, ion flute, e lec t ron drift and ballooning) have been 
found, and stabili ty c r i t e r i a given. 

(ii) The ion flute mode has been considered in some detail , 
and, in / d £ / B stable configurations, shown to be res idual ly unstable 
only at low density; stabilization due to slight anisotropy or t empe ra tu re 
gradient has been demonst ra ted . 

(iii) The curva ture dr iven t rapped-par t ic le mode has been shown 
to be stabil ized by a finite curva ture effect; the c r i t e r ion seems a t ta in
able in mul t ipoles . 

(iv) Two new ins tabi l i t ies have been found, t e rmed ion and 
electron drift t r apped-par t i c le modes . The ion mode i s a specific 
consequence of the t rapped pa r t i c l e s and can be a lmos t purely growing. 
The e lec t ron mode is s imi lar to the usual drift waves, but can be a lmos t 
purely growing even for Ci) < W, this being a specific consequence of the 
finite var ia t ion of the field s t rength along the field. 

(v) For the case with toroidal field, a new general ized V" 
c r i t e r ion i s p resen ted essent ia l ly involving the c o r r e c t orbit for t rapped 
and untrapped pa r t i c l e s . 

(vi) An eikonal method for t rea t ing geodesic ballooning modes 
is p resen ted ; non-convective modes driven di rec t ly by geodesic curva ture 
do not seem to occur . 
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NON-ADIABATIC BEHAVIOUR OF P A R T I C L E S 
IN INHOMOGENEOUS MAGNETIC FIELDS 

EL J. HASTIE, G . D . HOBBS AND J. B. TAYLOR 
UKAEA, CULHAM LABORATORY, ABINGDON, BERKS, UNITED KINGDOM 

Abstract 

NON-ADIABATIC BEHAVIOUR OF PARTICLES IN INHOMOGENEOUS MAGNETIC FIELDS. The results 
are presented of a numerical study of charged particle orbits in linear multipole fields. This study includes, 
in particular, the breakdown of adiabatic behaviour in regions of weak magnetic field. The breakdown, which 
is confined to comparatively short lengths of an otherwise adiabatic orbit in the vicinity of the field minima, 
results in abrupt step-like changes in the particle's magnetic moment u. The circumstances in which this 
occurs have been analysed and a theory is presented which predicts, and is in agreement with, the observed 
dependence on the various parameters of the particle trajectory (energy, pitch, phase for example). 

1. INTRODUCTION 

I t has been known f o r some time [ 1 , 2 ] t h a t t h e magnetic moment of a 
p a r t i c l e o r b i t i n g i n an inhomogeneous magnetic f i e l d s u f f e r s i t s l a r g e s t 
v a r i a t i o n s as t he t r a j e c t o r y pa s se s through a l o c a l minimum in t h e f i e l d , 
i . e . , where дЪ/àl = 0 ; d2B/dl2 > 0 . Garren e t a l . [ l ] , i n numerical 
s t u d i e s of p a r t i c l e t r a j e c t o r i e s i n axisymmetric m i r r o r f i e l d s , found 
Ho = v . ï / 2 3 t o b e approximately constant over the greater part of the 
trajectory, but to change rapidly from one constant value to another as 
the particle crossed the mid-plane of the mirror field. They also showed 
that these jumps (Др.) in it have an exponential dependence on the par
ticle velocity: Др. = Ae"B/v, and are periodic in the Larmor phase cp0, 
with which the particle crosses the mid-plane. More recently Howard [з] 
has studied orbits in a linear Octopole field and has found similar non-
adi.abatic phenomena. 

In the Russian literature several efforts [4,5,6], have been made to 
devise analytic expressions for the non-adiabatic change Др. but none 
of these is particularly suitable for comparison with numerical calcula
tions in real fields and their derivation is frequently lengthy and 
indirect. 

In this paper we derive an analytic expression for the non-adiabatic 
jumps in (j. by a method which is applicable to magnetic fields of arbit
rary complexity. This is then compared with numerical results from a 
wide variety of orbits in linear multipole fields. 

Work on adiabatic invariants has established both the first order 
correction ((-i±) to ц0 [7], and the second order correction (u2) in 
axisymmetric fields [8] and in arbitrary vacuum fields [9]. Using these 
results we may write the magnetic moment invariant, correct to second 
order, in a linear multipole field as: 

H = Ho + r \ + H2 ( 1 . 1 ) 
with 

v i 
H0 = ^ " ( 1 . 2 ) 

389 
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= -ТГ 7Г ! (ум + ^ v i ) Pi s i n <P + î V»V-L P2
 s i n 2<pj (1.3) 

ц2 = \ Cn cos ncp (1.4) 

n=o 

u o - 2B ш2 ^VM p i v
n

v
x ^ а г s p ^ y v j . l̂ g эг 16 к= й r< " v ; 

4 + 3 ^ i . (1-б) 

C3 = • r f - b f P . P » - ^ ] (1.8) 

C, = Г— \r?l 0 .9) 

and 'p3 =- 1/b(ôB/d£); p = 1/RC the curvature, and Vu, Vj_ have their 
usual meaning. The phase angle ф is defined by tan <p = Vy/vn where 
v n is the component of velocity normal to the flux surfaces of the multi-
pole field, and vz is the component in the direction of symmetry. 

Jz f 
more complicated expressions given in [9]*. 

In Section 2 the expression for Д correct to zero,, first and second 
order, i.e., n 

1n = \ Hr ; n =0,1,2 

о 
are computed along orbits in a quadrupole field and their qualitative 
behaviour described. This shows, in agreement with the earlier calcula
tions, that over large parts of the orbit (i0, Д and ц2 oscillate, 
with successively smaller amplitudes, about a constant value. However 
in the neighbourhood of the minimum field along an orbit Д may under
go a sudden change from one almost constant value to another. 

In Section 3 we derive an analytic formula for these abrupt changes 
Дц in jl and in Section 4 this formula is compared with the computed 
values of Дц over a range of phase, pitch and energy of the particle. 
It is found that the analytic formula gives good agreement with the 
numerical calculations. 

2. NUMERICAL RESULTS 

In this section we consider the results of numerical calculations of 
£n along particle trajectories in a quadrupole field. There are basic
ally two types of orbit, mirror orbits in which the particle is confined 

•There is an error in the sign of c0 in reference [IF]; with c0 

replaced by -c0 the formula given is correct. 
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to one section of the quadrupole f ield and passing orb i t s which pass com
pletely round the system. Both types of orbi t show non-adiabatic changes 
in jî as the energy of the pa r t i c l e i s increased. 

The basic multipole f ield can be represented by 
n - l 

В = — (1 + 2 q Cos Ф + q s ) a q 
2n (2,1) 

where q labels the different f ie ld l ines , # i s the magnetic poten
t i a l and 2a i s the separation between the current filaments producing 
the f i e ld . A fu l l discussion of the f ie ld i s given by Hobbs & Taylor [10]. 
For a quadrupole (n = 2) the f ie ld l ine q = 1 passes through the zero 
of В while q = 1-19 i s the c r i t i c a l fdl/B l ine and q = 2-0 i s a l ine 
on which the curvature p± i s zero a t the 'weak f i e l d ' plane of symmetry. 
This 'weak f i e l d ' plane of symmetry corresponds to Ф = л while Ф = 0 
i s the 's trong f i e ld ' plane of symmetry. 
The pa r t i c l e orb i t i s characterised by 

- i , <p the phase angle = tan_± v z / v n 
ф the pitch angle = t a n - Vj/vu 
r the larmor radius = mv/eB(o) where B(o) i s the f ie ld 
strength a t the p a r t i c l e ' s s t a r t i ng point . 

(a) Mirror Trapped Par t i c les 
Abiabatic Orbits 
Fig.1 shows the time var ia t ion of the three successive approxima

tions A0, A1( Д2 to the invariant , for a typical adiabatic p a r t i c l e . 

nm2 
+•1.0 

q = U 9 
r/as 0.02 

Ф - П 
фхО 

2.45-

Mn 

2.40 

2.35 

T i m * 

/ v 2 ' 
FIG.l . Variation of Д п / т — versus time; n = 2, q = 1.19, Ф = rr, * = 1.0, r/a = 0.02, <p= 0. 

/ 2 Bm 
In all figures В m = В(Ф = 0), the maximum value on a field line. 
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I t s t ra jectory s t a r t s on the c r i t i c a l / d ê / B l ine i . e . , q = 1-I9 in 
the weak-field (Ф = %) plane of symmetry and has been followed through 
two ref lect ions and two t r a n s i t s of the weak f ie ld plane. The zero order 
approximation p0 o sc i l l a t e s at the gyrofrequency with small amplitude, 
while A-̂ Aa osc i l l a t e with s t i l l smaller amplitudes, about a constant 
value. 

Non-Adiabatic Orbits 
1л Fig.2 the Дп are shown for a pa r t i c le of smaller pi tch, and 

larger energy. The behaviour between crossings of the . Ф = л plane i s 
very s imilar to that of an adiabatic p a r t i c l e , but d i s t i n c t jumps in Pn 
occur over a short i n t e rva l , of order a few gyro-periods, as the pa r t i c l e 
crosses t h i s plane. 

FIG.2. Variationof/Гп 

Time 

versus time; n .= 2, q = 1.19, ф =тг, * = 0.6, r/a = 0.075, ip=0. 

In Fig.3 these results are shown in more detail.using separate (and 
different) scales for fLQ, (j.± and Aa. This figure shows quite clearly 
that the particle behaves adiabatically over the greater part of its 
orbit and that in this adiabatic region £0, Д , fi2 again represent 
successively better approximations to a true invariant. 

In Fig.4 the same particle is followed through many transits of the 
Ф = % plane, during which the magnetic moment changes in random fashion, 
and in fact the particle changes from a 'mirror' (Д>1) to a 'passing' 
(£<1) particle and back again several times. 

(b) Passing Orbits 

The behaviour of passing particles near the field line q = 1-19 is 
not qualitatively different from that of mirror particles described above. 
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T i m e 

FIG.3. ц , |î , p separately, versus time; n = 2, q = 1.19, Ф = ir, * = 0.6, r/a = 0.075, <p= 0. 

3.0 • 

1 v2 

FIG.4. Variation of МпЛто- versus time, followed through many transitsof the weak field; n = 2, q = 1.19, / 2Bm 

Ф =я-, Ф = 0.6, r /a = 0.075, (»= 0. 

At small energy they behave adiabatically with Дп oscillating about a 
constant value while at larger energy the Дп undergo sudden changes near 
the field minimum. Consequently we do not show examples of the type of 
passing orbit. Instead we concentrate on passing particles near the line 
q = 2. The behaviour of Дп for such a particle is shown in Fig.5. 
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FIG. 5. Variation of ( î n / 

Time 

X 10 4, versus time; n = 2, q = 2.0, 1 = 0, * = 0, r /a = 0.02, if = 0. 

(lj ЛМ»А»Л^*^И\/"*л~^«*Л№ЛлАлЫ^ 

Time 
FIG. 6. м0, (î i , (I2 separately versus time; n = 2, q = 2.0, Ф = 0, + = 0, r /a = 0.02, </> = 0. 

The field line q = 2 has zero curvature in the Ф = •к, weak field 
plane. This explains why Д0 has its smallest oscillations in this 
region for these oscillations are principally due to variation in В 
around the orbit and В is nearly constant when the curvature is zero. 
At first sight this might indicate that the non-adiabatic behaviour in 
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the neighbourhood of Ф = % would also disappear... However inspection of 
Fig.6 (in which the Д curves are separated and shown on different scales) 
shows that the oscillations of Д а, unlike those of Д 0, are a maximum in 
this region. This in turn suggests that at higher energies non-adiabatic . 
jumps in fl will occur as the particle passes through the Ф = % plane. 
This is confirmed by Fig.7 which shows the behaviour of a particle with 
five times larger Larmor radius than that of Fig.6. These observations 
suggest that abrupt changes in the invariant near the mid-plane region 
depend more on the parallel variation in the field than in the transverse 
variation. • . 

r/c-o-i 

Tir 

3 . ANALYTIC APPROXIMATION FOR Au 

We o u t l i n e here a method f o r o b t a i n i n g an a n a l y t i c . f o r m u l a fo r t h e 
n o n - a d i a b a t i c mid-p lane jumps ДД i n Д observed i n t h e p r e v i o u s s e c 
t i o n . In e s sence i t i n v o l v e s i n t e g r a t i n g t h e t ime d e r i v a t i v e of |% 
a long an approximate o r b i t i n t h e neighbourhood of the m i d - p l a n e ; The 
method i s a p p l i c a b l e t o t r a j e c t o r i e s i n magnet ic f i e l d s of a r b i t r a r y 
form, b u t f o r s i m p l i c i t y we t r e a t only t h e l i n e a r m u l t i p o l e i n d e t a i l 

We f i r s t no te t h a t t he o v e r a l l change of Дп i n one t r a n s i t i s e s s e n 
t i a l l y g iven by дД0 s i n c e Д± and Да a r e smal l i n t he a d i a b a t i c r eg ion 
on e i t h e r s i d e of t he jump. For Д we have t h e e x a c t e q u a t i o n 

du r o 
d t V H + 2 v ! 

VI IVJ . 
p ± cos 9 + —x— p a cos 2ф (3 .1) 

where p±, p2, <p a r e def ined i n pa ragraph 2 , and v'n, vj. have t h e i r u s u a l 
meaning. Then t 

д , о = d t d t . . . (3.2) 

- t 
where t = О is the time of arrival at the plane Ф = тс. 
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(a) Transformation to Averaged Variables 

The observed non-adiabatic effects are confined to a narrow region 
about the § = % plane which suggests that the integral can be evaluated 
by expanding the orbit about th is plane. In the small larmor radius limit 
however, cp is a rapidly rotating phase, d<p/dt = 0(coc), and higher order 
time derivatives of a l l quantities get progressively larger as the order 
is increased, so that the range of validity of a direct expansion of cp, 
Vu and Vj_ shrinks to zero as the expansion proceeds. 

To overcome this difficulty we f i r s t transform to 'averaged variables' 
discussed by Bogoliubov and Zubarev [11]. These have the property that 
time derivatives of a l l quantities do not depend on the phase and so 
higher order time derivatives remain of zero order in the expansion para
meter which is effectively 1/<!>_• Regarding this parameter, as small, the 
transformation to f i r s t order is 

ф = <p + — *Pi All Pa 
COS cp + ( — ~ cos 2cp 

vu = vu -tjp (V|lp1) sin cp + f-^j— J sin 2$ 
( 3 . 3 ) 

Vj_ = V I + — 

£ + ^ 

" . - /v±Pa\ 
(viip1) sin 9 + ( - — J sin 2ф 

cos cp e sin cp g 

and the time derivatives of the averaged variables are given by 

dc£ 
dt 

dv и Vj.pa 

d t 

d r 

' | | V X _ 
— p; 

dt ~ 2 ' dt _ ' " ~ i ' U>r {V»+2 V±j p i e z 
1 - : 

( 3 . 4 ) 

Using the transformation to averaged variables in lowest order ДД may 
be written 

Лцо = -Re f dt jvx(v« +1 vl) P± e 

- t 

icp (3.5) 

where we have dropped the bar superscripts for convenience. We have also 
omitted terms in exp 2icp as these would lead to exponentially smaller 
contributions to Дц than terms in exp icp. This expression (3.5) is of 
the form 

-lf(z) 
X(z) e dz (3.6) 

with e « 1 which is normally evaluated by the steepest descent method, 
expanding f(z) about the point g where f'(S) = 0. However in (3.5) 
the function X(z) has a pole at Ç so that before applying the saddle 
point method we must rewrite (16) as 

Al'n -Re 
1 

v„ + T v 2 V-L J Pi e 
icp-log B/B0 

dt (3.7) 
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I f ( z ) 

X(z) = 

We now c a r r y out a Tay lor expans ion about t h e mid-p lane and o b t a i n 

в;' 
ДД i n t h e form 3.6 w i t h r o 

10), t o 
Г Bo z r 

- l o g ( 1 + ^ | - j + i<P0 

v^vfl+I v i ) b 

and where 2 a^B 
11 эг2 

о Ô2P1H 

(3.8) 

(3 .9 ) 

p, = 
t=0 

II dl2 

t=0 

and с i s a c o n t o u r i n t h e complex p lane connec t ing - t and t . 

The sadd le p o i n t z = £ , of f ( z ) i s given by 

% 
. "о z" 
_1 + % -

whose solution may be written 

^ = - i 

JLi 

В \ k 
- % ) + 0 ( e ) 

/Ufco V 2B? ' 

(3.10) 

(3.11) 

where t he + s i g n i n 3.11 must be t a k e n so t h a t t h e p a t h of i n t e g r a t i o n 
does not c r o s s t h e branch c u t from t h e s i n g u l a r i t y a t z 0 = v ^ B n / B " . 

F i n a l l y , ДД0 i s g i v e n , i n te rms of t h e averaged v a r i a b l e s as 

- a / e 
ЛР-л A Cos ф е 

where 
A = 

U e ) ^ p x p i 
4 ( v 2 + | vl) 

V_l.pl 
(v 2 + v 2 ) 

BoX'i О 
and 

, 2 / 2 B o \ ^ 

(3.12) 

(3.13) 

(3.14) 

To compare t h i s w i t h t he numerical r e s u l t s , we must r e t u r n from t h e a v e r 
aged t o t h e l o c a l v a r i a b l e s . The i n v e r s e t r a n s f o r m a t i o n , s i n c e i t i n t r o 
duces o ( e ) c o r r e c t i o n s , need only be a p p l i e d t o t h e e x p o n e n t i a l t e rm. 
The r e s u l t i s 

AHo = ACos ? o e V E e P S i n ^ 

where 
„ 1 n / 2 B o \ V , .u P1 В 

B" Pi В 
and A, a/e 

(3.15) 

(3.16) 

a r e a s g iven i n 3 .13 and 3 . 1 4 . 

The method o u t l i n e d above can a l s o be a p p l i e d t o t h e more compl i 
ca t ed case of a m u l t i p o l e f i e l d w i t h a superimposed c o n s t a n t B z . 

4 . DISCUSSION AND COMPARISON OF ANALYTIC AND NUMERICAL RESULTS 

I n t h e p r e v i o u s s e c t i o n we d e r i v e d a t h e o r e t i c a l e x p r e s s i o n f o r t h e 
n o n - a d i a b a t i c jumps d i s c u s s e d i n pa ragraph 2 . In t h i s s e c t i o n we i n -

http://V_l.pl
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vestigate the dependence of this expression, on the velocity and field 
variables, and compare the predicted jumps with those obtained numerically. 

(a) Dependence on Phase Angle 
The analytic formulae (3.15 and 3.17) show that the dependence of 

Др. on the phase ф0 is a distorted cosine with zeros at <p = TV'2, Зтк/2 
but with maxima displaced from 0, and %. The zeros at %/2, Зя/2, 
corresponding to trajectories with vn = 0 at t = 0, are a consequence 
of the symmetry - any change in p in one half of the trajectory being 
cancelled in the other. The displacement of the maxima arises from the 
factor exp(p sin cp) introduced by the transformation from average (or 
guiding centre) variables to particle variables. It reflects the fact 
that for a given guiding centre position orbits with negative vn pene
trate nearer to the field zero than do orbits with positive vn. 

Fig.8 shows a direct comparison of the phase dependence of Др. 
(broken line) with the numerical calculations (solid line). There is a 
discrepancy in amplitude which will be discussed later; however the 
dependence on phase is very-accurately predicted as can be seen from 
Fig.9 where the curves have been normalised to a common amplitude. 

FIG.8. Variation of A(t against phase; n = 2, q = 1.19, Ф = 0.8, r /a = 0.075. 

FIG.9. Variation of Д Д / Д ( а а х against phase. [Renormalized version of Fig.8] ; n = 2, q = 1 . 1 9 , 
* = о Ж r/a = 0.075. 
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(b) Dependence on Pitch Angle 
Fig. 10 shows the comparison of the pitch dependence of ДД from 

theory with that from the numerical calculations. The numerical values 
of Д(1 become increasingly difficult to define as vu -» 0 (f -* д/2) 
because the orbit does not then penetrate far enough into the mirrors 
for a steady value of Д to be defined. 

Such, nearly planar orbits are of some interest in that the quantity 
/ p n dn is then an invariant . It can also be shown that if vu = 0 
the infinite series for Д can be summed and is a true constant. In 
other words if the magnetic moment series is regarded as being a double 
expansion in e± = Vj/Lx o^ and EM = vnAn coc then when en -» 0 the 
ej_ series can be summed and tends to a true constant of motion - albeit 
a trivial one. However as £_,_ -» 0 the magnetic moment still exhibits 
abrupt changes, proportional to ехр~^/£ч, which cannot be represented 
by a power series in en. 
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FIG.10. Variation ofA/î against pitch; n = 2, q = 1.19, r/a = 0.075, r/a = 0.05, 4>= 0. 

(c) Dependence on Energy i 

The comparisons made so far confirm that eq.(3.15) gives the correct 
phase and pitch dependence for ДД but have revealed a consistent discrep
ancy in the magnitude of АД. This i s a lso i l l u s t r a t e d in Fig.11 where 
the var ia t ion of log ДД i s shown as a function of a/rL (which i s 
proportional to 1/v) for a pa r t i c le of pitch ф = 0-75 in a quadrupole 
f ie ld . The theore t ica l curve again gives the correct qua l i t a t ive be
haviour but the slope i s somewhat too large. The dependence of t h i s 
slope, i . e . , of d(log Aji)/d(l/v), on pitch angle i s shown in Fig.12 
for o rb i t s i n ^ o t h quadrupole and octopole. I t wi l l be seen tha t the 
theore t ica l curves (a) l i e consis tent ly above the numerical curve ( c ) . 

We believe th i s discrepancy i s primarily due to the Taylor expansion 
of the magnetic f ie ld ra ther than to the use of the averaged orb i t equa
t ions . That t h i s i s so i s indicated by the improvement shown when th i s 
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a еВо FIG. 11. Variation of log Aji against a/rL = -; n = 2, q = 1.19, * = 0. 75, q> = 0. 
Here B0 = 2B(q = 2, Ф=тг)= 2 I / a . m V 

> ,--

1.2 U y^ 1.6 18 

FIG. 12. Variation of d(log Aji)/d(a/rjJ against v/\j, for quadrupole (n = 2) and octopole (n = 4). 
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expansion is carried out to higher order (fifth order instead of third). 
The effect of this improvement is to multiply the exponential in eq.(3.15) 
by 

5-p- Q4 (2-Q) 
where 

Q = 

and 

2 / 2vhn % 
1 + 3 ( Y +

V - 1 

2vi 
il 

Y = 2 Z D + . «• i a d H 
n-1 (n-1) q 

The result of this change is shown in the modified theoretical curves (b). 
These show that the improvement in the representation of the field has 
significantly improved the agreement between the theoretical value and 
the numerical calculations. 
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D I S C U S S I O N 

D.G. BARATOV: What type of magnetic field did you use? 
R . J . HASTIE: We used l inear multipole fields - both octopole and 

quadrupole. 
P . L. HUBERT: A s ta t i s t i ca l theory first proposed by Robson and 

Taylor leads to the conclusion that, in a system such as the one which 
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you are studying, the equilibrium particle distribution corresponds to a 
uniform density throughout the accessible phase space. It would be 
interesting to verify this prediction on the basis of your calculations if 
the computed variations in ц or the analytical formulas could be used for 
very long times. 

R.J . HASTIE: To follow actual particle orbits on the computer 
would require too much time, but if the analytical formula for Ац were 
used to predict successive values of ц, what you propose should be 
possible. 

E. CANOBBIO: In your oral presentation you spoke of two analytical 
methods for approximating Ац. Do they both have the same expansion 
parameter? 

R.J . HASTIE: The only difference between the two methods lies 
in the approximation of the orbit integration: there is mid-plane expansion 
in one case and not in the other. The small parameter is the same in 
each case, namely the adiabatic parameter e. 
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AND SPHERATOR E X P E R I M E N T S 

S. YOSHIKAWA, M. BARRAULT, * W. HARRIES, D. MEADE,1" 
R, PALLADINO AND S. VON GOELER 
PLASMA PHYSICS LABORATORY, PRINCETON UNIVERSITY, 
PRINCETON, N.J. , UNITED STATES OF AMERICA 

Abstract 

LINEAR MULTIPOLE AND SPHERATOR EXPERIMENTS. Plasma containment and fluctuations are being 
studied in magnetic field configurations with strong stabilizing and symmetry properties. For this purpose, 
a multipole device with linear conductors (LM-1), and a toroidal single-ring device (spherator) have been 
constructed. 

The LM-1 facility has been operated as a quadrupole, generally in the collisionless regime, with 
n = 1010 - 1012 cm - 3 and T = 1 - 10 eV, Plasma production by rf ohmic heating and resonant microwave 
heating has been used for T. « T-£ ; and gun injection for T^ ~ T e . 

Both high-frequency fluctuations with к» Ф 0, and low-frequency, k« = 0 modes have been observed inside 
the JdC/B - stable region. The structure of the high-frequency mode fits the theory of drift-type ballooning. 
It is suppressed by a weak axial field. The low-frequency fluctuation, which may be related to the trapped-
particle mode, is suppressed by Tj £ T e . The plasma profile on the minimum-B (conductor) side is always 
quiescent. 

The observed confinement times (typically 1- 2 ms) are limited mainly by radial (outward) plasma 
loss in the Tj « T e case, and mainly by axial loss in the Tj Z. T e case. In the first case, the confinement 
time is typically ten times Bohm. In the second case, the confinement time as calculated from the radial 
loss corresponds to approximately fifty times Bohm. 

The radial transport in LM-1 is not, in general, well correlated with the fluctuations, and one deduces 
the existence of additional loss mechanisms, Stationary convective cells have been identified in the case of 
ohmic heating, where the coil structure initiates and maintains a spatial periodicity. Their relevance to the 
anomalous transport is being studied. 

The spherator experiments were performed in density and temperature ranges similar to LM-1. Fluctuations 
can be suppressed throughout the density profiles under certain conditions of plasma parameters. Plasma con
finement times are measured to be 2 -25 ms and the particle loss is mainly to supports of the centre ring under 
typical conditions. Under best conditions, support loss accounts for more than 95% of the total particle loss. 
In terms of Bohm confinement times, the typical confinement times calculated from the loss other than to 
supports are ten times Bohm, but under optimum conditions confinement times reach 40 times Bohm. A 
centre ring with reduced support area is being substituted and a superconducting ring has also been tested, for 
later operation. 

I. INTRODUCTION 

T o r o i d a l d e v i c e s wi th s t r o n g l y s tab i l i z ing p r o p e r t i e s and a z i -
muthal s y m m e t r y a r e e x p e c t e d to y i e l d va luable i n f o r m a t i o n c o n c e r n i n g 
equ i l ibr ium and s tabi l i ty of low-/3 toro ida l p l a s m a s . Encourag ing r e s u l t s 
have b e e n r e p o r t e d p r e v i o u s l y [ I, 2, 3] . As a part of a projec t , which 
eventual ly l e a d s to a superconduct ing l e v i t a t e d - r i n g d e v i c e , we have 
in i t iated a study on m u l t i p o l e d e v i c e s . Our o b j e c t i v e s a r e manyfo ld: 
(1) to d e t e r m i n e what p r o c e s s e s a r e r e s p o n s i b l e for p l a s m a l o s s , (2) to 

* On leave from the University of Liverpool 
t Now at the University of Wisconsin 
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invest igate methods of heating, (3) to study fluctuations and to re la te the 
observat ion to theory, and (4) to gain exper iences which will be used to 
improve the design of the large levitated device (FM-1). 

We have two devices in operat ion. The l inear mult ipole device 
(LM-1) is composed of two para l le l conductors of 5 m length, each con
ductor bundle ca r ry ing up to 60 kA turn . The smal l a s p e c t - r a t i o s ingle-
ring conductor device s imi la r to the Levitron [4] , called the sphera tor 
[ 5] (SP-1), has a suspended-r ing conductor of 65 cm d iamete r car ry ing 
up to 130 kA turn . 

P l a s m a s have been produced and heated by (i) microwave 
electron resonance heating, (ii) ohmic heating, (iii) p lasma gun, and 
(iv) hot filament d i scharge . The range of density is 1010 - I 0 l 3 / c c and 
the e lec t ron t empera tu re T e is l e ss than 10 eV. The e-folding decay t imes 
a r e between 500 /Zsec and 2 m s e c in LM-1 and a r e typically between 2 
and 30 m s e c in SP- l . 

We shall d iscuss (a) LM-1 and (b) SP-1 exper iments in that 
o rde r . 

2. LINEAR MULTIPOLE 

2. 1. Descript ion of device 

The l inear mul t ipole ' s two conductors a r e housed in a s ta inless 
steel casing, so that the displacement of the two conductors due to 
mutual a t t rac t ion can be kept to the to le rable l imit (Fig. 1). An axial 
magnetic field (paral lel to the conductors) can be applied by the separa te 
set of coils , as well as a m i r r o r magnetic field to reduce the axial p a r t i 
cle loss . The location of the p lasma can be constrained by a set of 
l imi te r s as shown in Fig. I. L imi te r s a lso act as the pa r t i c le loss 
de tec to r s . Similar l imi t e r s a r e placed on one of the center conductors 
to m e a s u r e the par t ic le loss to the center conductor. Two sets of p a r t i 
cle co l lec tors a r e placed on both ends of LM-1 to de te rmine the axial loss . 

P l a s m a s a r e produced by microwave e lec t ron resonance heating 
at 12 cm and 3 cm wavelengths. By adjusting the center conductor current , 
we can change the resonance region, because the magnetic field va r ies 
from 0 to ~4 kG at the maximum cur ren t in the conductors . Ohmic 
heating at frequencies from 3 k c / s e c to 200 k c / s e c has a lso been t r ied . 
An e lec t r ic field para l le l to the magnetic field line can be applied by a set 
of coils placed 20 cm apar t in the axial direct ion, inducing cur ren t in the 
p lasma which acts as the secondary (Fig. 1). P l a s m a s a lso can be injected 
by a hydrogen-loaded t i t an ium-washer gun placed facing perpendicular to 
the magnetic field. We a lso t r i ed ion cyclotron resonance heating at 2 .4 
M c / s e c . The r e su l t so far obtained by this mode of heating is not 
encouraging. It is possible , however , that this resu l t is due to the fact 
that h igh-energy ions a r e easily lost through the ends by lack of equil i
br ium. 

Diagnostics chiefly used a r e Langmuir probes , magnet ic p robes , 
microwave in t e r f e rome te r s , spectroscopy, and par t i c le loss de tec to r s . 
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FIG.l. Cross-sectional view of the linear multipole device (LM-1). Ohmic heating coils as well as brackets 
to hold the assembly shown in the figure are spaced 20 cm apart. Stainless steel tubes to hold centre con-, 
ductors (Q-lines) are shaped to follow a contour of a magnetic field line. 

E l e c t r o n t e m p e r a t u r e i s d e t e r m i n e d by L a n g m u i r p r o b e c h a r a c t e r i s t i c s , 
and p l a s m a d e n s i t i e s a r e d e t e r m i n e d b o t h by p r o b e s a n d by i n t e r f e r o 
m e t e r s . T h e r e i s g e n e r a l l y a s a t i s f a c t o r y a g r e e m e n t b e t w e e n the two 
m e t h o d s . Ion t e m p e r a t u r e i s d e t e r m i n e d by s p e c t r o s c o p i c m e t h o d s a n d 
the p a r t i c l e e n e r g y a n a l y z e r . A d e t a i l e d d i s c u s s i o n of p a r t i c l e l o s s 
d e t e c t o r s i s g i v e n in t h e A p p e n d i x . 

2 . Z. P l a s m a p r o d u c t i o n and h e a t i n g 

R a d i o - f r e q u e n c y h e a t i n g can b e u s e d to p r e i o n i z e and h e a t t h e 
p l a s m a s . O p e r a t i n g p r e s s u r e of t h e s y s t e m i s t y p i c a l l y 2 X Ю"-3 to 
5 X 1 0 " 4 t o r r . With m i c r o w a v e h e a t i n g , t h e r e i s no i n d i c a t i o n of t he 
p r o d u c t i o n of h i g h - e n e r g y e l e c t r o n s a b o v e 1 k e V . T h e p l a s m a i s f o r m e d 
chief ly n e a r t h e i npu t p o r t of t h e m i c r o w a v e a n d s p r e a d s s l o w l y a long 
the a x i s . 

Wi th o h m i c h e a t i n g , b e c a u s e t h e co i l h a s a p e r i o d i c i t y of 20 c m , 
the p l a sma , i s f o r m e d n o n - u n i f o r m l y . P l a s m s , t e m p e r a t u r e i s h i g h e r 
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j u s t u n d e r t h e c o i l . B e c a u s e t h e c u r r e n t f lows a l o n g t h e c o n f i n e m e n t 
m a g n e t i c f i e ld l i n e s a n d t h e a l t e r n a t i n g m a g n e t i c f ie ld i s p e r p e n d i c u l a r 
to t h e c u r r e n t , t h e f o r c e J X В a c t s on t h e p l a s m a s i m i l a r l y t o t he 
t r a n s v e r s e m a g n e t i c f ie ld effect of a c u r r e n t - c a r r y i n g t o r u s [6] . T h e 
f o r c e t e n d s to p u s h t h e p l a s m a i n w a r d s u n d e r t h e c o i l . 

B. =+ II Gauss 
A 

B. =0 Gauss 

UPPER TRACE: Temporal variation of the ion saturation current I S A T at the center of the mochme 
for different values of the axial magnetic field Вд 

(time scale20/is/div, I S 4 T 5mA/div = 4x10 e/cc/div). 

LOWER TRACE" Proportional to the induced electric field 

FIG.2. Ion saturation currents (which roughly reflect the density) vs time, when a periodic E field (ohmic 
heating) was applied parallel to В . Line with 0 indicates the zero of the upper trace. Therefore, density 
changed up to 50% during one period of the ohmic heating. 

A n i n t e r e s t i n g ef fec t of t h i s J X В f o r c e i s s h o w n in F i g . 2 . S i n c e 
t h e c u r r e n t , J , a l t e r n a t e s , if w e h a v e a s m a l l u n i f o r m m a g n e t i c f ie ld 
s u p e r i m p o s e d on t h e a x i a l d i r e c t i o n s , t h e f o r c e b e c o m e s e i t h e r i n w a r d s 
o r o u t w a r d s d e p e n d i n g upon t h e p h a s e of t h e c u r r e n t w h i c h f lows in t h e 
p l a s m a . We e x p e c t t h a t if t h e f o r c e i s i n w a r d s , the p l a s m a i s w e l l 
c o n t a i n e d a n d if t h e f o r c e i s o u t w a r d s , t h e p l a s m a i s l o s t . In F i g . 2, 
t h e p l a s m a d e n s i t y ( the i o n s a t u r a t i o n c u r r e n t s i n c e t he t e m p e r a t u r e i s 
a l m o s t c o n s t a n t ) i s shown a s a func t ion of t i m e for t h r e e c a s e s of t h e 
a x i a l m a g n e t i c f i e l d . In t h e a b s e n c e of t h e a x i a l m a g n e t i c f ie ld , t he 
d e n s i t y h a s t w i c e t h e f r e q u e n c y of t he a p p l i e d o h m i c h e a t i n g c u r r e n t , 
b e c a u s e t h e i o n i z a t i o n i s p r o p o r t i o n a l t o J . In a p p l y i n g a u n i f o r m f ie ld , 
t h e p l a s m a d e n s i t y i s l e s s in t h e p h a s e of t h e a l t e r n a t i n g c u r r e n t w h e r e 
t h e J X В f o r c e p o i n t s o u t w a r d s . 

U s i n g r a d i a l p a r t i c l e l o s s d e t e c t o r s , we c a n m e a s u r e t he c o n f i n e 
m e n t t i m e s e v e n d u r i n g t h e rf h e a t i n g w h e n t h e p l a s m a i s b e i n g f o r m e d 
by i o n i z a t i o n . T h e c o n f i n e m e n t t i m e s t h u s d e d u c e d a r e t y p i c a l l y 400 -
500 / i s ec and , t a k i n g t h e m e a s u r e d e l e c t r o n t e m p e r a t u r e of 3 - 4 eV, we 
c o n c l u d e t h a t t h e c o n f i n e m e n t t i m e d i v i d e d by t h e B o h m t i m e i s t y p i c a l l y 
10. H o w e v e r , o u r m a i n m e a s u r e m e n t of t h e c o n f i n e m e n t t i m e s i s t a k e n 
in t h e a f t e r g l o w , w h e r e t h e d e n s i t y d i s t r i b u t i o n i s p e a k e d n e a r t h e 
s e p a r a t r i x (î//g i n F i g . I) a n d i s low n e a r t h e c r i t i c a l s u r f a c e (\pc in F i g . 
1). 
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•10 Dislonce from conductor (cm ) 2 0 

FIG.3. Ion saturation currents vs time taken by a probe placed in the bad curvature section where VB • 4p : 
The oscilloscope pictures of approximately same average signals located on opposite sides of the density 
gradient are also shown. 

2. 3 . D e n s i t y d i s t r i b u t i o n and p a r t i c l e l o s s t i m e s 

T h e d e c a y of t h e p l a s m a a s a func t ion of t i m e in t h e a f t e r g l o w of 
r f - p r o d u c e d p l a s m a s i s shown in F i g . 3 . We n o t e t h a t t h e p l a s m a d e c a y s , 
m a i n t a i n i n g i t s s h a p e . W e know by o b s e r v a t i o n of e l e c t r o n t e m p e r a t u r e 
and p l a s m a d e n s i t y t h a t t h e p a r t i c l e l o s s i s no t due t o r e c o m b i n a t i o n . By 
i n t e g r a t i n g t h e d e n s i t y d i s t r i b u t i o n wi th p r o p e r g e o m e t r i c w e i g h t i n g , w e 
c a n d e t e r m i n e t h e p a r t i c l e l o s s t i m e s . T h e r e s u l t a n t c o n f i n e m e n t t i m e s 
v s t h e c e n t e r c o n d u c t o r c u r r e n t s ( I Q ) a r e shown in F i g . 4 . T h e c o n f i n e 
m e n t t i m e s m e a s u r e d by the p a r t i c l e l o s s d e t e c t o r s a l s o a g r e e in g e n e r a l 
wi th t h i s m e t h o d . C o n f i n e m e n t t i m e s t h u s c a l c u l a t e d c a n be c o m p a r e d 
wi th t he B o h m d i f fus ion t i m e s u s i n g t h e f o r m u l a f i r s t g i v e n by D. M e a d e 
[7] . C o n f i n e m e n t t i m e s a r e a p p r o x i m a t e l y t e n t i m e s t h e B o h m v a l u e . 

W h e r e t h e p a r t i c l e s a r e l o s t , t h e n , c a n b e a n s w e r e d . It i s o b v i o u s 
tha t , b e c a u s e t h e s y s t e m i s l i n e a r , a l a c k of e q u i l i b r i u m r e s u l t s in m a k i n g 
p a r t i c l e s e s c a p e f r o m bo th e n d s of t he d e v i c e . T h e t h e o r e t i c a l e s t i m a t e , 
h o w e v e r , s h o w s t h a t t h e m o v e m e n t of p a r t i c l e s a long t h e a x i s i s s low 
c o m p a r e d w i t h t h e sound v e l o c i t y of t h e p l a s m a . In fac t , t he p l a s m a l o s s 
d e t e c t o r m e a s u r e m e n t s show t h a t on ly a p p r o x i m a t e l y one t e n t h of t h e 
t o t a l p a r t i c l e s a r e l o s t to bo th e n d s , and the m a i n l o s s c a n b e a c c o u n t e d 
for by t he r a d i a l l o s s a w a y f r o m t h e c e n t e r c o n d u c t o r s a s shown in F i g . 5. 
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FIG.4. Plasma confinement times r (measured 1 ms after the rf heating) vs the centre conductor current IQ 
for both polarities of I Q . Electron temperature was approximately 1 eV. Measurements of т were made by 
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LM-1. Radial loss means the loss outwards away from centre conductors (Q-lines), whereas loss to centre 
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2 . 4 . M e c h a n i s m s of p a r t i c l e l o s s 

The o b s e r v a t i o n s h o w s v e r y c l e a r l y that the p a r t i c l e s a r e l o s t 

a c r o s s the m a g n e t i c f i e ld . The q u e s t i o n then a r i s e s whe ther the l o s s i s 

t r i g g e r e d by f luctuat ions in the r a n g e of drift f r e q u e n c i e s . Although the 
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fluctuation may account for the loss where the fluctuations exist, fluctua
tion alone cannot explain the t r anspor t cf pa r t i c l e s . In Fig. 3, two probe 
signals at the same average cu r r en t s located at points towards and away 
from the center conductor a r e shown. We note that p lasma decays at the 
same ra t e at both locations. Since we can neglect the pa r t i c le loss to 
the ends and the center conductors , it follows that p lasma in the stable 
region is somehow t ranspor ted a c r o s s the magnetic field and collected 
by the l imi te r s. 

Helium dischorge 
T e « l e V 
Т | « Т е 

6" Port Data taken 1ms after RF off 
mic Heating Coils IQ= 45 kA 

Probe 
Position 

i МЧ 

4 NVYH7 V 1 ' . - f ' .7 Y.A.vh 

Area shown in next figure 

FIG. 6. Losses to limitas measured by small detectors placed 5 cm apart. Horizontal axis represents the 
axial dinstance (i.e parallel to Q-lines). Note that the loss was measured 1 ms after the ohmic heating 
was turned off. 

One of the mechan i sms which may explain this par t i c le loss is 
the observat ion that p l a smas a r e not uniform along the z direct ion. 
Instead, the p lasma once formed by the ohmic heating keeps the periodic 
variat ion along z, even after the ohmic heating cu r r en t is turned off. 
The pa r t i c le loss outwards, for example, ref lects the periodici ty of the 
ohmic heating coil even after I msec (Fig. 6) . P r o b e m e a s u r e m e n t s also 
reflect the periodici ty (Fig. 7). Any calculations based on the non-
equil ibrium of the p lasma would predic t that this kind of var ia t ion in 
density should disappear in the t ime of the order of 100 /isec. 

Therefore , we a r e led to invest igate the possibi l i ty that a stat ion
ary equil ibr ium with the p lasma flow may exist . Under highly idealized 
conditions, solutions which have a density var ia t ion along the z direct ion 
exist if the p l a sma is allowed to ro ta te with a velocity comparable to 
(| X / R | ) ' v-, where x is the dis tance taken from \j/c where d/dl^ f 
d £ / B = 0 , R is the radius of the curva ture , and v^ is the sound velocity 
of the p lasma [8] » Since the exper iments were c a r r i e d out in re la t ively 
low magnetic fields, the measu red p lasma potential 
to provide the n e c e s s a r y rotat ional velocity. 

The mechan i sm for this convective s t ruc tu re could a lso be caused 
by the anomalous conductivity a c r o s s the magnet ic field. The anomalous 
conductivity could s ta r t the polar i sa t ion field and slow down the p lasma 
expansion. Neutra ls p r e sen t in the device a r e not enough to let ions 
provide the n e c e s s a r y depolarizat ion cu r ren t through col l is ions . 

k.T / e is sufficient 



410 YOSHIKAWA et a l . 

T| « T e < 

"e« IO"cm3(2ms ofter heating off) 
I Q = 4 5 k A 

AXIAL DISTANCE (cm 

FIG.7. Ion saturation current to probe near фс and limiter detectors 2 milliseconds after ohmic heating wa 
turned off. Notice that probe signal was not greatly influenced even when the bias voltage of 50 V was 
applied. 

Per iodic loss s t ruc tu re s of approximately the same periodici ty 
a s the ohmic heating coil spacing a r e a lso observed after application of 
microwave heating. In o rder to see whether t he r e is any re la t ion b e -

. tween the two per iodic i t ies , a new, a lmos t uniformly-wound coil is 
being substi tuted. 

2. 5. Gun-injected p l a smas 
We a l so injected p l a smas crea ted by a hydrogen-loaded t i tanium-

washer gun. Elec t ron t e m p e r a t u r e s - m e a s u r e d by Langmuir probes 
ranged between 4 and 7 eV, and the density profi les (as in te rpre ted from 
the ion sa tura t ion cur ren t ) we re m o r e peaked than those of the r e p r o 
duced p l a s m a s . The p lasma density was typically IfjlO/cc. The confine
ment of p l a smas can be determined by the decay of the ion saturat ion 
cu r r en t of Langmuir p robes and independently through the integrat ion of 
par t i c le loss observed by de tec to r s . Confinement t imes were typically 
500 /usee. The pa r t i c le loss to the axial detector i s , con t r a ry to rf-
produced p l a smas , typically about a factor two t imes g r e a t e r than the 
par t ic le loss to the radia l detector . Data a r e summar ized in Fig. 8. 
We note that if we take T e ~ 5 eV as measu red by Langmuir s ingle-
probe c h a r a c t e r i s t i c s , the confinement t imes a r e 50 t imes g rea t e r than 
Bohm t ime . Since the absolute confinement t imes a r e r a the r short, and 
the Langmuir probe t e m p e r a t u r e m e a s u r e m e n t may be in e r r o r , the 
r e su l t s a r e to be t rea ted with caution. 

In another set of exper iments , gun-injected p lasma confinements 
a r e m e a s u r e d with the axial field which provides the shear to the magne 
tic field. Due to (presumably) the change in the gun per fo rmance , the 
e lec t ron t e m p e r a t u r e under this condition was approximately 2 eV and 
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FIG.8. Confinement time as a function of the centre conductor current, I Q . Observed confinement times 
т0 saturate as IQ is increased. The ratio of axial loss to Q-radial loss, a , however, increases with I Q . If 
we estimate the radial loss time above, we find the confinement times, r c , actually increase with I Q . 

the p lasma density was ~ 3 X 1 0 ^ / c c . By applying a 3. 6 t imes m i r r o r 
field at both ends of the l inear mult ipole, the confinement of p l a smas as 
seen by ion saturat ion cu r ren t and par t i c le loss de tec tors was increased 
by approximately a factor of 1. 5-2 above that of the p lasma without m i r r o r 
field. This exper iment supports the inference drawn from the pa r t i c le 
loss detector that the p lasma i s lost axially in the gun-produced p lasma . 
In rf-produced p l a smas , the application of the m i r r o r field did not a l t e r 
the confinement t imes as expected. The m i r r o r field is not expected to 
be reduced because the ape r tu r e in the axial direct ion is r e s t r i c t ed . 
(For the total integrated par t ic le loss ve r sus t ime see F ig . 9). 

2.6. Fluctuations 

Previously , it was repor ted that a ballooning type ol osci l lat ion 
[8] is observed in the LM-1 [9] . The frequency is ~ 200 k c / s e c , and 
the p lasma could be stabil ized against th is instabi l i ty by an application 
of small axial field which presumably s tabi l izes this instabil i ty by the 
effect of shea r . In Fig. 10, ion saturat ion cur ren t t r a c e s taken from 
two Langmuir probes located on the same magnetic field l ines a r e shown. 
In the region where VB • Vp > 0, we see that high-frequency osci l la t ions 
were super imposed on the low-frequency oscil lat ion. This high-frequency 
oscil lation is in te rpre ted as the osci l lat ion produced by the ballooning 
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FIG. 9. Total integrated particle loss vs time. Since mirror fields were applied only at both ends, the 
plasma characteristic (in particular, injection processes) is not expected to change. We see a reduction in 
the particle loss with mirror fields on. 

instability. The low-frequency oscillations have к = 0 and appear only 
in the region between \(/s and ty Q, as is apparent from Fig. 3. 

From a rather general consideration, it is expected that the 
км ф 0 mode can only be possible if the frequency is high enough so that 
Cil/кц exceeds in thermal velocity. The observations are consistent with 
this consideration. 

The mode км = 0 appears to be a gravitational wave with the 
finite Larmor radius correction given by the relation [10] 

where 

/ 2 w*i i n 

K 

I 2 kT' 
J U> + 4 K — ~ 
' ~i M 

kT. 

••-зг v 
-'•ê (£nn) 

R 
1 J 

Here the curvature 1/R is averaged along a magnetic field line. In the 
f d f / B stable region, 1/R is positive. Thus, the frequency is real. 
The wave, however, can couple to electrons (if T » T ) which are 
traveling perpendicular to the magnetic field with the phase velocity 
given by -Cd/ki moving in the direction opposite to the average electrons 
Or in terms of the second invariant J, those electrons have the property 
that 

d P тгг • r̂r < 0 
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FIG. 10. Ion saturation currents in afterglow measured by two probes located on the same field line. Gas 
used was helium and IQ = 45 kA. 

Frequenc ies , perpendicular wavelengths, and resonant conditions 
ag ree with the above theore t ica l mechan i sm. Also, the ins tabi l i t ies a r e 
absent or very small with the gun-injected p l a smas (where T. > T ), 
which is to be expected from the theory. 

As has been stated previously, the fluctuations do not appear to 
be responsible for the anomalous pa r t i c le loss observed in our device. 
However, it is quite conceivable that once we can el iminate the p re sen t 
par t ic le loss mechanism, the fluctuations may be the limiting factor for 
the par t ic le loss in the future. 

3. SPHERATOR 

3.1. Descr ipt ion of device 

The magnet ic configuration normal ly used for the exper iment is 
shown in Fig. 11. The vacuum vesse l is 1. 5 m in d iameter , the toroidal 
field coil is housed in 8. 9 cm o. d. s ta inless tube, and the poloidal field 
coil has a minor d iameter of 7. 6 cm and a major d iamete r of 65 cm 
(Fig. 12). The poloidal field coil i s suspended by six suppor ts , and a 
cu r ren t feed is attached from the side. In the f i rs t vers ion, w a t e r -
cooled conductors were used for the poloidal field coil . This requi red 
a cu r ren t feed of 3 cm equivalent d i amete r . The supports were made of 
1/8" s ta in less rods . The total surface a r ea divided by the p lasma 
volume, l / L , , was approximately 1/10 m. That i s , an average par t ic le 
would hit the support or the current feed after the pa r t i c le t raveled a 
flight dis tance, Lf, of 10 m. In the second vers ion, no water -cooled 
poloidal field coil was used. The cu r ren t feed d iameter is now reduced 
to 4 mm, and each of the six supports has a d iameter of 1 m m . The 
flight dis tance is then increased by a factor of 6 and now is ~ 50 m. 
Eventually, a suspended and then a levitated superconducting coil is 
contemplated. 

The cu r r en t of the toroidal field coil can go up to 520 kA turn 
pulsed (72 kA steady) and the cu r r en t of the poloidal field coil of the 
f i r s t vers ion could go up to 130 kA turn pulsed (36 kA turn steady). The 
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FIG. 11. Standard magnetic field configuration of spherator. The flux ip refers to poloidal field current of 1 A. 
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FIG. 12. Experimental configuration of spherator. Three sets of poloidal field coils (Ip, I , lz ) produce 
different magnetic field configurations, whereas toroidal field coil (1^) changes shear and minimum average 
property. 

poloidal field coil of the second version has been tested up to 33 kA turn. 
The magnetic field strength is typically I kG at 33 kA turn for both 
toroidal and poloidal field currents. 
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3. 2. Objectives of exper iments 

The objectives of the exper iments with this supported vers ion 
a r e to de te rmine how the p lasma is lost, to see whether the p lasma is 
unstable, and to study the production and the generat ion of p lasmas in 
the spherator geometry . 

3. 3. P la sma production and diagnost ics 

P l a s m a s could be produced in var ious ways. We have chiefly 
used 12 cm microwave e lec t ron resonance heating, but have a lso used 
3 cm and 10 cm microwaves , ~ 1 kc and 200 kc ohmic heating, gun 
injection, and a filament d i scharge . The p l a smas created a r e s imi lar 
in c h a r a c t e r i s t i c s to those in the LM-1. For the r easons stated before, 
we looked mainly at the decay of p l a smas in the afterglow. The p lasma 
densi t ies of the exper iments ranged between 10^ - l O ^ / c c , and e lec t ron 
t empera tu re s in the afterglow were typically 2 eV - 0. 5 eV. The neut ra l 
density was typically 1 0 l 2 / c c . The confinement t imes depended on the 
gases used, and ranged up to 40 msec , but at 1 eV or m o r e the confine
ment t imes were l imited so far to less than 30 m s e c . 

Diagnostics used a r e a microwave in te r fe rometer , Langmuir 
probes , and a monochromete r . Since the surfaces of supports , poloidal 
field coil, toroidal field coil, and l imi te r a r e e lec t r ica l ly isolated from 
ground, by simply biasing them negative with r e spec t to ground, while 
grounding some of the supports , we can get an es t imate of ions imping
ing on the surfaces in the absence of the bias (see Appendix). Often 
the p lasma is influenced by the p re sence of b iases . However, we can 
generally min imize the influence by adjusting b iases , and a s e r i e s of 
self -consis tency checks indicates that our m e a s u r e m e n t s cannot be 
off by m o r e than a factor of 2. Since, in a perfect ly confined system, 
par t ic le loss to l imi te r and poloidal field coil surfaces would be a lmost 
zero (except for the c lass ica l diffusion te rm) , any m e a s u r e m e n t of 
par t i c les a r r iv ing on those surfaces impl ies the existence of anomalous 
par t ic le l o s s . 

The m e a s u r e m e n t of the loss to the l imi ter follows the pr inciple 
used for the pa r t i c le detection in the LM-1. A detailed descr ipt ion is 
given in the Appendix. The l imi te r can be moved ver t ica l ly to l imit 
the p lasma at a des i red r ad ius . When the l imi te r is moved up completely, 
the toroidal field coil casing l imi ts the p lasma a p e r t u r e . 

3 .4 . Measurement of density prof i les 

Density profi les a r e measu red by Langmuir p robes biased 
negative with r e spec t to ground (usually supports or poloidal field coil 
surfaces a r e grounded). Density profi les depend strongly on how the 
p lasma is c rea ted . If a microwave is used, the p lasma i s f i rs t c rea ted 
at the resonance magnetic field and then the density peak shifts outwards, 
if the microwave is kept on (Fig. 13). Data of Fig. 13 were taken super 
imposing many pu l ses . The technique was descr ibed in detail by H a r r i e s 
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elsewhere [il] . The plasma density usually reaches up to 10 / c c , far 
above the density where the plasma frequency equals the microwave 
frequency. 

ION 
SATURATION 

CURRENT 
(0.5mA/div) 

lcm 
Center t 

Conductor 

PROBE В 
\ 

N «-

CENTER CONDUCTOR 

PLASMA 

FIG. 13. Density profiles measured by a probe during microwave heating phase. Plasmas are created first 
near centre conductor (poloidal field coil) and the density peak gradually shifts outwards, at the same time 
the peak amplitude increases. Many shots (1 pulse per second,were used to make this profile. 

Density profiles plotted vs the magnetic surfaces l// are shown 
in Fig. 14. Ion saturation currents were measured by three probes. 
We note that the density for a given magnetic surface is nearly constant. 
A more careful study is shown in Fig. 15. Two probes placed diagonally 
opposite were used to determine the density profile. The agreement 
between the two probes indicates that the deviation of plasma density on 
a given magnetic surface cannot exceed more than 5%. Thus, the con
finement measurement of plasmas can be considered to represent that 
of toroidal plasmas. 

3. 5. Particle loss time and cooling time 

Since the density profiles do not change appreciably during the 
afterglow, it is reasonable to determine the confinement t imes through 
the decay t imes of the microwave interferometer signals. As electron 
temperatures cool in the afterglow, we measured the confinement time 
at T e = 1 eV. In general, the confinement times change more slowly 
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FIG.14. Density profiles measured by probes at different locations vs,». (a) Low-density discharge, 
(b) high-density discharge. 

than l / T e . C o n f i n e m e n t t i m e s p l o t t e d v s t h e s q u a r e r o o t of t h e ion 
m a s s a r e shown in F i g . 16. C o n f i n e m e n t t i m e s i n c r e a s e w i t h the. m a s s 
up to k r y p t o n w h e r e t he L a r m o r r a d i u s of i ons a t T e = 1 eV b e c o m e s 
~ 1 c m (abou t hal f of t he d e n s i t y s c a l i n g d i s t a n c e ) . 

B o h m c o n f i n e m e n t t i m e w a s c a l c u l a t e d by von G o e l e r e t a l . 
[12] , u s i n g t h e e x t e n s i o n of t e c h n i q u e f i r s t u s e d by D. M e a d e [7] . 
T h e c a l c u l a t i o n shows t h a t , a t t h e p o l o i d a l f ie ld c u r r e n t of 36 kA t u r n 

m s e c . S i n c e t h e m a g n e t i c f ie ld i s s o m e w h a t l o w e r in t h e c a s e of F i g . 
16, we a r r i v e a t ( T / T R ) = 18. 

a max 
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FIG. 15. Density profiles vs horizontal probe positions. Two probes at diagonally opposite locations were 
used. TF means toroidal field, and PF means poloidal field. 

Confinement t imes calculated from the p lasma sheath condition 
predic t the theore t ica l value shown in Fig. 16. That t he r e exis ts addi 
tional loss other than the support loss is c lear , since, under all the 
exper imenta l c i r cums tances , m o r e than half of the total pa r t i c l e s collected 
(which, as stated ea r l i e r , does not necessa r i ly imply half of the total par t ic les 
in the p l a s m a s , because of the in te r fe rence of the measur ing system) 
were r eg i s t e r ed by pa r t i c l e co l lec tors other than those of the supports . 

Breakup of pa r t i c le losses collected vs densi ty in an argon 
d ischarge i s shown in Fig. 17. In lower densi t ies , p a r t i c l e s were 
collected by the surface of the poloidal field coil, while in higher 
densi t ies m o r e pa r t i c l e s were collected by the l imi t e r . P a r t of this 
resu l t ref lec ts the fact that the density peak shifts outwards as the 
density is i nc reased . Whether that is the only reason for this shift in 
the loss pa t t e rn is a subject of future study. 

The cooling of e lec t ron t e m p e r a t u r e is a lso of i n t e re s t . In the 
reg ime of T e = 1 - E eVin noble gas d i scharges , excitation and ioniza
tion of neu t ra l a toms a r e negligible, whereas the recombinat ion 
p r o c e s s e s a r e too slow in the density range. E lec t rons a r e cooled by 
ions through Coulomb interact ion and a lso can lose energy through the 
sheath effect to suppor ts . The cooling t imes measu red vs densi t ies a r e 
shown in Fig. 18. Agreement between the theore t ica l Coulomb cooling 
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FIG. 16. Confinement times measured at Te = 1 eV vs ion mass. Confinement times are always less than 
the theoretical loss time to supports. 

t i m e s a n d t h e p l a s m a d e n s i t i e s i s good, in t h e h i g h - d e n s i t y r e g i m e , 
w h i c h g i v e s c r e d e n c e t o t h e d e t e r m i n a t i o n of e l e c t r o n t e m p e r a t u r e by 
m e a n s of L a n g m u i r p r o b e s . In t h e l o w - d e n s i t y r e g i m e , t h e c o o l i n g 
t i m e s d e v i a t e f r o m t h e C o u l o m b c o o l i n g t i m e s and i n g e n e r a l a r e in 
t h e r a n g e of 1 /4 of t h e c o n f i n e m e n t t i m e s . 

S i n c e , f r o m t h e s h e a t h c o n d i t i o n , we would e x p e c t h i g h - e n e r g y 
e l e c t r o n s to b e p r e f e r e n t i a l l y l o s t o v e r t he co ld e l e c t r o n s , i t i s e a s y 
to show t h a t t h e coo l ing t i m e т . т shou ld b e e q u a l t o т / ( £ п ( М / т ) 1 / 2 + I), 
p r o v i d e d t h a t t h e p l a s m a t e m p e r a t u r e i s u n i f o r m . T h e s p a t i a l u n i f o r m -
n e s s of t e m p e r a t u r e r e q u i r e s a n a n o m a l o u s h e a t c o n d u c t i v i t y a c r o s s t h e 
m a g n e t i c f i e l d . A d e t a i l e d m e a s u r e m e n t of t e m p e r a t u r e d i s t r i b u t i o n i s 
s t i l l not a v a i l a b l e . 

C o n f i n e m e n t t i m e s w e r e m e a s u r e d i n d i f f e r e n t m a g n e t i c c o n f i g u 
r a t i o n s . In g e n e r a l , t h e r e i s no l a r g e d i f f e r e n c e in t h e c o n f i n e m e n t 
t i m e s . T h e r a t i o of l o s s t o p o l o i d a l f ie ld co i l and l o s s to t h e l i m i t e r 
cou ld b e a l t e r e d by c h a n g i n g t o r o i d a l f ie ld s t r e n g t h . H o w e v e r , s i n c e 
t h e d e n s i t y p r o f i l e s a l s o c h a n g e wi th t h e c h a n g e in t h e m a g n e t i c c o n f i g u 
r a t i o n , a s y e t we c a n n o t m a k e any d e f i n i t e s t a t e m e n t on t h e d e p e n d e n c e 
on m a g n e t i c c o n f i g u r a t i o n s . 
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FIG.17. (a) Actual confinement time vs plasma density determined from microwave interferometer; 
(b) We notice that particle loss to limiter increases at higher densities, at the same time confinement times 
decrease. The increase of loss to limiter partly reflects the fact that the density peak shifts outwards at 
higher densities (cf. Fig. 14), but probably also implies that the mean free path has some influence on 
confinement. 

3.6. Fluctuations 

Fluctuations of the plasma (between 1 kc / sec to 1 Mc/sec) were 
suppressed if the shear was high or if higher ion mass plasmas were 
used. If the toroidal field strength was low, and if a relatively high-
density hydrogen plasma was used, fluctuations were observed in the 
regime towards ipg (Fig. 19) but the fluctuation can be reduced to an 
amplitude less than бп /n = 1% in higher toroidal fields. The frequency 
agrees with drift instabilities. Since even in the absence of the fluctua
tion there is an anomalous loss, we must seek another mechanism for 
the particle loss. 

3. 7. Possible mechanisms for particle loss 

As in LM-1, we have two possibilities for particle loss. High-
frequency instabilities could transport electrons across the magnetic 
field, and ions follow electrons because of large ion Larmor radius 
(e.g. , by collision with neutrals). Another possibility is very low-
frequency instability or lack of equilibrium. Since the present geometry 
with supports cannot be in toroidal equilibrium, plasmas could con
ceivably move across the magnetic field by E X В drift, the electric 
field E being developed by the presence of the support. 

The shadow of the support could extend quite far along the 
magnetic field line. If we suppose that the density depression created 
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by t h e s u p p o r t a l o n g t h e m a g n e t i c f ie ld i s f i l l ed by c l a s s i c a l d i f fus ion 
(Dcl> a c r o s s t h e m a g n e t i c f i e ld , we m u s t s a t i s f y 

9 , 9 ^ 3 
T— nv - — D — n dz z dy cl 9y 

0 

where we have assumed that the support extends in the x direction, 
while the magnetic field is in the z direction. We expect v, is of the 
order of the plasma sound-wave velocity and Э/Эу is of the order of Z/X 
where Л is the diameter of the support. The extent of the shadow in the 
z direction, àC , is then of the order of 

X 
kT +kT ч2 

e i A 
M 

11 

4D 
c l 

Taking n = 10' /ce, X = 1 mm, Te = 1 eV, 
M = 64 X 10"2 kg (argon), we obtain X 

T. = 
î 

= 4 m. 

О, В = 1 kG, and 
Thus, this shadow could 

behave as a perturbation in otherwise equilibrium plasma (convective 
cell) and transport the plasma across the magnetic field. Experimentally, 
however, we have not observed an indication of this convective cell so 
far. 

One possible outcome of this consideration is that the support 
could behave as if the size were increased by a factor that may depend 
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on the s trength of В (because of E X В drift) . The exper imenta l data 
of Fig. 16 a r e suggestive of th i s . The final t e s t of this hypothesis, how
ever , awaits a levitated r ing. 

4. CONCLUSIONS 

In both the l inear mult ipole device and the sphera tor , p lasma 
confinement t imes were found to be limited to ~ 10 t imes Bohm t ime in 
the r f -produced p l a smas where density and t e m p e r a t u r e were such 
that isotropic p r e s s u r e dis tr ibut ion was expected. In the l inear mu l t i -
pole device, p lasma loss is mainly a c r o s s the magnet ic field, while in 
the sphera tor , p lasma loss is roughly equally divided among l imi te r 
loss , support loss , and poloidal field coil loss . 

With gun-injected p l a smas in LM-l, the p lasma loss to the end 
could be inc reased over that of the loss radial ly outwards, but the 
la t ter is still finite. If we make allowance for the end loss , the con
finement t imes over the Bohm t imes could be increased up to ~ 50 
t imes . 

Fluctuations between I k c / s e c - 1 M c / s e c were observed only 
in the l imited port ion of the density profi les (or somet imes none through
out the density profiles), yet the density profi les normal ized at the 
peak density do not change appreciably with t ime . Hence, we conclude 
that we have an additional mechanism(s) of the p lasma t r anspo r t other 
than fluctuations. 

The mechanism for this pa r t i c le loss could lie in the equi l ibr ium. 
In the case of LM-l , it was observed experimental ly that the p lasma 
p r e s s u r e does not follow p = p(^dj?/B). A corresponding equi l i 
br ium solution was obtained theore t ica l ly . In the case of the sphera tor , 
within the exper imental accuracy , p = p СФ), but it i s still possible 
that convective ce l ls , undetected, still exist . One poss ible hypothesis 
is that the exis tence of supports c r ea t e s the per turba t ion which gives 
r i s e to c ross - f i e ld convection. The fact that the confinement t imes 
depend on ion m a s s is highly suggestive of this hypothesis . The 
exper iment to t e s t this hypothesis awaits the levi ta ted-r ing exper iment . 
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APPENDIX 

If a p l a sma is contained in the region charac te r i zed by magnet ic 
surfaces l//, the pa r t i c l e lost from that surface will go to the l im i t e r s 
and recombine . In general , ions and e lec t rons a r r i v e at the same 
r a t e to each l i m i t e r . Thus, e lec t rons a r e repel led by the sheath. If 
we apply a potential , V, to opposing l im i t e r s , the ion cu r ren t to two 
pla tes i s essent ia l ly unchanged, whereas e lec t ron c u r r e n t s , Г , to 
two plates a r e given by (like a double probe) 

I 

r .J. | . i M » g (A- l ) 

where I s i s the ion saturat ion cu r r en t . Thus, if V is sufficiently high, 
the net e l ec t r i c c u r r e n t r e p r e s e n t s one-half of the total flux. We a lso 
note that the posi t ive pla te i s ve ry c lose to the floating potential of the 
p la sma . This was observed exper imenta l ly . 
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With the spherator, the space requirement makes it impossible 
to mount two electrodes perpendicular to the magnetic field lines on 
the supports and the center conductor. Hence, those surfaces are 
biased negative to ground (while some supports are, for example, 
grounded) and the resulting ion saturation current i s considered to be 
the measure of the particle loss in the absence of the bias. Plasmas 
are generally not very much (lees than 20% ) disturbed in density nor 
in density decay time. 

The limiter of the spherator i s made of a molybdenum ring of 
56 cm diameter with two complete rings of mesh (about 50% in 
effective transparency) placed approximately 1. 25 cm away in both 
sides. The mesh rings and molybdenum ring are electrically isolated. 
By applying potential flowing between the two mesh rings and the 
molybdenum ring, we can estimate the particle flux to the limiter. 

D I S C U S S I O N 

R . S . PEASE: Could you s u m m a r i z e the effects observed when the 
magnetic configuration - par t icu la r ly the stabil izing proper t i es - is 
a l te red? 

S. YOSHIKAWA: Containment t imes a r e genera l ly unaffected by 
changes in magnetic field configuration (from minimum average В to 
maximum average B); they only have to be cor rec ted for changes in the 
geometr ic dimensions ( radius , e t c . ) - The only exception is when the 
toroidal field is switched off: the confinement t imes a re then reduced. 

As for stabil i ty of the sys tem with respect to the magnetic con
figuration, data on noise amplitude (ôn/n) v e r s u s the rat io I T F / l P F for 
constant absolute magnitude of the magnetic field, indicate that the l a rge 
shear (L s= 10 cm when the p lasma density gradient dis tance is 1-2 cm -
both d is tances being measu red at the probe) i s effective in stabil izing 
the observed osci l la t ion. 

V . I . PISTUNOVICH: Do you observe a difference in p lasma contain
ment t ime when you use the ra t io T e / T j ? 

S. YOSHIKAWA: There is some difference, but since the density 
profiles a re different I would not like to make any s ta tement at present 
regarding containment t ime differences for the sphe ra to r . 

F o r LM-2, on the other hand, the figures show that there is a 
difference between the T j « T e and the T ; > T e c a s e s . 

I . S . SHPIGEL: Do you think that a contribution to the inc rease 
in the containment t ime of h igh-mass ions in the sphe ra to r may have 
been made by additional ionization through the p lasma e lec t rons? 

S. YOSHIKAWA: Since our measuremen t of containment t imes was 
made at Te = 1 eV, I do not think that ionization could have taken place . 
The containment t imes of both microwave-heated and ohmically heated 
p lasmas a re approximately the s a m e . One does not expect m i r r o r - t r a p p e d 
high-energy e lect rons in the l a t t e r c a se . F u r t h e r m o r e , the par t ic le loss 
flux measuremen t ag rees with the observed density decay ra te to within 
a factor of two, and, in general , the total par t ic le loss flux is s m a l l e r 
than the density decay r a t e . 
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PLASMA CONFINEMENT 
AND P O T E N T I A L FLUCTUATIONS 
IN A SMALL A S P E C T RATIO LEVITRON 

A. F. KUCKES*AND R. B. TURNER 
UKAEA, CULHAM LABORATORY, ABINGDON, BERKS. , UNITED KINGDOM 

Abstract 

PLASMA CONFINEMENT AND POTENTIAL FLUCTUATIONS IN A SMALL ASPECT RATIO LEVITRON. 
The magnetic confinement of a partially ionized, collisional plasma in a small aspect ratio levitron with 
considerable magnetic shear was studied. Plasmas produced in a purely poloidal field are observed to be 
very unstable, but with both poloidal and toroidal fields energized the plasma loss rate from the device 
is an order of magnitude slower than predicted by Bohm diffusion. Our observations are, however, consistent 
with plasma loss by diffusion at a rate inversely proportional to B. The plasma confinement does not vary 
explicitly with shear parameter 6 between 0. 05 and 0.15. Potential fluctuations are most pronounced on 
the outer density gradient of the plasma and have a well defined frequency which varies between 50 and 
200 kHz. Their frequency is well correlated with that of drift oscillations ( ur'* = kxK Te /eB l / n e dn e /9x) 
if k± is assumed to be the reciprocal of the plasma gradient length. The maximum rms value of these 
oscillations is about 0.05 к T e / e . 

1. INTRODUCTION 
Understanding the nature of plasma confinement by a static magnetic 

field is one of the outstanding problems of plasma physics today. Since 
a purely toroidal field does not provide plasma equilibrium one of the 
simplest clos.ed magnetic surface systems in which to study plasma con
finement is a combination of toroidal and poloidal fields [l]. This is 
the basis of the levitron, in which the poloidal field is generated by 
current in a ring which is immersed in the plasma, and the toroidal 
field by currents external to it. Tamm [2] showed that for axially 
symmetric magnetic fields all particle orbits are confined to within a 
Larmor radius (defined by the magnitude of the poloidal field) of the 
magnetic surfaces. Since the existence of a plasma equilibrium is 
assured, studies of its stability become meaningful. In the present 
study we are particularly concerned with the stabilization of plasma 
equilibrium by magnetic shear. In a levitron variation of the toroidal 
field magnitude relative to the poloidal field varies the shear con
siderably. Changing the magnetic shear in a stellarator also changes 
the shape of the magnetic surfaces while in a Tokomak the plasma heat
ing current or confining field must be changed. Yoshikawa [3] pointed 
out that the addition of a uniform magnetic field along the axis of 
symmetry of a levitron can lead to a system with average minimum В pro
perties. The parameters of this experiment give a positive value for 
V" i.e. the present experiments do not investigate the question of 
stabilization by a magnetic well. 

*On leave from Princeton University, Princeton New Jersey, U.S.A. 
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2. THE SPHINX DEVICE 

SPHINX is a small aspect ratio, axially symmetric device with con
siderable magnetic shear. It is shown schematically in Fig.1. The dis
charge chamber is a spheroidal cavity 29 cm in diameter and 6-3 cm high. 
The toroidal field is generated by the combined effect of powered currents 
which flow in the 2 cm diameter center post and eddy currents in the wall 
of the cavity. The poloidal field is generated by a powered current in
side the 23 cm diamètre ring and eddy currents in the chamber wall. The 
ring is supported by three 0-4 mm diameter phosphor bronze wires and a 
3 mm diameter stainless steel tube to enclose the wires which feed current 
to the ring. The plasma volume is defined by six symmetrically placed 
0-2 mm thick stainless steel aperture limiters and is approximately 
2 x 103 cm3. Both the ring and toroidal field center post are electro
statically shielded; the ring and supports float electrically with respect 
to the rest of the chamber. The ring and center post are independently 
energized for approximately 2 msec by two, low loss, 4 section LC delay 
lines. The copper block is cooled to 76°K to provide cryogenic pumping 
and to increase its electrical conductivity ten fold. The base pressure 
of the device is 2 x 10" torr. 

I6cm 

Plasma aperture 
limiter 

Poloidal 
field current 

<IOO к А 

Cu-76"K 

3 ring supports 
0-4mm Dia. 

Langmuir probe 

Toroidal 
Field current 

<I80 к А 

2mm path 
s Monochromator Path 

FIG. 1. Schematic diagram of SPHINX experiment. The device is axially symmetric about the centre line. 

The magnetic surfaces are determined solely by the poloidal field and 
are shown in Fig.2 together with the contours of the poloidal field modu
lus (Bp). Each magnetic surface is labelled by a parameter r0 which is 
the maximum distance between the center of the ring and the magnetic surface. 
We compute the rotational transform by noting the change in azimuthal angle 
Д6 which a field line makes in going once around the ring conductor. The 
total rotational transform i once around the machine the 'long way' is 
(2TO S/U9 radians. We readily find 

B+ T* ds„ Bt 4 , aso 
A 9 = ^ d s p = - ^ - | o; 

up r XP bpR" 
where Sp is distance along a magnetic surface at fixed azimuth measured, 
from the median plane, R the radial distance from the centre post, 
Bt' Bp/ It< Ip' are the magnitude of the toroidal and poloidal fields 
and currents and bp a function defined by the mod Bp contours shavn 
in Fig.2. Fig.3 shows Л6 for SPHINX as a function of r . 
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FIG.2. Magnetic field surfaces and poloidal field modulus contours. The modulus В labels are relative 
field magnitudes with an arbitrary normalization. 
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FIG.3. Normalized azimuthalrotation of a magnetic field line in going once around poloidal field ring. 
Rotational transform i = (27г)г/Д6. 

To compute the shear, we calculated the twisting suffered by a ribbon 
defined by two adjacent field lines on neighbouring magnetic surfaces in 
going once around the ring conductor the short way, i.e. between two tra
versais of the center median plane. The shear length will be defined as 
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the distance moved along the field lines for which this twist is 45° i.e. 
for the transverse displacement of the ribbon to equal the separation of 
the magnetic field surfaces. The shear length Ls presented below is an 
average value computed as if this twisting occurred uniformly о We obtain 

B(r0) (2) 

where s is the distance along the magnetic field line in going once 
around the ring. Ls is shown in Fig.4 as a function of magnetic field 
surface for several values of I^/lp. 

го 

« Ю -

< 
J" 

T0 Distance in from ring (cm) 

FIG. 4. Average magnetic shear length. 

3. PLASMA GENERATION 
The plasma was generated by microwave discharge in low pressure U2, 

D2/ He- or A. Neutral particle densities used were 1-5 * 1012 cm-3, 
and the 9-4 GHz microwave power was supplied in the form of a square pulse, 
1 msec maximum duration, 3-5 kW maximum paver. In most of these experi
ments the electron cyclotron frequency in the discharge region was less 
than the microwave frequency, this corresponds to maximum currents of 35 kA 
in the ring and 100 kA in the center post. The gas usually breaks down 
within a few hundred microseconds after the heating is applied and the den
sity rises to a steady value after a further few hundred microseconds. 

All our observations are consistent with the conclusion that the dis
charge which we are studying are relatively cool and have electron tem
peratures of less than 10 eV. Although we are not now concerned with the 
details of the power absorption mechanism, considerations relating to col-
lisional effects and the refractive properties of plasma near the upper 
hybrid resonance appear more relevant than those associated with simple 
electron cyclotron resonance. The present experiments produce discharges 
which are qualitatively quite different from pulsed, electron cyclotron 
resonance discharges [4] at low pressure in mirror geometry; in particu
lar we have no evidence of a runaway electron component. 
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4. MEASUREMENTS 

In a steady state discharge the rate of plasma loss must be balanced 
by the rate of production of new plasma by ionization. Hence by measur
ing the ionization rate we can find the particle containment time. To do 
this we measure the plasma density and the rate of excitation of an appro
priate excited state as a function of time. By measuring the plasma accumu
lation, i.e., the plasma electron density and the total plasma production 
rate, we have made studies of the particle containment time. 

We believe that both ionization and excitation result principally from 
electron collisions with atoms in their ground stats. The ratio of the > 
rate constant for ionization to that for the excitation of states near the 
ionization continuum is a rather insensitive function of electron tempera
ture. The intensity of light from excited states, particularly those which 
are not influenced by resonant fluorescence, is thus proportional to the 
ionization rate. During the steady state period the vaLue of the electron 
density ne divided by the light intensity L in an appropriate spectral 
line is proportional to the particle containment time. 

In addition to making relative light intensity measurements an 
absolute calibration of the apparatus was done in argon at 4200A by 
noting the light production emitted by a current of electrons passing 
through a known pressure of argon gas. For this purpose a tetrode valve 
was suitably modified and mounted in the monochromator light path under
neath the discharge chamber. The output current of the monochromator 
photomultiplier as a function of electron energy is shown in Fig.6. The 
argon ionization cross section [5] and the response shown in Fig.6 was 
integrated over velocity to determine the ratio of monochromator output 
to ionization rate as a function of electron temperature. This ratio 
varies by less than ± 15$ as the electron temperature changes between 4 
and 15 eV. 

The mean electron density was measured by a 135 GHz interferometer. 
The system is subject to beam refraction and resonances in the discharge 
chamber which limit the overall accuracy to ± \5%. 

The plasma profile was determined by double Langmuir probe measure
ments. The double probe consisted of two tungsten wire probe tips 0*4 mm 
diameter 0-8 mm long sleeved by alumina tubing with an outer diameter of 
1*0 mm. The probes were integrally mounted in a holder to a separation 
of 6-3 mm at a common distance from the median plane. The entire assembly 
was rotatable and retractable, however most of our observations were made 
with the probe tips at a common radius from the center post. The circuitry 
ussd in conjunction with the"double probe was suggested by D.J. Lees and 
is similar in design to that employed in the Proto-Cleo experiment [6]. 
The two probe tips are connected to windings on each of two small trans
formers connected in series in such a way to allow the double probes to 
float electrically with respect to the plasma. One transformer applies a 
60 kHz sinusoidal voltage about 25 volts in amplitude between the two 
probes and the second transformer registers the current which the plasma 
carries. Comparison with 135 GHz interferometer signals indicates a linear 
relation during the heating phase between plasma density and double probe 
current. 

Floating potentials and fluctuations thereof were measured with a 
single LangmUi" probe which consisted of a tungsten wire tip 0-8 mm dia
meter, 1-6 mm long. The inactive portion of the probe was sleeved with a 
piece of alumina 2 mm in diameter. The total capacitance driven by the 
probe was 25 pf; in plasma potential measurements the input resistance 
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of the measuring apparatus was 107 ohms. In the fluctuation measurements 
a high pass RC filter with 1«2 x 10s ohms resistance and a time constant 
of I0~ sec was inserted between the probe and the amplifier input. Plasma 
impedance measurements together with the capacitance seen by the probe 
indicate that the probe response should be a true measure of floating 
potential fluctuations up to about 700 kHz. 

5. RESULTS 

The preliminary studies were made using argon, because of the re l a 
t ive simplici ty of measurement and in terpre ta t ion to es tab l i sh the nature 
of the discharge. Subsequent work using hydrogen gave similar r e su l t s , 
despite the large difference in ionic mass. 

(a) Experiments with Argon 

A typical set of argon data i s shown in Fig .5 . An 800 |jsec 
pulse of 9-4 GHz power was applied to the device a f te r the magnetic 
f ield achieved a steady value. Breakdown occurs af ter a short delay, as 
shown by the interferometer and l igh t in tens i ty t r aces . After steady 
conditions are reached, both the l ight production and the electron den
s i ty remained constant to within about 2CÇo. Measurement with a rapidly 
responding ionization gauge showed that the gas pressure was a lso con
stant to within about 20% during discharge. After the heating power was 
shut off, the exci ta t ion l ight disappeared in 50 fisec and the plasma 
density decayed with about a 600 iisec time constant . Using argon we have 
not observed recombination l ight during the afterglow period though both 
hydrogen and helium discharges show considerable recombination glow. Tue 
density decay in the afterglow has shown considerable long-term i r r ep ro -
duc ib i l i t y . 

-600/iSec 
Centre current 
9 4 GHz Heating power 

Ring current 

135 GHz Interferometer 

4 2 0 0 Я Light 

FIG. 5. Data from an argon discharge. 

In Fig.7 the steady state light intensity at 4200A (L) and the ratio 
of electron density to light (ng/L) are shown as a function of applied 
power and toroidal field. From the absolute light intensity, the elec
tron density and the neutral gas pressure, a value of <̂  °~iVe/ w as found 
which corresponds to an electron temperature of about 4 eV and an ioniza
tion time of about 600 lisec. An estimate of the containment time made 
from the rise of the electron density yields about half this value, which 
is within the precision of the absolute light measurements. These obser
vations show quite unequivocally that the electron temperature is well 
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FIG. 6. Monochromator photomultiplier current as a function of electron energy at 4200 A. 
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FIG. 7. Variation of the relative plasma confinement time ne/L and L (4200 Â) as a function of heating 
power and toroidal field in argon. 

below the ionization poten t ia l , so tha t the ionization ra te constant i s 
a very sens i t ive function of electron temperature. We note tha t the 
electron-electron co l l i s ion time in a 5 eV plasma with a density of about 
101 is 1-2 usee; since the average ionization time is a few hundred 
microseconds the deviation from a Maxwell Boltzman distribution caused by 
ionization effects should not be very large. Small deviations from a 
thermal distribution caused by plasma heating effects are not expected to 
make any significant change to the ratio of the ionization and excitation 
rates. 

The ratio of rig/L, which is proportional to the plasma containment 
time, shows very little variation as the parameters of the discharge are 
changed with the exception of discharges with no toroidal field. In such 
discharges Пс/L is smaller by about a factor of 3 as shown in Fig.8. 
With no toroidal field the electron density decays after the heating power 
is turned off with a time constant of 70-90 usee, whereas with toroidal 
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field it decays in about 600 usee. While this change in plasma contain
ment is very dramatic we note that during the afterglow period the elec
tron temperature may be rather low. 

(b) Experiments with Hydrogen and Deuterium 
Typical hydrogen data shown in Fig.9 indicates a great similar

ity to argon particularly during the initial gas break-down and steady 
state phases of the discharge, though the neutral gas operating pressure 
in hydrogen is somewhat higher than in argon. Figs.10 and 11 show the 
variation with the magnetic field parameters of the electron density, 
Ho light and their ratio during the steady state period of the discharge. 
The insensitivity of both the light production and the electron density 
to the magnetic field strength is apparent. The confinement times of 
deuterium and hydrogen are equal to within about 3055. While the chemical 
behaviour of hydrogen complicates the numerical ratio between the produc
tion of Hn light and the value of the ionization rate coefficient, the 
results show that the confinement time is essentially independent of both 
the magnetic shear and the magnitude of the magnetic field once the gross 
instability of plasma in a purely poloidal field is eliminated. 

10 

в 

2 4 
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2 

О 20 40 SO ВО ЮОкА 
Xt 

FIG. 8. Variation of 4200 A light intensity and electron density in argon showing increase in light produc 
(decrease in containment) as 1̂ -» 0. 

Observations made with the double Lan^nuir probe are shown in Fig.9. 
Unfortunately the probe circuitry is subject to a pickup signal which 
originates from occasional parasitic oscillation in the heating magne
tron. During periods when this pickup is absent, the probe current 
signal is steady during the heating as well as during the afterglow 
period. Fig.12 shows the plasma density profile from double probe mea
surements. This family of curves was taken under conditions of constant 
gas pressure and microwave heating power. The peak electron density is 
independent of both poloidal and toroidal fields. The profile is also 
independent of the toroidal field; with increasing poloidal field the 
peak density moves to larger radii and the magnitude of the outer den
sity gradient increases linearly. We have not resolved whether the 
steepening of the density gradient is primarily associated with a smaller 
plasma diffusion constant or whether it is more intimately connected with 
the mechanism governing the absorption of heating power. 

The voltage-current response of a single Langmuir probe in the plasma 
has shown several perplexing features. During the heating phase, the 
probe current-voltage characteristic is linear between i 90 V with a slope 
of 1040. For larger voltages there is a slight saturation of the probe 
current. During the afterglow there is an apparently reasonable probe 
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characteristic with some saturation of both electron and ion currents, 
the electron saturation current being same 12 times greater than that of 
the ions. However this response curve, indicates an electron temperature 
of several eV during a period when the plasma is recombining and is thus 
known to have an electron temperature of less than a few tenths of an 
eV [7]. These anomalies are not surprising since the probe current drawn 
represents the total ionization from more than a cubic centimeter of 
plasma which may severely disturb the plasma potential. 

Centre current (BOO /isec /cm) 
Ring current 
9 4 GHz Heating power 

H0 Light 

Floating probe 

Floating probe (lOO /isec/cm) 
3 0 0 MV/div 

Floating probe 

75 MV/div 

Centre current 
Ring current 
9 4 GHz Heating power 

H0 Light 

Floating probe 

Floating probe 
3 0 0 MV/div. 

Floating probe 

75 MV/div. 

I35 GHz Interferometer 
200yusec/div 

Double probe current 

FIG.9. Data from a hydrogen discharge. The fine structure in the 135 GHz interferometer time is 
instrumental — the step during the first 150 us does not represent plasma density - it is pickup from the 
magnetron before gas breakdown. The fuzziness in the double probe current trace between 600 and 1000 us 
is due to pickup and should be disregarded. The 135 GHz interferometer data and the double probe data are 
taken from a different discharge. 
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FIG. 12. Density profile measurements during heating from double Langmuir probe measurements. The 
probe current normalization of all data is the same. The poloidal and toroidal field currents are: 
X If = 16 kA, I- = 36 kA; ® I t = 48 kA, Ip = 36 kA; Д I t = 64 kA, I = 18 kA; OI t = 48 kX, I = 18 kA. 

The plasma floating potential is negative both during the heating 
period and the afterglow. In hydrogen it is about—15 volts during heat
ing and is almost constant throughout the plasma. By contrast with both 
helium and argon we have observed a non-uniform floating potential con
siderably more negative near the outer wall of the discharge. 

Fig.9 shows that the plasma potential fluctuations during the heating 
phase with both poloidal and toroidal fields energised are small. In 
agreement with the results of Birdsal.l et al. [8] the plasma is consider
ably noisier in the absence of a toroidal field. A large part of the 
potential fluctuation observed has a rather distinct frequency. The fluc
tuations are observed to slowly increase their frequency and amplitude as 
the heating power is increased from 0-25 to 3-6 kW. The amplitude of the 
fluctuations is much larger on the outside of the plasma. Two possible 
implications of Fig.13 are that the principal fluctuations are in the 
region defined by the plasma density gradient and are associated with the 
region of 'bad magnetic field curvature'. The frequency of the oscilla
tions is found to increase linearly with poloidal field current as Fig.14 
shows. 

During the msec following complete turnoff of the microwave heating 
power the potential fluctuation observed with a Langmuir probe is very 
small, as indicated by discharge 3894 in Fig.9. After the heating power 
is shut off, the plasma goes into a period in which electron ion recom
bination is a dominant process as the Hp light trace shows. During this 
time the electron temperature is less than a few tenths of an eV [.7] and 
the maximum rms potential fluctuations of only a few mvolts. Addition of 
about 4 Watts of 9-4 GHz power to the device is enough to stop the re
combination as the Hp trace light in discharge 3893 shows. However, 
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FIG. 13. RMS floating potential fluctuation magnitude during the heating as a function of probe position. 

I p 0<A) 
I t = l50(kA) 

FIG. 14. Frequency of floating probe potential fluctuations as a function of poloidal field. These data were 
taken from a He discharge with a strong toroidal field Ц = 150 kA. Lower^field hydrogen plasma data is 
virtually identical. 

even this small amount of heating is sufficient to increase the maximum 
rms level of the fluctuations tenfold to about 40 mvolts. The observa
tion that recanbination is the dominant process during the afterglow 
shows that state of the plasma is very quiescent. In particular, the 
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currents which are driven in the plasma by the electric fields associated 
with the eddy currents in the walls of the chamber are very small. 

Observation of the floating probe and HR light traces during the 
decay of the magnetic confining field shows the effect of inducing a 
heating current in a recombining plasma. It is readily appreciated that 
one cannot heat a recombining plasma just a little by applying an ohmic 
heating electric field because of thermal runaway effects. When the 
plasma is heated a little, its electrical resistance decreases and more 
power is dissipated. The temperature then increases until an energy 
absorbing mechanism like excitation and ionization become important. 
This is observed during the decay of the magnetic confining field in 
Fig.9 where the plasma fluctuation level increases to a value comparable 
to that during the main heating pulse and a small amount of Ha light 
is generated. It is easily seen that the value of dB/dt required to 
make the effect of electric fields in the plasma dominant,, is much larger 
than that which exists during the plateau period of the magnetic field. 

The independence of the plasma confinement upon magnetic field strongly 
suggests that ring support losses are dominant. The computed plasma loss 
tine found, assuming a flux of particles with an average velocity of 
((cTg/̂ M)-̂  flowing to the surface area of the supports is 8>0 msec for 
argon and 1-25 msec for hydrogen (кТе = 5 eV), whereas the observed con
finement tine is only a few hundred microseconds. Insertion of Langmuir 
probes into the discharge which effectively increases the support area by 
a factor of 1-75, show no significant effect on the production of Hp 
light or the 135 GHz interferometer signal. We therefore conclude that 
the simple loss of plasma to the ring supports does not make an important 
contribution to the loss of plasma from the device. 

6. COLLUSIONS AND DISCUSSIONS 
A. Plasma Containment 

During the steady state period of the discharge the particle con
tainment and ionization times are equal. In a well contained plasma the 
ionization time becomes longer and longer by depletion of the neutral gas 
as the plasma becomes fully ionized. In a low temperature partially 
ionized plasma with relatively poor containment the electron temperature 
adjusts itself so that the average ionization rate constant becomes equal 
to the containment time. This leads to the anomalous conclusion that a 
poorly contained steady state plasma is hotter than a better contained 
one. In a microwave discharge of the kind which we are studying the 
power absorption of the plasma decreases as the plasma density increases 
due to wave evanescence effects. In the regime of low plasma temperatures 
the ionization rate constant is a very sensitive function of the electron 
temperature thus both the electron temperature and the plasma density 
adjust themselves so that a steady state condition is attained. In this 
experiment the electron temperature varies very little and is quite close 
to 5 eV. The fraction of the incident power absorbed by the plasma is 
between 2-8% and is not strongly dependent upon whether the magnetic field 
in the discharge chamber is above or below cyclotron resonance. 

Our studies of plasma confinement during the heating phase are more 
reliable than those which were attempted during the afterglow. While an 
afterglow plasma is closer to equilibrium than one which is being heated 
the uncertainty of t)ie plasma température and the importance of recombina
tion effects is less clear. The observations with argon shown in Fig. 7 which 
show confinement time essentially constant over a wide range of heating 
power suggests that heating effects are not a dominant parameter in deter
mining the confinement time. 
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Assuming that the loss of plasma is a diffusive process, a diffusion 
constant D can be derived from the data. A convenient way of doing this 
is to note that the differential flux of plasma through an element of area 
dS is d<p = DVjji dS. Tlie confinement time can be estimated by dividing 
the total plasma inside the surfaces of half maximum density by the total 
flux crossing them using the observed values for Vxn to compute <p. 
Assuming n constant on each magnetic surface and recalling that V B.,= 0 
the density gradient Vxn at any point on a surface is V±n = BpR/Bp( 1JR( 1) 
(Vjji), where Bp(l), R(1.) and (V^n^ are all evaluated at some point on 
the surface e.g. where V^n is measured. The total flux leaving the 
system is 

* = в(0и(1) (^п)*/ D B P R 2 ( 1 S P (3) 

The dominant part of the plasma loss in the integral (з) comes from the 
outer surface at large values of R. This occurs because (a) most of the 
surface area is at large R; (b) the density gradient of the plasma is 
larger at large R than small. The effect of increasing the toroidal 
field is to change the shear length considerably as Fig.4 shows, however 
its effect on changing the confinement time assuming diffusion proportional 
to 1/B is very small; changing It/!p from °'5 t 0 4 by increasing It 
increases the confinement time by 2555. In Fig. 15 the ratio Bp/B is shown 
as a function of s_. Note that by increasing It the diffusion constant 
is significantly reduced on a part of the surface where the diffusion loss 
is minimal i„e. toward the center of the device (sp = 0). 

Ю cm 

FIG. 15. Bp/B as a function of sp for the magnetic surface which intersects the median plane at r0 = 4.2 cm. 

The observation that the plasma containment is independent of It is 
an indication that the parameter [9] S which is the ratio of the plasma 
gradient length to the shear length is not a dominant parameter in deter
mining the plasma confinement in this experiment. The irrelevance of the 
exact magnitude of 1^ provided it is not zero is one of the most repro
ducible features of the experiment. The range of the parameter 6 in the 
region most prone to fluctuations is 0-05 < 6 < 0-15. 
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The independence of the plasma confinement time on Ip i s a lso con
s i s t e n t with a diffusive loss proportional to l/B since the plasma den
s i ty gradient i s observed to steepen l inearly with Bp . Assuming the 
Boiim diffusion constant D = «Tg/(16eB) and the density gradients and 
poloidal f ie ld corresponding to Ip = 36 kA the calculated confinement 
time var ies from 22-28 jisec as I t increases from 18 to 144 kA. The 
absolute magnitude of the confinement time observed was estimated fron 
the r i se time of the electron densi ty, the value obtained i s between 
200-300 (asec. 

B. Fluctuations 

Excepting discharges with no toroidal f ie ld the fluctuations in 
plasma potent ia l are observed to be small. The maximum rms value corres
ponds to about 5% of ArTg/e. We have not yet attempted measurements and 
estimates to ascer ta in the magnitude of the plasma loss d i rec t ly asc r ib -
able to f luctuat ion phenomena. 

The osc i l l a t i on frequencies observed are of the r ight order for d r i f t 
waves i .e„ OÙ* = (kx «Tg/eB) d(£n n e ) / âx though the magnetic f ie ld depen
dence appears i n i t i a l l y to be incor rec t . The Doppler sh i f t correction to 
the-observed frequency for the E/B d r i f t i s not dominant. From Fig.13 
we see tha t 6 , the density gradient length«varies inversely with po lo i 
dal f i e ld ; thus the assumption tha t kj. 6 s 1 c lear ly gives the observed 
magnetic f ie ld dependence and in fact also gives the correct magnitude for 
the frequency. For example using the observed density grad ien t , j the mag
net ic f ie ld value 4 mm from the wa l l , an electron temperature of 5 eV, 
Ip = 18 kA and a frequency of 120 kHz implies k± = 3*5 cm- . The radia l 
extent of the region in which the f luctuations are observed defines 
Xj/2 к 1 cm which i s about the same as 6. Thus we conclude tha t 
k r a kx к 1/6 for these o s c i l l a t i o n s . Correlation measurements to 
verify t h i s conclusion have not yet been attempted. 
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D I S C U S S I O N 

D.A. PANOV: Did you observe a d i rec t correspondence between 
par t ic le l ifetime and the level of potential fluctuation? 

A . F . KUCKES: A di rect evaluation of p lasma loss by fluctuations 
r e q u i r e s study of the corre la t ion of p lasma density and potential fluctua
t ions . Such cor re la ted studies a r e planned for the near future. 

D.A. PANOV: Is the sca le of the fluctuation's sufficient to explain 
the magnitude of the diffusion p lasma flow? 

A . F . KUCKES: The uncorre la ted potential fluctuations s eem a l i t t le 
too low to explain the loss observed. However, m o r e detailed es t imates 
a r e c lear ly requ i red . 

S.J. BUCHSBAUM: At what neut ra l p r e s s u r e a re the exper iments 
per formed? 

A .F . KUCKES: About 10"4 mmHg. 
S.J. BUCHSBAUM: I note that the density at which most of the m e a s u r e 

ments a re made is about 10 c m " 3 , which is very near the c r i t i ca l density. 
What happens when the microwave power i s reduced so that the density is 
lower? 

A .F . KUCKES: The ra t io of e lec t ron density to spec t ra l light has been 
studied as a function of heating power, pa r t i cu la r ly in argon. At a heating 
power of a few hundred watts the p lasma density is about 4 X 10 c m " 3 . 
Under these conditions the containment t ime is essent ia l ly the same as at 
higher power. 

O.S. PAVLICHENKO: Have you any other confirmation of the fact 
that there is no dependence of the containment t ime on the longitudinal 
field, s ince the intensity of the H 6 line may depend on many p roces se s 
accompanying the injection of neut ra l par t ic les (e.g. p roces se s of the r e 
cycling type) ? 

A .F . KUCKES: Our exper iments depend on the fact that recycl ing 
effects a re dominant in the d i scharges studied. The neut ra l gas p r e s s u r e 
does not change very much after the d i scharge is init iated. The many 
chemical effects which one may wor ry about in hydrogen a r e great ly 
minimized by the fact that our observat ions of light and plasma density 
change v e r y l i t t l e as conditions a re var ied . Also, argon, in which these 
effects should be absent , exhibits very s imi l a r behaviour . 
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Abstract 

PLASMA CONFINEMENT IN THE LEVITRON. Confinement of gun-injected plasma and anisotropic 
hot electron plasma is investigated in the Levitron. Field configurations are employed which have strong 
shear (Ls/rp

 м 0 . 1 -1 ) , reversible gradient in average B, and a local minimum [B[ mirror region of the 
Kadomtsev type embedded in the closed toroidal flux surfaces. 

Gun plasma is produced by either a hydrogen washer source or a lithium "Bostick" gun. For broadly 
optimum field configurations with maximum shear and a stagnation point on the small major radius side of 
the floating ring, plasma injected across the separatrix spreads at the ion directed velocity (20- 50 eV) to 
form a toroidal shell several cm thick with n ~ 1010 - 1 0 u ions/cm3. T e ю 5 - 15 eV. During the initial 
decay to n~ 109-1010 ions/cm3 (t ~ 100-300 us) the plasma profile shifts inward toward the ring, accom
panied by fluctuations of several kilocycles (ôn/n ~0.1) localized in the external density gradient on the 
large major radius side of the ring. Subsequently, ôn/n decreases and the decay time increases to 1-2 ms. 
Bohm confinement times are exceeded by 1-2 orders of magnitude. If the stagnation point is shifted to 
the large major radius side of the ring, strong shear is retained while destabilizing field gradients are in
creased; comparable decay times are again observed, suggesting dominantly shear-dependent confinement. 

Hot electron plasma is formed by pulsed microwaves (X = 3 cm, 5-20 kW, тц = 1-2 msec) resonant 
in the minimum-|B| mirror region. The initially anisotropic and mirror confined plasma (n e j j 0 t » 2 x l 0 1 0 , 
Tehot « 5 - 2 0 keV) subsequently spreads around the ring along В by collisions with residual gas or by end-
loss instability. Under optimum adjustment of parameters, the confinement time r c is established by 
either energy loss by collisions with background gas, probe collection, or decay of the pulsed confining 
field. Typically т с « 1-10 ms, consistent with Tc several orders of magnitude > rg 0 h m - The degree 
to which isotropy is approached is limited by collection on stationary probes or by the slow scattering rate. 

An ohmic heating current is observed for both gun and microwave produced plasmas. At 50-kA 
ring current, the weak ohmic current does not appreciably affect the decay of gun plasma. As the ring 
current is increased to 150 kA holding Ifing/^z constant, a discharge forms causing a plasma density in
crease after gun injection or microwave heating to n « 1 0 u to 1012 ions/cm3 (T e « 2 0 - 30 eV) in several 
ms which then decays with a time constant approaching the field decay, т «10 ms. Induced ohmic 
current is inherent to an inductively excited resistive ring. 

INTRODUCTION 

The principal feature of the Levitron is an inductively excited ring 
which can be left unsupported for several tens of milliseconds. As a conse
quence, a variety of nearly axisymmetric, closed magnetic confinement 
configurations can be formed with the field of the truly floating ring and a 
toroidal field. Earlier experimental results [1] have been presented for 
Levitrons with a ring centered in the toroidal vacuum chamber (coil form) 
and with fixed external toroidal current distribution. In the present paper, 
experimental results are presented for a Levitron (Minimum В Levitron[2]) 
with an offset ring and segmented toroidal current poloidal field windings. 

* Work performed under the auspices of the US Atomic Energy Commission. 
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The flexibility of toroidal cu r ren t distr ibution allows shaping of the poloidal 
field, and consequently the flux surface shape, to obtain configurations 
with var iab le stabilizing p r o p e r t i e s . In par t icu la r , local m i r r o r t rapping 
regions with posit ive and negative VB can be formed, and the gradient in 
average В can be r e v e r s e d for configurations with s trong shear . 

Exper imenta l investigations of shear stabil izat ion with the previous 
Levitron [1] were conducted with re la t ively dense ( l ( )12- io l3 Cm~3) col l i -
sional p l a smas produced principal ly by ohmic and microwave heating. 
Fluctuat ions and enhanced p lasma loss were observed over a broad range 
of conditions, and the r e su l t s were not inconsistent with theoret ical ly 
predic ted instabil i ty when finite res i s t iv i ty was taken into account [3]. In 
the exper iments descr ibed here, extension of the p lasma toward more 
col l is ionless r e g i m e s has been accomplished by two techniques, gun in
ject ion and e lec t ron-cyc lo t ron- resonance heating at low p r e s s u r e . 

EXPERIMENTAL APPARATUS AND FIELD CONFIGURATION 

A schemat ic c ro s s section of the minimum В Levi t ron is shown in 
F ig . 1. The inductively excited, solid copper r ing is supported by four r e 
t rac tab le levi ta tor rods (1.2-cm diameter ) which a r e constructed out of 
hardened s tee l tubing. Lévitation is accomplished by r e t r ac t ing the rods 
15 cm for a per iod of about 20 m s e c . The s t a in l e s s - s t ee l toroidal chamber 
s e r v e s as a form for the toroidal and poloidal field windings, which a r e 
carefully contoured around a number of 2 .5-cm maximum diameter acces s 
po r t s to minimize field per turba t ions . The chamber is evacuated to typical 
(0.3-1) X 10"6 t o r r base p r e s s u r e . 

Both the toroidal field winding and the poloidal field windings a r e 
energized by capaci tor banks with 10-15 msec , l /4 -cyc le t ime to provide 
r ing cur ren t to I r = 200 kA and toroidal field cur ren t to I z = 1500 kA. 

Three bas ic field configurations can be formed by adjusting the 
poloidal field winding cur ren t dis t r ibut ion: 

(1) A minimum В configuration (1) shown in Fig. 2 with a stagnation 
(null in Bp) point positioned on the smal l major radius side of the 
r ing; 

(2) a r e v e r s e d gradient configuration (2) shown in Fig. 2 with a 
stagnation point outside the r ing; and 

(3) a quas i - l inear configuration for which the toroidal per turbat ion 
is minimized at a pa r t i cu la r value of I z / I r . 

Only pre l iminary r e su l t s with configuration 3 have been obtained, and these 
will not be d iscussed he re . 

Configuration 1 has a well in |B| as shown, and also a well in \ B ^ 
averaged over a poloidal flux tube volume, where 

p ' p 

The local field curvature is fixed, stabilizing, and normal to_ the flux s u r 
face at_the stagnation point (B t f 0) and is given by k_̂  = n* • VB/B = l /R s p , 
n =фх(В„/Вр). At point A, the curva ture is also normal , but destabilizing 
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TOROIDAL FIELD WINDING 

SEGMENTED POLOIDAL 
FIELD WINDINGS 

COPPER FLOATING RING 

VACUUM CHAMBER 

FIG.l . Schematic cross-section of the Levitron. The floating ring is supported by four retractable levitator 
rods (not shown) and is offset from the toroidal shell centre by 2.5 cm. Each poloidal field winding segment 
consists of approximately 50 turns. Similar conductor is used in the toroidal field winding. 

and varies from Kj_= VB„/Bp to l/R as Bj. increases from zero as shown. 
Between points SP and A, regions of geodesic curvature Кц are also pre
sent, as can be seen readily from contours of constant |B| since 
|К||| =(B^B /BBp)> VB/B. Although a local and average well are present 
in principle for all values of B^ > 0, grad <B> is stabilizing over a region 
comparable to the density gradient distance only at relatively high values 
of Iz/I r as shown in Fig. 2. In addition to variation of curvature, the local 
magnetic shear varies around the flux surface. The quantity в shown is 
the local angle of rotation of В between the separatrix and a flux surface 
1 cm closer to the ring at point A (typically n/n1 ~ 1 cm). 

Since в varies appreciably, an appropriate average should be taken, 
depending on the instability mode considered. For nonlocalized drift modes, 
it might be expected that < ^ к 0 m a x because of the exponential dependence 
of ion Landau damping on 6. 

Lg. 2 has similar confinement volume and shear. 
\ B / are destabilizing except for large 12ДГ 

Configuration 2 of Fi 
The gradients in |B I and 
where weak local stabilizing curvature is present near point A. "z/*r 

The stabilizing properties achieved by virtue of the effects of the 
stagnation point are diminished by- nonsymmetrical field perturbations of 
ports, ring position errors , etc. which cause destruction of the surfaces 
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near SP. Preliminary numerical calculations show that if the ring is tilted 
0.1 degree, surfaces are destroyed from SP to the point where the average 
rotational transform is ^i> ~ 2тг. 

GUN INJECTION STUDIES 

Gun injection studies have been conducted with two sources; a 
hydrogen-loadedtitanium washer source [4], and a lithium electrode Bostic-
type [5] gun. Although similar results have been obtained with both sources 
(hydrogen gun plasmas tend to be more dense by a factor of 10) most de
tailed measurements have been conducted with a lithium gun, and the results 
given here are for this case. Typically, plasmas with n = 10^ - 5 X 1010 

ions/cm , T e ~ 5 - 15 eV are obtained. 

Plasma is injected with a gun positioned as shown in Fig. 3, or alter
natively with the gun located directly above the ring but still outside the 
separatrix. Accelerated plasma crosses the magnetic field and enters the 
confinement zone by a process not well understood, but which involves 
polarization-induced drifts and appreciable j X В forces arising from the 
gun current and confining field. The properties of the plasma following in
jection depend critically on whether the ring is left supported or is levi
tated for large I r >, 90 kA. The critical dependence arises from inductive
ly driven ohmic heating currents, and this will be discussed more com
pletely later. The following experimental results obtain if I r < 90 kA, and 
are relatively insensitive to the presence or absence of support rods. 

The arrival and subsequent decay of plasma at several radial positions 
is shown in Fig. 3, and density profiles at several times during the decay 
are shown in Fig. 4 for I r = 45 kA, Configuration 1. Generally, the evo
lution of the plasma passes through three phases: (1) initial filling which 
lasts several hundred /jsec and is characterized by nonreproducibility, 
large azimuthal asymmetries, and relatively dense plasma outside the sepa
ratrix; v2) an approximately azimuthally symmetric distribution which tends 
to be well-defined by the separatrix but peaked near it (Fig. 4, t = 200/jsec); 
and (3) a slower decay phase (т^~ 1 msec) as indicated by'the profiles at 
t = 800, 1800 jusec in Fig. 4. The above characteristics are unchanged if 
the ring is levitated or supported. These data were taken with the ring 
supported. 

The decay of plasma during phase 2 (200 дэес <t < 800 ^sec) is ac
companied by large amplitude (n/n ~ 1) fluctuations at about 10 kc which 
are localized outside the ring in the external density gradient of the plasma. 
These "ballooning" fluctuations are well-correlated with the rapid decay of 
density near the separatrix suggesting direct transport by the waves, al
though the rapid decay may also be due in part to continued symmetrization 
of the plasma. 

Following phase 2, when the maximum external density gradient is 
decreased and displaced inward toward the ring, the fluctuation level de
creases to n/n < 0.1 over most of the external gradient except near the 
separatrix where n is small and n/n remains s i . At the beginning of phase 
3, the density is typically 5 X 109 ions/cm.3 and T e = 10 eV (Te remains 
approximately constant throughout the decay). A determination of n and T e 
has been made for several typical cases by iterative curve-fitting, using 
the low-density probe theory of Lafromboise [6] and curves obtained with 
a single probe biased to collect ion current and electron current of com
parable magnitude. 
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6.5 У 10"4 A/cm2/di ' 

6 . 5 ^ 10 3 A/cm2/div 

GUN FIRE 

54.5 cm 69.0 en 

FIG.3. Langmuir probe current vs position. Dual Langmuir probe current at fixed bias (80V) is shown as 
a function of time for several radial positions at the midplane (z=0). A collected current of 6.5 x 10"4 A/cm2 

corresponds to n я 3 x 10s electrons/cm' and at t = 700us after gun fire T e я 13 eV. The field configuration 
shown (la) is a variant of configuration 1 with Ir = 45 kA, I z « 200 kA. 

The decay time of phase 3 is remarkably insensitive to field configu
ration, IzA r , fluctuation level, or the presence of support rods. It is only 
appreciably shortened (factor of 3) when 12ДГ < 1, and then injection is in
efficient and azimuthal symmetry is probably not approached. Attempts 
to relate the Langmuir probe decay time to an actual confinement time by 
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direct measurement of the escaping flux have been unsuccessful. Several 
measurements have been performed, however, which suggest that 
Td = Confinement-

If the transient gas pressure during the decay is doubled by means of 
a pulsed gas value, the decay rate is not appreciably altered, suggesting 
that recycling is unimportant. Further data have been obtained with an ion 
energy analyzer [7]. With the acceptance energy set at 40 volts (well above 
the anticipated energy of recycled ions) the curves shown in Fig. 5 were 
obtained. When the ring is levitated, the decay rate is seen to be compa
rable to Langmuir probe decay shown earlier, while with the rod supported 
a more rapid decay i& observed consistent with collection on the levitator 
rods. Since the bulk of the ion distribution is estimated to have T^ ~ 1 - 5 eV 
by use of a Larmor radius selection analyzer [8], the observed insensitivity 
to the presence of supports is also consistent with the observed т^. 

• 1800 jjsec 
• 800 fisec 
* X 10 at t = 200 jisec 

FIG.4. Midplane probe current profiles at t • 200, 800, 1800 us after gunfire. The field configuration 
is shown in Fig.3. The probe bias is 80 V. Note the t = 200 us curve is reduced by 10. 

Assuming that тс = т^ and taking T e = 10 eV, the normalized decay 
time ranges between 10 and 100 т в о п т , depending on B(in the range 
I r • 45-90 kA)and the portion of the decay considered. Next, the effects 
of ohmic heating will be discussed. 

Because of the finite resistivity of the floating ring the confining 
poloidal field is necessarily transient, and consequently inductive electric 
fields are present and, for ï r = 45 kA, Iz = 200 kA, E • В/В к 2 X 10~3 

volts/cm. In addition to ring resistivity, induction electric field can arise 
from time-changing current in the external windings. Generally, injection 
of plasma is timed to coincide with peak current in the windings. 

Typical evidence of the onset of ohmic heating and recycling is shown 
in Fig. 6. At I r = 45 kA, the decay after injection is nearly unchanged by 
the presence of the supports. The ballooning fluctuations evident at R = 71 
cm are also relatively unchanged; however, low-frequency fluctuations are 
frequently induced near the ring as shown at R = 68.5 cm. If I and Iz are 
increased to 180 and 800 kA respectively, appreciable recycling appears 
when the rods are withdrawn. The effects of recycling are dependent on 
factors such as volatile gas evolution from the gun or surface cleanliness. 
Frequently the plasma density continues to increase after injection and 
then decays with a time constant approaching the field decay time 7V, « 20 
msec. In addition to recycling, high-frequency iluctuations (f ~ 20 - 200 kc) 
are excited. 
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JANUS 
PROBE 

R = 55 cm 

+ 40V BIAS 

A - B 

100 ц A/cm 

A 

100 /uA/cm 

BSSHSS 

LANGMUIR 1 
PROBE 

R = 68 cm 

40 V BIAS 

— 

LEVITATED 

В 
В 357 /u A/cm /cm 

•*— t (500 ц sec/cm) 

SUPPORTED 

FIG. 5. Monoenergetic ion confinement, ring supported and levitated. Configuration 1 (a) (Ir = 90 kA, 
Iz = 400 kA) with the analyser positioned at the stagnation point. 

GUN 
FIRE 

ENERGY ANALYZER 

20 V BIAS 

(40 V ENERGY) 

SUPPORTED 

LEVITATED 

• * — t (1 msec/cm) 

FIG. 6. Langmuir probe current at two positions for two field strengths, ring supported and levitated con
figuration 1(a). The probe bias is 40 V. 

Measurements of the induced electron drift motion have been made 
with a symmetrical "Janus" probe which consists of two collection electrodes 
positioned behind 0.1-cm-diameter holes in an external tubular electrode. 
The holes are diametrically opposed, aligned with the magnetic field, and 
the electrodes are biased relative to the external electrode to collect the 
electron saturation current. The difference in collected current is a 
measure of the electron drift. 

Typical results are shown in Fig. 7 for the ring supported and levi
tated. With the ring levitated the difference current (A - B) is comparable 
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with the individual leg current , indicating appreciable drift (v m v t e ) and 
consequent recycling a s shown on the Langmuir probe t r a ce . If the ring is 
left supported, the cur ren t d e c r e a s e s by ~ 100, low-frequency fluctuations 
a r e great ly reduced, and a s imple p lasma density decay o c c u r s . 

Similar ohmic heating occurs for all configurations investigated thus 
far, provided B t and В a r e roughly comparable and I r is sufficiently l a rge . 

Fluctuat ions a r e observed for most of the duration of the p lasma, a l 
though when ohmic heating is not important the decay r a t e in phase 3 is not 
appreciably affected by the fluctuation ampli tude. Typical fluctuations 
observed in configuration 1 fall into two c l a s s e s : (1) nonlocalized modes 
which appear when the r ing is levitated, and (2) modes localized in the 
external density gradient region of the p lasma. Class 2 modes may also be 
localized to cer ta in regions of the flux sur faces as in the ballooning mode 
noted ea r l i e r . The spec t rum of fluctuations extends from a few kilocycles 
to about 100 kc . 

I 
RING •У, Л 

R = 68.5 cm 

0.3 m A / c n / d i 

Er 3 mA/cm / d i ' 

• • • • • • • В Г Ш 
5 • • • • ! ШШ'ШШ 
! n . д / г... 1 ! 2 П 
О 0.6 mA/cm / d i \ z < 

я n AT 1800 fjsec AFTER GUNFIRE 

6 mA/cm / d i ' 

• • • •K l 
t(500 sec/cm 

R = 71 cm 

SUPPORTED 

) LEVITATED 

> SUPPORTED 

> LEVITATED 

Ш 
warn 

• • 

• • • • • • 

I - 200 kA 

I = 4 5 k A 

I = 400 kA 

I = 90 le A 

FIG.7. Janus probe signals for ring supported and levitated. The probe is oriented to collect electrons 
moving parallel (A) and antiparallel (B) to B\ 
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Two types of nonlocalized fluctuations a r e frequently observed: (1) a 
low-frequency (~2-5 kc) coherent "wobble" of the ent i re p lasma (see Fig . 5, 
levitated for example); and (2) high-frequency (20-100 kc) fluctuations with 
short wavelength a c r o s s В (Xj.^0.1 cm). Both fluctuations appear to be 
excited by ohmic cur ren t and a r e most intense for I r > 90 kA. However, 
because of lack of reproducibil i ty, cor re la t ions have not yet been e s 
tablished. 

Localized fluctuations a r e more reproducible and a r e relat ively in
sensi t ive to the p resence of levi ta tor rods . These fluctuations appear a l 
most entirely in the external density gradient region and a r e most intense 
near the low-density edge where typically îï/n ~ 0 .1 . The internal gradient 
region near the ring, where p lasma p r e s s u r e is supported by an every
where-s tabi l iz ing gradient in B, is nearly always quiescent (îï/n й 10"2) 
except under conditions of strongly excited nonlocalized modes . 

The ampli tude of localized fluctuations tends to be re la t ively in
sensi t ive to the magnetic field strength, although general ly the frequency 
spec t rum tends to shift upward as В is increased . A marked dependence 
of the amplitude distr ibution around constant flux sur faces is observed, de
pending on I z / I r . If I z / I r Ъ 10-15, fluctuations extend all over the surfaces ; 
while for 12ДГ<^ 10, localized ballooning occurs in the destabil izing field 
curvature region outside the ring, as noted e a r l i e r . 

'Only l imited cor re la t ions have been made in the r eg imes I z A r ^ 10-15 
because of the a lmost turbulent wave field developed. Floating potential 
cor re la t ions indicate the coherence length a c r o s s B,Li is < 1 cm (consist
ent with kj.ai ~ 1) and that ^ ц / L ^ > 10. Examination of~Fig. 2 shows that the 
condition I z A r ~ 15 cor responds to the condition (дСЗ^у/дф) « 0 over the ex
te rna l density gradient region R = 51-56. At I z / I r

 = 15, the change in field 
angle at the midplane over the gradient distance n/n1 (~ 1 cm at point A) is 
в = 5° at A, and 6 = 17° for the flux surface in tersect ion at the stagnation 
point. 

Over the range 0.5 <lzflr < 10-15, the ballooning mode occu r s . Below 
LjAr « 5, the fluctuation level d e c r e a s e s appreciably until I z / I r ~ 0.5 when 
trapping becomes inefficient. If I z = 0, the Langmuir probe saturat ion 
cur ren t is reduced by ~10 and the confinement t ime is reduced to about 500 
Msec. This t ime is sho r t e r than the grad В drift velocity around the to rus 
so that azimuthal symmet ry is probably not achieved. 

In the range 1гД г = 5 - 10 ( I r = 45, 90 kA), the ballooning mode is 
quite coherent and detailed corre la t ion m e a s u r e m e n t s have been made . 
F igure 8 shows the var ia t ion of n around the s epa ra t r i x flux surface, a s 
measured by dual Langmuir p robes . As can be seen, the mode amplitude 
has dec reased appreciably at В so that the effective wave number in the 
poloidal direct ion is к • Br>/BD = к_ > ÎT/2LAT>. 

Cor re la t ions of floating potential Vf a c r o s s flux sur faces and along 
and a c r o s s В a r e shown in F i g s . 9 and 10 respect ively for the sweep t ime 
shown in F ig . 8. Both measu remen t s were made with high-impedance 
(10? П), high-frequency response (~300 kc) p robes . F o r the cor re la t ion 
a c r o s s flux sur faces , a four-e lec t rode probe was used (0.5 cm spacing) 
which was orie_nted along the major rad ius at the midplane, a s indicated. 
It is seen that Vf is well cor re la ted and broadly peaked at R ~ 70 cm. Com
par i son with Fig. 7 for example indicates that Vf is considerably l e s s loca l 
ized than n. Taking the var ia t ion of îï, the wave number a c r o s s flux sur faces 
is к • V0/ |V^ | = k^ ~ jr(n'/n). 
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2 mV/cm 

1 mV/cm 

1 mV/cm 

t (100 jusec/cm) 

r(500psec/cm) 

LANGMUIR PROBE CURRENT 
POSITION A,20mV/cm 
SWEEP TIME 

FIG. 8. Variation of density fluctuations at a flux surface near the separatrix. Langmuir probes are positioned 
at А, В, С as shown for configuration 1. The sweep time is shown by the lower trace, along with the 
Langmuir probe current at position A (R = 70 cm, 80 V bias). 

Corre la t ions a c r o s s and along В shown in Fig. 10 were taken with a 
two-elect rode floating probe with var iable separat ion and rotation and with 
the e lec t rodes positioned at about the s epa ra t r i x at the points shown. When 
the tips a r e aligned with B(A'B') we l l - co r re la t ed signals a r e seen, indicat
ing that the lowest o rde r var ia t ion in the poloidal direct ion is dominant so 
that kp ~ 7г/2 Ь д з = 0 . 1 6 cm~*. With the tips at AB it is seen that phase 
propagation from A to В occurs , i.e., in the direct ion of the diamagnetic 
cur ren t o r the ion grad В drift 
cm//usec which yields 2jr/k^ =X 

The propagation velocity is v_ * +0.34 
Pi 

iX ~ 33.5 cm for the 10-kc component, 
comparison, under the conditions shown, fĉ  ~ 250 
cm/iusec for T; - 2 eV and n'/n = 2 cm , and v 

kc for Li, v-"jVn 
i V B ~ +0.03 cm/iusec. A 

F o r 
+ 0.35 

local E/B velocity of» -0.1 cm/jusec (electron diamagnetic drift direction) 
is present , as inferred from the gradient of Vf. (Vf is usually 3-5 volts ' 
negative at the maximum density point and i nc r ea se s to я 0 nea r the r ing 
and separa t r ix . ) Consistent with exper imenta l e r r o r , the propagation 
velocity is in the direct ion of and approximately at the ion diamagnetic 
drift. Attempts to determine the scaling of v p with Tn'/Bn have not yielded 

consistent r e su l t s because of shot - to-shot var iat ion. Increased B, however, 
i nc reases roughly l inearly the frequency of the dominant component. 
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FIG.9. Floating potential fluctuation correlations across flux surfaces. Simultaneous measurements are 
shown for R = 68 - 69.5 and 69.5 - 71 cm. The sweep time is shown in Fig.8. 
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FIG. 10. Floating potential correlations for configuration 1. Correlations are shown for two probe orientations 
A, B, A", B' across and along B~ in the region outside the ring (R = 70 cm). The sweep time for the correlated 
signals is shown in Fig. 8. 
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Next, confinement and fluctuation observations with configuration 2 
will be discussed. As noted earlier, the principal differences between con
figurations 2 and 1 are the strong reversal of grad (В У and the gradient 
of В in the trapped particle zone. 

The confinement characteristics of this configuration are similar to 
those noted earlier. For regimes in which ohmic heating is not important, 
comparable density and temperature plasma is trapped and after initial 
transients lasting =50 /usee a quiescent decay follows with т^ я 1 msec as 
before. Ohmic heating effects are observed which are similar to those 
described earlier. 

One of the major differences in confinement when ohmic effects are 
unimportant is a pronounced shift of the external density gradient inward 
from the separatrix. This effect occurs early in the injection phase and 
persists during the remaining decay. Typical density and floating profiles 
are plotted in Fig. 11. The source of more rapid loss of plasma near the 
separatrix compared with configuration 1 has not been determined. In 
addition to plasma effects, it is likely that greater destruction of the mag
netic surfaces occurs for this configuration because of the closer proximity 
of the stagnation point to port perturbations in the external windings. 

Fluctuations similar to those described earlier are observed, includ
ing localized modes which extend over the entire flux surface at large I z / I r . 
In the case I z / I r^,15, a coherent low-frequency ballooning mode is observed 
which is similar to the mode observed with configuration 1 except that the 
frequency is lower and ballooning occurs near the stagnation point. Float
ing potential correlations of this mode are shown in Fig. 11. Comparison 
of probe positions AB and A'B' shows that propagation occurs across В in 
the direction of the ion diamagnetic drift. For the case shown, vp ,~ 0.12 
cm//jsec which roughly corresponds to the ion diamagnetic velocity at (n/n) 
maximum. 

HOT ELECTRON PLASMA STUDIES 

The confinement of hot electron plasma has been investigated prima
rily with configuration 1 (or variant 1(a)) with 12ДГ ~ 9.0 for which a mini
mum В mirror zone is formed as shown in Fig. 1. If the electron cyclotron 
frequency is adjusted so that resonance occurs in this region, a mirror-
trapped hot electron plasma is produced which is stably confined against 
cross-field losses. During the subsequent decay, scattering or enhanced 
end losses relax the distribution toward isotropy. 

Plasma is formed either by ionization of a low-pressure gas back
ground at p ~ 3 X 10"? (base) to 10~5 torr or by heating of gun-injected 
plasma. For |B I adjusted for electron cyclotron resonance corresponding 
to contours fB|= 3.2 - 3.8 of Fig. 1, microwave power to 20 kW at 10.6 Gc 
is pulsed on for T

n ^ . l msec to produce a plasma which consists of two 
electron energy components: mirror-trapped hot electrons with Tejj ~ 5-20 
keV, n e h £ 3 X 1010; and cold electrons with T e c ~ 10-20 eV, n e c ~ 
10ll - 3 X ю12_ xhe upper limit of n e c appears to be set by the cutoff 
condition u p e = uh. Hot electrons are measured with scintillation, thermo
couple, and x-ray probes. Cold plasma is measured with Langmuir probes 
and an interferometer. 

The achievement of dense, hot-electron regimes (n„, ~ 10Ю- 3 X 10Ю) 
is critically dependent on the resonance zone location and Fne buildup of cold 
plasma. The production of energetic electrons is strongly reduced when 
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FIG. 11. Langmuii probe current, density fluctuation, and floating potential vs radius and fluctuation 
correlations for configuration 2, Ir « 70 kA, l z = 400 kA. Fluctuations in floating potential are shown for 
two probe positions AB, A'B' for spacings of 2.5 and 5.1 cm. The correlation sweep time is shown with 
Langmuir probe saturation current and floating potential at R = 70 cm. 
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n e c is a small fraction (~10-1 to 10-2) of the cutoff value. This critical de
pendence on n e c suggests that heating by extraordinary wave propagation 
across В occurs whexe u^ = ы^е + wTe. Because of the relatively shallow 
well in | в | , small u£e can shift the heating zone out of the minimum В 
region. 

The dependence of the plasma spatial distribution on the location of the 
resonance zone is shown in Fig. 12. A shift inward toward the ring is seen 
when I r is reduced (12ДГ constant) consistent with the corresponding shift 
in the resonance zone. Sharp definition of the plasma boundary by the reso
nance zone has also been observed with microwave heating in a minimum В 
mirror device [9]. 

I • юз kA 
I =920kA 

t = 500 usee 
AFTER MICROWAVE OFF . . 

Ir = 90 kA 
I =800kA 

t • 500 юее 

t = 1500 M M C 

68 69 70 71 
\ » • R(cm) 

RING SURFACES INTERCEPT 
RESONANCE ZONE 

RING 

FIG. 12. Profiles of electron distribution taken with probe 3 for Ir = 90 kA, Iz = 800 kA. Probe 3 is a 
plastic scintillator sensitive to electrons with E i 3 keV. Configuration 1 was used and the flux surfaces 
which intercept the resonance zone are indicated. The case Ir = 90 kA, Iz • 800 kA corresponds to resonance 
at В = 3.8 in Fig. 1. The vertical scale is relative. 

Under optimum adjustment of parameters, the hot electron plasma is 
initially mirror-trapped and then spreads around the ring primarHy by gas 
scattering, as shown in Fig. 13. Probe 1 in the mirror zone shows the 
direct flux of energetic electrons during heating and a rapid decay after 
microwave turn-off due to collection by the probe. Probes 2 and 3 show 
successively slower increases in signal, reflecting the gradual spreading 
of the plasma around the ring. Interception of a flux surface near Probe 1 
reduces the signals on the same surface at positions 2 and 3 by 10-100, also 
consistent with mirror trapping. 

Spreading around the ring is generally observed to be energy-depend
ent by x-ray measurement, and background gas pressure variation con
sistent with classical scattering. Figure 14 shows the loss rate to probe 3 
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for severa l p r e s s u r e s of argon and for pulsed argon introduced during the 
decay. The r e su l t s a r e roughly consistent with sca t ter ing into the loss 
cone with T

s c a t t e r i n g œP'^> rapid loss of pa r t i c l e s sca t t e red into orb i t s 
which pa s s around tne ring, and finally decay of the t rapped population. 

A cold p lasma background is also present for which the density has 
roughly the same t ime-dependence as the visible light signal of Fig. 14. 
P o r the case shown n e „ ~ l O ^ - lO^l, the density profile is s im i l a r to 
the gun p l a smas descr ibed ea r l i e r , and s imi l a r fluctuations a r e p resen t . 

PROBE 1 

PROBE 1 

t (1 msec/div) 
LINER 

MAJOR AXIS 

FIG. 13. Energetic electron signals received by scintillation probes positioned as shown for configuration 
l(a)(Fig.3), Ir = 100 kA, I z = 800 kA. 

MICROWAVE 
POWER 
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GUN ONLY 
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8 x 10"° torr 
ARGON 

. 4 x 10 

4 . 6 x 10 
PULSED ARGON 

PROBE 3 AT 
R = 69.0 cm 

t (1 msec/cm) 

FIG. 14. Energetic electron signals received by probe 3 positioned at R = 69.0 cm for background pressures 
of 8 x 10"6 torr gun gas, and with 8 x 10 ' 6 torr, 1 . 4 x l 0 " 5 , and 4.6 x 10"5 (pulsed) argon. 



CN-24/C-9 459 

Since the sweep-up time of passing electrons on the scintillation probes 
(0.3 cm diameter) is much shorter than the scattering rate (T

probe ~ 5 - 20 
/jsec) the above picture of mirror loss is expected. To determine the loss 
rate of passing particles in the absence of probes, the area of intercepting 
surfaces in the region of probe 3 was varied, with relatively little effect. 

The relative insensitivity of the slower decay of more energetic 
electrons (10 - 30 keV) to varying obstacle size suggests that for this con
figuration the inherent loss rate of passing particles is considerably larger 
than the rate of scattering into the loss cone. This conclusion has also 
been tested with a moveable scintillation probe which can be inserted into 
the confinement region near probe 3 a distance 1 cm in 10"3 sec. If the 
probe is inserted during the usual slow decay shown in Figs. 13 and 14 an 
instantaneous signal is observed which corresponds roughly to the static 
signal with the probe fixed at the same position, thus indicating no appreci
able confinement of passing particles. Inserting the probe 0.5-1 msec after 
the scattering time has been decreased to several hundred microseconds by 
pulsing in argon to я 2 X 10"^ torr pressure again fails to show an appreci
able population of passing particles or any effect by fixed probes. 

SUMMARY AND DISCUSSION 

A clearly evident feature of gun-produced plasma is the appearance 
of strong ohmic heating and recycling at high ring current with the levi-
tators withdrawn. The persistence of appreciable ohmic heating for con
stant current in the external windings stems from the resistive voltage drop 
which is virtually inavoidable with the present system. 

A low ring current, or supported ring regime was identified where 
appreciable ohmic effects appear to be suppressed. In this regime nearly 
collisionless plasma with n я ÎO^-IO1" ions/cm^, T e = 5-15 eV is ob
served to decay over typically 10-100 тъ . nearly independent of the de
tailed field configuration or field strength. 

Several features of the near equilibrium of the decaying plasma bear 
discussion. Under most conditions where long-time confinement is ob
served, the floating potential is more negative by about Vf « j . Since 
it is expected (and approximately measured) that T e я constant, it appears 
reasonable that the space potential is also negative, implying good 
electron confinement and therefore closed magnetic surfaces. An additional 
consequence of negative space potential is the compression of ion drift 
surfaces to more closely coincide with flux surfaces, as is evident from 
consideration of conservation of canonical angular momentum and energy. 
Although the above conservation equations insure absolute confinement 
(provided a high degree of axisymmetry is present) ions need not be adi-
abatic. Since the transition energy at I r = 45 kA is about 4 eV for Li+, the 
estimated ion temperature of 2-5 eV is close to the nonadiabatic limit. 

It is not clear what process establishes the decay time. Except dur
ing the early filling phase, the decay rate is relatively insensitive to the 
level of fluctuations between 5 and 100 kc, the poloidal field configuration 
(except near the stagnation point for configuration 2), or the ratio I zA r . It 
is possible that low-frequency activity can account for the decay time. 
However, for frequencies of order 1 kc or less, the experimental determin
ation of long wavelength potential variation is difficult and intimately as 
sociated with the degree of azimuthal symmetry achieved. Comparison of 
probes at several positions suggests that the plasma density is symmetric 
within ±20%. This is well below the accuracy required to determine the 
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impor tance of low-frequency "convective-like". p r o c e s s e s which can account 
for the observed loss with average e lec t r i c fields of o r d e r 10"2 vol ts /cm. 

Fluctuat ions which appear to be assoc ia ted with confinement a r e ob
served in the external density gradient while the in ternal density gradient 
is re la t ively quiescent. F o r both field configurations, low-frequency 
(u <<uci) ballooning occurs in the region of maximum destabi l izing field 
curvature and the phase velocity is at approximately the ion diamagnetic 
drift. These cha rac t e r i s t i c s suggest the diss ipat ive interchange ins ta 
bility [3]; however, because k.,=k^, and и/км v t e « 1, propagation with the 
ion drift i s inconsistent with equil ibration of the e lec t rons along B. 

Several effects can a l te r the s imple pic ture given above. F i r s t , for 
the r e v e r s e d gradient configuration (2), the condition и т щ » 0.5 holds (т-g. 
is the bounce frequency of t rapped ions) so that t rapped par t ic le effects 
can be important . Ballooning in the m i r r o r - t r a p p i n g region for this con
figuration would be consistent with predicted t rapped par t ic le instabi l i 
t ies [10], [11], [12]; however, the re is no immediately evident reason why 
propagation should occur at vy-,^. F o r the ballooning mode observed with 
the minimum В configuration (1), the frequency is higher and the ion 
bounce t ime is longer and va r i e s considerably over the flux surfaces where 
the wave is localized so that и т щ ~ 1 - 10. As before, it appear s that the 
detailed par t ic le motion can be important; however, a d i rec t cor respond
ence with t r apped-pa r t i c l e modes is difficult to es tabl ish . Finally, other 
effects which possibly can be important a r e that for the equil ibrium 
aj n/n' = 2 - 4 » (m/M)*™, and a weak nonuniform e lec t r i c field is p resen t . 

Hot e lec t ron p lasma produced by ECR heating with n e h < 3 X 1 0 l ° / c m 3 

and Т е ^ = 5 - 2 0 keV is observed to be confined for t imes many o r d e r s of 
magnitude longer than the Bohm t ime computed with T e j j . Although the 
Debye length is relat ively short (XJ-J « 0.5 cm) and the d ie lec t r ic constant 
l a rge (upi/u§i » 10^), the degree of p r e s s u r e isotropy at tained during the 
decay is important and riot yet prec ise ly determined. 

P re l im ina ry indications a r e that anisotropy in the absence of in te r 
cepting probes r ema ins high during the decay. Since the number of e l ec 
t rons in pass ing orb i t s does not inc rease appreciably with the probes r e 
moved, it appea r s that e i ther the inherent loss t ime is l e s s than the 
probe collection t ime (~ 10 /usee = 10^ TgQ^ ) o r that a se lect ive loss of 
t rapped e lec t rons occurs when passing t r a j ec to r i e s a r e approached. Such 
a select ive loss needs to be only of the o r d e r of magnitude of sca t ter ing 
l o s se s to ag ree with observat ion. 

A number of possible lo s s mechan isms can occur e i ther from single 
par t ic le or collective effects, including modification of the energet ic e l ec 
t ron confinement by low-frequency fluctuations of the cold p lasma. Also, 
considering single par t ic le motion, e lec t rons with energy ^100 keV remain 
adiabatic; however, excurs ions from flux sur faces i nc rease with v.,/v^ and 
a r e l a rges t for t rapped pa r t i c l e s which a r e marginal ly close to passing 
o rb i t s . Conservat ion of canonical angular momentum may be used to e s t i 
mate the excurs ion 6 which is readi ly 'shown to be 

max ep 
where a e p = vg/(e/m)Bp is the e lectron gyroradius in the average poloidal 
field. Since B p » 4 kG at the m i r r o r points (Fig. 1) a e p = 0 . 3 cm for a 
20-keV electron at the s epa ra t r i x above the r ing and a e p = 2 - 4 cm near , 
the stagnation point. Thus a e p is an appreciable fraction of thé confinement 
volume nea r the stagnation point, and weak field inhomogenieties may lead 
to rapid lo s s of high-energy e lec t rons . 
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D I S C U S S I O N 

A. GIBSON: Have you at tempted to produce p l a smas by r e s i s t i ve 
microwave heat ing — i . e . with no resonance inside the tube? 

C.W. HARTMAN: Yes , although no sys temat ic s tudies have been 
conducted. Non-resonant heating of gun-injected p l a sma has been observed. 

R . S . PEASE: What is the drift velocity along the l ines of force due to 
inductive (and res i s t ive) e l ec t r i c fields? Have you any information on the 
instabi l i t ies that may be produced thereby? 
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C.W. HARTMAN: Measuremen t s with the Janus probe suggest that 
the drift velocity i s comparable with the e lec t ron t he rma l motion when 
s t rong recycl ing occu r s . However, quantitative in terpre ta t ion of the 
probe cha rac t e r i s t i c s is complicated by a wake, or shadow, which may 
be present under these condit ions. 

P.L. HUBERT: Does the induced e lec t r ic field exceed the Dre i ce r 
l imit for the production of runaway e lec t rons? 

C.W. HARTMAN: It is possible that runaway e lec t rons a r e p resen t , 
although X - r a y measu remen t s do not show any detectable intensity of 
photons with an energy g r ea t e r than about 1 keV. 

S .J . BUCHSBAUM: With r ega rd to Mr. H u b e r t ' s question, your p lasma 
i s not fully ionized so that the runaway field is higher than the D r e i c e r 
field. 

C.W. HARTMAN: Yes , I a g r e e . 
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Abstract 

THE EXPERIMENTAL INVESTIGATION OF SINGLE-PARTICLE CONTAINMENT IN A HIGH-SHEAR 
STELLARATOR. A low- 3 toroidal reactor will only be feasible if ions with randomly directed velocities 
can be contained while they make more than 10 4 transits around the trap. However in a toroidal stellarator, 
because of the lack of symmetry, it has not been demonstrated that even the field lines are contained to 
this accuracy. This paper describes experiments to measure the confinement time for a distribution of 
single particles in a high shear stellarator. The method used is to populate the trap with 6-particles from 
tritium gas and measure the equilibrium population by collecting all the trapped electrons on a moving 
scintillation probe, which is driven across the trap. The maximum containment time which can be 
measured in this way is set by the energy degradation time on the background gas and can correspond to 
more than 108 transits. Those particles born in the loss region of velocity space ( i . e . on to orbits which 
intersect the wall in a few transits) are excluded from the measurement. ' 

The trap is a stellarator with a toroidal i = 3 helical winding, minor radius 11.5 cm, major radius 
30 cm, mean pitch angle 45°, there are 8 field periods on the torus. The limiter radius is 5.8 cm and 
the separatrix can be inside the limiter for toroidal fields of up to 1000 G. For this field the mean ratio 
of limiter to Larmor radius, for particles detected by the scintillator, is about 30. The windings are 
designed to produce a spatially accurate, quasi-d.с. ( ~ 10 s) field, it is possible deliberately to perturb 
the field and assess the effect on particle confinement. 

Measurements with Hall probes on particular lines show that the field accuracy is in fact better 
than 0.3*70, and electrons from guns (Vn/Vx large) lie on closed surfaces for at least 10 to 20 transits. 
Measurements, using tritium, show that there are regions of the trap where electrons are contained for 
more than 107 transits. 

1. Introduction 

A low p toroidal reactor will only be feasible if plasma particles 
can be contained while they make many transits of the trap. Currently 
envisaged parameters [1] for such a reactor imply that, in the absence 
of collisions, ions could make 104 to 10s transits of the trap, and elec
trons (4 to 40) x 10s transits. Knowledge of the single particle pro
perties of a trap is thus an essential pre-requisite for understanding . 
its behaviour and potentiality as a container for plasma. 

Conservation theorms can be invoked [2] to show that particles are 
confined in axisymmetric systems, while in mirror machines single par
ticle confinement, for more than 107 reflections, has been demonstrated 
experimentally. The situation is less satisfactory for stellarators. 
Thus magnetic surfaces are known to exist in straight stellarators with 
helical symmetry [3], and to exist in an asymptotic sense in certain 
other situations [4,5]; but in the general case of a toroidal stella
rator it is not known whether the field lines generate magnetic surfaces 
or whether they behave ergodically. Furthermore, examples have been 
given of stellarator type fields which have no surfaces [6,7] or in 
which many of the surfaces are open [5]. The addition of perturbations 
can completely change the surfaces [8], and even very small perturba
tions [9] can cause surfaces near the separatrix to open. 

465 
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Numerical examination of particle motion [10] in stellarator fields 
confirms that, if VM/VX (the ratio of the velocity components parallel 
to and transverse to the magnetic field) is not too small, then particles 
generate drift surfaces similar to but displaced from the magnetic sur
faces; the displacement tends to zero with Larmor radius ( T L ) ' ^ . Par
ticles with small Vn/Vj. may be reflected in the gradients of the 
helical field and drift out of particular stellarators no matter how 
small the Larmor radius [10]. These particles, together with those 
whose drift surfaces intersect the walls because r\ is too large, 
form a loss region in velocity space. Experimental observations of the 
confinement of particles making many transits of a stellarator have 
been restricted to a small region of velocity space (VH/VJ. large). 
Experiments at Princeton [11] reveal the existence of runaway electrons 
which are inferred to be confined while they make more than 104 transits 
of the trap. Workers at the Lebidev Institute [12] have shown that elec
trons from guns (again with VnAx large) are confined for more than 
100 transits. 

This paper described experiments to measure the confinement time of 
a random distribution of electrons in a high shear -6 = 3 stellarator. 
The trap is populated by radioactive decay, pa'rticles born in the loss 
region escape in a few transits and' so do not contribute to the measure
ments. In our experiment because of the rather large Larmor radius of 
the particles (about 1/30 of the limiter radius) about 50$ of the decays 
give rise to particles in the loss region. 

2. Experimental Method 

2.1 General Description 

The method is similar to that used by Rodionov [13] in mirror 
machines. The trap is filled with tritium gas which populates the drift 
surfaces with p particles. The equilibrium population is measured by 
collecting all the electrons on a scintillation probe driven quickly 
across the trap so as to intersect each drift surface in turn. At suf
ficiently high tritium pressures the equilibrium density, determined by 
collisional interaction with the tritium gas, is independent of pressure 
and is about 4 p particles cm" . At lower pressures other processes, 
such as loss due to magnetic imperfections, cause the equilibrium popula
tion to fall. By observing the variation of equilibrium population with 
filling pressure the magnetic confinement time can be measured. Correc
tions have to be applied to the observed count on the moving probe to 
take account of the background count rate (photomultiplier noise and 
tritium adsorbed on the scintillator); and of particles, collected by 
the probe, which were born during the probe movement. This latter cor
rection is pressure dependent and is evaluated, separately, by moving 
the probe slowly across the trap so that most of the particles collected 
are born during the movement. 

2.2 Determination of confinement time • 

The generation rate of particles in the trap is: 

[ 5 ] + = G p t f <V> 

(l)Defined in terms of the t o t a l energy. 
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Where _3 
n„ i s t h e number of p p a r t i c l e s cm , 
fP i s t h e f r a c t i o n of p a r t i c l e s born o u t s i d e t h e l o s s r e g i o n , 
p t i s t h e p a r t i a l p r e s s u r e of t r i t i u m , i n t o r r , 
G i s t h e decay r a^e of t r i t i u m [ 1 4 ] , numer i ca l l y equa l t o : 

1-26 x 108 s ec cm - 3 t o r r " . 

We w i l l d e f i n e t h e l o s s - r a t e of p - p a r t i c l e s i n terms of a c h a r a c t e r 
i s t i c t ime ( T „ ) a s , c' rdnjT 

d t 
n 
2 (2) 

This can be d i v i d e d i n t o two p a r t s : 

-L = J- + -L (3) 
TC XD \ 

where -t. is the average magnetic confinement time, т is the mean 
time required for the background gas to degrade the energy of a p-
particle to a value where it is no longer detectable, oris scattered 
into the loss-region in velocity space. It is related to the back
ground gas pressure (mainly due to tritium and hydrogen) by 

D -1 1 
where p. is the partial pressure of the i t n constituent 

K^ is a constant depending on the gas, and the energy 
loss or deflection suffered by the (3-particle. 

In practice 11. is so long that it is possible to determine т_. and 
hence K, experimentally. The trap is filled with tritium at such a 
pressure that T D « тщ. The p-particle population then grows with time 
according to the formula: 

"P = "Pô 1 - exp (-t/т ) 

Measurements of t h e b u i l d - u p t ime g ive т п , and hence a v a l u e fo r К i n 
hydrogen of ( 7 ± 3) x 10" t o r r s e c . This a g r e e s w i t h the v a l u e mea
sured by Wil l iams [ 1 5 ] , i f t he mean d e g r a d a t i o n i s about 2-5 keV. 

The c o r r e c t e d count ( see s e c t i o n 2 .1 ) recorded by t h e f a s t moving 
probe i s 

С = л VT n p (5) 

where т| is the overall efficiency of the probe (counts per incident 
(3-particle) and Vj is the volume of thé trap, in cm3. 

In equilibrium the generation and loss rates given by (1) and (2) 
are equal. Combining these equations with (3), (4) and (5) gives: 

(pt + Ph) = (GfVTr|K) . (Pt/C) - К Д М (6) 
where p. is the partial pressure of hydrogen 
A graph of (pt + ph) against p./C has intercept - К/т ; 
(GfV„,r|K). Thus т„ is determined if К and the calibratio 

and slope, 

pressure measuring device are known, (fVT) can be found if, in addi
tion, т| is known 

An independent method of finding т^ depends on detecting 
particles escaping from the trap, by means of a stationary probe 
placed just outside the region to be investigated. If this probe inter-
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cepts a fraction a of the escaping f lux, the count ra te Г w i l l be 
аС/тад; where С i s the count of trapped pa r t i c l e s in the region, mea
sured with the same probe. Generally there wi l l be ah addit ional term, 
proportional to the pa r t i a l pressure of t r i t ium, representing the flux 
of p-par t ic les born on d r i f t surfaces in te rsec t ing the probe a t i t s 
stat ionary pos i t ion . Thus, 

or 
r = f*̂  

Г/С = Q(pt/C) + а Д , (7) 

The intercept on a graph of (Г/с) against (pt/C) is (a/\). so that 
if a is known т can be determined without knowledge of KynJ or the 
pressure calibration. 

3. Possibility of Space Charge Effects 

p-particles passing through the background gas produce a population 
of slow ions and electrons which may, in principle, give rise to space 
charge effects. The equilibrium level and corresponding growth time for 
this secondary population have been calculated on the assumption that 
each (3-particle generates 200 ion pairs, and that these are lost by large 
angle scatter into the loss region of velocity space. For secondary elec
trons the_equilibrium population is 10 per cm3 and the build up time is 
~ (2 x 10 /p) sec , where p is the total hydrogen isotope pressure 
(torr); the corresponding values for ions are 2 x 104 per cm3 and 
(3 x 10~ /p) sec. In the unlikely event that this space charge sets up 
an electric field such that the corresponding Ё*лЙ drift is always 
radially inwards, a loss time of 10 msecs (2 x 10s transits) could con
ceivably be concealed. It is much more likely that the space charge will 
merely cause a very small modification of the particle transform. Con
sequently it is improbable that space charge effects can influence the 
confinement of the |3-particles in the trap. 

4. Apparatus 

A schematic diagram of the trap (CLASP) used for our experiments is 
shown in Fig.1. It is a stellarator with a toroidal I = 3 winding, 
minor radius 11-5 cm , major radius 30 cm., mean pitch angle 45°; there 
are 8 field periods on the torus. The form of the helical winding is 
given by: 

8 „ Ф = - ? 6 + const 
where <p and e are defined in Fig.2. The limiter radius is 5-8 cm 
and the separatrix can be inside the limiter for toroidal fields of up 
to 1CO0G, corresponding to a total current of 24 x 103 amperes in the 
helical winding.. The windings are energised for about 10 sec , but in 
most of our experiments the interval between establishing the fields and 
measuring the population of the trap is about 2 seconds. The minimum 
energy of (З-partiçles likely to be detected by our scintillator is around 
2 keV [16] and .the maximum energy possible for tritium (3-particles- is 
18 keV, the corresponding spread in Larmor radius is from 0-1 to 0*3 cm . 
In this case we expect all the localised and most of the blocked particles 
[10] to be in the loss region, these particles comprise 40J? to 50$ of the 
total. 

The trap [ 17,18 ] was designed to give accurate fields, the position 
of the conductors was carefully controlled and magnetic materials were 
excluded from the structure and the surroundings. The helical winding is 
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continuous and consists of 34 turns of insulated, edge cooled, copper 
strip. The winding accuracy is such that the minor radius of the current 
centre is constant to within 0*25 mm, the ring axis of the winding is plane 
to within 0*6 mm and circular to within 0*1 mm. The 15 toroidal field 
coils are split so that they can be assembled about the completed load, 
they have a double pancake structure with helical crossovers. The major 
axis of the helical and toroidal windings are parallel to within 0*1 and 
coincident to within 1 mm. A uniform vertical field can be applied to 
modify the magnetic configuration. Computations [9] indicate that with no 
vertical field the rotational transform/field period (i^) is about 30O at 
the separatrix; the addition of, a vertical field can increase this to about 
52°. A typical value of the shear length (Ls) is 50 cm (2). 

Toroidal hilicol 
Binding 

QuadrupoU man 
iptctromitir 

Drlvt cylinder 

Tritium adminlon 
syitem 

Pyrophoric 
tritium tour» 

Drive cylindir 

FIG. l . Schematic diagram of the CLASP apparatus. 

•Torus 
minor 
circumference 

F I G . 2 . C o - o r d i n a t e system. 

Tritium is introduced into the trap from a pyrophoric uranium source 
through a palladium leak. The tritium pressure is measured on an abso
lutely calibrated [19] mass spectrometer, the relative accuracy is better 
than 5% and absolute accuracy within 20%. During experiments the trap is 
pumped by a cryopump [20] inside the torus; the temperature of the pump 
is controlled so that it has a large pumping speed for impurities but very 
little speed for the isotopes of hydrogen. The only significant impurity 
in these circumstances is carbon monoxide, its partial pressure is less 

(2)Lg is defined by: Lg 

where r is a radius 
(r/Lk)dtk/dr 

and Lk the length of a field period 
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than 2 x 10~ torr, so that the degradation time for the (3-particles on 
impurities gases is more than two seconds (corresponding to about 
4 x 107 transits). 

Probe position indication 

«I 

Photomultipiicr 

FIG.3. Scintillation probe. 

Fig.3 shows detail of the scintillation probe used to measure the 
equilibrium p population. The pneumatic cylinder can drive the probe 
across the trap in about 50 msec . The scintillator is constructed and 
calibrated, against a standard tritiated polymer source, as described 
by Powell [16]. The scintillator tip for these measurements is hemi
spherical so that electrons arriving in any direction are detected; it 
is small (0-03 cms2) to minimise adsorption effects. The overall effi
ciency is about 1$. The phôtomultiplier noise gives a background of 
about 200 cps at room temperatures and adsorption of tritium on the probe 
tip increases this to about 350 cps; and p's released at the wall are 
unable to reach the probe tip when the fields are energised. An example 
of the variation of count rate with distance as the probe is driven across 
the trap is shown in Fig.5. It will be seen that electrons collected from 
different regions of the trap can be distinguished. The counting equip
ment can be gated so that the counts received from different radial regions 
are recorded separately, thus any variation of confinement time with 
radius can be measured. 

After insertion the probe can be withdrawn to a specified radius to 
record the static count rate (see section 2). It is also possible to 
control the interval between the withdrawal of a 'wiper' probe, which 
intersects all the surfaces, and the insertion of the scintillation 
probe; in this way the growth time of the equilibrium population can be 
measured. In normal operations the wiper is withdrawn after the field 
configuration is established and the scintillation probe inserted after 
an interval of about 2 seconds. In this way any effects associated with 
switching on the fields are excluded. 

5. Field Accuracy 

The accuracy of the field produced by the coil systems has been asses-
ed by Hall probes and electron guns. The toroidal field is found to be 
spacially accurate to + 0''\% and the field lines close to within 0*4 mm. 
The magnetic field of the helical winding is measured along each of two 
lines passing across the aperture. The principal component of the field 
has the correct spacial dependence to within 0-2% of the total field. 
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The magnitude and pointing accuracy of the combined helical and toroidal 
fields agree with the computed field to within \% of the total field on 
the two measured lines. 

An electron gun has been used to obtain an indication of the drift 
surfaces. The finite size of the beam in the highly sheared field causes 
it to spread rapidly so as to fill the annular volume between two sur
faces. The surfaces are plotted by probing this annulus. The beam can 
be followed for about 10 transits, and lies on closed nested surfaces. 
The largest surface which was fully mapped had a transform of 12°/field 
period, but a single beam followed once around the torus showed a trans
form of 240° in 8 field periods, equal to the maximum transform found by 
computation [9] . The position and shape of the surfaces was such as to 
suggest the presence of a stray vertical field of about \% of the total 
field, this may have been due to a slight unbalance in the helical wind
ing due to insulation difficulties. In all subsequent measurements pre
cautions were taken to ensure that the winding was accurately balanced. 

6. Experimental Results 

6.1 A particular configuration 

Computed properties of a particular configuration in CLASP are 
shown in Fig.4. This configuration has a vertical field (10G) applied 
to displace the magnetic surfaces towards the major axis. The transform 
at the magnetic separatrix, which intersects the limiter, is 52°/field 
period, and on the first magnetic surface which does not intersect the 
limiter is 19°/field period; the transform on the inner magnetic sur
faces is approximately independent of radius and is about 10°/field 
period. Drift surfaces for two groups of particles moving in opposite 
directions around the torus are also shown, the displacements from the 
magnetic surfaces are appreciable. The nest of drift surfaces displaced 
towards the major axis is approximately shear free, while the nest dis
placed away from the major axis has a large shear. For this outer nest 
the transition from obviously open to apparently closed drift surfaces 
occurs within the limiter. 

Fig.5 shows the counts received when the scintillator probe is 
driven across this configuration. The two sets of drift surfaces are 
clearly distinguished and their position agrees with the computed sur
faces. The count received by the probe is found to be independent of 
pressure for hydrogen isotope pressures above 10" torr, using the value 
of К deduced in section 2, this immediately implies confinement of the 
(3-particles for more than 107 transits. Experimental data is plotted in 
Figs 6 and 7, the counts have been corrected as described in section 2; 
the correction for probe background is typically less than 20$ and the 
slow probe correction (section 2.1) less than 10%. The straight lines 
are least squares fits, for the case when both variables are in error [21]; 
the estimates of the errors of the slope and intercept are based soley on 
the scatter of the points about the fitted line» The results for this con
figuration are summarised in Table I, data from plots similar to Fig.6 
are included for various regions of the trap together with the data from 
Fig.7 for one position of the static probe. The static probe result ind
icates that particles do not leave the trap by slowly spiraling out. The 
moving probe results indicate that electrons are confined for more than 107 
transits in each region of the trap. The magnitude of the experimental 
errors and the possibility of base pressure effects are such that there is 
no reason to suppose, on the basis of these experiments, that there is any 
limit to the confinement of the p particles. The measured values of the 



472 GIBSON et al. 

effective volume (fVp) suggest that most particles are confined if they 
are born onto drift surfaces, which according to computation, do not 
intersect the limiter. 

Drift 

Drift 
4L 

Surfaces 

=-l 

= +l 

g j 

^ 

£ 

Limiter 

/v 1 =+. 

Magnetic transform 

FIG.4. Computed drift and magnetic surfaces in CLASP together with the particle and magnetic transforms. 
The surfaces are plotted in a cross-section в = const. A transverse field of 17» of the main field is used to 
displace the magnetic surfaces towards the major axis. The drift surfaces have r, = 0.26 cm. 

6.2 Radial Variation of Confinement 

The radial resolution that can be obtained by using a gated counter 
to make plots like Fig.6 is limited by counting statistics. The example 
in Fig.5 is near the limit. In this case an outer annular region with 
shear length, based on the particle transform, of L s = 30 cms, can be 
compared with an inner region (outer nest) with L s = 70 cms, and with 
the inner nest of surfaces L s > 1000 cm. The containment in each case 
is in excess of 10 7 transits. 



CN-24/D-1 473 

IO.OOO counts /sec 

COUNT 
RATE 

INTEGRATED 
COUNT 

T IOO counts 

FIG.5. Comparison of drift surfaces (from Fig.4) with counts received by fast-moving scintillation probe. 
The various radial regions, for which results are given in Table I, are indicated. 

The radial variation can also be examined by comparing the position 
at which a probe, moved quickly across the surfaces, begins to count; 
with that at which a probe moving slowly begins to count. The count on 
the fast probe can be predominantly due to trapped particles contained 
for 106 to 107 transits depending on the pressure, while the slow probe 
measures a population whose level is set by collisions with the probe, 
after typically 100 transits. We find that, if there is a region where 
the slow probe counts and the fast probe does not, then its thickness 
is less than 1 mm. 
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TABLE I. DATA ON A PARTICULAR CONFIGURATION IN CLASP 

Region of Trap 

Total 
(A in Fig.5) 

Inner Nest 
of surfaces 
(B in Fig.5) 

Outer Nest 
of surfaces 
(C in Fig.5) 

Outside Region 
of outer nest 
(D in Fig.5) 

Static Probe 
inside region 
of outer nest 
(E in Fig.5) 

Loss Rate 
(1AM) sec" (K=7 x 10" ) 

0-5 -» 0-8 

0-4 -» 0-7 

0-4 -» 1 

0-.3 -» 1 

- 1 -» 0 
(for a = 1) 

Equivalent 
Number of 
Transits 

> 2 x 107 

> 2 x 10' 

> 2 x 107 

> 2 x 107 

oo 

Measured 
, ^ - a 

(K=7x10 ) 
CCS 

2800 ± 200 

14O0 ± 200 

1500 ± 200 

450 ± 100 

" 

Computed 
™t 
CCS 

2300 ± 500 

700 i 150 

1600 + 300 

-

~" 

The er rors shown for the measured quant i t ies are re la t ive e r ro rs , there 
may be additional systematic errors of up to 50% due to uncer ta in t ies 
in the values of r\ and K. The computed volumes are estimated by 
in tegra t ion over orbi ts with various values of Vn/Vx for a repre-
sen t i t ive energy. For the outer nest of surfaces, which are ent i re ly 
within the limiter» the computed volume i s well defined, but the volume 
of the inner nest , which in te rsec t the l imi te r , i s sens i t ive to the 
exact value of the transverse field» 

Tritium prtssurt/count(Рт/ф 

FIG.6. Determination of confinement time and effective trap volume from variation of equilibrium 
population with pressure (Eq. (6) ) . 
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tritium pressure/count ( р т / С 

FIG. 7. Determination of confinement time from variation of static count rate and equilibrium population 
with pressure (Equ.(7)). 

6.3 Other Configurations 

We have also examined the following configurations. 

(i) Magnetic separatrix inside limiter (no vertical field). 
(ii) Both sets of drift surfaces approximately shear free 

(obtained by adding a vertical field of 25G). 
(iii) Increased toroidal field (~ 2000G) giving maximum magnetic 

and particle transforms of 14° and 10°/field period. 

In each case the observed confinement corresponds to more than 107 tran
sits of the trap. We have deliberately increased the base pressure of 
nitrogen in the system to about 2 x 10 torr and in this case the con
finement time was reduced to 1/TM = 6 ± 2 sec-1 corresponding to con
finement for (2 •* 4) x 10s transits. 

6.4 The Effect of Perturbations 

The following perturbations have been applied to the field of the trap; 
a modulation of the toroidal field, a local vertical field, a local hori
zontal field due to a permanent magnet. The range of each of the fields 
was comparable with a helical field period and the magnetude was 10$ 
of the main toroidal field. In each case the effect was merely to reduce 
the effective volume of the trap, the observed confinement time in the 
reduced volume remained in excess of 107 transits. The reduction in 
volume was apparent both as a change in the position at which the probe 
first receives (3 particles, and as a change in the slope of plots such 
as Fig.6. 

The modulation of the toroidal field was produced by a single loop 
centred on the minor axis and in a radial plane. Computations show 
that this perturbation reduces the volume of the outward displaced nest 
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of surfaces by about 30%, the volume of the inward displaced nest is 
unchanged(3). These computations follow the drift orbits for only one 
complete rotation about the minor axis (~ 30 field periods) and do not 
distinguish between surfaces which are truely open and those which are 
serrated or have an 'island' structure. The only effect revealed in 
the experiments is that the volume of the outward displaced nest is 
reduced by about 60%, the inward displaced nest is not affected and 
neither is the observed confinement time. 

7. Conclusions 

The intrinsic magnetic confinement time of particles, born outside 
the loss region, in all the configurations we have examined, is in excess 
of 0*6 sees., corresponding to more than 107 transits of the trap; we 
find no evidence that there is any limit to the confinement. Our exp
eriment does not directly answer the question of whether or not closed 
magnetic surfaces exist, but it does show that the related drift surfaces 
are closed to high accuracy. This result applies both to configurations 
in which the drift surfaces are highly sheared, and to configurations 
in which they are nearly shear free. The observed position of the drift 
surfaces is in agreement with their computed position; the thickness of 
any transition region from the point where surfaces are closed for ~ 100 
transits to where they are closed for ~107 transits in less than 1 mm. 
The degree of single particle confinement observed in these experiments 
is sufficiently large for any consequent loss to be acceptable in a 
fusion reactor. Thus from the point of view of confinement of part
icles not in the loss region, stellarators are as attractive as axisym-
metric systems. 

The principal effect of applying perturbations to the field system 
is to reduce the magnetic aperture, in a way that agrees qualitatively 
with computation. The confinement of particles on the drift surfaces 
which stay closed is unchanged. Thus in designing stellarator fields, 
it is sufficient to accept a field accuracy which gives an adequate 
aperture, as judged by computation. While each configuration must be 
separately assessed, this is likely to imply, for sheared fields, an 
accuracy of a'few percent, rather than the few tenths of a per cent 
obtained in CLASP. 
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D I S C U S S I O N 

G. von GIERKE: If there were islands between the nested su r faces , 
they would not show up in your measu remen t s as the s ta t i s t i ca l e r r o r is 
too l a rge . While it is t rue that they would not affect the m e a s u r e m e n t s 
of the e lec t ron lifetime in your exper iment , they could on the other hand 
affect the p lasma l ifet ime, so that your last conclusion regarding the 
accuracy with which a s t e l l a ra to r has to be constructed does not hold. 
In paper CN-24 /F -2 it is shown that even very smal l per turbat ions can 
cause the formation of islands inside nested su r faces . 

A. GIBSON: The measu remen t s descr ibed show that the effect of a 
var ie ty of per turbat ions is to reduce the volume of closed drift sur faces 
r a t h e r than to disrupt the ent i re set of su r faces . F u r t h e r m o r e , the 
observed reduction is in agreement with that computed on the bas is of a 
few t r ans i t s of the t r a p . This gives some confidence that s t e l l a r a to r s 
can be designed on the basis of such computations. If significant islands 
exist they will be revealed by the computation. 

C. GOURDON: I should like to make a comment in connection with 
Mr. von Gierke1 s question. In numer ica l calculat ions, we have observed 
by following the magnetic l ines for severa l hundred tu rns around the 
to rus - that the l ines remained confined within the magnetic configura
tion, even when quite la rge is lands were formed. It is therefore possible 
that the p resence of islands does not modify the lifetime measured by 
you to a noticeable extent. 

In addition, I should like to ask two quest ions . F i r s t , is it possible 
to s imulate s t ruc tu ra l defects by moving cer ta in of the azimuthal field 
coi ls? Second, could one mask one side of the sc int i l la tor so as to 
detect only one of the two precess ion surface families at a t ime? 

A. GIBSON: In reply to your f irs t question, it is possible to move 
any of the azimuthal field coils for the purpose of compar ison with 
computation, but such per turbat ions a r e of course re la t ively easy to 
avoid in p rac t i ce . It is not possible to make any change to the hel ical 
winding in our exper iment . 

With regard to your second question, we have performed exper iments 
with one side of the scint i l la tor masked, so that only par t ic les moving 
one way round the torus a re detected. The' r e su l t s a r e s imi l a r to those 
repor ted here and a re to be published in Physical Review L e t t e r s . 
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Abstract 

CONFINEMENT OF GUN-INJECTED HYDROGEN PLASMAS AND MICROWAVE-PRODUCED XENON 
PLASMAS IN THE С STELLARATOR. Confinement times of gun-injected stellarator plasmas have been 
observed to be about five times the Bohm value. The confinement time is dependent on the current in the 
{ = 3 helical windings. The major differences between these plasmas and those used in earlier experiments, 
where the density decay time was insensitive to helicla-winding current and agreed with the Bohm relation 
within a factor two, are the much longer mean free path, the high average ion energy, and the low neutral 
background density. 

Titanium washer guns, located in the divertor, produce hydrogen plasmas of n = 10s to 4 x 1010 cm"3, 
at Te,S 10 eV. Electron-ion mean free paths range up to several hundred machine lengths, contrasting with 
the earlier Bohm diffusion regimes (typically n = 109 cm-3, T e ~ 0 . 3 eV to n = 3 x 1013 cnr3 , T e ^ 100 eV) 
where mean free paths were at best one machine length, and usually much less. The ratio of the observed 
confinement time to the Bohm value rises to a maximum of about 5 at fi = 3 winding currents for which the 
rotational transform at the plasma boundary is approximately 2 radians. Thereafter, the ratio remains 
constant or decreases. The confinement time is approximately linear with В in the measured range from 1 
to 40 kG. 

In experiments with microwave-produced xenon plasmas of n = 109 cm 3 and T e ~ 0 .3 eV, the behavior 
of the confinement time is similar to the gun-plasma case in its dependence on helical-winding current. The 
maximum ratio of the observed confinement time to the Bohm value is again about 5. 

In both expérimente, there may be a considerable difference between the observed temperature obtained 
from the conductivity assuming a Maxwellian distribution and the actual temperature of the bulk of the particles. 
It is possible that experimentally observed electrons of relatively high energy are distorting the velocity distri
bution so that the conductivity yields an artificially high temperature. Because of this uncertainty, no detailed 
comparison of the experiment is made with theoretical predictions. 

1. INTRODUCTION 

In a number of earlier investigations of plasma confinement in 
stellarators [1-6] , it has been shown that the Bohm formula gives an 
upper limit to the observed confinement time and correctly predicts 
the magnetic field and electron temperature dependence. Substantial 
increases in confinement time over that predicted by the Bohm formula 
have been reported for the experiments on thermal cesium plasmas 
by the Garching group [7] and for gun-injected plasmas by the Lebedev 
group [ 8 ] . More recently, Ellis and Eubank [9] have reported an order 
of magnitude improvement over the Bohm confinement time for gun-
injected plasmas in the Etude stellarator and even larger factors for 

* On loan from Westinghouse Research Laboratories, Pittsburgh, Pa. 
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such plasmas in the B-3 stellarator. Comparable improvements over 
the Bohm time have also been reported for experiments with toroidal 
multipoles, for example, by groups at Gulf Genera l Atomic [10] and the 
University of Wisconsin [11] and in these cases also gun injection was 
used to produce the plasma. 

The work described herein was performed on the С stellarator 
and consists of confinement studies of plasmas produced by gun in
jection into the divertor and of xenon plasmas produced by electron 
cyclotron resonance. The purpose of these experiments is to deter
mine the importance of the electron collision frequency to the loss 
rate by working over a range of mean free paths around one machine 
length and to determine the importance of the ion m a s s . 

Additionally, we look at the effect of varying magnet ic shear or ro t a 
tional t r ans fo rm for fixed p lasma p a r a m e t e r s . Related confinement 
exper iments on the С s t e l l a ra to r for a different range of p lasma 
p a r a m e t e r s a r e descr ibed by Brown et a l . [12]. 

The gun-injection experiments a r e descr ibed in Sec. 2, the 
xenon exper iments in Sec. 3, and the conclusions in Sec . 4. 

2. EXPERIMENTS WITH GUN-INJECTED PLASMAS 

2.1 Exper imenta l a r r angemen t and diagnostics 

Due to the short confinement t i m e s , p l a smas of a high degree 
of ionization can be produced by coll isional ionization only for e lec t ron 
densi t ies g r e a t e r than 1 X 10 c m - 3 . The remaining neut ra l gas.cools 
the p lasma ra ther rapidly if no heating is applied. If lower e lec t ron 
densi t ies are to be obtained together with a low neut ra l background 
density, the p lasma must be produced outside and then t r ans fe r r ed to 
the confinement chamber . One such method is by injection from 
plasma guns. Fill ing a s t e l l a ra to r by p lasma gun injection has been, 
repor ted previous ly by Akulina et a l . [8] and by El l i s and Eubank [9]. 
In this e a r l i e r work, the p lasma from a t i tanium washer gun [13] was 
injected t r a n s v e r s e to the main confining field and par t ia l ly t rapped. 
In the С s t e l l a r a to r , a p lasma injected t r ansve r se ly must pass a con
s iderable distance ac ros s the field before enter ing the confinement 
region and at fields g rea t e r than 3 kG the densi t ies were low and the 
reproducibi l i ty usually bad. 

If, ins tead, one or more guns a r e located in the d iver tor ; it is 
possible to produce p lasma densi t ies up to 5 X 10 ^ cm"^ in magnet ic 
fields ranging from 1 to 40 kG. The physical a r r angemen t is given in 
F ig . 1,which is a simplified schematic of the С s t e l l a ra to r showing 
two guns located, in the d iver to r . (Up to three guns were used in these 
expe r imen t s . ) This a r r angemen t differs from that repor ted by Zykov 
and Rudnev [14] where the guns a r e pulled well back from the curving 
field lines to introduce del iberately some cross - f ie ld trapping in an 
effort to purify the p l a sma . In that work, much higher densi t ies were 
obtained (~ 10 3 c m - 3 ) and detailed studies were made of the injection 
p r o c e s s . The d iver tor was not a par t of a confinement device . 
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FIG. 1. Simplified schematic of the С stellarator as used for the experiments on the gun injection and 
microwave-produced xenon plasmas. 
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FIG.2. Density profiles as a function of time as measured by probes. In about 2 ms the distribution has 
shifted from a concentration in the scrape-off to a bell-shaped one. The plasma radius was 5 cm. Note the 
differences at early times between the curve for the A winding and the В winding. The profiles at late 
times are taken from a different run than the early-time curves. 

I n j e c t i o n in to the d i v e r t o r h a s a n u m b e r of f a v o r a b l e a s p e c t s . 
F i r s t , the g u n s a r e i m m e r s e d in an e s s e n t i a l l y a x i a l m a g n e t i c f i e ld 
w h i c h i s r e p o r t e d to i n c r e a s e t h e a m o u n t of p l a s m a and the r e l a t i v e 
p r o t o n c o n t e n t [15]. S e c o n d , t h e p l a s m a i s g u i d e d by a l o n g i t u d i n a l 
f ie ld m o s t of t h e w a y to t he m a i n c o n f i n e m e n t a r e a . T h i r d , the 
p l a s m a i s i n j e c t e d n e a r t he s t a g n a t i o n p o i n t of t he d i v e r t o r a n d the 
f i e ld i n h o m o g e n e i t y s h o u l d f a c i l i t a t e t h e t r a p p i n g . F i n a l l y , m o s t 
of t he n e u t r a l s e m i t t e d by the g u n s t e n d to r e m a i n in t h e d i v e r t o r . 

We know l i t t l e of the t r a p p i n g m e c h a n i s m , bu t v e r y s h o r t l y a f t e r 
i n j ec t i on t he p l a s m a h a s f i l l ed t h e a p e r t u r e and h a s t a k e n u p a d e n s i t y 
p r o f i l e r e s e m b l i n g t h a t c h a r a c t e r i s t i c of a d i f fus ion p r o c e s s , a s c a n be 
s e e n in F i g . 2 . 

T h e c o m p o s i t i o n of the t r a p p e d p l a s m a i s a l s o no t w e l l k n o w n . 
W a s h e r guns of t h i s t y p e h a v e b e e n i n v e s t i g a t e d p r e v i o u s l y [15]. U s u a l l y 
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m o r e than half of the ions were protons of about 100 eV energy, the 
impur i t i e s being mainly oxygen and t i tanium. The base p r e s s u r e general ly 
cor responded to a neu t r a l density of - 10 c m and probably inc reased 
slightly as the guns were f i red. The ion energy was obtained from r e t a r d 
ing grid energy a n a l y z e r s . One ana lyzer was located in the d iver to r at 
about the same rad ia l d is tance from the axis as the guns but at a different 
az imuth . A second could be moved radial ly in and out of the p lasma at 
location H (see F i g . 1) and was used to support the Langmuir probe resu l t 
that the ent i re a p e r t u r e was r a the r uniformly filled with p lasma after a 
shor t t i m e . These ana lyze r s indicated that the init ial ion energy was 
g r e a t e r than 100 eV, but cooled in about 30 msec to 20 - 30 eV. F r o m 
t ime of flight m e a s u r e m e n t s , we conclude that a predominant fraction of 
the t rapped ions a r e p ro tons , but the amount of impur i t ies depends on the 
vol tages applied to the guns . This question is considered further in a 
subsequent sect ion. 

TIME (msec) 

FIG.3. The electron temperature determined by conductivity as a function of time. The density decay is 
also shown. 

T h e e l e c t r o n d e n s i t y i s d e t e r m i n e d a s a func t ion of t i m e , u s i n g 
a h i g h - s e n s i t i v i t y m i c r o w a v e i n t e r f e r o m e t e r . T h e e l e c t r o n t e m p e r a 
t u r e i s d e t e r m i n e d f r o m the c o n d u c t i v i t y . A R o g o w s k i i c o i l m e a s u r e s 
t h e c u r r e n t p r o d u c e d w h e n a s m a l l ( t y p i c a l l y 40 m V ) 500 Hz v o l t a g e i s 
i n d u c e d a r o u n d t h e p l a s m a loop u s i n g the o h m i c h e a t i n g t r a n s f o r m e r s 
s h o w n in F i g . 1. S o m e r e p r e s e n t a t i v e m e a s u r e m e n t s of d e n s i t y and 
t e m p e r a t u r e v s t i m e a r e shown in F i g . 3 . M o s t of the d e n s i t y d e c a y 
r a t e s w e r e t a k e n abou t 10 m s e c a f t e r t he guns f i r ed , a t w h i c h t i m e t h e 
e l e c t r o n t e m p e r a t u r e d e c a y r a t e s a r e 1/4 to 3 / 4 a s l a r g e a s the 
d e n s i t y d e c a y r a t e s t a k e n a t the s a m e t i m e . E l e c t r o n t e m p e r a t u r e s 
w e r e a l s o m e a s u r e d b y s i n g l e , d o u b l e , a n d t r i p l e L a n g m u i r p r o b e s . 
T h e s e p r o b e m e a s u r e m e n t s g a v e t e m p e r a t u r e s 2 to 4 t i m e s h i g h e r 
t h a n the c o n d u c t i v i t y fo r unknown r e a s o n s ; in t h i s p a p e r on ly t he 
c o n d u c t i v i t y v a l u e s a r e u s e d . 

An i m p o r t a n t q u e s t i o n w h i c h a r i s e s in a n y m e a s u r e m e n t 
of c o n f i n e m e n t t i m e s b a s e d on d e n s i t y d e c a y r a t e s i s t h e e x t e n t to 
w h i c h i o n i z a t i o n m a s k s t h e t r u e r a t e , y i e l d i n g c o n f i n e m e n t t i m e s i n c o r -
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rect ly l a rge . Some evaluation of this effect can be obtained by o b s e r v 
ing the light emit ted by the p l a sma as a function of position and t ime . 
Total light de tec tors using RCA 6342A photomult ipl ier tubes were 
placed to observe light emanating from the ve s se l axis at the center 
of the d iver tor and f rom viewing por t s E , F , and H identified in F ig . 1. 

Final ly , we note from F i g . 1 that for these exper iments two 
£ = 3 hel ical windings were avai lable , one on each end of the machine . 

2.2 The exper imenta l data 

To explore the dependence of the confinement t ime on gun p a r a m 
e t e r s , on densi ty, and on t e m p e r a t u r e we have studied the decay t ime 
for a s tandard condition of the magnet ic field. This condition is a con
fining field s t rength of 17 kG with both hel ical windings energ ized to 
produce a t r ans fo rm of 1.84 rad at the ape r tu re of 5 c m r ad iu s . 

In F ig . 4, the top graph shows the dependence of the confinement 
time on the e lec t ron density at a fixed t ime after the gun f i r e s . These 
points come f rom many days1 r uns . We observe sca t t e r of a factor of 
3. 5 in the confinement t ime for fixed densi ty, but over the range of a 
factor 50 in density we find no density dependence. F r o m this we con
clude that the sac t t e r in confinement t ime observed at nominally fixed 
density is not due to smal l changes in densi ty. 

In the cen te r graph of F i g . 4 we plot the corresponding electron 
t empera tu re derived f rom conductivity m e a s u r e m e n t s assuming a 
Maxwellian velocity dis t r ibut ion. The squares a re points f rom one 
par t icu la r day. Aside from the se , we find the e lec t ron t empera tu re 
sca t t e r s by about a factor of 2 over the range in densi ty. So far we have 
not been able to change this t e m p e r a t u r e sys temat ica l ly by changing the 
gun p a r a m e t e r s . Therefore we do not have data on the t empera tu re 
dependence of the confinement time for a wide range of e lec t ron 
t e m p e r a t u r e s . The bottom graph of F ig . 4 shows the decay t imes 
normal ized to the Bohm value where for the purposes of this paper 
we define,as customarily, the Bohm t ime in mi l l i seconds as 
T = 4 X 10 г В /Т where r is the radius in cm, В is in kG, and 
T is in eV. The t empera tu re T is the e lec t ron t e m p e r a t u r e obtained 
from the m e a s u r e m e n t of conductivity assuming a Maxwellian velocity 
dis t r ibut ion. We find sca t t e r of the data of about a factor of 3 but due 
to the wide range of density we can conclude that the re is no definite 
dependence of the re la t ive confinement on the e lec t ron densi ty . 

We have no detailed understanding of the large s ca t t e r of the 
relat ive confinement t ime . It is in genera l less for the same run than 
for different r u n s . We cannot account for it by ins t rumenta l e r r o r s , , 
but must a t t r ibute it to i r reproduc ib i l i ty in the gun operat ion or the 
trapping of the p l a sma . 

The dependence of the observed confinement t imes on the con
fining field s t rength is plotted in F ig . 5. The-observed confinement 
goes l inear ly with the magnet ic field. Unfortunately, the s t rength 
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loop

' s 50 : 

FIG. 4, Electron temperature, observed confinement time, and relative confinement time, т / т В о п т versus 
density; the squares indicate one particular run. Using the indicated temperatures, the mean free path for 
all these cases is greater than 1 machine length. 

JO I • 1 — i 

CONFINING FIELD (kG) 

FIG. 5. Dependence of the confinement time on the confining field strength. 

of the confining field influences the operation of the gun. The initial 
density varies by about a factor 2 and there could be a variation of 
the plasma temperature. At the low confining fields the temperature 
cannot be determined by ac current measurements because the con
finement time is so short. We do not know,therefore,the temperature 
over the entire regime but at the higher values the temperature was 
about 5 eV. If we assume that the temperature i s constant we find, 
from the observed actual confinement t imes, the linear dependence 
previously observed. 
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The dependence of the confinement on the hel ical field s t rength 
is given in F ig . 6. This figure r ep resen t s al l the points taken for the 
standard confining field of 17 kG plotted vs the angle of rotat ional 
t r ans fo rm with both hel ical windings energ ized . The rat io of the 
cu r ren t s in the two hel ical windings was adjusted to give approximately 
equal t r ans fo rms and equal maximum c i rcu la r ized r ad i i . 
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FIG. 6. Dependence of the relative confinement time on the rotational transform for A and В helical windings 
simultaneously energized. 

U s i n g t h e c o n d u c t i v i t y t e m p e r a t u r e , we find t h e c o n f i n e m e n t t i m e 
r e l a t i v e to t he B o h m v a l u e i n c r e a s i n g w i t h r o t a t i o n a l t r a n s f o r m fo l lowed 
by a s l i g h t d e c r e a s e a t h i g h v a l u e s of t r a n s f o r m . F o r a t r a n s f o r m of 
a b o u t 1 r a d , c o r r e s p o n d i n g to t h e s t a n d a r d c o n d i t i o n of F i g . 4 , we f ind 
a r e l a t i v e c o n f i n e m e n t t i m e of a b o u t 4 . An e q u i v a l e n t p e r c e n t a g e 
i n c r e a s e w i t h h e l i c a l w i n d i n g c u r r e n t h a s b e e n found p r e v i o u s l y on ly 
a t v a l u e s of t r a n s f o r m l e s s t h a n - 0 . 2 r a d . We c a n n o t g ive a n e x p l a n a 
t ion fo r t h i s d e p e n d e n c e on t h e h e l i c a l f i e ld , bu t i t i s a l m o s t c e r t a i n 
t h a t t h i s d e p e n d e n c e i s no t a r e p r e s e n t a t i o n of the p r o p e r t i e s of the 
m a g n e t i c f i e ld c o n f i g u r a t i o n a l o n e , b u t i s s o m e w h a t i n f l u e n c e d by a 
v a r i a t i o n in p l a s m a p a r a m e t e r s . 

To i n v e s t i g a t e t h i s p r o b l e m we h a v e done a c a r e f u l s t u d y of t he 
d e p e n d e n c e of t h e c o n f i n e m e n t on the t r a n s f o r m w h e n p r o d u c e d by e a c h 
one of t he h e l i c a l w i n d i n g s a l o n e and by the two in c o m b i n a t i o n . T h e 
i n i t i a l p l a s m a d e n s i t y a n d the g e n e r a l a p p e a r a n c e of t he d i s c h a r g e w e r e 
f a r m o r e r e p r o d u c i b l e in th i s r u n than in m o s t of o u r r u n s . T h e 
i n i t i a l d e n s i t y w a s a b o u t 2 X l o " c m " ; the conf in ing f i e ld 17 k G . 
F i g u r e 7 s h o w s t he e l e c t r o n t e m p e r a t u r e and the c o n f i n e m e n t t i m e a s 
a funct ion of t he t r a n s f o r m fo r the v a r i o u s w i n d i n g c o m b i n a t i o n s . T h e 
da t a i n d i c a t e d t h a t s p e c i f y i n g t h e t r a n s f o r m a l o n e i s no t s u f f i c i e n t . 
It i s l i k e l y t h a t d i f f e r e n c e s in t r a p p i n g a r i s e b e c a u s e of the s l i g h t l y 
d i f f e r e n t d e s i g n of the two w i n d i n g s , o r a m i s a l i g n m e n t , e i t h e r one 
p r o d u c i n g a d i f f e r e n c e in the " s c r a p e - o f f " a r e a . F o r t h e B . w i n d i n g , 
we find a r a t h e r c o n s t a n t c o n d u c t i v i t y t e m p e r a t u r e a s a func t ion of 
the t r a n s f o r m , p o s s i b l y i n d i c a t i n g t h a t the p l a s m a c o n d i t i o n s w e r e 
m o r e n e a r l y c o n s t a n t . T h e c e n t e r and top g r a p h s of F i g . 7 s h o w 
tha t the c o n f i n e m e n t t i m e a n d t h e r e l a t i v e c o n f i n e m e n t t i m e a r e a l s o 
r a t h e r i n d e p e n d e n t of the t r a n s f o r m . 
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FIG. 7. Dependence of the electron temperature, confinement time, and relative confinement time on helical 
field for A and В windings energized separately and together. 

F o r t h e A . w i n d i n g a n d the c o m b i n e d A a n d В w i n d i n g s w e find 
a g a i n t he d e p e n d e n c e s h o w n e a r l i e r in F i g . 6. A s i n d i c a t e d by the 
d i f f e r e n c e s i n . c o n d u c t i v i t y t e m p e r a t u r e , i t c a n n o t b e e x c l u d e d t h a t 
the l a r g e r v a r i a t i o n of t he c o n f i n e m e n t o b s e r v e d with t h e A and A + В 
windings h a s o t h e r c a u s e s than d i f f e r e n c e s in a c t u a l c o n f i n e m e n t 
p r o p e r t i e s of t h e m a g n e t i c f i e ld conf igurat ion . 

2.3 D i s c u s s i o n of the r e s u l t s 

The r e l a t i v e c o n f i n e m e n t t i m e т / т _ , for l o w - d e n s i t y p l a s m a s 
has been s tud ied for a s tandard cond i t ion and for d i f f erent conf ining 
f i e l d s , h e l i c a l f i e l d s , a n d p l a s m a d e n s i t i e s . Taking the data g iven in the 
p r e v i o u s figure's at f a c e v a l u e , we have found f o r the g u n - i n j e c t e d p l a s m a s : 

1) A l i n e a r d e p e n d e n c e of the c o n f i n e m e n t on the m a g n e t i c f i e l d 
s t r e n g t h . 

2) A d e p e n d e n c e on the h e l i c a l f i e l d , e s p e c i a l l y at low h e l i c a l 
t r a n s f o r m s . 

3) N o def in i te v a r i a t i o n of the c o n f i n e m e n t wi th d e n s i t y has b e e n 
o b s e r v e d o v e r a range of d e n s i t i e s of a f a c t o r of 50. F o r t h e s e 
data the m e a n f r e e path r a n g e d f r o m 1 to 100 m a c h i n e l e n g t h s . 

4) The v a l u e s of the r e l a t i v e c o n f i n e m e n t t i m e s v a r y f r o m 2 to 
5 for the s tandard c o n d i t i o n . 
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5) An unusually large s ca t t e r of the data has been observed 
which cannot be accounted for by ins t rumenta t ion e r r o r s . 

The dependence on the e lec t ron t empera tu re could not be 
de termined due to the smal l range of t e m p e r a t u r e s ava i lab le . 

If the confinement of these d i scharges can be descr ibed by the 
Bohm formula the la rge sca t t e r and sys temat ic deviation mus t be 
accounted for by an i nco r r ec t in terpre ta t ion o r m e a s u r e m e n t of e i ther 
the decay t ime or the e lec t ron t e m p e r a t u r e . If we can prove that both 
T and T a r e c o r r e c t , the confinement t imes cannot be descr ibed only 
in t e r m s of the e lec t ron t empera tu re but mus t depend on some other 
p a r a m e t e r such as p l a sma composit ion or ion t e m p e r a t u r e or init ial 
t rapping,which has not been m e a s u r e d and which is not ve ry r e p r o 
ducible f rom shot to shot . The true ra te of pa r t i c le loss can only be 
falsified by ionization o r by la te influx of p l a sma e i ther f rom the gun 
or from the d iver to r region. It is ve ry unlikely that much p la sma i s 
t rapped in the d iver tor bulge for a long time but this has not been 
definitely es tab l i shed . If all p lasma ionswere singly ionized t i t an ium, 
we es t imate f rom the ra te coefficient that ionization to higher s ta tes 
could falsify the decay t imes by about 20%,assuming that the t e m p e r a 
ture of mos t of the e lec t rons co r re sponds to the conductivity va lue . 

Ionization of neu t ra l s cannot be impor tant if the total energy 
in the p l a sma can be roughly de te rmined f rom the conductivi ty. If 
the re is apprec iable energy in fast p a r t i c l e s , the ionization of neu t ra l s 
may be impor tan t . We es t ima te that about 10% of the p l a sma injected 
by the gun is t rapped; the untrapped pa r t being neut ra l ized at the 
walls would be available for ionizat ion. 

The p lasma t empera tu re has been determined from conductivity 
m e a s u r e m e n t s assuming a Maxwellian distr ibution for the e lec t rons 
and Z = 1. If because of impur i t i es the effective Z is 2, we would 
underes t imate the t empera tu re by a factor of 1. 5. 

Fo r the short confinement t imes provided by mos t devices (even 
the l a rge r ones with high magnet ic field) the condition of long e lec t ron 
mean free path is usually equivalent to having few col l is ions during a 
confinement t ime ; There fo re , we cannot a s s u m e , as in the usual high-
density d i s cha rges , that the e lec t rons will have relaxed to a Maxwellian 
distr ibution f rom a non-Maxwellian init ial d is t r ibut ion. This fact 
t remendously complicates the in terpre ta t ion of this exper iment from 
the exper imenta l and theore t ica l point of view. 

We have good evidence that the gun-injected p lasmas in our 
exper iment a r e at leas t initially non-Maxwell ian. Titanium washer 
guns a re known to produce fast e lec t rons [15]. E lec t rons of energy 
grea te r than 200 eV have been observed immedia te ly after injection, but 
we do not know their number density very well . Inser t ing a cyl indr ica l 
rod 1. 5 m m in d iameter to the cen te r of the d ischarge reduces the 
conductivity t e m p e r a t u r e more rapidly than would be expected for a 
Maxwellian. F u r t h e r m o r e , the floating potential (negative with respec t 
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to the wall) is found to be about 70 volts (20 t imes the conductivity 
t e m p e r a t u r e ) . We have observed cases in which a 3 m m d iamete r 
rod inse r t ed to the center reduces the floating potential to about 6 volts 
and the conductivity t e m p e r a t u r e to about one-half the value in the 
absence of the probe without having much effect on the p l a sma decay 
t i m e . If the e lec t ron velocity dis t r ibut ion is not Maxwellian, for 
example , if 10% of the e lec t rons a r e at 200 eV in a cold main body, 
sufficient energy is available for some ionizat ion. In some d ischargee 
we can definitely identify ionization during the f i r s t 10 mi l l i seconds 
which is not p r e sen t if the 3mm d iame te r rod is i n se r t ed . 

Typical ly , phase angles of about 45° between the cu r r en t and 
voltage a r e observed in our AC conductivity m e a s u r e m e n t s a t 500 Hz 
for dens i t ies of about 5 X 10° cm" . A phase shift can a r i s e from 
e lec t ron ine r t i a effects in a Maxwellian dis t r ibut ion of an appropr ia te 
t e m p e r a t u r e . Since the densi ty is known from the i n t e r f e rome te r , the 
phase and r e a l pa r t over -de te rmine the t e m p e r a t u r e and allow an 
exper imenta l check. Al ternat ively , a fast group of pa r t i c l e s moving 
through a cold Maxwellian can give a s im i l a r phase shift. If this fast 
group is a s s u m e d to contribute only ine r t i a l effects, no .over-determi
nation is ava i lab le . Fo r the single Maxwellian model , the densi ty 
obtained f rom the phase m e a s u r e m e n t s ranges from 1 to about 2 t imes 
the microwave densi ty , the h igher values suggesting that fast e l e c 
t rons a r e p r e s e n t . If we in se r t the 3 m m d iame te r rod, the phase 
angle becomes ve ry sma l l and the r e s i s t ance i n c r e a s e s by a factor of 
2. We note that if the fas t -g roup model is c o r r e c t , the t e m p e r a t u r e 
of the Maxwellian cold group is reduced from the conductivity value by 
about 60% in the case of 45° phase shift. 

At this stage of the exper iment , we see two c lear poss ibi l i t ies 
for explaining our observa t ions . F i r s t l y , the containment t ime of the 
bulk of the pa r t i c l e s averages to about 4 t imes the normal ly accepted 
Bohm va lue . In this c a s e , the sca t t e r can only be explained by an ad
ditional va r i ab l e . Al ternat ively , the t e m p e r a t u r e m e a s u r e m e n t by the 
conductivity does not desc r ibe the t e m p e r a t u r e oi the bulk oi the p a r 
t i c l e s , and the sca t t e r can be explained by different p rope r t i e s of a 
fas t -par t ic le group. On one plausible model , the relat ive containment 
is reduced by about 60%. To specify the actual reduction m o r e clearly, 
additional information i s needed on the detai ls of the velocity d i s t r ibu t -
t ion. 

3 . MICROWAVE-PRODUCED XENON PLASMAS 

3.1 Motivation for the exper iment 

In con t ras t to the gun-injected p l a smas d iscussed in the previous 
sect ions and the special cases descr ibed by Brown et a l . [12], the p l a s m a s 
produced in the С s t e l l a r a to r e i ther by ohmic heating or by e lec t ron cyc lo
t ron resonance heating [5] genera l ly have an e lec t ron- ion mean free path 
much less than one machine length. Under these condit ions, the shea r 
requ i red to s u r p r e s s the col l is ional ins tabi l i t ies in a hydrogen p la sma is 
much higher than is available within good magnet ic surfaces in the p r e sen t 
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С s t e l l a r a to r . However, the theor ies [16] for the l inear growth ra tes of 
both the coll is ional drift mode and the r e s i s t i ve interchange mode contain 
the factor [(m /M.)i/ . ] ^ , where v . is the e lec t ron- ion coll ision frequency, 
m and M. a r e respec t ive ly the e lectron and ion m a s s e s , and y is of 
o rde r one. F o r a p l a sma of high ion m a s s , the shear available should 
reduce the l inear growth r a t e s , provided the collision frequency is not 
too high (although st i l l in the col l is ional r eg ime) . 

We therefore investigated the confinement of a xenon p la sma 
(M. = 130) having an electron densi ty of about 10 cm and an e lec t ron 
t empera tu re of about 0 .3 eV. F o r these exper iments the e lec t ron- ion 
collision mean free path was of the o rde r of one-tenth of the machine 
length. These numer i ca l values a r e c lose to those that were obtained 
for a contact- ionizat ion a lka l i -me ta l p l a s m a . 

3.2 Exper imen ta l a r r angemen t 

The exper imenta l a r r angemen t for producing p l a smas by e l e c 
tron cyclotron resonance in the С s t e l l a r a to r has been descr ibed in 
considerable detai l e l sewhere [5]. Brief ly, t he re is a smal l region 
of the main d ischarge volume on e i ther side of the midplane of the di-
vertor over which the magnetic field i s 3.8 kilogauss while the re 
mainder of the machine is at 10 k i logauss . At location E (Fig. 1), 
10 GHz microwave power is introduced, producing breakdown of the gas 
and resonance heating of the electrons in the low-field regions. 

-7 
The initial neutral xenon pressure was typically 4 X 10 torr. 

Fast ion-gauge measurements showed that the percentage ionization was 
usually about 10%, but in some cases up to 50%, with peak densities 
ranging from 1 to 5 X 10^ cm"' . The measurements to be described 
were made in the afterglow. 

The electron density and the electron temperature were deter
mined in the same manner as in the gun experiment. The ion tempera
tures were not measured. 

In these experiments the density decay rates were quite low and 
a relatively small amount of ionization could introduce serious errors 
in the determination of the confinement t imes . We have used three 
methods which indicate that ionization is not important in these experi
ments. First , total light detectors capable of measuring intensity 
ratios of more than 10* to 1 were placed to see light from the divertor 
and from port F (Fig. 1) on the far side of the machine. For ionization 
to falsify the resul ts , light during the afterglow would have to be more 
than 1/800 of that during the initial ionization; less than 1/10, 000 was 
observed. Second, if ionization were produced by a few runaway 
electrons in the remaining neutral gas, the introduction of a short 
burst of additional neutrals during the afterglow would produce both 
light and changes in density. Transient pressure increases of 10 to 
100 t imes produced no effect. Third, if the power input to the plasma 
supplied by the 1 kHz conductivity-measuring current i s as large as 
10"4 watts, the temperature is observed to r ise at a rate of about 
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0.3 eV/second. If ionization were an important factor in the decay 
rate observed, no temperature rise would be possible since the 
required power is much larger than is supplied, considering that about 
50 eV is needed per ionization. 

3. 3 The experimental data 

Two typical density decay curves are shown in Fig. 8. In one 
case , the current in the two I = 3 helical windings gave a value of 
1. 6 X lO-^cm"! for l /L at 5. 1 cm radius ,• where Lg is the shear 
length; l / L g = ( r / L M ) ( d t / d r ) . The plasma radius is r, L M is the -
machine length, and I i s the rotational transform. In the second case , 
l /Ls was 3 .6 X 10~3cm"l, and in both cases , the microwave power was 
turned on at . 04 and turned off at 0. 1 seconds. The corresponding 
values of l at 4 cm radius for the two cases are 0.43 and 0. 97 radians. 
The electron temperature was slightly higher for the 250 ms decay 
curve, and here the confinement time was about 5 t imes the Bohm 
value, compared with 1. 5 for the 90 ms curve. 
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FIG. 8. Electron density measured by microwave phase shift as a function of time for two values of helical 
winding current. The transform angles, iota, corresponding to the indicated reciprocal shear length at the 
boundary are 0.75 and 1.7 radians. The transform values given on the. figure are for 4 cm radius. 

The observed density decay t imes were measured as a 
function of the current in the helical windings for a 6 .4 cm radius 
plasma and a 5. 1 cm p lasma. In F ig . 9, the relat ive confinement t imes 
a r e plotted against the value of l/L. at the plasma boundary. The 
same data a re re-plot ted in Fig . 10, but now as a function of the ro ta 
tional t ransform computed at a point approximately 1 cm inside the 
plasma boundary. The data of Fig . 10 can be compared with the data 
from gun injection shown in Fig . 6. Two points taken using hydrogen 
ra ther than xenon a re also shown. The hydrogen point at low t rans form 
was taken under high microwave power condit ions. The hydrogen decay 
rate is somewhat fas ter than that of the xenon, but the difference in r e 
lative confinement t ime is mainly due to the hydrogen t e m p e r a t u r e . 
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T h e a p p a r e n t r e l a t i v e c o n f i n e m e n t t i m e fo r x e n o n i s o b s e r v e d 
to r i s e w i t h t r a n s f o r m to a v a l u e of 4 to 5 , then l e v e l off o r d e c l i n e 
s l i g h t l y . We c a n n o t a s c r i b e the c h a n g e in т/т p r e f e r e n t i a l l y to s h e a r 
o r t r a n s f o r m . 

3 . 4 D i s c u s s i o n 

T h e c o n s i d e r a b l e s c a t t e r in the d a t a h a s no t b e e n e n t i r e l y 
r e s o l v e d . B e c a u s e of b a c k g r o u n d n o i s e in the c u r r e n t m e a s u r e m e n t , 
the v a l u e s of t e m p e r a t u r e c a l c u l a t e d f r o m the c o n d u c t i v i t y c a n b e in 
e r r o r by a s m u c h a s 30% a t 0 . 2 to 0. 3 eV fo r t he s m a l l e r a m p l i t u d e 
p o i n t s . T h e e r r o r for the h y d r o g e n p o i n t s m a y b e a s h i g h a s 100%. 

T h e d a t a in t he f i g u r e s w e r e s e l e c t e d fo r c o n s t a n c y of t he c o n 
d u c t i v i t y , w h e r e t he i n p u t p o w e r r o u g h l y m a t c h e d the c o o l i n g . H o w 
e v e r , t h e r e a r e m a n y e x a m p l e s , p a r t i c u l a r l y f o r w i d e - a p e r t u r e p o i n t s , 
w h e r e t he c o n d u c t i v i t y t e m p e r a t u r e f a l l s , for e x a m p l e , b y a f a c t o r of 4 
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f rom 0.2 eV to 0 .05 eV, while the density decay t ime i n c r e a s e s at 
mos t f rom 230 to 350 m s e c , a 50% change. As previously noted, the 
observed t ime constants for xenon a re typically 1 to 2 t imes the 
hydrogen value. The significant differences in F i g s . 9 and 10 a r i s e 
mos t ly from the apparent ly colder t empera tu re of the hydrogen. 
These resu l t s suggest the possibil i ty that a fast e lec t ron component 
may be playing a role in dis tor t ing the conductivity m e a s u r e m e n t . 
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FIG.ll. Time rate of decay of the density in xenon and hydrogen plasmas after high power microwave 
heating for the same magnetic topology. The temperature computed from the conductivity, assuming no 
phase shift between current and voltage, and the phase shift observed at different times are also shown. 
Reading errors on typical points are indicated by vertical bars. 

F i g u r e 11 s h o w s a c o m p a r i s o n of two d i s c h a r g e s a t t he s a m e 
m a g n e t i c f ie ld c o n d i t i o n s , one in x e n o n and one in h y d r o g e n , bo th a t 
h i g h e r m i c r o w a v e p o w e r t h a n u s u a l . (High p o w e r s , a b o u t 10 t i m e s 
t he v a l u e u s e d fo r m o s t d a t a , p r o d u c e d t y p i c a l l y 1 < T / T < 2 
f o r x e n o n i n s t e a d of 3 < т/т < 5 c h a r a c t e r i s t i c of low p o w e r . 
T h e r e w a s no s i g n i f i c a n t d i f f e r e n c e f o r h y d r o g e n . ) The d e n s i t y 
d e c a y and the t e m p e r a t u r e o o m p u t e d f r o m j V | / j I | a r e shown in 
F i g . 11. A l s o s h o w n i s t he p h a s e shif t in t he 1 kHz c u r r e n t m e a s u r i n g 
s y s t e m a t d i f f e r e n t t i m e s d u r i n g t he p u l s e , w h i c h d e m o n s t r a t e s a 
c o n s i d e r a b l y h i g h e r p h a s e c o r r e c t i o n for x e n o n than for h y d r o g e n . 
U s i n g the m i c r o w a v e i n t e r f e r o m e t e r - d e t e r m i n e d d e n s i t y of 5 X 10 c m " 
a n d the o b s e r v e d 4 5 ° p h a s e shi f t b e t w e e n the c u r r e n t a n d v o l t a g e , we 
d e t e r m i n e a t e m p e r a t u r e of 1.2 e V , w h i c h i s i n c o n s i s t e n t w i t h t he 
t e m p e r a t u r e of 0 . 31 eV c o m p u t e d f r o m | V| / | I | , and a l s o w i t h the 
v a l u e 0 . 3 9 eV c o m p u t e d f r o m |V | c o s 4 5 ° / | l | . T h i s r e s u l t s u g g e s t s 
t h a t t h e r e a r e f a s t p a r t i c l e s a t abou t 1.2 eV in the a f t e r g l o w of t h e h i g h -
p o w e r d i s c h a r g e s in x e n o n , but a t the m o m e n t we have no t h e o r e t i c a l 
m o d e l w h i c h a c c o u n t s fo r the p r e s e n c e of t h e s e f a s t p a r t i c l e s . The 
d i f f e r e n c e s b e t w e e n the h y d r o g e n and x e n o n d a t a a r e no t e x p l a i n e d . 

It m a y no t b e p o s s i b l e to e x t r a p o l a t e t he i n t e r p r e t a t i o n of 
the h i g h - p o w e r d a t a to the l o w - p o w e r c o n d i t i o n . 
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There is a possible a l ternat ive mechan i sm for the conductivity 
changing with t ime . In the case of a Maxwell-Boltzmann distr ibution 
the e lec t rons may cool against pro tons , p resen t as an impuri ty of 10 
to 50%. The protons lose energy by charge-exchange col l is ions with 
molecular hydrogen or xenon a t o m s . At the p resen t we, the re fore , 
cannot definitely exclude ei ther a l ternat ive and the sca t t e r in Figs 9 
and 10 is not well explained. 

We do not yet know how the confinement depends on the con
ductivity; but during some d ischarges it appears to be independent. 

We conclude that low-power microwave d i scharges in xenon 
produce apparent confinement t imes up to five t imes the Bohm value . 
There is a dependence on the c u r r e n t in the hel ical windings but it 
is not c l ea r whether the shear or the t r ans form is playing a r o l e . 
Hydrogen d i scharges for the same field p a r a m e t e r s give s imi l a r 
decay t i m e s . The i r t e m p e r a t u r e is general ly lower and they fit to 
the Bohm dependence independent of the t r ans fo rm. There is 
present ly some doubt on the in terpre ta t ion of the t empera tu re 
measu remen t f rom the conductivity in the case of xenon. Until 
further m e a s u r e m e n t s have been made , it is not possible to say by 
what amount the apparent inc rease in т/т is to be reduced for any 
par t icu la r data point. 

4. SUMMARY AND CONCLUSIONS 

In Sees 2. 3 and 3. 4 we have d iscussed the detailed resu l t s of 
our studies of gun-injected hydrogen p l a smas and m i c r o w a v e - p r o 
duced xenon p l a smas in the С s t e l l a r a t o r . In both ca se s the re is an 
apparently longer confinement at high t r ans fo rms than is given by 
the Bohm time cha rac t e r i s t i c of col l is ional p l a s m a s . F o r both 
the gun p l a smas and the xenon p l a s m a s , the apparent re la t ive confine
ment t ime i n c r e a s e s at f i r s t , then levels off, or even d e c r e a s e s . We 
do not have an explanation for this except to note that the levelling off 
occurs for values of hel ical winding cu r ren t at which computer 
calculations show that is lands in the magnetic surfaces grow rapidly [17]. 
There is no experimental evidence directly connecting the presence 
of magnetic islands with the .confinement. 

We have pointed out, however, that there may be a considerable 
difference between the observed temperature obtained from the con
ductivity assuming a Maxwellian distribution, and the actual temperature 
of the bulk of the particles . In view of this ambiguity, we cannot usefully 
discuss our results in terms of resist ive instabilities,and their stabiliza
tion either by long mean free path effects or by effects due to ion inertia. 

In summary, there are two principal alternative models to ex
plain our observations: (1) the electron distribution is roughly Maxwel
lian, and the conductivity temperature thus provides something like the 
normal measure of mean kinetic energy which has been used in the 
Bohm formula in the standard collisional regime; or (2) the electron 
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d i s t r i b u t i o n h a s a n e n h a n c e d h i g h - e n e r g y t a i l , w h i c h d o m i n a t e s the c o n 
d u c t i v i t y , w h i l e t h e m e a n k i n e t i c e n e r g y of t h e bu lk of the d i s t r i b u t i o n 
l i e s w e l l b e l o w t h e c o n d u c t i v i t y t e m p e r a t u r e . 

In c a s e (1) t h e c o n c l u s i o n i s t h a t a n i m p r o v e m e n t r e l a t i v e to 
B o h m , b y a f a c t o r of 4 - 5 , h a s b e e n a c h i e v e d . In c a s e (2) we e n 
c o u n t e r a n a m b i g u i t y in t h e d e f i n i t i o n of the B o h m t i m e for n o n - M a x -
w e l l i a n v e l o c i t y d i s t r i b u t i o n . If we t a k e the " t e m p e r a t u r e " u s e d in the 
B o h m f o r m u l a to r e f e r to the b u l k of t he p a r t i c l e s , w e t h e n c o n c l u d e 
t h a t the i m p r o v e m e n t o v e r B o h m i n t h e p r e s e n t r e g i m e s m a y b e 
s m a l l e r t h a n 4 -• 5, o r e v e n e n t i r e l y a b s e n t . T h i s i n t e r p r e t a t i o n w o u l d 
i m p l y t h a t a n e n h a n c e d h i g h - e n e r g y t a i l can b e p r e s e n t w i t h o u t i m p a i r 
i n g c o n f i n e m e n t : t h a t i s to s a y , t he m e a s u r e of e l e c t r o n e n e r g y w h i c h 
i s r e l e v a n t for a n o m a l o u s d i f fus ion i s to b e d e r i v e d f r o m a l o w e r 
m o m e n t of t he d i s t r i b u t i o n func t ion t h a n g i v e s t he c o n d u c t i v i t y t e m p e r 
a t u r e ; 

T u r n i n g f i n a l l y to t he i n t e r p r e t a t i o n of t he o b s e r v e d s c a t t e r in 
T/T , i n c a s e (1) t h i s wou ld b e i n t e r p r e t e d in t e r m s of an u n d e 
t e r m i n e d p l a s m a p a r a m e t e r o t h e r t h a n the e l e c t r o n t e m p e r a t u r e 
a f f e c t i n g t he c o n f i n e m e n t t i m e ; in c a s e (2) t he c o n f i n e m e n t t i m e c o u l d 
s t i l l b e a f u n c t i o n on ly of the m e a n k i n e t i c e n e r g y of t he b u l k of t he 
e l e c t r o n s , a n d t h e s c a t t e r w o u l d a r i s e f r o m a v a r i a t i o n of t h e r a t i o 
of t h i s m e a n e n e r g y to t he m e a s u r e d c o n d u c t i v i t y t e m p e r a t u r e , w h i c h 
h a s b e e n u s e d h e r e to c a l c u l a t e т _ . 

5 . A C K N O W L E D G M E N T S 

T h e a u t h o r s a c k n o w l e d g e w i t h p l e a s u r e t h e a s s i s t a n c e of 
. E l i z a b e t h C a r y in t he a n a l y s i s of t he d a t a . O u r t h a n k s a l s o a r e e x 
t e n d e d to t h e s t e l l a r a t o r o p e r a t i n g c r e w led b y J . M. P e r r o n . 
F i n a l l y , w e a c k n o w l e d g e w i t h p l e a s u r e m a n y p r o f i t a b l e d i s c u s s i o n s 
of t he r e s u l t s w i t h H . P . F u r t h . 
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D I S C U S S I O N 

C. H. GOURDON: Are the rota t ional t rans form values plotted on the 
absc i ssa of the figure presented by you theore t ica l or exper imenta l values? 

D. J. GROVE : The actual numbers a re from a computer calculation, 
but they have been checked in r ep resen ta t ive cases by e lec t ron beam 
techniques with good agreement up to i4 c m * 1 radian . Exper imenta l checks 
have not been made for higher t r a n s f o r m s . 

O. S. PAVLICHENKO: Did you investigate the effectiveness of p lasma 
trapping during injection from the gun through the d iver tor? 

D . J . GROVE: No, we did not m e a s u r e the effectiveness of t rapping. 
It was es t imated from work by other authors on the output of the gun and 
from the observed t rapped density. 

O. S. PAVLICHENKO: Did you observe oscil lat ion of the gun-injected 
and the xenon p la sma — as in the case of, for example, an ohmic hydrogen 
plasma? 

D . J . GROVE: We did p re l imina ry measu remen t s on the fluctuations 
in density for both gun-injected and xenon p l a smas . In both ca se s ôn/n was 
of the o rde r of 10%. The frequencies a r e not inconsistent with the drift 
frequencies, but until further work i s done on the potential fluctuations 
and the cor re la t ions we cannot r e l a t e these numbers to the confinement. 
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S. Yu. LUKYANOV: If the electron temperature was derived from the 
conductivity, what assumptions were made regarding the dependence of Te 
on the radius of the plasma column? 

D. J. GROVE: Since we had not measured the radial variation in Te 
we assumed in the computation that it was constant across the aperture. 

S. Yu. LUKYANOV: What is the reason for the different behaviour of 
the dependence of the plasma lifetime on the rotational transform angle 
for xenon and hydrogen? 

D. J. GROVE: The difference in behaviour for xenon and hydrogen is 
qualitatively in accordance with the theory as presented in reference [16] 
of our paper. However, until mode identification has been achieved, the 
frequency dependence has been established, and other fluctuation measure
ments have been made, it is not possible to say that the observed difference 
is in fact related to the theory. 

V. S. STRELKOV: One of the possible explanations advanced by you 
for the difference between the observed plasma lifetime and that obtained 
from the Bohm formula is that the electron temperature deduced from the 
electrical conductivity is higher than the true electron temperature. As 
far as I remember, however, in all earlier stellarator experiments the 
opposite applied: the true electron temperature was higher than that deduced 
from the electrical conductivity. How do you explain this? 

D.J. GROVE: In such cases, which are described in paper CN-24/D-3, 
the ratio of the electron drift velocity to the thermal velocity was greater 
than 0. 02 and resulted from the fact that induced electric fields were driving 
the current. 

In the gun-injected plasma and xenon plasma experiments, we consider 
cases with no (or very small) applied electric fields and concern ourselves 
only with a situation in which the bulk of the electrons are at some lower 
temperature and a few much hotter electrons seriously affect the conductivity 
measurement. Whether the conductivity and the temperature corresponding 
to the bulk of the electrons are the correct ones from which to calculate тв 
is not known. 

A. GIBSON: Do you have results for direct cross field injection? 
D. J. GROVE: With direct cross field injection we obtained usable 

plasmas only for fields up to 3 kG; even these were of low density and 
poor reproducibility. The few results which we obtained did not differ 
significantly from those obtained with divertor injection. 
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Abstract 

EXPERIMENTAL STUDIES OF ANOMALOUS RESISTIVITY AND THE ASSOCIATION OF FLUCTUATIONS 
AND COLLISION FREQUENCY WITH CONFINEMENT. Results on the properties of ohmically heated plasmas 
in the С stellarator are given for a new collisionless regime and for the transition region between collisional 
and collisionless plasmas. In these experiments confinement times can exceed the "Bohm time" by a factor 
of 5. Detailed probe measurements have identified two instabilities which contribute to the plasma loss. 
Thomson scattering of laser light has been used to check the conductivity temperature, with densities from 
4X 10n to 1013cm~3 and for some interesting regimes an anomalous resistivity is found. 

Fluctuations characteristic of the current-drive drift instability (the Kadomtsev mode) are found when 
u/v: fi 1 and k,, Xe > 1 (where u is the electron drift velocity, v̂  the ion thermal velocity, кц is the parallel 
wave number, and X e the collision mean free path). For this case, the outward flux obtained from correlation 
of Langmuir probe fluctuations is sufficient to provide the observed loss rate. With increased shear the con
finement improves by a factor of 3. For the high-density, low-temperature regime with u/vj < 1 and 
кц Xe « 1 , fluctuations characteristic of a curvature-driven resistive ballooning mode are found and here 
the fluctuations are insufficient to account for the loss rate. 

The Thomson scattering measurements show that for u / v e < 0.02 the temperatures obtained from 
Thomson scattering agree very closely with the conductivity temperatures. (Here v e is the electron thermal 
velocity.) However, in the range 0.02 < u / v e < 0 .1 , the laser-determined temperature rises steadily to v 
almost three times the conductivity temperature, indicating an anomalous resistivity. 

Studies of the transition region from short to moderately long collision mean free paths have been 
extended by combining ohmic heating with ion-cyclotron resonance heating. The électrons can be heated 
by Landay dampening of the ion cyclotron waves to about 100 eV at densities of 1013 cm~3(with ion temperatures, 
Tj, about 500 eV), and to 70 eV at 1011 crrr3(with T; < 2 Te). As Xe is increased up to 50 axial lengths, the 
ratio of the observed confinement times to the computed Bohm times is a monotonically increasing function of 
the product of Xe and the rotational transform, rising from unity to a maximum observed value of 5. 

1. INTRODUCTION 

In the pas t it was shown that for ohmicaUy-heated d i scharges in the 

С s te l la ra tor the p lasma loss is at the Bohm rate or fas ter [1]. These 
resul ts were obtained under coll is ional conditions, defined in this case 
to mean that the e lectron mean free path is less than the axial machine 

* Present address: Laboratorio Gas Ionizzati, CNEN, Frascati, Italy. 

Note: We define v = (3kT / m ) , where kT is the perpen
dicular e lectron t empe ra tu r e . In the fluctuation exper iments we define 
v - = (2kT/Mj)l /2, where kT is the ion t e m p e r a t u r e , a ssumed to be the 
same as the conductivity t e m p e r a t u r e . 
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length, X < L. The exper iments d i scussed in this pape r a r e d i rec ted 
toward an understanding of this rapid loss by i) invest igat ing the con
ductivity and its relat ion to the e lec t ron t e m p e r a t u r e , ii) examining the 
role of coherent low-frequency fluctuations in the loss and re la t ing the 
fluctuations to ins tabi l i t ies predic ted by es tabl i shed theory , and iii) 
determining the i nc r ea se in the ra t io of the observed containment t ime 
to the calculated Bohm confinement t ime т / т _ , for p l a s m a s as a func
tion of X . Fo r Д > L, an inc rease in т / т , is obse rved both in 
cases where the e lec t ron drift velocity u due to the ohmic cu r r en t is 
g rea te r than or l ess than the ion t h e r m a l veloci ty v . . 

The anomalous component of the conductivity has been obtained 
f rom detailed spatial analys is of the perpendicu la r t e m p e r a t u r e , which 
together with the density distr ibution is found f rom the Thomson s c a t 
ter ing of r u b y - l a s e r light. These m e a s u r e m e n t s have been made over 
a wide ranee of the rat io of u /v . (v , being the e lec t ron t h e r m a l 

e eth eth 
velocity). The conductivity obtained from the Spi tzer re la t ion [2] 
for this t empe ra tu re is then compared with the m e a s u r e d conductivity. 
The existence of an anomalous component of the res i s t iv i ty and the r e l a 
tion of i ts onset to u /v , , M , and Z, the average ionic cha rge , a r e 

, . ,, , e ' eth i Б б 

c o n s i d e r e d in S e c . 2 . 
P r o b e m e a s u r e m e n t s of l a r g e - a m p l i t u d e , l o w - f r e q u e n c y c o h e r e n t 

f l u c t u a t i o n s [3] h a v e b e e n e x t e n d e d to c o n s i d e r t h e i r e f f ec t on p l a s m a 
c o n f i n e m e n t w h e n u / v . < 1, w h i c h c o r r e s p o n d s a p p r o x i m a t e l y to 
X < L . T h e s e f l u c t u a t i o n s e x h i b i t p o t e n t i a l v a r i a t i o n s е й ' ~ k T and 

e ni e 
d e n s i t y v a r i a t i o n s of a p p r o x i m a t e l y 2 0 % . M e a s u r e m e n t s in t he p r e s e n c e 
of a s h e a r e d f ie ld p r o d u c e d by an £ = 3 h e l i c a l w i n d i n g i n d i c a t e t h a t 
t he f l u c t u a t i o n s p r o d u c e o n l y a p a r t of t he o b s e r v e d l o s s . D e t a i l e d 
m o d a l i d e n t i f i c a t i o n i n d i c a t e s a g r e e m e n t b e t w e e n t he o b s e r v e d f l u c t u a t i o n 
p r o p e r t i e s and t h o s e p r e d i c t e d f o r t h e r e s i s t i v e g r a v i t a t i o n a l m o d e 
a s s u m i n g the w e a k - s h e a r , w e a k l y - p o s i t i v e / d £ / B p r o p e r t i e s a p p l i c a b l e 
to t h i s s t e l l a r a t o r . T h e s e r e s u l t s a r e d i s c u s s e d in S e c . 3 . 

T h e p r e v i o u s i d e n t i f i c a t i o n [3] of t h e c o h e r e n t f l u c t u a t i o n s w i t h the 
c u r r e n t - d r i v e n d r i f t i n s t a b i l i t y , and t h e r e l a t i o n of t h e s e f l u c t u a t i o n s to 
the o b s e r v e d p l a s m a l o s s r a t e , w h e n u / v . > 1, s u g g e s t s t h e p o s s i b i l i t y 
of r e d u c i n g t he l o s s r a t e by a p p l y i n g s h e a r t o l o c a l i z e t he m o d e s . In 
S e c . 4 we d i s c u s s an e x p e r i m e n t in w h i c h we o b s e r v e an i n c r e a s e of 
T/T , to a b o u t 3 w h e n s h e a r i s a p p l i e d . A f u r t h e r e x p e r i m e n t w h e r e 
one c a n a c h i e v e a r a n g e of X f r o m X < L to X » L by m a k i n g u s e of 

е е е 
e l e c t r o n L a n d a u d a m p i n g of ion c y c l o t r o n w a v e s to h e a t t h e p l a s m a i s 
d i s c u s s e d in S e c . 5. V a l u e s of т/т.„ , up to a b o u t 5 a r e o b s e r v e d . 

B o h m 
T h e M o d e l С s t e l l a r a t o r , w i t h o h m i c . h e a t i n g a n d w i t h ion c y c l o t r o n 

h e a t i n g , h a s b e e n d e s c r i b e d p r e v i o u s l y [4 ] , [ 5 ] . Two £ = 3 w i n d i n g s , 
one on e a c h e n d , p r o v i d e r o t a t i o n a l t r a n s f o r m a n d s h e a r . T h e e x p e r i -

I? 3 1 3 - 3 
m e n t s m a k e u s e of p l a s m a s w i t h d e n s i t i e s 2 X Ю c m < n < 2 Х Ю c m 

~ e 
a n d o h m i c c u r r e n t 100 A < I _ - , < 2000 A a n d e l e c t r o n t e m p e r a t u r e s 
5 eV < k T < 100 e V . F o r m e i o n c y c l o t r o n w a v e h e a t i n g of t h e e l e c 
t r o n s , low c u r r e n t s ( I „ — 30 A) w e r e u s e d a t l o w e r d e n s i t i e s 
(n ~ 1 0 U c m - 3 ) . ° H 

e 
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2. EXPERIMENTS ON ANOMALOUS CONDUCTIVITY 
(D. Dimock and E. Mazzucato) 

A series of Thomson scattering measurements on hydrogen plasmas 
has been reported earlier [6]. From these measurements it was found 
that under some conditions the plasma exhibited an anomalously high 
resistivity. Investigating plasmas with a variety of densities, tempera
tures, plasma diameters , rotational transforms , current densities , and 
time dependence of current density, it was found that an anomalous 
resistivity is, among the above variables, a function only of the ratio of 

electron drift velocity u to electron thermal velocity v , . These meas-
e eth 

urements have now been extended to investigate the dependence of the 
anomalous resistivity on magnetic field strength, ion mass, and ion charge. 

The measuring apparatus consists of a ruby laser emitting approxi
mately 50 joules in 1 millisecond. The beam passes through the plasma 
perpendicular to the magnetic field and is focussed to a spot of about 
1-mm diameter in the plasma. Light scattered from a 1-cm length of the 
focal region of the beam at 90° to the beam and to the magnetic field is 
collected by the f:3 input of a seven-channel monochromator. The entire 
apparatus can be moved to scan across a diameter of the plasma, the 
direction of scanning being parallel to the laser beam. 

The plasmas investigated were in the normal ohmic heating regime, 
with densities of 10 to 10" cm - 3 and electron temperatures of 20 to 
150 eV. Plasma diameters were 7. 5 to 12. 5 cm and the rotational trans
form at the plasma surface was 0. 6 to 1.2 radians. Ohmic heating 
currents ranged from 0. 8 to 2. 5 kA,. The measurements were made 
after the first,3 milliseconds, at times when the density had fallen to 
between 0. 5 and 0.1 of the peak density. 

For each time and spatial position, measurements are made at 14 
wavelengths at - 25 A intervals. These are then fitted by the method of 
least squares to a Maxwell-Boltzmann velocity distribution to yield 
temperature and density at each measured point across the plasma 
diameter. 

A range of values of u /v could be explored under one set of 
discharge conditions by measuring at different times during the density 
decay under constant plasma current conditions. By varying the current 
and initial gas pressure, the same values of u /v ,, could then be 

e_ etn 
achieved with different values of n and T . From the temperature 
profile as a function of radius we can derive the appropriate mean 
temperature to compare with the measured electrical conductivity CT 
This temperature is T^ - [ /° T 3 / 2 rd r / f r ° rd r ] 2 / 3 . The conductîvPty 
to be expected from theory [2], assuming that T = T is и ос Т 

3 / 2 / 
II 1 scat 1 

In Fig. 1 a Jo , is plotted against u /v for a number of 
ЯГ* AT. С О ПО. в fith 

discharges in hydrogen at two values of confining field and for deuterium 
and helium discharges. For the times in the discharges at which the 
helium measurements were made, previous work has shown that the 
helium is almost completely twice ionized. From Fig. 1 it is clear that 
we have good agreement with conductivity theory for u /v < 0.02. The 
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e f fec t of r e d u c i n g the m a g n e t i c f i e ld i s to e n h a n c e the a n o m a l o u s p a r t of the 
c o n d u c t i v i t y , bu t t he o n s e t w i t h i n c r e a s i n g u / v , i s no t c h a n g e d . T h e e e th h y d r o g e n a n d d e u t e r i u m p o i n t s e x h i b i t n o d i f f e r e n c e i n o n s e t o r m a g n i t u d e 
of t he a n o m a l y , i n d i c a t i n g t h a t t he p h e n o m e n o n i s n i a s s - i n d e p e n d e n t . T h e 
h e l i u m p o i n t s show an o n s e t a t a p p r o x i m a t e l y t w i c e t he v a l u e of u / v , 

, , , . . e e th 
s u g g e s t i n g a d e p e n d e n c e on ion c h a r g e . 

A l a c k of m a s s - d e p e n d e n c e and t h e p r e s e n c e of a Z - d e p e n d e n c e 
s u g g e s t t h a t t he p h e n o m e n o n i s d e p e n d e n t on e l e c t r o n - i o n c o l l i s i o n s . 
H o w e v e r , a t t he o n s e t t h e e l e c t r o n s a r e g a i n i n g on ly a b o u t 1% of t h e i r 
r m s t h e r m a l v e l o c i t y , f r o m t h e e l e c t r i c f i e l d , in t he m e a n e l e c t r o n -
ion c o l l i s i o n t i m e . T h u s i t s e e m s v e r y u n l i k e l y t h a t t h i s r e p r e s e n t s a n 
e f fec t of e l e c t r o n r u n a w a y s , o r t h a t t h e r e e x i s t s a n y l a r g e d i f f e r e n c e 
b e t w e e n T , a n d T „ . 

' 1 1 1 1 1 1—i—i—r 

3 Г « H + 35 kG 

: i i i É i—i—i—i i J 
001 0.02 OJ03 0.04 0.05 0.1 

ue/ve th 

FIG. 1. Ratio of measured to theoretical plasma resistivity as a function of the ratio of electron drift to 
thermal velocity. 

A l t h o u g h o u r d a t a p r o v i d e n o i m m e d i a t e e x p l a n a t i o n of t h e a n o m a 
l o u s r e s i s t i v i t y , t h e y do s e e m to e l i m i n a t e o r m a k e i m p r o b a b l e s o m e 
e x p l a n a t i o n s . R e c o g n i z i n g t h a t t h e p h e n o m e n o n i s a r e d u c t i o n in c u r 
r e n t b e l o w t h e l e v e l t o b e e x p e c t e d f o r a g i v e n v o l t a g e , w e c a n e x a m i n e 
two l i m i t i n g c a s e s . T h e f i r s t i s t h a t a l l t h e c u r r e n t - c a r r y i n g e l e c t r o n s 
a r e s u b j e c t u n i f o r m l y to s o m e f o r c e w h i c h o p p o s e s t h e i r d r i f t m o t i o n 
in t h e d i r e c t i o n of t he e l e c t r i c f i e l d . In t h i s c a s e a l a r g e p a r t of t he 
o h m i c h e a t i n g e n e r g y inpu t i s b e i n g d e l i v e r e d to t he s o u r c e of t h i s 
i m p e d i n g f o r c e . If w e c o n s i d e r a t y p i c a l c a s e w i t h a p l a s m a c u r r e n t 
ha l f of t h a t a n t i c i p a t e d , t h e n ha l f t he p o w e r i s go ing i n t o the a n o m a l o u s 
p a r t of t h e p l a s m a r e s i s t a n c e . T h i s r e p r e s e n t s a v e r y l a r g e p o w e r 
i n p u t , c a p a b l e of p r o v i d i n g the e n t i r e t h e r m a l e n e r g y c o n t e n t of t h e 
p l a s m a in a t i m e of t h e o r d e r of 200 m i c r o s e c o n d s . It s e e m s u n l i k e l y 
t h a t t h i s m u c h p o w e r i s b e i n g fed d i r e c t l y i n to t h e p l a s m a t u r b u l e n c e , 
a s s u m i n g s m a l l - a m p l i t u d e t h e o r y . 
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The second case is that some fraction of the e lec t rons is com
pletely prevented f rom par t ic ipat ing in this drift motion, but the 
remainder of the e lec t rons a re left unimpeded. In this case the power 
is dissipated in ohmic heating by the remainder of the e l ec t rons . This 
could a r i s e , for ins tance , f rom elec t rons being t rapped by potential 
fluctuations in the p l a s m a . This would requ i re that of the o r d e r of 
half of the c u r r e n t - c a r r y i n g e lec t rons be t rapped, requir ing potent ials 
of s eve ra l к Т / е , which is l a r g e r than is general ly observed . 

T ' ' I 1 I I I I 1 1 1 П П 1 1 1 1 1 1 I Г 1 1 1 Г 

OL i и i i i i 1—i 1 J—i J Ou i—u i i—i i i i 1 u i L 
- 6 - 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 -6 -5 -4 -3.-2 - 1 0 1 2 3 4 5 6 

r (cm) r (cm) 

FIG.2. ne and T£ as a function of radius for four times in one discharge. 

T h e q u e s t i o n of w h e t h e r t he c u r r e n t r e d u c t i o n i s u n i f o r m a c r o s s 
the a p e r t u r e of the p l a s m a c a n be on ly p a r t l y a n s w e r e d by e x a m i n a t i o n 
of F i g . , 2 , w h i c h p r e s e n t s the n and T p r o f i l e s m e a s u r e d by 
T h o m s o n s c a t t e r i n g i n a d e u t e r i u m d i s c h a r g e a t 35 kG a t f o u r d i f f e r e n t 
t i m e s d u r i n g t he d i s c h a r g e . It c a n be s e e n f r o m the b e h a v i o r of T 
v s r a d i u s and t i m e t h a t if t he c u r r e n t i s l o c a l i z e d s p a t i a l l y i t m u s t Ъе 
l o c a l i z e d in the c e n t e r of the d i s c h a r g e , s i n c e t he t e m p e r a t u r e p r o f i l e s 
a r e p e a k e d in t h i s r e g i o n and b e c o m e m o r e so w i t h i n c r e a s i n g t i m e . 
The c u r r e n t c a n n o t be e n t i r e l y c o n c e n t r a t e d in the c e n t e r of the p l a s m a , 
s i n c e t h i s w o u l d i m p l y t h a t t he p l a s m a , f r o m a b o u t t w o - t h i r d s of the 
r a d i u s o u t w a r d , o f f e r ed a v e r y h i g h r e s i s t a n c e , w h i c h wou ld m e a n 
t h a t t h e r e cou ld be no t o r o i d a l e q u i l i b r i u m in t h i s r e g i o n and t h e r e 
f o r e t h a t t h e o b s e r v e d p r e s s u r e g r a d i e n t s in t h i s r e g i o n cou ld no t be 
s u p p o r t e d , 

A l t h o u g h t he a b o v e c o u l d b e c o n s t r u e d a s e v i d e n c e a g a i n s t a w a v e -
c u r r e n t i n t e r a c t i o n a s an e x p l a n a t i o n of the a n o m a l y , in t he n e x t s e c t i o n 
we s h a l l s e e t h a t w a v e s a r e o b s e r v e d in j u s t the r e g i o n of t h e a n o m a l y , 
s u g g e s t i n g t h a t t he d i f f i cu l ty l i e s in o u r l a c k of u n d e r s t a n d i n g of t h e 
w a v e - c u r r e n t i n t e r a c t i o n . 
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3 . F L U C T U A T I O N M E A S U R E M E N T S (К. M . Young) 

3 .1 T u r b u l e n t f lux a n d p l a s m a l o s s r a t e f r o m c o h e r e n t f l u c t u a t i o n s 

The t u r b u l e n t f lux of p l a s m a a c r o s s the m a g n e t i c f i e l d , m e a s u r e d 
l o c a l l y f o r c o h e r e n t m o d e s by a t e c h n i q u e d i s c u s s e d i n Ref . 3 , i s c o m 
p a r e d to t h e p a r t i c l e l o s s r a t e in F i g . 3 f o r o h m i c a l l y - h e a t e d d i s c h a r g e s . 
T h e p a r t i c l e l o s s r a t e w a s m e a s u r e d e i t h e r by f l u x - m e a s u r i n g g r i d - e l e c 
t r o d e c o l l e c t o r a s s e m b l i e s l o c a t e d in t h e d i v e r t o r [7] , o r d e d u c e d f r o m 
the d e n s i t y d e c a y r a t e m e a s u r e d by m i c r o w a v e i n t e r f e r o m e t e r s c o r r e c t e d 
a s w e l l a s p o s s i b l e f o r n e u t r a l p a r t i c l e inf lux [ 8 ] . T h e s o l i d l i n e i s t h e 
p r e d i c t e d r e l a t i o n s h i p f o r a r e c t a n g u l a r d e n s i t y d i s t r i b u t i o n if t he f l u c t u a 
t i o n s a r e r e s p o n s i b l e fo r t h e p l a s m a l o s s and t h e l o s s i s u n i f o r m o v e r the 
s u r f a c e . T h e d a s h e d l ine i n d i c a t e s d a t a o b t a i n e d p r e v i o u s l y w i t h i = 2 
h e l i c a l t r a n s f o r m [3] u n d e r c o n d i t i o n s w h e r e u / v . > 1. A c o n f i r m a t o r y 
p o i n t w i t h 1 = 3 t r a n s f o r m i s a l s o s h o w n . T h i s r e s u l t i n d i c a t e s c l e a r l y 
t h a t t he f l u c t u a t i o n s a r e s u f f i c i e n t to p r o v i d e t h e p l a s m a l o s s in t he r e g i m e 
w h e r e u / v . > 1, t h e r e b y j u s t i f y i n g the e x p e r i m e n t r e p o r t e d in S e c . 4 on 
the e f fec t of s h e a r on c o n f i n e m e n t . 
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FIG.3. The turbulent flux from coherent fluctuations shown as a function of the observed density decay rate. 
The solid line shows the predicted curve if the loss is wholly due to the fluctuations assuming a rectangular 
density profile and assuming that there is a uniform flux across the surface. The dashed line shows the de
pendence obtained for ue/vj > 1 [3]. The data points are for ue/v; < 1 for different locations in the stellarator. 

T h e b u l k of t h e d a t a p o i n t s a r e o b t a i n e d f o r u / v . < 1. T h e s e p o i n t s 
a r e o b t a i n e d w i t h p r o b e s in t h e s t r a i g h t s e c t i o n of t h e v a c u u m v e s s e l a n d 
a l s o on t h e i n s i d e a n d o u t s i d e a t t h e c e n t e r of o n e U b e n d . No s i g n i f i c a n t 
d i f f e r e n c e i s o b s e r v e d in t h e o u t w a r d f lux a m o n g t h e s e l o c a t i o n s (nor 
w a s a n y s i g n i f i c a n t d i f f e r e n c e in f l u c t u a t i o n a m p l i t u d e o b s e r v e d ) , 
s u g g e s t i n g t h a t a s t r o n g l y b a l l o o n i n g m o d e i s no t r e s p o n s i b l e f o r t h e l o s s . 
In t h e s e d a t a t h e o b s e r v e d l o s s r a t e c a n b e a s m u c h a s t h r e e t i m e s t h e 
c o m p u t e d B o h m r a t e : t he o b s e r v e d f lux i s a l w a y s d i r e c t e d o u t w a r d a n d 
c a n n e v e r p r o v i d e m o r e t h a n 50% of t h e o b s e r v e d l o s s r a t e . T h e s e 
r e s u l t s a r e c o n s i s t e n t w i t h t he e a r l i e r i n t e r p r e t a t i o n trom m a c r o s c o p i c 
m e a s u r e m e n t s , w h i c h w a s t h a t t h e r e s i s t i v e l a c k of e q u i l i b r i u m i s 
r e s p o n s i b l e fo r t h e l o s s [9 ] , [10]. 
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3.2 Mode identification for u /v . < 1 

For u /v < 1. detailed examination of the low-m coherent fluctua-e i ~ tions indicates that they a re localized within a few mi l l ime t e r s about the 
rat ional magnetic sur faces . The azimuthal phase velocity of the 
fluctuations changes direct ion from the electron diamagnetic drift to the 
ion drift d i rect ion as u /v . d e c r e a s e s through unity. The measu red 
values of the radia l e lec t r ic field show that the fluctuations move slowly 
in the Vp. direct ion with respec t to the p lasma for u /v . < 1. The 
amplitude var ia t ion para l l e l to В is l e ss than 30% and the fluctuations 
of the azimuthal component of magnetic field, B ' a re propor t ional to и 
ô 'n . 
r о 

We find that these p rope r t i e s a re consistent with theore t ica l p r e d i c 
tions for the cu rva tu re -d r iven res i s t ive mode [11 - 13] in the С s t e l l a r a to r . 
For conditions of weak shear and weakly positive unstable J" d£ /B applicable 
to the s t e l l a r a to r , the d ispers ion relation for this mode, neglecting finite 
La rmor radius effects, is 

n h 3. , -1/4 1 , w' У2 5/2 
a - — y - y ) = h o n T ' c T ' . y (1) 

о y s о 

The normal ized growth ra te is , у = s/(w h ' ), where ш = 2 v. / a R , 
О О О 1 s being the growth r a t e , R being the major radius of c u r v a t u r e , and a 

the density decay length. L is the shear length ( l /L = r / L d l / d r ) , 
re tl 
eque 

2/3 

U>' = U) Ш./v ., where ш ana Ш. a r e the e lectron and ion gyrofrequencies 
and V . is the e lectron collision frequency. The quantity h is 

h о 

2 т 2 m L ш 
R о 

87Г r 
(2) 

where L is the curva ture length (27TL,/(.) and h is the effective well 
depth, given approximately by h — -2 X 10 "2 in this c a s e . The dispers ion 
relation, Eq. (1), a s sumes that s » U)", the electron diamagnetic drift 
frequency, which is justified for this high-densi ty, low-tempe ra tu re 
reg ime. The appearance of this mode is very weakly ballooning, the 
predicted var ia t ion in growth rate along the magnetic field being about 
15%. The rea l par t of the frequency, crudely es t imated from finite 
L a r m o r effects in the absence of shear [11], p red ic t s that the wave 
moves in the ion drift direct ion with a velocity comparable to the 
observed va lue . One can also derive the dependence B' ce n ф' assuming 
limited amplitude of the fluctuations [7]. 

These resu l t s indicate a close agreement between the exper imenta l 
observations and theore t ica l predict ions for the curva ture -dr iven r e s i s 
tive mode in a short mean free path regime of the s t e l l a ra to r . In the 
absence of cu r r en t , this instabili ty may remain the cause of p lasma 
loss even when the mean free path becomes longer than the machine 
length. 
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4. E F F E C T OF SHEAR ON CONFINEMENT IN OHMICALLY- HEATED 
DISCHARGES (u/v. > 1) (К. М. Young) 

Increas ing the external ly applied t r ans fo rm, e i ther sheared or 
s h e a r - f r e e , had little or no effect on ohmic-heated d ischarges with 
about 2 kA of cu r ren t and with density about 10 cm" [9]. 
Studies with magnetic probes indicated that the t rans form due to the 
cu r ren t distr ibution reduced the external ly applied shea r . Exper iments 
were then performed at lower ohmic heating cu r ren t s (maximum 
I ~ 500 A) which were p rogrammed to dec rease at about 
the density decay rate so that u /v . was maintained at a value only 
slightly g r ea t e r than unity. The cu r r en t -d r iven drift mode could then exist 
and shear could also be applied. Results of this exper iment a r e shown 
in F ig . 4, where the normal ized confinement t ime is shown as a func
tion of the rotat ional t r ans fo rm and shea r (on a nonlinear scale) computed 
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FIG. 4. The confinement time, normalized to the Bohm time, as a function of the transform, and shear, 
in the t = 3 helical winding. The temperature varies by less than 20% in either set of data. The data are 
for the condition u /v.- > 1. 

a t 5 - c m r a d i u s . The c o n f i n e m e n t t i m e w a s d e d u c e d f r o m t h e p a r t i c l e 
f lux to t he d i v e r t o r , in c o n j u n c t i o n w i t h p r o b e m e a s u r e m e n t s of t h e r a d i a l 
d e n s i t y d i s t r i b u t i o n , and w a s a l s o c h e c k e d by c o m p a r i n g w i t h t he m i c r o 
w a v e d e n s i t y d e c a y r a t e c o r r e c t e d f o r inf lux of p a r t i c l e s [ 8 ] . Whi le t he 
h i g h - c u r r e n t ( I _ H ~ 2 kA) d a t a i n d i c a t e d no d e p e n d e n c e on s h e a r o r 
t r a n s f o r m , in t h e c a s e of t h e l o w e r c u r r e n t (InTT ^ 500 A ) , t h e r e i s an 
i n c r e a s e i n c o n t a i n m e n t t i m e a s t he r o t a t i o n a T t r a n s f o r m (and a l s o t h e 
s h e a r ) i s i n c r e a s e d . F o r t h e s e d i s c h a r g e s t h e t e m p e r a t u r e ( m e a s u r e d 
f r o m the c o n d u c t i v i t y ) i s n e a r l y c o n s t a n t . T h e i n c r e a s e d c o n f i n e m e n t 
t i m e a s t h e s h e a r i s i n c r e a s e d i s in q u a l i t a t i v e a g r e e m e n t w i t h e x p e c t a 
t i o n [14], bu t the d e c r e a s e in t h e t i m e c o n s t a n t a t h i g h v a l u e s of t r a n s f o r m 
i s no t u n d e r s t o o d . S i m i l a r e f f e c t s a r e a l s o o b s e r v e d f o r p l a s m a s h e a t e d 
by ion c y c l o t r o n w a v e s ( S e c . 5) and in g u n - p r o d u c e d p l a s m a s [15]. F o r 
t h e c a s e of o h m i c a l l y - h e a t e d d i s c h a r g e s , i t i s p o s s i b l e t h a t l o w - m k i n k 
i n s t a b i l i t i e s c o u l d l e a d to t h e l o s s [4 ] , bu t an a d d i t i o n a l p o s s i b i l i t y i s 
d e f e c t s i n t he m a g n e t i c f i e l d . T h e s e d e f e c t s co u l d be in t he f o r m of 
c o i l m i s a l i g n m e n t o r in t h e f o r m of m a g n e t i c i s l a n d s [16 ,17] . H o w e v e r , 
a p p l i c a t i o n of t r a n s v e r s e f i e l d s w h i c h c o r r e s p o n d to v a r i o u s p o s s i b l e 
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misa l ignmen t s , and which calculat ions show lead to island formation 
[18], does not change the observed confinement t ime unti l this field is 
near ly an o rde r of magnitude l a r g e r than that corresponding to any m i s 
alignment known to be p r e s e n t . The possibi l i ty that the long t ime 
constant , T — 3 T_ , , could be in pa r t due to the p resence of fast e l e c -

Bohm r 

t rons cannot be ignored. A crude exper iment inser t ing a 2. 5 m m diameter 
probe all the way to the center of the p l a s m a , to stop any fast component, 
sugges ts , however , that T reaches ' at l eas t twice T„ , ° Bohm 

Under conditions at which the bes t confinement was observed 
(T — 3 T , ), the fluctuations a re observed to move in the e lec t ron 
drift d i rect ion and a re about one-half the amplitude observed when 
the Bohm diffusion ra te is observed . In addition, the radia l loca l iza 
tion of the coherent modes is l e s s than 5 m m compared with the 
values of 5 - 10 m m previously repor ted for the i = 2 hel ical t r a n s 
form [3]. Though these resu l t s a re consis tent with the inference that 
shear provides a dec rease in the turbulent diffusion r a t e , only a 
complete turbulent flux m e a s u r e m e n t can prove this point. 

5. CONTAINMENT STUDIES OVER A WIDE RANGE OF Л FROM 
ION CYCLOTRON HEATING (I. G. Brown, M. A. RotrTman, 
and R. M. Sinclair) 

If the r e s i s t ive ins tabi l i t ies play a role in the anomalous loss 
of cu r r en t - f r ee p lasmas (in the sense that u /v . < 1), the containment 
time should become longer as the mean free path becomes long com
pared with the axial machine length. By heating the e lec t rons with ion 
cyclotron waves at low densi t ies and making use of the ability to heat 
ions and e lec t rons independently, it is now possible to study the 
confinement of such p l a smas over a b roader range of p a r a m e t e r s 
(and in pa r t i cu la r to Л » L) than in previously repor ted expe r i 
ments [5]. 

The toroidal p lasma is formed by an ohmic heating cu r ren t 
(typically a few hundred a m p e r e s to s eve ra l k i loamperes for 
n > 1012 c m " 3 , or ~ 30 A for n ~ 1011 c m " 3 ) , such that u /v . < 1. The 
confining magnet ic field at a Stix coil , ins ta l led in a s t ra ight section 
of the s t e l l a r a to r , is adjusted for optimum coupling of energy into 
ion cyclotron waves [19]; the field adjacent to this section is separa te ly 
controlled to va ry the ion and e lec t ron heating [20]. The e lec t rons a r e 
heated over this range of p a r a m e t e r s pr incipal ly by Landau damping 
of the waves [21]; the ions a re heated at a magnetic beach by cyclotron 
damping [22]. We have found it possible to use this method to heat 
the e lect rons at densi t ies as low as 10 cm" [23]. The radius used 
was the max imum available (6.1 cm) , since the power to the p lasma 
(hence the t empera tu re ) is a sensi t ive function of radius [22]. 

The e lec t ron t e m p e r a t u r e was obtained from the conductivity for 
the dc ohmic heating cu r ren t , which continued to flow during and after 
ICRH. The ICRH ra i sed kT to < 100 eV at the highest densi ty, and 
to < 70 eV at 10 cm" . The perpendicu la r ion t e m p e r a t u r e was 
found from the diamagnetic p r e s s u r e and KT e[24l; this could only 
be done accura te ly for n > 10 c m ; at 10 c m " we can only say 
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that kT. < 2 кТ . The flux of pa r t i c l e s entering the d ive r to r , f rom 
which the confinement t ime т was calculated, was m e a s u r e d with the 
flux col lectors located in the d ive r to r . 

After the end of the ICRH pulse , the p l a sma cooled in about one 
mil l isecond to the init ial t e m p e r a t u r e . We observed an inc rease in 
p lasma density following ICRH, comparable to the init ial density. We 
assume t ins ' i s due to ionization of the unavoidable fraction of neu t ra l 
gas remaining at the t ime ICRH is applied. The magnitudes of the 
density i n c r e a s e , and the cooling t ime of the p lasma , a r e what would 
be expected if al l the e lec t rons a r e cha rac te r i zed by the kT calculated 
from the conductivity and a re being cooled by the neu t ra l gas . 

Measu remen t s made before, and as a function of t ime after , 
ICRH yielded a number of values of т/т and X for each d i scha rge . 
This method for obtaining a range of values of X has the obvious d i s 
advantage that the important p a r a m e t e r s T and т a r e changing rapidly 
during the measur ing per iod. This m e a n s , for example , that p lasma 
ar r iv ing at the d iver tor co l lec tors at a given instant has left the main 
d ischarge at an e a r l i e r t ime when the t empera tu re was higher than 
that m e a s u r e d at the a r r i v a l t i m e . Cor rec t ions for this and re la ted 
effects a r e es t imated to be smal l , and do not change the conclusions . 
Aside from the sys temat ic e r r o r s associa ted with t rans ien t m e a s u r e 
m e n t s , uncer ta in t ies in the actual m e a s u r e m e n t s of t e m p e r a t u r e s , e t c . , 
alone could account for ~ ±30% fluctuation in the value of т / т_ , 

Bohm 
The method does , however, provide us with information for the important 
case where X > L but u /v < 1, which can be compared with the r e su l t s 

t с л e e i 
of Sec. 4. 

We found empir ica l ly that plotting т/т vs A. L made the 
r e su l t s for va r ious d i scharges mos t near ly coincide. This suggests that 
the per t inent p a r a m e t e r is the rat io of X to a connection length (2 i rL / i ) . 
Values of t at the nominal aper tu re between 0 .3 rad and 1. 5 rad were used . 
(The min imum value is enough to a s s u r e equil ibr ium [4].) 

Typical values of т/т , as a function of X L a r e given in F ig . 5. 
(Similar r e s u l t s , with m o r e sca t t e r , were obtained with hydrogen at 
half the confining field. ) For X « L, т / т was independent of X 
and I. As X was increased so that X I ~ C\l rad) , an inc rease in 
T/T-, , was noted. A peak value of five for т/т„ , was observed . Bohm r ' Bohm 

A p a r a m e t r i c analysis showed that the sca t t e r of the resu l t s 
evident in F ig . 5 is not due to any further systematic dependence on 
T , n, or L. Any one collection of data showed small sca t t e r , while 
those taken weeks apar t showed m o r e . The slow varia t ion of т / т_ , Bohm with X , coupled with this sca t t e r , does mean that any further 
dependence of т / т on I could be masked by the smal l range of L 
avai lable . We cannot thus definitely exclude any further dependence 
on I beyond that envisaged in t reat ing X L as the relevant p a r a m e t e r . 
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12 -3 For values of n >, 10 cm , the ohmic heating current was 
varied by an order of magnitude, increasing kT before ICRH. 
This produced no consistent change in the dependence of T/T , 
on Л I. In this same range, where measurements of kT. were 
possible, we were able to hold kT constant and vary kT. from 
jcT /2 to 10 kT , producing a change in the ion relaxation time from 
- 2U jxsec to ~ Z mil l iseconds, or from 10"^ т to 2т. This also 
produced no consistent change in т/т , , showing that the aniso
tropic ion velocity distribution produced Dy ICRH does not affect the 
plasma containment (for Л < L). This is in agreement with the results 
of Pease et al. [5]. The maximum ion temperature attained (averaged 
around the torus) was kT. = 550 eV [25]. 
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FIG. 5. Ratio of observed confinement time to the calculated Bohm time, measured before and after ICRH 
in a number of deuterium discharges, versus mean free path (in units of the axial length) times rotational 
transform at 5.0 cm radius caused by an t =3 helical winding (in units of i0 = 0.30ir). Each symbol 
identifies a separate discharge; the unconnected points are taken before ICRH, and those connected by 
lines show the results as the plasma cools after ICRH. [The Tokamak points are calculated taking kTe 
from plasma conductivity measurements ("C") and, for contrast, from diamagnetic measurements ("D"); 
the transform for these points is caused by an ohmic heating current, and is calculated at the measured 
plasma radius. The axial length used is that of the appropriate device. ] 

The only consistent deviation from this simple dependence of 
T/T , on X l was at large values of X and I. In Fig. 6 we show 
the dependence of т/т , on L, for data taken from a number of 
separate discharges with various ranges of X . We see that т/тп ь 
increases with L for X >. L. At the longest X it shows a 
reduction at large I, similar to that discussed in the previous section. 

We have searched for possible alternative explanations of these 
results. One possibility that we cannot exclude is that a fraction of the 
electrons may be heated by the ICRH to a higher temperature than the 
rest. For example, electrons travelling with the phase velocity of the 
ion cyclotron waves would have ~ 400 eV of energy. Such a fraction 
could account for most (or all) of the observed increase in conductivity, 
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a n d for t h e i o n i z a t i o n fo l l owing I C R H ; i t s c o o l i n g t i m e (at 400 eV) by 
e l e c t r o n - e l e c t r o n c o l l i s i o n s would b e ~ 1 m i l l i s e c o n d a t t he l o w e s t 
v a l u e of n u s e d . We do f ind t h a t t h e o b s e r v e d c o o l i n g t i m e i s a p p r o x i 
m a t e l y i n v e r s e l y p r o p o r t i o n a l to t he d e n s i t y i n c r e a s e o v e r a f a c t o r 
of f o u r (1/2 to 2 m s e c ) , c o n s i s t e n t w i t h c o o l i n g by e l e c t r o n - n e u t r a l 
c o l l i s i o n s of a p l a s m a a t t h e o b s e r v e d c o n d u c t i v i t y t e m p e r a t u r e ; 
t h i s l i m i t e d r a n g e d o e s no t a l l o w u s to e x c l u d e t h e p o s s i b i l i t y of a 
ho t c o m p o n e n t . If i n d e e d the d i s t r i b u t i o n func t ion i s s t r o n g l y n o n -
M a x w e l l i a n , t h e n the c o n c e p t of t he B o h m t i m e b e c o m e s a m b i g u o u s . 
In p a r t i c u l a r , if t h e r e l e v a n t m e a s u r e of m e a n p a r t i c l e e n e r g y to b e 
u s e d in c a l c u l a t i n g т„ , is b i a s e d t o w a r d s t he l o w - e n e r g y end of 

B o h m 
t h e d i s t r i b u t i o n , t h e n т , i s u n d e r e s t i m a t e d by u s i n g the c o n d u c 
t i v i t y t e m p e r a t u r e ; t he d a t a p o i n t s of F i g . 5 s h o u l d be sh i f t ed down 
a n d to t h e l e f t . 

ь- 3 

2 

,10 < \l£ < 30 

FIG.6. Values of r / r . ^ versus rotational transform from a number of separate discharges with \ e in 
the indicated intervals. (Each point is the average of about 20 measurements.) 

In F i g . 5 we a l s o s h o w s o m e r e p r e s e n t a t i v e p o i n t s f r o m o t h e r 
e x p e r i m e n t s . T h a t of P e a s e e t a l . [5] w a s o b t a i n e d b y m e t h o d s s i m i l a r 
t o t h o s e of t he p r e s e n t w o r k . T h o s e f o r t he T o k a m a k d e v i c e s w e r e 
i n f e r r e d f r o m r e p r e s e n t a t i v e d a t a p u b l i s h e d by A r t s i m o v i c h e t a l . [ 2 6 ] . 
F r o m t h e l a t t e r d a t a we cou ld c a l c u l a t e t he e l e c t r o n t e m p e r a t u r e in 
two d i f f e r e n t w a y s : It w a s t a k e n to be e i t h e r t h a t d e t e r m i n e d f r o m t h e 
g r o s s p l a s m a c o n d u c t i v i t y , o r t h a t c a l c u l a t e d f r o m the d i a m a g n e t i c 
p r e s s u r e . B o t h of t h e s e c a l c u l a t i o n s c o u l d be c o n s i d e r e d c o n s i s t e n t 
w i t h o u r r e s u l t s , s i n c e u s i n g a l a r g e r k T i n c r e a s e s b o t h X and 

T ' T B o h m ' 

6 . S U M M A R Y AND C O N C L U S I O N S 

T h e e x p e r i m e n t s d i s c u s s e d in t h i s p a p e r h a v e b e e n d i r e c t e d 
t o w a r d e l u c i d a t i o n of t he a n o m a l o u s p l a s m a - l o s s in the С s t e l l a r a t o r . 
T h e e x p e r i m e n t s a l l m a k e u s e of o h m i c h e a t i n g to f o r m the p l a s m a , 
bu t we f ind t h a t t he d e t a i l e d p r o p e r t i e s o b s e r v e d d e p e n d m a r k e d l y 
on the r a t i o of t he c u r r e n t d r i f t v e l o c i t y to t h e p a r t i c l e t h e r m a l 
v e l o c i t i e s . A s u / v . b e c o m e s g r e a t e r t h a n u n i t y w i t h o h m i c h e a t i n g , 
t h e p l a s m a s b e c o m e c o l l i s i o n l e s s in t he s e n s e t h a t X > L . A l t e r n a 
t i v e l y , t he c o l l i s i o n l e s s r e g i m e h a s b e e n a t t a i n e d by L a n d a u d a m p 
ing of ion c y c l o t r o n w a v e s by the e l e c t r o n s w i t h u / v . < 1. 
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Examinat ion of the perpendicular e lectron t empera tu re and 
density dis t r ibut ion by Thomson sca t ter ing of r u b y - l a s e r light indicates 
that for u /v < 0 .02 , the t e m p e r a t u r e obtained f rom the conduc
tivity is in ag reement with the averaged perpendicular t e m p e r a t u r e . 
This resu l t confirms Sp i tze r ' s theore t ica l der ivat ion [2] of the con
ductivity, and is also in agreement with many other t e m p e r a t u r e -
measur ing techniques d i scussed in Ref. 4. 

However, for u / v > 0 .02 , there is a d iscrepancy between 
the measured conductivity and that predicted by the m e a s u r e d pe rpen 
dicular t e m p e r a t u r e . As much as half of the p lasma r e s i s t ance is 
anomalous. F o r hydrogen u / v > 0.02 is equivalent to u /v . > 1, 
and this is the case for which la rge-ampl i tude coherent fluctuations 
observed in the p lasma were identified previously with the c u r r e n t -
driven drift mode [3]. This suggests that the anomalous res i s t iv i ty 
is associa ted with this mode. A detai led compar ison of the onset of 
this mode with the onset of the anomalous res i s t iv i ty mus t await the 
resul ts of theore t ica l work now in p r o g r e s s . The exper imenta l a g r e e 
ment .for hydrogen and deuter ium is good, but m e a s u r e m e n t s of the 
fluctuations and turbulent t r anspor t have not yet been made in 
helium p l a s m a s . 

In the region of u /v . < 1, the exper imenta l data on the coherent 
fluctuations can best be re la ted to a mildly ballooning r e s i s t ive 
gravitational mode . The exper iments also show that only a smal l 
fraction of the p lasma loss is assoc ia ted with the f luctuations. Under 
these condit ions, the interact ion between the ohmic heating cu r r en t and 
the turbulence may be l e s s than that for a c u r r e n t - d r i v e n mode , yielding 
conductivity values of the t empera tu re which a re m o r e nea r ly c o r r e c t . 

The mode identification of the fluctuations with the c u r r e n t - d r i v e n 
drift instabil i ty led to an exper iment to de termine whether shea r could 
reduce the p l a sma loss ra te for this mode. Fo r a re la t ively sma l l 
amount of shea r , L ^ 0 .9 m, the ra t io of т/т~ , — 3 is in qual i ta
tive agreement with Kadomtsev and Pogutse ' s predic t ions [14] about 
the effect of rad ia l localizat ion of the mode on the diffusion r a t e . Fo r 
low ohmic c u r r e n t s but high e lec t ron t e m p e r a t u r e s obtained by Landau 
damping of ion cyclotron waves , a s imi l a r ra t io т / т „ , was 
obtained, as well as an indication of a dependence on rota t ional 
t ransform (or s h e a r ) . Fo r both of these methods of forming the hot 
p lasma, there is a reduction in confinement t ime if the hel ica l t r a n s 
form is i n c r e a s e d fur ther which may be associa ted with a de te r io ra t ion 
of the quality of the magnet ic s u r f a c e s . 

The studies using ICRH show that for X < L, the confinement 
time is given by the Bohm formula using the e lec t ron t e m p e r a t u r e , 
independent of the ion t e m p e r a t u r e . The rat io of т/т , i n c r e a s e s 
slowly with X I for X. >, L. The pr inc ipa l uncer ta in ty in the 
in terpre ta t ion of this inc rease in т/т , r ema ins assoc ia ted with 
the details of the e lec t ron velocity dis tr ibut ion following ICRH. 

This work was pe r fo rmed under the auspices of the U. S. Atomic 
Energy Commiss ion , Contract AT(30-1)-1238. 
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D I S C U S S I O N 

D. A. SHCHEGLOV: What was the re la t ionship between the e lec t ron-
cyclotron and the p lasma frequencies in those exper iments where anomalous 
res i s t ance was observed? 

R. M. SINCLAIR: At В = 35 kG, Пе was 6. 2 X 1 0 n c / s and up e was 
2.8 X l O " c / s . 
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Abstract 

CONFINEMENT OF CONTACT-IONIZED BARIUM PLASMA IN THE WENDELSTEIN STELLARATOR W II. 
The confinement of low-6 plasmas in a stellarator magnetic field has been studied experimentally as a 
continuation of our previous work. A new stellarator, W II, allows d .c . operation. It has circular shape, 
avoids interruptions of the helical windings generating an fi =2 helical field, and possesses five-fold rota
tional symmetry. It has practically no shear but a small average magnetic well, 3?o in depth. Barium 
plasma was produced by contact ionization on a radiation-heated tantalum sphere located on or near the 
magnetic axis. Measurements of the density distribution were performed for various values of the magnetic 
field, the angle of rotational transform and the magnitude of the input ion flux. The ion density was de
termined by two independent methods, namely (i) by Langmuir probes and (ii) by resonance fluorescence. 
The measured relation between input ion flux and peak ion density is in agreement with numerical cal
culations of this dependence assuming resistive diffusion across a stellarator magnetic field and recombina
tion on the surfaces of the emitter and its supporting wire as well as on the surfaces of any probe introduced 
into the plasma. This confirms earlier measurements done in the apparatus W lb. For the higher emitter 
temperature assumed in the calculations the flux lost on the emitter is negligibly small compared to the 
flux radially outwards. It has also been found that for input ion flux and main magnetic field kept constant 
the peak ion density decreases markedly whenever ь/2тг is a rational fraction. 

Introduction 

Previous experiments on the confinement of a Cs plasma in 
the Wendelstein stellarator W lb [1, 2, 5] gave evidence that - in 
comparison to "pump-out" - the plasma loss rate only slightly 
exceeds that expected for resistive diffusion (including the 
factor (l + -t" ) for stellarator confinement [4]) and recombination 
on the emitter and the probes. This statement holds after a 
critical revision of the previous results based on current 
knowledge [5, 6] (L/2JT is here denoted by-t). 
However, the uncertainty introduced by the use of probes for 
density measurement, the relatively short duration of 0.8 sec of 
the magnetic field pulse, the time dependence of the emitter 
temperature, the complicated magnetic field structure of the W lb 
stellarator and the restriction on plasma radius required a new 
experiment in order to put the results on a safer ground. 

^ This work was performed under the terms of the agreement between the Institut fiir Plasma-
physik GmbH, Garching near Munich, and Euratom to conduct joint research in the field of plasma physics. 

* * On leave from Princeton University, USA. 
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Therefore, a new stellarator, W II, has been built. This Is a 

circular torus with a comparatively large aspect ratio of 0.1 

and the highest degree of symmetry achievable for a -t = 2 

stellarator. It has practically no shear, but does possess a 

small average magnetic well about 3 % in depth. Steady-state 

operation can be achieved for 20 sec or more. Observation ports 

as large as consistent with these requirements have been provided, 

to allow spectroscopic investigations in addition to the diagnostic 

techniques previously used. 

Experimental Arrangement 

The stellarator W II (fig. l) is a circular torus with radius 

of curvature R = 50 cm and an effective tube diameter 2r = 12 cm. 

The main field is produced by 44 coils, equally spaced and 

connected in series. The maximum field strength is 9 kG d.c. or 

about 15 kG pulsed. The helical windings are of the type £ = 2, 

and are wrapped uniformly around and directly upon the vacuum 

tube with a field period of five. The only deviation from five

fold rotational symmetry is caused by the current leads. 

The requirements of symmetry unfortunately limit the location and 

size of the observation ports. 

WI1 1=2 

resonance 
fluorescence 

annular particle 
^detector 

10cm dia. 

probe II probel1 

emitter 
(Ta-sphere, 
QJcmd iaJ 

spoon 

FIG. 1. Schematic drawing of the stellarator W II. 

The rotational transform, the existence and the shape of the 

magnetic surfaces have been measured by means of a pulsed electron 

beam [7]. The magnitude of the rotational transform agrees closely 

with calculations [8], as shown in fig. 2. The magnetic surfaces 

are nearly elliptical in cross-section. In the range of 

*t = -pfi investigated the ratio of the two axes of the ellipses can 

be approximated by the formula 

ь = Ы ^ + 1.46 < 
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So far only magnetic fields of 5 and 7-5 KG n a v e b e e n used. The 
maximum rotational transform for these cases are -C = 0.5 and 
-t = 0.22 respectively. The plasma diameter is limited by the magnetic 
surface tangent to an annular particle detector with an inner radius 
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FIG.2. Rotational transform,t, vs the ratio between the current in the helical windings and the strength 
of the main magnetic field, measured by means of a pulsed electron beam. The calculated curve is shown 
for comparison. 

27.5 68 20006 

aperture 

FIG. 2a, An example of the drift surfaces in the stellarator W 11 found by the use of a pulsed electron beam. 
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of r = 5 cm. This yields an effective aperture with the radius 
reff = 5 -° ~ Ь б 5 tcm' 
Ba plasma is produced by contact ionization on a Tantalum 
sphere of -3 mm diameter. The sphere was suspended by a 
Tungsten wire of 50 i>m diameter on or near the magnetic axis. 
It was heated to a temperature of about 2150 К by focussing 
a 6.5 kW high pressure Xe arc upon its surface. The measured 
current of thermally emitted electrons allowed the formation о _"5 of an electron sheath up to densities of about J-10 cm <• 
Higher temperatures could not be achieved by this means because 
of the limi,ted solid angle available. 
Two removable spoon probes are arranged on either side of the 
emitter. With the help of these probes the total input flux 
of ions, *B, could be determined from the ion saturation current 
also in the presence of the magnetic field. The ion density was 
measured in two different ways, (i) Probes could be introduced 
90 azimuthally displaced from the plasma source. The probe 
tips were 30 цт in diameter and 3 - 5 mm in length. The probe 
shafts, had a diameter of 0.1 mm. The probes were biased with 
respect to the emitter. The ion density has been evaluated in 
the usual way from the probe signal except that an "increased 
sensitivity factor" of 2.5 was taken into account [9, 10]. 
(ii) At l80° around the machine the density was measured by the 
method of resonance fluorescence [il]. A capillary high pressure 
Xe lamp was used to excite the Ba resonance lines. The spatial 
resolution used was about 2.5 x 2.5 x 12 mnr with the long 
dimension orientated parallel to the main magnetic field. 
Horizontal scans could be made by shifting the illuminating lamp 
and vertical scans by deflecting the image of the stellarator by 
means of a varlprism [12]. The particle detector (fig. 10) 
was intended to measure the flux leaving the confinement region. 
It was of the double-double probe type described previously 
[13]. The sensitive parts of the particle detector were divided 
into four segments, each consisting of three azimuthal strips 
of 2 mm radial extension. 

Experimental Results and Discussion 
Two main relationships were subject to experimental 

investigation: (1) the peak particle density as function of the 
input ion flux, *B, for fixed magnetic fields; and (ii) the 
dependence of the peak ion density on -C with input flux and 
main magnetic field kept constant. For some of the parameters 
particle density profiles were determined and the influence 
of the presence of a probe within the plasma on the ion 
density studied. 
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The experimental results are compared with a theoretical 
model which considers resistive diffusion across the stellarator 
magnetic field in the approximation of small -t and recombination 
on the emitter and its supporting wire as the dominant loss 
processes. If probes are introduced into the plasma the losses 
on their surfaces are also taken into account. This model has 
been found to describe successfully the experimental results • 
obtained with; the W lb stellarator [6] and has been modified 
only for the different parameters present in this experiment. 
The curves shown for comparison with the experimental results 
are calculated for emitter temperatures of 2320 °K,-i .e.UV. - = 0.2 V, 
and 2100 °K, i.e. Ufch = 0.l8 V. In the former case the flux lost 
by recombination on the emitter is small compared to the flux 
lost by diffusion and therefore has only a minor influence on 
the peak particle density, except for the highest values of -t 
and n . 

n[cm"3] 

1013 ФВ[5«С-1) 

FIG.3. Peak ion density vs input ion flux measured by resonance fluorescence and by probe for B0 = 5 kG 
and t = 0.10. Calculated curves for U t h = 0.2 V and 0.18 V respectively are shown for comparison. 

Figs 3 - 5 give the dependence of the measured density on the 
input flux for different parameters. There are three different 
measurements of the density: a) by resonance fluorescence with 
no probe introduced into the plasma; b) by resonance fluorescence 
with one probe in the plasma; and c) by the probe itself. The 
measured points follow a n ~ VTg dependence as expected for 
the model discussed above, except for a few points shown in 
brackets. With the latter points there exists some uncertainty 
with respect to the experimental parameters present during the 
measurement. The absolute density is smaller by a factor of 2 
or 3 than the one calculated for Ufch = 0.2 V but exceeds the 
Bohm value by two orders of magnitude for t. = 10 sec"1. If 
the loss rates are that small, the introduction of an obstacle 
into the plasma should reduce the density considerably. This 
effect is realized by introducing a probe into the plasma, 
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i.e. a glass-covered wire of 0.01 cm outer diameter. In this 
case the density as measured by resonance fluorescence is 
reduced by 20 - JO #,in agreement with the calculations. The 
residual disagreement between the density measured and calculated 
might find its explanation in the fact that the temperature 
of the emitter was only 2150 °K i.e. U t h « 0.l8 V yielding a 
much larger recombination coefficient. On the other hand, the 
appropriate value of the work function of Ta for these operating 
conditions is not known to us and seems to be in disagreement 
with the usual assumptions. This involves some uncertainties 
in the flux lost by surface recombination and will be subject 
to further investigations. It was in fact a surprising result 
that Ta could be used so effectively to produce a Ba plasma. 

n[cm-3] 

10>2 1013 ^glsec-l] 

FIG.4. Peak ion density vs- input ion flux measured by resonance fluorescence for B0 = 5 kG and i = 0.242. 
Calculated curves for U^ = 0.2 V and 0.18 V respectively are shown for comparison. 

nfcm"3] 

1013 фд[»с~1] 

FIG.5. Peak ion density vs. input ion flux measured by resonance fluorescence and by probe for B0 =7.5 kG 
and i = 0.10. Calculated curves for Utn = 0.2 V and 0.18 V respectively are shown for comparison. 

The Increase in density when increasing the magnetic field 
strength from 5 to 7-5 kG is calculated to be 40 #. An increase 
of roughly this magnitude was observed by resonance fluorescence 
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measurements at higher fluxes. At lower Input fluxes the 

experimental error is of the same order as the effect expected. 

In figs 6-8 the dependence of the peak ion density on -t is 

shown. It can be seen that above a certain •£ the density rises 

steeply. This critical value of -t decreases with increasing $g 

and increasing В which might be explained in terms of thermalization 
of the plasma and supports earlier explanations [2]. It should 
also be emphasized that for small values of < it is not permitted 
to neglect the ion Inertia terms as has been done in the calculations. 

n[cm~3] 

FIG.6. Peak ion density vs t measured by probe for BQ = 5 kG and #g = 1.5 • 1012 s"1 and Фд =2Xl0i 3s" 
respectively. For comparison calculated curves are shown for U ^ = 0.2 V and 0.18 V respectively. 

ntcm-3] 

FIG.7. Peak ion density vs. t measured by resonance fluorescence for B0 = 5 kG and Фв = 9 ,5x l0 1 ! s" ' . 
For comparison calculated curves are shown for U t n = 0.2 V and 0.18 V respectively. 

For larger •£ the density shows discrete maxima and minima. Within 

the experimental error the minima occur if l/< is a rational 

number' + ) some of them being indicated on the top of the figures. 

+) The term "rational number" in this connection should be under

stood as l/< = — with m, n being not too large integers. 
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Unfortunately, no precise statement can be made about this 

fact, since the currents of the generators showed some 

fluctuations with time and could not be measured with sufficient 

precision to reduce the error in •£ below 3-4 jti. That the fine 

structure of the confinement properties could be observed so 

clearly is ascribed to the fact that the W II device has 

practically no shear. In this case -C becomes rational for a 

large part of the plasma cross-section simultaneously. When t 
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FIG.8. Peak ion density vs. t measured by probe for B0 = 7.5 kG and Фв = 5.8 x 10 ' 2s"i . Calculated 
curves for Ufa = 0.2 V and 0.18 V, respectively, are shown for comparison. 

is a rational fraction magnetic surfaces are no longer defined 
since the magnetic lines close upon themselves after a.certain 
number of revolutions around the machine. In this case the 
condition ',, p = 0 no longer requires that the pressure is 
constant on the magnetic surfaces but only along the individual 
closed lines. Equilibrium between plasma pressure and magnetic 
field forces in such degenerate cases requires-,p = f(q) where 
q = J p In general surfaces of constant q will differ from 
the magnetic surfaces (as defined by a slight change of -t ) but 
It has been found by numerical calculations that closed q-surfaces 
in fact exist in W II in the immediate neighbourhood of the 
magnetic surfaces, at least for -t = 0.5- Therefore, the appearance 
of such drastic changes of the confinement properties are not to 
be expected simply on the basis of the absence of well-defined 
magnetic surfaces. It is not clear, on the other hand, how the ' 
stability is affected if -fc becomes a rational fraction particularly 
as the device has negative V - properties. One possible explanation 
for the observation might be found in the development of convective 
cells if -t is rational since the supporting wire of the emitter - even 
though it was very thin - might influence the potential.on those 
magnetic lines which pass through or near it. In contrast, if 
magnetic surfaces exist, i.e. if < is an irrational fraction, these 
surfaces must closely agree with the surfaces of constant potential, 

http://tfD.lv
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prohibiting the generation of convectlve cells oriented perpendicular 
to the magnetic surfaces. All these possibilities are being 
investigated both theoretically and experimentally. 
As far as the maxima of n are concerned, they follow closely the 
calculated curve if one uses the actual temperature of the emitter 
(0.l8 V) except for the highest values of * where the deviation 
seems to become larger. 

• IseHl 

FIG.9. Fluxes to the individual segments of the particle detector and the sum of these fluxes vs . t for 
B„ = 5 kG and Фв = 9.5 X 101Z s"1. No probe was present within the plasma. These data were taken 
simultaneously with the ones shown in Fig. 7. For the meaning of the symbols see insert. 

In fig. 9 the ion flux collected by the particle detector vs.-tis 
plotted. These data were taken simultaneously with the ones shown 
in fig. 7. No probe was present within the plasma in this case. 
It can be observed that for increasing t the plasma is lost 
preferentially in the plane of the torus towards the segments 1 
and J, which is in agreement with the orientation of the elliptical 
cross section of the magnetic surfaces as shown in the Insert of 
fig. 9. Upon reversing the direction of the helical currents the 
orientation of the ellipse is rotated by 90° and the plasma is found 
to be lost towards the segments 2 and 4. Furthermore, by comparison 
with fig. 7 it can be seen that the flux found at the particle 
detector increases if the centre density decreases. It has not yet 
been investigated, however, why the direction of•the Increased loss 
flux is not always the same but depends very sensitively on the 
magnitude of -C . The answer might, perhaps, be found in a change of 
the orientation of convective cells possibly generated by the presence 
of the wire suspending the emitter. The total flux found on both 
sides of the detector is only about 10 % of the input ion flux. The 
flux reaching the wall of the vacuum chamber should be negligibly 
small as the flux decreases sharply in the radial direction (see 
fig. 11). There use has been made of the radial splitting of the 
sensitive segments of the particle detector. These results probably 
find their explanation in a larger recombination on the emitter and, 
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preferentially, on the suspending wire than assumed. This is supported 

by the observation that there is only a small change of the signal 

detected by the particle detector if a probe is introduced into 

the plasma. Further experimental Investigations of this effect are 

planned. If only the main magnetic field is switched on 

(-t = 0) the plasma is lost preferentially in the outward direction (Fig.12), 

In that case no signal is found on the inner segments of the detector. 
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FIG. 10. Characteristic of the particle detector. 
The electron-collecting grids were always electrically 
connected with the wall of the vacuum chamber. 

5.0 5,2 5.4 '5.6 

FIG. 11. Radial dependence of the flux collected by the particle detector. Use has been made in this case 
of the radial splitting of the individual segments. 

In fig. 13 a profile of particle density is shown for a case with 

the emitter positioned 7 mm off the magnetic axis. The profile 

was measured by probe and by resonance fluorescence without 
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the probe. One observes fair agreement between both curves. The 
dip in the centre is produced by the probe acting as a particle 
sink and could be observed by resonance fluorescence as well. 
The measured amplitude of the fluctuations is less than 1 % of 
the total density if t is carefully adjusted for optimum conditions. 
This holds for regions around the plasma centre and for a cut-off 
frequency of the probe circuit of 500 kHz (see fig. lk). No 

„дФ ['"-'I 

FIG. 12. • Fluxes to the individual segments of the particle detector and the sum of these fluxes vs. t for 
В = 5 kG and Фц = 5 X 10 'г s" '. In this case a probe was introduced into the plasma. 
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FIG. 13. Profile of particle density measured by resonance fluorescence without any probe being present , 
within the plasma except for one point showing the reduction in central density when introducing the probe 
and by probe. The position of the emitter was 7 mm off axis, B0 = 5 kG, Фв = 1.1 x 1013 s- '. 

+) An additional result of this investigation is that this type 
of probes, if evaluated as described above, shows closs agreement 
with the density measured by resonance fluorescence not only 
in Q-maehines but also in closed configurations outside the 
emitter region. 
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FIG. 14. Example of the probe signal for a case with carefully adjusted t . The sweep is 5 s per division. 
On the lower picture a low pass filter with a cut-off frequency of 30 kHz has been used. The upper picture 
is taken without such a filter, the cut-off frequency of the probe circuit being 500 kHz. Small residual 
oscillations observed in this case are identified as pick up from a radio station located nearby and operating 
at i/ = 800 kHz. 
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particular Investigations were performed on fluctuations In the 
region of steep density gradients. For values of t other than 
optimum, low-frequency fluctuations of 0.1 - 500 Hz were observed 
which fall into the same frequency range as the current fluctuations 
of the generators. Therefore, these fluctuations are believed to 
be fluctuations of the confinement properties with fluctuating t . 
This is supported by the additional observations that: 
a) quiescent plasma conditions could also be found for n 
being a minimum as function of * , and b) rapid changes of the 
orientation of the loss fluxes as indicated by the signals of the 
particle detector were observed. 

arbitrary units 

r[cm] 

FIG. 15. Comparison of two profiles of particle density for identical B0 = 5 kG and ф„ = 2 .3 X 101J s" > but 
for different t being 0.154 and 0.144 (~ 1/7) respectively. 

In fig. 15 two profiles of particle density are compared, one 
taken for n being a maximum ( t = 0.154) and one for the adjoining 
minimum ( -t = 0.144 ~ 1/7). One sees that the profiles are quite 
different in shape, so that fluctuations in t should yield 
considerable fluctuations in n. Some of the profiles taken 
preferentially at higher densities were integrated over the 
plasma volume and this number divided by the input flux. The 
confinement time obtained this way is of the order of 1 sec 
which is about a factor of 2 shorter than that calculated. 
Again this might be caused by a recombinlng flux larger than 
assumed in the calculations. 
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For the low temperature of the emitter and the parameters present 
in this experiment no strong dependence of the peak ion 
density on the correction fields is expected according to our 
earlier explanations [2]. This is in agreement with observations 
carried out at В = 5 kG and 4fi > 1.9 • Ю 1 2 sec"1. 
The highest density investigated is Just below the limit where, 
even for larger values of-t, the ion inertia, which has been 
neglected in the calculations, should strongly influence the 
confinement properties and therefore the peak density [6]. 

Summary 
A circular stellarator with Z = 2 helical windings yielding 

practically no shear but a mean magnetic well of 3 % depth 
has been built. It has been shown that a quiescent Ba plasma 
can be established by contact ionization on an electron-emitting 
Та sphere covering only 0.1 % of the plasma cross section. Over 
2 orders of magnitude of the input flux of ions one finds an 
n ~ v*B dependence which coincides within a factor of 2 with 
curves calculated on the basis of classical assumptions only. 
The residual discrepancy might be caused by the underestimation 
of the flux recombining on the surface of the emitter. For 

12 -1 Ф„ = 10 sec the density found is two orders of magnitude 
higher than would be the case if the particle losses were governed 
by "pump-out". These results are obtained with no probe present 
within the plasma and the ion density measured by resonance 
fluorescence, they hold if the plasma temperature is assumed to 
be equal to the emitter temperature which fact remains still to 
be measured. The confinement properties have been found to be 
strongly dependent on the value of the rotational transform, 
showing minima probably where l/< is rational. The maxima in 
between follow closely the theoretical curve if one uses 
Ut. = O.iB V which is close to the actual temperature of the 
emitter. Confinement times of the order of 1 sec are observed. 
Finally, it should be mentioned once more that the ionizing 
properties of Tantalum surfaces require detailed investigation 
as considerable deviations from the "equilibrium model" seem to 
be indicated. 
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D I S C U S S I O N 

R .M. SINCLAIR: Is the dependence on rotat ional t r ans form that you 
observe consistent with your e a r l i e r r e su l t s (obtained two y e a r s ago) con
cerning the dependence of confinement on t r a n s v e r s e field? 

G. GRIEGER: The resu l t s a r e consistent with our e a r l i e r ones . Owing 
to the re la t ive ly low t e m p e r a t u r e of the emi t te r (2150°K), t he r e should be 
only a weak dependence of the confinement on t r a n s v e r s e fields, as long 
as the displacement of the magnetic axis does not become la rge compared 
with the d iamete r of the emi t t e r . 

S. YOSHIKAWA: Exist ing exper imenta l data do not show L2 dependence 
above L/277- = 0. 1. Although recombinat ion may explain this behaviour, we 
cannot at p re sen t ru le out the additional l o s s . Do you agree? 

G. GRIEGER: Yes, I a g r e e . However, I would like to point out that, 
under the conditions of the exper iment , the factor by which the c ross - f ie ld 
lo s ses might exceed r e s i s t i ve diffusion cannot be a ve ry la rge one (as in
dicated in the f igures) . 

S. YOSHIKAWA: What is the agreement o r the difference between ca l 
culated and exper imenta l density profiles? 

G. GRIEGER: The density profile is determined by recombinat ion on 
the support of the emi t t e r and diffusion a c r o s s the field. However, the 
recombination is difficult to take into account accura te ly . E s t i m a t e s show 
rough agreement with the observed density profi le . 
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A. GIBSON: What l imit can you place on the amplitude of the fluctua
t ions observed? 

G. GRIEGER: If i i s p roper ly adjusted to optimum conditions, Дп/п 
should not exceed about 1%. 



ИССЛЕДОВАНИЕ КВАЗИПОСТОЯННЫХ 
Э Л Е К Т Р И Ч Е С К И Х ПОЛЕЙ И ФЛУКТУАЦИИ 
ПЛАЗМЫ В С Т Е Л Л А Р А Т О Р Е Л - 1 

М . С . Б Е Р Е Ж Е Ц К И Й , С . Е . Г Р Е Б Е Н Щ И К О В , 
И . А . К О С С Ы Й , Ю . И . Н Е Ч А Е В , М . С . Р А Б И Н О В И Ч , 
И . С . С Б И Т Н И К О В А и И . С . Ш П И Г Е Л Ь 
Ф И З И Ч Е С К И Й И Н С Т И Т У Т и м . П . Н . Л Е Б Е Д Е В А 
АН С С С Р , М О С К В А , 
С С С Р 

Abstract — Аннотация 

INVESTIGATION OF QUASI-STATIONARY ELECTRIC FIELDS AND PLASMA FLUCTUATIONS IN THE 
L-l STELLARATOR. The authors present the results of L-l stellarator experiments relating to the quasi-
stationary electric fields and the fluctuations in a low-density collisionless plasma produced by external 
injection. The experiments bring out the important role played by the structure of the magnetic surfaces 
in plasma diffusion in the stellarator. The importance of the fine structure of the surfaces is established. 
The appearance of magnetic islands affects the macroscopic parameters of the plasma (containment time, 
potential). The plasma lifetime depends to a large extent on the rotational transform of the field lines. 
Investigation of the fluctuations shows that density and potential fluctuations with frequencies f < 100 kc/s 
occur in the plasma. The frequency spectrum and modes of these fluctuations are a function of the rotational 
transform of the field lines. Measurements of the radial plasma flux due to the fluctuations (based on the 
value of (n E)) do not indicate any connection between the observed plasma losses and the fluctuations. 
The measurements show that in the case of closed magnetic surfaces the plasma acquires negative potential 
with respect to the chamber walls. The strength of the potential depends on the magnetic field intensity 
and on the rotational transform of the field lines. The observed correlation between plasma potential and 
plasma lifetime in the trap suggests that there is a particle escape mechanism associated with the absence 
of complete plasma equilibrium in the magnetic field of the stellarator. 

ИССЛЕДОВАНИЕ КВАЗИПОСТОЯННЫХ ЭЛЕКТРИЧЕСКИХ ПОЛЕЙ И ФЛУКТУАЦИИ 
ПЛАЗМЫ В СТЕЛЛАРАТОРЕ Л - 1 . Приводятся результаты экспериментов, выполненных 
на стеллараторе Л - 1 , по исследованию квазипостоянных электрических полей и флукту
ации в бесстолкновительной плазме низкого давления, создаваемой методом внешней ин-
жекции. Эксперименты показали существенную роль структуры магнитных поверхностей 
в диффузии плазмы в стеллараторе . Установлено существенное значение тонкой струк
туры поверхностей. Появление так называемых магнитных розеток или островов с к а з ы 
вается на макроскопических параметрах плазмы (время удержания, потенциал). Время 
жизни плазмы зависит от величины вращательного преобразования силовых линий. Ис
следование флуктуации показало, что в плазме существуют колебания плотности и по
тенциала с частотами f < 100 кгц . Спектр частот и моды возникающих колебаний являются 
функцией вращательного преобразования силовых линий. Измерения радиального потока 
плазмы вследствие флуктуации (по величине \ î ïE У не позволили связать наблюдаемые 
потери плазмы с наличием флуктуации. Измерения показали, что в случае существования 
замкнутых магнитных поверхностей плазма принимает отрицательный потенциал относи
тельно стенок к а м е р ы . Величина установившегося потенциала зависит от напряженности 
магнитного поля й величины вращательного преобразования силовых линий. Наблюдаемая 
корреляция между величиной потенциала плазмы и ее временем жизни в ловушке позволя
ет предположить, что существует какой-то механизм ухода частиц, связанный с о т с у т с т 
вием полного равновесия плазмы в стеллараторном магнитном поле. 

1. ВВЕДЕНИЕ 

В экспериментах [ 1 , 2 ] , выполненных ранее на стеллараторе "Ли-
вень -1" , исследовалось влияние винтовых магнитных полей на удержа
ние плазмы низкого давления (/3 «/Зкрит. ) . Плазма создавалась методом 
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внешней инжекции и являлась бессоударительной - длины пробега частиц 
были порядка 100 периметров установки. В этих экспериментах было 
показано существенное влияние винтовых полей на удержание плазмы . 
Наряду с этим было установлено, что время жизни плазмы в ловушке 
не определяется классической столкновительной диффузией, превышая 
ее приблизительно в 103 раз. Однако в отличие от экспериментов на 
стеллараторах С, В - 3 , где исследовалось удержание сравнительно 
плотной плазмы [3 — 5 ] , создаваемой методом омической ионизации и на
грева, время жизни плазмы в установке "Ливень" не определяется фор
мулой Бома для аномальной диффузии. Хотя в наших экспериментах 
[2] время жизни зависит линейно от напряженности магнитного поля, но 
оно также существенным образом является функцией угла вращатель
ного преобразования i силовых линий. При i K i r коэффициент диффузии 
становится почти на порядок меньше бомовского. 

Данная работа посвящена дальнейшему изучению удержания бес-
столкновительной плазмы низкого давления и исследованию различных 
процессов, которые, в принципе, могли бы быть ответственными за уход 
плазмы из ловушки. 

Одна из возможных причин аномальной диффузии плазмы в м а г 
нитном поле связана с раскачкой в плазме неустойчивостей из - за 
наличия градиента плотности и температуры. В наших условиях, ког
да частоты столкновений невелики ( i / e « k z i / T e , u > i/,), можно ожидать, 
по-видимому, развития лишь бесстолкновительных дрейфовых неустой
чивостей. Имеющийся в стеллараторе шир в =( rAi /L) ~10" достаточен 
для подавления крупномасштабных высокочастотных (u>k z i /T e ) колебаний 

Pi /m' a /m Л _ 
Лтт . ^ г Л т т • Однако данной величины шира недостаточно для а V M R V М / • 

подавления низкочастотных колебаний в области kzv-n < u < k z vxe, по- : 

скольку 0 < ( р ; / а ) . В связи с этим представляет несомненный интерес 
изучение флуктуации в плазме, удерживаемой в стеллараторном магнит
ном поле. 

Возникающие в плазме квазипостоянные электрические поля, их 
знак и величина, по-видимому, однозначно связаны с условиями удер

ем 
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жания заряженных частиц в ловушке. Если изучение флуктуации в 
плазме может ответить на вопрос, не являются ли неустойчивости при
чиной аномально быстрого ухода плазмы из стелларатора, то изучение 
квазипостоянных полей, вероятно,поможет понять, не связан ли такой 
УХОД с отсутствием равновесия плазмы в магнитном поле. В настоящее 
время обе причины являются, по-существу, равновероятными, посколь
ку исследования этих вопросов на всех существующих стеллараторах 
находятся в начальной стадии. 

В данной работе содержатся результаты экспериментов по изучению 
квазипостоянных электрических полей и флуктуации в плазме низкого 
давления, создаваемой методом внешней инжекции и их связи с временем 
жизни плазмы. Эксперименты проводились на установке " Л - 1 " , явля
ющейся двухзаходным (1 = 2) стелларатором, параметры и конструкция 
которого приведены в работе [6] . Параметры плазмы те же, что опи
саны в работе [2] (начальная плотность плазмы п0~5-1010, Т е ~ 5 - М 0 э в ) . 
На рис.1 приведено схематическое устройство стелларатора Л-1 и 
размещение диагностической аппаратуры. 

2. ИССЛЕДОВАНИЕ ФЛУКТУАЦИИ ПЛАЗМЫ В СТЕЛЛАРАТОРЕ 

Уже в прежних экспериментах на стеллараторе Л-1 было установ
лено [ 2 ] , что в распадающейся плазме низкого давления возникают низ
кочастотные колебания, однако подробного изучения их не проводилось. 
Ниже излагаются результаты дальнейших экспериментов по изучению 
характера возникающих колебаний (амплитуд, мод и частотных спектров). 

Измерения колебаний плотности проводились с помощью одиночных 
ленгмюровских зондов диаметром d = 0,1 мм и длиной 1 = 2 * 5 мм . Для 
наименьшего возмущения плазмы зондами измерения проводились обычно 
по ионному току насыщения. Анализ спектра колебаний проводился с 
помощью специальной электронно-оптической системы [ 7) , позволяющей 
по полученным осциллограммам получать спектр одиночного процесса. 

Проведенные измерения показали, что через некоторое время после 
инжекции в плазме раскачиваются низкочастотные колебания, верхняя 
частота спектра которых лежит в области 100 кгц . При этом отсутству
ют сколько-нибудь' заметные высокочастотные колебания в полосе ча
стот до 5 Мгц . 

Для того чтобы оценить поперечные размеры возникающих в плаз 
ме флуктуации, измерения проводились одновременно двумя зондами, 
расположенными в одном сечении камеры (рис.1) . Зонд Ni 1 длиной 5 мм 
располагался на горизонтальном радиусе сечения с внешней стороны 
тора,в точке, где наблюдается максимальная амплитуда колебаний при 
данном значении величины е ] . Зонд №2 длиной 2 мм помещался с ниж
ней стороны тора на угловом расстоянии 90° от первого зонда и пере
мещался вдоль малого радиуса тора в вертикальном направлении с ша
гом 2 м м . Измерения показали, что существует область с радиальной 
шириной около 10 мм, в которой сигналы с обоих зондов хорошо совпа
дают друг с другом, но сдвинуты один относительно другого по ф а з е . 

Параметр € является отношением амплитуды основной гармоники винтового поля 
H2i к величине продольного поля на оси тора Но и связан следующим образом с углом пре
образования силовых линий I- 7rNe2(l +2а 2 г 2 ) , где N = 7 — число шагов винтовой обмотки 
на длине тора, а а = (2,-r/Lj) ~0 ,12 - величина, обратная шагу винтовой обмотки L j . 
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Р и с . 2 . Осциллограммы колебаний плотности на двух азимутах (Д<р = 90°) в одном сечении 
камеры Н0 = 5 кэ : 1,4 - ионный ток зонда № 1; 2,5 - ионный ток зонда Nf 2; 3 - момент вклю
чения быстрой развертки . 
!*!= 15 м м ; Г2= IV м м . 

На рис.2 приведена типичная осциллограмма зондовых сигналов при 
е = 0 , 3 3 . На 4 и 5 лучах осциллографа - зондовые сигналы при дли
тельности развертки 2,5 мсек . На 1 и 2 лучах - участок зондового 
сигнала спустя 1,2 мсек после момента инжекции (длительность р а з 
вертки 250 мксек) . На третьем луче показан момент включения быст
рой развертки. Измеряя сдвиг сигналов во времени, можно оценить 
азимутальную фазовую скорость флуктуации и направление их распростра 
нения. На рис .3 приведена серия совмещенных по фазе осциллограмм. 
Поскольку сигналы существенно не синусоидальны и имеют характер
ные особенности, в большинстве случаев совмещение сигналов по фазе 
не представляло труда. Сдвиг сигналов по времени в среднем равен 
20 мксек . Поскольку размеры большого зонда (5 мм) соизмеримы с 
радиальными размерами области корреляции ( -10 мм), на нем происхо
дило некоторое пространственное усреднение колебаний по сравнению 
с зондом N9 2, что видно по осциллограммам рис.2 и 3 . 

Вычисленная азимутальная фазовая скорость колебаний лежит в 
пределах 1 -s-1,5-105 с м / с е к , а направление их распространения совпадает 
с направлением ларморовского вращения электронов. Оценка величины 
скорости ларморовского дрейфа для нашего случая Vx = cT e / eHLx , где 
Lj. — радиальный размер неоднородности плазмы, дает также значение 
1 *2'105 с м / с е к , что не противоречит предположению, что наблюдаемые 
флуктуации связаны с возбуждением дрейфовых волн. Однако такой же 
эффект может иметь место при вращении плазмы в скрещенных электри
ческом и магнитном полях в присутствии каких-либо неоднородностей 
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373- гг 

t —. 
Р и с . 3 . Осциллограммы с зондов NM и N9 2, совмещенные по ф а з е . Сплошная кривая — 
зонд № 1. 

плотности по сечению. Та же величина скорости азимутального дрей
фа может быть получена при величине радиального электрического по
ля напряженностью ~5 в / с м . Как будет показано ниже, в нашем случае 
действительно существуют радиальные электрические поля напряжен
ностью несколько вольт на сантиметр. 

Из осциллограмм рис.2 и 3 видно, что сдвиги по времени между сигна
лами обоих зондов оказываются соизмеримыми с характерными време
нами ф л у к т у а ц и и , т . е . азимутальная протяженность неоднородности 
соизмерима с расстоянием между зондами (~2 см) . Периоды появления 
характерных флуктуации при е =0,33 оказываются в два или четыре ра
за меньше периода вращения,соответствующего измеренной скорости 
дрейфа, т . е . основными методами возмущения плотности являются 
m = 2 и m = 4 . Это обстоятельство может быть объяснено, если учесть, 
что при е =0 ,33 средний угол преобразования поворота i ~ ж и силовые 
линии замыкаются через два оборота. На рис.4 приведен спектр частот 
флуктуации, усредненный по 9 осциллограммам флуктуации плотности, 
полученных в идентичных условиях. Видно, что имеются две области 
частот (f2 = 25 Кгц и f<i-50 Кгц), соответствующих определенным выше 
модам колебаний. 

Подобные измерения были проведены и при других значениях пре
образования поворота: t = 7г/2(е = 0,27) и L = 4я/3(е = 0,39). При этом 
также наблюдались радиальные области, в которых оба зонда регистри
ровали идентичные, но сдвинутые по времени колебания. В отличие от 
случая е =0 ,33 основными модами наблюдаемых колебаний были соот
ветственно четвертая и третья . 

Таким образом, видно, что структура магнитного поля оказывает 
существенное влияние на характер возникающих колебаний. Радиаль
ный размер флуктуации ~1 см, а азимутальный — порядка нескольких 
сантиметров и меняется в зависимости от моды возбуждаемых колеба
ний. Поскольку номер моды связан с резонансными значениями угла 
преобразования поворота, можно предположить, что продольная длина 

373-го 
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Р и с . 4 . Спектр колебаний плотности плазмы. 

колебаний велика и сравнима с продольными размерами системы, т . е . 
наблюдаемые низкочастотные колебания плотности являются длинновол
новыми . 

Колебания изучались при различных значениях напряженности м а г 
нитного поля . Как показали измерения, хотя характер спектра несколь
ко меняется, верхняя частота колебаний с точностью 20 -г-30% оставалась 
неизменной при изменении напряженности магнитного поля в 3 раза—от 
2,5 до 7,5 к э . Максимальная амплитуда колебаний плотности не пре
восходила 10 — 20%. 

Флуктуации электрического поля в плазме также являются низко
частотными. Пространственная структура этих флуктуации и соотно
шение между радиальной Ег и азимутальными Е<р составляющими вектора 
напряженности электрического поля (точнее, между нормальной по отно
шению к магнитной поверхности Еп и тангенциальной E t составляющими 
поля) еще не исследованы . Амплитуда наблюдаемых колебаний Е не 
превышает 1 в / с м . 

На основании выполненных экспериментов пока не представляется 
возможным сделать заключение о природе возникающих колебаний. 
Наличие радиального электрического поля, неоднородного по радиусу, 
приводящего к общему вращению плазмы, затрудняет идентификацию су
ществующих колебаний. 

Основной вопрос, возникающий при исследовании колебаний плаз 
мы в ловушке, заключается в том, в какой мере наблюдаемые флук
туации плазмы ответственны за аномальную диффузию, плазмы . 

Изучение колебаний плазмы в течение длительного времени (нес
колько месяцев) показало, что их амплитуда не остается постоянной. 
Она изменяется со временем вследствие каких-то пока еще не выяснен
ных причин. Однако при этом не наблюдалось сколько-нибудь заметного 
изменения времени жизни плазмы . 
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Для количественного определения диффузионного потока частиц, 
вызванного колебаниями плазмы, были проведены измерения величи
ны <(Е^п^> на одном азимуте сечения камеры с внутренней стороны 
тора. Два зонда длиной ~2,5 мм, расположенных друг от друга на р а с 
стоянии 5 мм, измеряли азимутальную составляющую флуктуирующего 
электрического поля Щ?. Между ними, но на расстоянии 5 мм по оси Z , от 
плоскости, в которой лежат эти зонды, находился третий зонд, измеря
ющий флуктуации плотности плазмы п . Для колебаний с продольной 
длиной волны,большей, чем 5 мм, можно было считать, что измерения 
плотности и электрического поля проводятся в одной точке . 

Зонды могли перемещаться по радиусу. В результате обработки 
полученных осциллограмм определялся радиальный поток 

qr = 10 ^—if ' . Измеренная величина потока не может объяснить наблю
даемого в эксперименте времени жизни плазмы и должна была приводить 
к временам удержания, примерно на порядок превышающие реально наблю
даемые. Окончательный ответ на вопрос об общем потоке частиц, вы
зываемом колебаниями, можно будет дать лишь после выполнения и з 
мерений на различных азимутах в плоскости сечения камеры . Строго 
говоря, измерения должны быть выполнены по некоторому замкнутому 
контуру, охватывающему плазму. 

На основании этих предварительных экспериментов можно выска
зать предположение о том, что потери частиц, вызванные наблюда
емыми в плазме флуктуациями, не являются, по-видимому, определя
ющими и существует какая-то другая причина аномальной диффузии 
плазмы в стеллараторе. 

3 . КВАЗИПОСТОЯННЫЕ ЭЛЕКТРИЧЕСКИЕ ПОЛЯ И ВРЕМЯ 
ЖИЗНИ ПЛАЗМЫ 

Измерение потенциала плазмы производилось с помощью одиночных 
зондов. "Плавающий" потенциал плазмы измерялся обычными цилин
дрическими зондами. Из обработки их зондовой характеристики воз 
можно получение также истинного потенциала пространства. Однако, 
из - за сильного влияния магнитного поля на форму зондовой характе
ристики, точность таких измерений становится недостаточной. Поэтому 
для этих измерений потенциала был применен эмитирующий зонд. Суть 
метода заключается в следующем. .В заданной точке размещается 
вольфрамовая нить, используемая в холодном или накаленном состоянии 
в качестве зонда. Этот зонд, во втором случае, при определенном с о 
отношении разности потенциалов зонд-плазма, может эмитировать 
электроны . Снимаются характеристики холодного и накаленного зонда . 
Точка разветвления обеих характеристик определяет потенциал плазмы . 

Этот метод измерения потенциала плазмы в магнитном поле явля
ется , по-видимому, более надежным и точным, чем его определение 
по точке перегиба зондовой характеристики. Для того чтобы зонд не 
возмущал плазмы, он постоянно был "плавающим") и лишь в момент и з 
мерений на него импульсно подавалось напряжение. При работе зонда в 
эмитирующем режиме вблизи него создавалось локальное возмущение • 
магнитного поля, обусловленное током накала . ' Однако из - за малости 
возникающего магнитного поля <10 г 3 Н0 и его локальности, оно прак
тически не оказывало влияния ни на форму магнитных поверхностей 
стелларатора, ни на движение частиц плазмы вблизи зонда. 
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Измерения потенциала плазмы в стеллараторе показали, что плазма 
заряжена отрицательно, причем абсолютная величина потенциала плазмы 
относительно стенок вакуумной камеры достигает величины ~25 — 30 в . 
Установление потенциала происходит за время, соизмеримое с длитель
ностью заполнения ловушки плазмой, - 1 0 0 мксек . Его спад происходит 
существенно медленнее. На рис.5 приведены зависимости от времени 

1,0 

V 

П ,Vn*. (отк.ед.) 

t (илсек.) 
Р и с . 5 . Измерение во времени концентрации плазмы (кривая 2) и плазменного потенциа
ла (кривая 1); Н0 = 3,7 кэ ; е = 0 ,39. 

относительных величин плотности и потенциала в центральной части 
камеры при H = 3 , 7 кэ и е = 0,39. Из рис .5 видно, что постоянная спада 
потенциала приблизительно в 3 раза больше постоянной спада плотности, 
т . е . за время жизни плазмы потенциал меняется относительно слабо. 
Распределения потенциала по радиусу показывают, что его абсолютная 
величина спадает от центра камеры к стенкам, т . е . в плазме существу
ет квазипостоянное радиальное электрическое поле напряженностью 
несколько вольт на сантиметр. 

Таким образом, в стеллараторе в начальные моменты времени в 
результате преимущественного ухода ионов возникает электрическое ради
альное поле определенной величины . В дальнейшем устанавливается 
практически амбиполярный уход частиц плазмы. 

Представляло определенный интерес исследовать, как зависит воз 
никающий потенциал плазмы от свойств удерживающего магнитного по
ля . В связи с этим были проведены измерения зависимости потенци
ала плазмы от напряженности магнитного поля Н0и величины е . 

На рис.6 приведена зависимость потенциала плазмы вблизи оси 
тора (г = 10 мм) от напряженности продольного магнитного поля Н0(е=0,39) 
через 200 мксек после инжекции. Как видно из графика, величина потен
циала увеличивается с ростом магнитного поля. Распределение потенци
ала по сечению при этом меняется незначительно. Подобные зависимости 
сохраняются для всех моментов времени. Заметим, что время жизни 
плазмы также возрастает с увеличением магнитного поля [2] . Зави-
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Р и с . 6 . Зависимость потенциала плазмы от 
напряженности продольного магнитного поля; 
е = 0,39; г= 10 м м . 
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Р и с . 7 . Зависимость плазменного 
потенциала от е , Нп = 4 к э . 
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симость потенциала плазмы от параметра е приведена на р и с . 7 . Вна
чале с увеличением винтовых полей происходит рост потенциала плазмы, 
затем он замедляется . На кривой, в области резонансных значений е 
при L =(k/m)2r; k и m — целые числа, имеются характерные провалы. 
При е = 0,44 потенциал начинает резко уменьшаться и затем меняет свой 
знак. При больших значениях е имеются два участка, где потенциал 
плазмы положителен. Как показали измерения [ 8 ] , именно в этих об
ластях значений винтовых полей внутри камеры отсутствуют замкнутые 
магнитные поверхности. В отсутствие винтовых полей (е =0) потен
циал плазмы также положителен. 
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В том случае, когда внутри камеры стелларатора существуют замк
нутые магнитные поверхности, потенциал плазмы всегда отрицателен и, 
наоборот, при отсутствии замкнутых магнитных поверхностей плазма 
принимает положительный потенциал, поскольку в данном случае име
ется преимущественный уход электронов вдоль силовых линий. 

В целом зависимость величины потенциала от е напоминает получен
ную ранее [2] кривую зависимости времени жизни плазмы от этого па
раметра . Впоследствии метод СВЧ-измерения плотности на стеллара-

Р и с . 8 . Зависимость времени удержания плазмы от величины е: 
кривая 1 — Н0 =4 кэ; кривая 2 — Н0 = 7 кэ . 

торе Л-1 был модернизирован, что позволило существенно увеличить 
точность и надежность измерения времени жизни плазмы . Результаты 
более детальных измерений зависимости времени удержания плазмы 
от величины винтового поля приведены на р и с . 8 . Наряду со шкалой е, 
на рисунке по оси ординат отложен соответствующий угол преобразова
ния поворота на оси стелларатора i0 . Заштрихованные области показы
вают расчетные значения е для 0 s r s 3 , при которых происходит вырож
дение магнитных поверхностей и замыкание:силовых линий самих на себя. 
В этих случаях при наличии соответствующих (резонансных) возмуще
ний происходит расщепление магнитных поверхностей и образование так 
называемых розеток или магнитных островов. Размеры розеток опре
деляются амплитудой соответствующих возмущений магнитного поля . 
На графике отмечены лишь местоположения резонансов низших поряд
ков m = 1, 2, 4 . Из рис. 8 видно, что время жизни в области е = 0 т 0 , 4 , 
т . е . там, где существуют замкнутые магнитные поверхности, имеет 
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тенденцию к росту. При е =0 ,47 , вследствие резонанса первого рода 
(L =2TT) происходит сильное возмущение поверхностей. Смещение маг 
нитной оси при этом, по-видимому, настолько велико, что силовые линии, 
образующие поверхности вблизи оси, начинают пересекать стенки вакуум
ной камеры и уходят из объема ловушки. При е > 0,6 трудно выделить 
какое-либо одно возмущение, так как за счет возрастания градиента 
угла прокручивания резонансные области начинают перекрываться и 
наблюдаемое здесь разрушение поверхностей может являться следствием 
воздействия нескольких резонансных возмущений. В тех областях 
значений, е (е ~0 ,47 и е > 0,6), где время жизни плазмы резко уменьша
ется и не зависит от напряженности магнитного поля, в этих условиях 
время жизни плазмы соответствует нескольким временам пролета ионов 
вдоль оси системы. Это согласуется с результатами магнитных из 
мерений, показывающих уход силовых линий из объема камеры за нес
колько оборотов. 

Провал на кривых в области с =0 ,33 — 0,37 происходит в области 
резонансов второго рода. Экспериментально [8] было обнаружено, что 
в этом случае имеет место образование двух розеток на магнитных по
верхностях с радиальными размерами Д г ~ 1 см . Розетки появляются 
на оси при е =0 ,37 и затем сдвигаются на радиус ~3 см при е = 0 ,33. 
Заметим, что для такого возмущения магнитных поверхностей достаточ
но очень незначительных аплитуд возмущающего поля . Так, для случая 
резонанса второго рода ( т = 2) амплитуда соответствующей гармоники 
возмущающего поля H согласно [9] равна Н2/Н0 =(àr2/2rl_,) AL , где 
Дг - размер магнитной ячейки, г — средний радиус ограничивающей 
магнитной поверхности, L - длина установки, a AL - приращение угла 
прокручивания силовых линий на размер порядка г . Оценка показывает, 
что для образования в стеллараторе Л-1 наблюдаемых розеток в области 
второго резонанса достаточно возмущения с амплитудой Нг~ 10"4.Но-
Как видим, столь малые возмущения поля оказывают существенное вли
яние на макроскопические параметры плазмы . 

Провалы на рис .7 и 8 при е =0 ,27 соответствуют по расчету резонан-

С 2Л 
су 4-го рода ( i = — • ), однако при данном е на установке не производи
лось измерение формы магнитных поверхностей и размер магнитных 
розеток не известен . 

При магнитных измерениях [8] были обнаружены розетки на внеш
них поверхностях при резонансе третьего рода е = 0 , 3 9 . Ширину этих 
розеток не удалось замерить экспериментально, поскольку она, по-
видимому, была меньше или порядка размеров измерительного зонда. 
В этих исследованих не удалось обнаружить заметное влияние этого в о з 
мущения магнитных поверхностей на время жизни плазмы. Не наблю
дается также влияния третьего резонанса при i = 2п/3. Необходимо 
отметить, что провалы на кривых т(е) и V(e) не совсем,точно соответ
ствуют положению резонансов на шкале е, рассчитанных теоретически 
и подтвержденных по магнитным измерениям с электронным пучком. 
Так, например, провал на рис .8 в области резонанса первого рода (е~0,47) 
несколько смещен в область меньших углов преобразования поворота. 
Положение провала при резонансе второго рода меняется при измерении 
напряженности магнитного поля Но . Форма кривых зависимости потен
циала от е (рис. 7) для различных моментов времени также несколько 
деформируется. Пока не имеется объяснения этого эффекта . Для его 
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выяснения необходимо, по-видимому, проведение более детальных и з 
мерений, в частности, с большим количеством точек по е . 

Проведенные измерения показывают, что форма стеллараторных 
магнитных поверхностей оказывает существенное влияние на удерживаю
щие свойства ловушки. Необходимым условием, конечно, является 
существование замкнутых магнитных поверхностей, ибо поведение плаз 
мы качественно меняется в области разрушенных магнитных поверх
ностей. Однако тонкая структура магнитных поверхностей, размеры воз 
никающих розеток также оказывают существенное влияние на время удер
жания плазмы. Как видно из рис .8 , появление розеток на магнитных 
поверхностях, уменьшая время жизни плазмы, нарушает рост времени 
удержания плазмы с увеличением угла прокручивания и его градиента. 
Приведенные экспериментальные данные указывают на необходимость 
увеличения, по крайней мере на порядок (точности создания стеллара-
торного магнитного поля, доведя ее до величины (ДН/Н)<10"5. 

Связь между временем жизни плазмы и величиной возникающего 
радиального электрического поля указывает на то, что последнее 
оказывает существенное влияние на удержание плазмы в ловушке. В е 
личина электрического поля настолько велика, что заметно влияет на 
движение ионов в ловушке. Так, за счет дрейфа ионов в скрещенных по
лях для них возникает дополнительный угол прокручивания iE , совпа
дающий по порядку величины с углом преобразования поворота в стелла-
раторном поле и?в зависимости от знака продольной скорости иона, уве 
личивающий или уменьшающий угол преобразования, обусловленный 
винтовыми обмотками. (Так, например, LE - ± 7 Г при Е ~5 в /см и H ~5 кэ). 
То, что величина потенциала плазмы зависит от удерживающих свойств 
магнитного поля, указывает , что возникающее электрическое поле я в 
ляется в некотором смысле равновесным и необходимым для удержания 
плазмы . 

Попытка расчета равновесного электрического поля в стеллараторе 
была предпринята в работе [10] . Хотя в работе допущен целый ряд 
упрощений, в ней было получено, что равновесный потенциал плазмы явля
ется функцией напряженности магнитного поля и угла преобразования . 
Качественно изученные в эксперименте данные не противоречат выво
дам данной работы . 

С другой стороны, пока еще не исследован вопрос о том, является 
ли вектор напряженности электрического поля нормальным по отноше
нию к магнитным поверхностям и насколько электрические эквипотенциали 
отличаются от магнитных поверхностей. При несовпадении эквипотен-
циалей с магнитными поверхностями в плазме появятся дополнитель
ные дрейфы частиц поперек силовых линий. В какой мере эти дрейфы 
будут скомпенсированы и не приведут ли они к уходу частиц плазмы на 
стенки, пока еще не ясно. Этот вопрос нуждается в детальном экспери-
ментальном и теоретическом исследовании. 

Возникновение в начальные моменты времени квазипостоянного 
электрического поля, величина которого коррелирует с последующим 
временем удержания плазмы, и его связь с удерживающими свойствами 
магнитного поля позволяют высказать предположение, что в данном 
случае отсутствует истинное равновесие. Если эта гипотеза верна, то, 
как показывают эксперименты, равновесие плазмы в ловушке уменьша
ется с ростом напряженности магнитного поля и угла преобразования 
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силовых линий (или его градиента) . И, наоборот, наличие розеток на 
магнитных поверхностях по каким-то причинам ухудшает равновесие 
плазмы в ловушке . 

4 . ЗАКЛЮЧЕНИЕ 

Эксперименты по удержанию плазмы низкого давления (/3?10"6) 
в стеллараторе Л-1 показали существенную роль структуры магнитных 
поверхностей на диффузию плазмы. При этом оказалось важным не 
только само существование замкнутых поверхностей, но и их тонкая 
структура . Появление так называемых магнитных розеток или ост
ровов сказывается на макроскопических параметрах плазмы (время 
удержания,потенциал). 

Время жизни плазмы в стеллараторе Л-1 зависит от преобра
зования поворота силовых линий. Оно резко увеличивается с ростом 
винтовых полей вплоть до углов прокручивания i - п/2, далее за счет 
появления магнитных розеток при резонансах низшего порядка проис
ходят резкие спады, приводящие к среднему замедлению его роста . 
Влияние магнитных розеток на диффузию плазмы несколько уменьша
ется с ростом напряженности магнитного поля . 

Исследования показали, что в плазме возникают низкочастотные 
(порядка десятков килогерц) колебания. Наличие в стеллараторе ра
диального электрического поля приводит к вращению плазмы как 
целого со скоростями ~10 5 см/сек , что затрудняет установить природу 
возникающих в плазме флуктуации. Азимутальные моды наблюдаемых 
колебаний однозначно связаны с углом преобразования поворота силовых 
линий и равны или кратны номеру резонанса на магнитных поверхностях. 
На основании предварительных экспериментов по измерению радиального 
потока плазмы вследствие флуктуации (по величине \Е^п")> можно пред
положить, что вклад колебаний в диффузию сравнительно мал и не м о 
жет объяснить наблюдаемых времен жизни плазмы . Окончательный 
ответ на вопрос о влиянии колебаний на диффузию плазмы остается пока 
открытым и необходимы дальнейшие исследования . 

Как показали измерения, в случае существования замкнутых м а г 
нитных поверхностей, плазма принимает отрицательный потенциал от
носительно стенок камеры. Возникающее радиальное электрическое 
поле должно при этом оказывать существенное влияние на движение в 
магнитном поле. Наблюдаемая корреляция между величиной потенциала 
плазмы и ее временем жизни в ловушке позволяет предположить, что 
существует какой-то механизм ухода частиц, связанный с отсутствием 
полного равновесия плазмы в стеллараторном магнитном поле. Для под
тверждения высказанных выше предположений необходимо проведение 
дальнейших экспериментов. 

Таким образом, на основании описанных выше экспериментов и 
их обсуждения не представляется возможным сделать вывод о механиз
ме, приводящем к повышенной диффузии плазмы в стеллараторе Л - 1 . 
Данные эксперимента еще раз подтвердили, что существенную роль в 
удержании плазмы играет качество магнитного поля и его тонкая струк
тура . 

В заключение авторы считают своим приятным долгом выразить 
благодарность И.С .Данилкину, Л <М.Коврижных и А .А .Рухадзе за по-
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лезные дискуссии при обсуждении результатов эксперимента. Авторы 
благодарят также Л.М.Аносову, С.Н.Греппова и О .И .Назаренко за 
помощь в проведении экспериментов. 
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Abstract — Аннотация 

TURBULENT PLASMA IN A STELLARATOR AND MASS-ENERGY INVESTIGATIONS OF A PLASMA 
TRAPPED IN A DIVERTOR APERTURE DURING INJECTION THROUGH A MAGNETIC SLIT. 1. The authors 
report investigations concerning the current-induced.heating and containment of a plasma in the "Sirius" 
stellarator. Particular attention is paid to those oscillatory processes in the plasma which might be important 
in determining both the heating efficiency and the rate of energy and particle loss. After adjusting the 
magnetic system of the stellarator by multipole transmission of an electron beam, the authors investigate 
the dependence of the plasma decay rate on the initial plasma density, the intensity of the containing field 
and the current. It is shown that the stellarator functions as a trap only when the gas-kinetic pressure of 
the plasma nkT < 6 H 2 /8 , the plasma decay time as determined by interferometer measurements being 
directly proportional to the intensity of the magnetic field and inversely proportional to the electron temperature. 
This relationship may be due to drift instabilities. Investigations of low-frequency oscillations using Langmuir 
probes show that in a plasma produced by a current discharge oscillations with frequencies w ~(cT/eH) (n'/n) 
are indeed excited. The spectra of these oscillations are derived and the dependence of the frequency on the 
magnetic field intensity and the temperature is found. Investigations of the current-induced heating of the 
plasma in a stellarator, for widely varying values of the electric field induced in the plasma column, show 
that there are regions of highly anomalous electrical conductivity. In these regions microwave and X-ray 
emission are observed, together with a large difference in temperature as determined by measuring the con
ductivity of the plasma and the diamagnetic effect. These observations cannot be explained on the basis of 
the classical collisional theory of current-induced heating. Thus, it is shown that during the formation and 
heating of a plasma in a stellarator collective oscillations are excited over a wide range of frequencies. 
Complete understanding of the processes of energy input and loss can be achieved only if one takes into 
account these phenomena, which are still insufficiently understood by the theoreticians. 2. Using a Thomson 
mass spectrograph and a time-of-flight mass spectrometer, the authors investigate the energy spectra, mass 
composition and other parameters of a plasma trapped in a divertor aperture during injection through a magnetic 
slit from a coaxial plasma gun (magnetic field intensity in the divertor mirrors 1 .5 - 20 kOe). It is shown that 
there is a magnetic field intensity (8 - 12 kOe) at which capture of the hydrogen ions along the magnetic field 
lines near the axis is optimized. Optimum capture of high-energy hydrogen ions occurs for approximately 
the same range of magnetic field intensities. 

ТУРБУЛЕНТНАЯ ПЛАЗМА В С Т Е Л Л А Р А Т О Р Е ; М А С С - Э Н Е Р Г Е Т И Ч Е С К И Е ИССЛЕ
ДОВАНИЯ ПЛАЗМЫ, ЗАХВАЧЕННОЙ В АПЕРТУРУ ДИВЕРТОРА ПРИ ИНЖЕКЦИИ Ч Е Р Е З 
МАГНИТНУЮ ЩЕЛЬ. I . Приводятся результаты исследований токового нагрева и удер 
жания плазмы в стеллараторе "Сириус". Особое внимание уделялось изучению колебатель 
ных процессов в п л а з м е , которые могут в значительной степени определять как э ф ф е к т и в 
ность нагрева , так и скорость потерь энергии и частиц. После настройки магнитной с и с т е 
мы стелларатора при помощи методики многократного прохождения электронного пучка бы
ли проведены исследования зависимости скорости распада плазмы от ее начальной плот-
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ности, величины удерживающего поля и тока . Показано, что стелларатор работает 
как ловушка только в том случае , когда газокинетическое давление плазмы 

Н2 
nk T </Зе — . Время распада плазмы, определенное по интерферометрическим измерениям, 

оказывается прямо пропорциональным величине магнитного поля и обратно пропорциональ
ным электронной температуре . Такой ход зависимости может быть обусловлен дрейфовы
ми неусгойчивостями. Исследования низкочастотных колебаний, проведенные при помо
щи ленгмюровских зондов, показали, что в плазме токового разряда действительно имеет 

с Т п1 , 
место возбуждение колебании с частотами и — . Построены спектры этих колеба
ний и найдены зависимости частоты от величины магнитного поля и температуры . Иссле
дования токового нагрева плазмы в стеллараторе , проведенные в широкой области из мене 
ния электрического поля, индуцируемого в плазменном шнуре, показали, что имеются об
ласти значительной аномалии электропроводности. В этих областях наблюдаются микро
волновые и рентгеновские излучения, а также большое различие в температурах , опре
деленных по проводимости и диамагнитному эффекту п л а з м ы . Наблюдаемые эффекты 
не могут быть объяснены на основе классической столкновительной теории токового на
грева . Показано, что в процессе создания и нагрева плазмы в стеллараторе в ней на
блюдается возбуждение коллективных колебаний в широкой области ч а с т о т . Полное по
нимание процессов ввода и потерь энергии может быть достигнуто только при учете этих 
еще недостаточно понятных теоретически явлений. 

II . С помощью масс -спектрографа Томсона и пролетного масс -спектрометра ис 
следовались энергетические спектры, массовый состав и другие параметры плазмы, з а 
хваченной в апертуру дивертора при внешней инжекции через его магнитную щель из 
коаксиальной плазменной пушки. Измерения проводились при напряженности магнитного 
поля в пробках дивертора 1,5 — 20 кэ . Показано, что имеется оптимальная напряжен
ность магнитного,поля (8 — 12 кэ) , при которой происходит наилучший захват ионов водо
рода на приосевые силовые линии магнитного поля . Примерно в том же диапазоне м а г 
нитных полей происходит наилучший захват высокоэнергетичных ионов водорода. 

I . ТУРБУЛЕНТНАЯ ПЛАЗМА В СТЕЛЛАРАТОРЕ 

Исследования удержания плазмы в стеллараторах показали, что 
скорость ухода заряженных частиц в процессе омического нагрева ано
мально велика и по порядку величины совпадает с бомовской [ 1 , 2] . Б о 
лее того, на стеллараторах " В - 3 " и " С - 1 " было обнаружено, что нало
жение поля винтовых обмоток практически не влияет на скорость рас
пада плазмы омического разряда [3] . 

Аномально высокие скорости потерь могут быть вызваны следую
щими причинами: 1) недостаточно точной настройкой магнитной систе
мы сталларатора, 2) потерей равновесия плазменного шнура,3) возбуж
дением в плазме в процессе нагрева длинноволновых низкочастотных 
колебаний. 

В данной части излагаются результаты экспериментов, связанных 
с изучением колебательных процессов в плазме, которые оказывают 
существенное влияние на скорости нагрева плазмы и ее потерь из ло 
вушки. 

Эксперименты проводились на стеллараторе "Сириус" [ 4 ] , схема
тический вид которого показан на р и с . 1 . Основные параметры приве
дены ниже: 

1) удерживающее магнитное поле H = 20 кэ • 
2) винтовое поле, 2 обмотки 1 = 3 
3) диаметр вакуумной камеры d = 10 см 
4) аксиальная длина камеры L = 600 см 
5) предельный ток Шафранова-Крускала I = 4 ка 
6) равновесное /Зе = 3-10" 
7) устойчивое j3c = 5-Ю"3 
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Магнитная система этой ловушки была предварительно отъюстиро
вана при помощи методики многократного прохождения электронного 
пучка [ 5 ] . 

Угол преобразования.на длине машины i, измеренный на границе 
ограничивающей диафрагмы диаметром 52 мм при выбранном варианте 
питания, составляет 100°, а соответствующая величина шира — 0,02. 

Нагрев плазмы производится при помощи омического разряда (дли
тельность импульса тока — 1 мсек) . Давление нейтрального гелия и з 
менялось от 2-Ю"5 до 5-Ю"4 мм р т . с т . , напряженность электрического 
поля Е — от 0,08 до 0,4 в / см , магнитное поле - от 4 до 15 к э . 

и ц щ Е М Ц И Я / 
OTMtuut 

Р и с . 1 . Схематический вид стелларатора "Сириус" . 

В процессе экспериментов регистрировались: ток в плазменном 
шнуре, напряжение на обходе камеры, ход плотности во времени, диа
магнетизм плазмы, распределение плотности по сечению плазменного 
шнура, флуктуации плавающего потенциала, рентгеновское и микровол
новое излучения. Теоретические исследования показывают, что в си
стемах с малым широм наиболее существенный вклад в турбулентную 
диффузию должны вносить дрейфовые колебания неоднородной плаз
мы [6, 7] . Изучение низкочастотных колебаний плазмы проводилось 
при помощи ленгмюровских зондов, расположенных на границе плаз
менного шнура. Типичная осциллограмма сигнала флуктуации плава
ющего потенциала приведена на р и с . 2 . 

Изучение спектральных свойств этих случайных колебаний произ
водилось путем определения автокорреляционной функции 

1 т 

R ( T ) = lim — / x(t)-x(t - т) dt 
т-»« T-î 



546 БУРЧЕНКО и др. 

и вычисления спектральной плотности процесса 

S(u) = - / Щт) e- iWTdT 

Наблюдаемые колебания нестационарны (математическое ожидание про
цесса зависит от времени), поэтому выполнялось предварительное центриро
вание сигнала путем вычитания оценки текущего значения математичес
кого ожидания, определяемого по промежуткам времени ~0,02tp (время 
реализации равно длительности импульса омического нагрева tp= to.не
указанная величина интервала усреднения при вычислении оценки м а т е 
матического ожидания определялась путем минимизации дисперсии 
центрируемого процесса. Вычисление корреляционной функции и спект
ральной плотности производилось на ЭВМ. 

Р и с . 2 . Осциллограммы сигналов флуктуации плавающего потенциала и напряжения на об 
ходе камеры. Расстояние между метками— 100 м к с е к . 

Оценки спектральной плотности показали, что наиболее существен
ный вклад в спектр вносят колебания с частотами, лежащими в диапа
зоне 20 т-100 кгц . Это обстоятельство позволило производить вычис
ления оценок значений корреляционной функции и спектральной плот
ности путем усреднения по промежуткам времени T*=0 ,2 tp . Связан
ное с этим уширение спектра не играет существенной роли, так как его 
величина Af = l / т * = 5 кгц мала по сравнению с наиболее существенными 
частотами в спектре . На рис .3 приведена спектрограмма сигнала флук
туации плавающего потенциала, полученного при концентрации плазмы 
п е = 1 0 1 4 с м - 3 . 

Изучение спектров колебаний показало, что основная частота з а 
висит от величины магнитного поля, температуры плазмы и ее плот
ности. При плотности плазмы пе

 г 8-Ю13 см-3 спектры колебаний ока
зываются почти невоспроизводимыми от разряда к разряду. При мень
ших концентрациях спектрограммы воспроизводятся, а основная частота 
в спектре зависит от величины удерживающего магнитного поля (рис.4) . 

Измерения спектра флуктуации плавающего потенциала во времени 
совместно с диамагнитизмом показали, что частота колебаний оказы
вается пропорциональной температуре плазмы (рис .5) . 
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го «О 
Р и с . 3 . Спектрограмма сигнала флуктуации плавающего потенциала (пе= 10 см , 
Е= 0,3 в / с м , H = 16 кэ) . 

* 
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Р и с . 4 . Зависимость частоты флуктуации от напряженности удерживающего магнитного 
поля (пе = 410 см" , Е = 0 , 1 5 в / с м ) . 

При учете поведения температуры с изменением магнитного поля 
(рис.6) получено, что частота колебаний практически линейно зависит 
от отношения температуры плазмы к напряженности магнитного поля 

13 при плотности пе<8-10 см - 3 (рис.7) 
Оценка дрейфовых частот 

и = к сТ Vn, 
УеН Пе 

. 

для имеющихся экспериментальных значений температуры плазмы, м а г 
нитного поля и градиента плотности дают данные, довольно хорошо совпа-
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годНю «до loo е(мксек) 
Р и с . 5- Поведение частоты флуктуации плавающего потенциала и температуры плазмы во 
времени: 1—частота; 2 — температура . 

Р и с . 6 . Зависимость температуры плазмы от напряженности магнитного поля 
(п е =4-10 1 3 см" 3 , Е = 0,15 в / с м ) . 

дающие с наблюдаемыми частотами. На рис .7 пунктирными линиями 
обозначены дрейфовые частоты, рассчитанные для мод m = 2 и m = 3 . 
Экспериментальные точки укладываются, в основном, между этими ли
ниями. 

Следует отметить, что в области рабочих параметров, где имеются 
различия между температурами, измеренными по диамагнетизму и про
водимости плазмы, частота следует зависимости Т /Н , если в расчетах 
используется диамагнитная температура. 

Измерения функции взаимной корреляции сигналов с зондов, распо
ложенных вдоль магнитного поля, показали, что возмущения потенциа-
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ла сильно скоррелированы, т . е . возмущения сильно вытянуты вдоль 
магнитного поля. Измерения взаимной корреляции сигналов с двух зон
дов, расположенных по азимуту на границе плазменного шнура (рассто
яние между зондами — 2 см), дают значения скорости распространения 
возмущения Vs = 8-Ю4 * 6-Ю5 см-сек"1. При постоянной напряженности 
магнитного поля характер изменения азимутальной скорости подобен 
характеру изменения температуры . 

Одновременные измерения частоты колебаний и скорости их рас
пространения позволяют оценить ку; эти оценки показали, что наблю
дается хорошее согласие определенного таким образом к у с вычислен
ным из соотношения ку = m / r 0 с ш = 2 т З . 
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Р и с . 7 . Зависимость частоты флуктуации плавающего потенциала от отношения Т / Н . 

Учитывая то , что частота столкновений yei » и , м о ж н о предполо
жить, что в данном случае наблюдается дрейфоводиссипативная неустой
чивость, скорость потерь при которой порядка бомовской [8] . 

Как уже отмечалось, при плотности плазмы n e s 8-1013 см"3 резуль
таты измерений флуктуации плавающего потенциала оказываются не
воспроизводимыми от разряда к разряду. Такая же картина наблюда
ется при работе с выключенными винтовыми обмотками, т . е . в слу
чае, когда угол преобразования i = 0 . 

С другой стороны, измерения скорости распада плазмы в зависи
мости от величины магнитного поля при i = 0 показали, что постоянная 
времени распада т (время уменьшения концентрации в е раз) практи
чески не зависит от H в широкой области изменения концентрации и 
определяется, по-видимому, дрейфом заряженных частиц в скрещен
ных магнитном и электрическом полях. 

Измерения скорости распада при наличии винтового поля (i = 100°) 
дают такие же результаты для плазмы с концентрацией электронов 
п е> 8 1 0 " см" При снижении пе наблюдается линейная зависимость 
постоянной времени распада от величины удерживающего магнитного 
поля . На рис . 8 показана зависимость т(Н) при i = 0° и i = 100° и различ
ных концентрациях плазмы . 
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Одновременные измерения скорости распада плазмы и диамагнетиз
ма показали, что линейная зависимость т(Н) наблюдается в том случае, 
когда во время импульса нагрева выполняется условие 

nkTD<£eg 

где 

о _ о З - 2 П д - 2 п + 4 i2 
Э е _ 2 _ _ Г о 

a q берется из соотношения,которым апроксимируется давление в плазме 

Таким образом, при нарушении условия равновесия, т . е . при 

U 2 

n k T D > / 3 e — , скорость распада, как и в случае i = 0 , не зависит от в е 
личины магнитного поля, а флуктуации потенциала становятся 
невоспроизводимыми. При выполнении условия равновесия 

Н2 
nkTD<|3e'T— имеются четко выраженные дрейфовые колебания, кото-

OÏÏ 

рые, по-видимому, и приводят к турбулентной диффузии. 
Коллективные колебания определяют в значительной степени и э ф 

фективность поглощения энергии в плазме омического разряда . Из
вестно, что неизотермическая плазма (Те » Ti) в электрическом поле 
неустойчива по отношению к возбуждению ионно-звуковых и ленгмю-
ррвских колебаний [9, 10] . Возбуждением именно этих колебаний были -. 
качественно объяснены результаты исследований аномалии сопротивле
ния плазмы в надкритических электрических полях [11 — 13] . Теоре
тические исследования, использованные для объяснения данного эффекта, 
были выполнены для случая, когда можно пренебречь влиянием удержи
вающего магнитного поля, т . е . для случая 

H0«(4ïrmeC2ne)1 / 2 [ 1 4 - 1 6 ] 

Однако, исследования омического разряда в замкнутой магнитной 
ловушке показали, что даже при Е ^Е]< и Но ^ (4л-тес2пе)1 ' '2сопротивление 
плазмы может оказаться аномально большим [17] . Эти данные, как 
было показано в работе [ 1 8 ] , находятся в качественном соответствии 
с представлениями об изотропизации ускоренных электронов на колеба
ниях, возбуждаемых при аномальном эффекте Допплера . Однако, отсут
ствие микроволновых и рентгеновских измерений не позволяет тракто
вать результаты работы [17] более определенно. 

Исследования омического разряда в стеллараторе "Сириус", про
веденные при большой концентрации (n e> 5-1013 см"3) и напряженности 
электрического поля Е -0,08-Ю,4 в / с м , показали, что процесс нагрева 
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довольно хорошо описывается столкновительным механизмом. Темпера
тура плазмы, вычисленная по проводимости TJ,, при этом в пределах 
погрешностей измерений совпадает с температурой, рассчитанной по 
диамагнитным измерениям TD . При пе<5-10 см"3 и тех же напря-
женностях электрического поля поведение разряда существенно из 
меняется . Вместе с появлением рентгеновского и микроволнового 
излучений нарушается равенство между Т0 и TD . При этом отклоне
ние Т0 от TD наблюдается в той же области Е / Е к , где имеется возраста
ние сопротивления (рис.9) . Следует отметить, что эффект роста сопро
тивления в той же области изменения Е /Е^ был обнаружен в прямолиней
ном разряде в 1961 году [ 1 9 ] . 

а Н(*з) 
Р и с . 8 . Зависимость постоянной распада плазмы от напряженности магнитного поля при 
Е = 0,15 в / с м и различных концентрациях плазмы: 

2 1 0 ^ см 
1014 см" 3 

8 1 0 1 3 

2-Ю13 
см 
см 

3 

i = 
L = 

i = 
i = 

0; 
100 
100 
100 

Различие в температурах,рассчитанных по диамагнетизму и прово
димости, существенно зависит от магнитного поля. На рис.10 пока
зана диамагнитная температура в зависимости от концентрации плазмы 
при Е = Const . Параметром этих кривых служит величина магнитного 
поля . 

Зависимость Т 0 / Т о ОТ H при наличии микроволнового и рентгенов
ского излучений, казалось бы,дает возможность объяснения получен
ных результатов на основе возбуждения резонанса 

ш — nuH— k7V7 = 0 с п <0 

Однако, значительная аномалия сопротивления, наблюдаемая 
при ин<и 0 ,не может быть объяснена ни указанным механизмом, ни 
раскачкой ионно-звуковой неустойчивости, если приложенное электри
ческое поле оказывается меньше критического поля Драйсера. 
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Рис . 10 . Зависимость диамагнитной температуры от концентрации плазмы при различных 
магнитных полях и Е = const : 
1 - 1 6 кэ; 2 - 1 2 к э ; 3 - 8 к э . 
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П. МАСС-ЭНЕРГЕТИЧЕСКИЕ ИССЛЕДОВАНИЯ ПЛАЗМЫ, 
ЗАХВАЧЕННОЙ В АПЕРТУРУ ДИВЕРТОРА ПРИ ИНЖЕКЦИИ 
ЧЕРЕЗ МАГНИТНУЮ ЩЕЛЬ 

Выполненные ранее эксперименты по исследованию возможности 
инжекции плазмы в стелларатор через щели дивертора [20] показали, 
что значительная часть плазмы успешно захватывается внутри апер-
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туры дивертора и распространяется вдоль силовых линий магнитного 
поля в противоположных направлениях. Было показано также, что ко
личество захваченной плазмы максимально при напряженности магнит
ного поля от 8 до 15 кэ . Выше и ниже этих значений число захвачен
ных в апертуру частиц уменьшается. 

В данной работе исследовались энергетические спектры, массо
вый состав и другие параметры плазмы, захваченной в апертуру ди
вертора при внешней инжекции через его магнитную щель из коаксиаль
ной плазменной пушки, в зависимости от напряженности магнитного 
поля и режима работы пушки. . 

Р и с . 1 1 . Принципиальная схема установки: 
1,2,3 — положительные катушки; 4 — отрицательная катушка; 5 — м а с с - с п е к т р о г р а ф ; 6 — ра
диальный зонд; 7 — плазмоскоп; 8 - интерферометр; 9 - источники плазмы. 

Эксперименты проводились на установке, описанной в работах 
[20, 2 4 ] . На торце вакуумной камеры вблизи магнитной оси р а з м е 
щался масс-спектрограф Томсона и пролетный масс-спектрометр(рис. 11). 
Первым прибором исследовался интегральный спектр, как массовый, 
так и энергетический, вторым - пространственная структура с густ 
ка [21 , 22] . Масс-спектрограф можно было передвигать по радиусу 
в пределах г = ±1,2 см, что давало возможность исследовать плазму 
в любой точке ограниченной апертурой системы. Следует отметить, 
что приборы были расположены на расстоянии L = 60 см от последней 
магнитной катушки, т . е . в области слабого рассеянного магнитного 
поля, порядка нескольких гаусс , так что влиянием этого поля на анали
заторы можно было пренебречь. Кроме того, все величины, пропорци
ональные плотности частиц водородного компонента плазмы, несколь
ко занижены вследствие ухода по силовым линиям магнитного поля 
легкого компонента плазмы на конце соленоида. 

Из многих экспериментальных работ, в которых проводились подоб
ные исследования плазменных сгустков, генерируемых коаксиальными 
источниками, известно ,что их структура зависит от режима источника 
и в особенности от задержки между напуском газа в межэлектродные 
промежутки и подачей напряжения на них. Режим работы источника вы
бирался таким образом, чтобы при максимальных напряженностях м а г -
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нитного поля частицы водорода в захваченной плазме имели максималь
ное значение энергии и возможно большее процентное содержание относи
тельно общего числа частиц . Исследования проводились в широком ин
тервале задержек между моментами напуска газа и подачей напряже
ния на электроды инжектора (т =260-7-360 мксек) и при значениях на
пряженности магнитного поля 1,5 -=-20 к э . 

200 

W.KSS 

Р и с . 1 2 . Функции распределения ионов водорода по энергиям для постоянных значений 
задержки: 
1 - т= 260 мксек; 2 - т=285 мксек; 3 - т = 300 мксек; 4,5 - т- 320+360 мксек; 6 ~ т = 400 мксек . 

Рис .12 иллюстрирует распределение ионов водорода по энергиям 
при напряженности магнитного поля (в пробке) 15 кэ . Параметром кри
вых выбрана задержка т. С уменьшением задержки растет как колит 
чество частиц в максимуме функции распределения, так и количество 
высокоэнергетичных частиц. Но уже^при задержке т = 260 мксек макси
мальная энергия захваченных частиц продолжает расти, а количество 
частиц средней энергии уменьшается. . 

Для выбора оптимального режима источника интересно было иссле
довать относительное содержание водорода и примесей в широком ин
тервале значений магнитного поля и различных режимов источников. 
На рис.13 приведено процентное содержание водорода в зависимости от 
напряженности магнитного поля для двух наиболее интересных режимов 
источника плазмы (т = 285 мксек, т = 300 мксек) . Пунктирная линия со 
ответствует тому значению относительного содержания ионов водоро
да, которое дает сам источник. Кубиками обозначено значение водорода 
в процентах на диверторной поверхности. 

Низкий процент содержания водорода в захваченной плазме для ма
лых напряженностей магнитного поля можно объяснить следующим обра
з о м . При слабых полях величина поперечной составляющей рассеянного 
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поля в области инжекции небольшая, что дает возможность плазменному 
сгустку беспрепятственно входить в щель дивертора, но при выходе из 
щели сгусток снова попадает в область поперечного магнитного поля, 
напряженность которого равна нескольким сотням эрстед . Поэтому 
плазма свободно проникает поперек магнитного поля, ударяется о проти
воположную стенку камеры и выбивает примеси. Частицы, регистри
руемые анализатором, имеют вторичное происхождение. По-видимому, 
часть плазмы при слабых полях ударяется о стенки щели дивертора, з а 
грязняется и свободно проникает в систему. С ростом же поля процент
ное содержание водорода р а с т е т . Это указывает на то , что свободное 

0 5 Ю /5 20 
Нкз 

Р и с . 1 3 . Процентное содержание водорода относительно количества всех частиц, з а х в а 
ченных в систему, в зависимости от напряженности магнитного поля: 
1 - (-Z), т= 300 мксек; 2 - ( + z ) , т = 300 мксек; 3 - ( -z) , т = 285 мксек; a - ( - z ) - диверторная 
линия; г = + 12 мм . 

проникновение плазмы поперек поля на выходе из щели дивертора з а 
трудняется, и количество захваченных ионов водорода приближается к 
значению, инжектируемому самим источником. 

В области полей H = 9 * 1 3 кэ наблюдается максимальный захват во
дорода. Однако, при дальнейшем увеличении поля процентное содер
жание водорода уменьшается; такой ход кривых, по-видимому, объ
ясняется тем, что непосредственно в области инжекции (между щелью 
дивертора и источником) при напряженностях магнитного поля выше 13 кэ 
амплитуда напряженности рассеянного магнитного поля имеет большую 
величину (Hz

œ 1 кэ) , что может привести к значительному искажению 
первоначальной структуры сгустка и уменьшить плотность прошедшей 
через щель плазмы. 

Принимая во внимание растекания по силовым линиям магнитного 
поля преимущественно легкого компонента плазмы [23] , можно пред
положить, что при больших напряженностях магнитного поля происходит 
обеднение сгустка водородом на рассеянном поперечном поле в простран
стве между источником и щелью дивертора, и поэтому наблюдается от
носительное уменьшение количества ионов водорода. 

На рис.14 показаны функции распределения ионов водорода по энер
гиям, полученные при т = 2 8 5 мксек и при постоянных значениях напряжен-
ностей магнитного поля, из которых следует, что с ростом магнитного 
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поля кривые сдвигаются в область больших энергий. Для напряженности 
магнитного поля H = 12 кэ рост энергии прекращается. Максимум кри
вой f(w) начинает уменьшаться и одновременно наблюдается обратный 
ход кривых функций распределения. 

Рис .15 аналогичен рис.14, но характеризует энергетическое р а с 
пределение ионов водорода, движущихся в направлении,совпадающем с 
направлением инжекции + z . Характерно, что в направлении + z уже при 
малых магнитных полях (1,5 *6 кгс) наблюдается захват на силовые 
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Р и с . 1 4 . Функции распределения по энергиям ионов водорода захваченной плазмы в направ
лении - z , т= 285 мксек: 
1 - 1,5 кэ ;2 - 9 кэ ; 3 - 12 кэ ; 4 - 15 к э . 

линии частиц водорода наибольшей энергии (до 4 кэв) . При более вы
соких магнитных полях энергия частиц уменьшается, и при H = 18 кэ 
она не превышает 2 к э в . Средняя энергия находится на уровне 0,6 кэв . 
В направлении - z максимальная энергия частиц не превышает 2 кэв, 
но количество частиц средней энергии уменьшается быстрее, чем ко
личество быстрых частиц. 

На рис.16 кривые 1 и 2 иллюстрируют функции распределения 
ионов водорода, которые генерирует источник в двух режимах 
(т = 285 мксек и т = 300 мксек, H = 0) . Кривые 3 и 4 получены для ио
нов водорода, движущихся вдоль оси, при инжекции через щель дивер-
тора в тех же режимах источника и при H = 9 кэ (кривая 4) и H = 6 кэ 
(кривая 3 ) . 

Из рис.16 видно, что в обоих режимах при инжекции через дивер-
тор происходит потеря наиболее быстрых ионов водорода, хотя в дан
ном случае магнитное поле было выбрано отптимальным для прохож
дения высокоэнергетичных частиц. При всех других напряжен-
ностях магнитного поля потеря высокоэнергетичных частиц еще более 
существенна. 
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Р и с . 1 5 . Функции распределения по энергиям ионов водорода захваченной плазмы в направ 
лении +Z( т = 285 мксек: 
1 - 1 , 5 кэ; 2 - З к э ; 3 - 1 2 к э ; 4 - 1 8 к э ; 5 - 6 кэ . 
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Р и с . 1 6 . Сравнение функций распределения ионов водорода захваченной плазмы и функций 
распределения самого источника: 
1(2 — H = 0, т = 285 мксек и 300 мксек соответственно; 3 — H = 6 кэ , т = 2 8 5 мксек; 
4 - Н - 9 кэ , т= 300 мксек . 
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Можно высказать следующие предположения по поводу потери 
частиц с высокими энергиями. 

При малых напряженностях магнитного поля высокоэнергетич-
ные частицы проходят свободно поперек магнитного поля и гибнут на 
стенке вакуумной камеры, частично проходя в противоположную щель 
дивертора. При большом магнитном поле, ввиду их малой плотности, 
они не могут проникнуть поперек силовых линий рассеянного магнитного 
поля в пространстве между источниками и щелью дивертора, уходят 
на стенки по силовым линиям и гибнут в диверторе в месте инжекции. 

Некоторые измерения массового состава и пространственной струк
туры сгустка, движущегося в направлении оси z, исследовались также 
пролетным масс-спектрометром [22 ] , в котором с помощью модулятора 
на короткое время (0,2 — 0,5 мксек) снималось напряжение с запирающего 
электрода и, таким образом, формировался узкий пакет частиц, разре 
шающийся по массам на пролетной длине анализатора (53 см) . Сигнал 
с модулятора одновременно с сигналом регистрирующего ФЭУ подавался 
на вход осциллографа. Таким образом, можно было точно измерять 
время пролета пучка частиц и определить m / z . 

Из-за интегрирования модулирующего импульса в измерительных 
цепях не было возможности сделать его достаточно узким, поэтому 
водородный пик сливался с импульсом модулятора и разрешить его. не 
удалось. Однако, относительное количество водорода было определено 
с помощью масс-спектрометра Томсона . Более тяжелые массы разре
шались довольно четко. 

Пространственная структура сгустка исследовалась путем подачи 
модулирующего импульса в различные моменты времени относительно 
момента запуска инжектора. Измерения пролетным масс-спектромет
ром в совокупности с измерениями масс-спектрометром Томсона позво
лили определить относительное количество ионов разного сорта, имеющих 
одинаковую энергию. Например, при напряженности магнитного поля 
8 кэ среди частиц,-обладающих энергией поступательного движения 375 эв, 
содержится ионов водорода 70%, ионов С + + + + - 9 % , С + + "*"- 6%, С + + - 6 % , 
0 + + - 6%, С + - 1,8%, F e + + - 1,2%. Среди частиц с энергией 750 эв наблю
дались ионы Н4", 0 + ' | " + , 0 + + , С + , 0 + , F + , C u + + , Fe + . 

Необходимо з а м е т и т ь , ч т о в экспериментах не удалось обнаружить 
ионов примесей с энергией выше 1,2 кэв, движущихся в направлении 
± z , хотя инжектор такие ионы генерировал. Этих ионов не было обна
ружено как на оси, так и в пределах радиуса 12 мм, т . е . в пределах 
апертуры дивертора. По-видимому, высокоэнергетичные примеси 
свободно проходят через поперечное1магнитное поле. Часть из них 
попадает в противоположную щель дивертора, а часть ударяется в 
противоположную стенку вакуумной камеры . 

Проведенные исследования массового состава и энергетического 
спектра ионов плазмы, инжектированной через щели и движущейся вдоль 
продольной оси дивертора, показали, что имеется оптимальная напря
женность магнитного поля, при которой наблюдается наибольший процент 
захвата ионов водорода на приосевые силовые линии. Примерно в том 
же диапазоне магнитных полей происходит наилучший захват высоко-
энергетичных ионов водорода. Однако,наиболее энергетичные ионы 
водорода (с энергией выше 4 кэв) и высокоэнергетичные ионы примесей 
(с энергией выше 1,2 кэв) в апертуру дивертора не захватываются и, 
вероятно, теряют свою энергию при взаимодействии со стенками камеры 
в щели или же гибнут у стенки, пересекая поперечное магнитное поле. 
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При инжекции в магнитное поле с напряженностью выше оптималь
ной происходит также уменьшение общего количества захваченных 
внутри апертуры ионов водорода. Для улучшения захвата инжектированной 
плазмы, по-видимому, целесообразно использовать некоторые усовершенст
вования метода инжекции плазмы в стелларатор через дивертор. В част
ности, возможно применение сшивания выведенного в дивертор магнит
ного потока с магнитным полем плазмовода [ 2 5 ] , а также использова
ние поляризационного взаимодействия встречных плазменных потоков 
в поперечном магнитном поле [26] . 
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D I S C U S S I O N 

A. GIBSON: What theore t ica l derivation was used to obtain the value 
of (3e given in your paper? 

E . D . VOLKOV: We used the following express ion: 

0: 23-2„q^n±4 4» 
e q 7rL u 

where q was derived from the approximate express ion for the p r e s s u r e ' 
P = P 0 { l - ( r / r 0 ) q } . 

A. GIBSON: Did you observe in your exper iments any dependence of 
|3e on the applied t r a n s v e r s e magnet ic field? 

E . D . VOLKOV: We did not c a r r y out any exper iments with t r a n s v e r s e 
fields. 



УДЕРЖАНИЕ ПЛАЗМЫ В С Т Е Л Л А Р А Т О Р Е 
ПРИ РАЗЛИЧНЫХ ЗНАЧЕНИЯХ ДЛИНЫ 
СВОБОДНОГО П Р О Б Е Г А 
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В.М.ПАНАСЮК и Ю.Н.ЮДИН 
ИНСТИТУТ ЯДЕРНОЙ ФИЗИКИ СИБИРСКОГО 
ОТДЕЛЕНИЯ АН СССР, НОВОСИБИРСК, 
СССР 

Abstract — Аннотация 

PLASMA CONTAINMENT IN A STELLARATOR FOR DIFFERENT FREE PATH LENGTHS. The authors 
investigate experimentally plasma decay in a stellarator with the following parameters: radius of the 
device R = 50 cm; chamber radius r = 5 cm; angle of inclination of the helical winding 45°; t = 3. 
According to theory the maximum angle of the curved field trajectory i = 4ir; the measured value i s л. 
To heat the electrons and produce the plasma the authors employ the " stochastic heating" method, in 
which a high-frequency voltage is applied across one or several sections of the metallic chamber (f = 5Mc/s; 
Ojj f = 40 V). The parameters'of the plasma produced by this method are: n = 109 cm"3 ; T e = 30 - 300 eV; 
neutral atom density 10" - 1015 cm" 3 . The plasma decay is studied after the high-frequency generator has 
been switched off and the electrons have cooled to 5-10 eV. Densities of 109-106 cm"3 are measured by 
means of a u .h. f. resonator. The experiments are carried out with argon and helium. The plasma decay 
time reduced to a constant separatrix radius т' = r ( r / r c ) 2 , where r c is the true separatrix radius. When 
the electron free paths are relatively short (less than or of the same order as the perimeter of the system), 
the approximate empirical formula r ' = k2 Hi can be used, where e is the ratio of the helical winding 
current to the toroidal winding current and H is the longitudinal field. The resulting dependence of the 
plasma lifetime on the magnetic field and on e2 (e2 being proportional to the shear) is of the same order 
of magnitude as the diffusion coefficient determined by the universal (drift) instability. Correlation 
measurements with the help of nv-probes show that oscillations with frequencies close to the drift frequency 
are present in the plasma. 

УДЕРЖАНИЕ ПЛАЗМЫ В СТЕЛЛАРАТОРЕ ПРИ РАЗЛИЧНЫХ ЗНАЧЕНИЯХ ДЛИНЫ 
СВОБОДНОГО П Р О Б Е Г А . Проводились эксперименты по изучению процесса распада плаз 
мы в стеллараторе с параметрами: радиус установки R = 50 см; радиус камеры г= 5 см; 
угол наклона винтовой обмотки 45°; 1 = 3 . Максимальный угол прокручивания силовой линии, 
согласно теории, равен i - 4тг, а измеренное значение i ^ 7г. Для нагрева электронов и с о з 
дания плазмы использовался метод "стохастического нагрева" , при котором В Ч - н а п р я ж е -
ние приложено к одному или нескольким разрезам металлической камеры (f = 5 Мгц, U B 4 = 4 0 B ) . 
Параметры полученной этим методом плазмы; п= 10 см" ; Т= 30-300 эв; плотность ней-
тральных атомов от 10 до 10 см . Распад плазмы изучался после выключения В Ч - г е н е -
ратора и остывания электронов до энергии 5-10 эв . Плотность измерялась от 10 до 10 см" 
при помощи СВЧ-резонатора . Эксперименты были выполнены на аргоне и гелии. Время 
распада плазмы, приведенное к постоянному радиусу сепаратриссы т'= т ( г / г с ) ; г с — и с 
тинный радиус сепаратриссы; в случае относительно малых пробегов электронов (меньше 
или порядка периметра системы) можно аппроксимировать эмпирической формулой 
т'= Ке H р, где е — отношение тока винтовой обмотки к току тороидальной , H - продольное 
поле. Полученная зависимость времени жизни плазмы от магнитного поля и е (величина 
е" пропорциональна ширу) соответствует , по порядку величины, коэффициенту диффузии, 
определяемому универсальной (дрейфовой) неустойчивостью. Корреляционные измерения, 
проведенные с помощью nv-зондов, показали наличие в плазме колебаний с частотами, близ
кими к дрейфовой ч а с т о т е . 

Одним из методов изучения свойств термоядерной плазмы в замкну
тых магнитных ловушках является моделирование при помощи относитель
но холодной и редкой плазмы, в которой при соответствующем выборе па
раметров должны наблюдаться те же закономерности, что и в горячей 
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"термоядерной" плазме . Модельный эксперимент позволяет изучить 
свойства плазмы в зависимости как от структуры магнитного поля — в е 
личины шира в и угла прокручивания i, глубины магнитной ямы V1, вели
чины магнитного поля или точнее р д / г (г — поперечный размер систе
мы) , - так и от параметров плазмы — отношения длины свободного пробе
га X к периметру системы Sw 2TTR , отношения температуры ионов Ti к 
электронной Т , отношения размера дебаевского радиуса rD к размерам 
системы и т . д . При этом лишь немногие параметры, например, 
/3 = 8япТ/н , поддаются моделированию в ограниченной области ()3<(10" -
Ю - 6 ) . 

к 54 генератору 

катушки продольного 
поля. К откачному mcoct/ 

Р и с . 1 . Схематический разрез стелларатора . 

В данной работе была сделана попытка провести изучение свойств 
плазмы при низких температурах электронов и относительно низкой плот
ности плазмы, которая ограничена снизу условием, что дебаевский ради
ус должен быть много меньше поперечных размеров системы. Снижение 
требований к параметрам плазмы позволило применять для ее создания и 
нагрева довольно простой метод стохастического нагрева. При исполь
зовании этого метода можно было в процессе эксперимента независимо 
менять каждый из следующих параметров: отношение пробега к перимет
ру, шир или угол прокручивания, магнитное поле, массу ионов и ряд дру
гих. 

Несмотря на то , что некоторые из подобных экспериментов проводи
лись ранее в других лабораториях [1 — 3] , результаты, полученные в дан
ной работе, относятся к более широкому кругу параметров, что позволяет 
сделать ряд интересных обобщений. 
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ОПИСАНИЕ УСТАНОВКИ 

Магнитная ловушка типа "стелларатор" с 3-х заходной винтовой об
моткой была построена в ИЯФ СО АН СССР в 1967 году. Особенностью 
установки является наличие винтовой обмотки на прямолинейных участ
ках, что позволяет работать без цилиндрителей и получить дополнитель
ное вращательное преобразование. Радиус установки — 50 см, радиус ка
меры - 5 см, средний радиус винтовой обмотки — 6,7 см, длина прямоли
нейных участков — 16 см и осевая длина камеры - 346 см . При угле нак
лона винтовой обмотки ~45° полное число периодов обмотки N = 8§ (по l / З 
на прямолинейном участке), с м . р и с . 1 . ' Р а с ч е т ы , аналогичные расчетам 
Гибсона [4] , дают максимальное вращательное преобразование i~ 47г. 
Реальное максимальное вращательное преобразование меньше (~ 7г) за 
счет возмущений, вносимых прямолинейными участками и неоднороднос-
тями винтового и продольного полей на прямолинейном участке . Про
дольное магнитное поле в постоянном режиме может достигать 2 кэ, а 
в импульсном режиме — 6 кэ (длительность импульса 1 сек) при макси
мальном значении шира. Для компенсации обратного тока и неточностей 
установки тороидальной обмотки использовались корректирующие обмот
ки, дающие произвольную компоненту магнитного поля в плоскости, пер
пендикулярной продольному полю. В экспериментах величина корректиру
ющего поля была ~ 1% от основного. Предельный вакуум в системе был 
равен ~3-10" тор . Давление нейтрального газа в экспериментах меня
лось от 10 до 10 тор . 

МЕТОД СОЗДАНИЯ ПЛАЗМЫ 

Создание плазмы и нагрев электронов осуществлялись методом сто 
хастического нагрева . К разрезу металлической вакуумной камеры 
(рис.1) прикладывалось ВЧ-напряжение с частотой порядка нескольких 
мегагерц; электроны, образующиеся в объеме при ионизации остаточного 
газа , нагреваются до энергии Wmix, определяемой условиями нарушения 
стохастичности [5] : 

Wmax= (Rfu/5S) 2 / 3 

где R— радиус установки; f—частота в Мгц, U—амплитуда ВЧ-напряжения 
в вольтах, S —число разрезов . Для нашего эксперимента при f = 5 Мгц, 
UB4= 40 в и 8 = 2 получаем Wmax= 100 э в . С другой стороны, необходимо 
выполнить условие, определяющее вхождение частиц в режим ускорения 
f 1 ^ 150 U; 1 —размер области локализации ускоряющего поля (1&г). 

Приведенные выше оценки позволяют найти оптимальную частоту f0 
ВЧ-генератора, для нашего эксперимента f о ~ 3 — 10 Мгц. Максимальная 
плотность плазмы, которая может быть получена этим методом, ограни
чена условием равенства скин-слоя поперечному размеру плазмы 

Up \4тгпе2J 

9 -3 
максимальная плотность плазмы в экспериментах достигла 10 см ; при-

1 0 - 3 
веденная выше оценка дает п ^ Ю см 
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ЭКСПЕРИМЕНТАЛЬНЫЕ РЕЗУЛЬТАТЫ 

Диффузия плазмы изучалась в режиме распада, после выключения ВЧ-
генератора (длительность ВЧ-импульсов — 1-10мсек, частота повторения — 
50 гц) . Оценки и эксперимент показывают, что при этом электроны в 
плазме относительно быстро остывают до энергии ~5~10 эв за счет неуп
ругих соударений, после чего время остывания резко возрастает , так как 
неупругие соударения при этих энергиях практически отсутствуют, а уп
ругие соударения дают время остывания в 3 М ; / 8 т раз больше при тех же 
сечениях [6] . Средняя энергия ионов при этом много ниже электронной. 
Оценки показывают, что ионы могут нагреваться за счет стационарных 
или переменных электрических полей до энергии не выше 0,1 э в . 

П сн « 
S 

JO 

S 

10 

/â 

/,0 2p 4» '«ec 

Р и с . 2 . Типичная кривая распада плотности плазмы для Аг . 

Средняя энергия электронов в режиме распада измерялась с помощью 
многосеточного зонда через 0,3, 0,6 и 1,2 мсек после начала распада. 
Разброс по энергии в этих точках не превышал 20%, что свидетельствует 
о том, что плазма практически не остывает за время распада. При р а з 
личных параметрах плазмы для гелия и аргона была получена средняя 
энергия Те « 7 ± 2 эв . 

С помощью 16-см резонатора, помещенного в одном из прямолинейных 
участков установки, измерялась плотность плазмы в процессе ее распада. 
Типичная кривая распада приведена на р и с . 2 . Начальный участок кривой 
связан с быстрой диффузией и остыванием электронов от 30-100 до 
5-10 э в . Прямолинейный участок функции In n(t ) использовался для опре
деления т распада. Наличие прямолинейного участка на кривых In n(t) 
вплоть до вакуума 10 - 10 тор является косвенным доказательством 
постоянства Те в процессе распада. Кроме т , можно ввести величину т* 
(аналогично [2]), которая равна т , если средний радиус сепаратриссы г с 
больше радиуса камеры г, и равна т ( г с / г ) , если гс<^г. 

Радиус сепаратриссы г с может быть определен по Гибсону [4] . В дей
ствительности, за счет неидеальности магнитного поля величина г с мень
ше и определяется по перегибу кривой т (е ); определенное таким образом 

Н = Ю Э О э 
• - OOÎ 
х -О,/4 
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r c удовлетворительно совпадает с теоретическим значением гс при i ~ тт. 
Коэффициент диффузии Бможет быть определен из т ' распада: 
Ъ- (г/2,4) (т')~ , если процесс ионизации не дает существенного вклада за 
время распада. Для нашего случая г = 5 см. Однако, более правильно 
брать средний радиус последней вписанной в камеру поверхности, для ко
торой r s 4 с м . Оценки времени максвеллизации показали, что оно много 
больше как времени ионизации, так и времени распада, т . е . поправки, 
связанные с ионизацией, не существенны. 

Зависимость т и т ' о т отношения тока винтовой обмотки (1в) к току 
тороидальной (1т) приведена на рис .3 и 4 . Для удобства сравнения с т е 
орией на рисунках приведен параметр е , определяющий отношение ампли
туды винтового поля к продольному ( с м . , например,[1] ), который равен 
в нашем случае е= 0,17 I B / l T . Заметим, что i B 3,8 TN е гс R , 
9 х r c i /TTR . Время т1 линейно зависит от е для различных значений ва
куума и магнитного поля. Отклонение от этого закона наблюдается 
лишь при достаточно высоком вакууме р s 5-10 тор. 

Взаимодействие плазмы с нейтральным газом приводит к увеличению 
' - 2 

т1 (см. рис.5) в довольно широких пределах по Хеп / S O T 10 до 10; 
Xеп - п р о б е г электронов, S — периметр установки. При давлении газа 
выше, чем ~3-10"3 тор, т1 начинает убывать. Это падение, по-видимому, 
объясняется влиянием классической диффузии. Для сравнения на рис .5 
приведены значения т ' для классической и бомовской диффузии. Заме
тим, что при достаточно плохом вакууме, при условии 

. 4TT2R 
( u H é T e n ) H i r T i n )*J2'-

коэффициент классической диффузии в стеллараторе определяется без 
2 / 2 

поправок, связанных с величиной 4ж / i . 
Постоянное магнитное поле в экспериментах изменялось от 300 до 1200 

эрстед. Зависимость т от H приведена на рис .6 . Большинство экспери
ментальных точек ложится на кривую т ~Н . 

С увеличением массы иона т несколько возрастает, но четкой зависи
мости T~V/MJ (как это предсказывает теория) не наблюдается. 

На основании приведенных выше экспериментальных данных, время 
распада плазмы (при X e n sS)можно аппроксимировать эмпирической фор
мулой: 

т '« Ke2HnF(p)~ Ке 2 Н2р 

где К — постоянная, зависящая от параметров плазмы; п = 2±0 ,2 . 
Распад плазмы сопровождается колебаниями с частотами в интервале 

1-50 кгц (причем наибольшая амплитуда колебаний соответствует часто
там ~ 5-10 кгц). Оценки показывают, что эти частоты близки к дрейфо-

сТ 1 • вым и = ————, которые равны в нашем случае приблизительно 10 кгц еН гЛсо 
для основной моды колебаний. 

Корреляционные измерения величины nV, проведенные с помощью нес
кольких зондов (диаметр зонда-шарика Змм) , помещенных в плазму на 
различных азимутах, дали для величины т = 2лг/х значения от 1 до 3 . 
Те же измерения для Хг дали размер порядка 5-10 м м . Типичные 
осциллограммы, полученные с 5 зондов, расположенных на одной магнит
ной поверхности по азимуту через 60°, приведены на р и с . 7 . 
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Р и с . 3 . Зависимость времени жизни плазмы от е ( с ~ 1 в ) , Н= 3050 э : а) — Не ; б) — Аг . 

Колебания плотности на кривых распада плазмы наблюдаются вплоть 
до плотности п е , соответствующей г^х 1-2 с м . При этом скорость р а с 
пада не меняется (см. рис .8 ) . Это,по-видимому, подтверждает тот факт, 
что поперечная длина волны колебаний, вызывающих диффузию, не менее 
1-2 с м . 
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Рис . 4 . Зависимость приведенного времени жизни плазмы от е , H = 1050 э : а) — Не ; б) — А г. 
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Tit. (7rv,*i*J 

Р и с . 5 . Зависимость приведенного времени жизни от давления нейтрального г а з а , 
Н= 1050 э : а ) - Н е ; б ) - А г . 

Амплитуда колебаний, нормированная на среднюю плотность плазмы, 
уменьшалась с увеличением давления от 3-10 до 10 тор приблизитель
но в 2 раза и практически не зависела от величины магнитного поля. 

ОБСУЖДЕНИЕ 

1. Экспериментально измеренная зависимость времени жизни и ко
эффициента диффузии от шира и магнитного поля соответствует по поряд
ку величины коэффициенту диффузии, определяемому универсальной 
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Р и с . 6 . Зависимость времени жизни плазмы от величины продольного магнитного поля 

Р и с . 7 . Корреляция токов на зонды, расположенные в поперечном сечении магнитной 
поверхности; развертка 50 м к с е к - с м ; р= 10"3 тор; е 2 =0 ,07; Аг: а) Н • 600 э; 6) 900 э . 

(дрейфовой) неустойчивостью [7,8] . С увеличением шира уменьшается 
характерный размер турбулентных пульсаций и диффузия падает. С дру
гой стороны, ион-нейтральные столкновения оказывают стабилизирующее 
действие на неустойчивость, что соответствует уменьшению коэффициен
та диффузии с увеличением плотности. 
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Р и с . 8 . Типичная осциллограмма распада плотности плазмы для Не ; развертка 
0,5 м к с е к / с м ; интервал плотностей - от 3-Ю7 до 1-Ю6 см "3; H • 1050 э; р = 1,2-10" 
е = 0 , 1 4 . 

тор; 

Р и с . 9 . Зависимость i и в от с 

Неустойчивость на запертых частицах [9] , по-видимому, не может 
быть причиной наблюдавшейся аномальной диффузии. Критерий полного 
подавления этой неустойчивости, в соответствии с [10] , имеет вид 

eTvT ees/i l U , 1 W ' T e ' ^ ~/R 

Для аргона при учете электрон-нейтральных соударений эта оценка 
дает давление ~ 10 тор, что на четыре порядка отличается от давления, 
при котором измеренный коэффициент диффузии приближается к класси
ческому (см. рис. 5 б). 

2 . Большой интерес представляет зависимость времени распада плаз
мы от величины шира е . Время т \ введение которого вызвано 
необходимостью учитывать реальные размеры сепаратриссы, линейно за 
висит от е . Однако, поведение плазмы должно определяться не е —в 
некотором смысле формальным параметром, а углом прокручивания i или 
широм в на поверхности реальной сепаратриссы. Зависимость этих вели-
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чин от е2 приведена на рис .9 ; при £2(е%р, i и в пропорциональны е" , при 
с 2 ^ е кр > i ~ слабо растет в соответствии с [4] , а 0 убывает приблизитель
но как е . Графики i и б оказываются подобными графику реального 
времени удержания (рис.3) . Можно предположить, что по каким-то при
чинам диффузионный размер при вписывании сепаратриссы в камеру не 
изменяется. Таким диффузионным размером может быть полный размер 
камеры (например, за счет того, что небольшое количество плазмы нахо
дится за сепаратриссой) или размер некоторого наружного слоя плазмы, 
в котором происходит диффузия. В этом случае диффузия определяется 
величиной т (а не т ' ) и величина D обратно пропорциональна i или в в 
соответствии с р и с . 3 . Это объяснение не претендует на строгость, но 
оно позволяет наметить некоторые контрольные эксперименты для выяс
нения процессов, происходящих при диффузии, а также показывает, что 
диффузия в стеллараторе является достаточно сложным процессом. 

3 . Приведенные выше выражения, связывающие т ' с магнитным по
лем и величиной е , несколько отличаются от результатов, полученных 
ранее в ФИАН (СССР) и Принстоне (США) [1 - 3 ] . Так, например, ранее 
наблюдалась линейная зависимость т от магнитного поля, а не квадратич
ная (см. рис .6) ; другим был характер зависимости от е (или от в). Это 
расхождение можно объяснить тем, что детальное изучение зависимости 
т от е , H и р было проведено нами при X /S<(lO, тогда как большинство 
ранее описанных экспериментов проводилось при X/S^>10. 

В заключение авторы выражают глубокую благодарность А . А . Г а л е е в у и 
Р . З . С а г д е е в у за внимание к работе и ценные советы. 
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D I S C U S S I O N 

S. YOSHIKAWA: What was the accuracy of your e lec t ron t empera tu re 
measu remen t s at such a low density? It is r emarkab le (in view of the 
presence of oxygen, e tc . ) that Te r ema ins at 7 eV for the durat ion of the 
p lasma. 

V . I . VOLOSOV: The electron energy distr ibution function was studied 
with the aid of a mult igrid ana lyse r . The measu remen t s were accura te 
to within ±2 eV. Es t ima tes have shown that the p re sence of oxygen could 
not affect e lectron cooling. 
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S. YOSHIKAWA: Elec t rons with an energy of 7 eV and a Maxwellian 
distr ibution may not be sufficient to cause ionization, but runaway (high-
energy) e lec t rons may cause ionization which i n c r e a s e s the density decay 
t i m e . 

V . I . VOLOSOV: Measurements showed that there were no e lect rons 
with energies higher than 15 eV in this exper iment . 

S . J . BUCHSBAUM: Would you not expect diffusional cooling in the 
afterglow? 

V . I . VOLOSOV: We observed p lasma cooling only with an ext remely 
poor vacuum (~1Q~2 mmHg); the shape of the associa ted decay curves 
changed and the decay " ta i l" had a very gentle s lope. 
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Abstract 

EXPERIMENTS ON PLASMA INJECTION, HEATING AND CONFINEMENT IN STELLARATORS. A simple 
plasma accelerator that injects plasma across a magnetic field is described. It consists of two disc-shaped 
electrodes in the magnetic field of a long solenoid with additional helical (6 - 3) windings. Gas is supplied 
from hydrogen-loaded titanium electrodes. An artificial line is discharged across these electrodes producing 
a plasma stream which crosses the magnetic field as well as spreading along the field lines. Typical 
parameters in the experiments to be described are an ion energy of 30 eV, a pulse length of 50 us, a total 
number of ions of ~ 6 X 1015 in a field of 3 kG. 

This system has been used to inject plasma into two stellarators. The first uses a silica torus of 
10 cm bore, 65 cm major diameter and an axial field of ~ 3 kG. External helical windings ({ = 3) provide a 
maximum rotational transform of ~120°. Plasma is injected into this first stellarator, enabling the initial 
preheat voltage pulse to break down a hydrogen gas background (pressure ~10~4torr). The resulting plasma is 
then heated to kilovolt temperatures by inducing in it a large axial electric field (greatly exceeding the 
critical field for runaway). The current which flows for 1 us is a uni-directional pulse of ~ 104 A. Large-
amplitude electrostatic waves are excited; the collisionless damping of these waves leads to rapid heating of 
both electrons and ions. 

In a second stellarator, the helical winding has a minor radius of 9 cm and major radius of 40 cm. The 
pulsed magnetic field is ~ 3 kG and t - 3 windings give a rotational transform of 220° and a shear parameter 
0 ~ 6 X 10'2. Experimental results indicate that the injected plasma is confined in this stellarator for periods 
of up to 15 Bohm times. 

1. INTRODUCTION 

Low-/3 toroidal plasma containment systems appear the most promising 
as potential thermonuclear reactors [1]. For such reactors we cannot 
envisage solid conductors buried in the plasma, and so we are led to systems 
of the stellarator type in which the confining magnetic fields are produced 
solely by currents in external conductors. Such fields have no simple sym
metry and consequently it cannot be proved analytically or by computation 
that closed magnetic surfaces and particle-drift surfaces exist to the 
accuracy required for a fusion machine. However, in a recent experiment 
[2] Gibson has shown that ^-particles produced by the radioactive decay 
of tritium gas are contained in an i = 3 toroidal stellarator for more than 
107 transits, (i .e. adequate for thermonuclear purposes). Gibson and 
Mason have also shown by computation [3] that the loss cone in a stellarator 
is more serious than was thought hitherto [4], but that nevertheless ade
quate confinement for fusion can be achieved. In this work the effect of an 
ambipolar electric field on particle orbits was ignored. It is widely believed 
that the inclusion of this effect will improve the particle confinement but 
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this remains unproven. Thus we have grounds for believing that an ade
quate plasma equilibrium can be achieved in a stellarator although clearly 
much remains to be done on the subject. 

The remaining major problems are those of plasma injection, plasma 
heating and confinement. Note that containment for ~ 100 Bohm times is 
sufficient for a fusion reactor [1] ; that no stability theory exists which takes 
full account of the field geometry in a stellarator; but that results obtained 
in simpler geometries suggest that adequate stability is possible in a high-
shear stellarator [5] . 

In this paper we describe the progress of experimental work at Culham 
on these three problems, plasma injection, heating and confinement. 

2. PLASMA INJECTION 

The acceleration of plasma and its subsequent injection into various 
configurations of magnetic field have been extensively studied in the last 
decade. The plasma accelerators commonly used for injection are limited 
to pulsed operation because they depend on a moving current sheet to act 
as a piston (e .g. , the Marshall [6] and thetatron [7] injectors). In contrast 
the injector to be described here [8] is essentially a d.c. device, i . e . 
although in practice it is pulsed, in principle its duration can be unlimited. 
Another novel feature is that its operation depends upon the magnetic field 
of the plasma trap itself and hence it produces a polarized stream, which 
moves across the field lines. The injector has a comparatively high 
electrical impedance and is normally used at a current of order 100 A, 
whereas most other accelerators require currents of 1-100 kA. The 
energy input is correspondingly low, and in the experiments to be described 
is typically one joule. It is physically compact and at present is used to 
produce ~6 X 1015 ions with energies ~ 50 eV. 

2 .1 . Construction of injector 

Figure 1 shows the injector schematically and illustrates its mode of 
operation. Two disc-shaped electrodes are set in a uniform magnetic field 
so that the discharge current flowing between them is orthogonal to the 
magnetic field. The electrodes are made of hydrogen-loaded titanium and 
are fed with current from an artificial line. The direction of current flow is 
such that the magnetic force j*X В drives the plasma way from the electrodes 
and their supports and across the magnetic field. 

Direction of j x В 

Bo 

Magnetic field 
into paper 

FIG.l . Schematic of plasma injector illustrating its mode of operation. 
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2.2. Operation of injector 

Although the detailed operation of the injector is complex and not fully 
understood, the following general points can be made: 

(a) the maximum energy the ions can acquire is approximately V 
electron volts where V is the voltage drop across the discharge. 

(b) conservation of momentum together with condition (a) implies 
that the electrode spacing is approximately equal to the ion gyro-
radius for ions of energy eV. 

The artificial line driving the discharge is charged to 1200 V, has an 
effective impedance of 13 ÇI, and a pulse time of 50ps. To initiate the dis
charge in the injector, a negative pulse of 15 kV is applied to a trigger pin 
set in the cathode. 

The injector is tested by firing it transversely into a 15 cm-diameter 
glass vacuum vessel set in a 2 metre long solenoid which produces field 
strengths of up to 3 kG. Helical SL = 3 stabilizing windings are located at 
a radius of 10 cm with a field period of 34 cm and carry currents of up to 
40 kA. The injection of plasma into this system has been studied using 
ion probes [9], an ion energy analyser [9], and a plasmascope [10]. Probe 
measurements show that with the i-windings energized, approximately 
30% of the plasma produced by the gun is trapped by the magnetic field. 
With no current in the i-windings, the trapping efficiency is reduced, and 
the plasma density shows wild fluctuations and becomes highly irrepro-
ducible. This behaviour is presumably due to instability in the unsheared 
magnetic field. With a 5 mm spacing between the disc electrodes and with 
a 3 kG field from the solenoid, the trapped plasma has an ion temperature 
of ~30 eV and an electron temperature of ~20 eV. Figure 2 shows 
plasmascope photographs taken end-on to the solenoid. The characteristic 
trefoil shape of the separatrix for i = 3 magnetic surfaces is clearly shown. 

No direct information on the percentage of impurity ions in the plasma 
is available, but measurements [8] of ion gyro-radii indicate that the ions 
are predominantly protons. It should be noted that the electrodes show no 
sign of damage or melting after many thousands of discharges. 

Our results show that the method of plasma production using a quasi-
d.c. plasma injector offers interesting possibilities for filling traps with 
plasma. 

\ 
3. PLASMA HEATING 

Since the pioneering work of Adlam [11] and Zavoisky [12], it has been 
known that it is possible to deposit energy into a plasma extremely rapidly 
through the process of turbulent heating. In this process, a large current 
is passed through the plasma such that strong electrostatic instabilities 
are excited. The particle scattering in the resultant electric microfields 
leads to rapid heating and to a high plasma resistivity. 

We report here the results of experiments on the TWIST apparatus 
which is an £ = 3 toroidal stellarator with facilities for turbulent heating. 
These results are concerned mainly with the properties of the heating 
process rather than the subsequent containment of the heated plasma. As 
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В, I e 

+ l-5kG + 30kA 

20/Jsec 50^sec 

+ 1-5 kG - 3 0 k A 5cm 

- | - 5 k G + 30kA 

- 1-5 kG - 3 0 k A 

+ 1-5 kG О 

FIG.2. Plasmascope photographs of plasma injected into a straight stellarator showing trefoil shape of 
separatrix. 

will be seen, the strength of the magnetic field (s 3 kG) in this stellarator is 
not adequate to contain the large plasma pressure produced by the heating 
pulse. Thus the chief function of the stellarator fields in the present study 
is to enable a suitably low-density initial plasma to be established in the 
torus prior to the application of turbulent heating. 
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3.1 . Apparatus 

The discharge chamber consists of a single-piece-fused silica toroid. 
Its dimension and the main parameters of the TWIST apparatus are given 
in Table 1. The axial magnetic field is produced by a single turn coaxial 
loop (Fig. 3), which is energized by a 4000 juF capacitor bank via a low 
inductance concentric line and pulse transformer. The time to peak current 
is 0.3 msec, and the decay time constant is 1.5 ms. The S. = 3 helical 
windings are made from 1.2 cm diameter solid copper bars and are 
energized from a separate capacitor bank with a current pulse synchronized 
with that of the Bz field. 

The electric field used to drive currents around the torus both for 
plasma preparation and its subsequent turbulent heating are electro-
magnetically induced by currents in a close-fitting primary winding (Fig. 4). 
This winding consists of 16 equally spaced parallel wires wound circum-
ferentially on the torus and divided into four quadrants. Current is fed 
into the four gaps via low-inductance transmission lines. The turbulent 
heating pulse is obtained by the simultaneous discharge into each of the 
four gaps of a low-inductance 0. 28 ^F, 60 kV capacitor through a pres
surized spark gap. The current pulse is reduced to a single half-cycle by 
non-linear resistors in series with each capacitor, thus allowing plasma 
containment to be measured within 1 ys after the heating pulse. The fast 
capacitors are usually charged to a maximum of 45 kV; the pulse duration 
is ~ 1 us, and the peak secondary voltage around the plasma loop is ~60kV. 

The pre-heat pulse is induced using the same primary windings that 
are used for the heating pulse, sufficient decoupling being provided by LC 

TABLE I. DIMENSIONS AND PARAMETERS OF TWIST AND 
PROTO-CLEO 

Major radius R 

f-winding minor radius (f * 3) 

Separatrix radius rm (trefoil apex) 

Computed rotational transform per 
field period at separatrix (i^) 

Number of field periods 

{-winding current 

Toroidal magnetic field Bz 

™. , L . 2irR Shear length Ц = —— 

(i is the total rotational transform 
at the separatrix) 

e = гт/ц 

Useful time duration of magnetic 
fields 

TWIST 

32 cm 

10 cm 

4.5 cm 

30" 

4 

20 kA 

3 kG 

100 cm 

1/20 

~ 100 us 

PROTO-CLEO 

40 cm 

9 cm 

5 cm 

32* 

7 

15 kA 

3 kG 

75 cm 

1/15 

~10 ms 
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/-winding supply cables 

Plasma injector 

/ * 3 windings 

Primary windings 
tor E Held 

~ Non-linear resistor 

&11F,60kV capacitor 

pulse transformer 
» capacitor bank) 

FIG. 3. Arrangement of TWIST apparatus (Principal components only). 

probe tpatk 6 10'2BjiF I 
I m f ^ T Vt I 
9 non-lineor fe 
Щ resistor F 

-n-
to oreheot 

FIG.4. Schematic showing heating circuit and diagnostics used in TWIST. 

filters to prevent the higher frequency high voltage pulse appearing across 
the pre-heat supply. The secondary voltage induced during the pre-heat is 
200 V, the gas current is typically ~300 A, and lasts for ~60 /us. To 
ensure a reproducible working pressure, the gas is admitted to the vacuum 
system from a fixed volume by a fast-acting, magnetically-operated valve. 
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Between shots the base pressure is ~10 _ 6 to r r . The gas is pre-ionised 
by introducing plasma from two injectors of the type described earlier. 
With this arrangement it is possible to get reliable breakdown in hydrogen 
for pressures > 10~4torr.- Figure 5 shows the operating sequence and 
typical waveforms during the various stages of the experiment. 

3.2. Experimental results 

The existence of strong electrostatic turbulence is indicated by a high 
level of electromagnetic radiation at frequencies around the electron plasma 
frequency upe. The radiation is detected by a waveguide aerial coupled to 
appropriate broad-band crystals. The emission is unpolarized and corre
sponds to ~ 1СГ2 watt/cm2 for., the 3cm band. 

Turbulent 
plasma injectkmi i Prc-htat heatinq 
[ — 5 0 M S 1101— 7 0 » i s ^ = ' 

FIG. 5. Operating sequence for TWIST, showing typical waveforms under standard conditions: В = 3 kG, 
S-winding current 20 kA, Vc = 45 kV, pressure - 10 ~4torrH„. 

The plasma resistance is measured from the ratio E / I when dl/dt = 0, 
i .e. at peak current. (E is the applied electric field and I the discharge 
current. ) This measurement has been made over several decades of 
initial plasma density and with gas fillings of hydrogen; argon and xenon. 
The plasma density is determined from the phase change of a 2mm micro
wave beam traversing the discharge. Although the gas is not fully ionized, 
consideration of ionization rates shows that no significant change in plasma 
density can occur during the times of interest (i .e. < 0.4 /js). The measured 
resistance values [13] are shown in Fig. 6.'-They are consistent both in 
magnitude and in the dependence omplasma density and ion mass with the 
following formula derived'from Buneman's [14] work on the conductivity of 
a plasma in which the two-stream instability is occurring, 

CT(eSU>=T7 Teff ~ 2 W ^ ( 1 ) 

where Teff is the effective 90° scattering time for electrons. It should be 
noted that the electric fields used in these experiments (100<E<500 Vcm"1) 
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are appreciably greater than those used by Demidov et al. [15] under other
wise similar conditions. Figure 7 compares our results with those of 
Demidov et al. 

Both direct and indirect measurements of plasma pressure show that 
the electrical energy dissipated appears as thermal energy in the plasma. 
For example, with E = 300 volts cm"1, n= 1.5 X 1012 cm"3, a piezo-electric 
pressure probe [16] shows a maximum particle energy density in the 
plasma of approximately 2 X 1016eV cm"3 at t = 0.2 /us which is in close 
agreement with the electrical energy dissipated in the current pulse. X-rays 
are emitted both during the pulse, with a pronounced peak at maximum 

' 1 0 м 

ЗХЮ1 

À JXIO12 

ь 

3X10"-

10' 
10 

о From Demidov i l ol (Sov. PhyvDoklody.Vol I2,p467, 
1967) 

•4-| Thii «perimtnt. 

(from prttonizotion discharçi) 

_1_ 
I I0< I0J 10 

E (Vcm-I) 

FIG. 7. Variation of plasma conductivity with electric field for hydrogen with electron density n м 1012 cm'3. 

current, and for 2-3 ,us after the pulse. Absorber measurements are 
consistent with bombardment of the walls by electrons with temperature 
approximately 10 keV. In some earlier experiments [17] conducted at a 
higher gas pressure (2 X 10"3 torr) in a system without i-windings we also 
observed a large flux of fast neutralswith energies up to 3 keV. . From the 
absolute flux of neutrals with an energy of 2 keV, we estimated the ion 
temperature to be approximately 0. 7 keV. In these earlier experiments 
the charge exchange time (10~7 s) was less than the heating time so that, 
with the lower neutral density now prevailing, we would expect a somewhat 
higher ion temperature. Note that with a magnetic field strength of 3 kG 
the value of )3 produced by the turbulent heating can easily be as high as 
10%. Although, at present, such high values are not obtainable by 
injection methods, in stellarators they are of critical importance from 
the viewpoint of a fusion reactor. If the heating pulse is shorter than the 
Bohm time corresponding to the final temperature, no substantial plasma 
loss should occur during the turbulent phase. 

In summary, these experiments have established the effectiveness of 
turbulent heating in a toroidal stellarator, confirmed the theoretical scaling 
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law for the turbulent conductivity and shown that ions as well as electrons 
are heated. Although it seems improbable that turbulent heating will be a 
practical way to start up a fusion reactor, it is nevertheless a powerful 
technique for filling experimental stellarators with interesting plasma. 

FIG. 8. General view of PROTO-CLEO stellarator. 

PLASMA CONFINEMENT 

The PROTO-CLEO apparatus has been built to study the confinement 
of plasma injected into a high-shear toroidal stellarator. 
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FIG. 9. PROTO-CLEO I -windings before mounting in vacuum envelope. 

4 . 1 . Apparatus 

A general view of the apparatus is shown in F ig . 8. Detai ls of the 
й- = 3 helical winding construct ion a re seen in Fig. 9. The 1.2 cm 
d iameter copper conductors which make up the winding a re supported by 
15 ce r amic r ings and a r e located with a positional accuracy of ± 0.025 cm. 
The cur ren t feeds a re made coaxial to minimize the magnetic field 
per turbat ion. 

The s ta in less s teel vacuum tank is a toroid with a 40 cm square 
c ro s s - s ec t i on . Titanium filaments can be moved into the cen t re of the 
SL-windings for get ter ing the sys t em. Background pumping of the tank i s 
by two sput ter ion pumps . With get tered walls at room t empera tu re , the 
base p r e s s u r e i s 2 X 10"8 t o r r . 

The B z coil system consis ts of 30 s ing le- turn demountable square coils 
car ry ing a cu r r en t of up to 2 0 kA. The maximum measured magnetic field 
e r r o r of the Bz is ± 0. 1% at the s epa ra t r i x . 

The Bz coils and the 4-windings a r e connected in s e r i e s so that the i r 
fields vary in unison. They a r e energized by a capaci tor bank made up of 
500 V, 500/LiF electrolyt ic capac i to rs , with a total capacitance of 1.25 F . 
It is subdivided into 20 units each switched by a thy r i s to r [18] and clamped 
by a silicon diode. 

A smal l ve r t i ca l magnetic field can be applied using the Helmholtz 
coils visible in F ig . 8, which can produce an average magnetic well [19] 
with a depth of ~ 10% and reduced shea r . 
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4.2. Plasma production 

PROTO-CLEO is filled with plasma by the quasi-d. с. injector de
scribed earlier. 

Electron cyclotron resonance heating (ECRH) facilities are available 
from a pulsed magnetron (9.45 GHz). Peak microwave power output is 
4 kW and the pulse length is variable between 1/JS and 2 ms. 

4 .3 . Diagnostics 

The general arrangement of the machine and the disposition of diagnos
tic ports are shown in- Fig. 10. Time resolved density and temperature 
measurements are made using a swept double Langmuir probe consisting 
of two 0.75 mm diameter tungsten wires spaced by 7 mm and sheathed in 
thin glass (1 mm diameter) to within 7 mm of their ends. The same probe 
can be used to measure electric fields and floating potential in the plasma. 

Input or noise 
receiver aerial 

FIG. 10. Schematic view of PROTO-CLEO stellarator showing diagnostic positions. 

The average plasma density is measured with a 16 mm wavelength 
version of the microwave interferometer developed by Hotstonand Seidl [20]. 

An estimate of the electron temperature can be made by measuring the 
microwave noise emitted by the plasma. This is detected by an aerial ' 
close to the plasma (Fig. 10), coupled to a superhet receiver. The 
magnetic field varies by 15% across the confinement region and so allows 
plasma-generated radiation at frequencies less or equal to the upper hybrid 
frequency (Heald and Wharton 1965) [21] to escape through the density 
gradient at the edge of the plasma, provided that the wave is polarized 
with its electric vector perpendicular to B. 

4. 4. ' Results 

All results unless otherwise stated were obtained under the standard 
conditions of Table 1. The decay of the plasma density as measured by the 
double probe and by the microwave interferometer is shown in Fig. 11. 
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n = 10"cm ! 

n v / T i = 2 x l O " % / i V c m -

FIG. l l . Oscillograms of density decay. Upper trace: microwave interferometer phase change; lower 
trace: flux to a modulated double probe at 2.5 cm radius; time axis: 1 ms per division. 

T, (.v) 

8 10 0 2 4 6 

Radius (cm) 

FIG. 12. Radial profiles of plasma parameters measured under the standard conditions: (a) (nVj) and 
T e determined by double probe; (b) floating potential Vf ;(c) average peak to peak fluctuations of 
aximuthal electric field ÈQ and axial electric field Ez;(d) peak to peak density fluctuation n as a fraction 
of the maximum density; (a) measured 1 ms after injection, (b) - (d) measured 2 ms after injection. 

The two signals agree in shape and they show a smooth density decay from 
an initial peak density of ~ 1011 cm"3 with a time constant ~ 5 ms. The 
electron temperature decays slowly from an initial value of 5 eV; after 
5 ms it reaches ~2 eV. The' radial density distribution determined from 
double-probe measurements is shown in Fig. 12a. Note that the maximum 
density gradient occurs in the outer 2 cm, the region of high shear and large 
rotational transform. The electron temperature varies less rapidly with 
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radius, decreasing from 5 eV on the axis to ~ 2 eV at the edge of the 
plasma. 

Figure 12b shows the variation of floating potential (Vf ) with radius. 
The plasma has a positive centre and the potential difference between the 
axis and the edge of the plasma (separatrix) is ~ 3 (kTe/e). 

Fluctuations in azimuthal (Ee) and axial electric field (Ez ), are ob
served (averaged over the probe spacing) in the frequency range 10-100kHz; 
no well defined frequencies are apparent. The average peak-to-peak value 
of fluctuations is recorded; the radial variation is shown in Fig. 12c. Ee 

О I 2 
Confining field (kGouss) 

FIG. 13. Density e-folding t i m e r c and electron temperature T e (measured 1 ms after injection) as a 
function of confining field, B0. The С-winding current I j is adjusted so that B0 / I j is constant, i . e . 
constant shear. 

varies from ~50 mVcm"1 near the magnetic axis to a maximum value of 
"» 300 mVcm"1 in the region of steep density gradient at which Ez is about 
an order of magnitude smaller. Density fluctuations occur in the same 
frequency range (Fig. 12d), and reach a peak-to-peak value of 5% in the 
region of steep density gradient. These observations are consistent with 
an instability occurring where there is a large gradient in density and are 
characterized by \± ? 1 cm across the field, Аи Ш 10 A± and potential 
fluctuations ~ (1/10) (kTe/e). 

The microwave noise was measured with the local oscillator of the 
receiver set at frequencies of 8. 0, 8. 5, 9. 0, 10. 0 GHz and with Bz = 3 kG. 
The noise was most intense at 8. 5 GHz; Fig. 15 shows a typical oscillo
gram of the receiver output. The electron temperature is determined by 
assuming that the noise is black-body radiation. The noise output at 
8. 0 GHz is similar to that in Fig. 15, save that the radiation temperature is 
somewhat lower. At 9. 0 GHz there is an initial burst of radiation corre
sponding to Te = 9 eV decaying to 0. 3 eV or less in 1 ms. Note that, as 
the plasma density decays, the hybrid frequency drops until it is below the 
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Normal decay T=6-2msec 

6 8 IO 
Time [msec) 

FIG. 14. Time variation of density when 2 kW ECRH pulse applied to injected plasma for 1 ms, compared 
with normal decay. 

n = 5 x 1 0 cm 3 

TP eV 

10 T 

5 

2 
1 
О 1 

FIG. 15. Oscillograms of microwave noise emitted from plasma. 
Upper trace: density decay from microwave interferometer with density scale shown; lower trace: output 
of superhet receiver. Local oscillator frequency 8.54 G Hz. The scale on the left indicates the value of T 
assuming black body radiation; time axis: 1 ms per division. 

receiver frequency. Since the plasma should not be an effective radiator 
at frequencies above the upper-hybrid resonance, we would expect the 
behaviour that we observe, namely, a reduction in noise temperature as 
the receiver frequency is increased. Thus the noise temperatures indi
cated in Fig. 15 represent lower limits to the true values. 

The variation of density decay time тс with confining field strength at 
constant shear is shown in Figure 13. We see that it is proportional to B. 
However, the operation of the injector depends on the trap field, and the 
electron temperature measured after 1 ms is also found to be linearly 
dependent on B. 

The effect of a 2 kW, 1 ms ECRH heating pulse on the plasma density 
decay is shown in Fig. 14. The density decays rapidly during the heating 
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pulse with a time constant of ~ 300 jus. There is no indication of a transient 
density rise which would be expected if the initial plasma were only weakly 
ionized. After the microwave power is turned off, the decay time increases 
to ~ 2 ms. The double probe measurements show that the electron tempera
ture after microwave heating is ~ 10 eV. 

4 .5 . Discussion of confinement results 

Transverse injectionof plasma into a stellarator from a small injector 
placed outside the separatrix has been shown to be feasible. Plasma is 
captured in the absence of any pre-ionization in.the confinement region. 

Under the standard conditions of Table I, the plasma has a sharply 
defined edge at a radius r of 3. 5 cm. Taking into account the azimuthal 
position of the probe relative to the i-windings, this is consistent with the 
computed radial position of the trefoil apex at 5 cm. 

The rate of decay of density and the electron temperature vary during 
the lifetime of the plasma. For one set of data at t = 0. 5 ms, the decay 
time тс = 2.8 ms, and Te ~ 4. 5 eV while at t = 5 ms, т с = 7. 2 ms and 
Te = 2. 3 eV. These results show a substantial improvement over the Bohni 
time тв = 7rr2eB/kTg; thus for t = 0. 5 ms, тс/тв = 10 and for t = 5 ms, 
TC/TB = 14. If the microwave noise temperatures are used rather than the 
Langmuir probe values, then at t = 0. 5 ms, тс /тв =15 and for t = 5 ms, 
Tc/TB - 6. This last value is clearly too low since by that time the upper 
hybrid frequency has fallen below the receiver frequency. 

At present it is not possible to be sure that the density decay time is a 
true measure of particle containment since some ionization may be taking 
place in the plasma. However, the fact that the plasma density shows no 
transient increase when the microwave heating pulse is applied, suggests 
that the neutral density in the plasma is low and ionization negligible. 

The electron temperature of the trapped plasma depends linearly on the 
confining field B, and hence the Bohm time is independent of B. Since the 
average confinement time тс is observed to increase linearly with B, the 
ratio TC/TB also increases with В from ~ 8 at В = 1 kG to ~ 20 at В = 3 kG. 

The microwave heating of the plasma resulted in a rapid loss of plasma 
during the heating pulse. No measurements of Te during the heating pulse 
have yet been possible. After the heating, the remaining plasma has a 
higher decay rate than before, and also a higher electron temperature 
(~10 eV). The improvement over the Bohm time therefore still remains at 
approximately 10. 

The plasma exhibits fluctuations of electric field and density in the 
outer region where the maximum density gradient occurs. The radial 
plasma flux Г due to these fluctuations is 

„ (E e .n) 

where a (g 1) is the correlation coefficient. 
Taking F^ = 0. 30 V/cm and n - 0. 05 Пд from Fig. 12 (where peak-

to-peak values are given) then the calculated loss rate Г is about half the 
observed rate if a ~ 1. Thus the fluctuations remain a possible cause of 
the particle loss. 

The 'classical' containment time for the plasma may be calculated 
from the work of Gibson and Mason [3], i .e . taking into account the detailed 
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particle orbits, ignoring the ambipolar electric field, but assuming the 
loss rate to be the slowest of the respective ion and electron rates. Under 
our conditions, the collision rate is high enough so that localized particle 
diffusion is not important. Instead, the loss of blocked particles is 
dominant as first discussed by Galeev and Sagdeev [22], leading to a dif
fusion coefficient independent of the plasma density: 

n 47TJ Pe kTe 
i R eB 

where p is the electron gyro-radius, and R is the major radius of the 
plasma.' With our parameters this leads to a containment time of ~ 50 ms. 
Note that in this model the electrons diffuse more slowly than the ions and so 
one would expect the plasma centre to be negatively charged - in fact it is 
positively charged. 

The sign of this charge and the magnitude of the potential difference 
between the axis and the separatrix (~ 3 kTe/e) suggest that the electrons 
are contained solely by electrostatic forces (i .e. "held in by the ions"). 
The electrons must therefore be free to move radially faster than the ions. 
This might be due either to poor containment of magnetic field lines (failure 
to form surfaces) or to the presence of a high-frequency instability 
и . < и < ысе, which would lead to relatively free flow of electrons across 
the magnetic field. 

5. CONCLUSIONS 
1. A quasi-d.c. plasma injector has been developed and shown to be an 
effective means for filling stellarators. 
2. Turbulent heating has been shown to produce hot plasma (/3 ~ 10%) in a 
stellarator device. A theoretical scaling law for the turbulent electrical 
conductivity has been confirmed, and it has also been shown that ion-
heating takes place. 
3. Experiments on the containment of plasma injected into a toroidal 
stellarator have shown confinement times up to ~ 15 times the Bohm value. 
This is in qualitative agreement with similar work by Akulina et al. [23] 
and by Ellis and Eubank [24]. At present we have insufficient data to 
decide on the relative importance of shear, rotational transform, collision 
rates and other factors. 
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NOTE ADDED IN PROOF 

Since wri t ing this paper it has been found that the number of shots which 
can be obtained from the p lasma gun depends on the type of vacuum system 
in which it is used. In an oil diffusion pumped system with a base p r e s s u r e 
of 10"6 T o r r no l imit has been found to the number of shots . In the Pro to-
Cleo vacuum system pumped by ti tanium sput ter ion pumps and ge t t e r s , 
with a base p r e s s u r e of 10"8 T o r r , the number of shots is l imited to about 
100. Exper iments to elucidate this behaviour a re underway. 

D I S C U S S I O N 

V. N. TSYTOVICH: How good was the the rma l isolation of the p lasma 
during turbulent heating? 

R . J . BICKERTON: P i ezo -e l ec t r i c probe and soft X- ray analysis shows 
that there is no ser ious loss of energy from the p lasma during the heating 
pulse . 

V.N. TSYTOVICH: Did you observe microwave emiss ion during 
turbulent heating - and, if so, in what frequency range? 

R . J . BICKERTON: Strong, unpolarized microwave emiss ion in the 
neighbourhood of the p lasma frequency was observed during the heating 
pulse . 
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Abstract 

COMPUTER SIMULATIONOF PLASMA CONFINEMENT IN A STELLARATOR. The time-dependent 
approach to, and stability of, low-density equilibria in toroidal geometry is studied by simultaneously 
integrating the guiding-center equations of motion for a vast number of particles characterized by a distri
bution of parallel and perpendicular energies and initial positions. A static magnetic field which models 
the major effect of stellarator helical windings is used for the calculation, but the self-consistent, t ime-
evolving electric fields are included in the dynamics. Axial symmetry is imposed, but motions parallel to 
the magnetic field are treated since these are projected on the cross-sectional plane by the rotational 
transform.. Consequently the effect of mirroring and of a parallel electric field are included. In particular, 
the motion of electrons along field lines to cancel the charge imbalance due to curvature drifts is explicitly 
treated. In the single calculation performed thus far, the development of azimuthally asymmetric potential 
surfaces has been observed. This is primarily an m = 1 perturbation, the energy of which undergoes growth on 
the order of a Bohm confinement time and then slight decay thereafter. The long time evolution occurs in 
the up-down (with respect to the toroidal plane) asymmetry; the in-out asymmetry, after an initial flip of 
sign, persists in a fashion which reinforces the trapping of electrons by the toroidal structure of the magnetic 
field. Superimposed are fluctuations with a period equal to the time required for electrons to move from 
the top to bottom of the machine by streaming along the field lines. The outward transport of electrons by 
1*X"B drifts is small. 

INTRODUCTION 

Once the need for rotational transform in stellarator configurations 
was seen [1], the question of confinement was soon felt to be of less 
interest than that of hydromagnetic stability. Recently, it has come 
to be appreciated that the problem of single-particle containment in 
closed systems warrants further, detailed study. 

In the drift approximation, particles appear to flow along lines of 
force, but these are not identical to those of the vacuum magnetic field 
and are different for particles of different energy and magnetic moment 
[2] . Thus, the question of the possible nonexistence of flux surfaces 
for the vacuum field [ 3] translates directly to the possibility of non
closure of trajectory surfaces for the particle (beyond the simple loss 
by flow along noncontained vacuum lines). 

There is nowthe recognition that variations in field strength along 
the magnetic line, as small as they may be in toroidal configurations, 
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sti l l a re quite impor tant because , by the i r ability to t r a p , these force one 
to view the p lasma as composed of distinct c l a s se s of pa r t i c l e s [4] . For 
example, there a r e th ree ca tegor ies of par t i c les in a s t e l l a ra to r , one of 
which can drift out beyond the sepa ra t r ix no m a t t e r how large the mag
netic field s t rength [ 5] . 

One consequence has been the requ i rement to reexamine the ques
tion of stabil i ty, but now from a microscopic point of view. As a p r a c 
t ica l m a t t e r , the shift of par t ic le surfaces off magnet ic surfaces may 
be of numer ica l significance for cer ta in regions of phase .space. Then 
"scrape-off" by a vacuum vesse l wall will lead to a " l o s s - cone" deple
tion s imi lar to that of open-ended sys t ems , and veloci ty-space re lax
ation p r o c e s s e s t r igge red by the subsequent instabil i ty can produce a 
continuous loss of p lasma [6] . Less t r aumat ic mic ro - ins t ab i l i t e s a r e 
possible because of steep gradients which may appear in phase space 
at the boundary between t r a j ec to r i e s of different topologies [ 7] . 
Trapping, by disrupting communication along the line of force, can be 
cruc ia l for instabi l i t ies which, from the hydromagnetic point of view, a re 
thought to be easi ly stabilized [ 8] . Finally, it should be noted that the 
shift of par t ic le and magnetic surfaces i nc r ea se s the step length for 
random walks and thereby modifies the diffusion coefficient [ 9] . 

Because of the difference in m / e among spec ies , guiding-center 
calculat ions predic t charge separat ion, so that the sel f -consis tent e lec
t r i c fields mus t be included in the dynamics . Although the impact is 
ce r ta in to be significant, little effort has been di rected to this problem, 
and r e su l t s a re m e a g e r . Attention usually is focused on the famous 
E X В drift, but the role of E in determining the extent of trapping 
should not be overlooked. 

The calculation of s tat ionary equil ibria is a nonlinear problem and 
i s likely to requ i re numer ica l work. Once completed, the resu l t s mus t 
then be tes ted for stabil i ty. If a major computing p r o g r a m is to be under
taken, it seems preferable to consider the ini t ia l-value problem and 
cover both aspects at once. 

In this paper we study the t ime-dependent approach to, and stability 
of, low-density (specifically, the zero (3 , col l is ionless regime) equi
l ibr ia in toroidal geometry with the se l f -consis tent , t ime-evolving 
e lec t r ic potent ial . Due to the l imited computer capacity present ly avail
able,axial symmet ry is imposed. Full th ree-d imens iona l per turbat ions 
of the potential a r e therefore disallowed, and a model magnet ic field 
mus t be used to simulate the major effects of s te l l a ra to r hel ical windings. 
However, motions pa ra l l e l to the line of force a r e t rea ted , and an E,. 
is pe rmi t ted in the model . 

One disadvantage of performing a "computer exper iment" is that a 
considerable expenditure is requ i red to survey the p a r a m e t e r space 
routinely scanned in laboratory expe r imen t s . This, however, is com
pensated by the diagnostics and the wealth of detailed information 
obtainable. 
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THE MODEL 

The evolution of the distribution function is obtained by integrating 
forward in time the guiding-center drift equations [10] for a represent
ative set of particles. When specialized to the case of a static vacuum 
magnetic field and first-order electric field, these equations read, in 
the leading approximation, as follows: 

| f = v |(n% V ± т г Ц г ( ^ +vJ)n*xVB 
dt II S2, В m II ± ± 
d v H 1 - • Vll -

= . n • V ( ЦВ ± е Ф) + — V v B 
at m ь ± 

dt 

where ± denotes the species (electron or ion) of charge ±e and mass 
т ± . The magnetic field is denoted by В , its unit tangent vector by n , 
and^fi = еВ/тс is the gyrofrequency. The E X В drift is expressed as 

В 

Field quantities may be evaluated at r , although properly it is the 
position of the guiding center rather than of the particle. The magnetic 
moment, \1 ,. is defined in terms of the perpendicular energy. In this 
paper, the expression "perpendicular velocity" will always mean simply 
the square root of \x in the units of velocity, according to the definition 

2 2uB 
v l ^ 2 

m 
where В is a reference field strength to be introduced later, and v 
is essentially the microscopic velocity parallel to the line of force. The 
above set of equations displays the following integral of the combined 
zeroth- plus first-order motion for the case of a static electric field 

- ^ (|mvH + цВ ± еф) = О 

The energy of the E X В drift is absent from the above expression since 
it is taken to be second order. This is dictated by the expectation that 
the potential will change by kT in a distance on the order of the plasma 
column radius, rQ , allowing one to obtain the following estimate 

лг с к Т / е Vth/ f i 

V ~ — '— ~ v , 
В г г th о о 

where v t n = (кт/m) ' is the thermal speed typical of the zero-order 
motion. Thus V is smaller by the ratio of the gyro-radius to the tube 
radius. 
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The e lec t r ic potential , ф , i s obtained in a se l f -consis tent manner 
from the evolving charge distr ibution through Po i s son ' s equation 

V Ф = 

where n provides a density scaling for the distr ibution function 
f(r , ju,v , t ) . Moments of the distr ibution a r e obtained by par t i a l summa
tion over the represen ta t ive set of p a r t i c l e s . The spatial density of 
par t i c les is given, co r r ec t through f i rs t o rde r , by the density of guiding 
cen te r s (this is not necessa r i ly t rue of the higher moments) [ 11] . 

The coordinate sys tem, r = (т,ф, z), is taken to be a curved cylin
dr ica l sys tem centered about the minor axis of the t o r u s . The m e t r i c is 

2 2 2 2 2 
(dl) = (dr) + (rd0) + [1 + (r /R) cos ф] (dz) 

Ь 
where R i s the major r ad iu s . The position in the c ro s s - s ec t i ona l plane 
of the p l a sma column is given by (т,ф), with r the distance from the 
minor axis and <p m e a s u r e d from the toroidal plane to the outside. Axial 
symmet ry is to be imposed, so that no quantit ies vary with z , which 
m e a s u r e s distance along the minor ax i s . 

The imposed magnet ic field is that employed by Knorr [12] to study 
s t e l l a ra to r equil ibria , 

В = B j l + f r / R l c o s * , ] - 1 S o,j- j - [ i . ( r / R ) V l / 2 , l | 

consist ing of a main axial confining field B z with toroidal s t ruc tu re 
and а В . to provide rotat ional t r a n s f o r m . Since the field is not cur l 
f ree , the t r ans fo rm angle, (.(r) , should be identified as a r i s ing from 
in ternal p l a sma cu r r en t s as in the Tokomak device. The approach we 
take h e r e , however, is to use it to model the major effect of s te l l a ra to r 
mul t ipolar windings. The resul t ing drift equations a r e in te rpre ted as 
r epresen t ing the average motion in the asymptot ic l imi t of a la rge 
number of hel ical field per iods once around the machine [ 13] . This 
model neglects the c lass of very low pa ra l l e l velocity pa r t i c l e s which 
a r e t rapped within a hel ical field per iod [ 5] . The flux surfaces a r e 
concentr ic c i r c l e s centered about the minor ax i s , and V is favorable 
for MHD stabi l i ty . 

The model is t r ea ted in the thin tube or smal l aspect rat io l imit , 
r /R << 1 . Thus we take 

Б й В [1 - ( r /R) cos ф] 

n ml- S 
ф 2.1Г R 
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D r i f t s p e r p e n d i c u l a r t o a n d m i r r o r i n g a l o n g t h e l i n e s of f o r c e a r i s e f r o m 
t h e t o r o i d a l s t r u c t u r e , w h i l e t h e r o l e of B ^ i s on ly t o p r o v i d e r o t a t i o n 
a b o u t t h e m i n o r a x i s . (v| | n * p r o j e c t s t h e m o t i o n a l o n g the l i n e of f o r c e 
on to t h e c r o s s - s e c t i o n a l p l a n e . In t h i s c o n n e c t i o n , a z i m u t h a l v a r i a t i o n s 
of Ф(г ,ф) p r o j e c t b a c k a long t h e l i n e , c a u s i n g a p e r t u r b a t i o n i n Ец 
w i t h w a v e n u m b e r 

II 2тг R 

w h e r e m i s t h e a z i m u t h a l m o d e n u m b e r . ) 

T h e t h i n t u b e l i m i t p e r m i t s t h e p o t e n t i a l t o be s o l v e d fo r i n r e c i p r o 
c a l p o w e r s of R , a c c o r d i n g to t he s c h e m e , 

2 
V Ф = - (J 

o n n 

w h e r e 
2 

2 _ 1 Э , Э . _,_ „ 
V o = 7 l r" ( r te> + T-J 

г дф 

a n d t h e s o u r c e s fo r t h e f i r s t few t e r m s a r e 

rn e > ± 7Г / / ° L J J О = 477 n e \ ± ТГ / / f d v , dv„ 
о о / / / ± 1 1 

Эф ЭФ 
CTi = "R ( " c o s ф ао + c o s *" 7э7 •" s i n ф 1Г') 

Г дф 

Only the c o n t r i b u t i o n of t h e a z i m u t h a l l y s y m m e t r i c p o r t i o n of t h e 
c h a r g e d e n s i t y t o the c o s i n e a m p l i t u d e of t he m = 1 m o d e i s of c o n s e 
q u e n c e . 

A v a c u u m v e s s e l w a l l a t r = r Q s e t s t h e b o u n d a r y c o n d i t i o n fo r 
t he p r o b l e m . T h e r e t h e p o t e n t i a l i s r e q u i r e d t o go t o z e r o . F u r t h e r 
m o r e , t he w a l l a c t s a s a n a d s o r b e r ; p a r t i c l e s r e a c h i n g r = r 0 a r e r e 
m o v e d f r o m t h e c a l c u l a t i o n . T h i s i s a g r o s s s i m p l i f i c a t i o n of a c t u a l 
e v e n t s a t t h e b o u n d a r y . In d e v i c e s w i t h a n a p e r t u r e l i m i t e r o r a 
d i v e r t o r , a d s o r p t i o n i s c o n c e n t r a t e d a t one p o i n t a l o n g z . T h e p l a s m a 
c o l u m n s i t s w e l l off f r o m the c o n d u c t i n g w a l l , a n d t h e p o t e n t i a l t e n d s 
to f loa t a t t h e e d g e . 

N U M E R I C A L T E C H N I Q U E S 

A F o r t r a n c o d e h a s b e e n w r i t t e n fo r t he I B M 7094 c o m p u t e r , fo r 
wh ich the c o m p u t i n g t i m e i s of t h e o r d e r of 35 h o u r s p e r c a s e . R e d u c e d 
to i t s u t m o s t s i m p l i c i t y , t he p r o g r a m f i r s t a d v a n c e s a t c o n s t a n t p o t e n 
t i a l a v a s t n u m b e r of p a r t i c l e s f o r w a r d t h r o u g h a s h o r t t i m e s t e p , t h e n 
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c a l c u l a t e s t h e d e n s i t y a n d c o r r e c t s t he p o t e n t i a l . T h i s i s r e p e a t e d fo r 
a l a r g e n u m b e r of t i m e s t e p s . 

T h e i n t e g r a t i o n s c h e m e u s e d i s a s e c o n d - o r d e r , A d a m s - B a s h f o r t h 
p r e d i c t o r - c o r r e c t o r [14] . If t h e s e t of g u i d i n g - c e n t e r e q u a t i o n s i s 
w r i t t e n a s d r / d t = v ( r , t ) a n d n d e n o t e s e v a l u a t i o n a t t h e n t i m e s t e p , 
t h e n a p r e d i c t i o n of r b a s e d on t h e p a s t h i s t o r y i s o b t a i n e d f r o m the 
e x p l i c i t r e l a t i o n 

r = r + - r - 3v - v , 
n+1 n 2 n n - 1 

w h i l e a c o r r e c t e d v a l u e i s o b t a i n e d by one i t e r a t i o n of t h e i m p l i c i t 
r e l a t i o n 

r , , = r + — v + v ) 
n+1 n 2 n+1 n 

C o m p a r i s o n of t h e p r e d i c t e d a n d c o r r e c t e d r e s u l t (which m e a s u r e s t h e 
t r u n c a t i o n error) a l l o w s t h e p r o g r a m to d y n a m i c a l l y c h e c k f o r e a c h 
p a r t i c l e t h e a p p r o p r i a t e n e s s of t h e c h o s e n t i m e s t e p , At . T h i s s c h e m e 
r e q u i r e s t w o s o l u t i o n s of P o i s s o n ' s e q u a t i o n p e r t i m e s t e p . 

T h e s p a t i a l d e n s i t y i s o b t a i n e d by c o u n t i n g f r o m t h e r e p r e s e n t a t i v e 
s e t t h o s e p a r t i c l e s r e s i d i n g w i t h i n a g i v e n c e l l on a g r i d s t r u c t u r e i n 
t h e ( r , 0 ) p l a n e . B e c a u s e t h e e l e m e n t a l a r e a i s r d r d $ , i t i s d e s i r a b l e 
t o e s t a b l i s h a u n i f o r m g r i d i n t h e (r , p) p l a n e so t h a t t h e c e l l s a r e of 
e q u a l w e i g h t . A f u r t h e r r e f i n e m e n t t o o b t a i n i n g s m o o t h d e n s i t y p r o f i l e s 
i s t o d i s t r i b u t e (for t h e p u r p o s e of c o u n t i n g only) a p a r t i c l e a m o n g t h e 
fou r a d j a c e n t c e l l s a c c o r d i n g to t h e a r e a o v e r l a p of a c e l l c e n t e r e d a b o u t 
t he p a r t i c l e wi th r e s p e c t to the f i x e d c e l l s . For the calculations report
ed h e r e , a 12 by 12 g r i d w a s c h o s e n . 

So lv ing P o i s s o n ' s e q u a t i o n r e q u i r e s s o m e c a u t i o n i n o r d e r to m i n i 
m i z e c o l l i s i o n a l e f f e c t s . T h e d i s c r e t e n e s s of t h e m o d e l ( c e l l s t r u c t u r e 
a n d a f in i t e n u m b e r of p a r t i c l e s ) t e n d s t o p r o d u c e t h e e f f ec t of c l o s e 
e n c o u n t e r s . A d i r e c t n u m e r i c a l a t t a c k of f i n i t e - d i f f e r e n c i n g t h e 
L a p l a c i a n o p e r a t o r r e q u i r e s , i n t h e i n t e r e s t of a c c u r a c y , c e l l s of s m a l l 
d i m e n s i o n s . Ho ld ing t h e t o t a l n u m b e r of p a r t i c l e s (and h e n c e t h e c o m 
p u t i n g t i m e ) f ixed , t h i s i m p l i e s a s m a l l n u m b e r o f ' p a r t i c l e s p e r c e l l . 
H e n c e , d e n s i t y f l u c t u a t i o n s t e n d to be l a r g e a n d t h e p o t e n t i a l w i l l no t be 
a s m o o t h func t ion of t h e s p a t i a l c o o r d i n a t e s . T h i s d i f f icu l ty m a y be 
c i r c u m v e n t e d by t h e fo l lowing s c h e m e [15] . P o i s s o n ' s e q u a t i o n i s f i r s t 
F o u r i e r a n a l y z e d w i t h r e s p e c t t o t h e a z i m u t h a l c o o r d i n a t e <p . T h e 
s o l u t i o n of t h e r e s u l t i n g s y s t e m of o r d i n a r y d i f f e r e n t i a l e q u a t i o n s i n t h e 
r a d i a l c o o r d i n a t e i s e x p r e s s e d i n t e r m s of i n t e g r a l s of t h e c h a r g e 
d e n s i t y w i t h k e r n e l s w h i c h a r e s i m p l e p o w e r s of r . T h e c h a r g e 
d e n s i t y i s g i v e n a g l o b a l r e p r e s e n t a t i o n , a n d t h e i n t e g r a t i o n s a r e t h e n 
p e r f o r m e d a n a l y t i c a l l y . T h e r e p r e s e n t a t i o n c h o s e n h e r e i s a p o l y n o 
m i a l i n r m u l t i p l i e d by r m f o r t he m m o d e , a n d t h e c o e f f i c i e n t s 
a r e d e t e r m i n e d n u m e r i c a l l y by a l e a s t - s q u a r e s fi t to t h e d a t a ( thus 
p r o v i d i n g a s m o o t h i n g o p e r a t i o n on t h e s t a t i s t i c a l f l u c t u a t i o n s ) . 
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Details (par t icular ly side conditions for the fit) as well as numer 
ical examples may be found in the reference cited above. For the 
calculations repor ted h e r e , a s ix th-degree polynomial was taken, and 
only the f i rs t six F o u r i e r modes re ta ined. (Note that taking a fewer 
number of modes than that allowed by the number of ce l ls i tself con
sti tutes a l e a s t - s q u a r e s fit of the azimuthal dependence.) 

Great ca re mus t be exerc i sed in p repar ing the init ial s tate to 
avoid pe r s i s t ence of the init ial condit ions. What is requ i red is a 
delicate mix ture of randomizat ion (to reduce cor re la t ions) and m i c r o 
scopic detailed balance (to provide uniformity). The following proce
dure was adopted in prepar ing a uniform, Maxwellian distr ibution 
function. Each cell in the (r^, ф) plane was quar te red , and to each of 
the sub-cel l s was ass igned 50 pa r t i c l e s per spec ie s . Two tables of 
25 en t r ies were p r e p a r e d with values of v., and v^ . These were 
obtained by taking the appropr ia te distribution function f(v) (with v > 0 ) 
normal ized to 25 and calculating the mean value of v for success ive 
in tervals Av defined by unit a r e a under the distr ibution cu rve . The 
coordinates for two par t i c les were selected b y 

(a) Picking v, sequentially from its table , r e s t a r t ing from the 
beginning when moving to a new sub-cel l , and assigning to both, 

(b) Picking | v | | | randomly from i ts table , provided that the 
pa r t i cu la r value had not been previously picked within the 
sub-ce l l , and assigning plus and minus values among the two 
p a r t i c l e s , and 

2 
(c) Independently picking r and <p randomly so as to be located 

within the sub-ce l l . 

(Random select ion i s based on a computer p r o g r a m which genera tes a 
random sequence of numbers uniformly distr ibuted in the in te rva l 
(0,1). ) Plots of data in the v.. , v , plane, to be p resen ted in the next 
section, will therefore show remnants of a grid s t ruc ture (part icularly 
as Vi is a constant) , and for this reason its origin has been explained 
in such detail h e r e . 

The total number of pa r t i c l e s initially in the calculation is 
2 X 12 X 12 X 200 = 57, 600. Such a la rge number is requi red in o rder to 
keep collisions out of the p rob lem- - tha t i s , to obtain solutions of 
Po isson ' s equation free of close encounter po ten t ia l s . To the degree 
that one is unsuccessful in reducing the s ta t i s t ica l fluctuations, an 
upper l imit is placed to the allowable values of the scaling density, n . 
This is symptomatic of the approach to a high-density r eg ime , in which 
quasi -neutra l i ty is a s sumed and the potential is determined from the 
dynamics so as to insure i ts main tenance . 

RESULTS 

Only, a single case (Case 3) fo'r the complete problem has thus far 
been run. It cor responds to the situation of a hot p lasma 
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30 40 50 
TIME (/i sec) 

FIG. 1. Loss of ions as a function of time for cases: (1) no electric fields, (2) radial field only, 
n0 = 108, (4) radial field only, n0 = 109, and (3) complete model, n0 = 108. 

(kT. = kT =1 keV)at very low density (nQ = 108 cm'3) immersed in a 
strong magnetic field (BQ = 30 kG). Dimensions are those appro
priate for the Model С stellarator (R = 100 cm, r 0 = 5 cm), and the 
effect of an £ = 2 helical winding is simulated ( l - ff/4). A realistic 
mass ratio (m+ /m. = 1837) was used in the calculations. The choice 
of parameters provides for 50 ion gyro-radii across the plasma 
column but, because of the low density, only 4 Debye lengths. The 
initial condition is a spatially uniform, Maxwellian plasma at zero 
potential. 

Confinement is shown in Figs 1 and 2, the first of which presents 
a comparison with the results of three special cases. These were 
obtained under the restriction of either no electric field altogether or 
only a radial field, and the electron dynamics was ignored. Loss takes 
place on the drift time scale; the Bohm time in this instance is 
23jUsec. 

Cass 3 

25/isec 50/isec 

FIG.2. Radial density profiles (azimuthally averaged). 
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In the absence of e lec t r ic fields we can identify two c l a s se s of 
p a r t i c l e s . Those with at leas t modera te values of pa ra l l e l energy 
may freely c i rcula te along the line of force; the t ra jec tory c loses on 
itself, but with an excursion of the drift surface away from the flux 
surface given by 

2 
V V V 

Дг ~ - (1 + 2 - ) — - -

. V l " 

The magnitude i nc r ea se s as vц dec reases until pa r t i c l e s become 
t rapped to the outside by the toroidal s t ruc ture of the magnet ic field 
strength, whereupon the magnitude begins to decrease as 

v v 
. _ 47Г R II 1 

L r v 0 

(Дг is defined as the change in r from one c ross ing of the toro idal 
plane to the next; the express ions a re in the l imit of A r / r << 1.) 
The maximum excurs ion occurs at the phase space boundary 

V R 

between the two types of t r a j ec to r i e s and is given by 

(Ar) , . Z l ( 2 V / 2 ^ 
max L v il 

For ions in the work repor ted h e r e , the excurs iona t t he rma l veloci t ies 
is near ly a thi rd of the tube diameter and at maximum value exceeds 
i t . Thus a sizeable fraction of ions will be sc raped off at the boundary, 
which accounts for the loss observed in the data. Excurs ions in the 
electron orbit a r e smal le r by the factor 43. 

The preferen t ia l loss of ions c rea te s a potential well (hill for e lect rons) 
tending topreven t further l o s s . The depth observed for nQ=10° is only a 
fraction of t he rma l energy, whereas at the higher density (Case 4) 
it near ly equals kT . Ideally, e lec t rons flow along the line so as to 
cancel any charge imbalance caused by the ion drift. Then the E X В 
drift is in the flux surface and provides rotation which ei ther supple
ments or de t r ac t s , depending on the sign of v , that provided by the 
t rans form. Although V is f i rs t o rde r , n* is small by the aspect 
ra t io , and the two rotations may be comparable , as is the case for the 
ions h e r e . 

Without the p roper para l le l e lectron motion E X В drift off the 
flux surface is poss ib le . It is l a rge r than the VB drift if the azimuth-
al variat ion of the potential exceeds 

m R ' e 



600 SMITH and BISHOP 

5 S3 

epoui jad ABiauo |o;ju»4oj 



CN-24/D-9 601 

where m is the mode number. If the variation exceeds 

( 2тт O/v , R ' e tn 

(the coefficient is the order of ten for electrons in the numerical work), 
particles tend to follow the contours of constant_potential. While the 
loss of electrons solely as the result of direct E X В outward streaming 
seems remote, the emphasis has been misplaced here. The potential 
variations should first be viewed along the lines, where, by trapping 
particles, they are seen to spoil the benefits of rotational transform. 
If a particle can be localized, a substantially smaller electric field can 
be effective in causing rapid loss of particles. In fact, the VB drift 
(which is independent of mass for particles of the same energy) is 
sufficient. 

The major result of the numerical work is the demonstration that 
disruptive potential variations along the line of force may be created and 
maintained, even in the collisioniess regime. 

The development of the potential is shown in Figs 3 and 4. The 
latter shows the equipotential contours in the cross-sectional plane at 
1 /isec intervals (every fifth time step). The orientation is that the 
toroidal plane is horizontal and the major axis to the left; the ion drift 
is down. 

The energy of the m = 0 mode rises on the drift time scale as 
ions are scraped off at the boundary and levels off when the well depth 
is sufficient to prevent further loss. The downward drift of the ions 
suddenly creates an m = 1 charge imbalance. The initial quick rise is 
halted in 2 jisec, the time required for electrons to get from the top of 
the machine to the bottom by free streaming along the line. But rather 
than reversing itself, the energy continues to grow, now on a longer 
time scale, reaches a plateau, and then decays somewhat. The energy 
in the m = 2 mode also shows growth and then decay; curiously, the 
data suggest a shift of the frequency of the oscillations to a higher value 
midway through the run. The energy in the remaining modes success
ively falls off, and that of m = 6 would not appear in Fig. 3. 

The m = 1 mode involves two amplitudes: the in-out and the 
up-down distortion. The long-time evolution of the energy is due mostly 
to the behavior of the up-down distortion; the in-out amplitude, after 
a time for adjustment, is relatively stationary. 

Ions as a whole shift in the down and out direction, and the electrons 
essentially follow along. The leading-order description for the electrons, 

— + v n". Vf - — n~. V(/iB-еф)— = О 
at II m 9v.. 

may be used on the short-time scale of equilibration along the line, with 
the ions fixed because their motion is on a much longer time scale. 
The magnetic field strength appears to the electrons as a static potential 
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FIG. 4. Equipotential contours at one-microsecond intervals, reading left to right and then top to bottom. 
The contour intervals are 5 volts for the first 12ns, 10 volts for the next 12 fis, and 20 volts thereafter. 
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a n d h e n c e a f i x e d c h a r g e d i s t r i b u t i o n . In a s e n s e t h e r e a r e two i o n 
c h a r g e d i s t r i b u t i o n s fo r t h e e l e c t r o n s to c h a s e a f t e r . 

In t h e f i r s t s e v e r a l m i c r o s e c o n d s t h e e l e c t r i c p o t e n t i a l d e v e l o p s a n 
i n - o u t d i s t o r t i o n ( n e g a t i v e to t h e o u t s i d e ) w h i c h o p p o s e s t he " m a g n e t i c 
p o t e n t i a l " 

/iB 
COS 0 

a n d t e n d s t o p r e s e n t t h e e l e c t r o n s w i t h a f o r c e - f r e e s i t u a t i o n . T h i s i s 
d i s r u p t e d by the d o w n w a r d d r i f t of i o n s , a n d t h e r e u p o n the u p - d o w n 

DOWN 

FIG. 5. Regions in configuration space from which velocity distributions are constructed. 

d i s t o r t i o n p r o g r e s s i v e l y b e c o m e s d o m i n a n t . T h i s i n t i m e d i m i n i s h e s , 
h o w e v e r , a s t h e i o n l o s s i s c o m p l e t e d . T h e n w h a t r e m a i n s i s a b a s i c 
i n - o u t a s y m m e t r y w h i c h a p p e a r s to p e r s i s t . Now, t h o u g h , i t r e i n f o r c e s 
fo r t he e l e c t r o n s (nega t ive to t h e i n s i d e ) t h e e f fec t of t h e m a g n e t i c f i e ld 
s t r u c t u r e . 

B e c a u s e of t he i m p o s i t i o n of a x i a l s y m m e t r y , 

V = n . 

a n d t h e e l e c t r o n d e s c r i p t i o n l o o k s l i k e t h e e q u a t i o n f o r o n e - d i m e n s i o n 
p l a s m a o s c i l l a t i o n s , m o d i f i e d by t h e i n t r o d u c t i o n of a n a p p l i e d p o t e n t i a l . 
H o w e v e r , P o i s s o n ' s e q u a t i o n d o e s no t look o n e - d i m e n s i o n a l i n ф 
( b e c a u s e of t h e r d e p e n d e n c e a n d t h e m e t r i c ) so t h a t t h e a n a l o g y i s no t 
p e r f e c t . N e v e r t h e l e s s , w h a t i s o b s e r v e d h e r e m u s t be a n o n l i n e a r 
o s c i l l a t i o n s i m i l a r t o t h e t y p e c o n s i d e r e d by B e r n s t e i n , G r e e n e , a n d 
K r u s k a l [ 16] . 
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CASE 3 50.0 USEC CASE 3 ELECTRONS . 50.0 USEC 
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FIG. 6. Sample points in the (v ± ) Уц) plane for ions (left) and electrons (right). 

CASE3 50.0 USEC CASE 3 50.0 USEC 

ELECTRONS 50.0 USEC CASE 3 

FIG.7. Velocity distribution functions f̂  (left) and fц (right) for ions (a) and electrons (b). 
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One in te res t ing feature of the p r e sen t r e s u l t s , in con t ras t to other 
observat ions of s table, nonlinear waves [17] , i s that these apparent ly 
can be mainta ined without gross distort ion of the distribution function 
from the Maxwellian. 

Velocity distr ibutions at four selected points in space have been 
determined by sampling pa r t i c l e s found in the c ros s -ha t ched a r e a s 
shown in F ig . 5. Again the orientat ion is that the toroidal plane is 
hor izontal with the major axis to the left and the main confining field 
out of the d iagram. The spatial a r r angemen t is maintained in the sub
sequent f igures . The radi i were chosen so that the a r e a s of the annuli 
stand in the ra t io 1:1:1. Posi t ive vц i s motion in the direct ion of В 
(counter-clockwise rotat ion in the c ro s s - s ec t i ona l p lane) . 

F igure 6 shows the individual points of the sampled par t i c les in 
the (vj^ ,V|| ) plane at a given instant , t = 50 jLlsec. (The reason for the 
gr id- l ike s t ruc tu re is explained towards the end of the preceding 
sect ion. ) The ion data show the phase space depletion by scrape-off of 
ce r ta in t r a j ec to r i e s with large excurs ions from the flux surface . The 
feature of the e lec t ron data is the mixing of pa ra l l e l veloci t ies due to 
acce le ra t ion by the para l l e l e lec t r ic field. There is perhaps a sugges
tion of some s t ruc tu re , holes appearing internal ly in the distr ibution, 
but this r ema ins unsubstant ia ted. 

The distr ibutions of one velocity coordinate , in tegrated over the 
second, a r e p resen ted in F ig . 7, with the Maxwellian shown for 
compar ison by the dashed c u r v e s . The depletion shows up in the ion 
distr ibution functions as a t runcation of the ta i l and a non-ze ro value 
of / v|| \ (indicated by the t ick m a r k on the absc i s sa ) . The e lec t ron 
distr ibution functions, on the other hand, a r e re la t ively free of major 
defects . 
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CONCLUSIONS 

Numer ica l exper iments have demonstra ted that stable potential 
var ia t ions along magnet ic l ines of force can be maintained in the coll i-
s ionless r e g i m e . Those observed reinforce the trapping of e lect rons 
by the toroidal s t ruc ture of the magnet ic field, causing a l a rge r fraction 
of the e lec t ron component of a p l a sma to experience unfavorable 



CN-24/D-9 607 

curvature exclusively. Instabil i t ies whose suppress ion r equ i re s good 
communication along the line m u s t be reexamined in the light of this 
r e s u l t . 
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D I S C U S S I O N 

A. GIBSON: Your work does not include "localized p a r t i c l e s " m i r r o r e d 
in the gradients of the hel ical field of a s t e l l a r a to r . Would you expect the 
inclusion of this group to modify your r e su l t s , especial ly by permi t t ing 
the escape of e lec t rons during the init ial s tages? 
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С. G. SMITH: In o rde r to descr ibe the magnetic field for which 
"localized p a r t i c l e s " a re possible one r e q u i r e s th ree d imens ions . If the 
e lec t r ic potential i s also allowed to have th ree -d imens iona l var ia t ions , I 
would expect considerable modification in the r e su l t s (hopefully, the 
observat ion of pump-out) . I consider this extension of the model to be 
m o r e important than the inclusion of the "localized p a r t i c l e s " . Of course , 
my expectation of g rea te r complexity in the potential and your discovery 
of the "localized p a r t i c l e s " both r e s t on the existence of gradients along 
the hel ical co-ordinate and the r emova l of symmet ry . 

A. V. КОМШ: What a re the opera t ing m e m o r y and the computation 
speed of your computer? 

C. G. SMITH: The computer used in this work was an IBM 7094. 
It has a bas ic machine cycle t ime of 2 us. Many operat ions a re performed 
at the ra te of 0. 25 X 106 s"1 , but floating point ar i thmet ic is somewhat 
s lower . Since the data a r e much l a r g e r than the high-speed m e m o r y 
capacity, an important considerat ion is the t r ans fe r r a t e to secondary 
s to rage . In this work, the medium was magnetic tape with a t r ans fe r ra te of 
15 000 words per second. 

A. V. KOMIN: What is the t ime n e c e s s a r y for computing one var iant 
and the densi ty at the end of the computation? 

C. G. SMITH: A t ime step for advancing the par t ic le co-ord ina tes 
r equ i r e s slightly more than six minutes . The t ime requi red to calculate 
the density and solve for the potential i s negligible in compar i son . 

S. J . BUCHSBAUM: How much computer t ime does a typical run 
requi re? 

C.G. SMITH: Approximately 35 hours pe r case for the complete 
model . F o r the dashed data cu rves in F ig . 1 the electron dynamics was 
ignored and the running t ime was much sho r t e r . 

Yu. N. DNESTROVSKY: Is the t ime step chosen by you sufficient to 
descr ibe the osci l la t ions of the higher harmonics? 

C. G. SMITH: The m = 0, 1, 2, 3 modes a re faithfully descr ibed by 
the chosen t ime step, but the higher ha rmonics a re probably not. The 
energy of these modes, however, is quite sma l l . 
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Abstract 

FINITE ION LARMOR RADIUS AND ION-ION COLLISION EFFECTS ON EQUILIBRIUM, CRITICAL 
FLUCTUATIONS AND DRIFT-WAVE STATES OF ALKALI-METAL PLASMAS. Recent experiments and 
theories show that the effects of finite Larmor radius and ion-ion collisions, i . e . ion transverse viscosity, 
play a major role in determining the equilibrium state, and the linear stabilization and nonlinear amplitude 
saturation of the collisional drift-wave state in alkali-metal plasmas. 

While the Q machine is one of the most elementary devices used in plasma research, nevertheless 
diffusion of plasma from this device is still incompletely understood. In confirmation of the equilibrium 
model, which is based on the balance of end-wall recombination and electron flow, are measurements at 
high density, n i > 1011 cm"3: (a) The observed variation of density with input atom flux (n-[2~0), and 
(b) the chopped-input measurements of plasma lifetime, т (т = l / « w

 п ^ | a
w = w a l l recombination 

coefficient). Paradoxical.are the observations that (a) r « constant for n i < 10 n cm - 3 ; (b) The radial 
loss to an absorber placed many density-profile decay lengths, S., away from the plasma axis'can be • 
30-50% of the total loss; (с) б does not vary with temperature as expected (H2 4 D / a w rij) ; and(d) С lies 
in the range of 1-2 times the ion Larmor radius. In progress is an experimental program to reduce plasma 
convection due to end-plate temperature gradients, and a theoretical program in which transverse ion 
viscosity effects are included in the diffusion calculation. Results from this program will be related to the 
phenomena cited above. 

Detailed observations of collisional drift-waves in alkali-metal plasmas have confirmed the para
metric dependence of wand к on magnetic field strength and plasma temperature. Furthermore, the wave 
amplitude is observed to vary with mode number, magnetic field strength, plasma temperature and density, 
and ion mass as does the calculated linear-theory growth rate, provided ion transverse viscosity is included 
in the theory. Nonlinear theory predicts limit cycle behaviour (amplitude saturation) and wave-induced 
transport in qualitative agreement with experimental observations. Critical fluctuations, from the critical 
magnetic field Bc of onset to В й. Вс/2, i . e . in the stable regime, are identified by: (a) The presence 
of enhanced thermal fluctuations'at the drift-wave eigenfrequency; (b) The dependence of fluctuation 
amplitude on calculated linear growth rate у as a function of both В and radial position; (c) The de
pendence of fluctuation amplitude on the noise amplitude, A cc A n o i S e when the noise is varied externally. 

Amplitudes of critical fluctuations in the stable regime and finite drift-wave amplitudes after onset 
agree with an amplitude master-equation of the Landau-Kadomtsev type, Ô A/ô t = 0 = A.A + CA n o j s e - otA3. 

I- P L A S M A L O S S I N T H E S T A B L E S T A T E 

1*1 • I n t r o d u c t i o n 

A l t h o u g h t h e Q m a c h i n e i s o n e o f t h e m o s t e l e m e n t a r y p l a s m a 

t r a p s , t h e l o s s o f p l a s m a f r o m t h i s d e v i c e i s s t i l l i n c o m p l e t e l y u n d e r 

s t o o d . S e v e r a l s t u d i e s h a v e s h o w n t h a t , w h i l e t h e p l a s m a l i f e t i m e 

* On leave from RCA-Laboratories, Princeton, N.J. 
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at high densities follows roughly the c l a s s i ca l model (where p lasma 
l o s se s result from end-plate recombination and Coulomb collisions) 
[1-3] at low densities anomalous losses appear [3 -7 ] . For instance, 
measurements with an atomic beam chopped [ 6] have shown that the 
plasma lifetime never exceeds 20 msec (т = 10 TQ0jlrn) although the 
c lass ical model would predict much longer t imes ( > 1 sec) at the 
lowest densit ies . 

In this paper, we report and discuss further work to explain the 
anomalous l o s s . The experimental work is designed to distinguish 
which of the several modes of anomalous loss i s dominant: ion trans
port resulting from X) oscil lations, 2) radial diffusion, 3) end-plate or 
volume recombination, and 4) dc convective motions. The theoretical 
work is an investigation of the importance of ion collisional viscosi ty 
for radial p lasma diffusion. 

1. 2. The exper iments 

The experimental apparatus was the Pr inceton Q-3 machine 
shown in F i g . 1. The source of cesium ions was a 1. 0 m m diameter 
hole in the center of one of the hot tungsten end-p la tes . The p lasma 
profiles were m e a s u r e d midway between the hot plates with a Langmuir 
probe (tip s ize : 0.075 length; 0.0075 cm d i a m . ) . The radial flux of 
ions leaving the column was measu red with a biased (-20V) 
split ring col lector (see F ig . 2) which extended 1-2 m m inside the heat 
shield. The cu r ren t collected by this ring was compared with the total 
ion cur ren t measu red by a 'flux' plate covering the p lasma a r e a . 

Fo r confining fields below ~ 7 kG , the re is very little noise in 
the p lasma ( Дп/п < 0.01), and oscil lat ions cannot cause significant ion 
t r anspor t in this r eg ime . 

1. 3 . Results 

An ear ly set of prof i les , taken with uniformly (+ 10 K), but not 
necessa r i ly symmetr ica l ly , heated end- p la tes , is shown in F ig . 1. The 
p lasma density i nc r ea se s with magnetic field and is compressed towards 
the center of the pla te . If one a s sumes a Be s sel function solution in the 
source- f ree region of the form n = n**K ( r /R) , where K0 is a 
modified Besse l function of the second kind and R the relaxation 
length, o n e m e a s u r e s values of R between 1 and 2 t imes the ion cyclotron 
rad ius , as shown in F ig . 2. On the basis of s imi lar data D'Angeio and 
Rynn concluded that diffusion was caused by e lec t ron- ion coll is ions, 
because the m e a s u r e d R is also close to the theore t ica l value for 
c lass ica l diffusion, R = (D^/ufn) ' , where Dĵ  is the electron-ion 
diffusion coefficient, and a the (wall) recombination coefficient. 

We do not believe that this data can be in te rpre ted simply in 
t e r m s of c l a s s i ca l diffusion. F i r s t , the confinement t ime , for 
n < 10 cm"3 , i s constant [ 3 ,6 ] ra ther than varying as l /n . Second, 
the p lasma column does not seem to broaden (see F ig . 2) as the end-
plate t empera tu re is inc reased from 2200° К to 2500° K. Third, 
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theory would predic t that most of the ions would be lost by recombin
ation since R < < RQ (column rad ius) . However, the guard ring data, 
F ig . 3, show that i /3 to 1/2 of the total ion flux is collected at the 
column edge, strongly indicating a radia l l o s s . 

TUNGSTEN 
PUTE 

FLUX I 
PLATE ^ - 4 

FIG. 1. (a) Sketch of experimental apparatus, with detail of caesium beam feed, (b) Radial caesium 
plasma profiles (ion saturation current) as a function of magnetic field. The arrows indicate the edge 
of the hot plate. The fiducial marks are placed 1 cm apart. 

T h e n a t u r e of t h i s r a d i a l l o s s r e m a i n s o b s c u r e . S i n c e for 
m o d e r a t e m a g n e t i c f i e l d s , В ~ 6 k G . , bo th n and Vn a r e e x t r e m e l y 
s m a l l n e a r the o u t e r e d g e of t he c o l u m n ; no s i m p l e di f fus ion m e c h a n i s m 
c a n be e x p e c t e d to a p p l y . In t h i s r e g i o n i t i s l i k e l y t h a t the p l a s m a i s 
l o s t by c o n v e c t i o n [8-11] , i . e . , by E X В d r i f t s r e s u l t i n g f r o m non-
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ax i symmet r i c t empe ra tu re gradients on the hot end-p la tes . Floating 
potential p rof i les , which show closed equipotential surfaces near the 
center but not near the edge of the column, support th is view. 

. o » j 
/ Д - ' 

° 2500'К 
о 2350"К 
• 2200'к 

lu lu lu 

ION DENSITY/cnf3 

П С 2. . Relaxation length R relative to the ion cyclotron radius RL as a function of plasma density. The 
data were obtained with various magnetic fields between 2 and 15 kG. 
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FIG. 3. Ratio of guard ring current to the total ion current as a function of density in a caesium plasma. 
The magnetic field was 5.3 kG. 

T o i n v e s t i g a t e t h i s m e c h a n i s m of i o n l o s s , we d e s i g n e d a h o l l o w 
t u n g s t e n p l a t e , w h i c h p r o d u c e s c i r c u l a r , c o n c e n t r i c i s o t h e r m s (and 
h e n c e c i r c u l a r , c o n c e n t r i c e q u i p o t e n t i a l s ) ' a n d p r e c l u d e s ion d r i f t ou t of 
t h e c o l u m n . With t h i s n e w a r r a n g e m e n t , s i m i l a r d e n s i t y p r o f i l e s h a v e 
b e e n m e a s u r e d . T h e p l a s m a c o l u m n s a r e b r o a d e r (~ 50 %) bu t m o r e 
s y m m e t r i c t h a n t h e e a r l i e r d a t a . F l o a t i n g p o t e n t i a l s u r f a c e s a p p e a r to 
be c l o s e d w i t h i n 2 - 3 m m of t h e p l a s m a e d g e . A g a i n , a b o u t 4 0 % of t he 
t o t a l i o n c u r r e n t i s c o l l e c t e d by- the g u a r d r i n g s . At h i g h m a g n e t i c f i e l d s 
(above 4 - 8 kG) , t h e c o n f i n e m e n t i s l i m i t e d by i n s t a b i l i t i e s . H o w e v e r , 
be low i n s t a b i l i t y t h r e s h o l d t h e c o n f i n e m e n t , a l t h o u g h s l i g h t l y l o n g e r , 
s t i l l c a n n o t be i n c r e a s e d b e y o n d 30 m s e c , i n d e p e n d e n t of p l a s m a d e n s i t y . 
T h a t i s , a t low d e n s i t i e s (10*°), t h e l o s s r a t e i s m o r e t h a n a n o r d e r of' 
m a g n i t u d e l a r g e r t h a n e i t h e r r e s i s t i v e d i f fus ion of s u r f a c e r e c o m b i n a t i o n . 

1 .4 . E f f e c t of i o n v i s c o s i t y on p l a s m a p r o f i l e s a n d l o s s r a t e s 

T h e t h e o r e t i c a l w o r k c o n s i s t s of s o l v i n g n u m e r i c a l l y t h e ion 
r a d i a l d i f fus ion e q u a t i o n s i n c l u d i n g i o n c o l l i s i o n a l v i s c o s i t y a n d a s s u m 
i n g i s o t h e r m a l e n d - p l a t e s . In a n e l e c t r o n - r i c h Q m a c h i n e , i o n d i f fus ion 
c a n p r o c e e d i n d e p e n d e n t l y of e l e c t r o n d i f fus ion s i n c e e l e c t r o n s f r o m the 
ho t e n d - p l a t e s p r o v i d e c h a r g e n e u t r a l i t y . T h i s c a l c u l a t i o n , w h i c h i s a n 
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i m p r o v e m e n t i n t h e c l a s s i c a l m o d e l , i s r e l e v a n t to t he h i g h - d e n s i t y 
r e g i m e ; l i k e o t h e r c l a s s i c a l e f f e c t s , i o n c o l l i s i o n a l v i s c o s i t y p r e d i c t s 
a d e n s i t y - d e p e n d e n t p l a s m a l i f e t i m e t h a t i s no t o b s e r v e d a t low d e n s i t i e s . 
T h i s r a d i a l d i f fus ion e q u a t i o n i s 
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H 
£ n ( n ) 4т? k T c _Э_ 

- 2 Э£ 
, Э 2 
*-э | п = S - a n (1) 

w h e r e 

n k T y . 

4П. 

sVT 4 
ne I n Л 

М . ^ ( к Т ) 3 ^ 

П. = е В / М . с ч± = 
яДтг i / 2 2 „ , m e £ п Л e 

3(кТ) W 
a n d I = r , S i s t he p l a s m a s o u r c e , a i s t he e n d - p l a t e r e c o m b i n a 
t i on c o e f f i c i e n t , a n d M^ , m deno te t h e ion a n d e l e c t r o n m a s s e s , 
r e s p e c t i v e l y . Two b o u n d a r y c o n d i t i o n s , t he p l a s m a d e n s i t y a n d v e l o c i t y 
a t t he p l a s m a e d g e , w e r e no t k n o w n . i n a d v a n c e and w e r e f i t t ed to t he • 
e x p e r i m e n t a l p r o f i l e . F i g u r e 4 p r e s e n t s a c o m p a r i s o n b e t w e e n m e a s 
u r e d a n d c a l c u l a t e d p r o f i l e s f o r a h igh m a g n e t i c f i e ld (5650 g a u s s ) . 

FIG. 4. A comparison between calculated and observed plasma density profiles. The theoretical calcula
tion assumed isothermal endplates while the experiment had a radial temperature gradient of ~+ 50°K/cm. 

T h e r e i s q u a l i t a t i v e a g r e e m e n t b e t w e e n t h e p r o f i l e s , bu t t h i s a g r e e 
m e n t i s p r o b a b l y c a u s e d by the f a c t t h a t e n d - p l a t e r e c o m b i n a t i o n i s the 
d o m i n a n t l o s s m e c h a n i s m in bo th t h e o r y and e x p e r i m e n t . At low 
m a g n e t i c f i e ld s (2 kG) a l m o s t two o r d e r s of m a g n i t u d e s e p a r a t e the 
p r e d i c t e d (n = 3 X It)** c m " 3 ) a n d o b s e r v e d (n = 5 X 109 c m " 3 ) c e n t r a l 
d e n s i t i e s . 
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Qualitatively, ion viscosi ty forces the p lasma to rotate r igidly, 
except near the boundary; i ts effect on the radia l diffusion is smal l . 

1. 5. Conclusion 

We conclude that in the stable low-density reg ime the p l a sma 
loss ra te cannot be explained by e lec t ron- ion col l is ions, ion-ion 
col l is ions , convective dc drifts , or end-piate recombinat ion. 

2. DRIFT-WAVE STATE AND CRITICAL FLUCTUATIONS* 

2.1. Introduction 

Collisional drift waves [12] can a r i s e in fully ionized, magne t 
ically confined, low-/3 p l a s m a s as a r e su l t of the combined effects of 
densi ty gradient , ion iner t ia , and e lec t ron pa ra l l e l motion. Fini te ion 
iner t ia causes the t r a n s v e r s e ion motion to differ f rom the co r r e spond
ing e lec t ron motion (and the drif t -wave phase velocity from the d ia-
magnet ic velocity), while the e l ec t rons , through coll is ions with ions 
(paral le l res i s t iv i ty) , make available the free energy (density gradient) 
for spontaneous exci tat ion. Alka l i -meta l p l a s m a s , produced in 
Q-devices designed to sepa ra te densi ty- and t e m p e r a t u r e - g r a d i e n t 
reg ions , a r e suitable for dr if t -wave study since the p l a sma i s near 
t h e r m a l equi l ibr ium and the only known excitat ion mechanism for insta
bility in the per t inen t region i s the density gradient . 

For pe r tu rba t ions of inf ini tesimal ampli tude with longitudinal and 
perpendicu la r wavelength Л and A , wave growth depends on the 
t r a n s p o r t ra te of e lec t rons over A.. . Diffusion over A. due to ion-
ion coll is ions s u p r e s s e s the incipient instabil i ty by equalizing local 
density devia t ions . ( T r a n s v e r s e e lec t ron- ion diffusion a lso tends to 

2 .1/2 1 2 2 . 
suppress instabil i ty, but i s sma l l e r by ( m / b M. ) , b s —к г . ) 
Marginal stabil i ty occurs when the t r anspo r t r a t e of e lec t rons over A., 
balances that of ions over Ai . F u r t h e r m o r e , because of the exis tence 
of such a marg ina l or c r i t i ca l point, c r i t i ca l fluctuations, i . e . , 
enhanced t h e r m a l fluctuations at the dr i f t -wave frequency, can be 
observed in the stable r eg ime . In the unstable r eg ime , the f in i te -ampl i 
tude wave produces rad ia l t r a n s p o r t above the c l a s s i ca l level . The 
observed ampli tude sa tura t ion of the uns table wave can be attributed 
to alteration of the density profile by such diffusive transport, but 
mode-mode coupling appears to be a more plausible explanation. 

2 . 2 . Linear regime 

Theoretical analysis of collisional drift waves is based on the ion 
and electron fluid equations with the following assumptions: 

This work was done on Q - l . The ions are produced by atomic beams 
incident on the entire ionizer plates, different from the method used 
in Part 1. 
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(a) the wave electric field is given by E = - V</> ; 

(b) the magnetic field, В = Bz , is uniform and static; 

(c) w << fi- = еВ/М. с ; 

(d) v . N = Э У Ц / Э В = 0 ; 

(e) ion temperature changes due to compressive effects may be 
neglected; 

(f) - dn /n dx = constant ; 
о о 

(g) r
T << (- n /n ), r being the ion Larmor radius. 

Linear stability analysis based on these assumptions yields the 
amplitude equation: 

а(ш,к*) A = 0 (2) 

where A is the instability amplitude, a ( ш, к ) =t 0 is the linear 
dispersion relation [13] essentially represented by 
a ~ w - U)0 - i y , with ш the real part of the wave frequency, and 
where the growth rate, у , can be positive or negative, as determined 
by the plasma parameters. Adopting the scaling 
0 ) ~ k v v d ~ b 2 f . . / 4~bf i . a ; / 2v . . .where v , = - ( kTc/eB)(n' / n ) and 

У a ii l ii d о о 

Ь= l V L ' 
the condition у = 0 for long axial wavelength [14] Л. .. is given by the 
balance of the transport rates for electrons and ions over the longitudinal 
and transverse wavelengths, respectively: 

V e l | / V V i l / A l = °' With Vell= ( i ) D ! l V a n d 

V, P . 

n=~T-j [ v r ^ i ' v j ( ^ ~ ) 
e nB 

whei D„ = (KT/m v . ) and u, « n KTv .. /4SI. . 
Il e ei 1 о il l 

We note that the ion diffusion velocity V contains effects of ion-ion 
collisions and finite ion Larmor radius. The stability criterion may 
be written,equivalently, as: 

V / 4 / k S x1/4, /ТЧ1/2 1 
T > ( 4 - T — ) « ( - ) ~m (3) 

с M. KT m v . v о M. 
i e ei ii 1 

2 2 2 
Azimuthal modes m (rn-^k r, k, и k + k ) are therefore 

y 1 x y 
successively stabilized with decreasing magnetic field for given 
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temperature, density, and ion mass. Equation (3) states that the 
observed frequency does not scale as l/В , since the mode number 
m of the dominant mode should change with B. We note that, in 
addition, CO changes with the growth rate as well. Parametric de
pendences of w and к a r e c o m p a r e d w i t h e x p e r i m e n t a l r e s u l t s [13] 
i n F i g . 5 . A t the s a t u r a t i o n s t a g e t h e f i n i t e - a m p l i t u d e d r i f t w a v e i s 

FIG. 5. (a) Observed wave amplitude and theoretical growth rate as function of magnetic field. The 
absolute value of magnetic field for the theoretical (slab model) curve has been scaled by a factor of ~ 1. 5. 
n/n0 is the ratio of wave amplitude to centre density, (b) Comparison of oscillation frequency (after 
subtraction of Doppler shift) with drift-wave frequency. The drift-wave frequency is computed from 
experimental values of к , T, ̂ 0 /n0 . Potassium plasma, n„ = 1. 2 x 10" cm"3 , T = 2800TC. (c) Ratio 
of magnetic field to perpendicular wave number vs square root of density, for stabilization points of 
several modes. Theory gives proportionality factor of 9. 7 x Ю"4 gauss-cm. 

found to be n e a r l y s i n u s o i d a l , i . e . , one m o d e i s d o m i n a n t . F u r t h e r 
m o r e , a g r e e m e n t of e x p e r i m e n t a l l y o b s e r v e d s t a b i l i z a t i o n w i t h E q . (3), 
a s a func t ion of T and M. , h a s a l s o b e e n o b s e r v e d [ 1 4 ] . 
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2. 3 . Cri t ical fluctuations 

When effects of excitation a r e included, Eq. (1) becomes 

a A (4) 

Forming the quadrat ic from (4), we obtain the following amplitude 
equation 

- I * 2 / . (5) 

For an externally applied dis turbance, f is p r e s c r i b e d . For t he rma l 
fluctuations, f r ep re sen t s the random ion-fluid s t r e s s (associated with 
ion-ion coll isions) and the random elect ron pa ra l l e l cur ren t (associated 
with e lec t ron- ion coll is ions). The (quadratic) cor re la t ion of the random 
quantities (f(] 
theory [15] . 

1 , t 1 ) f ( r 2 ; t_ )) can be calculated from fluctuation 
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FIG. 6. Ion saturation current amplitudes vs B. Lower part: critical fluctuation amplitude. Upper part: 
drift-wave amplitude. Caesium, T : 
Rload = 1 0 6 " -

2750X n0 c e n t r e - 10" cm-» at 4 kG, radial position = 0. 65 mm, 
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The amplitude equation (5) (or its ensemble average) gives the 
wave amplitude in response to excitat ion. In the stable reg ime near 
instabil i ty onset, i . e . , when a ( ш, ТГ) in (5) approaches zero, background 
fluctuation amplitudes at the drif t-wave frequency a r e great ly enhanced. 
Such cr i t ica l ion - sa tu ra t ion-cur ren t fluctuations, measu red with Lang-
mui r probes , a re shown [16] in Fig. 6 . The p lasma noise power was 
found to maximize when the load res i s t ance was matched to the p l a sma 
res i s t ance obtained independently from the probe cha rac t e r i s t i c . The 
ion cur ren t fluctuation (noise) level measu red adjacent to,but off, the 
eigenfrequency, is comparable to that obtained from (f ), i. e. , the 
Nyquist level . In Fig. 7 the amplitude of c r i t ica l cur ren t fluctuations 
at the eigenfrequency is shown as a function of radial posit ion. Maximum 
wave amplitude occurs at a radia l position of max imum l inear growth 
ra te , or , in the stable regime, of min imum l inear damping r a t e . The 
noise level indicated is near ly independent of radia l posit ion. 

T I I 1 I I I I I I Г 

I I 1 I I I 1 I I I I I — I — 
0 I 2 3 4 5 6 7 8 9 10 II 12 13 И 

r,mm 

FIG. 7. Ion saturation current amplitude of critical fluctuation (in the stable regime) and of drift wave 
vs radial position. 

2 . 4 . W a v e - a s s o c i a t e d t r a n s p o r t 

E x p e r i m e n t a l l y , l a r g e e n h a n c e d p l a s m a l o s s [17] i s o b s e r v e d 
"after w a v e de s t a b i l i z a t i o n . . F o r a w a v e of ~ 10% r e l a t i v e a m p l i t u d e , 
r a d i a l p l a s m a t r a n s p o r t (one o r d e r of m a g n i t u d e a b o v e c l a s s i c a l t r a n s 
p o r t ) m e a s u r e d f r o m w a v e p a r a m e t e r s i s ~ l / lO of t h e B o h m v a l u e 
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( F i g . 8 ) . T h i s t r a n s p o r t r e s u l t s f r o m t h e p h a s e d i f f e r e n c e b e t w e e n t h e 
p l a s m a p o t e n t i a l w a v e , ф , a n d t h e d e n s i t y w a v e , n , F i g . 8 . T h e 
m e a s u r e d p l a s m a t r a n s p o r t for a s t e a d y - s t a t e f i n i t e - a m p l i t u d e w a v e i s 
in q u a l i t a t i v e a g r e e m e n t w i t h n o n l i n e a r m o d e - c o u p l i n g c a l c u l a t i o n s [ 1 8 ] , 

FIG. 8. (a) Measured phase angle ip by which the density wave leads the potential wave, (b) Comparison 
of diffusion coefficients. 

2 . 5. A m p l i t u d e s a t u r a t i o n 

W a v e g r o w t h i n t h e v i c i n i t y [19] of У = 0 i s a l s o a f f ec t ed by coupl ing 
b e t w e e n m o d e s . R e p r e s e n t i n g t h e w a v e a m p l i t u d e by 

i (k y + к z - W t ) 2 i ( k y + k z - W t ) 
" у z . 

+ c o m p l e x c o n j u g a t e 
A = A e + A 2 e 

(6) 
and collecting coefficients of each Fourier component from the non
linear equations containing linear and quadratic elements, we obtain 
the following coupled amplitude equations [18] , 

a A l + b A 2 A l = f l 

c A 2 + d A l A l = h 

(7) 

(8) 

For completeness, we include both excitation terms f and f for the 
0 and respective Fourier components. In (7) and (8), a ( О), к) 

с ( W, к )= 0 give linear dispersion relations for the fundamental and 
the second harmonic, respectively, and b ( w, k ) and d ( О), к ) are 
mode-coupling coefficients. In the absence of excitations, (7) and (8) 
give 

ac 
bd 

(9) 
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E q u a t i o n (9) c a n be i n t e r p r e t e d a s a d i s p e r s i o n r e l a t i o n fo r n o n 
l i n e a r w a v e s , in w h i c h t h e w a v e - e n v e l o p e m a g n i t u d e a p p e a r s a s a 
p a r a m e t e r . The s i g n of t h e i m a g i n a r y p a r t of W i n d i c a t e s n o n l i n e a r 
s t a b i l i t y o r d a m p i n g . W h e n (9) i s s a t i s f i e d for | A. | ^ 0 and fo r 
r e a l Ш , t h e b e h a v i o r d e s c r i b e d i s t h a t of a l i m i t c y c l e , i . e . , a f i n i t e -
a m p l i t u d e s t e a d y - s t a t e o s c i l l a t i o n . 

2 . 6. M a s t e r e q u a t i o n 

In t he s t a b l e r e g i o n a w a y f r o m o n s e t , t h e m o d e - c o u p l i n g t e r m s i n 
(8) c a n be n e g l e c t e d and t h e a m p l i t u d e i s g i v e n a s in (5) by 
A, R; f . / a . F o r a f r e q u e n c y - i n d e p e n d e n t (whi te n o i s e ) e x c i t a t i o n 
s p e c t r u m , Ai w i l l b e e n h a n c e d a t t h e d r i f t - w a v e f r e q u e n c y , 
Ш = ÙJ , l e a v i n g a ~ w - ( W Q + i y ) ~ У, a n d 

| A, | ~ - (10) 
' l ' y 

T h e s o l u t i o n of E q . (9) w i l l a l s o r e q u i r e O) s; W , and i n t h i s u n s t a b l e 
r e g i o n 

A I ~ y (11) 

An a m p l i t u d e m a s t e r - e q u a t i o n c o v e r i n g b o t h t h e d a m p e d and t h e 
n o n l i n e a r r e g i m e s m a y b e d e r i v e d f r o m (7) a n d (8). T h e i r s i m u l t a n e o u s 
s o l u t i o n i s 

. bd A # . 2 r b , . . * ,,-.* 
i A l - T A l A l = f l ' c f

2
A l <12> 

S e p a r a t i n g (12) i n t o r e a l and i m a g i n a r y p a r t s , one of t h e s e w i l l b e 
s a t i s f i e d by Red) к Ш . The o t h e r p a r t w i l l spec i fy I m Ш. R e p l a c i n g 
1m to by Э / 8 t , t h i s s e c o n d e q u a t i o n r e a d s 

•£- | A | = у | A | + c o n s t | f j + c o n s t | A | (13) 
9t 1 

S i m i l a r a m p l i t u d e m a s t e r e q u a t i o n s h a v e b e e n g i v e n by L a n d a u [ 2 0 ] 
a n d K a d o m t s e v [21] . T h e a m p l i t u d e b e h a v i o r e x p r e s s e d by (10), (11), 
a n d (13) i s s e e n i n F i g . 6 t o a g r e e w i t h t he e x p e r i m e n t . In a d d i t i o n , 
e x p e r i m e n t s h a v e v e r i f i e d t h e d e p e n d e n c e of t h e c r i t i c a l f l u c t u a t i o n 
a m p l i t u d e on e x t e r n a l l y - a p p l i e d n o i s e [16] . 

2 . 7 . C o n c l u s i o n 

S t a b i l i z i n g e f f ec t s of i o n - i o n c o l l i s i o n s and f in i te i o n L a r m o r r a d i u s 
s u p p r e s s g r o w t h of d e n s i t y - g r a d i e n t - d r i v e n c o l l i s i o n a l d r i f t w a v e s so 
t h a t n e g a t i v e g r o w t h r a t e r e s u l t s w h e n p l a s m a p a r a m e t e r s . s u c h a s 
m a g n e t i c f i e l d , d e n s i t y , o r t e m p e r a t u r e , a r e be low (o r a b o v e ) t h e i r 
c r i t i c a l v a l u e s . At s t a b i l i z a t i o n , t h e p a r a m e t r i c d e p e n d e n c e of ш and 
k i s m e a s u r e d to be i n a g r e e m e n t w i t h l i n e a r t h e o r y . In t he l i n e a r l y 
s t a b l e r e g i m e , c r i t i c a l f l u c t u a t i o n s a t t h e d r i f t - w a v e f r e q u e n c y a r e 
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observed. The amplitude dependence of c r i t ica l fluctuations on the 
l inear damping ra te (У < 0) and on t he rma l or external ly applied noise 
level, as well as the amplitude dependence of the drift wave on l inear 
growth ra te (У > 0) in the unstable regime adjacent to onset, a re found 
in agreement with an amplitude mas te r -equa t ion : 

Я А ' 3 • ^ = y A + CA . - a A 9t noise 
obtained from nonlinear calculations based on mode-mode coupling. 
Radial p lasma t r anspor t , ~ 10% of the Bohm value, i s measu red for 
a s teady-s ta te wave of ~ 10% relat ive ampli tude. This t r anspor t is a 
d i rec t consequence of the п-ф phase difference. The measu red t r a n s 
por t is in qualitative agreement with nonlinear calculat ions. 
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Abstract 

EFFECT OF SHEAR AND CONNECTION LENGTH ON DRIFT WAVES AND PLASMA CONFINEMENT. 
We have investigated separately the effectiveness of shear and of short connection length on drift instabilities 
in a 0.22 eV thermally-ionized, 3-meter long potassium plasma. These experiments were carried out with 
T i / T e and pi/R in a regime comparable to what would obtain in a fusion reactor. In the density range 
n - 109 -101 1 cm - 3 , we cover the transition from collisionless to collisional excitation of drift waves; ion 
viscosity is important only at highest densities studied. 

By tailoring the radial electric field, it is possible to produce quiescence, turbulence, or single modes. 
Shear is applied by passing current through a 1-cm diam. hard core along the axis. Both turbulent and 
coherent drift waves are stabilized by shear of order в ~ 0.05, in fair agreement with the theory of Krall 
and Rosenbluth, However, at large shear, small-amplitude coherent oscillations reappear unexpectedly. 

At zero shear, D x is 2-3 times the Bohm diffusion coefficient; at maximum shear, D± is decreased 
a factor of 5-30 to 2-3 times the classical value. At least half of Dx, however, is not connected with 
oscillations at all; it is due to the d.c. drifts in weak asymmetric electric fields produced by temperature 
variations at the end plate. The twisting of the equipotentials into spirals and thus symmetrization of the. 
E fields has been observed in detail experimentally. A finite -Larmor -radius theory for the effect of shear 
in reducing the radial drift is found to be in agreement with the observed reduction in Dj_. 

Short connection length is achieved by internal current loops providing a Bz opposing the main Bz, 
thus creating stagnation points lying on the axis. In the vicinity of each ring, the plasma is bent around 
the ring and is stabilized by both minimum-B and viscous damping. The rings are spaced 75-180 cm 
apart, and between rings the field is uniform. Thus, instabilities are restricted to those with short \ ц . 
We find that the oscillation level is greatly reduced by current in the rings. 

We conclude that 1) radial electric fields affect not only the frequencies but also the excitation 
thresholds of drift waves; 2) it is easy, with small shear or minimum-B, to reduce oscillations to a level 
at which they contribute negligibly to anomalous transport; and 3) the primary loss mechanism is steady 
convection along asymmetric equipotentials, and large shear can reduce the loss rate by twisting the 
equipotentials into long spirals. 

1 . INTRODUCTION AND APPARATUS 

D r i f t w a v e s in an i n h o m o g e n e o u s p l a s m a c a n be s t a b i l i z e d by a) 
m a g n e t i c o r v e l o c i t y s h e a r and b) m i n i m u m - B w i t h s h o r t c o n n e c t i o n 
l eng th b e t w e e n r e g i o n s of f a v o r a b l e c u r v a t u r e . In t h i s p a p e r w e s u m 
m a r i z e f o u r e x p e r i m e n t s d e s i g n e d to t e s t s e p a r a t e l y the e f f e c t i v e n e s s 
of e a c h m e t h o d in s u p p r e s s i n g o s c i l l a t i o n s a n d d e c r e a s i n g a n o m a l o u s 
p l a s m a t r a n s p o r t . T h e e x p e r i m e n t s w e r e c a r r i e d out in a t h e r m a l l y i o n i z e d 
p o t a s s i u m p l a s m a (Q m a c h i n e ) in w h i c h c u r r e n t s a n d m a s s flow a l o n g 
В w e r e c a r e f u l l y m i n i m i z e d , A d i a g r a m of the m a c h i n e in the s h e a r 
c o n f i g u r a t i o n i s shown in F i g . 1. T h e 3 2 6 - c m l e n g t h of the p l a s m a 
b e t w e e n the ho t p l a t e s a l l o w s w a v e s of s m a l l к to. g r o w in s p i t e of 

* Supported under the auspices of the US Atomic Energy Commission. 
T Present address: Los Alamos Scientific Laboratory, Los Alamos, New Mexico. 
$ Permanent address: Stevens Institute of Technology, Hoboken, N.J. 
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l ine-tying by the e lectron sheaths at each end plate [1]. At 4 kG, the 
ion gyroradius r is 0. 1 cm, so that there a re 5 -10 gyroradi i in a 
density scale length r in the h a r d - c o r e configuration; the rat io r / r 
is comparable to that m the p resen t generation of mul t ipoles . By 
varying the density n , the mean free path can be var ied from 100 cm 
down to l e s s than 1 cm. 

In thermionic p l a smas the radial e lec t r ic field E 
determined by the equation 

1 
J T е х р ( е ф / К Т ) = - n v 

i s p r i m a r i l y 

(1) 

e x p r e s s i n g the b a l a n c e b e t w e e n r a n d o m e l e c t r o n c u r r e n t s t r i k i n g the 
end p l a t e s a n d the t h e r m i o n i c a l l y e m i t t e d c u r r e n t , a t t e n u a t e d by the 
C o u l o m b b a r r i e r of the s h e a t h . H e r e j i s t he R i c h a r d s o n c u r r e n t 
J T - AT exp ( -e0 / K T ) , and ф i s t hé (nega t ive ) p o t e n t i a l d r o p f r o m 

the end p l a t e s u r f a c e to the s h e a t h edge . - S i n c e n v a r i e s w i t h r a d i u s , 
so w i l l ф. The r e s u l t i n g E c a u s e s a p l a s m a r o t a t i o n w h i c h P o p p l e r 
sh i f t s the e l e c t r o n d i a m a g n e t i c v e l o c i t y v = - ( K T / e B ) ( n ' / n ) в to 
zero in the laboratory irame and t he ion aiamagnetic v e l o c i t y 
v _ . = - v ^ to 2v_.. H o w e v e r , d e v i a t i o n s f r o m t h i s " n o r m a l " E 

Di , De , , Di r 
o c c u r w h e n s m a l l t e m p e r a t u r e g r a d i e n t s in t he end p l a t e s c a u s e l a r g e 
v a r i a t i o n s in j , and w h e n i o n - i o n c o l l i s i o n s a l l o w a n o n v a n i s h i n g 
m o b i l i t y a c r o s s B . T h e s e e f f ec t s a r e i m p o r t a n t in u n d e r s t a n d i n g the 
r e s u l t s w h i c h fo l low. 

FIG. 1. Schematic diagram showing one end of the hard-core Q machine; the other end is identical and 
is located 3 metres away. The tungsten hot plate A is heated to 2550'K by electron bombardment from 
the filament B. Neutral potassium atoms impinging on A are collimated by 16 small pipes С emanating 
from an annular chamber fed by the heated pipe D. The plasma aperture is defined by the limiter E. 
The grounded molybdenum tube F prevents fast electrons from entering the plasma. The hard core G 
is a water-cooled, anodized aluminium tube 1 cm in diameter threaded through 1.3 cm diameter holes 
in the hot plates and kept straight by 500 kg of tension. The ceramic break H allows the vacuum chamber, 
including the aperture limiter E, to be biased at a potential ,VC relative to the grounded hot plates. The 
collector J measures the total flux of ions emitted from the hot plate; J is split so as to be removable. 
К is a typical Langmuir probe. L is a plasma catcher for measuring the radial losses to the outside. 
The inner limiter M can also be used to measure losses to the inside and to set the plasma potential 
at the inner boundary. The plasma diameter is 5. 08 cm, and all positions are approximately to scale, 
except that L is normally at the midplane of the machine. 
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A N O M A L O U S T R A N S P O R T BY P L A S M A C O N V E C T I O N 

W h e n the n e u t r a l i npu t f lux Ф. i s kep t c o n s t a n t , we h a v e p r e v i 
o u s l y r e p o r t e d [2] t h a t t he p l a s m a d e n s i t y i n c r e a s e s by m o r e than an 
o r d e r of m a g n i t u d e a s t he h a r d - c o r e c u r r e n t I i s i n c r e a s e d to i t s 
m a x i m u m v a l u e of 4 kA d . c . T h i s e f fec t i s i l l u s t r a t e d in F i g . 2, w h i c h 
s h o w s the i n c r e a s e in n w i t h I . The c u r v e n i s a l o w e r l i m i t on 
t he d e n s i t y e x p e c t e d if l o s s e s were" due to o s c i l l a t i o n s a l o n e ; t h i s 

and the a s s u m p t i o n 
is s e e n t h a t a b o v e 

l i m i t i s o b t a i n e d f r o m t h e o s c i l l a t i o n a m p l i t u d e n 
t h a t n , and p o t e n t i a l 0 , a r e 90° out of p h a s e . It i 

= 2(1. I = 200 A , the d e n s i t y i s l i m i t e d by a s h e a r - d e p e n d e n t l o s s m e c h a n i s m 
not r e l a t e d to o s c i l l a t i o n s . ' 
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FIG. 2. Increase of peak density n with current in the hard core. The point nCl is the density expected 
from classical processes alone (resistive diffusion and end-plate recombination). 

Such a m e c h a n i s m i s the s t e a d y c o n v e c t i o n of p l a s m a a long e q u i -
p o t e n t i a l s w h i c h a r e no t c o n c e n t r i c , w i t h the p l a s m a . A c c o r d i n g to 
E q . (1), a s y m m e t r i e s in the d i s t r i b u t i o n of p l a s m a p o t e n t i a l ф c a n 
a r i s e f r o m a z i m u t h a l g r a d i e n t s in e h d - p l a t e t e m p e r a t u r e T and h e n c e 
in j T h i s e f fec t h a s b e e n v e r i f i e d by d i r e c t p y r o m e t r i c m e a s u r e 
m e n t s ( Д Т = ±15° К in o u r c a s e ) . When s h e a r i s a p p l i e d , t he r a d i a l l y 
v a r y i n g r o t a t i o n a l t r a n s f o r m c a u s e s the e q u i p o t e n t i a l s to be t w i s t e d 
in to long s p i r a l s , a s s h o w n in F i g . 3 , b e c a u s e p o t e n t i a l i s a p p r o x i 
m a t e l y c o n s t a n t a long a l ine of f o r c e . T h i s h a s the e f fec t of s y m 
m e t r i z i n g the d r i f t s u r f a c e s , and i ons m u s t E X В d r i f t a l o n g e r d i s 
t a n c e to c h a n g e r a d i a l p o s i t i o n . [Note t h a t e l e c t r o n s a r e not con f ined 
b e c a u s e of the S i m o n s h o r t - c i r c u i t ef fect and n e e d on ly s a t i s f y E q . (1). ] 

The e x i s t e n c e of s p i r a l c o n v e c t i y e c e l l s i s r e v e a l e d by r a d i a l 
s c a n s of p r o b e f loa t ing p o t e n t i a l , a s shown in F i g . 4 fo r two v a l u e s of 
I . T h e s e p a t t e r n s a r e s t e a d y and r e p r o d u c i b l e . The s p a c i n g Дг 
b e t w e e n s p i r a l a r m s i s found to v a r y a s r , a s e x p e c t e d f r o m t h e o r y . 
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By p r o b i n g the e n t i r e c r o s s s e c t i o n , o n e c a n p l o t t h e e q u i p o t e n t i a l 
c o n t o u r s shown in F i g . 5 f o r two d i f f e r e n t d i s t a n c e s f r o m the ho t 
p l a t e . T h e s e o b s e r v a t i o n s c o n f i r m the e x i s t e n c e of s p i r a l c o n v e c t i v e 
p a t t e r n s in t he p r e s e n c e of s h e a r . We n e x t c o m p u t e t h e i n c r e a s e in 
c o n f i n e m e n t t i m e a r i s i n g f r o m t h i s e f f e c t . 

FIG. 3. Schematic of how an equipotential contour with an m = 1 asymmetry can be twisted into a 
spiral by shear, characterized by the parameter Isz/Bz , where z is the axial separation between the 
two cross-sections depicted. Radial profiles of plasma potential Ф are shown below. In double-ended 
operation, the spirals from each end plate are superimposed. 

DEVELOPMENT OF CONVECTIVE CELLS 

I I 1 I i I i i I I 
5 10 /5 ZO 25 mm S 10 15 20 25 mm 

FIG. 4. Radial profiles of probe floating potential at midplane of machine in simple-ended operation. 
Peak density was about 1010cm"3. 

If r w e r e z e r o , one can show that the rad ia l c o m p o n e n t v of 
ion drift v e l o c i t y i s not changed by s h e a r , s i n c e the i n c r e a s e in path 
l ength i s e x a c t l y c a n c e l l e d by an i n c r e a s e in dri f t v e l o c i t y due to the 
s t e e p e n i n g of potent ia l g r a d i e n t s when the s p i r a l p a t t e r n s d e v e l o p . 
H o w e v e r , w h e n the w a v e l e n g t h Д г of the s i n u s o i d a l po tent ia l v a r i a 
t ions in F i g . 4 b e c o m e s s m a l l e r than r , an ion s a m p l e s d i f ferent 
e l e c t r i c f i e l d s in e a c h gyrat ion; and i t s guiding c e n t e r su f f ers a 
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decrease in drift velocity. We have computed the guiding-center 
motion for a r b i t r a r y Д г / г by expanding the ion equation of motion 
in a sheared field in the small p a r a m e t e r e = r 6 Tj/frr, where 
Г) = еф/КТ = T) (r) + 7] (r , в), r\ being the symmet r ic pa r t and r\. 
the a s y m m e t r i c pa r t of the potent ia l . F r o m F i g . 4 i t i s seen 
that г &Ц / d r is smal l because T) , though of O(l), is slowly varying; 
and r df],/dr is smal l because r\ « 1, though it is rapidly vary ing . 
After integrat ing over a Maxwellian dis tr ibut ion, we find 

Ee A m z
r L Be , 2 

vr = в - e x p " [ 4 T T B~ ] (2) 

z z 
where E is the azimuthal e lec t r ic field at an end plate due to an a s y m 
met ry of the form sin m 9, and the exponential factor exp re s se s the 
dec rease in v at a distance z from one end plate due to shear and 
finite r . L 

To compute the loss rate we assume that ions have a high p r o b 
ability P of being lost to the l imi te r o r to the ha rd core if they reach 
r = r or r = r , respect ively , where r and r , a re about a L a r m o r 
d iameter away from the actual boundar ies ; and we integrate n v for 
outgoing pa r t i c l e s over в and z at these rad i i . We also assume 
that the equipotentials that reach r. and r a r e easi ly populated f rom 
those that do not; a few coll is ions a re sufficient to do this when the 
a symmet ry is l a r g e . A typical resul t is shown as the " theory" curve 
on Fig . 2. The slope of this curve depends on the rat io of losses at 
r to those at r ; for the measured rat io the fit is good. The absolute 
magnitude of n depends on P and some form fac to r s ; it is also in 
good agreement with exper iment . 

We conclude that at high shear the anomalous loss can be ent i rely 
attr ibuted to steady convection. At zero shea r , convective losses a re 
about equal to lo s ses connected with osc i l la t ions . 

3. E F F E C T OF RADIAL ELECTRIC FIELDS ON DRIFT WAVES 

The low-frequency osci l lat ions in our machine a r e general ly 
turbulent, with a continuous spec t rum up to ~ 5 kHz. To recover the 
coherent osci l lat ions of Hendel et a l . [3], we have a) removed the hard 
core and the hole in the end p la tes , b) changed the collimation of К 
atoms to have a peak on the ax i s , c) increased n to the 10 c m " 
range, and d) insulated the vacuum chamber .and%dded the l imi te r E 
(Fig. 1) so that a var iable potential V could be applied to the edge 
of the p lasma . This oscil lation amplitude vs V is shown in F ig . 6. 
With the normal bias V = 0 , large turbulent fluctuations always appear . 
For V < 0, these fluctuations i n c r e a s e , and the p lasma suffers 
"pumpout. " Fo r a range of V the p lasma is quiescent (n /n < 1%). 
At a c r i t ica l V , in this case about +2 V, coherent osci l lat ions set in. 
As V is further inc reased , these oscil lat ions change frequency, some
times undergo a mode switch, and then become noisy. The quiescent • 
range of V na r rows and d i sappears with increas ing B, The coherent 
waves a re general ly m = 1 or m - Z modes with amplitude maximum 
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A. INITIAL ASYMMETRY 
lsZ /B,*0 

B. COMPUTED CONTOURS 
lsZ / S, =35.5 

С MEASURED CONTOURS 
lsë/B,*35.5 g= 76 cm 

0. MEASURED CONTOURS 

/ S 2 / B , = 35.5 2=259cm 

FIG. 5. Equipotential contours (A) measured with Ij = О, (В) computed from (A) with a rotational 
transform corresponding to I s z /B z = 35. 5 A-cm/G, (Q measured at z = 76 cm, and (D) measured 
at z = 259 cm with Is adjusted to keep I s z /B z constant. Some equipotentials are shown dashed for 
clarity. The slight difference between (C) and (D) is caused by diffusion. 

HASHY 

f = W2 kHz 

v. У. 

(=1.52 kHz 

..-И-

B=2kG 

3 4 5 6 7 8 
Vc (volts) 

PIG. 6. Amplitude of oscillations on probe current vs vacuum chamber bias Vc. The decrease in 
amplitude at Vc < 0 is due to loss of plasma density. 

a t t h e m i d p l a n e a n d z e r o a t t h e e n d p l a t e s . T h e y h a v e a n i m m e a s u r a b l y 
s m a l l n - ф p h a s e s h i f t a n d h a v e l i t t l e e f f e c t o n t h e p l a s m a d e n s i t y . 
T h e s t e a d y - s t a t e a m p l i t u d e n , / n v a r i e s f r o m 0 . 0 1 t o 0 . 3 , d e p e n d i n g 
o n f a c t o r s s u c h a s V . ' 
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FIG. 1. Direct measurement of the radial profile of Et in the plasma. Deviation from the solid line 
through the origin indicates deviation from sblid.-body rotation. The amplitude distribution of the 
oscillation is shown below. 

n p x IQ-" (cm-') 

FIG. 8. Variation of the threshold value of Vc with В at various peak densities n„ . Waves can be 
excited by either increasing В at fixed Vc or increasing Vc at fixed B. 

When V i s v a r i e d , the r a d i a l e l e c t r i c , f ie ld E in the p l a s m a i s . 
c h a n g e d f r o m t h a t g iven by E q . (1) b e c a u s e of t he f in i t e ion m o b i l i t y . 
We h a v e m e a s u r e d E d i r e c t l y by a new t e c h n i q u e e m p l o y i n g s y n c h r o 
nous d e t e c t i o n of f loa t ing p o t e n t i a l s i g n a l s w h e n the p l a s m a i s d i s p l a c e d 
by - 1 m m a t a f r e q u e n c y of 17 Hz by m e a n s of a u x i l i a r y co i l s ' . F i g u r e 7 
shows an e x a m p l e of s u c h a m e a s u r e m e n t . It i s s e e n t h a t t h e r e is a 
r eg ion in w h i c h E r œ r ; t ha t i s , t h e r e i s no v e l o c i t y s h e a r ; a n d the 
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oscil lat ion is peaked t h e r e . This appears to be a neces sa ry r e q u i r e 
ment for coherent waves . In the case of F ig . 7, the end plates were 
cooler at the center than at the edge and we had E > 0; the wave 
velocity in the E = 0 frame was then v / 2 , in agreement with the 
resu l t s of Hendel et a l . [3]. However, when E < 0 was achieved by 
preferent ia l ly heating the center of the end p la t e s , there was no longer 
agreement with the drift-wave velocity, a resu l t previously repor ted 
by Har tman [4]. 

F igure 8 shows the voltage V at onset of osci l lat ions vs В for 
var ious dens i t i e s . The curves approach a c r i t i ca l field В asympto t 
ical ly . If В /к is plotted against n1 ' , as done by Chu et a l . [5], 
the re is agreement with their r e s u l t s . The bending of the curves of 
F ig . 8 toward higher В at low V is an indication of stabil ization by 
shear in the E* ХВ" drift veloci ty. We conclude that E (r) has a 
profound effect on both the frequency and the excitation of drift waves . 

4, DRIFT WAVE STABILIZATION BY MAGNETIC'SHEAR 

4 . 1 . Turbulent osci l la t ions 

We have previously [2, 6] repor ted on the stabil ization of turbu
lent osci l lat ions occur r ing at low density (n < 10 ) with the vacuum 
chamber grounded. These oscil lat ions had l a rges t ampli tudes on the 
inside gradient (near the hard core) but were pushed to the outside 
gradient , reduced in ampli tude, and localized radia l ly by the appl ica
tion of severa l kA of cu r ren t I '. Measu remen t s with an electronic 
co r r e l a to r showed that these fluctuations propagated at the p roper 
velocity for drift waves in the E - 0 f rame , and that the n - ф phase 
shift was unmeasurably smal l . F igure 9 shows fur ther observat ions 
indicating that the stabilizing effect of I is not monotonie. Reappea r 
ance of osci l la t ions at high shear was unexpected, as was the la rge 
amount of shear needed to suppress all osc i l la t ions . 

4.2 Sinusoidal osci l lat ions 

By adjusting the b i a se s on the outer l imi te r E and inner l imi te r 
M (Fig. 1), we can now produce clean osci l la t ions occurr ing (at 1 = 0 ) 
on ei ther the outer or inner density gradient . Examples of these a r e 
shown in F igs 10 and 11, respec t ive ly . The outside waves a r e usually 
m = 7 or 8 and prefer В ~ 3 kG, in cont ras t to m = 1 or 2 and В « 2 kG 
for the gent ler gradients of Sec. 3. These waves a re l ine-t ied at the 
end plates and have a single max imum near the midplane. The n - ф^ 
phase shift is z e r o . In the E = 0 f r ame , the wave velocity Cd/k is 
about 0.3 v ; this ag rees with the computed d ispers ion relation [7] 
if the f ini tenels of k^ r i s fur ther taken into account . F u r t h e r m o r e , 
U)/k is c lose r to v if V is close to threshold . The inside osc i l l a 
tions a re general ly m = 1. •The wave velocity in the E = 0 frame is 
1. 5 v if the Doppler shift is computed with the value of E at the 
amplitude maximum; however, as seen on F ig . 11, E v a r i e s rapidly 
on the scale length of r , and the wave velocity is probably affected 
by the nonuniformity i n E ] . The n - 0. phase shift is near ly 180°, 
with 0 slightly leading; this suggests that the inside waves a re F L R -
stabil ized flute m o d e s . 
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<Jj> VS. SHEAR 
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FIG. 9. Mean square oscillation amplitude at a fixed radius as a function of hard-core current. 

-2 О 
г {cm) 

FIG. 10. Amplitude, density, and potential distributions for a 3520 Hz, m = 10 sinusoidal oscillation 
occurring on the outside gradient at В = 3 kG, ts = 0. 
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FIG. 11. Amplitude and density distributions 
for a 5200 Hz, m = 1 sinusoidal oscillation 
occurring on the inside gradient 
at В = 3 kG, I. = 0. 

FIG. 12. Mean square oscillation amplitude 
vs hard-core current for coherent modes 
on outside density gradient. Ig(kA) 
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When shear is applied to the waves on the outside gradient , the 
variation of oscil lation amplitude with I is s imi la r to that shown in 
Fig. 9 f ° r turbulent waves , except that the f i rs t peak at low shear 
often exhibits fine s t ruc tu re , as shown in Fig, 12. The mode switch 
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FIG. 13. • Shear parameter 6 required to stabilize coherent drift modes. The open points refer to point A 
of Fig. 12; the solid points to point B. The value of 0 was taken at the radius of maximum oscillation 
amplitude, with ц defined by n'0/n0 = -2r/rJ. The theoretical values are computed from Krall and 
Rosenbluth (upper line) and Coppi et al. (lower line). For the latter we have taken the number N of 
e-foldings to be 3 and have used the measured value of ky Vp. 

a t po in t A i s p r o b a b l y c a u s e d by the c h a n g e in E b r o u g h t on by 
s h e a r ; the o s c i l l a t i o n a m p l i t u d e d o e s no t d e c r e a s e g r e a t l y u n t i l p o i n t 
B . The s h e a r p a r a m e t e r s в , de f ined by 

] r d r 

c o r r e s p o n d i n g to p o i n t s A and В a r e p l o t t e d in F i g . 13 for m = 7 a n d 
m = 8 m o d e s a t v a r i o u s В . C o m p a r i s o n i s m a d e w i t h the two m o s t 
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relevant theor i e s : 
normal modes , 

that of Kral l and Rosenbluth [8] for col l is ionless 

9 .. = r / 2 r c r i t L с (3) 
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and that of Coppi et al. [9] for resistive quasi-modes, 

i v . 1/2 

crit 3M l M k v^ ' l ' 
y D 

Since Eq. (3) predicts a higher value of 6 than Eq. (4), the latter is 
irrelevant; at any rate, we do not observe the large radial propagation 
velocity expected of quasi-modes. Collisions are expected to raise 
the value of 0 given by Eq. (3) only slightly. Since Eq. (3) is accurate 
only to within a factor of 2 or 3, there is agreement with the solid 
points on Fig. 13. 

The waves which reappear at high shear (Fig. 9) are m = 1 
modes with a sawtooth wave form and f ~ 370 Hz. Their k is 
difficult to measure because of the large shear. Since the electric 
field pattern (Fig. 5) is so complicated, the Doppler shift is difficult 
to compute. In one case we found U)/k = 0. 55 ± 0.11 v by aver
aging E measured at four azimuths. We calculate that the excitation 
of either flute or drift modes by the centrifugal force due to plasma 
rotation and line curvature is weaker than the excitation of ordinary 
resistive drift waves. We conjecture that these high-shear modes are 
Kelvin-Helmholtz instabilities connected with the spiral convective 
patterns of Sec. 2. The amplitudes are so small that these modes 
have no measurable effect on plasma confinement. 

We conclude that our stabilization results for single modes are 
in agreement with theory, within the accuracy of existing theories. 

5. STABILIZATION BY DAWSON RINGS 

To test stabilization by short convection length, we have added 
internal reverse-current loops to the machine with solid end plates 
and no hard core, as shown in Fig, 14. As pointed out by Dawson [10] , 
this configuration has favorable J" d£/B everywhere. The field configu
ration at B = 2 kG, with I - 22. 6 kA-turns in the Dawson rings,- is 
shown in Fig. 15. In addition to minimum-B stabilization in the neighbor
hood of each coil, one expects viscous stabilization, since the ratio of 
r to plasma thickness d in the "bridge" region is only about 0.3. 

Density profiles with the ring on and off are shown in Fig. 16. 
By means of obstacles inserted into the plasma (Fig. 14), we have 
determined that the large density near the axis with the coil on must, 
in the absence of oscillations, come from collisional diffusion in the 
bridge region. The fast diffusion there unfortunately also shortens 
the plasma lifetime, so that a direct comparison of oscillation levels 
with the coils on and off cannot be made. 

Figure 17 shows the stabilization of an m = 2, f = 3.4 kHz drift 
wave at 2 kG. However, the corresponding density profiles (Fig. 18) 
show a factor of 5 decrease in density and, presumably, of plasma 
lifetime. The increased loss rate is due partly to collisional diffusion 
in the bridge region and partly to stray fields from the return leads, as 
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I METER 

FIG. 14. Machine configuration for the Dawson ring experiment. 

SHIELDED LEADS 

APERTURI 

DAWSON COIL FIELD CONFIGURATION 
6,-20008 I,,-22*00 AMP-TURNS DC 

FIG. 15. Field lines around a Dawson ring in normal operation. The insert shows a top view of the 
computed field configuration around the leads, which are magnetically shielded with the help of an 
iron insert. 

XNSITY PROFILE 
NEAR DAWSON RING 

FIG. 16. Density profiles near the Dawson ring with the ring current on and off, taken with a probe in 
the position shown. 
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FIG. 17. Top trace: drift wave with Dawson ring off. Bottom trace: probe signal with same gain with 
Dawson ring on. Ac coupled; 200 us/cm. Probe E (Fig. 14). 

FIG. 18. Density profiles corresponding to Fig. 17. Probe D (Fig. 14). 

i f • 

FIG. 19. Top trace: Dawson ring current, 20 kA-turns/cm, increasing downwards. Bottom trace: probe 
current at r = 1. 5 cm, d. с -coupled (baseline is at bottom). Sweep: 20 ms/cm, from right to left. Low 
density during rise and fall of current is due to the field lines intersecting the Dawson ring. 
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d e t e r m i n e d by r e v e r s i n g the s i gn of I . To r e d u c e t h e d i f fus ion l o s s , 
и i n c r e a s e d В to 3 . 2 4 kG a n d p u l s e d I to 44 kA - t u r n s fo r 0 .1 s e c , 
The o s c i l l a t i o n s w e r e t u r b u l e n t a t t h i s В . A t y p i c a l p u l s e i s shown 
in F i g . 19. P r o b e D ( F i g . 14) w a s p l a c e d on the d e n s i t y g r a d i e n t of 
bo th t he "off" a n d " o n " p r o f i l e s . It i s s e e n f r o m the p r o f i l e s of 
Fig - 20 t h a t a l t h o u g h the d e n s i t y d e c r e a s e w a s on ly a f a c t o r of 2 , t h e 
d e c r e a s e in n / n w a s a s m u c h a s a f a c t o r of 2 0 . No f u r t h e r i m p r o v e 
m e n t w a s o b s e r v e d by u s i n g p r o b e В ( F i g . 14), l o c a t e d in a s h o r t e r 
s e c t i o n of the m a c h i n e b e t w e e n two r i n g s . S i n c e a l a r g e r e d u c t i o n in 
o s c i l l a t i o n l e v e l a l w a y s a c c o m p a n i e s t h e f i r i n g of the D a w s o n r i n g s , 
we c o n c l u d e t h a t t h i s i s an e f f i c ien t m e t h o d f o r s t a b i l i z i n g d r i f t w a v e s . 
H o w e v e r , we w e r e u n a b l e to i n c r e a s e t h e p l a s m a l i f e t i m e . 

FIG. 20. Profiles of density and oscillation amplitude with В = 3240 G, Ip = 0, and 44 kA-tums. 
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Abstract . 

EXPERIMENTAL STUDY OF-THE EFFECT OF RADIAL ELECTRIC FIELDS ON THE STABILITY OF A 
MAGNETICALLY CONFINED PLASMA. Low-frequency, spontaneous, electrostatic oscillations propagating 
azimuthally. in.low-8, .magnetically confined plasma columns, have been studied in many devices. In 
most of these .experiments, the peak, amplitude of.the observed oscillations has been in a region where both 
radial density gradients and radial electric fields existed. To separate these two effects we studied the 
behaviour of the coherent oscillations of an alkali plasma in conditions/where the radial electric field could 
be externally controlled. ' ' ' 

The experiments were performed in a single-ended, large-diameter (8 cm), alkali plasma (Q-m'achine). 
To achieve an adjustable electric field, the hot end-plate was split into two concentric parts separated by a 
small gap. By -applying a' steady voltage between these sections, an adjustable electric field is observed 
down the 90-cm length of the plasma column. -For low applied voltages the plasma was quiescent. 

When the voltage was increased above a threshold value (between 0.05 and 0.5 V), low-frequency 
( 1 - 10 kHz) coherent oscillations were observed. In this case, the electric-field drift velocity was much 
greater than the density-gradient drift velocity. The oscillations propagated azimuthally in the ExB 
direction and formed a standing wave in the radial direction. Fora given azimuthal mode number, the ' 
frequency was proportional to the applied voltage. Potential and density fluctuations were out of phase, 
suggesting that this is a flute-type-mode, perhaps driven by. shear in azimuthal velocity. '' 

At higher applied^voltages (1 - 3 V), the density gradient in the centre part of the plasma increased 
noticeably. -In this region there was a strong density gradient, but a comparatively small electric field. 
Here, a different kind of azimuthally propagating, coherent, low-frequency ( 1 - 3 kHz) oscillation was 
observed. In this case, density and potential oscillations were in phase, suggesting some form of drift wave. 

1. INTRODUCTION 

Both non-uniform radial electric fields and radial density gradients 
affect the stability of .magnetized plasma columns. In most experiments 
it is difficult to separate these, two effects. In this work we studied the 
behaviour.of the spontaneous coherent oscillations of an alkali plasma, 
in conditions where the radial electric field could be externally controlled. 
Two different modes of oscillation were found. The first is, localized in 
a region where the electric field,drift velocity is much greater than the. 
density-gradient drift velocity. We believe .this may be a flute7type mode 
driven by shear in the azimuthal velocity [1, 2]. The second mode is 
localized in a zone of large density gradient but comparatively small . 
electric field. We believe this oscillation is related to the density-gradient 
drift wave studied extensively by Buchelnikova-, Hendel and others [3-6]., 

In the next section some of the details of the experimental arrange
ment are described. In sections 3 and ,4 .we describe the .behaviour of the, 
"electric-field" mode and the "density-gradient" mode. Section 5 contains 
a discussion of these results. . . . . . . • 

641 
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2. EXPERIMENTAL DETAILS ' ' 

This experiment was performed in large-diaméter (8 cm) caesium 
and potassium plasma columns 90 cm long (a "Q-machine") [7, 8]. The 
density (n) was in the range of 109 - 1011 cm"3 and the magnetic field (B) 
was between 2 and 7 kG. A single end-plate was heated to approximate
ly 2000°K by thermal radiation from a surrounding hot cylinder. By 
proper design of the screens in the back of the plate, the radiation losses 
can be adjusted to obtain a uniform temperature profile. The cold end-
plate terminating the plasma column was normally biased to collect ions. 

In these experiments, a controllable electric field was required. To 
achieve this, the hot plate was split into two concentric sections. The 
inner plate had a radius of 2.0 cm. The annular plate had an inner radius 
of 2. 2 cm and an outer one of 4. 0 cm. With the two plates grounded to
gether, the plasma was quiescent with reasonably uniform density and 
potential, except for small changes in the "gap" region. 

When the outer plate was grounded and a d .c . voltage applied to the 
inner one, a radial electric field was observed down the entire length of 
the plasma column. The potential differences measured in the plasma 
were approximately equal to the applied voltages. No experimental dif
ference was observed if the role of the two plates was reversed; that is, 
if the inner was grounded and the outer biased. The applied voltages 
also had'an effect on the density gradients present throughout the plasma. 
As will be discussed later, this feature enabled us to observe oscillations 
in a region of "weak" electric field and "strong" density gradient. 

Most of the measurements described below were made with Langmuir 
probes 5 mm long and 0.4 mm in diameter, aligned along the magnetic 
field. The results presented have been checked with different probes 
of varying sizes and shapes, with no significant differences observed. 

Within a single run, all measurements were quite reproducible. 
There were, however, small changes in the exact shape of the radial 
density and potential profiles each time the plate structure was rebuilt. 
Unless otherwise stated, the results quoted below did not'depend on these 
changes. 

3. ELECTRIC FIELD MODE 

When the voltage applied between the two sections of the split end-' 
plate was increased above a'threshold value (typically between 0.05 and 
0. 5 V), coherent, nearly sinusoidal oscillations were observed on both 
the ion current and floating voltage of a probe. As previously reported 
[9], these oscillations propagated azimuthally in the direction of the 
EXB* drift. The observed frequency (usually between 1 and 10 kHz) for 
a given azimuthal mode number was proportional to the applied voltage. 
Normally, only one mode was observed at a t i m e . 

In Fig. 1 we show some actual data obtained in a potassium plasma 
at n = 5X109 cm"3, and В = 2. 5 kG, with an applied voltage (-0. 65 V) well 
above the threshold value. These measurements were made approximate
ly 50 cm away from the hot plate. The top two traces display the ion cur
rent collected by a negatively biased probe, and the floating voltage as a 
function of radial position. The probe was mechanically driven across 
the plasma with the radial displacement known to within 0.02 cm. 
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From curves such as these we may compute the observed electric 
fields. In these measurements we have found peak electric fields of ap
proximately 1 V/cm, an order of magnitude larger than was found in the 
runs reported in a preliminary note [9]. This difference might have been 
due to insufficient accuracy in monitoring the probe displacement in those, 
earlier runs. As a result, the electric fields reported earlier were an 
average value taken over a scale length larger than the true spatial 
variation. 

For conditions in which the oscillations were observed, the peak 
electric-field drift velocities [vE =cEXB/B ] were of the order of the 
ion thermal velocity. The azimuthal phase velocity of the waves was in 
the same direction as, but less than, the peak electric-field drift velocity. 

I probe ion current « _ ^ ^ 

i 

'.его probe currenl 

FIG. 1. Radial dependence of the "electric-field" mode. Top trace: probe ion current (arbitrary units). 
Centre trace: floating voltage. Note that the voltage axis is reversed in this figure. Bottom trace: 
quadrature components of the ion current fluctuations (arbitrary units). Plasma parameters: potassium; 
В = 2. 5 kG, n = 5 x 10' cm -3 ; applied voltage = -0. 65 V; oscillation frequency = 2.1 kHz. 

From the profile of the ion current collected by a negatively biased 
probe, we may estimate the scale length for the density gradient. In the 
case shown in Fig. 1, the density gradient was quite small,nfdn/dr)"1 ^ 2.2 cm. 
In other runs the density variations were larger. However, in all cases 
in which oscillations were observed, the peak density-gradient drift ve
locity [vn = (ckT/eB)(l/n)(dn/dr)] was at least a factor of two lower than 
the peak electric-field drift velocity. 

Also shown in Fig. 1 is data concerning the amplitude and phase of 
the fluctuations in ion current as a function of radial position. This in
formation was obtained by using the oscillations on a remote fixed probe 
as the reference for a lock-in amplifier. The output of this phase syn
chronous detector is the product (averaged over 30 ms) of the signal 
amplitude and the cosine of the phase shift between the signal and the 
reference. This is the 0C trace shown in Fig. 1. Then the phase of the 
reference signal was delayed by 90° and the measurement repeated (the 
90° trace in Fig. 1). This information was used to calculate the ampli
tude and phase ofthe oscillations as a function of radial position. A 
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typical resu l t for both ion cu r ren t and floating potential fluctuations is 
shown in F ig . 2. This data was taken in a caesium p lasma at n = 4X101 0 cm 
В = 3. 5 kG and with an applied voltage of - 0 . 6 V. The potential fluctua
tion measu remen t s were made using a shielded probe with the shield 
driven by a unity-gain amplif ier . 

F r o m these curves one may obtain the following information. F i r s t , 
the position of maximum oscil lat ion amplitude normal ly does not coin
cide with the position of the maximum e lec t r ic field. The node (or exact 

FLOATING VCLTAGE 

Н Ш 

POTENTIAL-

FLUCTUATION А Ш Л Т Ш Е 

IONORROJT 

180 

-180 

FLUCTUATION PHASE 

0 - 5 CM 

POTENTIAL 

— J ^X" 
^ I O N CURRENT' 

FIG. 2. Radial dependence of the analysed data for the "electric-field" mode. Top trace: floating 
voltage. Centre trace: fluctuation amplitude (arbitrary units). Both potential and ion current fluctua
tions are displayed. Bottom trace: fluctuation phase. Phases are plotted only when amplitude exceeds 
0.6 division. Plasma parameters: caesium; В = 3. 5 kG; n = 4 x 10" cm-3 ; applied voltage = -0. 6 V; 
oscillation frequency = 4.3 kHz. The tube axis is off scale 1.5 cm from the right-hand side. 

zero) shown in the cur ren t fluctuations occurs in a lmost al l c a s e s . That 
these a r e genuine nodes may be seen from F ig . 1, where the quadra tu re 
components of the fluctuating cur ren t a r e observed to c r o s s at the ze ro 
l ine. The second re la t ive minimum is usual ly not an exact z e r o . Be 
tween these two minima the amplitude v a r i e s rapidly with position, but 
the phase is roughly constant . Thus the wave i s predominantly a standing 
wave in the r ad ia l direct ion. As mentioned e a r l i e r , these waves propa
gate in the aximuthal direct ion. 

F o r the case in F ig . 2, the maximum fluctuation amplitude of the ion 
cur ren t is approximately 15% r m s , while the maximum of the potential 
fluctuations is 80 mV r m s . The phase shift between the potential f luc
tuations and density ( i . e . ion current) fluctuations in the e lec t r ic - f ie ld 
region i s approximately 150°, with the potential fluctuations leading. That 
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is, the density and potential fluctuations are out of phase. This suggests 
that the parallel wavelength is very long. We know that the parallel wave
length is much larger than the perpendicular wavelength, but we do not at 
present have careful measurements on its precise value. 

The voltage threshold in this experiment was typically between 0.05 
and 0.5 V, both for positive and negative applied voltage. The exact value 
varied from run to run. From experiments on electron cyclotron resonance 
heating [10] it is known that the threshold voltage increases with increasing 
electron temperature. Furthermore, the threshold voltage appears to be 
insensitive to density variations. 

To summarize the features of the "electric field" mode; above a 
threshold voltage we observed coherent oscillations in both ion saturation 
current and floating potential. For a given azimuthal mode number, the 
frequency of these oscillations was proportional to the applied voltage. 
The oscillations were localized in a region of the plasma where there was 
a strong non-uniform electric field and a small density gradient. A stand
ing wave was set up in the radial direction with a propagating wave in the 
ËXB* direction. Potential and densit3' fluctuations were out of phase. 

4. DENSITY-GRADIENT MODE 

When the applied voltage was increased to comparatively high values 
(1-3 V), with the inner section of the plate positive, the density gradient 
in the centre part of the plasma column increased noticeably. Such a 
situation is shown in Fig. 3 for a caesium plasma at n = 1010 cm"3 and 
В = 3. 5 kG. Here, for an applied voltage of + 2. 2 V, we find a region 
in the plasma with a density-gradient scale length of 0. 7 cm and an 
electric field of approximately 0. 1 V/cm. These values are typical for 
this mode. At the edge of this region, there is a large drop in potential. 
Observe that this situation is similar to the one found in a conventional 
Q-machine, where a drop in potential, of the opposite polarity, is as
sociated with the edge of the plate. 

Under these conditions, as shown in Fig. 3, we observed oscillations 
in the density-gradient region. The frequency of these oscillations (1-3 kHz) 
was not proportional to the applied voltage, but depended on the density 
gradients and electric fields in the region of the maximum oscillation 
amplitude. Unlike the "electric-field" mode, this mode had potential 
fluctuations that were approximately in phase with the density fluctua
tions. The fluctuation amplitudes for both density and potential were 
approximately 15% rms. 

It should be noted that these oscillations also had a well-defined 
threshold voltage. In this case, increasing the applied voltage primarily 
increased the density gradient, while having only a small effect on the 
electric field found in the region of the oscillations. Furthermore, we 
observed this oscillation only when the density was decreasing outwards. 

5. DISCUSSION 

The observation that the "electric-field" mode has density and poten
tial fluctuations out of phase strongly suggests that this is some form of 
flute instability, perhaps driven by the shear in azimuthal velocity. All 
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our observat ions have been consistent with this hypothesis . The problem 
of the flute mode in a non-uniform e lec t r ic field has been considered theo
re t ica l ly by Rosenbluth and Simon [ l ] . They conclude that the sys tem is 
stable when some appropr ia te average e lect r ic- f ie ld drift velocity i s l e s s 
than the densi ty-gradient drift . Although we have observed l i t t le change in 
the threshold condition in runs with grea t ly differing densi ty grad ien ts , 
we have never observed this mode when the densi ty-gradient drift was 
g r ea t e r than the e lec t r ic- f ie ld drift . Therefore , our r e su l t s a r e not in 
contradict ion with the i r theory . 

I 

probe ion current jr ' ~ ' ^ 4 ~ \ / \ . 

zero probe current 

FIG. 3. Radial dependence of the "density-gradient" mode. Top trace: probe ion current (arbitrary 
units). Centre trace: floating voltage. Bottom trace: quadrature components of the ion current fluctua
tions (arbitrary units). Plasma parameters: caesium; В = 3. 5 kG; n = 1010 cm-' ; applied voltage = 2.2 V; 
oscillation frequency = 2.2 kHz. 

The fact that the azimuthal phase velocity for this mode is l e s s than 
the peak e lec t r ic - f ie ld drift velocity is not su rpr i s ing , for two r e a s o n s . 
F i r s t , the maximum amplitude of the osci l la t ions is not located at the 
e lec t r ic- f ie ld maximum, and second, the finite ion L a r m o r rad ius 
(~0. 1 cm) should introduce an averaging out over the observed field. 
As for the threshold , in the exper iment we measu red a threshold vol tage. 
Because of the non-uniformity of the e lec t r ic field, it is difficult to say if 
t he r e was a threshold e lec t r ic field, o r if, as has-been suggested by c e r 
ta in theor ies [11], higher der iva t ives of the e lec t r i c field were impor tant . 

In a r ecen t exper iment , Kent [2] identified the "edge" osci l la t ions in 
a Q-machine as a flute instabi l i ty driven by a shear in azimuthal velocity. 
Although the de-s tabi l iz ing mechan i sms a re s imi l a r , our exper iment dif
f e r s in that we were not looking at the edge of the column (a region of 
l a rge t e m p e r a t u r e and density gradients as well a s e l ec t r i c fields) but 
within the column, in a region of controllable e lec t r ic field. 

' Let u s now d i scuss the "dens i ty-gradient" mode descr ibed in sect ion 4 . 
It is c lear from the data presented that this mode is quite different from 
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the "electric-field" mode described above. The most important of these 
differences is that the density and potential oscillations are in phase, a fact 
which suggests some form of drift wave. While many authors have studied 
density-gradient drift waves (e.g. [4-6]), the most extensive observations 
on coherent oscillations with a peak amplitude not at the edge of the column 
have been reported by Hendel [3]. Our work differs in that we were operat
ing with only one hot plate and at lower densities. At our densities 
(n = 109 - 1010 cm"3), ion-ion collisions should not be as important as in 
the Hendel experiments. 

There remain two unexplained features of our results. One is that 
we did not succeed in observing a coherent density-gradient mode when 
the density decreased towards the axis. The second, and more important, 
is that we observed a clear threshold that appeared to be related to in
creasing density gradient. It has been suggested by certain theoretical 
works [ l l] that, in a slab geometry, a linearly varying electric field can 
stabilize a drift wave if the density gradient is not too large. This may 
be the mechanism that determined our threshold. 

CONCLUSION 

The results that are reported in this paper indicate that both a non
uniform radial electric field and a radial density gradient can induce co
herent, nearly sinusoidal oscillations in a magnetized plasma column. 
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Abstract ' ' 

SUPPRESSION OF DRIFT WAVE IN A CAESIUM PLASMA BY EXTERNALLY APPLIED ALTERNATING-
CURRENT ELECTRIC FIELDS. .An experimental study of suppression of drift waves by superimposition of а . с . 
electric.fields is reported. The experiment was carried out with a caesium plasma called TP-C machine at 
the Institute of Plasma Physics, Nagoya University.' The plasma is about 1 m long and 2 cm in diameter. 
Plasma densities range from 1 X 10s to 3 X 1010 cm"3, plasma temperatures from 2000 to 3000°K, and ' ' 
magnetic fields from 1.4 to 2.8 kG. A meshed grid,1 movable along the plasma-column, divides the plasma 
into two regions; region I bounded by the ionizer plate and the grid, and region II by the grid and the end of 
the vacuum vessel. ' Movable Langmuir probes are equipped to measure plasma parameters and to pick up 
oscillations. 

©scillations, having a fine spectrum and regarded as drift waves, of fundamental frequencies of about 
10 kHz are excited spontaneously under two operating conditions of the ionizer; one is a low-power operation 
that yields an ion-rich sheath at the ionizer plate and another is a high-power operation that forms a nearly, 
neutral sheath (slighly electron-rich or not). 

When-an a . ç . voltage of frequencies higher than those of the drift waves is applied to the grid and 
exceeds about a few tens of volts, the intensities of the waves decrease more than 20 db and their frequencies 
shift slightlywith the increase in the applied voltage in both cases, and this suppression effect is more drastic 
in region II. In the case'of the d . c . bias, according to the sheath condition, ion-rich or nearly neutral, the 
positive or negative bias of the grid is effective to stabilize the waves. The plasma length affects such 
stabilizations only in the case of the high-power operation. The'stabilizing .effect of the a . c . voltage is 
more efficient.than that of t h e ' d . с bias, although both the effects seem qualitatively equivalent. This 
surplus effect of the a . c . voltage for stabilizations may be due to the asynchronous quenching phenomenon 
as a result of non-linear interactions of the drift waves with the induced perturbations like the ion acoustic 
waves excited by the grid. 

Drift waves in a caesium plasma are stabilized by placing a .c . 
electric fields parallel to,magnetic fields through a meshed grid immersed 
in the plasma.- This stabilization may be caused partly by a bias effect 
due to rectifying characteristics of a plasma sheath and partly by some 
non-linear processes due.to couplings between drift waves and applied 
perturbations like ion acoustic waves. 

Some coupling phenomena are also observedwhen the frequencies of 
the applied perturbations are close to those of the drift waves.. 

* This work was carried under the Collaborating Research Program at the Institute of Plasma Physics, 
Nagoya'University, Nagbya. • • •' 
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INTRODUCTION 

In this paper we descr ibe some resu l t s that were obtained during 
exper imenta l investigations of the in teract ions between spontaneously 
excited drift waves and external ly applied a . c . e lec t r ic fields in a weak 
inhomogeneous, fully ionized p lasma column confined by a static magnetic 
field. The possibil i ty of stabil izing the drif t-waves by means of external 
a . c . fields is p resented . 

It has been repor ted that the drift wave [1] can be stabilized by vir tue 
of the a r rangement of magnetic-f ield configurations [2] , boundary conditions 
of a p lasma column [3], and the column length [4] . 

There have been theore t ica l works on.the problem of stabilizing the 
drift wave by means of non- l inear p r o c e s s e s . Dupree [5] has shown the 
case where the drift wave could be suppressed by imposing high-frequency 
noise fields perpendicular to the magnetic fields; Fa inberg and Shapiro [6], 
Amano [7] , imposed high-frequency e lec t r ic fields para l le l to the magnetic 
fields; and Krall [8] has descr ibed the case of phase mixing. Thomassen 
[9] has conducted an exper iment according to the reference [5], and ob
served the quenching of low-frequency noises in a sodium plasma. 

We have applied low-frequency e lec t r ic fields (the frequency was 
comparable to the drift-wave frequency, in contras t to the above-mentioned 
theor ies [5-7]) , para l le l to the magnetic field, and observed the couplings 
between drift waves and. applied per turba t ions . 

The exper iment was ca r r i ed out with a the rma l caesium plasma 
device, called the T P - C machine at the Institute of P l a sma Phys ics , Nagoya 
Universi ty. 

EXPERIMENTAL APPARATUS 

A schematic diagram of the exper imental apparatus is shown in Fig. 1. 
The p lasma was produced by the contact ionization of a collimated beam of 
caesium atoms on a hot tantalum plate heated at 1500-2300° K, which gives 
a p lasma density of 1 X 1 0 8 - 3 X 1010 cm" 3 at a background p r e s s u r e .of 
about 10"6 mm Hg or l e s s . The p lasma column was about 1 m long and 
2 cm in diam. A uniform magnetic field of 1 . 4 - 2 . 8 kG was applied over 
the exper imenta l region. A meshed grid was used throughout this work 
in o rde r to introduce external fields into the p lasma. The grid* fabricated 
with molybdenum wires of 0.2 mm diam. spaced 1.5 mm apart , and 4 cm 
in total d iameter , was placed in the p lasma with its plane normal to the 
magnetic field. A continuous sinusoidal signal from an external osci l la tor 
of 1-500 kHz and 0-40 V in peak- to-peak value was applied to the grid 
biased with a negative or a positive d. c. voltage (-40 V to + 40 V) with 
respec t to the-hot plate. The grid divides the plasma into two regions; 
region I, bounded by the grid and the hot plate, and region II by the grid and 
the end of the vacuum vesse l . In region I, a radially movable plane 
Langmuir probe, Pj , and a probe P n fixed to the grid and separated by 
5. 5 cm from'the grid, were placed with the i r plane normal to the magnetic 
field.- In region II, an axially movable probe, Рщ , was placed so that the 
probe was on the edge of the p lasma column where the density gradient 
might be regarded as l a rges t . In each region the plasma p a r a m e t e r s , such 
as the density, e lec t ron t empera tu re , and the spect rum of the osci l lat ions, 
were somewhat different. So the experiment was done in both regions . 
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EXPERIMENTAL RESULTS 

In this machine some regular fluctuations were observed, which have 
fine spectra with several peaks and occur under two different operating 
conditions of the plasma source, a hot plate and a caesium boiler. One 
type of oscillation occurs at low temperatures of the hot plate (called low-
power operation), and the other at a higher temperature (high-power 
operation). The former evidently corresponds to the ion-rich sheath con
dition at the hot plate and the latter seems to correspond to the nearly 
neutral sheath condition. 

SOLENOID COILS 
/ I \ 

HOT TANTAU> 
PLATE\ Н^—Кз -КЧ 

VACUUM 
CHAMBER ( 7Ф ) 

(STAINLESS) 
Pi-Г 

Cs ATOM 
\R»1 -V 

Ч 5 5 1 * - GRID (A <t>) PLASMA 

_Л0 SPECTRUM TO SYNCHRO-
ANALYZER SCOPE y ~ 

OSCILLATOR H * 1 K n 

(1 kHz ~500kHzT 

FIG. 1. Schematic diagram of the experimental device (TP-C machine). All dimensions are in 
centimetres. 

The induced perturbations in the plasma by the a. c. voltage applied to 
the grid consist of ion acoustic waves (k= 0) and the impedance drop due 
to the electric current in the plasma (k = 0). The former is more intensive 
in region II and the latter in region I. 

The plasma density and the density profile across the plasma column 
are hardly affected in region!, but appreciably so in region II by a grid bias 
and/or an applied a. c. voltage to the grid. 

L Waves under ion-rich condition 

When the input power of the ionizer is 600 W or less, the plasma with 
a density of 3 X 108 cm"3 and a temperature of 2000°K is generated in the 
confining magnetic field of 1.4 - 2.1 kG. Low-frequency oscillations, 
having a spectrum of one or three peaks, are observed as shown in 
Fig.2-a(A). 

These waves, with an amplitude of 10-100 mV (ecp/ kT = 0.05 - 0.5), 
have a wave vector nearly perpendicular to the magnetic field, and are 
localized in regions where the density gradient is large. 

The frequency of the oscillations is about 12 kHz, and approximately 
inversely proportional to the magnetic field strength. The drift-wave 
frequency, calculated from the theory taking into account the finite 
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25 kHz 
FIG.2-a. (A) Spectrum of the drift wave at the low-power operation. N ~ 5 x 108 cm- 3 , В = 1. 44 kG, 
V a c = 0 V, V,jc = -5 V. (B) Spectrum of the drift wave after the a. c. signal was applied; fe = 25 kHz, 
V a c = 34 V. The probe Pi was used. 

i . a w \J\ A 

80 kHz 80 kHz 
FIG. 2-b. (A) Spectrum of the low-frequency oscillation at the high-power operation: N ~ 3 X 1010 cm-3, 
В = 2.1 kG, V d c = -4. 5 V. (B) Spectrum after the a. c. signal was applied; V a c = 60 V, fe = 80 kHz. The 
probe Pj was used. 

Larmor radius [10], should be modified by the azimuthal plasma drift caused 
by the radial electric field existing in the plasma. Thus, the drift-wave 
frequency calculated with the measured parameters in the experiment 
becomes 11-15 kHz. This value almost agrees with the observed frequencies. 

The amplitude of the waves decrease when a positive voltage is applied 
to the grid. This stabilizing effect of the positive d. c. bias is well known 
as a short-circuit of drift waves [3] . When the a. c. voltage is applied 
instead of d.c. , the amplitude decreases are also observed in the same 
fashion as those of the d. c. voltage, as shown in Fig. 3-a. The stabilizing 
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Vac (P-Pvolt) 

FIG. 3-a. Amplitude and frequency of the drift wave versus external a. c. signal amplitude. The probe Pj 
was used at the low-power operation: N ~ 10* cm-э, В = 2 .1 kG, V d c = -5 V, fe = 400 kHz. The blank 
point and the dotted point represent the first and the second peaks of the spectrum. 

FIG. 3-b. Amplitude and frequency of the drift wave versus external a. c. signal intensity when keeping 
the d. с grid current constant at I j c = 20 uA. The grid bias voltage was gradually decreased with the 
increase of V a c . The machine was under the low-power operation: В = 1.4 kG, N ~ 108 cm- 3 , 
f» = 25 kHz. PT was used. 

effect on drift waves does not depend upon the frequency of the applied 
perturbation, which are higher than that of the drift wave. As is well known, 
an a.c. voltage applied to the grid causes the electron current to increase 
because of rectifying characteristics of the sheath. This increase in the 
d.c. current may have the same effect with the d.c. bias to the waves. 
To check this, the amplitude of the waves to the same grid current are 
plotted to the applied a .c . voltage in Fig. 3-b. This means that the average 
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conductivity of the sheath is kept constant. According to the inc rease of the 
a. c. voltage, the amplitude of the drift waves dec reases in spite of the 
same d . c . cu r ren t . This suggests that the applied a . c . voltage causes 
surp lus suppress ion to the drift waves . The surplus effect of the a. c. 
voltage may be at tr ibuted to some non-l inear proper t ies of the p lasma bulk, 
such as couplings between waves as shown below, or asynchronous quench-
ings found with respec t to ion waves [11], because the non-l inear proper
t ies of the sheath were taken into account by keeping the d. с cur ren t of 
the grid constant . 
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FIG. 4. Amplitude and frequency of the low-frequency oscillation versus d. с bias voltage of the grid 
at the high-power operation; N ~ 3 X 1010 cm-3 , В = 2 .1 kG. A, B, C, D, and E curves correspond to 
the order of the harmonics of the low-frequency oscillation; m = 1, 2 5, respectively. F and 
G curves correspond to the first and the second harmonics of the oscillation after the mode change 
took place. 

This suppress ion effect of the a. c. voltage is insensit ive to the plasma 
length (L = 1 m), and the negatively biased grid has no force to suppress 
the drift waves . 

2. Waves under near ly neutra l condition 

When the input power of the ionizer is 1. 0 - 1.2 kW, and the plasma 
with densi t ies of 3 X 10 1 0 cm" 3 and t empera tu res of 2500°Kis generated in 
the magnetic field of 2.0 - 2.8 kG, a very fine spectrum of low-frequency 
osci l la t ions , shown in F ig . 2-b(A), is observed on the floating potential of 
the Langmuir p robes , and the saturat ion ion and electron cur ren t towards 
the Langmuir p r o b e s . 
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These oscillations do not diminish when a positive bias is applied to the 
grid, but are stabilized when a negative bias is applied. The a.c . voltage 
applied to the grid is also effective in suppressing the oscillations. The 
stabilizing effects of the d.c. and a.c. voltages are compared in Figs 4 
and 5. Similar to the above case, more effective suppressions are ob
tained by the a. c. voltage than by the d. c. In all cases, the amplitude 
reduction accompanies the frequency shift. 
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FIG. 5. Amplitude and frequency of the low-frequency oscillation versus a. c. signal amplitude. 
For the rest of legend see Fig. 4. 

The plasma length, the distance between the ionizer plate and the grid, 
affects these suppressions as shown in Fig. 6. When the length is shorter 
than about 24 cm, the stabilization by the grid is very effective. Beyond 
this length, it becomes ineffective. 

This oscillation which has frequency of about 17 kHz seems to be the 
drift wave, because of its intensity profile across the plasma column and 
the phase relation around the column. On the other hand, the frequency is 
not always inversely proportional to the magnetic field intensity. In 
addition, a sudden change of the mode of the oscillations is sometimes ob
served. This causes a decay of the existing oscillations and a generation of 
a new mode of oscillations. This is shown with dashed lines in Figs 4 and 5. 

This behaviour of the oscillations suggests that the negative bias as'well 
as the a. c. voltage work to shorten the axial wave-length of the drift waves. 
If so, the fact that the available length of the suppression is 24 cm fits the 
stability criterion of Lashinsky [4] . The effect of the negative bias is, 
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however, inconsistent with the previous works [3] 
tioned he re a r e the drift waves. 

if the osci l lat ions men-

3. Waves in region II . , . . . 

Under both operation conditions, the waves in region II a re suppressed 
almost completely by the a. c. voltage, and this fact is independent of the 
p lasma length between the grid and the cold end of the vacuum vesse l . The 
plasma in region II is governed by the grid potential, because the p lasma 
flows from region Г to region II through the grid. ' The p lasma density in 
region II dec rea se s with a positive and a negative bias of the grid, and 
reaches maximum value almost at the floating potential of the gr id . Then 
the application of the a . c . voltage causes density reduction of the p lasma 
in region II. The ra te of the damping of the wave i s , however, far l a rge r 
than that of the reduction of the p lasma density. 
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FIG. 6. Relations between the quenching effect on the low-frequency oscillation by the a. c. signal or 
the d. с bias and the plasma column length. The machine was under the high-power operation; 
N ~ 3 X 101» cm-3, В = 2. l.kG. The curve A represents the case where Vàc'= 64V, fe = 80 kHz was 
applied to the grid; the curve В represents V(jc = -15 V, V a c = 0 V; the curve С represents V a c = 23 V, 
which gives the d. с grid current, I d c = 50 дА . The probe Pj was used. 

4. Coupling phenomena 

When the applied signal frequency is close to the drift-wave frequency, 
the s t rong coupling between them is observed. The coupling between drift 
waves and ion acoustic waves, both excited spontaneously, has been r e 
ported by Ishii [12 j . In our. experiment , the combination frequencies 
2fd-fe and 2|fe-fd | , where fd is the frequency-of the drift ;wave and fe that of 
the applied signal, a r e observed, whether fd>. feor;-fd < fe. . 

When the intensity of the applied per turbat ion is near ly equal to that 
of the drift wave,, and |fd-fe| i s reduced to ze ro , both signals d isappear • 
almost completely from the response of the spectrum,,analyser at one 
edge of the p lasma column, intensified mutually at .the other edge. ... , 

This phenomenon is attributed to the interference,-.between, the induced 
per turbat ion and a drift wave so that the phase of the drift wave.is locked 
to that of the applied perturbat ion, and their plane, of the polar izat ion of the 
oscil lat ion is so fixed to the vacuum vessel , that both signals a re cancelled 
out at the p lasma edge where the surface length of the column along the axis 
is at a minimum. This fixing of the plane,of-the polar izat ion seems, to 
resul t from the asymmetry .of the machine, which has .the hot .plate placed 
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at an angle of 45° to the axis, and then the surface length is different around 
the column. These must be also due to the non-linear coupling between 
them. 

SUMMARY 

Low-frequency oscillations regarded as drift waves in a caesium 
plasma are stabilized by the a. c. voltage applied to the grid immersed in 
the plasma. This stabilization is caused partly by a bias effect of the grid 
owing to the rectifying characteristics of the sheath, and partly by some 
processes like non-linear couplings between instabilities and applied per
turbations through the grid. This explanation seems true because coupling 
phenomena between drift waves and ion acoustic waves with wave vectors 
parallel to the magnetic field have been observed for certain. 
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ONDES ACOUSTIQUES IONIQUES 
DANS UN MAGNETOPLASMA ALCALIN 

H.J. DOUCET ET D. GRESILLON 
LABORATOIRE DE PHYSIQUE DES MILIEUX IONISES, 
ECOLE POLYTECHNIQUE, PARIS, FRANCE 

Abstract — Résumé 

ION ACOUSTIC WAVES IN AN ALKALI MAGNETO-PLASMA. By a series of experiments on ion wave 
propagation in a magneto-plasma of caesium ionized by surface ionization, the authors studied the effects due 
to collisions between ions and neutral particles, the mean plasma velocity, the ratio В = Т е /Т^ of electron 
and ion temperatures and the non-linear behaviour of a collisionless plasma. 

In a machine called OPS using direct injection of caesium illuminating one emitter the effect of 
collisions between neutrals and ions has been studied. The ratio G = Te/Tj of the electron and ion temperatures 
which is an important parameter for the propagation and damping of the ion waves can be easily modified by 
injection of helium into the machine. The variations of phase velocity and damping as functions of the 
frequency for different pressures of injected neutral gas show a change in the ion temperature, the mean plasma 
velocity and a continuous transition from the Landau damping to the collisionnal damping, 

A separation of the two zones, the first one where the ions are cooled and the other where the wave is 
propagating, allows the study of the Landau damping and the measurement of the ratio 6. 

A non-linear damping of the ion wave has been observed and studied. The classical Landau damping 
is found for the lower frequency range but as the distance of propagation is of the order of or larger than half 
a wavelength, the measured damping becomes less than the Landau damping rate, and amplitude modulation 
is observed. The pseudo-wavelength and the modulation rate are bound by the period and amplitude of the 
wave as is foreseen by a non-linear theory. We observed that the wave behaviour is similar to the effect 
obtained in mixing the ion wave and a fast wave which has been found in the experiments. 

ONDES ACOUSTIQUES IONIQUES DANS UN MAGNETOPLASMA ALCALIN. Par une série d'expériences 
de propagation d'ondes ioniques dans un magnétoplasma de césium ionisé par contact, les auteurs ont étudié 
les effets qui sont liés aux collisions ions-neutres, a la vitesse moyenne du plasma, au rapport des températures 
électronique et ionique T e /T j et au caractère non linéaire d'un plasma sans collisions. 

Dans une machine nommée OPS, fonctionnant en injection directe de césium sur un seul émetteur, 
l'effet des collisions ion-neutre a été étudié. Le rapport Те /Т^ des températures électroniques et ioniques, 
paramètre important pour la propagation et l'amortissement des ondes ioniques, peut être aisément modifié 
en injectant de l'hélium dans la machine. Les variations de la vitesse de phase et de l'amortissement en 
fonction de la fréquence pour différentes pressions de gaz neutre injecté montrent une modification de la 
température ionique et de la vitesse moyenne du plasma, et une transition continue de l'amortissement Landau 
a l'amortissement collisionnel. 

Une séparation des zones de refroidissement des ions et de propagation de l'onde permet l'étude de 
l'amortissement Landau et la mesure du rapport T e / T j . 

Un amortissement non linéaire de l'onde ionique a été observé et étudié. L'amortissement Landau 
classique est obtenu pour les basses fréquences mais dès que la distance de propagation est supérieure ou égale 
à une demi-longueur d'onde environ, l'amortissement obtenu devient inférieur â l'amortissement Landau et 
une oscillation de l'amplitude de l'onde est observée. La « pseudo-longueur» d'onde et l'amplitude de cette 
variation sont liées â la période et â l'amplitude de l'onde comme le prévoit une théorie non linéaire. On 
montre que l'effet produit est analogue â celui d'un mélange de l'onde ionique avec un mode rapide observé 
expérimentalement. 

1. PROPAGATION D'ONDES IONIQUES DANS UN PLASMA DE 
CESIUM EN PRESENCE DE GAZ NEUTRE 

Afin de vér i f ier de façon décisive l1 amor t i s sement sans coll is ions des 
ondes ioniques, i l faut pouvoir m e s u r e r et, si possible , modifier le rappor t 
0 = Т е /Т А des t empé ra tu r e s électronique et ionique. 
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On peut e s p é r e r ref roidi r les ions pa r coll is ions ion-neut re [1] , mais 
l ' introduction d'un gaz neutre dans un p lasma ionisé pa r contact modifie 
également d ' au t res grandeurs ca rac t é r i s t i ques te l les que la densi té 
électronique et la v i tesse moyenne du p lasma. Il faudra donc tenir compte 
de ces var ia t ions et des au t res types d ' amor t i s semen t . 

La m e s u r e des t e m p é r a t u r e s électronique et ionique peut s 'effectuer en 
uti l isant un analyseur é lec t ros ta t ique à condition de s 'affranchir des effets 
de recouvrement de cés ium qui per turbent gravement l e s m e s u r e s c lass iques 
de t empéra tu re électronique par sonde de Langmuir . 

1 .1 . Amor t i s sement coll isionnel 

Les coll isions ion-neut re vont in t roduire , outre l ' amor t i s s emen t 
Landau, un amor t i s semen t collisionnel qui va rapidement devenir 
prépondérant . 

Cet amor t i s semen t a été décr i t [2] par un modèle fluide. On peut 
r e t rouve r les r é su l t a t s , t r è s s implement , en ut i l isant les équations de . 
continuité du nombre des par t icu les et de la quantité de mouvement, éc r i t e s 
séparément pour les ions et pour les é lec t rons , puis couplées par l 'équation 
de Poisson . Les échanges de quanti tés de mouvement sont r e p r é s e n t é s par 
l ' introduction de deux fréquences de coll isions é las t iques , ven et v i n , des 
é lec t rons et des ions avec les neu t re s . 

L'équation de d ispers ion d'une onde de compress ion p rogres s ive 
dans l ' e space de fréquence angulaire и et de nombre d'onde к s ' é c r i t [3] 
sous la forme générale suivante: 

! = *! + Û 
u2 +i^en u - k 2 V l io2 + iyin и - k 2 V 2 

7ге et ÏÏI étant respec t ivement l es fréquences p lasma des é lec t rons et 
des ions, Ve et Vj l eu r s v i t e s ses the rmiques . La v i t esse de phase est 
a lo r s : 

V^5eT=^2 V*[1 + (1+lJj] 
et le taux d ' amor t i s s emen t : 

...>&4' 
express ions dans lesquel les vc et V s , fréquence de collision et v i t esse 
de phase c lass ique des ondes ioniques, sont l e s moyennes pondérées par 
les m a s s e s des fréquences de coll is ions et des c a r r é s des v i t e sses t h e r 
miques des é lec t rons et des ions . 

1.2. Vitesse moyenne du p lasma - Effet Doppler 

Un p lasma de cés ium ionisé par contact su r un émet teur p résen te une 
v i tesse moyenne v„ qui est de l ' o r d r e de grandeur de la v i tesse thermique 
des ions, v i tesse non négligeable devant la v i t esse de phase des ondes 
ioniques. Il en résu l t e un effet Doppler impor tant . 

= I m k 
•J9. Vc 
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FIG. 1. Variations de la vitesse de phase réduite v„,/Vs en fonction de la fréquence réduite f/vc pour 
différentes valeurs de la vitesse moyenne réduite du plasma u = v p /V s ; a) onde aval, b) onde amont. 

En supposant une vitesse moyenne des électrons égale à celle des ions 
et sans champ électrique statique, les grandeurs d'ordre 0 (densités, 
vitesses moyennes, etc.) sont des fonctions d'espace en raison des collisions. 
On suppose les. variations assez faibles pour ne pas tenir compte des 
gradients de densité et des divergences des vitesses moyennes. 



662 DOUCET et GRESILLON 
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8 Amorrt 0<u<1 

2V. В = -Л (Logo-Logo. ) 

FIG. 2. Variations du coefficient d'amortissement B en fonction de la fréquence réduite t/vc pour 
différentes valeurs de la vitesse moyenne réduite du plasma u = Vp/Vs ; a) onde aval, b) onde amont. 

L a r e l a t i o n g é n é r a l e de d i s p e r s i o n [3] s ' é c r i t a l o r s : 

1 = — + — a v e c : 

g e = ( u 2 - k v p ) + i ^ e n ( W 2 - k V p ) - к Ve 

g i = ( u 2 - k v p ) 2 f ivin ( u 2 - k v p ) - к V; 
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L'onde se propageant dans le p lasma n ' a plus la fréquence rée l l e injectée 
w mais la fréquence complexe Uj = u 2 - kvp = Q- ij3vp où le nombre 
d'ônde к = a+iP. 

La résolut ion en basse fréquence suivant le procédé décr i t dans [3] 
conduit avec les va r iab les rédu i tes : 

- fréquence réduite y = Q/Vç., 
- v i t esse de phase rédui te x = v^ /Vs , 
- v i t esse moyenne rédui te u = v p / V s 

à l 'équation de d ispers ion: 

2 _ x ( x - u ) [ ( u 2 + l ) x - u ( u 2 - 1 ) ] 
У 4 ( l + u - x ) ( 1 - u + x ) [ux - (u 2 - l ) ] 2 

et au taux d ' amor t i s semen t : 

/3 = V„\T avec: В = 
2Vj ' u (x - u) + 1 

Les var ia t ions de la v i t e s se de phase rédui te et du t e r m e d ' amor t i s semen t 
В en fonction de la fréquence sont p résen tées aux figures 1 et 2 pour l es 
ondes aval et amont pour différentes va leu r s de la v i t esse moyenne du 
plasma. 

1.3. Résul ta ts expérimentaux 

Le p lasma ut i l isé es t celui de la machine OPS essent ie l lement 
constituée d'un émet teur en tantale chauffé par bombardement électronique 
sur lequel on injecte du cés ium à l 'aide d'un tube re l ié à un r é s e r v o i r à 
t empéra ture contrôlée, situé à l ' ex té r i eur de la machine. Un cylindre 
de p lasma de 3 cm de d iamèt re es t confiné par un champ magnétique 
maximal de 2, 3 kG. La p lasma est l imi té à une longueur maximale de 
80 cm par une plaque froide.• 

Deux gr i l les const i tuées par des fils de cuivre de 60 цт de d iamèt re 
espacées de 1 m m sont placées perpendicula i rement au champ magnétique 
et sépa rées par une dis tance var iable de 2 à 40 cm. 

Les courbes de d ispers ion et d ' amor t i s sement obtenues sont p résen tées 
dans les f igures 3 et 4, pour une distance de propagation d = 10 cm et pour 
quatre va leurs de la p ress ion : P j = 5 X 10"6 t o r r de gaz rés idue ls , 
P 2 = 2 X 10"3 t o r r , P 3 = 5 X 10~3 t o r r et P 4 = 6, 5 X 10"3 t o r r d 'hél ium. 

De ces courbes de d ispers ion et d ' amor t i s semen t on peut déduire 
pour chaque valeur de la p ress ion : 

- la v i tesse moyenne du plasma; 
- la v i tesse de phase des ondes ioniques et pa r suite la t empé ra tu re des 

ions; 
- la fréquence de collision ion-neut re . 

Les éléments dont l ' in terpré ta t ion est la plus s imple sont l e s pa r t i e s 
asymptotiques dans lesquel les l es fréquences de collision n ' interviennent 
pas . Cette par t ie asymptotique des courbes n ' e s t obtenue que pour les 
v i tesses de phase aval, ce qui dé te rmine a = V s ( l + u ) . 

Si on admet que l 'excitat ion des gr i l les es t auss i efficace pour une 
onde amont que pour une onde aval, on peut t e r m i n e r le calcul en ut i l isant 
la l imite basse fréquence du rappor t des amplitudes des ondes aval et amont. 
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FIG. 3. Vitessede phase mesurée en fonction de la fréquence pour différentes valeurs de la pression 
d'hélium; a) onde aval, b) onde aval en très basse fréquence,' c) onde amont.* 

Cette hypothèse n'est pas très justifiée car nous avons observé que là grille 
fonctionne comme une valve, si bien que l'excitation aval est'plus efficace 
que l'excitation amont. Si rj est le rapport des pentes des caractéristiques 
de la densité entre grilles en fonction de" leurs tensions de polarisation, le 
logarithme b du rapport des limites basse fréquence des amplitudes'de 
l'.onde pour-les modes aval et amont devient: 

b =-
1 

1 
i>cd , ; • 

^ • ^ - + l o g . r j . 

Les mesures de a, b et n, connaissant d, et l'estimation de vc permet 
de calculer Vs et vp pour chaque valeur de la pression. 

Le tableau I présente les valeurs obtenues, le calcul de la température 
ionique étant fait à l'aide du rapport 9 des températures électronique et 
ionique, en supposant que le coefficient de compression des ions est 
Ti = 3-et en admettant la valeur limite ri• = 1. 

La courbe 5 montre les valeurs de la température ionique mesurée en 
fonction dé la pression à l'aide'd'un analyseur électrostatique. Les points 
marqués par un cercle figurant les valeurs obtenues par mesure de pro-' 
pagàtion d'onde en supposant Te = Tj = T émetteur pour le vidé limite. 
La courbe en trait plein correspond à une section efficace de collision 
Cs+-He de am = 6, 7 X ÎO"15 cm2 . :' 
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TABLEAU I. ' VALEURS DE LA VITESSE DÉ PHASE, D E L A " 
VITESSE MOYENNE DU PLASMA ET DE LA TEMPERATURE DES 
IONS DEDUITES DES FIGURES 3 ET 4 

P hélium 
(torr) 

5-10"6 

2-10'3 

5-1СГ3 . 

i/c (kHz) 

0,5 

14 

35 

a (m/s) 

i820 

1350 

880 

Vs (m/s) 

922 

830 

649 

vp (m/s) 

896 

529 

232 

1/9 = Tj /T e 

1 

0,75 ' 

0,33 

Ti (-K) 

2200 

1640 

720 

•KTi . T* Émetteur 2400°K \ ANALYSEUR 

. „AOT* Èmetteut 220O°K J ÉLECTROSTATIQUE: 

' o f Émetteur 2200°K • (ONDES! 

Cs*-He 

4 6 A 

FIG. 5. Température des ions en fonction de la pression d'hélium, 
obtenues à partir des expériences dé propagations-d'onde ionique. 

Les cercles indiquent les valeurs 
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Dans ces conditions, en uti l isant un résu l ta t c lass ique de la théor ie 
cinétique [4], pour T e = T , = Témetteur > la v i tesse de phase devient: 

où A = (2 K T / m i ) * qui, pour T = 1930°K et vp = 896 m / s , donne 
v<p = 1730 m / s pour 1820 m / s m e s u r é . 

En conclusion, l ' introduction d'un gaz neut re dans une machine à 
p lasma de cés ium: 
- modifie la v i tesse moyenne du plasma; 
- introduit un amor t i s semen t coll isionnel qui devient rapidement un 

amor t i s sement supér ieur à l ' amor t i s semen t Landau; 
- refroidit les ions par coll isions i ons -neu t r e s . 

La v i tesse moyenne du plasma, la v i tesse de phase et l ' amor t i s s emen t 
des ondes ioniques sont en accord raisonnable avec la théor ie m a c r o s c o 
pique p résen tée c i - d e s s u s . 

P a r contre , en t r è s basse fréquence (fig. 3b) la v i t esse de phase du 
mode aval p résen te une augmentation nette et reproduct ible qui n 'es t pas 
expliquée par le modèle théorique s imple u t i l i s é . 

2. MESURE DES TEMPERATURES ELECTRONIQUE ET IONIQUE -
AMORTISSEMENT LANDAU 

L'introduction d'un gaz neutre dans un p lasma de cés ium permet de 
ref ro id i r les ions. Cependant, l 'étude de l ' amor t i s s emen t Landau n ' e s t 
possible que si l ' amor t i s semen t collisionnel est t r è s faible. Pour obtenir 
ces conditions, nous avons séparé la région de re f ro id issement dans la 
machine de la zone de propagation à l 'aide d'un pompage différentiel assurant 
une décade de différence de press ion ent re ces deux zones . 

D 'aut re part , pour évi ter de tenir compte de la v i tesse moyenne du 
plasma, nous uti l isons une densité assez importante de l ' o rd re de 
109 p / c m 3 devant l ' émet teur dont la t empéra tu re est maintenue assez 
faible (2100°K). 

Dans ces conditions, la gaine électronique accé l é ra t r i ce des ions es t 
faible et on peut négliger la v i tesse moyenne du p lasma devant la v i tesse 
de phase des ondes. 

Pour m e s u r e r les t empé ra tu re s ionique et électronique, nous avons 
mis au point un analyseur é lectrostat ique dont la gri l le d 'analyse est 
formée d'une plaque de cuivre percée de t rous de 10 цт de d iamèt re 
distants de 50 um. Le collecteur es t polar i sé de façon à analyser s u c c e s 
sivement les fonctions de distribution des ions et des é l ec t rons . L 'ensemble 
est placé dans un four chauffé à 400°C, t empéra tu re n é c e s s a i r e pour 
évi ter un effet de recouvrement de cés ium sur la gri l le d 'analyse qui 
appor tera i t une e r r e u r importante sur la m e s u r e de t empéra tu re électronique. 

L'équation de dispers ion classique [5] des ondes ioniques obtenues 
à p a r t i r des équations de Vlasov appliquées aux ions et aux é lec t rons , 
équations couplées par l 'équation de Poisson, es t : 

( i \ 2 

еЛ/— 0 +-ez'(5) = К 
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où 5 est la v i tesse complexe : € = ш/кА, Z 2 (? ) es t la fonction de dispers ion 
plasma [6] et kg = (^ 2 /A 2 ) (1/9) . 

La figure 6 montre les variat ions de la v i tesse de phase et de la distance 
d ' amor t i s sement 6, distance au bout de laquelle l 'ampli tude de l 'onde est 
réduite d'un facteur e, en fonction du rappor t в des t e m p é r a t u r e s 
électronique et ionique. 

Pour une p ress ion de l ' o r d r e de 10"5 t o r r , on obtient par exemple 
une t empéra tu re électronique correspondant à K T e = 0, 19 eV et une 
tempéra ture ionique à KT ; = 0, 31 eV, m e s u r é e s par l ' ana lyseur 

FIG. 6. Variations de la vitesse de phase et de l'amortissement en fonction du rapport des températures 
électronique et ionique (théorie cinétique). 

é lec t ros ta t ique . La théor ie c i -des sus fournit dans ces conditions 
6/A = 0, 29 et une v i tesse de phase de 1, 17 k m / s , a lo r s que la courbe 
d ' amor t i s sement conduit à une valeur expér imentale 6/X = 0, 30 et une 
vi tesse de phase var iant de 1 k m / s à 1, 4 k m / s entre 8 kHz et 15 kHz. 
Cette variat ion de v i tesse peut ê t r e due en par t ie aux coll isions sur les 
neutres qui, ma lgré le pompage différentiel, ne sont pas complètement 
é l iminées . 

En conclusion, les m e s u r e s de t e m p é r a t u r e s électronique et ionique 
par analyseur é lec t ros ta t ique , bien que peu p réc i se s et facilement faussées 
par des effets de recouvrement de cés ium, permet ten t de conf i rmer les 
valeurs de l ' amor t i s s emen t sans coll isions données par la théor ie cinétique. 

Une étude systémat ique en fonction du rappor t в est difficile, ca r 
l ' amor t i s semen t coll isionnel devient t r è s vite prépondérant à basse f r é 
quence. A fréquence plus élevée, on quitte rapidement le r ég ime d ' amor t i s 
sement l inéa i re . Cependant une variat ion du taux d ' amor t i s semen t pour 
des va leurs de 9 var iant de 1 à 3 a été observée entre 5 et 20 kHz en 
refroidissant des ions potass ium et cés ium avec de l ' a rgon [7 ] . 

3. AMORTISSEMENT NON LINEAIRE 

L ' amor t i s s emen t Landau, basé su r une théor ie l inéa i re , suppose que 
la fonction de dis tr ibut ion des ions n 'es t pas notablement modifiée pa r 
l 'onde ionique. 
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Un a m o r t i s s e m e n t non l i n é a i r e de l ' o n d e de c o m p r e s s i o n é l e c t r o n i q u e 
a é t é o b s e r v é [8] e t d é c r i t à l ' a i d e d ' u n e t h é o r i e q u a s i l i n é a i r e [9] e t de 
c a l c u l s n u m é r i q u e s s u r m a c h i n e [ 1 0 ] . D a n s t o u s l e s c a s , on t r o u v e , p o u r 
u n e onde de g r a n d e a m p l i t u d e , une m o d u l a t i o n o s c i l l a n t e de l ' a m p l i t u d e 
de l ' o n d e e t un a m o r t i s s e m e n t p l u s f a ib l e q u e l ' a m o r t i s s e m e n t l i n é a i r e . 

Un a m o r t i s s e m e n t d ' a p p a r e n c e a n a l o g u e a é t é o b s e r v é s u r l e s o n d e s 
i o n i q u e s d e g r a n d e a m p l i t u d e [11] e t [ 1 2 ] . L e s f i g u r e s 7 e t 8 p r é s e n t e n t 
un e x e m p l e de v a r i a t i o n s de l ' a m p l i t u d e du s i g n a l d é t e c t é en fonc t ion de 
l a d i s t a n c e p o u r p l u s i e u r s v a l e u r s de l ' a m p l i t u d e e t de l a f r é q u e n c e du 
s i g n a l d ' e x c i t a t i o n . 
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FIG. 7. Variations de l'amplitude du signal détecté 
en fonction de la distance pour différentes valeurs 
de l'amplitude crête-crête de la tension appliquée 
pour une fréquence de 30 kHz. 

5 10 15 20 25 30 cm 

FIG. 8. Variations de l'amplitude du signal détecté 
en fonction de la distance pour différentes valeurs 
de la fréquence avec une tension appliquée 
crête-crête de 2 V. 

De m ê m e q u e p o u r l ' o n d e é l e c t r o n i q u e , on o b s e r v e u n e m o d u l a t i o n 
o s c i l l a n t e de l ' a m p l i t u d e du s i g n a l d é t e c t é . L a « p s e u d o - l o n g u e u r » d ' onde 
e s t b i en p r o p o r t i o n n e l l e à l ' i n v e r s e de l a f r é q u e n c e e t l ' a m p l i t u d e de l a 
m o d u l a t i o n à l a r a c i n e c a r r é e de l ' a m p l i t u d e du s i g n a l d ' e x c i t a t i o n . D a n s 
l e c a s d e n o s e x p é r i e n c e s , l ' a m p l i t u d e m o y e n n e ne d é c r o î t que t r è s 
l e n t e m e n t a v e c l a d i s t a n c e , a i n s i que l e p r é v o i t l a t h é o r i e non l i n é a i r e , p a r 
o p p o s i t i o n a v e c l e s e x p é r i e n c e s p r é s e n t é e s d a n s l a r é f é r e n c e 12 . 

L a t h é o r i e non l i n é a i r e de l ' a m o r t i s s e m e n t s a n s c o l l i s i o n s d e s o n d e s 
i o n i q u e s p o u r r a i t donc s e m b l e r e x p l i q u e r l a p l u p a r t d e s r é s u l t a t s e x 
p é r i m e n t a u x . C e p e n d a n t , q u e l q u e s p o i n t s r e s t e n t o b s c u r s : 
1. D a n s u n e t h é o r i e non l i n é a i r e , l a p o s i t i o n du p r e m i e r m i n i m u m , ou 

l a d i s t a n c e à l a q u e l l e l ' a m o r t i s s e m e n t s ' é c a r t e d e s v a l e u r s p r é v u e s 
p a r l a t h é o r i e de L a n d a u p o u r l e s f a i b l e s a m p l i t u d e s , e s t c a r a c t é r i s 
t i q u e du t e m p s de r e l a x a t i o n d e s p a r t i c u l e s r é s o n a n t e s d a n s l e p u i t s 
de p o t e n t i e l de l ' o n d e . C e t e m p s [9] 

VeEk 

doi t donc ê t r e p r o p o r t i o n n e l à l ' i n v e r s e d e l a r a c i n e c a r r é e du p o 
t e n t i e l a p p l i q u é . C e t t e d é p e n d a n c e e s t a s s e z b ien o b s e r v é e p o u r l e s 
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ondes électroniques [8]. Par contre, la figure 7 montre que la 
position du premier minimum pour l'onde ionique est indépendante de 
l'amplitude du signal appliqué. 
L'oscillation d'amplitude semble dépendre de la densité du plasma 
entre les grilles. Une suppression des effets non linéaires peut être 
attendue lorsque la densité est suffisante pour que les collisions ion-
ion maintiennent, malgré l'amortissement Landau, une fonction de 
distribution maxwellienne pour les ions. Or, l'effet de densité s'observe 
à des densités beaucoup plus basses : en effet, pour que les collisions 
ion-ion interviennent, il faudrait une fréquence de collisions ion-ion 
de l 'ordre de 10 kHz au moins, ce qui conduit, pour une température 
de 2200°K, à une densité supérieure à 2 • 1010 p/cm3 , et dans toutes 
nos expériences de propagation la densité est toujours restée bien 
inférieure à 109 p/cm . 

i<£ 

\ Ampl 

\ 

\ 

fude 

\ 
\ \ 

\ 
г*С 

Fréauence * • 

0 20 40 60 kHz 
BIG. 9. Variation de l'amplitude du signal détecté en fonction de la fréquence. La courbe en trait 
plein représente l'amplitude du signal mélangé (onde entretenue); la courbe en pointillé représente 
l'amplitude du signal ionique seul. 

Une autre explication partielle possible de la nature oscillante de 
l'onde peut être proposée. Nous avons observé [3] au-dessus de la fré
quence plasma des ions l'existence de deux modes simultanés ayant des 
vitesses de phase différentes: 
- l'onde ionique, dont la vitesse de phase augmente légèrement avec la 

fréquence au-dessus de la fréquence plasma des ions; 
- une onde rapide, dont la vitesse est de 5 à 10 fois supérieure à celle 

de l'onde ionique. 
Ces deux signaux se composent pour donner une nature oscillante de 

l'amplitude de l'onde qui explique l'indépendance du premier minimum 
avec l'amplitude du signal d'excitation et la proportionnalité de la «pseudo-
longueur» d'onde avec l'inverse de la fréquence de l'onde. 

La figure 9 montre, en fonction de la fréquence, les variations ex
périmentales de l'amplitude des signaux puisés détectés à l'aide d'un 
Princeton Applied Research Waveform Eductor. 

La courbe en trait plein montre les variations du signal entretenu et 
la courbe en pointillé les variations du signal ionique puisé seul qui 
présente donc encore ici un écart notable par rapport aux valeurs prévues 
par l'amortissement linéaire de Landau. Cette variation d'amplitude est 
conforme aux résultats d'un calcul numérique effectué par Armstrong [14] 
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pour l ' amor t i s s emen t non l inéai re d'une onde ionique à pa r t i r d'un modèle 
uti l isant une équation de Vlasov pour la fonction de distr ibution des ions 
et un modèle fluide pour les é l ec t rons . 

En conclusion, l ' amor t i s s emen t des signaux détectés en fonction de la 
dis tance ou de la fréquence produit un effet a ssez semblable à celui de 
l ' amor t i s s emen t sans coll is ions des ondes é lectroniques de grande ampli
tude. Une autre in terpré ta t ion est possible car-une propagation au-dessus 
de la fréquence p lasma des ions peut produi re , par mélange d'ondes de 
v i t e sses différentes, en effet t r è s analogue. 
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D I S C U S S I O N 

S. J . BUCHSBAUM: When helium is introduced into a Q-machine, is 
the resul t ing drop in ion t empera tu re uniform along the axis? 

H. J. DOUCET: In our experiment the cooling and propagation zones 
a re separa ted . In the propagation zone, cooling of the ions by collision 
is negligible and the ion t empera tu re is a constant . 
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Abstract 

NON-LINEAR DRIFT WAVES IN A PLASMA WITH A TEMPERATURE GRADIENT. In a low-8 plasma 
slab we consider stationary drift waves with an electrostatic potential of the type <p(y-ut, x, z), where x 
is the co-ordinate in the direction of the equilibrium gradients, and z is the co-ordinate along the magnetic 
field. We assume the x-dependence of the varying quantities to be small, the ion temperature to be much 
smaller than the electron temperature, and make use of the two-fluid theory neglecting the dissipative effects. 
We take into account the electron temperature gradient as was done previously, but add the dispersive effects 
due to the ion inertia perpendicular to B. The final equation is similar to the Korteweg-de Vries equation. 
It has as solutions a general non-linear wave, a solitary wave and an exact sinus wave. The two last solutions 
are due to the temperature gradient. 

In the dissipative case, resistivity alone does not allow periodic solutions if solutions of the type 
,p(y-ut + az) are considered. The x-dependence of potential and density fluctuations seems to be essential 
for the calculation of the diffusion averaged over one period of oscillation. 

In a small-/3 p lasma slab we examined s ta t ionary drift waves with an 
e lec t ros ta t ic potential of the type cp(y-ut,x, z), w h e r e x i s the co-ord ina te in the 
direction of the equil ibrium gradients , and Z is the co-ordinate along the 
magnetic field. We assumed the x-dependence of the varying quanti t ies 
to be smal l — in fact in this case it does not essent ia l ly change the 
resul t s — the ion t empera tu re Tj to be much sma l l e r than the e lec t ron 
t empera tu re Te , and we made use of the two-fluid theory, neglecting the 
dissipative effects. We took into account the e lec t ron t e m p e r a t u r e gradient 
as done previously [1], but we added the d ispers ive effects coming from the 
ion iner t ia perpendicular to B. 

Our basic equations a r e : 

Эпе E X B „ Э . , , 

f f - + Щг~ • *Щ + divnivu = 0 (2) 

A- Mi Э ЭВф 
d i v n i V i l = ^ 2 — n i ^ (3) 

* This work was performed under the terms of the agreement on association between the Institut 
fur Plasmaphysik and Euratom. 

** On leave from the Institute of Physics of the Academy of Sciences of the Ukrainian SSR, Kiev, USSR. 

671 



672 ORAEVSKY et al. 

which is the iner t ia l cor rec t ion to the perpendicular motion of the ions . 

n i = n e , (4) 

and 

n e = n 0 ( x ) e k T e « - (5) 

which comes from the motion of the e lec t rons along B, neglecting the i r 
iner t ia and other resonance effects. 

These equations a re valid in the usual domain, 

k,|Vthi < w < k „ v t h e • , 

Let us now find solutions of the type cp(y-ut, x, z) 'and substi tute ф in Eq.(2) 
for П; and divniVj! using Eqs (3), (4), (5). We then get the following 
equation: 

ueno Эф_ _1 Эф_ / n , . en_0 T-, \ Mun_0 /gfy ^ _ ^ &%\_ • 
k T Эу + В Эу V о k T Т V е В Ч Э у 5 к Т е Э у Э у 2 ^ ~ и (Ь> 

The f i rs t two t e r m s have a l ready been found in Ref. [1] , where the 
t e m p e r a t u r e gradient gives a Burgers - type t e r m . The third t e r m is à 
d i spers ive one analogous to the case of the Korteweg-de Vr ies equation, ' 
and is due to the iner t ia of the ions perpendicular to S . Equation (6) can 
be wri t ten formally: 

Э ф , , . fd\ e Э ф ' Э 2 ф Л ' ' , . ' , . 
• ^ ( a + b ? ) = c(J3-_^L _ | | ^ . ( 6 I ) 

where x s e r v e s a s a pa rame te r , у does not appear in Eq.(6) and therefore 
one can reduce the o rder denoting 

9 У VY' 9y2 ' ' Эу У(Ф), | 2 L = w , H = v V ' . t V V 

and becomes 

(V2)" - ^ f r ( V 2 ) ' = | ( а - + Ьф) 

the solution of which-is 

Эф\2 kT e кте 7 „ ' 
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/ h e r e а, б a r e a r b i t r a r y c o n s t a n t s , 

(3 = - 2 ^ 
p Mu 

u + Щ Bo + là 
eB \щ Т е 

7 = - 2 
I Ê еВ_ 
Т» Mu 

U s i n g t h e d i a g r a m m e t h o d a s in Ref. [2] , E q . (7) y i e l d s m a n y p o s s i b l e 
w a v e s : 

•Ф 

(a) 

• аФ 

e 
*Ф 

WW •* 
dy e-(a) The s o l i t a r y w a v e (b) _ 

w h e n 7 < 0 

(b) P e r i o d i c w a v e s in g e n e r a l 

(c) S inus w a v e s due to t h e e x i s t e n c e of even a s m a l l t e m p e r a t u r e g r a d i e n t 
w h e n а = /3 = 0 
In t h i s c a s e cp = cpmax s i n cry i s a s o l u t i o n 

1 1_ d L o g T e 

a2 d L o g n 0 d L o g T e 

d L o g n 0 

2 _ M T e (8) 

In c y l i n d r i c a l g e o m e t r y a 2 = m 2 / r 2 ; t h i s i m p o s e s a r e s t r i c t i o n on the r a d i u s 
of t he p l a s m a for the e x i s t e n c e of t he w a v e . 

R e s i s t i v e c a s e . P e r i o d i c s o l u t i o n s and d i f fus ion 

If w e c o n s i d e r s o l u t i o n s of t h e t y p e cp(y-ut + в г ) and n ( y - u t + o z ) E q s ( 5 ) 
and (6) now b e c o m e : 

e Эф г; Эф 
k T e Э у + к Т е Э у 

п = п0(х) ехр 

nb Зф Muno 

еф ф 
—— + п—!— кТе ' кТе 

О) 

В Эу е В 2 
е Э ф г] Эф 

"Эу5 ~ Ъ~у2\к7Т~ду~~ к Т Эу", 

(10) 
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where rj is the res i s t iv i ty and ——= nv z 

—» 
We must also take div j = 0 

2 9 ф Mu Э2ф . 
а тг- + ~^я n тгЛ = const (11) 

9 у eB2 9 у2 

The diffusion in one period of oscil lation is given by ф п(Эср/Эу) dy. 
It is easy to show from Eq. (10) that ф n(9<p/9y)dy = 0. This supposes that 
the sys tem posse s se s periodic solutions. In fact there is no periodic 
solution of Eqs(10) and (11). This is shown by integrat ing Eq. (10) over one 
period. It then follows that ф (Э2ф/Эу2)(Э(///Эу) dy = 0, which is in cont ra
diction with condition (11). 

The introduction of finite ion t empera tu re does not change the r e su l t . 
The presence of viscosi ty , if it allows periodic solutions, sti l l gives ei ther 
no diffusion, or a smal l diffusion. But the x-dependence of cp and ф could 
completely change the problem. 

CONCLUSION 

(a) The two-fluid theory gives in teres t ing r e su l t s on non- l inear drift waves 
in the non-diss ipat ive case , these being associa ted with a gradient in the 
e lectron t e m p e r a t u r e . 
(b) In the diss ipat ive case , we believe that the x-dependence of the varying 
quanti t ies of the wave is essent ia l for calculating the diffusion. 

REFERENCES 
[1] TASSO, H., Phys. Lett. 24 A 11(1967)618. 
[2] SAGDEEV, R. Z. , Rev. Plasma Phys. (LEONTOVICH, M.A., Ed.) 4 (1966)23. 

D I S C U S S I O N 

H. TASSO: I should like to make two comments regard ing this paper , 
of which I am a co-author . In considering the problem of the existence of 
periodic waves (non-l inear drift waves) one should take into account as far 
as possible the iner t ia l t e r m . 

When calculating the diffusion due to the wave, I think it is essen t ia l 
to take into account the x-dependence of the density and the e lec t ros ta t ic 
potential . 

F . F . CHEN: I agree with both points. The mathemat ica l exis tence 
or non-exis tence of periodic solutions s e e m s to depend on h ighe r -o rde r 
t e r m s in the expansion of ion orbi ts in powers of r L / R ; I gained this 
impress ion in a conversat ion with Stix, who was to present this Rappor teur ' s 
paper . The es t imates of t r anspor t r a t e s in both your work and that of Stix 
(paper CN-24/E-1) suffer from crude assumptions regard ing the x-dependence. 
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Abstract 

DIFFUSION AND RECOMBINATION IN A Q-DEVICE. To determine the diffusion coefficient 
perpendicular to the magnetic field В in a Q-device, the particle losses (||B) at the hot end plates 
should be known. Assuming resistive diffusion, the "equilibrium" theory predicts for strong magnetic 
fields that the dominant loss process should be recombination at the hot end plates. 

Attempts were made to verify the "equilibrium" theory. For plasma densities n ^ 1011cm"3, 
the particle losses were found to be much larger than expected from the theory. A JQ ~ n dependence 
instead of Jo ~ n 2 was observed, JQ being the incoming neutral flux. However, JQ was determined 
indirectly in these experiments by just measuring the total ion flux y. Moreover, no conclusive informa
tion was available regarding the nature of these additional losses, i. e. whether the particles are lost 
parallel or perpendicular to the magnetic field. 

In the present work measurements are performed in a singly ionized barium plasma of a Q-device 
(BARBARA) by varying the atomic flux, magnetic field, plate temperature, ion temperature, degree of 
ionization and mode of operation (single- or double-ended). The central part of the hot end plate is 
"illuminated" by an atomic beam of barium. The plasma density distribution is measured by Langmuir 
probes, microwave cavity, and resonance fluorescence scattering (\ = 4554 Â) methods, whose reliability 
has been checked. The spectroscopic method is now also extended to the barium atoms (X = 5535 Â), 
allowing us to perform the hitherto lacking direct measurement of j Q . Further, the total ion input flux 
and the outgoing flux normal to "8 are also measured. Moreover, analysis of the radial density profiles 
outside the "illuminated" region is also made as a function of B. 

These measurements give a possibility of a step-by-step determination of the article losses 
perpendicular and parallel to В separately. 

1. INTRODUCTION 

There is a lack of agreement between theory and experiment on the 
nature of par t ic le l o s se s in a Q-device. 

Assuming c lass ica l diffusion [5] , the "equi l ibr ium" theory [1] p red ic t s 
the surface recombination at the hot end-plates to be the dominant loss 
p rocess at s trong magnetic fields, yielding a j 0 ~ n2 dependence having 
the exact form of 

• = v + v - 2 
]° " 8 RiLa n 

j 0 and n a re the atomic flux (cm"2s"1) s t r iking the end-plate and the p l a sma 
density (cm"3) respect ively , v+ and v. being the ion and the e lectron t he rma l 
veloci t ies , Ri and La the Richardson cur ren t and Langmuir function. 

'••' This work was performed under the terms of the agreement between the Institut fur Plasmaphysik 
GmbH, Munich-Garching, and Euratom to conduct joint research in the field of plasma physics. 
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On the other hand, several experiments, measuring the total number 
of ions coming into the plasma per second, 4>j, and the density, n, by 
using different diagnostic techniques, have yielded а ф ; ~ п dependence 
for n < 2 X 10И cm-3. Relating 4>i to jo by q = 7JoA (where A is the effective 
plasma cross-section and у = La/l+La), these experiments have shown 
particle losses much larger than those predicted by the "equilibrium" 
theory and give a jo "~ n dependence instead of Зо ~~ n2[2-4] . However, 
the nature of these additional losses could not be decided from these 
measurements. One could only conclude that either the losses at the 
surface of the hot end-plates are larger than those predicted by the 
"equilibrium" theory or the losses across the magnetic field are larger 
than those given by classical diffusion. This enhanced diffusion may be 
described, for instance, by Bohm's coefficient, as it has been observed 
in Q-devices; however, not under "quiescent" conditions (relative density 
fluctuations n /n< 0. 05) [6-9] . 

Regarding enhanced losses on the surface of the end-plates, there are 
two possibilities. Firstly, the ionization on the end plates may not follow 
the Langmuir function. To explain a j 0 ~n dependence, the ionization 
should then depend upon the number of particles striking the end-plates. 
Secondly, the number of ions per second that overcome the sheath and 
reach the end-plates may be larger than that predicted by the "equilibrium4 

theory. This is only possible when the actual particle energy reaches the 
sheath potential [10]. 

It must be mentioned here that the charge exchange [11] should not 
contribute appreciably to particle losses in a barium plasma, the vapour 
pressure being very low and the vacuum vessel usually cooled. 

To decide from the above-mentioned possibilities, in the present 
experiment the total particle losses and the diffusion across the magnetic 
field В were determined in the "quiescent" state of the plasma. In addi
tion, the diffusion across В in a "non-quiescent" state (ri/n >0. 1) and its 
correlation with the amplitude of the oscillations were investigated. 

To measure directly the absolute density distribution of the atomic 
beam, the method of resonance fluorescence scattering of light by barium 
atoms was employed. The same method, applied to the ions, supplemented 
by microwave and Langmuir probes, was used to measure the absolute density 
distribution of the plasma as a function of B. Moreover, a metallic disc and 
a ring were provided to measure Ф^э"1) and Ojjs"1), the latter being the 
number of outgoing particles perpendicular to B. 

2. EXPERIMENTAL SET-UP 

The measurements were performed in a singly ionized barium 
plasma of the Q-device BARBARA [12] . The length of the plasma 
column was 50 cm. The magnetic field В could be varied up to 10 kG. 
The machine could be operated double-ended'(D. E. ) (both the end-
plates hot and grounded) as well as single-ended (S.E. ) (only one end-
plate hot). The latter permits the cold end-plate to have a negative or 
positive bias, or to be kept floating or grounded. The end-plates could 
be heated up to 2800°K. Tungstan end-plates 3. 2 cm in diam. were 
used whose absolute temperature calibration was done by measuring 
the spectral emission of light. The temperature difference from centre 
to edge was found to be about 1%. The plasma was produced by "illuminât-
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ing" only the cen t ra l region of one of the hot end-pla tes by means of a 
finely coll imated atomic beam coming from the oven-col l imator sys tem. 
Its absolute density distr ibution was measu red by resonance f luorescense 
sca t ter ing method (7 = 553 5 A) as a function of oven t e m p e r a t u r e , T0, and 
of the dis tance from the oven-col l imator sys tem. The half-width, 2 R0, 
at the position of the end-plate was found to be 6 mm[13] . The p la sma 
density was measu red by resonance f luorescence sca t ter ing of light by 
the ions (7 = 4554 and 4934 A) from a volume of about 2X 10"3 c m 3 , by 
a microwave cavity (TMo10 mode), and by a cyl indrical Langmuir probe 
(~ 10-2 cm2). The rel iabi l i ty of these methods with an accuracy of 30% 
has already been established in an e a r l i e r experiment [12] . The spec t ro 
scopic and the probe measu remen t s were made at the midplane of the 
device, whereas the microwave cavity was located between the midplane 
and an end-plate . <îi and 0R were measured at the midplane by t emporar i ly 
inser t ing the metal l ic disc into the p lasma and the ring concentr ic to the 
end-plates and collecting the ion saturat ion cur ren t . The d iameter of the 
disc was 45 m m , whereas the inner and outer d iamete r s of the ring were 
28 and 36 mm. In addition, the total number of ions pe r second coming 
to the negatively biased cold end-pla te , ФР, was measured in S .E . The 
base p r e s s u r e was in the 10"6 to 10"7 t o r r range . 

3. RESULTS AND DISCUSSION 

3 . 1 . "Quiescent" s tate of p lasma 

Figure 1 shows the p lasma peak density n as a function of j 0 . The 
dashed line in D . E . r e p r e s e n t s the "equi l ibr ium" theory ( j 0 ~ n2) for 
2100°K. The dotted line in S .E . shows the curve for enhanced losses 
as descr ibed by Bohm's diffusion Coefficient . The exper iments exhibit 
a j 0 ~ n behaviour. The magnitude of the discrepancy between the exper i 
ments and the "equi l ibr ium" theory is seen in Fig. 1. This confirms our 
ea r l i e r measu remen t s of Ф; ~ n , with fully "i l luminated" end-pla te , in
dependent of all the operating conditions for n < 2 X ЮН cm - 3 [4] . More 
over, under the same operat ing conditions, the rat io <îï/n of our e a r l i e r 
and present exper iments tu rns out to be the s ame . 

The behaviour of the probabili ty of ionization 7 is direct ly verified 
under var ious operating conditions as shown in Fig. 2. The normal ized 
values of / j 0 ( r ) r dr and Ф4 show identical behaviour, confirming that, 
at different plate t e m p e r a t u r e s , 7 is independent of the number of pa r t i c l e s 
per second str iking the end-plate . The absolute value of 7 was found to 
be roughly in agreement with the theoret ical value. 

This excludes the supposition that, the deviation between the expe r i 
ments and the "equi l ibr ium" theory might be due to an i r r egu l a r behaviour 
of the ionization on the end-pla tes . 

Since the magnitude of total losses was approximately that of Bohm 
diffusion as shown in Fig. 1, it may be thought that these additional l o s se s 
take place a c r o s s B. To investigate th is , we measu red the broadening of 
the radia l density profi les as a function of B. Figure 3 shows the atomic 

1 Bohm diffusion is calculated by assuming longitudinal velocity of ions equal to the axial thermal 
velocity and a ratio of neutral beam width to end-plate diameter, <p = 0. 25; classical diffusion and volume 
recombination (a) with ц> = 0. 25 and a = 5 x 10"» c m î / s [14]. 
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density profile and a typical p lasma density profile; the e r r o r in absc i s sa 
being ± 0 . 5 m m . The ra t io of the half-width of p lasma profile to half-
width of neutra l profile (R+/R0) as a function of В is shown in Fig. 4 under 
var ious operating conditions. The peak density for these measu remen t s 
remained below 1010 cm"3. The solid and dotted curves r ep resen t the 
broadening by c lass ica l and Bohm diffusions, respect ive ly . 

D. E. S.E. 

' n [cm"3] 

103 

10c 

1013 2 5 10*2 

П С 1. Peak density n vs j 0 curves. В = 5. 7 kG 
D. E. : T = 2400"K (1) 

Tp = 2100"K (2) 
: Bohm diffusion* 

• : Equilibrium theory for T„ = 2100*K 
* See footnote in main text 

1-

10 

ID"2 

'Jo^jOarbit. units] 

oven temperature [°C]-» 

600 700 800 

FIG. 2. Normalized j and Ф; vs. 
• : /J„Wrdr 
X : $j at Tp = 2400'K 
О : <Sî at Tp = 2100°K 

It m a y b e p o s t u l a t e d now t h a t , in s p i t e of t h e a b s e n c e of an a p p r e c i a b l e 
b r o a d e n i n g of t h e p r o f i l e s , t he p a r t i c l e l o s s e s t a k e p l a c e a c r o s s B . T o 
s h o w t h a t t h i s i s not s o , we u s e d a m e t a l l i c r i n g . U n f o r t u n a t e l y , a " b a c k 
g r o u n d " p l a s m a w a s u s u a l l y p r e s e n t ( F i g . 3) . We m a d e s u r e tha t t h e " b a c k 
g r o u n d " did not o r i g i n a t e f r o m t h e c o l l i m a t o r . I t s m a g n i t u d e v a r i e d wi th 
t h e o p e r a t i n g c o n d i t i o n s . Ф^ w a s found to be i n d e p e n d e n t of В and a func t ion 
of " b a c k g r o u n d " . When the b a c k g r o u n d w a s l o w , % /<J$ w a s found to b e 
0. 2 and u n d e r w o r s t c o n d i t i o n s it w a s 0. 5. 
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This point was further investigated by measur ing Ф̂  and Фр. Both were 
found to be identical showing that: " 

(a) No par t i c les a r e lost outside the plate rad ius ; and 
(b) The flux measu red by the ring is collected only by that par t of its 

a r ea which over laps with the end-p la tes . 
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FIG. 3. Normalized radial density profiles in "quiescent" state 
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FIG. 4. Relative broadening of the density profiles, R^/R,, as a function of 1/B 
2R0 = Half width of atomic beam = 6 mm 
2R+ = Half width of plasma profile 
X, D , О correspond to different operating conditions 

Broadening due to classical diffusion and recombination* 
Broadening due to Bohm diffusion* 

* See footnote on page -

Thus, the measu remen t s of the broadening of the profiles show that 
the losses ac ros s В a re not compatible with enhanced diffusion and a re 
compatible with c l a s s i ca l diffusion. This is further supported by the 
independence of Ф /̂п on the atomic beam width as mentioned above. The 
comparison of Фд and &1, and the equality of Ф and <$1 exclude such loss 
mechanism a c r o s s В as postulated above. 

3. 2. "Non-Quiescent" state of p lasma 

The question of corre la t ion between the amplitude of coherent low-
frequency e lec t ros ta t ic oscial la t ions and diffusion ac ros s В has been the 
subject of a number of investigations [7, 9] . 
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Besides the "quiescent" state, we could excite a 'non-quiescent state 
in which osciallations of fundamental frequency 3 kHz were observed. In 
S.E. this was achieved by grounding the cold end-plate or drawing the electr 
saturation current; in D.E. by a slight inequality between the end-plate 
temperatures. 
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FIG. 5. Normalized radial density profiles in "quiescent" and "non-quiescent" states in S. E. operation 
. -. '-. -. - "quiescent" state 

cold end -plate grounded 
cold end-plate drawing electron saturation current 
Bohm diffusion * 

The oscillogram shows the amplitude of oscillations in "quiescent" (lower signal) and "non-quiescent" 
(upper curve) states. 
* See footnote on page -

3 l[mA] 

FIG. 6. Relative density oscillations (+) and broadening of the density profiles (o) as a function of electron 
current. 
2R+ = Half-width of plasma profile 
N = n/n in "non-quiescent" state 
NQ = n/n in "quiescent" state 

Figure 5 shows the radial density profiles in "quiescent" and "non-
quiescent" states. The profile due to Bohm diffusion is also shown. In 
the quiescent state, the plasma density profile is comparable with the 
neutral density profile, while in the "non-quiescent" state it broadens and 
the peak density decreases. We never observed the broadening of the 
profile without the appearance of the above-mentioned oscillations. Figure 6 
shows the relative density fluctuations and the half-width of the plasma 
density profiles as a function of currents drawn by the end-plate. It is seen 
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that the amplitude of oscillations as well as the half-width of the plasma 
density profiles increases with the current, reaching the value correspond
ing to Bohm's diffusion coefficient. The nature of the wave is still being 
investigated. 

4. CONCLUSIONS 

The results of our experiments demonstrate that in the "quiescent" state 
the discrepancy between the "equilibrium" theory and the experiments is 
neither due to an irregular behaviour of the ionization on the end-plate nor 
to particle losses across B, which are found to be negligibly small. The 
only factor with which we are left now is an enhanced recombination at the 
end-plates. It should be mentioned here that Ref. [10] seems to describe 
the enhanced recombination adequately. 

Further, in a collisionless plasma, coherent oscillations have an 
influence on the diffusion coefficient across В which may reach Bohm's 
diffusion coefficient depending upon the amplitude of the oscillations. 
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Abstract 

THEORY AND MEASUREMENT OF THE PERTURBATION IN THE ELECTRON VELOCITY DISTRI
BUTION CAUSED BY A LANDAU DAMPED WAVE. The Landau damping of an electron plasma 
wave in a collisionless plasma produces a perturbation in the electron velocity distribution function. 
The first-order theory of Landau predicts presistent high-frequency oscillations in the distribution function, 
but no change in the time-averaged distribution. Using a procedure analogous to quasi-linear theory we 
have carried this calculation to one higher order in the amplitude of the electric field and obtained the 
perturbation in the time-averaged distribution function. The perturbation is proportional to the square 
of the electric field and is resonant near the phase velocity of the wave. We have tested this theory experi
mentally by direct measurement of the time-averaged perturbation in the electron velocity distribution. 
Prior experiments testing the linear and non-linear theory of plasma waves, using the same plasma, provide 
detailed evidence that the plasma matches the assumptions of the theory. For the present experiment, a 
Landau damped wave is launched in the plasma and electrons near the resonant velocity are allowed to 
escape from the plasma. Their velocity distribution is measured with an electrostatic analyser. The 
results agree with theory. 

I . INTRODUCTION 

The l i n e a r t h e o r y [ l ] for l o n g i t u d i n a l e l e c t r o n waves in a plasma has 
been known fo r a long t ime and t h i s t heo ry has been confirmed exper iment -
a l l y [ 2 - 6 ] . When t h i s t h e o r y i s c a r r i e d t o h ighe r o r d e r s i n t h e wave e l e c 
t r i c p o t e n t i a l , ф, a number of new phenomena appear . This paper d e a l s wi th 
t he changes in t h e t ime-averaged v e l o c i t y d i s t r i b u t i o n caused by a s i n g l e 
wave. In f i r s t o rde r t h i s change i s z e r o , but t h e r e i s a non-zero change i n 
second o r d e r . In t h e l i m i t of many waves wi th random p h a s e s , q u a s i - l i n e a r 
t h e o r y , [ 7 ] which p r e d i c t s t he change i n t h e v e l o c i t y d i s t r i b u t i o n caused by 
the waves, i s expected t o become v a l i d . Thus t h e sub j ec t of t h i s paper i s 
c l o s e l y r e l a t e d t o q u a s i - l i n e a r t h e o r y ; i t i s of t he same o rde r in Ф, name
ly second, but he re t h e e f f e c t of a s i n g l e wave i s i n v e s t i g a t e d r a t h e r t h a n 
the e f f e c t of many waves. 

* This research was sponsored by the Defense Atomic Support Agency under Contract DASA01-68-C-0091. 
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For the experiment, the plasma is produced in a duoplasmatron arc 
source and drifts from it into a homogeneous magnetic field, forming a 
plasma column. The downstream end of the column is terminated by a nega
tively charged plate. The most energetic electrons escape the plasma and 
enter an electron energy analyzer mounted behind a hole in the end plate. 
A probe connected to an r.f. transmitter launches a damped electrostatic 
wave in the plasma. The transmitter is set at a series of fixed frequencies 
and for each the wave number and damping of the wave are measured. The 
waves cause a change in the time-averaged velocity distribution of the elec
trons, and this change is measured by means of the electron analyzer. Since 
the wave phase velocity changes with applied frequency, all the measurements 
can be made as a function of wave phase velocity. 

The theory predicts that the main change in the velocity distribution 
occurs close to the phase velocity of the wave, and this is found experi
mentally. The theory also predicts that the change in the velocity distri
bution is proportional to ф2 and this was established experimentally over 
a wide range. The measurements also show that the increase in resonant 
electron kinetic energy agrees in absolute magnitude with the original wave 
energy. 

II. THEORY 
We consider a long, axially symmetric plasma column immersed in a 

strong homogeneous magnetic field, and bounded by a cylindrical conductor. 
The plasma axis is taken to define the z-direction and the position of 
the transmitter probe to define the point z = 0. The plasma source is 
located many Landau damping lengths to the left of the transmitter (i.e., 
at z = -œ) and the velocity analyzer many Landau damping lengths to the 
right of the transmitter (i.e., at z = +»). 

Because of the strong magnetic field [i.e., еВ/mc > (Uxtne /m)^], the 
electrons are constrained to move along the field lines, and their dynamics 
can be described by the one dimensional Vlasov equation 

|| + v э£ . £ ЭФ af_ = 0 (1) 
ôt z ôz m âz Svz ' 

where f is the electron d i s t r ibu t ion , ф i s the e lec t r i c po ten t ia l , and 
e and m are the electron charge and mass, respect ively. This equation 
must be solved in conjunction with Poisson's equation 

ôz2 г2Ъв2 Г Э Г ОГ 
ij-n^r)-/" dvfj (2) 

where n^ is the ion-density and the coordinates (r,g) are the polar 
coordinates in the plane perpendicular to the plasma axis, that is, per
pendicular to the z-axis. We will solve Eqs (l) and (2) by a perturba
tion expansion carried to second order in the wave amplitude. 

If the transmitter probe is driven at frequency ш, the linear plasma 
response will be of the form 

imt <p(z,r,e,t) = ф(2,г,е)е1аЛ + C.C 

6f(vz,z,r,9,t) » bfjvz,z,r,e)eiwt + C.C. 
(3) 
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where we have s e t f = f + ôf and C.C. s t ands for complex c o n j u g a t e . The 
q u a n t i t i e s 6fœ and фш a re r e l a t e d th rough t h e l i n e a r i z e d Vlasov e q u a t i o n 

la* + v | - of - £ ^ p £ = 0 (k) . 
to z gz ш m 5z 3v 

which has t h e s o l u t i o n 

m S'v Of = * ° i . / "dz 'cp ( z - ) e i u ) / V
Z

( z ' - z ) (5) ™ 3v v / uv ' z z -' 

The general solution for фш will Ъе a sum of eigenmodes for the system 

Vjr,z,B) = £ ^пт(ш)*пт(г'2)е1те ( б ) 

n,m 

where the quantities ФгтДш) a r e coupling constants expressing the extent 
to which each mode is excited Ъу the transmitter probe. The indices (n,m) 
are the radial and azimuthal mode numbers for the normalized eigenmodes 

w 
To o b t a i n the second-order c o r r e c t i o n t o t he t ime average d i s t r i b u t i o n , 

f0, we can t a k e t h e t ime average of Eq. ( l ) 

v
z â^ = d * ^ — + c.c| (7) 

where the right-hand side is to be evaluated by substituting the linear 
expressions for cp̂  and 6f . When this procedure has been carried out 
Eq. (7) is formally identical to the well-known quasi-linear diffusion eq
uation. Conceptually, however, it is different from the quasi-linear eq
uation. Since only a single wave is present (or more important, a single 
phase), the diffusion predicted by Eq. (7) is fake (or reversible) diffusion 
as opposed to the irreversible diffusion introduced by the random phase 
approximation of quasi-linear theory. 

The analyzer current can now be calculated. The transmitter probe is 
chopped at 100 kc/sec and the analyzer current drives a coherent detector 
operated at the chopping frequency. So the detector output measures the 
difference between the analyzer current when the transmitter is on and when 
it is off. Since the analyzer admits only those electrons with axial 
velocity greater than a variable cut off velocity v , the coherent analyz
er current is 

*o 2TT 

Tcoh ^ = e J r d r J d 6 J" d V z Vz L f o ( z = +a) - f o ( z = " œ ] ( 8 ) 

о о v c 

where r i s t he r a d i u s of t he a n a l y z e r a p e r t u r e ( cen t e r ed on t h e plasma 
ax is ) and [ f Q ( z = +=>) - f 0 ( z = -=>) ] i s t o be c a l c u l a t e d assuming t h e 
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t ransmit ter is on. Evaluating th i s l a t t e r quantity by integrating Eq. (7) 
from z = -co to z + m and subst i tut ing the resul t in Eq. (8) yie lds 

con. c' m 

о 2тт +=> «я г 

/ r d r / defàzfki 
-со V 

5f + С.С (9) 

Carrying out the v -integration gives the result 

I v, (v ) con. с 

2 ° 2тт +» 

^ / r d r / d f i / d z L ^ 
О "О -со 

Sf (v ) + C.C. (10) 

Replacing Щ and ôf in this equation by the general expressions 
given earlier [see Eqs (5) and (6)] would yield a series of terms repre
senting the contributions of the various modes to the analyzer current. As 
will be shown shortly, the contribution to the coherent current from a weak
ly damped mode is peaked near the phase velocity of the mode, with the width 
of the peak proportional to the damping rate. Since the Q-independent 
lowest order radial mode (i.e., n = 0, m = 0) is essentially the only 
weakly damped mode, we need only retain this mode to investigate the peak 
which is observed in the coherent analyzer current. In fact, we have shown 
experimentally, by an interference technique which cancels this mode and 
thereby destroys the peak, that this mode is indeed responsible for the 
peak (see Sec. III). As has been shown previously,[3,^] this lowest order 
mode is asymptotically of the form 

Ф = <P 4 (r) 
со о о 

-ikRZ + V Z ~ Ll 

ik„z - k_z LkR h 
(и) 

where the theoretically predicted values of and j agree with the 
experimental values, (i.e., an asymptotic form applies in each direction 
at distances large compared to the Debye length, 
is- normalized to unity at r = 0. 

LD) The function i|i0(r) 

Because the radius, r , of the analyzer aperture is much smaller than 
the characteristic radius of the eigenmode ф0(г), we may evaluate ^„(r) 
at r = 0 where it is normalized to unity. Also, since the velocity ana
lyzer only looks at positive velocities and the peak in the analyzer current 
is located close to the phase velocity of the mode producing the peak, we 
need only retain that part of the lowest order mode traveling to the right, 
that is, the upper term in Eq. (ll). Substituting this term into Eqs (5) 
and (10) yields the result 

1 v, ( v ) = coh. с 
е3 2 k 2 p / Ô J o \ f 
T " r o V o ( — j / 
m ч ' v=v - ' 

dz 

" 2 k l Z ikRz 
e -e 

1 — -z + k_z v I с 
im - ik_v + kTv К с l e 

(12) 

+ C . C . 
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Carrying out the remaining z- integrat ion reduces Eq. (12) to the f ina l 
resul t 

о 2 . 2 , 2 
3 ттг к_ ф 

WV ••77ГГТ7тс1Й (13) Ш„ 
с 

If we had retained the exact, rather than asymptotic, form of the lowest 
mode in Eq. (ll), the resonant denominator in Eq. (13) would simply have 
been replaced by the Landau dielectric function,[l] | f(k,kvc| , which re
duces to the expression in Eq. (13) near the phase velocity of the mode. We 
have written out the theory including the lower term in Eq. (ll) and shown 
by numerical computations that its contribution is insignificant. 

The total power of the lowest order mode is transformed to kinetic 
energy of resonant electrons since the wave is damped within the length of 
the plasma column. The difference between the kinetic energy of the reso
nant electrons entering the analyzer per unit time when the transmitter is 
on and their kinetic energy when it is off is 

PA=^Jfv3Afo(v)dv 

where Af = f (z=+«) - fQ(z=-°°) and the velocity integral is to be extend
ed only over the resonance peak. (Of course the higher order modes and the 
near field give contribution to the coherent current at lower velocities.) 
Since 

dIcoh.^> hH , 2 g- = - vuf(v)TTro e 

one obtains by integration by parts 

p. = - f 1 (e)de (11+) 
A e J con. 

where £ = \ mv^. 

The total power, Pm, transmitted downstream in the mode under con
sideration, can be measured. Since the radial profile of the power flow is 
proportional to n(r) | i/Q( r) | , where n(r) is particle density profile 
and i|t n(r), is the radial dependence of the eigenfunction, one obtains 

n(0) I* (0) | 2 

PA " PT - o » <«) 
J 2ттгп(г) И (г) Г 
о о' 

Here, the fact that r0 is small compared to the characteristic radius of 
t0(r), is used. The function n(r) is measured and ф0(г) is calculated 
in connection with the calculation of the dispersion curve for the waves. 
Also p_ and the integral of Eq. (lU) are measured. Thus, Eqs (lA) and 
(15) are subject to experimental test. 
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III. EXPERIMENT 

The machine with which the experiments are done has been described 
previously.[3-8J A few minor modifications have been made for the present 
experiment. In Fig. 1 is shown a schematic of the machine. The plasma 
source is a duoplasmatron and the gas used is hydrogen. The plasma forms a 
200 cm long column in a homogeneous magnetic field of ZkO G. The plasma 
column is surrounded by a slotted stainless steel tube with an inside radius 
of 5.2 cm. The slots allow us to put probes into the plasma and move them 
axially the full length of the machine. An annular permanent magnet which 
locally establishes a magnetic cusp field is placed just outside the duo-
plamatron. A separately biased cylindrical electrode is placed near the 
cusp magnet. When the bias is properly adjusted, this combination reduces 
radial diffusion of the plasma for reasons that are not clearly understood. 

-200 CM-
10Л CM „ PROBE | 

B- + TFT 
2\hl 

^ELECTRON 
ENERGY 
ANALYZER 

BIA.SE0 ELECTRODE PROBE E«B PLATE 
0U0PLASMATR0N 

FIG. 1. Schematic of tht apparatus. 

At the downstream end, the plasma is terminated by a negatively charged 
metal plate. Sufficiently energetic electrons may escape the plasma and 
enter an electron analyzer through a hole with a diameter of 1.5 mm in the 
center of the plate. The electron analyzer (which is also immersed in the 
magnetic field which confines the plasma column) is shown in Fig. 2. Elec
trons with parallel kinetic energy large enough to pass the potential 
barrier in the plane, of the discriminator electrode will be collected by 
the collector. Since the Ъеат diameter is small compared to the diameter 
of the hole in the discriminator electrode, the resolution of the analyzer 
is satisfactory (about 1%) even though the height of the potential barrier 
in the plane of the analyzer electrode depends on the radius. (For a small 
given beam diameter, the resolution of the analyzer improves as the size of 
the hole in the discriminator electrode is increased"!") One big advantage 
of using a discriminator electrode with a hole instead of a grid is that 
metal surfaces tend to be covered with an insulating film,(probably pumpoil) 
which has been observed to charge electrically when placed in the electron 
beam. The electron analyzer measures parallel kinetic energy of electrons 
referred to ground potential. If the space potential in the plasma is dif
ferent from ground potential, which is generally the case, the parallel 
kinetic energy of an electron when it is in the plasma is different from 
the energy measured by the analyzer. This difference is the space potential 
of the plasma. Thus, fluctuations in the space potential will appear as a 
limitation to the resolution of the analyzer. 

The potential rise created by the repeller electrode rejects ions from 
the plasma which enter the analyzer. The collector-guard ring arrangement 
is designed so that secondary photoelectrons from the discriminator elec
trode cannot reach the collector since they must follow magnetic field lines. 
Since the potential in the plane of the discriminator electrode at the axis 
is not identical with the potential of the discriminator electrode, the 
analyzer was calibrated with an electron beam. The calibration agrees with 
the calculated result. 
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The velocity distribution of the electrons is very close to Maxwellian 
with a temperature of kTe = 6.2 eV. The electron density is 2.5 x 10"cm"3 
at the axis and drops smoothly to zero at the wall with a half-maximum-
radius of about 1.5 cm. The background pressure is ~ 1 x 10"5 Torr 
(mostly Ho). Hence the Debye length is about 1 mm; the electron mean free 
path for electron-ion collisions is of the order of 1000 m and for 
electron-neutral collisions is of the order of 1+0 m. For the present 
experiment, the plasma is collisionless in the sense of the theory. 

When an r.f. voltage is applied to a probe inserted into this plasma, 
electron plasma waves are excited which propagate in both directions along 
the plasma column. While many eigenmodes of the plasma are excited, only 

COLLIMATOR' 
(GROUNDED) 

ION REPELLER 
+ 90V 

GUARD RING 
+ 90V 

0.2 
IN. 
1 
T 

k IN. 
COLLECTOR 
-+ 90V 

•DISCRIMINATOR 
ELECTRODE 

ПС 2. Schematic of electron analyser. 

the lowest radial and azimuthal eigenmode is observable for appreciable 
distances from the antenna when the frequency is sufficiently high, since 
all higher modes are very heavily damped. In previous experiment s[U] we 
have measured the dispersion of these waves, and found that it is accurate
ly predicted by the theory of Landau modified to account for the finite 
radial geometry of the system. The damping of these waves has- also been 
measured[2-U] and it was shown that heavy exponential damping is observed, 
even though collisional damping is negligible under these circumstances; 
that the damping is caused by electrons traveling at the phase velocity of 
the wave; and that the magnitude of the damping, its dependence on phase 
velocity, and its dependence on plasma temperature are accurately predicted 
by the theory of Landau. Thus electron plasma waves in this machine are 
very well understood. 

The dispersion curve depends only on the radial density profile and on 
the temperature and the central density of the plasma. Thus from a measured 
dispersion curve and radial profile the temperature and central density may 
be deduced, (both to a precision of about 5fo) . The temperature can also 
be deduced independently from the damping data, also with a precision of 
about %. A third temperature is obtained by direct measurement of the 
tail of the velocity distribution function using the electron analyzer. 
Over the range of this measurement (3kTe to 8kTe) the distribution is 
accurately Maxwellian and again a precision for the temperature is 
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obtained. These three "temperatures" will agree only if the distribution 
function is a Maxwellian since each depends on a different aspect of the 
distribution function. All three measurements give kTe = 6.2 eV within 
%. 

The density measurement applies to a particular position along the 
plasma column. Actually, the density on the axis is decreasing in the 
downstream direction and the density profile broadens. This in turn means 
that the dispersion curve changes with distance along the plasma column. 
By measurement of the dispersion curve at various positions, it was found 
that the density on the axis is decreasing by about 2Of0 per 100 cm. For 
the measurements presented in this paper the effects due to this density 
gradient can be neglected. 

The measurements of the perturbation in the velocity distribution 
caused by a Landau damped wave, were made in the following way. A wave is 
launched from a transmitter probe placed about the middle of the plasma 
column, typically so that the probe tip is 1 cm from the plasma axis. 
The probe is a .1 mm tungsten wire; 2 mm at the end of the wire is 
exposed. The rest is covered first with glass, then with a stainless steel 
tube and then again glass, so that, except for the exposed tip, it forms 
an insulated coaxial line. This coaxial line is connected to a 50 n r.f. 
transmitter, which is chopped on and off at a frequency of 100 kc. The 
frequency range used is 125-165 Mc/s. The r.m.s. r.f. voltage applied 
to the probe varies from 0.5 to 8 V. The" collector current from the elec
tron analyzer is applied to a coherent detector locked on the signal that 
chops the transmitter. Thus the output of the coherent detector is propor
tional to the coherent analyzer current, that is, the difference between the 
analyzer current when the transmitter is on and when it is off. The output 
of the coherent detector is connected to the y-input of an x-y recorder. 
The x-input is connected to the analyzer electrode voltage. This voltage, 
which controls the analyzer cut-off energy, (and hence v c ) , is swept slow
ly. A typical recorder curve is given in Fig. 3- This curve exhibits a 
resonance structure. 

Since kj/k-g « 1, Eq. (13) predicts a resonance shape multiplied by 
a rather slowly varying function, v (afQ/dv) , so qualitative agree
ment with theory is immediately apparent. It waê assumed in the derivation 
of Eq. (13) that only the lowest order mode contributed to the resonance. 
We have demonstrated experimentally that neither higher order modes nor the 
near field contribute appreciably to the shape of the curve in Fig. 3. Two 
transmitter probes were placed about k cm apart. They were connected to 
the same transmitter but in the coax line to one of the probes was placed a 
phase shifter and a variable attenuator. The relative phase and amplitude 
between the r.f. applied to the two probes was adjusted such that the 
downstream wave transmitted by the first probe was nearly cancelled by the 
wave transmitted by the second probe. The coherent current observed when 
both probes were connected was about 15$ of the coherent current observed 
when either probe was disconnected. Furthermore, with both probes connected, 
the coherent current increases by a factor of about 10 when the distance 
between the probes was increased by one-half wavelength; in this case the 
two waves interfered constructively rather.than destructively. This inter
ference of waves takes place only for the lowest mode and not for near 
fields or higher modes launched by the probes. Therefore the coherent 
current observed is mainly due to the lowest mode. 

From Eq. (13)> the coherent current, I c o h has its maximum at roughly 
the energy, e ~ -g m(<r>/kR)

2. The exact energy can be calculated from Eq. 
(13) since the distribution function is known. Using the measured values 
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of kj/kp, and a temperature of 6.2 eV, the theory predicts the solid 
curve of Fig. k for the position of the maximum as a function of the "phase 
velocity energy," \ m(œ/kR) . Also shown in Fig. k are the corresponding 
experimental results. The analyzer energies have been adjusted by a con
stant to allow for the space potential of the plasma, which is not-known 
a priori. For Fig. h the space potential used is -12.7 V to ground, which 
is close to the best fit. The high energy data of Fig. h correspond to low 
frequencies. For even lower frequencies the waves become so lightly damped 
that the wave extends over a considerable length of the plasma column. In 
such cases the finite density gradient' mentioned earlier becomes important 

t: 0.8 -

0.6 -

< 0Л -

30 1*0 50 60 

ANALYZER ENERGY (eV) 

FIG. 3. Coherent current vs analyser energy. The analyser energies are corrected for plasma potential. 

since the phase velocity then becomes a function of position. A WKB 
approximation to this problem was worked out, and this latter calculation 
fits the experimental data at low frequencies. For the results for the 
restricted frequency range presented in Fig. h, however, the-incorporation 
of the finite density gradient does not have any appreciable effect. 

Equation (13) predicts that the coherent current is proportional to 
the square of the potential amplitude of the wave, tf̂ , which in turn is 
proportional to the probe voltage squared. The data of Fig. 5 show that 
the coherent current maximum is proportional to Cf̂ , as expected. It was 
also found that the shape of the coherent current vs analyzer voltage was 
independent of the probe voltage (except at very high probe voltages). 

Equations (lU) and (15) were confirmed experimentally. These equations 
relate the increase in resonant electron kinetic energy to the original wave 
power. To find the total wave power, Bj, launched in the downstream 
direction by the transmitter probe, it is necessary to know the probe-plasma 
wave coupling constant (i.e., to know as a function of frequency the re
lation between the plasma wave power and the r.f. probe voltage). We 
assume that the coupling constant from the transmitter probe signal to a 
plasma wave is equal to the coupling constant from a plasma wave to this-
same probe used as a receiver. The total attenuation from a transmitter 
probe to a receiver probe, placed a reasonable distance apart, is the sum 
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FIG. 4. Analyser energy at coherent current maximum vs (l/2)m (шД)2. The solid curve is the theoretical 
curve. The experimental points are adjusted for plasma potential. 

100 

_ 1.0 -

0.1 1.0 10 
SQUARE OF PROBE VOLTAGE (VOLTS) 

100 

FIG. 5. Maximum coherent current vs square of probe voltage. 

of three parts: namely, the attenuation of each of the probes in coupling 
to the plasma wave and the attenuation of the wave traveling through the 
plasma between the probes. The last part can be evaluated from a measurement 
of the damping coefficient and the distance between the probes. Using three 
probes, this measurement is made for 3 pairs. Three equations with 3 un
knowns, namely the probe attenuations, are obtained, and the coupling con
stants can be deduced. Thus, when the voltage on the transmitter probe is 
•measured, the total power in the launched wave can be found. We have used 
this method for determining wave power in two prior experiments[9—Ю] in 
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which the result was checked Ъу independent measurements and satisfactory-
agreement was obtained. It should be noted that the power, Bj>, is the 
power in the lowest order mode. As an example, k V (r.m.s.) r.f. at 
130 Mc/s was measured on a -transmitter probe for which the attenuation was 
measured to be 1*3 db. The total wave power launched is PT = 16 x 10"" W. 
By numerical integration, the integral in Eq. (15) was evaluated using the 
measured radial density profile and ф0(г) (which comes from the numerical 
dispersion curve calculation). The radius of the hole through which elec
trons enter the analyzer is known, and Eq. (15) gives P. = 10"' W. The 
integral in Eq. (lU) was also integrated numerically using the measured 
resonance curve. This yields a value for Рд of 1.2 X 10"? W. An evalua
tion of possible errors in the measurements gives an uncertainty of about 
3 db, so the close agreement between these two numbers is somewhat fortui
tous. 

The width of the resonance curves is within a factor of two of that 
predicted by Eq.(l3). At low frequencies the observed widths are about a 
factor of 2 bigger than the ones given by Eq.(l3), while at high fre
quencies the discrepancy is smaller. We have studied experimentally a 
number of possible causes for this discrepancy. One possibility was that 
plasma noise was large enough to produce appreciable velocity space diffusion. 
In order to test this idea, noise in a broad band around the transmitter 
frequency was launched from another probe. The power per unit bandwidth of 
transmitted noise was several times the natural plasma noise (as monitored 
by a receiver probe in the spatial region of interest). Since this increase 
of background noise had no effect on the coherent current, it was concluded 
that the background noise played no important role in the experiment. 

Another possibility investigated was that the broadening of the reson
ance was caused .by low frequency density fluctuations. This is ruled out 
experimentally as follows. Since the transmitter frequency is fixed, when 
the density fluctuates, the result is a time variation in the wavelength of 
the wave. The density fluctuations were found by measuring fluctuations in 
the wave number at 0 - 1 Mhz with an interferometer. It was .found that 
these fluctuations are too small to explain the broadening. 

In all likelihood the observed broadening is caused by fluctuations in 
the plasma potential; as mentioned previously, such fluctuations will appear 
as a limitation on the resolution of the analyzer. The fluctuations in the 
analyzer current, as observed on an oscilloscope, are comparable to the aver
age current. This means that the fluctuations of the plasma potential are 
comparable to the electron temperature, and hence that the effective resolu
tion of the analyzer is of order kTe, which agrees with thé observed widths. 
Fluctuations of a similar magnitude are inferred from probe measurements. 
This limitation on the analyzer resolution has prevented us from measuring 
the dependence of the resonance width on kj. 

IV. CONCLUSION 

The perturbation in the time-averaged electron velocity distribution 
caused by a Landau damped electrostatic wave can be calculated using a 
second order perturbation theory, formally identical to quasi-linear theory. 
The theory predicts that this perturbation in the velocity distribution is 
resonant near the phase velocity of the wave, that its amplitude is propor
tional to the square of the wave amplitude, and that the width of the reson
ance is proportional to the wave damping coefficient. 

The experimental results agree with the theory. The measurements show 
that the perturbation is resonant near the phase velocity of the transmitted 
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wave, that it is proportional to the square of the wave amplitude and that the 
absolute magnitude of the perturbation accounts for the dissipated wave 
energy. The measured resonance widths agree with theory within a factor of 
two. The instrumental resolution is insufficient to make a closer compari
son. ' 
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D I S C U S S I O N 

E . C A N O B B I O : Up to w h a t v a l u e of t he a p p l i e d f ie ld c a n t h e s e c o n d -
o r d e r e x p a n s i o n w h i c h you u s e be c o n s i d e r e d ' v a l i d ? 

J . H . M A L M B E R G : T h e t h e o r y s h o u l d be v a l i d u n t i l t h e w a v e a m p l i t u d e 
i s su f f i c i en t fo r l a r g e - a m p l i t u d e e f f ec t s to a p p e a r in t h e w a v e d a m p i n g ; 
i . e . u n t i l ( 1 / v p k i ) (екЕ/гп)5>(2тг) ' г . . 

E . C A N O B B I O : H a v e you any e x p e r i m e n t a l e v i d e n c e of t h i s l i m i t ? 
J . H . M A L M B E R G : When t h e a m p l i t u d e a t t a i n s a p p r o x i m a t e l y t h i s 

l e v e l , l a r g e - a m p l i t u d e e f f e c t s a p p e a r i n t h e d a m p i n g , and t h e s h a p e of 
t h e p e r t u r b a t i o n in t h e v e l o c i t y d i s t r i b u t i o n b e g i n s to c h a n g e . 



PROCESSUS NON LINEAIRES 

R. CANO, C. ETIEVANT, I. FIDONE, G. LAVAL, J. OLIVAIN, 
R. PELLAT, M. PERULLI ET B. ZANFAGNA 
ASSOCIATION EURATOM-CEA, FONT ENA Y-AUX-ROSES, HtANCE 

Abstract — Résumé 

NON-LINEAR PROCESSES. The experiments described in this paper show that there are two types of 
non-Hnear three-wave processes: 

A. Disintegration of an electron plasma wave. In a plasma column of a density of 108 to 
109 electrons/cm3, an electron temperature of the order of several eV, a length of 60 cm, a radius of 
1 cm, which is confined by a magnetic field of 2500 G, a monochromatic electron plasma wave of 
frequency î{ is excited. A noise spectrum in a frequency band always below fj due to the disintegration 
of this wave is observed. The resonance relations are verified. The threshold level and the energy transfer 
lengths are measured. The results of measurement show that the mechanism of disintegration should be 
interpreted without making use of the random-phase hypothesis. The shape of the spectrum is explained 
by varying the interaction coefficient as a function of the different phase velocities. In the same way, 
the parameter amplification of a wave pre-excited at one of the disintegration spectrum frequencies is 
studied. . 

B. Non-linear generation of an electromagnetic wave. In a plasma with an electron density between 
109 and 1011 electrons/cm3, which is confined by a magnetic field of the order of 4000 G and generated by 
a stationary high-frequency discharge, the interaction of two microwave beams propagated perpendicularly 
to the confining magnetic field and polarized both according to ordinary and extraordinary'modes is brought 
about. The intersection of these beams defines the volume of interaction in which the third wave is generated. 
Two processes were studied, depending on the polarization of the two primary waves: (OX. O') and (OOr, X). 

The measurements show that the conditions of resonance imposed on the frequencies and propagation 
vectors are satisfied. The power released is compared with the theoretical value. The polarization of the 
generated wave is in accordance with that expected from the structure of the interaction matrix. 

PROCESSUS NON LINEAIRES. Les expériences décrites dans ce mémoire mettent en évidence deux 
types de processus non linéaires à trois ondes: 

A. Désintégration d'une onde plasma électronique. Dans une colonne de plasma d'une densité de 
10 à 10" el/cm , d'une température électronique de l'ordre de quelques èV, d'une longueur de 60 cm, 
d'un rayon de 1 cm, confinée par un champ magnétique de 2500 G, on excite une onde plasma électronique 
monochromatique, de fréquence f:. On observe un spectre de bruit dans une bande de fréquence toujours 
inférieure a f1 engendré par la désintégration de cette onde. Les relations de résonance sont vérifiées. On 
mesure le niveau du seuil et les longueurs de transfert d'énergie. Les résultats de mesure montrent que le 
mécanisme de désintégration doit être interprété sans faire appel à l'hypothèse des phases aléatoires. La 
forme du spectre s'explique par la variation du coefficient d'interaction en fonction des différentes vitesses 
de phase. On étudie également l'amplification paramétrique d'une onde pré-excitée à l'une des fréquences 
du spectre de désintégration. * 

B. Génération non linéaire d'une onde électromagnétique. Dans un plasma de densité électronique 
comprise entre 10э et 1011 el/cm3 , confiné par un champ magnétique de l'ordre de 4000 G et créé par 
une décharge haute fréquence stationnaire, on fait interagir deux faisceaux de micro-ondes se propageant 
perpendiculairement au champ magnétique de confinement et polarisés, soit selon le mode ordinaire, soit 
selon le mode extraordinaire. L'intersection de ces faisceaux définit le volume d'interaction dans lequel 
est engendrée la troisième onde. Deux processus ont été étudiés, dépendant de la polarisation des deux 
ondes primaires: (OX, O') et (OO', X). 

Les mesures montrent que les conditions de résonance sur les fréquences et les vecteurs de propagation 
sont vérifiées. La puissance émise est comparée avec la valeur théorique. La polarisation de l'onde en
gendrée est conforme à celle prévue par la structure de la matrice d'interaction. 
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A . D E S I N T E G R A T I O N D ' U N E O N D E PLASMA E L E C T R O N I Q U E 1 

A - 1 . Théorie 
Dans une colonne de plasma homogène sans coll isions, en 
géométrie cy l indr ique , on étudie la désintégration d'une 

onde plasma électronique se propageant le long d'un champ magnétique fort 
( GJ р и é= U)ca ) . Les ondes engendrées par cette désintégration sont é g a l e 
ment, comme le montrent les résultats expérimentaux, des ondes plasma é l e c t 
roniques. Par ce point l ' expér ience présentée diffère d'autres travaux e f f e c 
tués sur la désintégration d 'une onde fî ; 3 ; 4 ; 5 ; 6j, 

Dans la phase in i t ia le du mécanisme, les ondes engendrées ont une 
amplitude suffisamment faible pour que la désintégration puisse apparaître 
comme une superposition de mécanismes élémentaires d' interaction à troisondes 
complètement indépendants les uns des autres. D 'autre par t , pendant cette 
phase i n i t i a l e , on peut considérer que l'onde primaire conserve une amplitude 
E1 f sensiblement constante. Dans ces conditions, l 'évolution spatiale des 
amplitudes E2 et E3 de deux ondes en interaction s 'écr i t : 

8 E , , ( ï ) -2 ,3 

Э З 
= - ( Y 2 I 3 + L A U 2 J E 2 J 3 ( 5 ) + V 2 | 5 E 1 E * 2 ( 5 ) 0) 

où t. est l 'amortissement l inéaire spat ia l , Д k; le défaut de résonance,Vj 
J le coeff ic ient d' interact ion d'expression / 1 ; 7_/ 

V. = - i - -Ail a,* ( ïï -±-)± ±L c<. 
1 оки о- ш pa \ . , \ I— 

avec P: constante numérique déf inie par les conditions de raccordement et 

a : rayon du p lasma, Jli- : coeff ic ient d'orthonormalisation des 
fonctions de Bessel £\ J. 

Les équations (1) sont écrites en supposant que les conditions de quasi 
résonance suivantes sont satisfaites : 

GJ„ = CJ„ -t- CO-

m. = m 2 + m_ 

^ N ^ ^ C ^ + ̂ ^ + ̂ ^ j - (2) 

Ces résultats constituent une partie du travail de Thèse de M. Peru 11 i £\J. 
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où D ( G J ; ; U , ) = 0 est la relation de dispersion l inéaire des ondes 

plasma électroniques : 

GO- = (3) 

s + z 
Les solutions des équations (1) ont un comportement spatial du type z -

avec : ,- * >%. 

,2 
2 S + = - > + *з ̂  К " ДЧРlVVl(^2

+ik3) + 4V2V3|EAl (4) 

On voit sur l'expression (4) que la solution 
spatiale si 

(AV< S |Е,Г =>|E,|- = * • * 
V 2 V 3 

+ permet une croissance 

. 2 -
1 + -t-Д y: 

( V V 2 (5) 

Très au-dessus du seuil d ' instabi l i té 
spatiale L satisfait à la relat ion : 

L|E,| = ( V . 2 V
3 

"1'° 

•y* 

la longueur de croissance 

(6) 

Dans ce cas on a également la relat ion : 

3 /2 
(7) 

qui montre que l'onde de fréquence plus é levée est de plus grande ampl i tude . 

I l est à remarquer qu 1 un mécanisme d ' in teract ion à trois ondes réson
nant ( c 'est -à-dire pour lequel д к 2 3 = 0 ) n' est pas possible si les trois 
ondes appartiennent à la même branche de la courbe de dispersion. Le m é c a 
nisme de désintégration doit donc faire apparaître dans le spectre engendré des 
ondes appartenant à des branches dif férentes. 

Cette remarque s'applique également au mécanisme d'ampl i f icat ion 
paramétrique, c'est-à-dire à la situation décrite ci-dessus dans laquel le l 'une 
des ondes, E2 par exemple , est p r é e x c i t é e . En l 'absence de l 'onde 
pompe Ej , l 'onde E2 se propage avec son amortissement naturel ~i, . 
En présence de l 'onde pompe E1 , l 'onde E2 se propage avec le taux de 
croissance S + défini par l 'équation ( 4 ) . 

A - 2 . Description du Plasma 
La désintégration d 'une onde plasma é l e c t r o 
nique a été étudiée dans l 'expér ience repré 

sentée schématiquement Fig. 1 . Un plasma de densité de l 'ordre de 10 e l / c m 
diffuse le long d'un champ magnétique uniforme ( B0 > 2 000 Gauss ) â 
partir d 'une source ( du type décharge Reflex ) . Les mesures présentées ont 
été effectuées dans un plasma de Xénon de température T e ^ 1 à 2 eV . 
Entre la source de plasma et le col lecteur s 'é tab l i t un gradient longitudinal de 
densité de l 'ordre de 1 % par cm . 
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FIG. 1. Schéma de principe du dispositif expérimental EOS. 
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FIG. 2. Variation de l'amortissement de l'onde primaire en fonction de la puissance. 

A - 3 . Résultats Expérimentaux 
Une onde plasma électronique est excitée dans 
le plasma à fréquence fixe à l 'aide d'une sonde 

émettrice reliée о un oscillateur dont on fait varier la puissance. La variation 
de l'amplitude de l'onde est mesurée le long de la colonne de plasma à l 'a ide 
d'une sonde mobi le. La Figure 2 montre que lorsque la puissance du généra
teur est suffisamment fa ib le, le taux d'amortissement de l'onde reste constant 
et compatible avec la théorie de Landau. 
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Dans ce r é g i m e , les analyses de spectre mon t ren t que l ' o n d e reste 
monochromat ique au cours de sa p r o p a g a t i o n . Au de là d ' u n e va leu r c r i t i q u e , 

le taux d 'amor t i ssement c ro î t rap idement avec la puissance d é l i v r é e par le 
généra teu r . La F igure 3 représente une sér ie de spectres re levés le long de 
l ' a x e , lorsque la puissance du généra teur est supér ieure à ce t te va leu r c r i t i q u e . 

SONDE COLLECTRICE-
ANTENNE E M E T T R I C E 

SOURCE 

T , 

Z . Com ) 50 00 30 20 10 0 

^8 
B z c = : 2 2 5 0 g a u s s ; n

e | / c m = * 7 - 1 ° ; g a z : X é n o n 

AMPLITUDE, 

(db) 
AMPLITUDE. 

10O 1UO FCMH^) 

A (z.=m) 
ioo mo R M H I ) 

A M P L I T U D E : 

(dby 
AMPLITUDE 

il 

i o o iuo FtMHr.) 

С(Z=3U) 
ЮО l u o F(MHi) 

Dcz=w 
FIG. 3. Evolution le long de l'axe Z de l'onde primaire et du spectre de desintégration. 

Sur ces spect res , on v o i t , d ' une pa r t la ra ie cor respondant à l ' onde i n i t i a l e 
( i c i 1 4 0 M c / s ) dont l ' a m p l i t u d e d é c r o î t rap idement le long de Z , e t 
d ' a u t r e par t on observe l ' a p p a r i t i o n d ' u n spectre de dés in tég ra t i on dans un 
domaine de f réquences in fé r ieu res à F. . 

£P-n-^iip_n_$._de_ résj^njar^ce 

A l ' a i de de f i l t r es accordab les à bande é t r o i t e ( 5 à 
10 % de la f réquence c e n t r a l e ) , des paquets d 'ondes 

sont sé lec t ionnés dans le spectre de dés in tég ra t ion e t leur s t ruc ture spa t ia le est 
exp lorée par le dép lacemen t de la sonde r é c e p t r i c e . 

La F igure 4 montre des exemples de mesures de longueur d 'onde 
obtenues par i n t e r f é romé t r i e avec un s igna l de ré fé rence donné par une sonde 
f i x e ) : la f réquence de l ' onde p r ima i re est 1 6 0 M c / s et les f réquences des 
deux ondes con juguées sé lec t ionnées dans le spectre de dés in tég ra t ion sont 
7 0 M c / s et 9 0 M c / s . 
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FIG. 4. Mesure de longueurs d'ondes longitudinales. 
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FIG. 5. Profil radial du potentiel fluctuant. 
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On constate que les ondes du spectre de désintégration ont des l o n 
gueurs d'onde qui les placent sur des branches de la relation de dispersion 
différentes de l'onde qui se désintègre / 8 _ / . 

Une exploration radiale du potentiel osci l lant à l 'a ide d 'une sonde 
( Figure 5 ) permet de confirmer la présence de modes d'ordre plus élevé dans 
le spectre de désintégrat ion. L'onde primaire de fréquence 1 3 0 M c / s a un 
profil \ ф w J présentant un maximum sur I 'axe(caractérist ique d'un mode 

m 
et 

= 0 , Les profils \Фd)\ des deux ondes de désintégration analysées à 60 M C / S 
70 M с / s présentent un creux sur l 'axe ( caractéristique de modes m / 0 ) . 

о* А 

• 

"Plasma d e Xénon 
< n e ci ) > а/ Э,ЭЛО »él /cm* 
B e CJ Z2bOgausb 

• "Propagation linéaire 
+ Spectre de désintégration 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,4 1 
- * - ! (cm1) 

FIG. 6. Courbe de dispersion des ondes engendrées. 

Pour vér i f ier les conditions de résonance sur les fréquences et sur les 
longueurs d 'onde ( équations 2 ) , on utilise une méthode graphique représen
tée Figure 6 . Les branches A et В sont les courbes de dispersion des modes 
( m = 0 ; n = l ) et ( m = 1 ; n = l ) respectivement. 

L'onde primaire dont on étudie la désintégration a pour fréquence 
F] = 1 5 0 M c / s et sa structure spatiale correspond à un mode ( m = 0 ; n = l ) 
dont le point représentatif O ' est situé sur la branche A . 

Il est simple de vér i f ier que les conditions de résonance ( A к = О 
dans les équations (2) ) sont satisfaites aux points d' intersection des branches 
A et В avec les branches A 1 et B' déduites de A et В par une 
symétrie par rapport au point O , suivie d 'une translation de vecteur O O ' . 

Les mesures de longueurs d'onde dans le spectre de désintégration 
sont portées sur la même f igure . On remarque que ces points se placent soit sur 
la branche A ( m = 0 ; n = 1 ) , soit sur la branche В ( m = l ; n = T ) . 

Les grandeurs caractéristiques de chaque couple d'ondes conjuguées 
( F . = F- + F_ X repéré par un numéro sur la Figure 6 , sont portées dans le 

tableau I . La dernière colonne de ce tableau indique le défaut 
de résonance. Celu i -c i reste de l'ordre de quelques pour cent, ce qui constitue 
une vérification des relations de résonance. 
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TABLEAU I . GRANDEURS CARACTERISTIQUES DE CHAQUE COUPLE 

D 'ONDES CONJUGUEES 

150 M c / s 

O n d e p r i m a i r e 

1 

. - 1 , % ^ 0 ,6O c m 

1 - ° m < = 

Numéro du 
couple de 
fréquences 
conjuguées 

1 

2 

3 

4 

5 

Fréqu 
con ju 

F2 

Mc/s 

30 

40 

50 

60 

70 

ences 
gué es 

F3 

Mc/s 

120 

110 

100 

90 

80 

Nombre 
azimu 

r«2 

0 

0 

-

-

1 

d'onde 
tal 

m 3 

0 

0 

-

1 

1 

Inverse 
longueur 

longitu 

-1 
cm 

0,083 

0,14 

0, 23 

0,30 

0,36 

de la 
d'onde 

dinale 

A ; 1 

-i 
cm 

0,73 

0,63 

0,56 

0,49 

0,42 

Résultante 

- i 
cm 

0,813 

0,77 

0,79 

0,79 

0,78 

Défaut de 
résonance 

д к 
к 

1,3% 

4 % 

1,3% 

1,3% 

2 , 5 % 

Seui l et longueur de t ransfer t d ' é n e r g i e 

L 'ampl i tude du po ten t i e l o s c i l l a n t a é té mesurée en va leu r absolue à 
I ' a ide d ' une sonde c a p a c i t i v e p réa lab lemen t é ta lonnée à la f réquence de t r a 
v a i l . Les seui Is d ' i ns tab i l i t é ainsi mesurés sont en acco rd sat is fa isant ( 30 % 
près ) avec les valeurs théor iques dédui tes de la re l a t i on (5) . 

Les va leurs correspondantes du rapport de la densi té o s c i l l a n t e à la 
densité moyenne sont de l 'ordre de 10 "3 à 1 0 " . 

On a porté sur la Figure 7 les taux de croissance spa t ia le des ondes 
de d é s i n t é g r a t i o n , pour d i f férentes puissances PT transmises à la sonde par 
le géné ra teu r . On a cont rô lé que P. est p ropo r t i onne l à | E . | 2 , ce qu i 
permet d ' i n t e r p r é t e r les résultats de la Figure 8 comme une v é r i f i c a t i o n de 
la re la t i on (6) . 

А ^ р И ^ с д Н р И paramétr ique 
L'ensemble des résul tats précédents semble c o n f i r 
mer la v a l i d i t é du modèle théor ique d é c r i v a n t la 

dés in tégra t ion comme une superposi t ion de processus indépendants d ' i n t e r a c t i o n 
résonnante à trois ondes. Pour une amp l i tude A j de l ' o n d e p r i m a i r e , supé
r ieure au s e u i l , l ' a m p l i f i c a t i o n paramét r ique d 'une onde de f réquence F_ , 
p réexc i t ée dans la bande de f réquences du spectre de d é s i n t é g r a t i o n , appor te 
une con f i rma t i on d i rec te des hypothèses p récéden tes . Sur la Figure 9 ( A , t 0 ) 
on v o i t émerger du spectre de dés in tégra t ion les deux raies conjuguées de 
fréquences F- et F_ = Fj -?2 • Cet te observat ion montre que parmi les 
modes exc i tés d i rec temen t à la f réquence F2 ex is te c e l u i dont la s t ruc ture 
spat ia le est compat ib le avec l 'ensemble des cond i t i ons de résonance . Des 
mesures d i rec tes de longueur d 'onde à la f réquence F2 con f i rmen t que seul 
ce mode est a m p l i f i é . 
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onde exc i rée E, d e f r é q u e n œ Г=150Мс/ь etd amplitude A1 

AMPLITUDE: / \ = U 
( Unitéb arbWraire-э ) 

t 

5O0 

FIG. 9. Amplification paramétrique. 

Les mesures du gain de l 'ampli f ication paramétrique vérif ient la rela
tion (7) et expliquent la forme du spectre de désintégration. 

A - 4 . Conclusions 
La théorie de l ' interaction non linéaire de trois ondes 
plasma électroniques a reçu une confirmation expér i 

mentale satisfaisante. 

On remarque également que l 'ampli f icat ion paramétrique a permis 
d'exciter des modes possédant une structure spatiale d'ordre élevé ( m ^= 0 ; 
n > l ) . 

On constate qu'une onde plasma électronique peut être instable non 
linéairement même pour de très faibles amplitudes de l 'osci l lat ion ( n , / n „ 
de l'ordre de Î O " 3 )• 

On peut enfin noter que, malgré sa grande largeur, le spectre de dé
sintégration, dans sa phase in i t ia le de croissance, s'interprète sans faire appel 
à l'hypothèse des phases aléatoires. 
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GENERATION NON LINEAIRE D'UNE ONDE ELECTROMAGNETIQUE 

1. Introduction 
On envoie deux faisceaux d'ondes électromagnétiques 
dans un plasma, perpendiculairement au champ magné-

ique de confinement. On étudie l ' interaction non linéaire qui se produit dans 
e volume de plasma commun aux deux faisceaux, dans les deux cas suivants : 

- Interaction non linéaire d'une onde ordinaire О et d'une onde extraor
dinaire X . 

- Interaction non l inéaire de deux ondes ordinaires. 

La théorie faite en plasma froid /~10_/ prévoit la création d' une onde 
rdinaire dans le premier cas ( X О , О' ) et celle d1 une onde extraordinaire 
ans le second cas ( O O ' , X ). On a montré, à l'aide de la théorie cinétique 
11 7 décrivant correctement les effets thermiques, que pour le plasma de 

'expérience considérée ( Te ^ quelques eV ), la théorie en plasma froid 

st justifiée 

- 2 . Dispositif expérimental 
La Figure 10 représente la section de mesures. 
Le plasma est un plasma d'Argon formé par une 

'charge haute fréquence (F = 20 M Hz ; P ^ 800 Watts ) permanente. La 
snsité électronique, contôlée par le débit de gaz ou la puissance du généra-
ur Haute Fréquence, est comprise entre 10°électrons/cm^ et quelques 1 0 ' ' . 

Un faisceau de micro-ondes, de faible puissance, focalisé, de 

équence comprise entre 8 G Hz et 1 3 G Hz et polarisé selon le mode 
traordinaire permet de mesurer le profil de densité du plasma. 

Le champ magnétique de confinement ( B0 

homogène à 1 % le long de l ' a x e , mais varie de 
plasma ( ^ 10 cm ) . 

Les deux faisceaux micro-ondes sont produits, l'un par un klystron de 
réquence fixe ( Fi = 8,8 G Hz ; P ^ 6 Watts ) , l'autre par un klystron de 
réquence variable suivi d'un T.O.P. ( CSF , F 4 056 ) délivrant une puissan-

de 6Watts à 8 G Hz et de 2 Watts à 10 G Hz. Des lenti l les conver-
ntes de Téflon concentrent la puissance des deux faisceaux sur des diamètres 

respectifs de 4 et 7cm ( à 3 db ) . Dans toutes les expériences, l'angle 

ë 6x 10 Gauss ) est 
10 % sur le dia'mètre du 

-12 entre les deux faisceaux est de 45 degrés. 

L'onde électromagnétique de fréquence F3 = F ] + F2 créée par 
nteraction non linéaire est détectée par un cornet récepteur, dont l'axe peut 

être déplacé angulairement afin de mesurer la direction d'émission. Le guide 
liant le cornet au récepteur est adaptée la fréquence F3 et sert en même 

smps de f i l t re pour éliminer les ondes primaires. On utilise un récepteur super
hétérodyne suivi d'un amplificateur sélectif ( F = 103Hz ), l'une des deux 
sources étant modulée à cette fréquence. La puissance minimum détectable de 
l'ensemble est de 2 x 10"1 2 Watts . 

• 3 . Interaction d'une onde extraordinaire 

et d'une onde ordinaire de fréquence 

de fréquence 

F„ ( X O , O' 

La Figure 11 a représente un exemple d'enregistrement de la puissan-
e émise à fréquence Fx + F„ ; ( Fx = 8,8 G Hz et F0 = 8,6 G Hz ) , 

lorsqu'on fait varier l ' intensité du champ magnétique mesurée par / 3 
( / 3 = F . / F , îst la fréquence cyclotronique électronique ). On 
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remarque la présence de deux pics d'émission (de 2 à 3 % de largeur et 
dont les maximas peuvent être repérés avec une précision de l'ordre de 10 ). 
On mesure la direction de l'émission en se calant sur l 'un des pics et en 

déplaçant angulairement le cornet récepteur. L'émission présente un maximum 
pour © = 2 1 ° avec une largeur à mi-hauteur d'environ 20° (Fig. 12b) 
Connaissant les angles 8 ^ e t ^ ль " e s t possible de construire le triangle 
de résonance entre les vecteurs d'onde ( Fig. 12a ) . Les modules des vecteurs 

kc et k^ sont déduits de mesures par interférométrie du déphasage subi 
par chacune des deux ondes primaires ( X , О ) lors de la traversée du plasma. 
La Figure 11b représente un exemple de la variation de l ' indice J^-^ de 
I ' onde extraordinaire, déduit d'une telle mesure. 

La Figure 12a montre que la règle de sélection des vecteurs d'onde 
к о ' = к х + k o est bien vérif iée dans la l imite de précision des mesures 

( i 2 % pour l 'amplitude des к , — 5 % pour l'angle 6 1 3 correspon
dant au maximum de la courbe de la Figure 12b). 

Cos2fr 

Onda pure/пелг ondi 

0 12" 24' 36 48 60 72 84 96* »^г 

FIG. 13. Puissance de l'onde secondaire en fonction de la polarisation de l'une des deux ondes primaires. 

On véri f ie successivement deux propriétés de l ' interact ion étudiée : 

a ) La relation entre les polarisations des trois ondes 

La Figure 13 représente la puissance de l'onde engendrée, polarisée 

suivant le mode ordinaire, lorsqu'on fai t tourner la direction de polarisation 
de l'une des ondes primaires, tous les autres paramètres restant f ixes. On 
observe une puissance maximale lorsque l'une des ondes primaires est ordinaire 
et l 'autre extraordinaire ; cette puissance s'annule lorsque les deux ondes sont 
ordinaires ce qui vérif ie la règle ( X O , O' ).. 

b ) Le coeff icient d' interaction 

et 

Conformément aux notations de l'étude théorique /~10_ / , l ' intensité 
du vecteur de Poynting de l'onde engendrée est reliée aux intensités S] 

S2 des deux ondes incidentes par le facteur sans dimension : 

Q = _2_ C-f-)' 
S 3 
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où R0 est la longueur moyenne d ' i n t e r a c t i o n . On mesure d i rec temen t les 
puissances transportées par chacune des trois ondes, ce qu i permet de dédu i re 
des valeurs expér imenta les de Q . Ces valeurs sont en a c c o r d , à un fac teur 2 
près, avec ce l les dédui tes de la théor ie f\ Qj. 
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В - 4 . Interaction de deux ondes ordinaires ( O O ' X ) 

Les deux faisceaux incidents sont polarisés selon le mode .ordinaire. 
La Figure 14 représente un exemple d'enregistrement de la puissance émise 
dans le mode extraordinaire en fonction de l ' intensité de champ magnétique 
( on remarque la présence d'un pic principal et d'un pic secondaire dans la 
plupart des résultats ). La mesure de la répartition angulaire de la puissance 
émise ( Fig. 15 ) met en évidence un maximum au voisinage de la valeur 

Э 15 = 22° prévue par le ca lcu l . 

FIG. 16. Interaction (00', X) 
"Ы = % + %' 

Conditions de résonance: •{ т> -=» -г» 
kx = ko + К 
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0,(3 

0,4 

0,2. 

I 

**-\ . cos2e 

f +4 

• i i i i 

0 10 20 JO НО 50° Ь0 70 60 90 в 
FIG. 17. Interaction (00', X) - Puissance de l'onde secondaire en fonction de la polarisation d'une des 
deux ondes primaires. 
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Pour des valeurs fixes de © 12 ( 9,2 = 4 5 ° ) et de 9 1 Э ( в 1 Э = 2 2 ° ) , 
les conditions de résonance sont vérifiées analytiquement dans le plan (<=<̂ ,/2>) 
sur les deux branches de courbes représentées en trait plein Figure 16 
( <=< = CJp/CxJx ; / 3 = < ^ с / с О л ). Les points correspondent aux deux 
pics relevés sur des enregistrements analogues à celui de la Figure 14. Les 
mesures de •=< sont faites par interférométrie avec le faisceau auxi l iaire 
d'ondes extraordinaires en transmission et en réflexion /~13_/. Les propriétés 
de la matrice d1 interaction ( polarisations, coeff icient d' interaction ) ont été 
également vérif iées. La Figure 17 représente la variation de la puissance 
r e ç u e dans le mode extraordinaire lorsqu'on fait tourner la direction de la 
polarisation de l'une des deux ondes incidentes. On constate que la puissance 
est maximale lorsque ces deux ondes sont ordinaires ( 8 = 0 ) et nulle lors
que l 'une des deux est extraordinaire ( б = 90° ). Ce qui vérif ie la règle 
( O C , X ). 

H 

Д. 

o(z = 1 0 - г 

sans coll. = 0,990 
« _ 0,994 

les conditions de com^a-

f lb i l i lé sans collision soni 

saHsfoileb pour H. я 1,16 
5.Ю ' 

& 
o,96 1,05 

FIG. 18. jix en fonction de 6. 

Le coefficient d' interact ion défini au paragraphe B -3 a été 
mesuré et se trouve dans tous les cas en accord , à un facteur 2 près, avec la 
valeur théorique. 

В - 5. Discussion des résultats et Conclusion 

Dans les deux cas d' interact ion étudiés ( X O , 0 ' ) et ( 0 0 ' , X ) , on 
observe l'apparition de deux pics d'émission à des valeurs très voisines de 
fb = С О С / 0 3 Х . Dans un model" J~ - ' » t „ : j " ••:.: i i 

branche asymptotique de l ' indice 

n ae aeux pics a emission a aes valeurs rres voisines ae 
Dans un modèle de plasma " f r o i d " , non col l is ionnel, la 

P- x de l'onde extraordinaire permet de 
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prévoir l 'un des deux pics (Fig. 11 b ) . Si l 'on t ient compte des collisions 
( les fréquences de collisions électron-ion et électron-neutre sont de l'ordre 
de 10""* fois les fréquences étudiées ) , la discontinuité de l ' indice , u x à la 
frequence hybride haute est remplacée par une branche continue (Fig. 18). Cette 
branche rend possible l 'appari t ion d'un second pic d'émission, compatible 
avec les résultats expérimentaux ( Fig. l i a et 14 ). Cette explication est 
celle actuellement proposée pour interpréter le dédoublement du pic d'émission, 

La véri f icat ion deMa condition de résonance, c'est-à-dire, la fermetu
re du triangle ( к . к , W ) nécessite un certain nombre de commentaires 

. L' angle в correspond au maximum des pics d'émission ( Fig. 12b 
et 15) est en très bon accord ( ± 1 % ) avec la valeur permettant la fermetu
re du triangle de résonance dans un milieu homogène. 

Pour expliquer la largeur angulaire des pics d'émission, on peut re
marquer que : 

Les profils radiaux de densité et de,champ magnétique entraînent une 
variation des indices de propagation dans la région d ' interact ion. 

Le nombre de demi-longeurs d'onde des faisceaux primaires à l ' i n té 
rieur de la colonne de plasma est faible ( entre trois et six ) . 

La région d'interaction est relativement proche ( de l'ordre de 10cm ) 
du cornet récepteur et les Figures 12b et 15 ne sont donc pas à 
proprement parler des diagrammes de rayonnement. 

En conclusion, malgré certaines diff icultés expérimentales que nous venons de 
souligner, les résultats exposés mettent en évidence la création d'une onde 
électromagnétique par interaction non linéaire résonnante de deux ondes élec -
tromagnétiques. Les relations entre les polarisations des trois ondes ont été 
très bien vérifiées et l'ordre de grandeur des coefficients d' interaction mesu
rés est en accord avec les résultats théoriques. 
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D I S C U S S I O N 

V.N. TSYTOVICH: Theory usually pred ic t s the effects of non- l inear 
wave phase var ia t ions in decay in te rac t ions . Have you measured the phase 
relat ions of the waves during the i r interact ion? 

C. ETIEVANT: The measuremen t you propose is very difficult to 
make owing to the p resence of p lasma density fluctuations, which them
selves resul t in phase va r i a t ions . F o r this r ea son we have not been able 
to perform this measu remen t . 





RELATION DE DISPERSION 
DES FLUCTUATIONS DEDUITE DES 
MESURES DE FONCTIONS DE CORRELATION 
CARACTERISTIQUES DE LA DIFFUSION 
T U R B U L E N T E D'UN PLASMA D'HYDROGENE 

•M. BERNARD, G. BRIFFOD, R. FRANK, M. GREGOIRE ET J. WEISSE 
CEA, CENTRE D'ETUDES NUCLEAIRES DE SACLAY, FRANCE 

Abstract — Résumé 

FLUCTUATION DISPERSION RELATION DEDUCED FROM CORRELATION FUNCTION MEASUREMENTS: 
CHARACTERISTICS OF THE TURBULENT DIFFUSION OF A HYDROGEN PLASMA. The fluctuations present 
in the plasma column obtained by diffusion in the DAPHNIS experiment are characterized by a continuous 
frequency spectrum similar to a noise spectrum whose cut-off frequency is much lower than the gyromagnetic 
frequency of the ions. To identify the instabilities causing these fluctuations, and to determine their role 
in the turbulent diffusion of the plasma, one has to use correlation methods. The authors have measured 
correlation functions of the type 

T 
C x y (T , r ,e ,z ) = - fx(t ,0,0,0)Y(t + T, r ,e ,z )d t 

0 

where x and y may be respectively, the fluctuating density, the fluctuating floating potential or the 
fluctuating field. 

From a knowledge of these functions it is possible to deduce: (a) Correlation times тс and lengths Cc, 
which are quantities characteristic of the turbulence; (b) The energy spectrum of the fluctuations; (c) The 

experimental dispersion relation of the instabilities; (d) The values of the fluxes/пуЛ = ( n — \ indicating 

turbulent diffusion. 
Examination of the dispersion relations reveals a number of points that are in agreement with the 

theory of drift instabilities. In particular, propagation is essentially azimuthal (k j /кцМ) and the dependence 
ш(к) is linear, corresponding to a phase velocity of the same order of magnitude as the electron drift 
velocities. It should also be noted that most of the energy of the fluctuations is localized in the modes 
m - 1, 2, 3 and that increases in the applied magnetic field transfer this energy to modes of an increasingly 
high order. 

The values of the fluxes \ n ^ - \ have to be compared with values which were obtained earlier by 

average measurements of density gradient and flux (by means of Langmuir probes and plasma eaters); these 
indicated diffusion ten times less than Bohm diffusion. The diffusion coefficients deduced from the correlation 
times, D± = ( Е д ^ т с / в | , are also compared with those obtained earlier. 

The authors are extending these results to higher magnetic field and density values, and studying 
the effect of magnetic shear on the reduction of these fluctuations and the resulting turbulent diffusion. 

RELATION DE DISPERSION DES FLUCTUATIONS DEDUITE DES MESURES DE FONCTIONS DE 
CORRELATION - CARACTERISTIQUES DE LA DIFFUSION TURBULENTE D'UN PLASMA D'HYDROGENE. 
Les fluctuations présentes dans la colonne de plasma obtenue par diffusion dans l'expérience DAPHNIS 
sont caractérisées par un spectre continu de fréquences analogue à* celui d'un bruit dont la fréquence de 
coupure est très inférieure à" la fréquence gyromagnétique des ions. Afin d'identifier les instabilités qui 
sont à" l'origine de ces fluctuations et de préciser leur rôle dans la diffusion turbulente du plasma, il faut 
faire appel à" des méthodes de corrélation. Les auteurs ont mesuré des fonctions de corrélation du type 

T 

C x yfr , r ,e ,z) = -J X ( t , 0 , 0 , 0 ) Y ( t + r , r , e , z ) d t 

ou x et y peuvent être la densité, le potentiel flottant ou le champ électrique fluctuant. 
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De la connaissance de ces fonctions, ils ont'pu déduire a) des temps тс et des longueurs ic de 
corrélation, grandeurs caractéristiques de la turbulence; b) le spectre d*énergie des fluctuations; c) la 

relation de dispersion expérimentale des instabilités; d) lesvaleurs des flux \ nv r \ = ( n т^ \ significatives de 

la diffusion turbulente. 
L'examen des relations de dispersion fait apparaître un certain nombre de points conformes à la 

théorie des' instabilités de dérive. En particulier, la propagation est essentiellement azimutale (к±/кцЗ>1) 
et la dépendance w (k) est linéaire, correspondant à une vitesse de phase de l'ordre des vitesses de dérive 
électroniques. Il est à noter également que la plus grande partie de l'énergie des fluctuations est localisée 
dans les modes m - 1, 2, 3 et que l'augmentation du champ magnétique appliqué'transfère cette énergie 
à des modes d'ordre de plus en plus élevé. 

Les valeurs des flux { n —° \ sont à comparer à des valeurs précédemment obtenues par des mesures 

moyennes de gradient de densité et de flux (au moyen de sondes de Langmuir et de plasma-eater) et qui avaient mis en 
évidence une diffusion dix fois inférieure à" celle de Bohm. On comparera aussi les coefficients de diffusion déduits 
des temps de corrélation DL - \ EQ \ r c /Bo. ^ ceux qui ont été obtenues précédemment. 

Une extension de ces résultats à des valeurs de champ magnétique et de densité plus élevées est en 
cours, ainsi que l'étude de l'effet du cisaillement magnétique sur la réduction de ces fluctuations et de 
la diffusion turbulente qui en résulte. 

Dans les études de la diffusion des particules à travers les lignes du 
champ magnétique, le problème essentiel est celui de la relation entre les 
fluctuations et les pertes de particules. Dans les plasmas turbulents où 
les grandeurs fluctuantes se présentent sous la forme d'un bruit à large 
bande, l'identification des fluctuations qui sont à l'origine des mécanismes 
de pertes est très difficile à partir de la seule connaissance de leur 
spectre de fréquence. Pour essayer de mesurer des grandeurs physiques 
qui permettent à la fois de caractériser les fluctuations observées et de 
les relier aux pertes de particules, nous avons développé des méthodes 
fondées sur les propriétés des fonctions de corrélation. A partir des me
sures des fonctions d'auto-et d'intercorrélation des variables fluctuantes, 
il est possible de. définir les fluctuations par des caractéristiques précises 
tel les que : la densité spectrale d'énergie du bruit, les temps et longueur 
de corrélation, la relation de dispersion D ( a) , k), et de relier ces carac
téristiques au coefficient de diffusion. 

Dans le présent travail, nous avons utilisé ces méthodes pour l'étude 
des fluctuations à basse fréouence observées dans le plasma de diffusion 
obtenu dans l'expérience "Daphnis". Il existe plusieurs mécanismes d'ins
tabilité susceptibles de donner naissance aux fluctuations observées. Les 
conditions expérimentales qui seront préc isées dans la première partie 
ont été choisies de façon à éviter les instabilités dues à la courbure des 
lignes de champ magnétique, à la présence d'un courant ou d'électrons 
rapides le long des lignes de champ. 

Dans la deuxième partie, nous présenterons les résultats obtenus à 
partir des méthodes de corrélation pour caractériser et identifier les 
fluctuations. Certains de ces résultats, en particulier la variation radiale 
de l'amplitude des modes, la relation de dispersion azimutale linéaire, 
soulignent l'importance des effets l iés aux v i tesses de dérive. 

Dans la troisième partie, nous donnerons les résultats des mesures 
des pertes radiales. Le coefficient de diffusion défini à partir des carac
téristiques des fluctuations D = [\E-/> / ^2 ) T-c rend bien compte des 
pertes observées et mesurées par d'autres méthodes. 
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1. CONDITIONS E X P E R I M E N T A L E S 

1. 1. D e s c r i p t i o n de l ' e x p é r i e n c e " D a p h n i s " (fig. 1) 

L ' e x p é r i e n c e " D a p h n i s " a d é j à é t é d é c r i t e p r é c é d e m m e n t / l / , n o u s 
ne r a p p e l l e r o n s donc que l e s c o n d i t i o n s e x p é r i m e n t a l e s n é c e s s a i r e s à l a 
d i s c u s s i o n de l ' é t u d e qu i su i t . 

Le gaz n e u t r e e s t i n t r o d u i t à l ' u n e d e s e x t r é m i t é s de l ' e x p é r i e n c e 
d a n s une s o u r c e c o a x i a l e à c a t h o d e c h a u d e où i l e s t i o n i s é . L e p l a s m a 
d ' h y d r o g è n e a i n s i p r o d u i t d i f fuse le long d e s l i g n e s de c h a m p m a g n é t i q u e 
В et s e r e c o m b i n e à l ' a u t r e e x t r é m i t é de l ' e n c e i n t e . C o m m e le p l a s m a 

FIG. 1. Schéma de principe de l'expérience. 

d i f fuse , le c o u r a n t m a c r o s c o p i q u e , le long d e s l i g n e s de c h a m p , e s t n u l , 
ce qui p e r m e t d ' é v i t e r l e s i n s t a b i l i t é s d u e s à l a p r é s e n c e d ' un c o u r a n t 
p a r a l l è l e à B . Le c h a m p m a g n é t i q u e e s t u n i f o r m e d a n s tou t l e v o l u m e 
p o u r é l i m i n e r l e s e f fe t s de c o u r b u r e qui p e u v e n t d o n n e r n a i s s a n c e à d e s 
i n s t a b i l i t é s en f lû te e t donc à d e s p e r t e s de p a r t i c u l e s p a r c o n v e c t i o n . L e s 
cond i t i ons d ' i o n i s a t i o n du gaz n e u t r e d a n s l a s o u r c e ont é t é p a r t i c u l i è r e 
m e n t s o i g n é e s , de f açon à o b t e n i r un p l a s m a h o m o g è n e e t le m i n i m u m 
d ' é l e c t r o n s r a p i d e s dans l a r é g i o n de d i f fus ion . L e s m e s u r e s son t f a i t e s 
à e n v i r o n un m è t r e de la s o u r c e d a n s u n e e n c e i n t e é q u i p é e de s o n d e s 
r é g l a b l e s d a n s l e s t r o i s d i r e c t i o n s . 

!• 2 . C a r a c t é r i s t i q u e s du p l a s m a de d i f fus ion 

D a n s l e s c o n d i t i o n s de f o n c t i o n n e m e n t n o r m a l e s c i t é e s c i - d e s s u s , 
l e s c a r a c t é r i s t i q u e s du p l a s m a son t l e s s u i v a n t e s : p r e s s i o n d a n s l a 
c h a m b r e de m e s u r e 5. 10 - 10"^ T o r r , d e n s i t é 5. 10"10 - 5. l O ^ e . c m ' 3 , 
c h a m p m a g n é t i q u e 0 -3 kG , t e m p é r a t u r e é l e c t r o n i q u e 2 - 1 5 eV, t e m p é r a 
t u r e ion ique 0, 5 eV. 

Nous a v o n s r e p r é s e n t é s u r l a fig. 2 une v a r i a t i o n t y p i q u e de la d e n 
s i té en fonc t ion du r a y o n . L a p o s i t i o n r a d i a l e du m a x i m u m de d e n s i t é e s t 
fixée p a r le d i a m è t r e d e s é l e c t r o d e s c o a x i a l e s de la s o u r c e . Ce n a r a m è t r e 
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géométrique réglable es t important c a r il pe rme t de définir deux régions 
dans le p lasma : 

- la région ex tér ieure de la colonne où le gradient de densité est négatif 
Vn < О et dans laquelle les forces de p ress ion et centrifiige sont de 
même sens —^\/p ML > О 

- la région in té r ieure de la colonne où le gradient de densité es t positif 
T7n У0 et les forces p récédentes de signe opposé. Dans cette pa r t i e 

du p lasma les instabi l i tés en flûte dues à la force centrifuge 
M\T „ M_E_ ji_ ne peuvent pas se développer /Z/. 
R. -Br R 

La forme de la fonction de distr ibution des v i t e s ses électroniques 
fT(\r) es t une carac té r i s t ique t r è s importante du p lasma. Nous l 'avons 

m e s u r é e à l 'aide d'une sonde à séparat ion é lect ros ta t ique spécialement 
conçue à cet effet / з / . La variat ion de F0 (лг) dans la direct ion radiale es t 
donnée sur la fig. 2. On peut r e m a r q u e r que p0 (\r) e s t toujours monotone, 
ce qui exclut la possibi l i té d 'exc i te r des ins tabi l i tés l iées à un excès 
d 'é lec t rons rap ides . 

2. IDENTIFICATION DES FLUCTUATIONS 

Pour les conditions expér imenta les p récéden tes , le p lasma de diffu
sion obtenu est le siège de fluctuations à basse fréquence U)<iUJci. Ces 
fluctuations sont c a r a c t é r i s é e s par un spect re de fréquences continu à 
large bande. A pa r t i r de la seule connaissance de ce spec t re , il n ' e s t pas 
possible d' identifier l es instabi l i tés qui sont à l 'or igine des fluctuations 
obse rvées . Pour cette ra ison, nous avons développé des méthodes de 
cor ré la t ion . 

2. 1. Etudes des fluctuations par la méthode des fonctions de cor ré la t ion 

Soit X(t ,£)une var iable a léatoire s ta t ionnaire , sa fonction d 'auto
cor ré la t ion s ' éc r i t : -p 

La fonction d 'au to-corré la t ion C.(z) admet pour t ransformée de Fou r i e r la 
fonction G (ш) r eprésentan t la densité spec t ra le d 'énergie ( théorème de 
Wiener-Khintchine) / « 

G(Lû) = J o C(X) COS UJH dT. 

Ce résul ta t classique fournit une méthode expér imentale p réc i se pour 
at teindre le spectre de puissance des fluctuations Çj{bj) à pa r t i r de la m e 
sure des fonctions d 'au to-corré la t ion et le calcul de leur t ransformée de 
Four ie r / 4 / . Cette relat ion n 'ut i l ise que l 'hypothèse de s ta t ionnari té . 

La fonction d ' in te rcor ré la t ion C(T ,A!de la var iable mesurée en deux 
points distants de A et sa t ransformée de F o u r i e r G (u->) s 'écr ivent : 
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Considérons la variable X[ tE) c o m m e u n e somme d'ondes planes se 
propageant dans le plasma 

xit,e)= rfl(W)£^)£exaJ tdu; 

Dans ce cas Q, (w) se met sous la forme : 

G И = G M exk(">A 

ce qui entraîne que o(w) a pour module le spectre d'énergie défini précé

demment et pour argument la fonction R-(UJ) Л . Expérimentalement la 

mesure de la fonction d'intercorrélation Q. . , et le calcul de sa 

transformée de Fourier permettra donc : ' 

- de vérifier l'hypothèse de la propagation si Gfuin — G (u>) 

- d'atteindre la fonction К(ш) A dont on déduit la relation de 
dispersion. 

Les grandeurs fluctuantes sont mesurées à l'aide de sondes électrosta
tiques déplaçables dans les trois directions Г ; Q / 2. . Les fonctions 
d'auto et d'intercorrélation sont données par un corrélateur multicanal 
travaillant en temps réel et dont la bande passante est de 400 kHz. / 5 / . 
Ces fonctions sont définies par 159 points, c'est-à-dire 159 valeurs dis
crètes de la variable ТГ . La valeur minimum de l'échelon élémentaire 
Дт.- est de 0, 5/us. Les données numériques fournies par le corrélateur 
sont traduites sur bandes perforées. L'analyse de Fourier des fonctions 
de corrélation est effectuée à l'aide d'un calculateur digital. La précision 
de cette transformation, c'est-à-dire la précision obtenue sur le spectre 
de Fourier, dépend du nombre de points qui définissent les fonctions de 
corrélation. Nous avons pu l'augmenter en associant plusieurs valeurs 
de Дт; élémentaire pour chaque courbe. 

2. 2. Fonctions d'autocorrélation - Etude de la densité spectrale d'énergie 
en fonction du rayon 

Les fonctions d'autocorrélation mesurées aux points Г, 0 , "Z — 
Г, 0+Д0,2 — С ,Q,z. + Az. sont identiques, ce qui signifie que la turbulence 
est homogène dans les directions 8 (fig- 5) et z . Par contre, ce résultat 
n'est pas vérifié dans la direction Г . 

Pour préciser les caractéristiques radiales des fluctuations, nous 
avons étudié en fonction du rayon la déformation de la fonction d'auto
corrélation et du spectre d'énergie correspondant (3(uj)de la densité 
fluctuante mesurée localement à l'aide de sondes. La figure 3 donne six 
spectres d'énergie normalisés correspondant à six points de mesure . 
L'examen de ces courbes montre que la forme de ce spectre dépend du 
profil radial de la densité. Dans les régions à faible gradient SJw , 
c'est-à-dire au voisinage de l'axe et à l'extérieur de la colonne, la densité 
spectrale d'énergie des fluctuations est une fonction décroissante monotone 
de la fréquence - positions 1 et 6 - . Par contre, dans les régions à fort 
gradient, la densité d'énergie des fluctuations est localisée. On observe 
des raies larges dans certains intervalles de fréquences - positions 2,4,5-. 



722 BERNARD et al . 

' G ( f ) 

',o 5,0 

Position 1 
r= 5 mm 

(a) 

f(kHz) 

9,0 

' G ( f ) 

Position 2 
r= 15 mm 

10 , i i _ 
50 

f(kHz) 

90 
1 V 

G(f) 

la-

io 

Position 3 
r=20mm 

50 
_l I I L_ 

9"0 
_l 1 lv 



CN-24/E-10 723 

G(D 

Position 4 
r=25.mm 

• 

• 

.•••"•'-•••r---T"i-' 

. 

* . • • • • . 

i i 
50 

i i . i 

(d) 

f(kHz) 

9,0 

' G(f) 

Position 6 
r- 45mm 

10 
i 

(f) 

f(kHz) 
- i i* 

'G(f) 

ю-
i i 

Position 5 
г -35 mm 

• . . , • ' " • • • • . . . • • • ' ' " " ' 

1 1 
50 

i I I 

(e) 

Г(№) 

A _ ,_1» 

FIG. 3. Spectres de puissance. 
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Au maximum de densi té , les r a i e s du spect re d i spara i s sen t - position 3 - . 
Le rôle du gradient de densité apparaî t de façon plus significative sur la 
fig. 4, où l'on a r ep résen té la var ia t ion de puissance de t ro i s fréquences 
significatives du spec t re . On constate en par t icu l ie r que les modes choisis , 
18-26-45 kHz,sont local isés dans les régions où le gradient de densité est 
important . L'extension radiale de ces modes / \ r es t de l ' o rd re de la d i s 
tance ca rac té r i s t ique du gradient de densi té . Il es t important de remarquer 
que,bien que le p lasma soit c reux, les fluctuations sont excitées de la même 
manière à l ' in té r ieur et à l ' ex té r ieur de la colonne, ce qui exclut la poss i 
bil i té d'interpréter ces résultats à partir d'instabilités du type flûte. 

Puisancc BF (unil-arbit.) 

G i f ) s 

/ \ 
/ \ 
I \ 

FIG. 4. Localisation radiale des modes. 

2. 3. Fonctions d'intercorrélation - Relation de dispersion des fluctuations 

Nous avons vu que,dans le cas où l'hypothèse de propagation plane 
est vérifiée, on peut déduire la relation de dispersion k (ш) du calcul de 
la t r ans fo rmée de Fourier Q^ (UJ) de la fonction d'intercorrélation. 

La figure 5 donne un ensemble de résultats obtenus sur deux sondes 
placées respectivement aux points (", B, 2. et Г, б+Д 0 , Z. c 'est-à-dire les 
deux fonctions d'autocorrélation, la fonction d'intercorrélation, les deux 
spectres Çj (щ) correspondant à la transformée de Fourier des autocorré
lations et le module I C,'(w) I de ^a transformée de Fourier de l' inter-
corrélation. 
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De la comparaison de ces t ro i s de rn i è re s courbes , on peut t i r e r 
deux conclusions importantes : 

- d'une par t , l ' identité des deux spec t res confirme l 'hypothèse 
d'homogénéité en 0 . 

- d 'autre par t , et surtout, l ' identité de u ( w ) et de | (jr (u) ) | pe rme t 
effectivement de r ep ré sen t e r les fluctuations de densité sous la 
forme d'une somme d'ondes planes 

71 (t) = J R Ы,Ч £ • du) 

où ^ ( u ^ r ) est une fonction rée l le . 

La figure 6 complète ces résul ta ts p a r l e t r acé de l 'a rgument 
R(UO) A - ïïl(u))A8 de Q'(w) c ' e s t - à - d i r e la relat ion de d ispers ion 

locale des fluctuations dans la direct ion azimutâle . Cette relat ion es t 
l inéaire et s ' éc r i t en introduisant le rayon Г correspondant au point de 
mesu re 

1 ilfr 

où \J^ est la v i tesse de t r anspor t des fluctuations. 

La courbe n° 2, relevée à l ' ex té r ieur du p lasma pour un rayon 
Г = 2, 2cm, correspond à une vi tesse de phase des fluctuations de 

2, 3 • 103 m / s . La courbe n°l , obtenue à l ' i n t é r i eu r du plasma, pour 
un rayon Г = 1,2 cm, donne une vi tesse V^ de 10 m / s . 

Ces m e s u r e s font appara î t re p lus ieurs points importants : 

- d'une par t , les fluctuations sont de même nature à l ' in té r ieur et à 
l ' ex té r ieur de la colonne. Leur relat ion de dispers ion est en effet 
toujours approximativement l inéaire ; 

- d 'autre par t , ces fluctuations se propagent dans le même sens quel 
que soit le signe du gradient. Ceci souligne l ' impor tance du champ 
électr ique radial sur la détermination de cette v i tesse / 6 / . 

2 .4 . Discussion 

Les instabi l i tés qui peuvent rendre compte des ca rac té r i s t iques des 
fluctuations étudiées doivent, comme nous venons de le voir : 

- ê t re excitées indépendamment du signe du gradient de densité Vn > 

- ê t re local isées dans les régions où \7tL est important ; 

- avoir une relat ion de d ispers ion l inéa i re , avec une v i tesse de p ropa
gation plus grande à l ' ex té r ieur qu'à l ' i n té r ieur de la colonne. 

Ces ca rac té r i s t iques sont t r è s proches de cel les des instabi l i tés de 
dérive. En effet, dans cette expérience, le champ magnétique est unifor
me, le p lasma collisionnel (\>> ku \Tp) , sa fonction de distr ibution mono
tone et le rayon de L a r m o r des ions CLi, inférieur aux dimensions c a r a c t é 
r is t iques du gradient de densité 7̂r\ et de l 'extension des modes ArCkiQ^dJ. 



726 BERNARD- et al. 

Autocomélation 
au point ' (r, s, г) 

•20 

(a) 

20 T. ( и sec) 

-10 10 •v.-.-..-.-

Autocorrélation 
au point (г,04Д9,г) 

-20 .*: 
-J .S L_ 

о»ло,s»ûe 

(b) 

V. 2 0 -t(F5ec) 

Ю"Х,-л-.. „v ...... .>• , - . - • ' - 1 0 

Intercorrélation 
entre les points 
(r.e.z) et 

(г,0*ЛО,г) 

){f 
_ /••••-.••-2"0 

• * 

.• 
.' 

^ 

.' 

,"• 

-10 

, 
С 

е,е,дв 

; 

'. io 

"•AV 

(с) 

ДО= rAB = dî.2.*,2,» 
3" 

20 Tip sec) 

• . . Л - - % Г ^ . ; ^ 



CN-24/E-10 727 

G(f) au point (r.e.z) 

(d) 

50 100" Г'. """ . 15'0 "' 

" " ."* '. G(f) au point ( г , 0*ДЭ, z 

• • 

• 

*""*-л 

4 " ' ' " " \ 

50 100 

(e) 

f(kHz) 

150"' 

t Л 

• 

• 

• 

\ 

|G'ml 

50 --.. 100 

(() 

f ( kHz) 

150. 

BTG. 5. Homogénéité et propagation plane azimutales. 



728 BERNARD et al. 

j ir) 

P
os

iti
on

 1
 

vO r̂  CO 
06 

' 
O

S
 

' 
' 

O
Ï 

-~ 

2 

..-•' T C\J 

( 

Ю 1 i n 

(d
) 

C4J 

I 

-? ^ 

о о-. 

o . 

со . • V 

/ 

^ C") 

/ 

-1 
-s 

! 
E 

", Ho> 
SC4J t=|CA 
-EOJ i. 

CL i_ <3 

S 

E 



CN-24/E-10 729 

Dans ce cas, l'instabilité de dérive résistive peut se développer avec une 
pulsation et un taux de croissance maximum de l'ordre de 

X- w - J - k ^ i - ^ ; S - | ^ ^ 

où Цр est la vitesse diamagnétique du plasma /l/, / 8 / . Le critère d'ins
tabilité ne dépend pas du signe de Un » le taux de croissance est maximum 
pour le maximum de \frl et la relation de dispersion est linéaire. Expéri
mentalement, la distance radiale Дг sur laquelle les modes sont excités 
détermine assez bien la distance caractéristique du gradient - voir fig. 4 - . 
Lorsque В = 1 kG, Лг = 2, 5cm, Te = 2 eV au centre du gradient, ce qui 
donne, pour la vitesse diamagnétique \ÎS"2. 10 m/s et pour la vitesse de 
phase des ondes \Tn 

-IT - u/Y = 0 5"% - 10 тп/s 

Si l'on compare cette vitesse à la vitesse de propagation ll̂ , obtenue 
par la relation de dispersion expérimentale - îi%. 6 - , on constate : 

- que dans la région extérieure du plasma où Vn <^0 , ~tfq> est appro
ximativement deux fois plus petit que TJg (fig. 6 - position 2) ; 

- que dans la région intérieure où \/n>0» ^o et "Ip sont sensiblement 
de la même valeur mais de signes opposés. En effet, l'inversion du 
gradient de densité ne s'accompagne pas d'une inversion du sens de 
propagation des fluctuations comme le montre la relation de disper
sion (fig. 6 - position 1). 

Ceci peut s'expliquer par la présence du champ électrique radial 
qui produit une rotation d'ensemble du plasma / 9 / . La vitesse de trans
port des fluctuations devient alors : 

t r r • 

Text ~ 3"Г + "zT ^ pour VП С О extérieur 

ЛПо Y — ^S. -— \Г0 pour Vn ^ 0 intérieur. 

Nous n'avons pas un ensemble complet de mesures de E r qui est 
difficile à déterminer. Nous l'avons mesuré pour В = 1 kG, en utilisant 
deux méthodes : d'une part à partir du potentiel flottant en le corrigeant 
par la température Te > d'autre part à l'aide de la sonde à séparation 
électrostatique qui permet de mieux approcher le potentiel plasma. La 
variation du potentiel sur la distance caractéristique du gradient Дг donne 
pour le champ électrique radial 2 V/cm et pour les vitesses : 

'lp ext. 

С int. 

= з .ю г 

= 10 3 

m/sec 

m/sec 

pour 

pour 

Vn со 
\7n > 0 

ce qui est en bon accord avec les vitesses \Г0 déduites des relations de 
dispersion expérimentales : 

Uoext. = 2,3.10 m/sec pour V p < 0 

^ i n t . = 10 m/sec pour Vn > 0 
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L 'au t re point in té ressan t est la comparaison ent re les longueurs 
d'onde théor iques et expér imenta les . Le spect re de puissance montre 
qu'une grande par t ie de l ' énergie des fluctuations est centrée autour de 
la fréquence f = 26 kHz. La longueur d'onde, calculée à p a r t i r de la 
relat ion de dispers ion pour cette fréquence carac tér is t ique ,donne : 

<\ = — - ^ 3 , 8 cm. 

Le point Г= О de la fonction d ' in te rcor ré la t ion azimutale Cn 0+Д0 
es t la va leur du produit •^/Пд(Ь) . ^п*кф-)/- La var ia t ion de ce produit 
pour différentes va leurs de Дэ donne la longueur de cor ré la t ion azimutale 
des fluctuations Дс . Au rayon R = 2, 2 cm, ДЛ4, 2 cm. 

Lorsque le champ magnétique augmente, les longueurs d'onde plus 
cour tes sont excitées / l u / d ' ap rès la relat ion 

Dans l ' in terval le de var ia t ion de В considéré 0, 75 à 2, 5 kG, la 
v i tesse diamagnétique \J^, et la t empéra tu re " 1 \ var ient peu, ce qui donne 
une re la t ion de la forme LO * ^ Ç t? 

Nous avons porté sur la figure 7 le temps de cor ré la t ion des fluctuations 
du champ électr ique et de la densi té . La relat ion J3t z,C es t a ssez bien 
sat isfai te . 

Les instabi l i tés de dérive rés i s t ive rendent donc bien compte des 
fluctuations observées lorsque l'on fait in tervenir le champ électr ique 
radia l du p lasma . Des m e s u r e s plus complètes de la relat ion de d i spe r 
sion en fonction du rayon et du champ magnétique sont en cours pour 
obtenir une comparaison quantitative plus fine entre ces résu l ta t s et le 
modèle théorique des ins tabi l i tés de dérive ré s i s t ive . 

3. RELATION FLUCTUATIONS - DIFFUSION 

Lorsqu 'on s 'éloigne des régions où le gradient de densité est im
portant , les fonctions de corré la t ion et les spec t res d 'énergie co r respon
dants G fu>) deviennent des fonctions décro i ssan tes et monotones. On 
peut dans ces conditions définir un temps de cor ré la t ion des fluctuations 

et r e l i e r ces fluctuations au coefficient de diffusion / i l / 

• Ax = ( < E ^ K 
La courbe expérimentale D, (B) obtenue à pa r t i r de la m e s u r e du 

temps de corré la t ion T"CE du champ électr ique fluctuant et de sa valeur 
quadratique moyennel^E*^) est donnée sur la figure 7. En valeur absolue 
D, est inférieur au coefficient de Bohm défini comme 

П - ± * T̂  
- ^ B O I I T , - ^ e B 

Le domaine de var ia t ion du champ magnétique est trop étroit pour 
conclure sur la dépendance de Dfx en fonction de В . On peut toute-
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fo i s r e m a r q u e r que d a n s ce t i n t e r v a l l e c e t t e r e l a t i o n e s t s e n s i b l e m e n t de 
la f o r m e DjC B _ 1 . 

Su r c e t t e m ê m e f i g u r e 7, n o u s a v o n s r e p r é s e n t é la v a l e u r e x p é r i 
m e n t a l e du c o e f f i c i e n t de d i f fus ion DHx obtenu- à p a r t i r de l a m e s u r e du 
flux <in E e> et de l a r e l a t i o n <nEe>z £>H V n / 1 2 / . 

ol 

0' 

0° 

<E' ,>*—-

\ U „ ) -

\ ( r f ) — 

г 

10' 

-y^. 
~°"~—-°~--. o1c 

"""'''~~~~"""~~---

10* 

В (ГЕЯ») 

0.1 0,2 

10' 

Ч(мка) 

(t, f) 

0,2 
B(TESl«) 

FIG. 7. a) Caractéristiques du champ Fg fluctuant; b) coefficient de diffusion Dj_. 

Ce c o e f f i c i e n t de d i f fus ion DM^ e s t l é g è r e m e n t i n f é r i e u r au p r é 
c é d e n t D ( l d ' u n f a c t e u r 3 ou 4 . D e s p e r t e s e s t i m é e s p a r c e s d e u x 
m é t h o d e s son t t o u t e f o i s du m ê m e o r d r e de g r a n d e u r e t c o m p a r a b l e s ai 
c e l l e s m e s u r é e s p r é c é d e m m e n t d a n s d e s c o n d i t i o n s e x p é r i m e n t a l e s s e m 
b l a b l e s à p a r t i r de l a m e s u r e du f lux l o n g i t u d i n a l p a r u n " p l a s m a e a t e r " / l / 

A x p * o.i £6oLm 

Il e s t i n t é r e s s a n t , e n s ' a p p u y a n t s u r le m o d è l e d e s i n s t a b i l i t é s de 
d é r i v e r é s i s t i v e d i s c u t é p r é c é d e m m e n t , de c o m p a r e r l a v a l e u r e x p é r i 
m e n t a l e du c o e f f i c i e n t de d i f fus ion Dç^ à c e l l e d o n n é e t h é o r i q u e m e n t / 1 3 / 

4£eor 
.4M_> 

3 ^ vi 
et Г e s t l ' i n v e r s e du t e m p s de m o n t é e de l ' i n s t a b i l i t é , c ' e s t - à - d i r e 

т, - '~ i h^ 
Avec c e t t e h y p o t h è s e e t e n p r e n a n t p o u r tO* , l a p u l s a t i o n c o r r e s p o n d a n t 
à la f r é q u e n c e du s p e c t r e d ' é n e r g i e G(U)) s u r l a q u e l l e e s t c e n t r é e l a p l u s 
g r a n d e p a r t i e de l ' é n e r g i e d e s f l u c t u a t i o n s , -f* = 26 k H z , on o b t i e n t 

^ c = (2"!T-f )~ = 6 / u s . Ce t e m p s e s t c o m p a r a b l e au t e m p s de c o r r é l a -
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tion VCB m e s u r é . P a r contre , la v i tesse fluctuante m e s u r é e expér imen
ta lement лП-<'~°,:' l= 2 ~ 1, 5. 10 m / s est infér ieure d'un o rd re de 
grandeur à la v i tesse théorique égale à "fy>Z. 10 m / s . Si l 'on es t ime 
cette v i tesse fluctuante à p a r t i r de la relat ion lT "C"' = "VT» 

\ . AL 
en prenant les va leurs expér imenta les deT-vJOAis , Aj.v <V = 2 , 5 cm 
(extension des modes) /l/, on obtient également une v i tesse dix fois 
supér ieure à celle mesu rée expér imenta lement . Cette remarque confirme 
le fait que le coefficient de diffusion m e s u r é es t infér ieur à celui de 
Bohm. 
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Abstract 

SOME INVESTIGATIONS OF NON-LINEAR PLASMA BEHAVIOUR ON ONE-DIMENSIONAL PLASMA 
MODELS. Earlier calculations on the two-stream instability using the sheet model are extended. Vortexes 
in phase space similar to those found by Roberts and Berk are found. A new finite-size particle model is 
developed to reduce collisional effects. This model suppresses the short-wavelength field fluctuations while 
leaving the long-wavelength collective modes unaffected. The turbulence generated by a small bump in the 
tail of the distribution function is investigated on this model. It is found here as in the sheet model calcu
lations that a hot Maxwellian tail is formed which co-exists with the main plasma for a very long time. 

1. INTRODUCTION 

In an e a r l i e r work [1] a number of non- l inear phenomena were in
vestigated on the charge sheet model . It is the purpose of this paper to 
descr ibe some work which has grown out of these calcula t ions . This work 
includes new calculations on the sheet model, the development of a finite -
size par t ic le model which it is hoped will el iminate some of the shor t 
comings of the sheet model, and comparison of r e su l t s from this new 
model with those from the sheet model for the problem of the instabil i ty 
due to a weak beam pass ing through the p lasma. It should be possible to 
extend the methods used in the new model to two- and th ree -d imens iona l 
models . Before descr ib ing these calculations we shall summar i ze the 
previous calculat ions, as they motivated much of this extension. We shall 
then descr ibe the new model and d iscuss the r e su l t s of the ca lcula t ions . 

In the e a r l i e r works [1, 2 ] , four problems were invest igated: 
(a) The damping of a la rge-ampl i tude wave, 
(b) Mode coupling by non- l inear Landau damping, 
(c) Emiss ion and absorption of waves due to sheet encounters , 

and 
(d) The turbulence generated by a weak bump in the tai l of the d i s 

tr ibution function. 
Fo r the f i rs t of these problems , the damping of a l a rge-ampl i tude 

wave, it was found that the ini t ial damping was much l a r g e r than that 
predicted by l inear ized theory . The enhancement of the damping was due 
to the accelera t ion of pa r t i c l e s , with initial veloci t ies much slower than 
the wave velocity, up to velocit ies equal to or g rea t e r than its phase 
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velocity. Particles whose velocity differs from the phase velocity of the 
wave by as much as Av, 

-v / „ e E 

can be so affected. Since generally the number of slow particles rises 
rapidly with decreasing velocity, the number of such particles which can 
be accelerated rises rapidly with E and so does the damping. The results 
of the numerical experiment and a rough theory for the effect can be found 
in Réf.. (1 ] . 

The second investigation was that of mode-mode coupling by the 
mechanism of non-linear Landau damping. In this investigation it was 
found that a number of effects could dominate non-linear Landau damping [3]; 
the second was the strong acceleration of particles similar to that found in 
the first investigation. When precautions were taken so as to avoid these 
effects, the theory was verified. 

The third experiment involved the collisional damping and emission 
of waves due to particle encounters. Here the theory of Birmingham, 
Dawson, and Kulsrud [4] was verified. Their calculation is similar to 
that used in the theory of weak turbulence, and so this experiment verifies 
that theory at least for the low level of fluctuations involved. The result 
of these experiments can be found in Ref. [2]. 

The fourth experiment investigated the turbulence generated by a 
weak beam passing through the plasma. The bump flattened out rapidly 
(time scale 20 Up1 ) as predicted by quasilinear theory. However, it 
continued to evolve so that by the time t ~ 150 Up1, the tail had a more or 
less Maxwellian shape at a temperature determined by the initial beam 
energy. The plasma thus contained two components, a hot tail and a cold 
main plasma. These two components coexisted for a long period of time 
(t> 300 Up). Particles with much higher energy than the initial beam energy 
were produced (energies up to four times the mean beam energy were ob
served). 

At the same time, the waves with phase velocities living in the tail 
acquired mean energies equal ta the temperature of the tail. Thus the 
hot tail and the associated waves, seemed to' come to a quasi-thermal 
equilibrium. The waves showed'rapid fluctuations in their energy. It ap
peared that Cherenkov emission and: absorption played a strong role in these 
fluctuations and in establishing the thermal equilibrium of the tail particles 
among themselves. Details of this investigation can be found in Ref. [ l ] . 

2. THE FINITE-SIZE PARTICLE MODEL 

2. 1. The model 

In the experiment on mode-mode coupling it was found that damping 
of the waves due to particle encounters could mask the effect being investi
gated. This damping is a collisional damping due to the use of discrete 
particles. Because the computer can only handle a few thousand particles, 
the graininess due to the particles is rather large and the associated col
lisional effects are overemphasized. For one-dimensional models this 
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effect is not too serious because to a large extent collisions in one di
mension do not alter the distribution function [5, 6, 7]. For two-and 
three-dimensional models, however, it would be very serious, as already 
observed by Hockney [8 ] . Even in one dimension it did cause trouble for 
the mode coupling experiment. We should like to eliminate such collisional 
effects while keeping the collective effects associated with wavelengths 
longer than a Debye length. 

Towards this goal we have developed a new one-dimensional model 
involving finite-size particles which to a large extent suppress the density 
fluctuations and E fields for short wavelengths and the associated collisional 
effects. The model consists of a large number of negative charge clouds 
embedded in a uniform fixed neutralizing background. Our method is 
somewhat related to that used by Hockney [8] and Birdsall [9] for two-
and three-dimensional models, although our procedure is quite different. 

First, we essentially take the charge density due to one of the clouds 
to be given by - , 

2 2 
CT exp [- (x-x.) / 2 a ] 

P ( x , t ) = - = = 1 (1> 
V2 7Г a 

where xt is the central position of the ith cloud, -a is the total charge 
on the cloud, and a is its half width. We shall use the Fourier analysis 
of the electric field in determining the motion of the particles. Thus we 
proceed as follows. 

First, if we Fourier analyze p, we find 

2 2 
a e x p [ - ( k a / 2 ) + i k x . ] 

o < k ' t , = - ^т? 

and the associated electric field 

2 2 47Tcri exp [-( к a / 2 ) + i k x . ] 
E(k, t)= — — (3) 

k\/2? 

The force on particle j due to particle i is given by 

2 , exp i k (x . - x) 
k' 2 2 ( x - x . ) 2 

.1 
2 „ 2 

F =1 EMp.Wdïï-iL1 \ — dkdx 
J1 J г J N/2?a J к 

(4) 

Г.. = 2a i \ 
Jl J 

ik(x.-x.)-k а 1 J e. J 

dk 
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We o b s e r v e t h a t t h i s f o r c e h a s t he s a m e f u n c t i o n a l f o r m a s t h e E f i e ld 
a t XJ due to a p a r t i c l e a t XJ wi th a h a l f - w i d t h of a and a c h a r g e of a . 

Now r a t h e r t h a n u s i n g t h e f o r c e l a w g iven by (4), we t a k e t he f o r c e 
l a w to b e g iven by a f in i t e F o u r i e r s u m 

2 2 
к г i k ( x . - x . ) - k a 

m a x l j [. - 6 
F..= F J ~ ^~ (5) 

-к m a x 

w h e r e к = п к т 1 Ш n i s an i n t e g e r , 6n_o i s t he K r o n e c k e r d e l t a , and k m i n 

i s t h e s p a c i n g in k. We m u s t c h o o s e t h e s i z e of t he s y t e m so tha t t h i s 
i s an a c c u r a t e d e s c r i p t i o n of t h e f o r c e l a w . I n t r o d u c i n g t h e m a x i m u m 
w a v e n u m b e r k m a x s a y s t h a t we a r e c o n s i d e r i n g w a v e l e n g t h s s u c h t h a t 
\ s 27 r /k r a a x . T h i s i s n e c e s s a r y s i n c e we c a n o n l y h a n d l e a f in i te n u m b e r 
of m o d e s . H o w e v e r , a s we h a v e a l r e a d y s t a t e d , we a r e i n t e r e s t e d in 
s u p p r e s s i n g the n o i s e in the s h o r t - w a v e l e n g t h m o d e s , and so t h i s i s to 
s o m e e x t e n t d e s i r a b l e . F u r t h e r , s i n c e t h e i r a m p l i t u d e s f a l l off e x p o n e n 
t i a l l y , h i g h e r m o d e s do no t coun t fo r m u c h p r o v i d e d k m a x a i s l a r g e r t h a n 
o n e . T h i s cutoff d o e s m e a n t h a t t h e c h a r g e s h a p e i s no t e x a c t l y G a u s s i a n , 
but i t s d e v i a t i o n s a r e s m a l l . 

T h e f o r c e on p a r t i c l e i due t o a l l o t h e r p a r t i c l e s i s t h u s t a k e n to be 
g i v e n by 

m a x , 2 2 
, - , - к a r - î k x . 1 »—, lkx 

A e 
F . = m x . = / I e - 6 I > e 

j 
L n. о J Li ' (6) 

(i c a n b e i n c l u d e d in t h e s e c o n d s u m b e c a u s e t h e r e i s no se l f f o r c e on i ) . 
T o a d v a n c e t he p a r t i c l e s in t i m e , we a s s u m e t h a t d u r i n g a t i m e s t e p t h e f o r c e 
c a n be c o m p u t e d a s if t h e p a r t i c l e s m o v e u n i f o r m l y . We f u r t h e r a s s u m e 
t h a t k m a x A t i s s m a l l o r t h a t a p a r t i c l e m o v e s on ly a s m a l l f r a c t i o n of t h e 
s h o r t e s t w a v e l e n g t h c o n s i d e r e d . T h u s we c a n a p p r o x i m a t e (6) d u r i n g a 
t i m e s t e p by 

m a x ! 2 2 ., . . . 2 2 2 к а Г - i k x . ( t ) - i r к v. (t) T 

m х. = У ^ т е Х - б 1 - i k v . 
1 LJ к L n ' ° J L 1 

(t)T 

m a x (7) 

i kx . ( t ) г k 2 v 2 ( t ) T 2 
, - , i k x . l t ) г 
2 e } l+ikv.(t)r-
j 

http://ikx.lt
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•where r i s t h e e l a p s e d t i m e f r o m the s t a r t of t h e t i m e s t e p at t . We m a y 
i n t e g r a t e E q . ( 7 ) to o b t a i n 

""max . 2 2 

f (t+ At) - v . ( t ) = > 
i • i i—i 

- k 

A e 
m k 

- ikx . ( t ) 

, 2 2 , . 3 
к v. (ti At 

' - , . ( A t -

,,—, ikx (l.) , L. 

. k v . (t) At 

2 k 2 v. (t) A t 3 

ikx . ( t ) 
J 

ikx . ( t ) 
J 

J- -

(8 ) 

x. ( t + At ) - x. (t) - v. At - / — j £ - £ 

-k 
I 

m a x , 2 2 
д " к а 
A e - i b c . (t) 

e 1 - 6 
ns о 

• ( 
2 i к v (t) At ' ' k 2 v 2 (t) A t 4 

24 

i kx . ( t ) ^ lKX. l t ) )• 1' ' 
i k A t 

, 2 , , 4 3 к v. (t) At 

и )'Ь ( t ) e 
i kx . ( t ) 

(9) 

i 2 л 4 v - -, ikx (t) 
к At \ 2 i ' ' 

J 

E q u a t i o n s [8] and [9] look r e l a t i v e l y c o m p l e x , and one m a y w o n d e r 
if we a r e not l o s i n g r a t h e r t h a n g a i n i n g by t h i s t e c h n i q u e . In t h i s c o n n e c t i o n 
we shou ld no t e t h e fo l l owing . F i r s t , t he s u m s on j a r e i n d e p e n d e n t of i 
and c a n t h u s be e v a l u a t e d o n c e and for a l l p a r t i c l e s . E a c h s u m on j m u s t 
be e v a l u a t e d fo r e v e r y к c o n s i d e r e d . T h u s , if t h e r e a r e N p a r t i c l e s and 
M m o d e s we m u s t e v a l u a t e NM t e r m s . If we had c o m p u t e d p a r t i c l e i n t e r 
a c t i o n s d i r e c t l y t h e r e would be N 2 / 2 t e r m s . T h u s , if M i s m u c h s m a l l e r 
than t h e n u m b e r of p a r t i c l e s , we gain by t h i s t e c h n i q u e . In g e n e r a l , we 
wi sh to k e e p on ly a few m o d e s , t h e l o n g - w a v e l e n g t h c o l l e c t i v e m o d e s wh ich 
a r e i m p o r t a n t t o t h e p r o b l e m u n d e r i n v e s t i g a t i o n . T h u s M s h o u l d be m u c h 
s m a l l e r t h a n N. F u r t h e r , t he p a r t i c l e s m u s t m o r e o r l e s s r e p r e s e n t t h e 
full d i s t r i b u t i o n func t ion , w h e r e a s t he m o d e s on ly h a v e to r e p r e s e n t t he 
s p a t i a l p a r t of t he d i s t u r b a n c e . T h u s by t h i s a r g u m e n t a l s o , we r e q u i r e 
m a n y m o r e p a r t i c l e s t h a n m o d e s . 

http://lKX.lt
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By including the t ime dependences of the par t ic le - posi t ions in Eq. (7), 
we complicate Eqs (8) and (9). However, by doing this we great ly improve 
the accuracy of the method and allow ourse lves to take l a r g e r t ime s teps . 
This more than compensates for the added computations as far as running 
t ime is concerned. 

This method is also ve ry flexible in that we can eas i ly change the 
size of the pa r t i c l e s and the number of modes we keep, so as to check 
whether or not these cause important changes in the r e s u l t s . Fur the r , sine 
this method involves exact dynamics of par t i c les in teract ing through a 
modified Coulomb force law, conservat ion of energy is a good check on 
calculation. E r r o r s due to using finite spat ial gr ids do not enter . Finally, 
it should be possible to extend this method to two and t h r ee d imensions . 
Our present method of calculating appears to be somewhat slow for such 
p rob lems . However, it appears that some modifications in the procedure 
can reduce the computing t ime from one which goes like NM to one which 
goes like N + M2 , which will substantial ly reduce the computation t ime . 
We a re present ly invest igat ing this possibi l i ty. 

2 . 2 . Investigation of fluctuations about t h e r m a l equil ibr ium 

The. f i r s t problem we investigated with the f in i te-s ize par t ic le model 
was the fluctuations about t h e r m a l equil ibrium to see if they behaved as 
expected. F igure 1 shows a plot of the amplitude of the r m s e lec t r ic 
field fluctuations vs mode number for charge clouds with a = 2Xp (XQ is 
the Debye length), and with к т а х Х п equal to 2. . The solid curve i s the 
theoret ica l ly predicted curve for Gaussian charge clouds. This curve 
is predicted from the formula 

A ( V / K T 
P ( E , ) d E * e . dE, (10) к к к . 

where P (Ej,) is the probabil i ty of finding the e lec t r ic field in dE^ about 
the value E^, and ф^ is the work requ i red to c rea te the fluctuations 
E k ; фк is given by 

E f L . •••, , , 2 2 

* к - Й П г ( 1 + к Ч « к а ) (U) 

(L i s the length of the sys tem) . The f i rs t t e r m on the right is the energy 
in the e lec t r ic field, the second t e r m is that requi red to c o m p r e s s the 
gas of cloud cen te r s i so thermal ly to the requ i red density. 

2 - ' 
The average value of E ^ L obtained from Eqs (10) and (11) is 

E
k
 L \ KT_ 

87Г 
r , 2 . 2 k 2 a \ (12) 

2{l+ к XD e } 

The upper dashed curve in F ig . 1 is that predicted for shee ts , i . e. 
a equals z e r o . The points a r e those obtained from the numer i ca l exper iment . 
They agree quite well with the theoret ica l ly predicted va lues . There a re 
some deviations for smal l mode numbers , but this is most likely due to 
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the fact that the initial conditions do not start these modes out with energy 
KT, and they take a long time to relax to their thermal value (the averages 
used here are time averages). 

As can be seen from Fig. 1, the theoretical fluctuations at long wave
lengths are hardly affected by the use of finite-size-particles while those 
at short wavelengths are strongly suppressed as expected. We have run 
other cases with different values of a and always find similar agreement. 

R.M.S 
Ш 

0.1 -

0.01 -
П С 1. rms E-field vs mode number. 

0.001 

S~>X° 

о t =0 to 19 

X t =1910 T6 

SHEET (THE0RYI 

4 6 
MODE NUMBER 

Another interesting thing we can do is derive the dispersion relation 
for the finite-size particle model. The collisionless Boltzman equation 
for these particles is given by . 

9f • of • 
h V . 

at эх 
X * I = 0 
m 8v 

(13) 

where f(x, v) is the distribution function of cloud-centre and velocities. 
The force on the particles obtained by integrating E(?)p(?,x) over i, x is 
the position of the .center of the charge cloud, 

F ( x ) = 4 77 a i \ 
d k e 

- ] k x - k а 

«V 2 7T к " I f (к, v) dv (14) 

This is the same expression one obtains for point particles except for the 
factor exp (-k2a2). If we linearize Eq.(13) and Fourier analyze Eqs(13) 
and (14) in space and time, we obtain 

i F(k, ш)Ы 8/Элл • ' [ l b ) f i k , w ) = 

k F : 

m ( t t ) + • к v - i 6 ) 

1 f ( к, v ) dv l -к а 
4 IT О е (16) 
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Here e is a smal l damping which has been added to de termine the direct ion 
of integrat ion around the poles . Substituting Eq.(15) into Eq.(16) we obtain 
the d ispers ion relat ion 

2 , 2 2 - 8f / 8 v dv 4ло -к а Г o ' 
mk J (w + k v - i e ) { > 

This is the same as the usual d ispers ion relat ion except for the factor 
exp ( - k 2 a 2 ) . Thus the long-wavelength modes a r e unaffected while the 
short-wavelength modes a re s t rongly modified. 

3. INVESTIGATIONS OF THE TWO-STREAM INSTABILITY 

We have ca r r i ed on the investigation of the t w o - s t r e a m instabil i ty s tar ted 
in Ref. [1 ] in two ways. F i r s t , we have looked at the instabil i ty produced 
by a weak beam with no init ial velocity spread on the sheet model . We have 
also investigated this problem on the f ini te-s ize par t ic le model and find 
substant ial agreement when the par t i c les are not too l a r g e . Second, we 
have investigated the problem of the weak bump in the ta i l of the distr ibution 
on the f ini te-s ize par t ic le model and have compared the r e su l t s with the 
e a r l i e r sheet model r e s u l t s . Again we find substantial agreement ; a long 
hot ta i l is formed which coexis ts with the main p lasma which is much colder . 
The long-wavelength modes again show rapid fluctuations in energy. 

Let us now discuss the instabil i ty produced by a weak cold beam pass ing 
through a warm p lasma. 

3 . 1 . The cold beam for the sheet p lasma 

The situation which was investigated was the following: The p lasma 
contained 2000 shee ts , one-fifth of the par t i c les were in the beam, the re 
were twenty par t ic les per Debye length in the main p lasma, and the beam 
velocity was four t imes the t h e r m a l velocity. The whole distribution is 
shifted in velocity by - 0 . 8 v T so that the sys tem has no net momentum 
or cu r r en t . F igure 2 shows a sampling of plots of the par t ic le positions 
in phase (x, v) space for the t imes u p t = 0, 1, 2, . . . , 60. Time runs from 
left to r ight and top to bottom. The ver t i ca l axis is v and the horizontal 
one x in each f igure. The s t r ik ing thing in these f igures i s the production 
of holes or vortex in phase space . The production of such holes in phase 
space has been extensively d iscussed by Roberts and Berk [10] for the 
water bag model . The in te res t ing thing about these holes is the i r p e r 
s i s tence ; there a re st i l l well-defined holes after u„t equals 60 (we have 
seen them to upt = 70). 

Such vor tex- type motions a r e not contained in quas i l inear theory . 
They appear to have a re la t ively long life he re and perhaps should be 
t rea ted as some type of individual entity, just as waves a r e . It r ema ins 
to be seen how important such things will be for two- and th ree-d imens iona l 
mot ions . However, vor tex- type motions (though not in phase space) have 
been observed in a number of two dimensional models [9, 11, 12] ; they 
have also been seen in au ro ra l d isp lays . It is cer ta in that vor texes must 
play an important role in many types of p lasma turbulence , just as they 
do in hydrodynamic turbulence. 
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FIG. 2. Vortexes for two-stream instability; sheet model. 

3.2 . The weak cold beam for f ini te-s ize par t ic les 

We have also investigated this instabil i ty on the f in i te-s ize par t ic le 
model. This was done p r imar i l y to compare r e su l t s with the sheet model 
case . Fo r this experiment , sys t ems containing 1000 par t i c les were used; 
one-fifth of them were in the beam. There were twenty par t i c les per 
Debye length, the beam was cold and had a velocity of four t imes t he rma l 
velocity (again shifting the velocit ies of all par t ic les so the re is no net 
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current). Runs were made with particles of one-half, one, and two Debye 
lengths for their half widths (a • 1/2 XD, XD, 2XD). For all three runs the 
initial positions and velocities were the same. A short run was made with 
the sheet model with identical initial conditions for comparison. 

Figure 3 shows plots of the total electric field energy for these four 
runs. For the sheet case and the 1/2 Debye length particles, there is 
quite close agreement. For the one Debye length particles, there is still 
pretty good agreement though some differences appear. However, an 
appreciable part of this difference can be attributed to the electric field 
energy in the short-wavelength modes which are suppressed in this case. 
A rough correction can be made by adding the initial deviation in electric 
field energy between the a = XD case and the sheet case, to the a = XD 
case. This will account for about half the difference at the time of the 
first peak. 

FIG. 3. Electric field energy for two-stream instability; comparison for particles of different sizes. 

TABLE I. GROWTH RATES FOR MODES 1-4, VARIOUS PARTICLE SIZES 

a/xD l 
Mode Number 

2 3 

0 

0.5 

1.0 

2.0 

0.163 

0.163 

0.163 

0.162 

0.255 

0.255 

0.250 

0.233 

0.250 

0.243 

0.220 

0.114 

0.148 

0.125 

0.058 

0.002 
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When one comes to the two Debye length s ize pa r t i c les , a qualitative 
change takes place, in that the f i rs t peak in the e lec t r ic field energy i s 
appreciably reduced and the second peak is much l a r g e r . This difference 
i s probably due to the fact that the s ize of the par t ic le affects the growth 
ra te of mode t h r e e . Table I l i s t s the growth r a t e s for all four cases for 
modes 1 -4 . 

— ' ' ' ' — ' 1 • ' • 1 I i i i i i i t i • i 

FIG. 4. Vortexes in x v space for a = *p/2. 

F igures 4, 5, and 6 show phase space plots of the par t ic le posit ions 
for var ious t i m e s . The init ial conditions a re the same for all cases so 
that the t = 0 plot for a equals 1/2 XD would apply to all c a s e s . The plots 
for 1/2 XD and 1 XD a r e s tr ikingly s imi la r , both as to the number of 
vor texes formed [3] and their shape at u p t = 6, 12, 15. Fo r the case of 
the equal to 2 XD, however, only two vor texes a r e formed, and thus t he re 
i s a qualitative difference. This more o r l ess shows that mode three was 
effectively stabil ized by the finite s ize of the par t ic le and that this led to the 
qualitative difference in e lec t r ic field energy between this case and the 
o the r s . If m o r e modes had been unstable, say 5 to 10, it is l ikely that 
the difference would not have been so grea t . 
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FIG. 5. Vortexes in x v space for a = Xp. 

INVESTIGATION OF THE INSTABILITY DUE TO A WEAK BUMP 
IN THE TAIL OF THE DISTRIBUTION FUNCTION 

A third problem which has been investigated on the f ini te-s ize par t ic le 
model is that of the instabil i ty due to a weak bump in the tai l of the d i s t r i 
bution function. This problem was investigated on the sheet model, and 
some in te res t ing resu l t s were found which a r e summar ized in the in t roduc
tion. The purpose of redoing this problem on the f ini te-s ize par t ic le model 
was to see if softening the coll is ions a l tered these r e s u l t s . It has been 
found that the resu l t s a re essent ia l ly unal tered. 

The case which was run was that of a 1000-part ic le sys tem with ten 
par t ic les per Debye length. The beam contained 10% of the par t ic les and 
had a mean velocity of four t imes the t h e r m a l velocity. The spread in 
velocity for the beam was the t he rma l velocity. The velocity of all 
pa r t i c l e s was shifted by - 0 . 4 v T so as to give no net cu r r en t . The par t ic les 
had half-widths, a, of two Debye lengths. Initially the most unstable mode 
was mode four. 
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FIG. 6. Vortexes in xv space for a = 2Лр. 

The init ial bumps rapidly flattened out as shown in F ig . 7. The ta i l 
then slowly extended itself and developed into the Maxwellian shape shown 
in Fig. 8. This figure shows the log of the distr ibution function ve r sus 
velocity squared (shifted by 0.4 v T t o center it with the main Maxwellian) 
at Upt equals 174 (this i s a sho r t - t ime average of the distr ibution, averaged 
over Atup = 12). The two components of the p lasma a r e c lear ly shown 
by the two s t ra ight l ines . The t empera tu re of the hot component is about 
eight t imes that for the cold. The energy contained in the ta i l is roughly 
equal to that contained in the ini t ial bump. The ta i l contains about 15% 
more par t i c les than it did at t ime zero (the ta i l being taken as those 
par t ic les with veloci t ies g rea t e r than twice the t h e r m a l velocity). Pa r t i c l e s 
in the ta i l extend out to 6. 9 t imes the t he rma l velocity (vT) at this t ime . 
Initially, the re was one par t ic le beyond 5.7 v T . 

F igure 9 shows a plot of the average e lec t r ic field energy ve r sus mode 
number . The low mode numbers a re s t rongly excited. The average energy 
at the peak is 7 KT which is roughly the t empera tu re of the ta i l . 
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FIG. 7. Distribution function at t = 0 and 25. 
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FIG. 8. Two-temperature distribution function. 

The electric field energy for mode. 4 is plotted vs time in Fig. 10. It 
shows rapid time variations. Some of this is due to the energy oscillating 
back and forth between the electric field and the mass motion of the 
particles (this goes at a frequency of 2 up). However, it is also clear that 
the wave energy is rapidly changing on a time scale of about 10 ш;1. This 
result is in agreement with the earlier sheet model results. 
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4 . 1 . Comparison with the sheet model calculation 

The results just described are essentially in agreement with those 
found for the sheet model. The cases run were slightly different. For the 
sheet model the system contained 2000 particles with 20 particles per 

10 

0J 

t=l20 to 180 

0.011 i i i_ 
0 5 10 

MODE NUMBER 

ПС 9. Electric field energy vs mode number. 

FIG. 10. Fluctuations in electric field energy vs time. 

Debye length. The beam contained 5% of the pa r t i c l e s r a t h e r than the 
10% used h e r e . The beam velocity was 3.7 v_.. Initially there were no 
par t ic les beyond 4 .5 v T for the sheet case whereas for this calculation 
there were pa r t i c l e s all the way out to 5. 7 v T at t equals ze ro . F o r the 
sheet model calculat ions the mean wave energy for waves with phase 
velocit ies lying in the tai l was roughly given by the t e m p e r a t u r e of the 
tai l . The same i s found h e r e . Also the waves showed the same kind 
of rapid fluctuations as a re shown in F ig . 10. Fo r the sheet case we in te r -
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preted this as resul t ing from Cherenkov emiss ion and absorption of waves 
by the fast pa r t i c l e s . The same p rocess takes place h e r e ; fast moving 
clouds of charge also will emit waves. The ra te of emiss ion i s , however, 
reduced by the factor exp {-2 U p a 2 / v 2 } . The f in i te-s ize par t ic les reduce 
the collisional effects between the cold par t i c les and hence any influence 
this would have on the formation and decay of the ta i l . However, the 
s ize does not mate r ia l ly affect the behaviour of the long-wavelength modes . 
Since we do not expect the short-wavelength modes to play much of a role 
he re , the resu l t s should not be great ly affected, as s eems to be the case . 

In the sheet calculation the ta i l became Maxwellian after about Wpt 
equal to 150; this is about the same as the t ime observed h e r e . With the . 
lower energy (10 par t i c les per Debye length) for the f ini te-par t ic le case , 
we might have expected somewhat fas ter relaxat ion. However, the finite 
s ize cer ta inly should slow down the p r o c e s s . If we assume the t h e r m a l i -
zation comes about due to Cherenkov emiss ion and absorption of waves 
by the fast par t i c les , then the t ime should be exp {2 c j p a 2 / ^ } t imes longer 
where VH is the velocity of the hot pa r t i c l e s . Taking a to equal 2XD and 
VH to equal 4 v T , this factor is 1. 7. Fo r the sheet model, somewhat h igher -
energy par t i c les were observed (out to 7.8 v T ) but this was only after a 
very long time (upt « 300). Fo r the sheet model, a somewhat l a rge r number 
of cold pa r t i c l e s were drawn into the ta i l (a 50% inc rease ve r sus 15% here ) . 
This might have been due to the l a r g e r fluctuations at short wavelengths 
for the sheet model, it might be due to the fact that we used a 10% beam 
he re , or both things may play a ro le . 

4 . 2 . Vortexes 

We looked for vor texes for the smooth bump-in- ta i l problem by making 
phase space plots like those shown before. These plots did not show any 
pronounced indication of the vor texes found for the 20% cold beam. Thus, 
the spreading of the beam in velocity and the reduction of i ts s trength 
great ly reduce or eliminate the vor texes . This t rend has also been seen 
by Morse [13] and is to be expected [14] . 
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D I S C U S S I O N 

E. CANOBBIO: What happens to the exclusion principle in phase space 
in the case of Gaussian par t ic les? Are there any quantum-like effects? 

J. M. DAWSON: The flow in phase space (x, v space, where x is the 
position of the centre of the par t ic le and v is i ts velocity) sat isf ies Liouvil le 's 
theorem. However / the par t i c les are allowed t cp ' a s s freely through one 
another, so there is no exclusion in this sense . We use a finite, d i sc re te 
set of k ' s , so that the problem is quantized in that s ense . 

B. BRUNELLI (Chairman): How powerful does the computer have to 
be for extension of the numer ica l exper iments to two and three dimensions? 

J. M. DAWSON: In the one-dimensional case it takes about two 
minutes for a t ime of uj,1 (1000 par t i c les , 20 modes) . The calculation i s 
proport ional to the number of par t i c les multiplied by the number of modes . 
For two dimensions the situation is roughly the same and, since one 
probably needs more pa r t i c l e s and more modes , computation is c o r r e 
spondingly s lower . However, we believe that through the introduction of 
modifications the calculation can be made proport ional to the number of 
par t ic les plus the square of the number of modes . This should be much 
faster , and we can probably reduce it to a couple of minutes per u ; 1 . 





НЕЛИНЕЙНЫЕ ВОЛНОВЫЕ ЯВЛЕНИЯ 
В ВЫСОКОТЕМПЕРАТУРНОЙ ПЛАЗМЕ 

К.С.КАРПЛЮК, Я.И.КОЛЕСНИЧЕНКО, 
Э.Н.КРИВОРУЦКИЙ, В.Г.МАХАНЬКОВ, 
В.Н.ОРАЕВСКИЙ, В.П.ПАВЛЕНКО 
и В.Н.ЦЫТОВИЧ 
ИНСТИТУТ ФИЗИКИ АН УССР, КИЕВ, 
СССР 

Abstract — Аннотация 

NON-LINEAR WAVE PHENOMENA IN A HIGH-TEMPERATURE PLASMA. In most plasma experiments 
the non-linear plasma properties are very pronounced - hence the interest in non-linear plasma theory and 
particularly in the non-linear theory of the interaction of waves in a plasma. The study of wave interaction 
mechanisms is important from the point of view of understanding the many physical processes which occur 
in a high-temperature plasma (relaxation processes in an unstable plasma, propagation of collisionless shock 
waves, high-frequency stabilization of plasma instabilities, etc.) . The authors of the present paper investigate 
two aspects of the theory of wave interaction: 

1. The theory of wave interaction in bounded plasma systems; 
2. The substantial change in the dispersion properties of drift oscillations in a plasma with 

high-frequency turbulence. 
In most works on the theory of wave interaction in a plasma the calculations are based on the assumption 

of an unbounded plasma. In actual dévices, however, the boundaries often affect wave propagation; this 
is reflected both in changes in the dispersion characteristics of the waves in an unbounded plasma and in the 
appearance of a new type of wave found only in bounded systems (surface waves). 

In the first part of the paper the authors set forth the theory of wave interaction in a bounded plasma. 
The method employed enables one to take into account interactions of all types of wave - both space and 
surface. Particular attention is paid to the procedure for deriving equations for the interacting waves. 
With the help of these equations the authors consider a number of concrete three-plasmon interactions. 
The special features of the interaction of waves in a bounded plasma are also noted. 

In most cases, together with the unbounded plasma approximation, works on non-linear plasma theory 
resort explicitly to the assumption that the individual wave interactions are independent. This assumption 
is not always valid. In the second part of the paper the authors consider cases where certain wave processes 
have a considerable effect on others. It is shown that the developed high-frequency turbulence of a plasma 
has a substantial effect on the spectrum and build-up of drift oscillations. 

Even in cases of relatively weak turbulence there is a critical turbulence energy at which the stabiliza
tion of drift, hydrodynamic, kinetic and other instabilities becomes possible. The authors find a new class 
of non-linear drift instabilities occurring in a turbulent plasma. 

НЕЛИНЕЙНЫЕ ВОЛНОВЫЕ ЯВЛЕНИЯ В ВЫСОКОТЕМПЕРАТУРНОЙ ПЛАЗМЕ. В 
большинстве плазменных экспериментов резко проявляются нелинейные свойства плазмы . 
Именно этим обусловлен интерес к теоретическим работам, в частности, к работам по 
нелинейной теории взаимодействия волн в п л а з м е . Изучение механизмов взаимодейст
вия волн важно для понимания физических процессов, происходящих в высокотемператур
ной плазме (в частности, таких, как релаксационные процессы в неустойчивой плазме , 
распространение бесстолкновительных ударных волн, высокочастотная стабилизация плаз 
менных неустойчивостей и т . д . ) . В данной работе исследуются два аспекта теории 
взаимодействия волн. Рассмотрены: 1) теория взаимодействия волн в ограниченных 
.плазменных системах; 2) существенное" изменение дисперсионных свойств дрейфовых 
колебаний в плазме с высокочастотной турбулентностью. Обычно в работах по теории 
взаимодействия волн в плазме расчет ведется в приближении безграничной плазмы . 
Однако,в реальных установках часто сказывается влияние границ на распространение 
волн в п л а з м е . Это влияние проявляется как в изменении дисперсионных характеристик 
волн, существующих в безграничной плазме , так и в появлении нового типа волн, прису
щего только ограниченным системам так называемых поверхностных волн. Излагается 
теория взаимодействия волн в ограниченной плазме . Используемая методика позволяет 
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учитывать взаимодействия всех видов волн как объемных, так и поверхностных. Основ
ное внимание уделяется процедуре вывода уравнений для взаимодействующих волн. С 
помощью полученных уравнений рассматриваются конкретные трехплазменные взаимо
действия . Отмечены особенности взаимодействия волн в ограниченной плазме. На
ряду с использованием приближения безграничной плазмы, обычно в работах по нели
нейной теории плазмы явно или неявно используется предположение о независимости от 
дельных волновых взаимодействий, которое не всегда справедливо. Рассматриваются 
случаи, когда одни волновые процессы существенно влияют на другие . Показано, что 
развитая высокочастотная турбулентность плазмы существенно влияет на спектр и р а с 
качку дрейфовых колебаний. Даже при относительно слабой турбулентности сущест
вует критическое значение энергии турбулентности, начиная с которого возможна с т а 
билизация дрейфовых, а также других как гидродинамических, так и кинетических 
неустойчивостей. Найден новый класс нелинейно-дрейфовых неустойчивостей турбу
лентной п л а з м ы . 

1. ВЗАИМОДЕЙСТВИЕ ВОЛН В ОГРАНИЧЕННОЙ ПЛАЗМЕ 

Запишем систему гидродинамических уравнений для плазмы 

совместно с уравнениями Максвелла ( в случае слабой нелиней

ности) в следующем виде: 

O^tHjf^/tf)- О ; 0.1) 
где ^ -вектор, описывающий состояние плазмы, 

Нв -линейный дифференциальный оператор с разрывными 
( на границе плазмы) коэффициентами, описывающий линейные 
колебания плазмы; Н^ -квадратичный по ^ дифференциальный 
оператор, стремящийся к нулю при стремлении вектора f к ]£-

вектору, который описывает равновесное состояние плазмы. 
Уравнение ( I . I ) совместно с соответствующими граничными усло
виями определяет вектор состояния 'jf . 

Учитывая слабую нелинейность, решение уравнения ( I . I ) 
можем находить методом теории возмущений [ 1 - 3 1 . Тогда в 

нулевом приближении зависимость вектора состояния от времени 

может быть выбрана в виде wM-iatf ,и задача сводится 

к отысканию собственных значений оператора Н0 : 

((ù+H.)f£K0 (1.2) 
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В первом приближении вектор состояния ^ можно пред
ставить в виде: 

f^zc^MtJ:* (1.3) 
где С^Д у-амплитуды волн, медленно меняющиеся во времени. 

Для получения уравнения, описывающего изменение во 
времени амплитуды волны ^^, необходимо подставить (1.3) 
в ( I.I), а затем спроектировать-полученное уравнение на на
правление f'J, • Проектирование можно осуществить умножени-
ем (I.I) скалярно на вектор V^' .., который определяется 
сопряженными граничными условиями совместно с уравнением,эрми
тово сопряженным к (1.2) К 

После осуществления описанной процедуры получим ди
намическое уравнение, описывающее изменение во времени ампли
туды Са Ci) обусловленное взаимодействием волн (см.также 
[2-5]. 

ЭС? -_;т 1/ г г (1.5) ^ = -iZ V С С 

где \ / . .= - №Л) ( Ш 
(%*.&) 

Применим описанный выше формализм к ряду конкретных 
примеров. Учитывая практическую важность цилиндрических сис
тем и близких к ним тороидальных систем с малой тороидаль-

I) Для того, чтобы любая собственная функция fa' была ортогональная ко всем собственным функциям f^, за исключением V V необходимо все собственные значения сопря-жененной задачи со поставить в соответствие собственным значениям и) таким образом, чтобы 5' = cù'* .Тогда системы функций </л> и ^ j называются биортогональными. 



756 КАРПЛЮК и др. 

ностью, всюду в дальнейшем рассмотрение будет проведено для 
цилиндрического плазменного столба в магнитном поле. 

В качестве примера рассмотрим взаимодействие магнито-
гидродинамических волн в плазменном цилиндре, удерживаемом 
в вакууме продольным магнитным полем. Прежде всего необходимо 
решить линейную задачу. В силу цилиндрической симметрии зави
симость собственных векторов от продольной и азимутальной 

л 

координат выберем в виде tybU^n-CrnA.Тогда оператор Не при
нимает вид: 

I) для внутренней области ( величины во внутренней области 
будем обозначать индексом " I"; в случае, когда это не вызовет 
недоразумений, этот индекс будем опускать). 

.0 \Ъ 
-S*Ju 0 х 
-^s 1 О 

о «г 

О О 

О — Ï 

X 

0 
О 

О 
0 
Кг 

- *! 
г 

- * * 
О 

О 
О 
О 

О 
0 

0 

О 
0 
0 

О 
о 

о о 

W -?** 
О 0 

о о 

О О 
о о 

Hf-\ -*,S* О О О О О О ] (1.7) 

Компоненты кэт-вектора У связаны с магнитогидродинамически-
ми величинами следующим образом: 

ft"*""' brVW'%xf^$r^wi (1.8) 
где J> , И -малые отклонения плотности и магнитного поля от 
своих равновесных значений Р„ ; Ие\ S*= ïpf* j ̂  => -^— • 

/-гидродинамическая скорость, ^° 
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2) для внешней области ( все величины во внешней области 
будем обозначать индексом " 6 " ) . 

1° 
0 

\° 0 
КгС 
тС 

V 1 

0 
О 
0 

-кгс 
О 

X 'it 

О 
О 
0 

МС-

иг% 
О 

О 
-V 

тс 
X 

О 
0 
О 

к,с 
0 

tôt. 

0 

0 

о . 

'^Ьг 
0 1 

0 

0 

0 J 

(1.9) 

а компоненты вектора ^ связаны с электрическим и магнитны
ми полями: ,<*) Се) 

Уравнение (1.2) с оператором /7„ ,который задается выра
жениями (1.7), (1.9), совместно с граничными условиями 

Л^^с 'С w?;<'*o; (1л1> 

( где Ye) = "» Л-jtç ) определяет собственные функции и 
собственные значения линейной задачи. В граничных условиях 
все величины следует брать, вообще говоря, на смещенной границе 
плазмы %= а + Ï ( а.-радиус плазменного шнура, £ -смещение 
границы плазмы вследствие колебаний). Однако, в силу того,что 
мы рассматриваем однородную плазму с резкой границей, в гра
ничных условиях СI - II) все величины берутся при X = а. К 

Найдем эрмитово сопряженный оператор Нв ,используя 
хорошо известное определение: 

(%;if)= (4r*,f) (I.12) 

2) Тем не менее,колебания границы плазмы учитываются,поскольку 
Vx не равно нулю на равновесной границе. 
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Здесь Ф и % -произвольные функции,удовлетворяющие соот
ветственно граничным условиям (I.II) и сопряженным к ним; 
скалярное произведение определено обычным образом: 

л U v Подставляя выражения для На из (1.7) и (1.9) в (1.12) и 
выполняя интегрирование по частям, получим: 

ft,н.f)=(h,f) t i if ^ {<&'*№?*%">]- «• « 
-Й"Т^Л W ) + Of** *?Ч %c"]\ ; 
Учитывая (I.II), (1.14), можно записать сопряженные граничные 
условия ( являющиеся условием обращения в нуль поверхностного 

интеграла): 

На классе функций, удовлетворяющих граничным условиям (I.I5), 
оператор А является оператором п0 и имеет вид: 

I) во внутренней области: 
/ О 

н+ нг= г 
- кя 

d%x -^£ - ^ О 

\ 

О 
О 
О 

О 
О 
О 

о 

о 
о 
о 
о 

VA 

о 
о 
о 
о 
о 

'•££* -W О г э г " t л 
л 

(Мб) 

2) во внешней области Цс*' представляется матрицей (1 .9 ) . ————————^— ^ л Л 

Сравнивая выражения для И и H (см.(1 .7) , ( 1.9) и 
о 

(I.II), (1,15) ) нетрудно установить справедливость следующе
го равенства: 

h = £fc <1Л7) 



CN-24/E-12 759 

г д е i АХ « » / 

Нетрудно также получить систему собственных функций оператора 
Н0 . Для волн, не возмущающих плотность плазмы (альфвенов-

ские волны), f j e ) =: 0 >а собственные функции во внутренней 
области в случае аксиально симметричной моды ( m =0) такие: 

и в случае m ф Q : 
л-Аа-о; и2=о, v^iàMjjks-^; V~H; (I#20) 

где А х ) и Û^Q -произвольные ограниченные функции г 
( собственные значения альфвеновских волн определяются таким 
не соотношением, как и для безграничной плазмы сд ^K^V^ ). 

Для магнитозвуковых волн ( пФо) собственные функции 
определяются следующими соотношениями: 

V^ZSST; ^ - & Л ; V £ ' 4 1 «.г» 

n = С, ?мtf«Jг) ex/»/-^*<42 ' ^ A *'« «?>o Jjl.22) 
/!= C4 1т0*г1г) Ufl-tàt+^tînfji пей Kj<o^ 

где K* = cùW+sy-xfW* ( I ,23) 

*' *ï ' ~^ (1.24) 

J„ и X m -обычная и модифицированная функции Бесселя. 



760 КАРПЛЮК и др. 

Во внешней области компоненты вектора состояния такие: 

LCeJ . «з. }kie) i d m & 1 ce). p ce) м à) I ce) , . ? ) 

где Km(l*fcj -функция Макдональда, 3ez= Кг - —^ j 
Сшивая с помощью граничных условий внутренние решения 

( I .2I) , (1.22) с внешними решениями (1.25), получим уравнения, 
которые совместно с уравнением (1.23) полностью определяют дис
персию рассматриваемых волн ': 

КОФй - (к*%*-&)&'fa*) 
3mû«J«) " IKJ xVA")ZK„(wa) ( L 2 6 ) 

В (1.26) , штрих означает дифференцирование по аргументу функ
ции. 

Приведем результаты анализа полученных уравнений [6]. 
При Кхл «{ уравнение (1.26) описывает в случае тфо поверхност
ные ВОЛНЫ С дисперсией. 

Сд*±\/£*гУл (1.27) 
и в случае, когда fn^o объемные волны с дисперсией 

<дг*К*2* (1.28) 
При Кха. »«-¥< m , I ) уравнение (1.26) совместно с (1.23) 
ОПИСЫВаеТ ОбЬеМНЫе ВОЛНЫ С дисперсией: 

Ч , * - * ^ ; V * i j ^ ; **-*^**> <L29) 

Это обычная быстрая и медленная магнитозвуковая волны с тем 
отличием от безграничной плазмы, что Кх дискретно. 

Полученные собственные значения совместно с (I.19)— 
-(1.23) полностью определяют собственные вектора у/(е) операто
ра Н0 и сопряженные к ним У£* . 

3) В дальнейшем будем рассматривать ]3^ 1 
Тогда к? всегда положительная величина. 
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Как видно из (1.6), для вычисления матричного элемента 
необходимо найти ( ч/& И. ), а также норму ( </4, fj*). Выпишем 
явный вид Н, ,описывающего взаимодействия магнитогидродина-
мических волн. . 

-ififyh^ 
где <Г=(сО,т,Кг} 

Используя (1.30), нетрудно, найти явный вид матричных элемен
тов VO-0. . Матричный элемент, описывающий взаимодействие 
альфвеновских волн, так же как безграничной плазмы, равен 
нулю. Взаимодействие магнитозвуковой волны с альф-веновскими 
описывается матричным элементом: 

+£щ.%)(^к'^Ш%)-*ФЛ^ ал) 

a 

Здесь.- fa.V^jrxUfcfa+Vf) (1-32) 
ел гд о 

33) 
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a Vx и 1/у> определены (1.19) и (1.20). Следующий матричный 
элемент определяет взаимодействие альфвеновской с магнито-
звуковыми волнами: 

а. 

г^че^е^ *эд*£^f (1,3 

И?наконец, матричный элемент, описывающий взаимодействие 
магнитозвуковых волн: 

* £[*W-JJ* §£(Wà^>V,f*U> (I-35> 

Можно показать, что матричные элементы,определяемые 
(I.3I)-(1.35),удовлетворяют обычным свойствам симметрии [з]. 
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Эти свойства симметрии матричных элементов позволяют получить 
кинетическое уравнение для волн ( справедливое в приближении 
хаотических фаз), которое совпадает, в основном, по виду с 
СООТВеТСТВуЮЩИМ уравнением (СМ. [ 2 - 3 ] для безграничной 

плазмы. 
Отметим, что для ограниченной плазмы закон сохранения проекции 
квазиимпульса на направление, в котором плазма ограничена, 
вообще говоря, не выполняется [7, 8]. Как видно из выраже
ния для матричных элементов, в случае объемных волн, 
интегралы, стоящие в них, обладают резонансными свойствами. 
Они максимальны при К^= к% + Ki » т« е- Д л я них приближенно 
выполняется закон сохранения квазиимпульса. Если же хоть одна 
из взаимодействующих волн-поверхностная, то интегралы такими 
свойствами не обладают.Поэтому во взаимодействиях с участием 
поверхностных волн закон сохранения квазиимпульса не выполня
ется. 

Схемы возможных распадных процессов, связанных с ыаг-
тогидродинамическими волнами и присущих только ограниченной 
плазме, приведены на рис.1. Как видно из этого рисунка, в 
ограниченной плазме появляется много новых каналов взаимодей
ствий волн, играющих важную роль в установлении спектра коле
баний. 

2. ДРЕЙФОВЫЕ КОЛЕБАНИЯ ЗАМАГНИЧЕННОЙ ТУРБУЛЕНТНОЙ 
ПЛАЗМЫ 

Обычно теория дрейфовых неустойчивостей не учитывает 
наличия высокочастотных турбулентных пульсаций в плазме. 
Однако, в силу нелинейной связанности различных типов волн 
в турбулентной плазме низкочастотные и, в частности, дрейфовые 
колебания могут зависеть от интенсивности высокочастотной тур
булентности. Наибольший интерес для приложений представляют 
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Р и с . 1 . Схемы возможных распадных процессов, связанных с магнитогидродинамическими 
волнами и присущих только ограниченной плазме . 

исследования апериодически раскачивающихся гидродинамических 
дрейфовых колебаний. Появление низкочастотных неустойчивоетей 
плазмы из-за наличия высокочастотной турбулентности рассматрива
лось ранее в [э, ю ] . В работе [и] был предложен общий 
метод, позволяющий исследовать дисперсионные свойства плазмы 
в условиях, когда высокочастотные пульсации сильно изменяют 

электромагнитные свойства в области низких частот. Простые 
W j физические аргументы показывают, что дане в условиях —- « 1 , 
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где Vl^-плотность энергии высокочастотной турбулентности, из
менение низкочастотных свойств плазмы может быть не малым. 
Действительно, хорошо известно, что наличие турбулентности при
водит к возникновению эффективных турбулентных соударений час
тиц с волнами и волн между собой, зависящих от энергии турбу-
лентности [12, 13]. В условиях -— « 1 эти эффективные 
частоты } у много меньше частот турбулентных пульсации, 
однако они могут быть достаточно большими, если уровень турбу
лентности не очень низок. Для частот и) меньших,например, $ , 
можно ожидать коренного различия дисперсионных свойств турбу
лентной и нетурбулентной плазмы. 

В слаботурбулентной плазме эффективные турбулентные столк
новения, пропорциональные более высоким степеням энергии турбу
лентности,имеют меньшую частоту. В настоящей работе учтены тур
булентные СТОЛКНОВеНИЯ у первого порядка по энергии ТурбуЛеНТНОС-
ти ( .квазилинейные распадные и другие нелинейные соударения) и 
S) второго порядка по энергии турбулентности. Дрейфовые коле

бания плазмы исследуются в области частот ^ » < ^ >> т). .Эффектив
ные частоты -J). 9Z зависят не только от энергии турбулентности, 
но также и от ей,к-частот и волновых векторов дрейфовых колеба
ний. Проведенное исследование позволяет установить также, в 
какой области частот и энергии турбулентности "$ «^ .Это 
определяет границы применимости получаемых результатов.Предпо
лагая, что электроны плазмы замагничены, используем для их 
описания дрейфовое кинетическое уравнение. Разобьем полную 
функцию распределения электронов, а также электрическое поле 
на турбулентные и регулярные составляющие 

h = h* + л <Fr >= о (2.1) 
? = Ет + ER 4Ет> = 0 (2.2) 
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Легко получить уравнения для этих компонент. В исходном турбу-
лентном состоянии Е =0 и, получаемые уравнения, описывающие 
турбулентное состояние плазмы, удовлетворены в силу стационар
ности спектра турбулентности и функций распределения частиц. . 

г(е) Пусть г0 -регулярная часть функции распределения исходного 
турбулентного состояния. Для малых В будем искать отклик тур
булентной плазмы на поле Ё , возникающий из-за слабого изме~ 
нения распределения частиц и распределения турбулентных пуль
саций. Указанное уравнение для малых поправок может быть по
лучено в общем виде. Используя далее в интеграле турбулентных 
соударений разложение по амплитуде турбулентных пульсаций с 
точностью до членов, пропорциональных W и W> получим доволь
но сложное интегродифференциальное уравнение для Ъ F -отклоне
ний распределения частиц от равновесных.Разложение по парамет-
рам -гг и —- ( где Со и Ki частота и волновой вектор турбу-
лентных пульсаций; позволяет решить это уравнение и найти' тен
зор проницаемости турбулентной плазмы. Для колебаний, сохраняю
щих квазинейтральность, имеем 

где ск -ионная линейная проницаемость , к ~ { ^ ^ ^ } -

СК - -А * Р*. dV* l,h 
г'г 

\Д/= Jyy Д1. : W -описывает спектр турбулентных пульсаций. 
В (2.4) учтены соударения у) и отброшены Ц (<0»>П.Коэф-
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фициенты cLK£ и RKK -довольно громоздкие выражения, завися
щие такне от типа турбулентных пульсаций. 

Если, например, в плазме возбуждены интенсивные одно
мерные ( вдоль п 0 ) турбулентные ленгморовские пульсации,то. 

ПРИ ") ^ Кг К* т р=-, „ . I 

(2.6) 

"г'г« 

^ое'^Г <«V «.«>„, -Эх £ - Ж Я (2*7) 

5=-С^д L _ J 2-W (2-8) 

\Л = •**« ̂ « -групповая скорость ленгмюровских волн.В пре-
деле а-ю уравнение ск =0 дает известные дисперсионные уравне
ния дрейфовых колебаний линейной теории [14-16]. Из (2.6) 
видно, что при <?» { происходит стабилизация кинетической 
неустойчивости быстрой дрейфовой волны при 

(2.9) г>1 

Если <ù« **Vj. ,TQ ПРИ -—^~»и-ц9 

( Л = ̂ ) " к*У*«^а# получим 0 = ^ т . е . 
существенное увеличение частоты дрейфовых колебаний. При 

^ » ^zKi оказывается возможным возникновение новой не ли-
N 5> 2 о 9 \ А / 

нейной дрейфовой неустойчивости w =» — Ks VT cù#. —- , 

W ^ л£- "а ' 
если -SL >> • *,• .Следствием развития этой неус-
тойчизости будет, однако, изменение распределения высокочас
тотных пульсаций в направлении неоднородности плазмы. 

Если в плазме возбуждены непотенциальные (поперечные) 
пульсации на частотах, близких к о) в в, то в гидродинамичес
кой области U)»KVT возможна стабилизация дрейфовых потен
циальных и непотенциальных колебаний. Так, при О « xV 

al 
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]/ й£ <.f. - 9- плазма устойчива относительно возбужде-

ния дрейфовых колебаний, если 

£• >?M>?ti£ (2.I0) 

Л -характерная длина волны пульсации. При этом 

При выполнении неравенств со<^к£ 

К V « и) « К V дисперсионное уравнение принимает вид: 

{«-¥)* о 7̂ tir* dx\- Л (2.И) 
~ со* "* 

Э.Л.ТЛ - ,л<«> л;_ */«» 2/„ 7"-) „ о ) * — 
соответствует (2.7)."* Если аА = f4i|ss)*J^ » i ; £-0,re 

дрейфовые колебания оказываются затухающими.Область существо
вания температурно дрейфовой неустойчивости с I Q » { - cH^-iâvh^O 

сдвигается в область очень больших и с ростом энергии турбу
лентности, а именно, V» Я 

Исследование роли турбулентных соударений у) позволило 
получить критерий, достаточный для применимости приведенных 
результатов 

M,x(«D,K/j/ »^К (2.I2) 
где С^к] " характерное время исчезновения корреляций 
высокочастотных турбулентных пульсаций 

& = -*9J Vklïdïl^ (2.I3) 
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Abstract 

NON-LINEAR INTERACTIONS .OF POSITIVE AND NEGATIVE ENERGY MODES IN PLASMAS. The 
effects of mode-mode coupling and non-linear Landau damping on stability are studied in the usual weak 
turbulence approximation. 

It is shown that the multi-wave interaction can be explosively unstable when, for EJl-̂  k- =0 and 

^ " - l ^ k * =0% w e a ^ ° ^ a v e Si = S 2 - - - sn> where Sj =(Зе/вшр)/ое/дШ[^.| , n being the number of inter

acting waves. 
Similarly, conditions under which the non-linear Landau scattering (two-wave particle interaction) 

can lead to instability are derived. 
In the absence of a magnetic field the non-linear Landau scattering occurs for particles of velocity v 

such that uj-jt +шт»,+ (к +k ' ) - v = 0 and the corresponding instability condition is Sr*(k + k ' ) - J(ôf/op)d 'p>0 . 

For a plasma in a magnetic field, the resonance condition is w-*+ w ^ = Stuc , CQC being a multiple of the 
- > - * k k' 

cyclotron frequency, considering waves with k"B = 0, so that all particles are simultaneously resonant. 
The condition for explosive growth is Sr> = S-> and (щ-> + ш-^) S-* f (3f /3e) | V(E)|2 dE >0. Here 

К К К К К 

the matrix element V(E) may be evaluated by using detailed balance with the simple process of single-
particle scattering of waves. 

A significant example analysed is that of a loss-cone distribution for a plasma in a magnetic field. 
This can have positive and negative energy modes, for which unstable three-wave and two-wave interactions 
can occur with growth rates which are appreciable for rather modest intensities. A mechanism of this type 
can be a possible explanation of bursts of radiation often associated with anisotropic plasmas. It is pointed 
out that these unstable non-linear interactions can be found in some cases for drift waves. In general, these 
results suggest that the usual quasi-linear perturbation theory may need modification to acquire the proper 
convergence properties. 

1. INTRODUCTION 

The concept of "negative energy" waves has proved useful in many 
a reas of physics including the theory of microwave tubes [1]. In recent 
yea r s it has rece ived some attention in the l i t e ra tu re of plasma physics 
12-6]. Our objective in this paper is to examine the non- l inear interact ion 
of positive and negative energy e lec t ros ta t ic modes of a p lasma i m m e r s e d 
in a magnetic field. A system which is capable of positive and negative 
energy excitations can be shown to be unstable when selected interact ions 
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between modes , or between modes and the par t ic le distr ibution a r e possible . 
Roughly speaking, negative energy modes grow by losing energy to positive 
energy modes or to the pa r t i c l e s . 

In section 2 of the p resen t paper we state the definition of wave energy 
and momentum. We then consider a s ta t i s t ica l ensemble of interact ing 
modes . Start ing from the "principle of mic roscop ic detailed ba lance" we 
develop a kinetic equation for the density of these modes in wave-number 
space. A general t rea tment of both mode-mode coupling and interaction 
between modes and pa r t i c l e s , the so-cal led non- l inear Landau damping, 
is given. We derive the general conditions under which mode-mode and 
mode-pa r t i c l e interact ion can lead to a non- l inear instabil i ty. In addition, 
a simplified method to compute the re levant ma t r ix interact ion elements 
for non- l inear Landau damping is given, via evaluation of the single 
par t ic le wave sca t te r ing . 

A s ta t i s t ica l approach i s no longer re levant when we have only a 
few large-ampli tude modes . In this l imit the re la t ive phases between 
modes become important . The c r i t e r ion for explosive interact ion for 
such a t r iplet of modes and the c r i t i ca l initial ampli tudes a r e given. 
By an explosive interact ion is meant one in which the ampli tudes reach 
infinity in a finite t ime . 

In the remaining sect ions we apply the theory developed in section 2 
to the high-frequency modes of a l o w - p r e s s u r e p lasma with a loss -cone 
dis tr ibut ion. In section 3 a par t icu lar ly s imple form of the dispers ion 
relat ion for flute modes (u> Г2 where f2 is the ion gyrofrequency) is derived 
by summing over all the harmonic t e r m s . The existence of both positive 
and negative energy modes i s es tabl ished. 

In section 4 we recons ide r the flute modes discussed in section 3, to 
evaluate the ma t r ix e lements for non- l inear Landau (inverse) damping and 
es t imate a significant non- l inear growth r a t e . 

In section 5 we t r ea t the non- l inear coupling of a wave interact ing 
with itself and with the pa r t i c l e s . 

In section 6 the non- l inear three-wave interact ion for these flute 
modes i s analysed, and it is found that it can lead to a significantly rapid 
non- l inear instabil i ty. 

We summar i ze the main conclusions in section 7. 

2. KINETIC EQUATION FOR WAVES 

Wave energy and momentum 

By computing the work done by an external agent in setting up a wave 
of a given amplitude in a medium it is s t ra ightforward to obtain the follow
ing well known express ions [7] for the wave energy and momentum, 

' к ' об U-> = — — — u-»- = и-» N-» s-» к 8л- к Эш-* к к к к 
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In these express ions , |E"£| is the amplitude of an e lec t ros ta t ic wave, Nj^ , 
the wave occupation number , is positive definite, e is the r ea l part of the 
dielectr ic constant, ug , the r ea l par t of the frequency, is a solution of 

e(k,u-*) = 0 

and 

s-» = sin Эе /Эш-> к ' к 

It is c lear from the above definitions that the wave energy is not invariant 
to a Galilean t ransformat ion while both N-£ and s-j a r e invariant . We 
anticipate therefore that the sign of Uĵ  by itself will not de termine , in 
later d iscuss ions , the nature of the wave in teract ions , without r eg a rd to 
the reference f rame. 

Development of wave kinetic equation 

We adopt the "weak turbulence" approximation [ 8, 9] which a s sumes 
that the energy in the fluctuations is much smal le r than the overa l l sys tem 
energy. In this r eg ime the wave occupation numbers N-j a re good quasi-
coordinates of the sys tem. In this section we shall der ive the kinetic 
equation for N-j without r e so r t ing to the Vlasov equation but from the 
principle of microscopic detailed balance. Of course , the Vlasov equation 
is needed in the actual calculation of the interaction ma t r ix e lements . 

We shall begin by computing only the mode-mode coupling t e r m s 
leaving the t r ea tment of all wave-par t ic le in teract ions towards the end of 
this section. Each t r ip le t of in teract ing waves must satisfy the selection 
rules for resonant interact ion viz . , 

k + k ' + k " = 0 (2.3) 

u-> + u-, +u-» = 0 (2.4) 
к к' к" v 

The conservation of energy and momentum during the course of this 
interaction can be expressed through 

u-»s-*ANr* + u--s-->AN-* + u - s-»AN> =0 (2.5) 
к к к к к' к к к к v ' 

ks-*AN-* +k ' s->AN-> +k"s-> AN-^ = 0 (2.6) 
к к к' к' к" к" v ' 

where AN"? r e p r e s e n t s the change in the occupation number of the state 
к due to the in teract ion. To make Eqs (2.5) and (2.6) compatible with 
Eqs (2.3) and (2.4) we mus t have 

s k A N r s ^ A N r ¥ A N ? (2.7) 
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'к 

The principle of detailed balance gives 

- T - N J = (Emission P r o c e s s - Absorption P ro ces s ) 

We r e c a l l that the t ransi t ion probabi l i t ies for a p r o c e s s and i ts inverse 
a r e equal except for s ta t i s t ica l factors a r i s ing from the Bose-Eins te in 
s ta t i s t i cs of the waves, i .e . the Einstein coefficients. We define N-g 
№j /ANT> I and let W-j j * ^, be the t rans i t ion probabil i ty. Thus 

- ^ N - » = > W- -> -» j [ ' N - + l ( l + A N - » ) ] [ N - » + | ( l+AN-*)][N-> + 
dt к Z_, k, k\k" I k к к' к' к" 

к, Г 

i(l+AN-», ) ] - [ N - > + | ( l -AN-*)] [ N - + 1 ( 1 -AN- r ) ] [N^ ,+ 
К К К К К К 

^ 1 - A % ) 1 } 6 - t , i ? + ? ô ( u k + u k + u r 1 < 2 " 8 > 

Here the factors in ^(1±AN) re su l t from the Bose s t a t i s t i c s . The in te r 
action ma t r ix e lements a r e defined as |V-> -» -* 2 = W-> -> -> /AN-» and 

1 к, к', к" ' к, к', к" ' к 
s* 

faking the c lass ica l l imit N > 1, we obtain the well known kinetic equation 
[10-12] 

4̂ = Y IV.^P^AN, fô44V-dt к /_, ' к, к', к" к к к' к" VN-^ N - N 
i? , r к к' к" 

X «.? ?•?.«(<•>?+"? +u r t ï (2.9) 

This derivat ion impl ies that |V£ jf j^ . | be symmet r i c to mutual in te r 
changes of R", k1 and k" for each three-wave in teract ion. 

The r emarkab l e thing to note about Eq.(2.9) is that if all in teract ing 
t r ip le t s obeyed the additional select ion rule 

s-*= s-* = s - (2.10) 
к к' к" * ' 

the non- l inear t e r m s of Eq.(2.9) would predict an explosive instabili ty in 
which the wave ampli tudes become infinite at a finite t ime . In the light 
of Eq.(2.4), we can in te rp re t re la t ion (2.10) to mean that the wave with 
the l a r g e s t frequency mus t differ in the sign of i ts energy from the other 
two. If a posi t ive-energy wave spli ts up into two negat ive-energy waves 
the ampli tudes of all three waves grow because the posit ive wave grows 
by absorbing positive energy which i s given up to the negative-energy 
waves as they i nc r ea se in ampli tude. Notice that the c r i t e r ion (2.10) 
is f r ame- invar ian t . 
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The cr i te r ion (2.10) can be extended to any number of interact ing 
waves, so that i ts equivalent when all sj» a re equal, would give an ex
plosive instabili ty to all o r d e r s in Njf. This clearly revea l s a breakdown 
in the conventional per turbat ion procedure on which the "weak turbulence" 
approximation is based. 

Large-ampl i tude wave interact ion 

When the amplitude of any par t icu lar t r iplet is much l a r g e r than the 
other waves it has to be t rea ted independently and with due r eg a rd to phase 
differences [13, 14]. Extending the analysis of Arms t rong et al.[13] for 
a single t r ip le t we find that an explosive interaction occurs when the 
selection rule (2.10) is obeyed. However, when a frequency mismatch 
Дсо =u ' + w' + u " is present , an explosive interaction takes place only if 
the initial amplitude is above a cer ta in cr i t ica l threshold. Fo r instance, 
if the ampli tudes a re all equal at t = 0, i .e . ат*= ат*~ = a-g, , then 

Ч Г » = 0 ) > 1 | ^ | (2.11) 

for instability where a2 is the energy density in the mode. Similar 
thresholds can be found for other c a se s . 

Non-linear Landau damping 

We now investigate the p roces s by which two waves do not mix to 
give a third resonant mode but give r i s e to a vir tual beat wave. In the 
absence of a magnetic field, this beat wave would in terac t with par t ic les 
moving at the phase velocity of the beat wave through the usual p rocess 
of Landau damping. This two-wave-par t ic le p rocess can, of course , be 
general ized to include severa l waves and pa r t i c l e s . The contribution of 
this p roces s to the wave kinetic equation can be obtained through pe r tu r 
bation theory, but i ts detailed calculation turns out to be very tedious be
cause the theory has to be ca r r i ed out to third o rder to account for all the 
t e rms contributing to this p r o c e s s . We shall develop the theory he re as 
we did ea r l i e r for mode-mode coupling, by an application of the principle 
of detailed balance. Thus we calculate the scat ter ing of wave k' by a d ressed 
part icle to a wave k". The condition for a par t ic le in a 'strong magnetic 
field to be in resonance with waves k1 and k", is 

u ' + u " - ( k j +k" )v =ntt - (2Л2) 

The conservation of energy and the para l le l and t r a n s v e r s e components of 
momentum a re expressed through . 

u ' s ' A N ' + u " s " A N " + mv11 Av +AE, = 0 (2.13) 

k ' „s , AN , + k"s"AN" + mAv l r= 0 ' (2.14) 
I l H I l v ' 

k ^ s ' A N ' + k ' | s " A N " + Ap = 0 (2.15) 
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We invoke the correspondence pr inciple and note that quantum-mechanical ly 
AN and ДЕ. / f i should be integral and hence the preceding re la t ions imply 

s"AN" = s 'AN' (2.16) 

ДЕХ= -nf is 'AN' (2.17) 

Ap = - ( k V k ^ s ' AN' (2.18) 

The principle of detailed balance applied to this p roces s becomes (the 
p r i m e s denote dependence on k' and k"): 

_d_ 
dt 

N " = w i ? p ( E ) f (e ) [N"+^( l+AN")] [N ' +1(1+AN 1 ) ] 

-f(E + AE)[N" + i ( l -AN")] [N' +1(1 - A N ' )] У (2.19) 

In wri t ing Eq.(2.19) we a r e r e s t r i c t i ng the discussion to flute modes кц = О 
so that condition (2.12) involves all values of v ( | and therefore all the 
p a r t i c l e s . In addition we wri te E for E .. In the c lass ica l l imit A E « E 
and N » 1 we obtain 

Я л Г Л л Л Л r)f A Л 1 
^ - N " = W i>, i?,(E)^f(E)[N'AN" + N"AN'] -AE | ^ N"N' \ (2.20) 

А Л А Л 

In this equation the t e r m N'AN +N AN' can be in te rpre ted as wave 
sca t te r ing by par t i c les and -ДЕ N' N" 9f/3E consti tutes the non- l inear 
Landau damping or growth. When the ent i re par t ic le and wave population 
i s taken into account the kinetic equation becomes 

^ ^ / d E | V ? i r . ( E , | S { | | ( U . + U > " N ' N » 

+ f (E)(s ,N' + s "N")U(u , +u"-n f2 ) (2.21) 

where Wjf£. AN" = W ^ AN1 = \v$ tf (E)\2 . Since the ma t r ix e lements 
for non- l inear Landau damping and the wave sca t ter ing p roces s a r e 
identical [22] we need only to consider the wave sca t te r ing p roces s for 
computing V-* -*, (E). A detailed example of this calculation is given in 
section 5. 

F r o m Eq.(2.21) it is evident that non- l inear Landau growth occurs for 

s ' = s" 

s ' ( u ' + u " ) J d E ( ^ - | V ? - (E)|2>0 (2.22) 

for u '+u"=nf i . 
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Def in ing 9 f / 9 E = J ( 9 f / 9 E ) | V | dE w e s e e four p o s s i b l e c a s e s of e x 
p l o s i v e i n s t a b i l i t y : 

nft 9_f /9E>0. 
= nfi 9 f / 9 E < 0 . 

1) T w o p o s i t i v e - e n e r g y w a v e s wi th 
2) Two n e g a t i v e - e n e r g y w a v e s wi th 

3) O n e n e g a t i v e and one p o s i t i v e - e n e r g y w a v e wi th | u J - |w_| = |n [ S7 
and 9 f / 9 E > 0 . 

4) O n e n e g a t i v e and one p o s i t i v e - e n e r g y w a v e w i t h |w | - |u | = |n|f2 
and 9 f / 9 E < 0 . 

In t he a b s e n c e of a m a g n e t i c f ie ld a s i m i l a r d e v e l o p m e n t p r o v i d e s t he 
fo l lowing c o n d i t i o n s fo r i n s t a b i l i t y 

s ' = s " 

s ' ( k + k ' ) j r | ^ | У ? г ( Р ) | 2 а 3 р > 0 (2.23) 

F r o m the p r e c e d i n g r e s u l t s i t i s c l e a r t h a t s ' dN1 / d t = s " d N " / d t . In 
p a r t i c u l a r fo r t he n o n - l i n e a r i n t e r a c t i o n of L a n g m u i r w a v e s s ' = - s " a n d 
the t o t a l n u m b e r of w a v e s i s c o n s e r v e d f 15 , 16] , 

3 . H I G H - F R E Q U E N C Y M O D E S F O R L O S S - C O N E D I S T R I B U T I O N 

We now a p p l y the t h e o r y d e v e l o p e d in s e c t i o n 2 to a l o w - p r e s s u r e 
m a g n e t i c - m i r r o r conf ined p l a s m a , in o r d e r to i n v e s t i g a t e any p o s s i b l e 
e x p l o s i v e w a v e i n t e r a c t i o n s . L e t u s e x a m i n e the e l e c t r o s t a t i c flute m o d e s 
a t h igh f r e q u e n c i e s (Qe>> и > f2j) and n e g l e c t t h e e f f e c t s of m a g n e t i c 
c u r v a t u r e and d e n s i t y g r a d i e n t . T h e fac t t h a t кц= О, m a k e s i t p o s s i b l e to 
a s s u m e t h a t t h e s e m o d e s do n o t c o n v e c t in a u n i f o r m f i e ld . F o l l o w i n g P o s t 
and R o s e n b l u t h [17] t he d i s p e r s i o n r e l a t i o n fo r t h e s e e l e c t r o s t a t i c m o d e s 
is g i v e n by ( n e g l e c t i n g e l e c t r o n t e r m s ) , 

e ( k . U , = l + s f . / d f e ) = _ J M ^ ] = 0 (3.1) 

w h e r e UJ = y/f2 and u p i s t he p l a s m a f r e q u e n c y . T h i s n o t a t i o n i s u s e d t h r o u g h 
out t h i s p a p e r a n d of ten t he a r g u m e n t of t he B e s s e l f u n c t i o n s i s c o n t r a c t e d 
to j u s t k . 

In t h e l i m i t of и > Г2 i t i s p o s s i b l e to put t h i s d i s p e r s i o n r e l a t i o n in a 
m o r e c o n v e n i e n t f o r m b y s u m m i n g o v e r a l l t he h a r m o n i c t e r m s . We 
s h a l l i n d i c a t e how t h i s i s done fo r a s p e c i a l d i s t r i b u t i o n f ~ o r vj_ expt -o-v j j 
wh ich r e t a i n s s o m e of t he f e a t u r e s of a l o s s - c o n e d i s t r i b u t i o n v i z . , t he 
a b s e n c e of p a r t i c l e s a r o u n d v_j_ = 0. F r o m t h e i d e n t i t y 

dv J ^ ( z ) J - y ( z ) 
= 0 s in Tiv У-Ш 

с 
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where С is a contour whose rad ius R •* °°, we may expres s 

Z_, w-n n ' /_, и-n sinra wV ' "wV ' 

Substituting this resu l t in the velocity integral of Eq.(3.1) we obtain on 
using a Bessel function identity, 

2d f * 2 -avlf 2Û V / Jfl , ,-„„ ^2kvx Л 
a — « / dv, e —: = / d0 cos (2uS)Jn — ± c o s в 

о о 

ir/2 

= ( . 2 "_ V 2 - ^ - / d0cos(2Ue)exp[-(k2cos20/ffQ2)] 

In the l imit ka^M, й > 1 , the dominant contribution in the 6-integrat ion 
comes from the region near в^тг/2. Introduce в = тт/2 = в and allow the 
lower l imit to approach infinity. The integral is approximated by 

k ' de cos(7TU- 2и0)ехр[ -(к202/аГ22)] 
UJa 

0 

where 

(тги)и (2u 4 /a/k) + sin (тти)и1{2и^а/к) 

и R(x) + iu j (x) = / dy exp (ixy - y2 ) 

The dispers ion relat ion becomes 

2 
e ( k , U ) - 1 4 - 2 - ^ 0 - — J _ ^ U R V _ 1 _ j c t g ( № ) + U l ( —) { 

D 
UR^ £ J Ctg(7TU)+Ul^ £- (3.2) 

The function u is simply re la ted to the conventional p lasma dispersion 
function [18]. Notice that in this high-frequency l imit the dispersion 
relat ion could be obtained immediately by replacing the pole contribution 
i in a s t ra ight - l ine orbit calculation with ctg(7ru). It is possible to 
general ize this resu l t to any loss -cone distr ibution. In this case 

e<k 'u>= 1-i^{p*(ër) +°ы™щ(щ)} (3-3) 
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where 

F(Ç) : d? 
Ъф_ 
9f ( l - S / Г ) 1 

v2 = dv dv i v / / dv„dv f i ,/ и -1- 4 / II -1-

and<//(Ç ) =0 / dv f(v , v ), ф 0 is a normal iza t ion constant . In the l imit 

2 2 к X _ « 1, we have 

c tg (7ru)=-F R /F I • •- -

In F ig . I, r\ = c tg _ 1 ( -F R /F j ) is plotted as a function of u/kv; . The sign of 
the wave energy is mainly de termined by the t e r m F t (Э/Эы) ctg^ru), hence 
by the sign of ^ . • The t ransi t ion from negative to positive energy occurs 
for r |Ki Since the deviation of б from integral values i s proport ional to rj 
it becomes a quantity of impor tance when attempting to satisfy the 
frequency select ion r u l e s . 

FR'F l t 

FIG. la. Typical profile of the functions Fj and FR entering the dispersion relation for loss-cone distribu
tion functions (section 3). 

FIG. lb. Approximate representation of the dispersion relation for loss-cone distribution functions show
ing the region where the energy wave is negative (section 3). Here л = ir(u/Çi-l), and I is an integer. 
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4. NON-LINEAR LANDAU DAMPING 

Derivation of ma t r ix e lements V-»-» (E) 
k'.k" 

Recalling the argument presented in section 2 the ma t r ix e lements for 
non- l inear Landau damping a r e to be computed by the detailed evaluation 
of the sca t te r ing of the wave k' off a distr ibution f(E) where k" is the 
sca t te red wave vector . This sca t te r ing must be computed off a d ressed 
par t ic le as is well known from the scat ter ing of e lec t romagnet ic waves 
by a p lasma [19] . The initial dis tr ibution of the bare par t ic le is r e p r e 
sented by 

~> -* 
f ( t = 0) = 1 

( 2T ) 
3/2 6(V,, '1Ю )6(v^-v^0)6(e-e0) (4.1) 

We neglect the t ime of formation of the screening cloud and set кц = О and 
we let k = kê"y. The d res sed par t ic le distr ibution is found by regarding the 
b a r e par t ic le distr ibution as the init ial value in the l inear ized Vlasov 
equation, solving for fk in t e r m s of <pk the Fou r i e r - ana ly sed potential and 
then eliminating- cpk through Poisson ' s equation which in the l imit 
к X2„« 1 and m /m. « 1 reduces to 

d e d v ^ d v u f . ^ 0 

In this manner the t ime-asympto t ic d ressed par t ic le distr ibution is given 
by 

^ > = л 4 г а ь 
7 ~ 5 ^ e 4 > i f ? ' 2 0 + 5 ( V l O S i n e 0 - v J . s i n 0 ) ) ' (Air) K- J L—' 
* ' m 

im(e-e0-nt) 

6 (v. _L0 '
ê(v„ 

9f 
Эу2 

vllo> 

m ^ Si 

dVi. 9 v ^ J ™ l — 

(4.2) 

Let us take, the incident wave to be of amplitude E£\ at frequency m' and 
our object is to derive the sca t te red Err -* off the distribution fim}, The 

J к +к к 
l inear ized Vlasov equation gives us 

\dt эв fe"" ' e 
m; k' + k dV ° к 3v к / 

(4.3) 
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.. ioj't (m) where we have used a contracted notation: f e = f t t ^ ^ u -w'+mi), 
_> -** —> —> к + к - * 

k" = k + k' . For the sake of simplicity we set k1 parallel to k . We obtain 
f" by integrating Eq.(4.3) over zero-order orbits. From the resulting 
expression for f" the charge density p" is computed via 

e J d V l . dv„ def" 

Thus we get 

p " ( t H [ p ' V ) + P'(0]e- i (W '+mn)t 

Г 2 
e 

l m i (2тг) 

k ' k " 
372" exp 1 

-*-» kv 
-k-x„ + 10 

0 Q sin и r. - im 

i?k* . k"2 
X } S"im + ^ ^ " [ 1 - е ( к " ' и ' + т ^ ] ^ 

' i ( a j ' + m£2)t 

(4.4) 

where 

№ _ 1 
' J!m~ [u ' + (m-jf )f2j2-n2 ' 

iLo. 
ft 

k ' v 10 
V ft 

, 2 9f T (^ \ 
ft 'i-m 

' v, 

' , 2 3f T2 /kv ± 

J- 3vf m \ ft 

fky_x 
'V n 

- * , 2, where к =k" - k1 and f (vj_) = / dv|| f(vj_, vj ). We now write Poisson' s 
equation as k"2i?" = 47rp". Since u" is a wave of the system e(u",lc") = 0 
we can express the slow variation of the wave amplitude by 

, 9e Э</' 4тг „, . . -iûwt 

"Эи" а 
(4.5) 

where p"(<p' ) is defined in Eq.(4.4) and Ли =u' + mft-u". We can now 
construct the expression for dN"/dt= (k2/8?r) [<p"* d<p"/dt+(p" d<p"*/dt] Эе/Эи" 
out of the lowest order solution of Eq.(4.5) 

4 r p V ) - ! * • * 
, 2ЭЕ A

 V ; 

к ^ Л , 
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to o b t a i n 

dN" _ 4тг 
dt , ,,2 | Эе | p ' V ) 

i2 s i n Au t 

'Эш 

(4.6) 

F i n a l l y we s u b s t i t u t e fo r p"(<p' ) f r o m E q . ( 4 . 4 ) a n d t a k i n g t he l i m i t 
Aut^ » 

d N " ,T1 Г 1 Э - , 2 , | „ ( » ) . , | 2 , „ , 0 . 
— = N J п Э ^ ^ ( \ о ^ , | о ) 1 ^ Д „ (v 1 0 ) l s ( " - и ' - т П ) 

( t o " - y ' ) s " N " N l T ^ - » 5 ( U " - U ' -mf i ) v ' k'.k" v (4.7) 

w h e r e 

V 
(m) Pi 

/ T — i -»-» \ 2 
/ \ _ к' к" 

i Эе Эе 
'Эй' Эй7 

TS.^/%2â% ( v îo^v^(>: 

I Эе Эе i I m i v \ 
'Эш1 Эй77 | П [ ( u " - i Q ) 2 - ^ 2 ] [ ( u " - s ^ ) 2 - Q 2 ] 

^Э(// S ' d « ' ч i t > ' J « ( k " ) J . ^ , ) J в - m ( k , ) J . - m ( k , ) 

d? ( | f J J s ( k " ) J { . ^ k ' ) J m ( k ) d ? ^ | | ; J s ( k " ) J s - m ( k ' ) J m ( k ) 

d<-ir)J>5) 

N o t e t h a t T i s p r o p o r t i o n a l to t h e 9f /ЭЕ a v e r a g e of t h e m a t r i x e l e m e n t s 
de f ined in s e c t i o n 2. In t h e a b o v e e x p r e s s i o n s we h a v e e m p l o y e d t he 
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notation defined in section 3, n is the par t ic le number density and the 
argument of the Besse l functions have been briefly indicated by k. It is 
possible to prove the symmet ry relat ions 

= 8 , m 
, k " l f 
3 j» " m 

(4.8) 

which impl ies 

T (m) 
k',k" 

r ( -m) 

k",k' 

and in consequence we have 

dTM ' ( m ) 
-£-= - (io"-u r) s ' N ' N " ï - - ô(u"-û ' -mfi) 

d t k',k" • . . 
(4.9) 

F r o m Eqs (4.7, 9) we can infer that if T>0, instabili ty can occur when 
the k" wave has positive frequency u " > u ' and is of posit ive energy while 
the k ' wave is of negative energy. Referr ing to F i g . l , n(k") mus t lie 
between Зтг/2 and 2rr, while n(k ' ) must lie between гг/2 and тт. 

On the other hand if T<0 the k" wave with | u " | > |u ' | has to be of 
negative energy and the k' wave of positive energy. F r o m F ig . l we see 
that this is a lso possible although requir ing k" > » k ' . 

We see also from Fig . l that it is impossible for two negative-energy-
waves to satisfy the resonance condition. While two posi t ive-energy 
waves could satisfy the selection ru l e s , it will turn out that 9f/9E>0 
is not poss ib le . 

Growth due to non- l inear Landau damping 

We shall develop he re an asymptotic evaluation of Ï and with i ts help 
es t imate the non- l inear growth for two interact ing waves . As a f irs t s tep 

v — i - » - * \ к' к" we need to put the sum > g which occurs in the express ion for T in 

a more t rac tab le form. This involves a summation, 

. ^ J , ( k " ) J £ . r a ( k ' ) 
D " - J P - 1 u"-i> + l 

.„ ,2 / dX sin X ) (-1) e1(w" ' / d<pexpi 
k"v x 

П 
cos cp'+iip 

X I dip' exp i 
k"v x cos ip' + (St - m)ip' 

, ? / dXe sinX / dip' exp i | - ^ (k' -k" cos X)cos if) -k"sinXcos c^-im 
0 

Q 
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In the l a r g e - m limit , i .e . w" » 1 and u"» k"vj as a pos i t ive-energy wave 
we can approximate the above in tegra l . Since we expect no saddle points 
for l a rge but finite X, we let X~~ 1 /ш"« 1 and expand to lowest o rde r , 
( | k | = | k " - k | ) 

3- = -г— / d<p' exp i 
к v 

cos ф - im cp' dXe 
iu/'A. 

k'V 
J 

2 к "v. / k " v 2 \ 3 ] 
X-i ——— sin q>' X - \ „ (—— sin cp' - i cos q>' )X 1 

r V | ( l + A ) J Г ' ^ ' " •Vf i 
Зк" Э Avj_ (4.10) 

where Д is a coefficient that together with the t e r m (1 + A)Jm can be shown 
not to contribute to the final express ion for Ï that we a r e seeking. We now 
define an express ion Rm which de te rmines the sign of Ï Î 

nR 2 3f ^ С 
0 

d v i « 3 7 (V-L0 ) 

D 
(4.11) 

where 

=«,m *(v ) - J (v ) 
±0 m X0 

/ * f J?? Jm(vX)»(vx) 
0 . х 

о У 

A , C , D 5 dvf 9f 
3v? *Vj, Jm(vx)»(vJ, J m ( v J 

It is of in te res t to note that the effect of par t ic le dress ing is to in t ro
duce the t e rm -C /D which radical ly a l t e r s the r e su l t s , near ly cancelling 
A and changing the cha rac te r of 9f/3E as we shall see . By adopting the 
distribution f ^ a V ^ exp [-av±_] used ea r l i e r in section 3 we a r e able to 
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perform the velocity integrat ion. In t e r m s of b = к /2o-f2 the quantity 
D equals 

D=e" [(b + m j ^ f b j - b l ^ b ) ] (4.11a) 

in the la rge m and b l imi t . In the same l imit A and С approximate to 

а Л m2 Л -m2/2b 
A4i7\1+—> (4.11b) 

1 m* 
8 b ^ 

2m" 1 
b 2 

-m /2b (4.11c) 

When these approximations a re substi tuted in the express ion for R r 
we obtain 

ajm^(h 2 f l m4 ÏEL 
, , m U F " b 

b b - mz 
(4.12) 

This resu l t shows that for the asymptotic l imit we have been able to t rea t 
R and hence the 9f/9E average of the ma t r ix e lements 9f/9E is a smal l 
negative quantity which becomes positive only for b close to m2 . Thus 
only a very nar row region in к space v iz . where Ъ^ m is available for this 
instability because everywhere else the waves will be damped. 

On the other hand, for the case in which the negative-energy wave 
has a higher frequency than the positive-energy wave, i .e . |u. | >\u)-\ we 
need not be r e s t r i c t ed to a nar row region for instabil i ty, as the mat r ix 
elements near ly always have the proper sign for instabil i ty. The non
linear growth ra te YN, is computed as follows: 

1 dN" 
'NL 

(u "-u1 )(NTim)-> )6(u"-u)' -mii) 
к' к" 

(4.13) 

m,k' 

m T 
~(du/dk)/Mî 
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where S - Ej^Nifujf i s the wave energy density per unit volume, and Дк 
is the width of the spec t rum. Substituting for Ï from Eqs (4.7) and (4.12) 
and assuming that a wide spect rum of waves has been excited (к~Дк, 
UR> kvj ), we obtain to within numer ica l factors , 

*)'« <4.H, ' NL VnT. J Vu 

and Tj is the ion kinetic t e m p e r a t u r e . 
The appropr ia te value of и for a typical wave would depend on the solution 
of the kinetic equation and perhaps on the initial conditions. In view of the 
dependence of the growth r a t e on the frequency we might expect typically 
и of a few t imes fij although values as la rge as upi a r e not excluded. This 
growth r a t e is comparable to that obtained from mode-mode coupling 
(section 6). If on the other hand a nar row spec t rum of waves is excited 
at the r ight frequencies for interact ion, then we may rep lace the delta 
function in Eq.(4.13) by 1/TN L and the appropr ia te growth r a t e becomes 
for k - A k ^ l / a j 

nT : wn (4Л5) 

Returning to the case |ш_ | < | u + | , i s is c lear from the preceding d is 
cussion that the spec t rum of excited waves mus t be very narrow for growth 
to occur as mos t in teract ions a r e damping. An ex t reme l imit of this be 
haviour is given by b ~ m2 if somehow the s t rong interact ion between these 
resonant waves becomes dominant. In the express ion for R (4.12) the last 
t e rm in the b racke t s ac ts as a resonant denominator and can therefore be 
set proport ional to 1 /yNi . In this ex t reme nar row spec t rum case the non
l inear growth r a t e is 

5. SELF-INTERACTION OF WAVES 

If a wave has frequency u = mfi/2, then it can in terac t through non
l inear Landau damping with itself to yield non- l inear damping or instabil i ty. 
Such non- l inear instabili ty is perhaps of special in te res t , avoiding the 
necess i ty of speculating on the outcome of the solution of the kinetic 
equation . We assume he re that this p roces s may be calculated as a 
l imit ing case of the two-wave non- l inear Landau damping without worrying 
about the fact that the random phase approximation is no longer justified. 
It is perhaps conceivable that the phase of the ma t r ix element could play 
a significant ro le which we have ignored. 

1 This treatment is closest to linear normal mode analysis on which stability theory is normally 
based. 
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R e f e r r i n g to F i g . l we s e e two p o s s i b l e c a s e s : (a) m e v e n , t he " z e r o -
e n e r g y " wave which i s a r a t h e r s i n g u l a r c a s e wh ich we do no t c o n s i d e r 
in t h i s p a p e r and (b) m odd the p o s i t i v e e n e r g y m o d e s wi th rj = Зтг/2 wh ich 
we c o n s i d e r h e r e . 

T h u s 

2u = mil (5.1) 

w h e r e m i s an odd i n t e g e r . T h e " v i r t u a l w a v e " wi l l h a v e 2k fo r the w a v e 
n u m b e r . T h e k i n e t i c e q u a t i o n t a k e s the f o r m 

d 2 (m) m 
- ^ ( m ^ N ^ Ô ^ - S l ) (5.2) 

w h e r e 

Cm, _ 2 "pi Km(2k> 
2Î (deV, - 2 0 4 

(5.3) 

T h e e x p r e s s i o n for t he q u a n t i t y S- def ined in s e c t i o n 4 c a n b e shown to 
r e d u c e , in t h i s c a s e , to 

27Г 
2 Г -irrW Г 
— d(pe / d£ s i n Ç c o s Ç e x p 

О о 

kv 

to b e t a k e n in t h e l i m i t e-* + 0. By a s e q u e n c e of i n t e g r a t i o n by p a r t s t he 
Ç i n t e g r a l t u r n s out to b e 

К 
^ j e l K (l + i K J - l - t J o f K J + K J ^ K ) - ! ] 

w h e r e K = (2kv[_/S2) s in cp = К s i n <p. In the s u b s e q u e n t <p i n t e g r a t i o n t he 
t e r m in s q u a r e b r a c k e t s d o e s no t c o n t r i b u t e b e c a u s e i t i s e v e n in ip a n d 
the r e s u l t i s 

4 / д ф J m (цК) (5.4) 

In the l a r g e m l i m i t we m a y p r o c e e d a s in s e c t i o n 4 for t he s p e c i a l d i s t r i 
bu t ion Vj_ exp 1-ctVjJ to e v a l u a t e R m to b e : 

R , 
1 Г -m/2b m2 Г -С. Г2П1--т2/2Ь]21 

Ь~] d S e / Ç - \ — 1-m'Vb J 
т72Ь 

(5.5) 
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2 — 2 2 
where m /b = 2аы /к . The wave frequency is to be chosen such that 
r\ = тг(ь)/П- $Щ = 37г/2 which has posit ive-wave energy. But m 2 / b = 1 
cor responds to the region where the wave energy changes sign (F ig . l ) . 
Thus the wave frequency for which п = Зл-/2 is such that Rm is negative 
and the in teract ion leads to damping. To avoid the high m l imit we have 
used Eq.(4.4) and numer ica l ly evaluated Rm , a s well as the roots of 
Eq.(5.7) and the corresponding value for 3e/3u for finite values of m = 3, 5. . . 
Except for a narrow band where m «b we find that Rm i s a lmost always 
negative a s in the high m l imit . Since it is a lso found that the energy 
и Эе/Эш i s positive (e= 0), we conclude that no se l f - in teract ion is unstable 
in the absence of a density gradient . In this range of m, but for l a rge b, 
Rm is independent of m and approximates to 

R " - â f ( 1 + N / F ) a s i n E q . ( 4 . 1 2 ) . (5.6) 

As Rm i s a lmost always negative, unstable se l f - in teract ion is only 
possible if negative-energy waves can be made se l f - in teract ing. This is 
possible if we consider a p l a sma with a density gradient perpendicular 
to В and k. The extended dispers ion relat ion now becomes 

An; т Л b̂ e(k,u) = b — T + — ' v ' V,az m. 
a i dn к 

J2n àx. Ik I 

TT/2 • 

2ш д Г -2b cos*? 
- . , _. b ^ - d<pcos(2u<p)e (5.7) 

Sin(7TU)) 3 b J ' 
0 

anri r e q u i r e s that the quantity in square b racke t s be posit ive such that 

The inclusion of the Debye length and density gradient t e r m s does not 
affect our previous evaluation of the ma t r ix e lements provided they a re 
l e s s than unity. Under these r e s t r i c t i o n s (5.7) has a solution for b » 1. 
Per forming the in tegral over cp in this l imit we obtain for VS = \, 

(5.9) 

sufficient for the wave to exist since if b =b0 i s a solution of e= 0 then 

m e Sï2\ 
та-, и'г. ) 

1 Pi 

a. 
- ч/2Ь — n 

|dn 1 1 
'dx ' 4b 0 

The condition for instabili ty is therefore that the density gradient be 
suffi ci 
for U : 

/ \ 3 / 2 1 

du 2\2J ^ b 0 
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This condition is 

a i idn к 2 >-m[—-+-H ( 5 - 1 0 ) П ' dx ' о3/4 ЧШ; 
° 1 pi 

The condition for non-l inear self- interact ion instabili ty (5.10) does not 
differ very much from the l inear stability l imi t . However, we can 
demonstra te that there is a nar row band where only the non- l inear 
instability ex i s t s . Defining 

0 Vm. u2 
1 pi 

_ —i v I dn 
n 'dx 

and performing the integral in Eq.(5.7) in the l a rge b l imit , we obtain 

_ , _ Ф . C2 1 In . _ 
Л(Ф,Ь,и)= — 1 - g - - ^ з 7 Г ^ 2 U с * 1 » и = л 0 ( 5 - n ) 

The non- l inear instability condition (6.8) is obtained by requir ing that 
for u= I the maximum of A with respec t to b, be l a r g e r than Л0, i .e . 

МахьЛ(Ф, b ,u = | ) >AQ (5.12) 

On the other hand, the condition for l inear instabili ty is given by 

Min s {МахьЛ(Ф, b, ÛJ)} > Л„ (5.13) 

Since Л is a monotonie function of Ф and Maxb Л(Ф, b ,u = | ) > 
Min s {Maxb Л(Ф, b,5)} it follows that l inear instabili ty r e q u i r e s l a r g e r 
values of Ф than non- l inear instabil i ty. 

Note that as Ф is inc reased to the l inear stability l imit , the non
linear growth ra te becomes infinite due to the factor (Эе/Эш)"1. 

6. EVALUATION OF MODE-MODE COUPLING EFFECTS 

Selection ru les 

Referr ing to the high-frequency modes discussed in section 3, we a r e 
now in teres ted in evaluating the effects of their mode-mode coupling. As 
a first step we analyse the selection ru les for non- l inear growth for all 
possible types of interact ing waves [20]. Here all frequencies a r e taken 
positive. 
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a) A posit ive-energy wave decaying into two of negative energy; 
w+=wl+u". This impl ies (see F ig . 1) that ш/к> и1 / к 1 and u/k> u " / k " , 
while at the same time k = k' + k". These conditions a r e satisfied if k' 
and k" a r e opposite in sign so that k< к' , k". 

b) A negative-energy wave decaying into two of positive energy; 
u. = ul + u". Then u/k-Cu' /k ' , u/k < u " / k " or k' k"<(k-k ' )(k-k"), a con
dition which is clearly imposs ib le . This interact ion is ruled out. 

c) Arguing in the same manner it can be shown that the interact ions 
u + = u | + u+', u += uj +u." and u.= и I +ul', u. = u.1 +u+' a re possible non-
explosive in te rac t ions . 

Calculation of ma t r ix element V-» -» -» 
к, к', к" 

We adopt the s tandard method of calculating V^-J, "£., based on a 
per turbat ion theory of the Vlasov equation in which the distribution 
function i s expanded in powers of a given, small , , a r b i t r a r y e l ec t r i c 
field Ë(r , t ) . According to this theory the ma t r ix e lements a r e given 
by [16] 

к <2>,7>. 
s -

к, к', к" 
1Г8тг ^ 

к2 Эе к'2 Эе 
8л Эш-> 8л- Эи-> к к' 

• " 1 

к"2 Эе 
8л- Эи^ к" 

2 

(2) 
where the second-order d ie lec t r ic constant e is re la ted to the second-
order charge density through the relat ion 

e (2 )(k' ,k")$-l>->à-> - - = к к" -к,к'+к" 
4л 
k ^ 

f-> d v 
k. j 

4 л (2) 
P" P k 

0j* is the amplitude of l owes t -o rde r potential wave. To compute e (k1 , k " ) , 
an integration over orb i t s gives: 

J2) . e 
f 7* = 1 к т ; 

dt" , ,-. Э „(1) , :»,, Э „(1) i-*k'.--=» f-» + 0-, k''-тч- f-к Э v к к 9v к' (6.1) 

By a sequence of a lgebra ic manipulat ions we a r e enabled to put 
e ( '(k1 , k") in the form 

2 3 

fce(2)(S,^")=m|?^kk,k"/d^^2- X J,№(k")Jn(k') 
0 l 1,111,11 

n / k " + m/b 
(7) " _ П M f _ 1 

m+n, -4 
(Û -J? )2 -1 L û " - n S' - m 

(6.2a) 

where the a rguments of the Besse l functions a r e in fact kvj_/Г2. This 
express ion for e ( ' is s t i l l not ideal for computing Vĵ gf ft» nor a r e all 



CN-24/E-13 791 

(2) 
the symmet ry p roper t i e s of e immediately evident. We have been 
able to obtain a par t icular ly t r anspa ren t expression for e( in the 
limit of u » U by summing over all the harmonic t e r m s . The resu l t is 

2 о 

%- e(2)(îc' ,k") = —в- kk 'k"{P+7r[R' ctgTÛj' + R ctg TUJ+R" ctg то"]} 

(6.2b) 
where P is the principal part of the integral: 

dvxdvyvy |^-[(c J+kvy)(c J '+k'vy)( lo"+k"vy)]"1 

and R, R' , and R" a r e the respec t ive pole contr ibutions. Again, the only 
difference from the non-magnet ic case is the replacement of i by ctg 7гй 
in the r e sonances . In this form Vj? г? т*„ is manifestly symmet r i c to all 
interchanges of к, к1 and k". 

Non-l inear growth ra te 

We now es t imate the non- l inear growth ra te of the instability due to 
the interact ion p rocess (a). Let и be of positive energy and both u ' and 
u " be of negative energy so that to "> kvj a n d u ^ k ' V ; , u "<k"v j . For the 
special loss -cone distribution of section 3 we obtain 

k e ~vrjk k '№ >[^^ in ctg(7r"'' 
with the kinetic t empera tu re Т ; = т ; / а . Since the possible s ingular i t ies 
of ctg(7ru' ) will be eventually cancelled by those in Зе/Эш , we set 
ctn TO^I to get a rough es t imate of Vr> ^ p. . 

P r o c e s s e s of type (c) can also take place with equal probability but 
their general effect will be to red is t r ibu te the energy gained through 
process (a) among waves of the same type of energy. Since the mat r ix 
elements for the stable and unstable in teract ions a r e comparable and 
the regions in k-space involved a re also comparable we can reasonably 
conclude that type (a) in terac t ions cause the system to go explosively 
unstable. 

The non- l inear growth ra te can be computed in the same manner as 
in section 4. If it is assumed that the spectrum of excited waves is broad 
then 

Q2 

a result very comparable to. the non- l inear Landau damping. For this 
est imate we have assumed u ~ k v as in previous order -of -magni tude 
evaluations. 
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On the other hand, if it is assumed that the wave energy is concen
t ra ted in a few modes , then as in section 4 we may approximate the delta 
function in the kinetic equation by 1/YNL

 a n d the growth r a t e is given by 

, v(^)!(?)' 
7. CONCLUSION 

We s u m m a r i z e the main conclusions of this paper as follows: 
i) The c r i te r ion for an explosive instabili ty from wave-wave in te r 

action is s = s' = s". 
ii) The cr i te r ion for an explosive instabil i ty from the non- l inear 

Landau p r o c e s s i s s ' = s " and 

(a) ( и ' + и " ) 8 ' ^ Е ^ | У к , 1 к „ ( Е ) | 2 > 0 

in the case with magnet ic field, i .e . u '+u"=nQ. 

(b) (k' + k ' V j T d ' p f l |vk,_k„(p)|2>o 

where the re is no magnetic field. 

iii) The principle of mic roscop ic detailed balance is shown to provide 
a convenient method to generate the kinetic equation for waves . A new 
method of computing ma t r ix e lements for non-l inear Landau damping 
from the p roces s of wave sca t te r ing by d res sed pa r t i c l e s is developed. 

iv) The application of this theory to the high-frequency flute modes 
of à m i r r o r confined p lasma shows that both 3-wave mode coupling and 
non- l inear Landau damping can lead to non- l inear wave growth. Matrix 
e lements for this case a r e evaluated and growth r a t e s a r e given. 

v) A special case of non- l inear Landau damping occurs when the 
two waves a r e the s ame . We show that this se l f - in teract ion non- l inear 
instabil i ty does not in general occur for loss -cone dis t r ibut ions, but does 
occur in the p resence of a density gradient somewhat l e s s than the cr i t ica l 
value for the l inear drift l o s s -cone instabil i ty. 

vi) F r o m these considerat ions it is c lear that we would not expect 
"weak turbulence" to Occur in m i r r o r confined p lasmas as non- l inear 
t e r m s a r e destabil izing, but r a the r a rapid inc rease in the level of 
fluctuations followed by a relaxat ion p roces s in which the p lasma at tains 
a new equil ibr ium, probably by quas i - l inear ly expelling pa r t i c l e s into the 
loss cone. This may well explain the phenomena of b u r s t s of radiat ion and 
par t i c les at the harmonics of the ion gyro-frequency often observed in 
m i r r o r machines [21]. 
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D I S C U S S I O N 

V.N. TSYTOVICH: How did you obtain the r e su l t s for a nar row 
spec t rum? 

R.N. SUDAN: They were obtained from the same kinetic equations, 
except that in making the es t imate for -yNL the non- l inear growth r a t e , 
6 (u ' +ш " - mQ), is approximated by 1 /YNI.. 

V.N. TSYTOVICH: Does non- l inear Landau damping a l s o l e a d to 
explosive instabi l i t ies? If so, what is the physical cause? 

R.N. SUDAN: Non-l inear Landau damping does indeed give r i s e to 
an explosive growth, provided the c r i t e r i a given in the paper a re s a t i s 
fied. Fo r a cer ta in choice of frequencies the total action is conserved, 
but when the explosive c r i te r ion is satisfied this is not so, because in 
this case dN1 / d t = d N " / d t . 

V.G. MAKHANKOV: What was the time dependence of the energy 
density for explosive p r o c e s s e s ? 

R.N.SUDAN: If the in teract ing waves a r e taken to be l inearly s table, 
it is easy to show that in an explosive interact ion Nk(t)~N(t = 0) / [ l - #tN(t = 0)] 
where o-N0 = 1 / T N ! . A slightly more complicated express ion is obtained 
when the l inear growth ra te is taken into account. 

V.G. MAKHANKOV: Did you' take into account the influence of pair 
coll isions in considering non- l inear coll is ions? 

R.N. SUDAN: No, we did not feel that they would affect our calcu
lations significantly. 
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Abstract — Résumé 

NON-LINEAR INSTABILITIES IN AN INHOMOGENEOUS PLASMA. The low-frequency drift modes of 
a low-pressure isothermal inhomogeneous plasma can be stabilized if the shear of the magnetic field lines 
exceeds a critical value given by the expression r/Lg = (1/2 /2) (a/r), where Ls is the shear length, r the 
characteristic length of density variation, and a the ion Larmor radiusC • 

The authors first show that, even if r/Ls <( l /2 /2) (a/r), it is possible to achieve a substantial reduction 
in the rate of growth of the modes and thereby satisfy the conditions for applying the theory of weak turbulence. 
If a/r « 1 , the normal modes are very easily stabilized, but convective perturbations are known to persist 
and these can become amplified by propagating in the direction of the density gradient. These perturbations 
can be excited only by thermal fluctuations, which are explicitly calculated. The maximum amplitude of 
the relative density fluctuations are then deduced. 

If the plasma is fairly dense, weak shear is sufficient to maintain these fluctuations at a level at which 
the resulting diffusion is negligible. In both these cases of weak turbulence, however, non-linear instability 
may arise and cause diffusion that is far more substantial than the linear theories predict. On the one hand, 
the authors note that the energy of the drift waves is negative if their phase velocity parallel to the magnetic 
field is greater than the thermal velocity of the electrons, and discuss the development of the non-linear 
instability which results as a function of shear. On the other hand, they show that non-linear reflection of 
the convective perturbations may occur before they reach the region where they would be absorbed by the 
ion Landau effect. They estimate the threshold which the amplitude of the initial perturbations must pass 
for a non-linear instability to develop. 

INSTABILITES NON LINEAIRES DANS UN PLASMA INHOMOGENE. Les modes de dérive B.F. d'un 
plasma inhomogène, isotherme et à faible pression peuvent être stabilisés si le cisaillement des lignes du 
champ magnétique dépasse une valeur critique donnée par r/Ls = (l/2V~2)(a/r) où Ls est la distance du cisaille
ment, r la longueur caractéristique de variation de la densité et a le rayon de Larmor des ions. Les auteurs 
montrent d'abord que même si r /L s <( l /2 /2) (a / r ) , on peut obtenir une réduction notable du taux de croissance 
des modes et remplir ainsi les conditions d'application de la théorie de la turbulence faible. Si a/r « 1 , 
les modes normaux seront très facilement stabilisés, mais on sait qu'il subsistera des perturbations convectives 
qui pourront s'amplifier en se propageant dans la direction du gradient de densité. Ces perturbations ae 
peuvent être excitées que par les fluctuations thermiques que les auteurs calculent explicitement. Ils en 
déduisent l'amplitude maximale des fluctuations relatives de la densité. Si le plasma est assez dense, un 
faible cisaillement suffit alors à les maintenir à un niveau tel que la diffusion résultante soit négligeable. 
Toutefois, dans ces deux cas de turbulence faible, il peut apparaître une instabilité non linéaire qui entraîne 
une diffusion beaucoup plus importante que ne le laissent prévoir IQS théories linéaires. En effet, les auteurs 
constatent d'abord que l'énergie des ondes de dérive est négative si leur vitesse de phase parallèle au champ 
magnétique est supérieure à la vitesse thermique électronique. Us discutent le développement de l'instabilité 
non linéaire qui en résultera en fonction du cisaillement. D'autre part, ils montrent qu'il peut y avoir 
réflexion non linéaire des perturbations convectives avant qu'elles n'atteignent la région où elles seront 
absorbées par effet Landau des ions. Ils estiment le seuil que doit dépasser l'amplitude des perturbations 
initiales pour qu'une instabilité non linéaire se développe. 
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I . I N T R O D U C T I O N 

En raison des conséquences q u ' e l l e peut avoir pour le conf inement, 
la diffusion due aux instabi l i tés de dérive a fa i t l ' ob je t de nombreux travaux 
théoriques tout au moins dans le cas des plasmas de / 3 > -ĵ p / l ; 2 ; 3 ; 4 / . 
Cette condi t ion supprime en ef fet les modes de taux de croissance fo r t , ce qui 
permet d 'é tud ier la diffusion dans le cadre des équations de la turbulence f a i b l e . 
Mais cette condit ion n'est pas vér i f iée dans les condit ions expérimentales a c t u 
elles où les plasmas sont toujours de très fa ib le pression ( / 3 ^ 10" ) . 

Cela ne signi f ie pas que , dans ces expériences, la turbulence due aux 
ondes de dérive doive être forte et la diffusion rap ide. La théorie montre, en 
e f fe t , que l'on peut stabil iser ces ondes, notamment par un c isai l lement su f f i 
sant des lignes de force / 5 - 6 _ / . Les critères de stabi l isat ion par cisai l lement 
sont de deux sortes. Les uns concernent la stabi l isat ion des modes normaux 
localisés par une var iat ion radiale du gradient de densité / 5 _ / ; lorsque le 
c isai l lement est suffisant pour supprimer les modes instables, le plasma peut 
rester localement instable et ampl i f ier des paquets d 'onde : on obt ient ainsi 
d 'autres critères de stabi l i té /~6_/ en imposant que cette ampl i f icat ion ne d é 
passe pas un certain nombre, nQ , d 'exponent ia t ions. La détermination de 
ce nombre n 0 sera l ' ob je t pr inc ipal de notre étude. 

Dans une première par t ie , on précise le rôle stabil isant du c i s a i l l e 
ment sur les modes local isés, en calculant expl ic i tement le taux de croissance 
des modes. On montre que le ta-ux de croissance peut être très réduit par rapport 
au cas sans c isa i l lement , ce qui permet a pr ior i d 'é tud ie r I ' interact ion non 
l inéaire de ces modes dans le cadre d' une théorie de turbulence faible : on 
dérive formellement en Annexe I les équations adaptées à l 'é tude non l inéaire 
des modes local isés. On constate cependant que l 'ampl i tude des modes les 
plus instables ne peut être l imitée par couplage de modes résonnants. 

Dans le cas où le cri tère de stabi l isat ion des modes est sat isfai t , on 
analyse la propagation et l ' amp l i f i ca t i on des modes convecti fs excités par les 
f luctuat ions thermiques du plasma. On en déduit que n 0 doit être grand 
( donc le c isai l lement fa ib le ) pour que les modes convecti fs aient une ampl i tu 
de dangereuse pour le conf inement. 

On montre ensuite qu ' un mécanisme de réf lexion non l inéaire de 
paquets d'ondes permet de déclencher une instabi l i té non l i néa i re . Le ca lcu l 
du seuil de cette instabi l i té conduit à f ixer n 0 ~ 1 dans les critères de 
stabi l i té pour les modes convect i fs . 

La même conclusion est obtenue par l 'analyse d 'une instabi l i té non 
l inéaire due au couplage résonnant d'ondes de dérive ayant des énergies de 
signes di f férents. 

I I . M O D E S N O R M A U X L O C A L I S E S 

Soit un plasma isotherme, sans col l is ions, inhomogène dans la d i rec 
t ion OX , confiné par un champ magnétique В = B0 ( ê " z + -Ç- Zy ) o u 

la composante du champ dans la direct ion OY représente l ' e f fe t du c i sa i l l e 
ment des lignes de forces. On suppose que les vitesses de dérive V; , e des 
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, Vi.,e e V i , e [ i _ JE*] 
n fa i t l 'hypothèse que ce 

ions et des électrons sont maximales au point oc = 0 
avec / r = ^ j Logn / „ _ 0 OÙ n est la densité. On 
plasma est de fa ib le pression ( /Ъ < т / м ) , ce qui correspond aux résultats 
expérimentaux actuels des machines toro ïda les . Dans ces condit ions, après 
analyse de Fourier suivant OY et O Z , le potent ie l électrostat ique ф des 
ondes de dérive est solution de l 'équat ion d i f férent ie l le : 

GJ-CJo 
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b = ^C a étant le rayon de Larmor moyen des ions 

yfe 
— "X. 

осе cioc 

V t H i , e , vitesses thermiques des ions 

K// = 

et des é lectrons. 

К. в 

La condi t ion de s tabi l i té des modes normaux localisés s 'éc r i t / 5 _ / : 

L s / r < 2 V2 r / a (2) 

Lorsque cette condit ion est sat is fa i te, on ne peut local iser les solutions de 
l 'équat ion (1) dans un domaine en oc où l ' e f f e t Landau des ions soit n é g l i 
geable et tous les modes sont fortement amort is. Le modèle analysé simule une 
conf igurat ion toro ïda le : L 5 / r est un nombre qui caractérise le c i sa i l l e 
ment ( L s—* ~^5~ ~AT: OÙ Г0 est la distance radiale du point de loca l i sa
t i o n , R le grand rayon du to re , Ь l 'ang le de transformation ro ta t ionne l 
le ) ; i l ne dépend que de la conf igurat ion magnétique et varie de l 'o rdre de 
30 pour un lév i t ron à 100 pour un Tokomac ou un S te l le ra to rà fort 
" s h e a r " . Le cr i tère ( 2 ) est donc d i f f i c i l e à satisfaire expérimentalement 
car i l impose un grand nombre de rayons de Larmor des ions dans l ' éche l l e 
caractérist ique du gradient de densi té. I l semble nécessaire d 'é tud ie r le rôle 
d ' un cisai l lement insuffisant pour stabil iser l inéairement tous les modes 
( L s / r > 2 V2 r / a ), mais suffisant pour l imi ter non l inéairement leur am
pl i tude . On peut d 'a i l leurs remarquer q u ' e n l 'absence de cisai l lement le 

/ 3 des plasmas toroïdaux actuels serait trop fa ib le pour réduire la tu rbu len
ce due aux ondes de dérive à un niveau entraînant une fa ib le d i f fus ion . Nous 
supposons donc que le cr i tère ( 2 ) n 'est pas sat isfai t , mais que L ^ / r reste 
inférieur ou de l 'ordre de ( M/m ) '2 pour év i ter l 'appar i t ion d ' ins tab i l i tés 
non l inéaires dues aux modes convect i fs ( sections IV et V ) . 

Pour ces val_eurs du c isa i l lement , l 'extension radiale de la région 
" f l u i d e " ( C0o^>, K ' B V the ) , à taux de croissance local for t , reste in fér ieu
re ou de l 'o rdre du rayon de Larmor des ions. Les points tournants de la so lu 
t ion B.k.W. de l 'équat ion (1) sont localisés dans la région résonnante pour 
les électrons ( с о « K ' s - V the ) ; ils ont pour abscisse t x „ , avec : 

OC„ = Г СО 
С 0 о 1 о ( Ь ) е - 2 - GJ-COo 

CO 1,(Ь)' 
У2 (3) 
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La valeur minimale Д de oc» , qui correspond aux modes les plus loca
lisés fé>(oc) /VJ е л р - ( о с / д ) ) e s r donnée par l 'expression : 

4 
Д == 

^г ) 2 [1 + 10(ь)е-Ь][10[ь)-ЦЬ] 
ЦЬ)[2-10(Ь).е-Ь] 

(4) 

Le taux de croissance t s 'ob t ien t par un calcul de perturbation qui t ient 
compte de W c . En ordre de grandeur, on peut prévoir pour les modes à 

k j ^ 0 

aj2(co + to„) 
Y 

, qui sont de taux de croissance maximum 

0 ) o Ky VtKe I 0 e - b (5) 

Cette formule , qui pour b ~ 1 s'écrit : V<0„b ' 
a 1_ = 
ГоСс • M 

^ 
montre que le taux de croissance est part icul ièrement réduit pour les modes de 
grande extension et pour tous les modes si les ions ont un nombre atomique A 
é l e v é . Des calculs numériques ont confirmé ces résultats puisque, pour le 
mode <p rv <zxf> — (ос / д ) et pour b = 1 , on a obtenu t/^> = 0 , 2 , 
avec r / a = 1 0 , L s / r = 1 4 0 pour A = 40 . 

Remarquons enfin une propriété importante des modes : la valeur 
moyenne de la longueur d 'onde radiale diminue avec l 'extension du mode, 
puisque d ' après (1 ) : 

-I - 1 
^ K ^ . > C* r^J 0L)O 

C J - O J 1 -iA (6) 

D'après les résultats obtenus pour le taux de croissance, on peut a 
pr ior i chercher une l imi ta t ion non l inéaire de l 'ampl i tude des modes instables 
dans le cadre d 'une théorie de turbulence f a i b l e . On rappelle toutefois que 
la théorie classique repose sur un développement en série de Fourier pour les 
variables d ' espace et négl ige les effets convecfîfs dus à I ' inhomogénéi té . 
On trouvera en Annexe I une dér ivat ion formelle des équations de faible tur
bulence adaptées à l 'é tude des modes. 

En I ' absence de cisai l lement et pour des plasmas de /i > rn /M , la 
théorie non l inéaire a été fai te pour des paquets d 'onde / 2 ; 3 ; 4_/ . On peut 
just i f ier cette hypothèse en remarquant que le taux de croissance d 'un paquet 
d'ondes est pratiquement constant à l ' éche l le de la local isat ion des modes : 
i l en résulte que l 'exponent ia t ion est grande entre les points tournants et que 
l ' équ i l i b re du bruit peut être l o c a l . Le niveau de f luctuat ions est alors contrô
lé par les ondes ( \ixa a j V\.,a ^J 1 ) car le taux de croissance dépend 
peu de K x pour 

" /47. к 2 
K y a aj 1 et la matrice d ' in te rac t ion est proport ionnel le 

Pour /3 < m / M , avec les valeurs de cisai l lement que l'on considère 
r ^ L s < (-^-) Уг I' ampl i f icat ion d ' un paquet d ' ondes est faible 

entre deux reflections aux points tournants et un 
mode peut se former dans une phase de croissance l i néa i re . Considérons 
plus part icul ièrement un mode CJ de fa ib le extension ( oca^w Д ) et de 
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t a u x de c ro i ssance f o r t ( К y a r v l ) . Sa p r o b a b i l i t é a" i n t e r a c t i o n non l i n é 
a i r e a v e c un a u t r e mode GJ de f a i b l e e x t e n s i o n est n é g l i g e a b l e c a r on 

n é c e s s a i r e m e n t СО — GJ' pu i sque pour ces deux modes K y ; K ' y 2 > ^ - , Ce 
mode p e u t é g a l e m e n t se d i ssoc ie r en deux modes de g r a n d e e x t e n s i o n m a i s , 
c o n t r a i r e m e n t au cas sans c i s a i l l e m e n t avec y 3 > m / M , ces modes o n t un 
t a u x de c ro i ssance n é g l i g e a b l e (5) et l eu r n i v e a u d ' e x c i t a t i o n reste t r op f a i 
b l e pou r l i m i t e r la c ro issance des modes de c o u r t e e x t e n s i o n . 

I l l M O D E S C O N V E C T I FS 

Si le c i s a i l l e m e n t s a t i s f a i t à l a c o n d i t i o n (1) les modes n o r m a u x sont 
a m o r t i s . Le p lasma reste c e p e n d a n t " l o c a l e m e n t " i n s t a b l e e t l ' o n peu t p r é v o i r 
f b j q u e p o u r des va l eu rs t r op f a i b l e s du c i s a i l l e m e n t ( ( -p f ) 1 / 2 < г < - § " ) 
c e r t a i n s modes c o n v e c t i f s seront su f f i sammen t a m p l i f i é s pou r i n t e r a g i r non l i n é 
a i r e m e n t e n t r e e u x . N o u s nous l i m i t o n s à l ' é t u d e des modes te ls que 

a2(у7 Э 2 ) < 1 ( ces modes j o u a n t un r ô l e essen t i e l dans la 
2 " Э х / ~ d i f f u s i o n ) a v e c l ' h y p o t h è s e s u p p l é m e n t a i r e 

, q u i p e r m e t de c o n t r ô l e r l a v a l i d i t é de l ' a p p r o x i m a t i o n 

b = 

q u e K ^ < | ^ 

B . K W . Ces modes s a t i s f o n t à l ' é q u a t i o n d i f f é r e n t i e l l e 

<à c e ' + W : a) CJc 

CJ cJ< 
W 

K ^ o 2 

= 0 (7) 

q u i s ' o b t i e n t à p a r t i r de (1) en n é g l i g e a n t la d é p e n d a n c e s p a t i a l e de la 
vi tesse de d é r i v e d e v a n t c e l l e des f o n c t i o n s W argume n t K „ = ^ 4 ^ 
Pour le d o m a i n e de p r o p a g a t i o n résonnan t ( V t ^ i < C J / K ^ x V t h e ) e t dans 

l ' a p p r o x i m a t i o n l o c a l e , l ' é q u a t i o n (7) p e u t s ' é c r i r e : 

a 
i _ ( o c - / ) ? V b U 

L2
S 4 , 

6G-) 

KyVe 

1+lV5t-: 
L s V œ K, 
-XlVbWc | K y | 

2 2 
- K y a (8) 

D ' ap r ès c e t t e e x p r e s s i o n , on d o i t c h o i s i r K y > 0 p o u r assurer la p r o p a g a 
3GJ 
Э К с с est t i o n aux p e t i t e s v a l e u r s de x - X ; la v i tesse de g r o u p e , V c 

donc de s igne opposé à I m K x ce q u i mon t re q u ' u n p a q u e t d ' o n d e s l o c a l e 

ment i n s t a b l e est a m p l i f i é q u e l q u e so i t le sens de sa p r o p a g a t i o n en oc . Pour 

les v a l e u r s de oc t e l l e s q u e | o c - X ] ^ - ^ f - un p a q u e t d ' o n d e s est r a p i d e 

ment absorbé par l ' e f f e t L a n d a u des i o n s . Pour é t u d i e r l a p r o p a g a t i o n p o u r l e s 

va leurs |oo— X | < ( — ) ' 2 - ^ - ^ où I ' a p p r o x i m a t i o n BKW n ' e s t p lus j u s t i f i é e , 

on a réso lu n u m é r i q u e m e n t l ' é q u a t i o n (7) en imposan t à 

la s o l u t i o n d ' ê t r e une o n d e t ransmise se p r o p a g e a n t vers oc —•• •=»= . On a o b t e 

nu pour tous les paque ts d ' o n d e s un c o e f f i c i e n t de r é f l e x i o n p r o c h e de 

0 , 5 . A c e t t e o c c a s i o n , on a é g a l e m e n t v é r i f i é les résu l ta ts ob tenus a n a l y t i -

q u e m e n t /~6_/ e t cons ta té que I ' a m p l i f i c a t i o n m a x i m a l e est o b t e n u e p o u r 

К л £ , K y ; I ' a m p l i f i c a t i o n des paque ts d ' o n d e a v e c К х <^ К p o u r r a i t ê t r e 

a p r i o r i p lus g r a n d e , mais le d o m a i n e de p r o p a g a t i o n est t rès r é d u i t pou r un 

p lasma i so the rme et le r é s u l t a t n u m é r i q u e est i d e n t i q u e . En r é s u m é , dans le 

cadre de l a t h é o r i e l i n é a i r e , t o u t e p e r t u r b a t i o n appa ra i ssan t dans un d o m a i n e 

en oc d é f i n i p a r | o c — x j < a l 3 / 2 r sera a m p l i f i é d 1 un f a c t e u r e x p ( 2 n 0 ) , 
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au plus, avant d 'ê t re absorbée par l ' e f f e t Landau des ions ; n 0 est déf ini 
comme ^ J[0x)dac f I ' in tégra le étant prise entre I ' effet Landau des ions et 
le point J Vgr- d e réf lexion . 

Les perturbations naturel les du plasma sont dues aux f luctuations 
thermiques ; pour les ca lcu le r , on doi t tenir compte du caractère discret des 
part icules et introduire la fonct ion de distr ibut ion f ine : 

V>=E 6 ( r - r j ) S (rtF — ÔFJ où ( r L r / F ; ) sont les positions et vitesses 
des part icules à l ' ins tant t ; la fonct ion de distr ibution à une part icule est 
déf in ie à part i r d1 une moyenne d 'ensemble, f = •£ 1? > , fa i te sur ( п . , <u"L ) . 
A l 'o rdre le plus bas en champ é lec t r ique , la f luctuat ion microscopique de 
densité i v = T - f est solution de I ' équation : 

6 Y (9) 

d t 
est l 'opérateur de dér ivat ion le long des trajectoires non perturbées. 
Si l ' on caractérise ensuite l 'ampl i tude du champ électr ique f l u c t u -J I 1 on caracrense ensuire 1 ampiiruae au cnainp eiecrnque 

ant par sa f luctuat ion quadrat ique moyenne I „ par unité de volume 

! K = 
L& Фк= ф{г) ехр. ( i K f ) d r (10) 

on obt ient pour 1 ^ l 'équat ion de transport suivante : 

3GJ 

( П ) 

valable dans le domaine V t h i < - = i _ < ^ VtWe ; D a été précédemment déf ini 
(D. K// 

Pour résoudre l 'équat ion (11) on se donne une valeur réel le de Кос 
et on intègre dans la région d 'amp l i f i ca t i on en tenant compte de la dépendan
ce de X e n fonct ion de oc ( cel le de Vejr est négl igeable ), et des cond i 
tions aux l imites ; on obt ient pour l 'ampl i tude maximale en régime stationnaire 

X K = 
4 3 I 2 T 2 e x p ( 4 n 0 ) - 1 

2-I~e-b][l-Iee-b 
(12) 

Ce qui donne pour К q ' V J I , Д К ^ — П „ > 1 

2 J,' 
<z <p 

T 2 

ex p ( 4 n . ) 
n a 2 r 

(13) 

2 
n a г est a pr ior i un nombre très grand, surtout si le champ magnétique est 

fa ib le , lep lasma de grandes dimensions et la densité élevée ; les f luctuations 
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thermiques restent donc négligeables ; il en est de même du coef f ic ient de 
diffusion obtenu à part i r d 'un calcul de f lux : 

1 n E . 
< n t f „ > J L a l (14) 

et qui est en ordre de grandeur donné par l 'expression 

<ip ( 4 r i o ) _D ~ — — ex\f 
( n a : (15) 

Par un calcul négl igeant les effets non l inéaires, D ne serait impor
tant que dans la mesure où exp ( 4 n 0 ) serait de I ' ordre de ( n a ) ; la 
valeur de \-b/r correspondante pourrait être ainsi d 'un ordre de grandeur 
plus pet i te que la valeur ( M / m ) ' 2 admise généralement et dépendrait 
d'autres paramètres de l ' é q u i l i b r e . 

I V R E F L E X I O N S N O N L I N E A I R E S 

En f a i t , si les f luctuations thermiques sont négl igeables, on doi t i nc lu 
re dans l 'équat ion d 'évo lu t ion de I K , les termes de couplage résonnants et 
non résonnants (e f fe t Landau non l i n é a i r e ) . Cette équation peut alors s 'écr i re 

Э1, 
at Эос 

V q r L = 2 K K I K + / d K ' d k ' v, K,K,K 

+ / d K ' W ^ к *к' 
(16) 

Le second terme proport ionnel à I / 1 K " correspond à la création de l'onde 
К par couplage non l inéaire des ondes К , k " . Le dernier terme regrou

pe les termes de désintégration et d 'e f fe t 'Landau non l inéaire proportionnels 
à I K . 

L'équat ion (16) met en évidence des mécanismes d ' ins tab i l i té non 
l inéaires qui permettent de déterminer n 0 : dans ce chap i t re , on analyse 
plus part icul ièrement l ' e f f e t d 'une ré f l ex ion non l inéaire ; c e l l e - c i se pro
duit lorsque le couplage de deux ondes de vitesses de groupe de même signe 
donne une troisième onde de vitesse de groupe de signe opposé.. 

Au voisinage de la région de forte absorption par effet Landau des 
ions, d 'absc isse ce =-£s L , -+- •%^Lê- l 'onde К est, avant amp l i f i ca t ion , 
de très fa ib le ampl i tude. Le seul terme non négl igeable de l 'équat ion (16) 
peut être le terme de c réa t ion , dans la mesure où les ondes K' et K" sont 
créées en des points différents et de grande ampli tude au point considéré. En 
dehors de cette rég ion, on supposera I K ; I K< , I K " « If | v |~ ? ce qui permettra 
de négl iger tous les termes non l inéai res. 

o c = -
Puisqu'une onde se réf léchi t l inéairement au point d 'abscisse 

(JTL) Уг g l s i l s « + (JTLV on dispose d 'éléments suffisants pour étudier 
un couplage d'ondes pouvant conduire à une 

instabi l i té non l i néa i re . Sur la Figure 1 , on a seulement indiqué les points 
de réf lexion l inéaire ( d 'absc isse oc,, ,OC. ,OC3) des ondes considérées. On a 
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-2 , "1 3 
FIG. 1. Points de réflexion linéaire d'un couplage d'ondes. 

f a i t l ' hypo thèse , just i f iée par la sui te, que les points d'absorption de l'onde 5 
sont à d ro i te de oc, . On vo i t que si Г onde 4 a une grande ampl i tude, e l le 
génère l 'onde 6 par couplage avec l 'onde 5 au voisinage de •'X. 2 et 
l ' onde 5 par couplage avec l 'onde 6 au voisinage de ОСд . Les ondes 
5 et 6 sont ampl i f iées, réf léchies pour donner les ondes 2 et 3 qui génè
rent 1 par couplage ; c e l l e - c i est ampl i f iée et se ré f léchî t pour renforcer 
l'onde 4. 

Dans les équations d 'évo lu t ion des amplitudes, on conserve le terme 
de création pour les ondes incidentes ( 1 ; 5 ; 6 ) mais ce terme peut être 
négl igé pour les ondes réf léchies ( 2 ; 3 ; 4 ) ; on obt ient ainsi pour les ondes 
1 et 4 à t i t re d 'exemple les équations : 

3 N , 

at ° Эсс 

Э HA- _ Vqr э Ы д 

( at g эсс 

= 2 / M , + V N 2 N 

2 ï N, 

2 " 3 

(17) 

avec la déf in i t ion N K = I K ( g a y ) ~ I к / ^ y 4 z ' c ' u ' P e r r n e t d ' obtenir des 
coeff ic ients de couplage y 2 égaux pour les trois ondes en inter
ac t i on , 
source. 

D'après le schéma précédent, la ré f lex ion l inéaire permet au terme 
N - , de ne pas s' annuler au point où N ] s' annule . En suppo-VZ IN 

sant le coef f ic ient de réf lexion égal à l ' un i té pour s impl i f ier les ca lcu ls , on 
peut écrire les condit ions aux l imites , pour lés ondes 1 et 4 ; 2 et 5 '; et 
3 et 6 : 

M 2 (~2) = 

Ы X^) = 

4 Г 1 , 

N 5 ( o c 2 ) 

NU (OC g) 

N 

Ы, 

1 \'=c-2 ) 0 

"0 (18) 

N 6 ( a c 2 ) = 0 
Pour trouver le seuil d ' i ns tab i l i t é non l i néa i re , on cherche la solution 

stationnaire des équations (17) puis on montre que le système d'ondes est insta
ble si le niveau de f luctuat ions dépasse celui déf in i par l ' é t a t s tat ionnaire. 
Au point de vue physique, l ' é ta t stationnaire correspond au cas où l ' a m p l i f i c a 
t ion l inéaire compense exactement la perte d 'énerg ie due au faible coef f ic ient 
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de r é f l e x i o n non l i n é a i r e . Pour a l l é g e r les c a l c u l s , on r e m p l a c e Y \ ° c ) 

dans les é q u a t i o n s (17) pa r sa v a l e u r m o y e n n e ; on i n t r o d u i t a lo rs la n o t a t i o n 

n, = ( Х 1 - х 2 ) А л = - V - / f(x)6x (19) 
V q r 

avec des d é f i n i t i o n s ana logues p o u r n „ e t n ~ . On d é d u i t a lors de l ' éq . ( 1 7 ) : 

, 2 . 

">o- ^ixAy-Wfo,+",i (20) 

N ° ( x ) = / d o c ' ^ J - N 4 ( x ' ) N 5 ( x ) w p _ ^ 3 ( x - x 

vv 
(21) 

La c o n t r i b u t i o n à I ' i n t é g r a l e v i e n t e s s e n t i e l l e m e n t des v a l e u r s de X proches 
de X 2 . O r , p o u r X p r o c h e de X 2 , N J ( x ) = N ° (X 2 )<zxp - * 2 ( л - X ' 2 ) ; 
on en d é d u i t , 

N>J = lv|2N 
2 V . 6 f f ô ^ - ^ N * K b % } * ^ 

(22) 

e t , en c o m b i n a n t ces r é s u l t a t s , les express ions N l 1 ; \\ : W t e l l e s que pa r 

exemple: 

N;(XO = Wl V<(W\](VV\ <zxp - ^ n 1 - b n 2 + n j 

(23) 

On a supposé dans ces c a l c u l s \ . ^ \ r^j \ ^ ^ Jx — X, 

de g r a n d e u r , les a m p l i t u d e s des ondes dans l ' é t a t s t a t i o n n 

V I V | <zxp — n o m ê m e après réflexion l inéa i re et réamplification, ce qui 
correspond à une t r è s faible per turbat ion de densité si n0 > 1. 

2 I » J X 3 - X 1 | . En o rd re 
a i r e de dépassent pas 

Pour étudier la stabil i té de l 'é tat s ta t ionnaire , on pose Ni = N° + Ni 
et on l inéa r i se le sys tème (17), ce qui permet de chercher des solutions ayant 
un comportement tempore l en exp st : 

v l ^ b _ = 

-v. 

Эос 

Э ос 

1 Л ^ .о (~ о о ~ 
2 •% - S t\L + V N Ы + N N 

' 1 V 2 Э 2 3 
(24) 

- 2 ^ - s ) N , 

e t des é q u a t i o n s a n a l o g u e s pou r N^> N 
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Si on suppose a pr ior i s <<£ j , on peut résoudre le système précé
dent (24) par la méthode déjà ut i l isée pour la recherche de l ' é ta t stat ionnaire ; 
on obt ient : 

[l - e x p - ((Г-, -ЦГ2) A [1 -g x P - ( <Ti + <T? ) AJ (25) 

<zxp-((T1 +Г2)А+'2хр-((Г1+ (Г3)А ^ - ( ( Г
1 + (Гз)д + <зхр-((Г2 + аз)д=1 

où l 'on a posé (J~L ="- b / V < 3 r A = X.,— X 2 

On montre faci lement que l 'équat ion (25) possède une racine réel le 
posit ive : S> ̂  V | r ( X 1 ~ X 2 ) , te l le que s<K" l i s i n 0 > 1 „ L 'é ta t 
stat ionnaire est donc instable, le coef f ic ient de réf lexion non l inéaire augmen
te avec l 'ampl i tude des ondes et le système évolue vers un état d 'ampl i tude 
plus é l e v é . Le processus se poursuit jusqu'à ce que les termes non l inéaires 
négl igés, proportionnels à I K (16), termes qu i ne sont pas définis posi t i fs , 
puissent l imi ter l ' a m p l i t u d e . Si l 'ampl i tude de la perturbation in i t i a le dépasse 
le seuil d ' i ns tab i l i t é , le système est porté dans un état de turbulence ou les 
f luctuat ions at teignent nécessairement un niveau relat ivement élevé donné par 
< N- t i>~ «£ ï'1 > / l v | ? . 

Pour assu re r la .s tab i l i té , i l faut que le seuil soit suffisamment é l evé , 
c 'est-à-di re voisin de l ' é t a t de saturation des ampl i tudes. Dans les critères 
de stabi l i té v is -à-v is des paquets d 'ondes, la valeur de n 0 ne doi t pas être 
déterminée à part i r des f luctuat ions thermiques. D'après les équations (22), 

i l faut donc choisir П [ м 1 ; puisque n; est 
, la condi t ion pour que cette intégrale soit de 
correspond à 

N L ^ Г I 
donné par 
l 'ordre de 'unité 

P — n. , 

t* я K x a m\y2 ( K x o ^ l ) (26) 

comme on I ' a montré dans la référence / 6 _ / . 

Il reste à démontrer exp l ic i tement la possibi l i té de réaliser le coup la 
ge d'ondes considéré. On doi t d'abord satisfaire aux règles de sélection sur les 
nombre d 'onde et les fréquences : 

K 3 - K 1 •к„ aJ3 = cj l+co2 

o ù , pour les ondes étudiées, Cô = — Ky V e ( l - ^ x
 a ) ! remarquons que 

les règles de sélect ion pour le couplage des ondes réf léchies sont automat ique
ment satisfaites puisque 6J est paire en Kx . Si l ' on pose U i = ^ y i / ^ x l 
on déduit des relations précédentes : 

L). •U2Kl=^3-U
Zb(V4Kx24U3-U lK; (27) 

U 1 ; U 2 , U-j étant liées par l 'équat ion : 

(U1 -u2 ) (u2 -u3 ) (u3 -u1 ) (u l +u2 + u3 )^û 
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On peut se donner a pr ior i K^g , U 2 <zt" ^ 3 ; on en déduit les autres inconnues 
par la re lat ion U ^ U g + U ^ = 0 , qui correspond au seul couplage intéressant. 
On remarque alors que deux ondes ayant des vitesse de groupe de même signe se 
couplent pour donner une troisième onde dont la vitesse de groupe est opposée. 

En tenant compte des règles de sé lec t ion, on vo i t que la matrice 
d ' i n te rac t ion dont l 'expression est donnée en Annexe I peut s1 éc r i re , pour 
les ondes étudiées : 

(28) 

|V123| 6(сх)1 + со2-озз; 

Dans les équations d 'évo lu t ion portant sur N j ,. \ V.| est alors donné par : 

^ ( c ^ - t - G ^ - G O <29> M2 = * V * K V3 V g 

У1 
V. 

U = 
On doi t aussi montrer q u ' o n peut choisir la disposition des points de ré f lex ion 
et d'absorpt ion de la Figure l ; ^ posant X^ = ~ \v 
on doit donc v é r i f i e r q u e X 1 > X 2 < Z V X 3 > X -
On peut supposer K z 3 = Xg = 0 et,si on t ient compte de la re lat ion entre le 

MÎT) * 
g i s 
2 r 

les Uv , on obt ient X 1 

M u - г - Л; on choisi t alors 
-zuz)' 

X < 0 ; U >U >0 avec -
2 • J 1 2 

^b«x 2 < 
2г 2 2г \ M 

y2 (30) 

Dans le cas d 'un système t o r o ï d a l , K y -» -m/ r 0 K, 

К-ГА, 
7 R ; 

m V/2 a R 
M 

et la double inégal i té (30) devient : 

IP2/— - « R 

2гг„ < ^ 2 r- r „ 
(31) 

V . I N T E R A C T I O N D ' O N D E S D ' E N E R G I E P O S I T I V E 
ET D ' E N E R G I E N E G A T I V E 

On sait que le couplage résonnant d ' une onde ( CJ , К ) d 'énerg ie 
négative et de deux ondes ( O j ' , K ' ) ; (Gô", K " ) d 'énerg ie posit ive peut 
également être la cause d' une instabi l i té non l inéaire /7 ; 8 ; 9j'. Si E ( C O , K ) 
est In constante d ié lect r ique du plasma, l 'énerg ie d 'une onde a le signe de 

CD 5?£ , Pour les ondes de dérive : К 2 A^, £ ("GO, ̂  ) = T) o u ^ ц e s t ' a 

longueur de Debye ; D a été précédemment déf ini (1 ) . Dans le cas où l 'on 
se l imi te à l ' é tude des ondes tel les que b < |V/e on obt ient 

G) Э£ 
3GJ 

2^ _ \ V (32) 
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ce qu i montre que l ' énerg ie d 'une onde de dérive est posit ive ou négat ive su i 
vant que la vitesse de phase ^ / Y.,, e s t P'us pet i te ( W e ^ -1 ) ou plus 
grande ( W e > 0 ) que la vitesse thermique é lec t ron ique . Le choix que l'on 
a f a i t , b < I W _ | -, est nécessaire pour assurer la réal i té de la fréquence des 
ondes dans le domaine f lu ide ( ^ / ^ > V t h c ). D' après (32 ) , la condit ion 
d 'ex is tence des ondes d 'énerg ie négat ive se réduit à L/V > ( м / г л ) ^ г —— 
dans un système to ro ïda l où les lignes de force ont une У 
longueur f in ie L ; dans une conf igurat ion avec c isai l lement des lignes de 
fo rce , i l faut a pr ior i que L s / r > ( И / т j Уг , condi t ion qui peut être véri -
f iée dans le Stel lerator С par exemple. 

Commençons par I1 étude d 'une configurat ion sans c isa i l lement . Pour 
que le couplage résonnant soit possible, i l faut satisfaire aux règles de sélection 
habitue II es : G J = CO + oJ ( V<= К + К ' et pour que ce couplageconduise 
à une ins tab i l i té , on doit choisir (O > Со , ( J ' > 0 -

Si i\y CÛ et Wcp sont les vitesses de phase des ondes К ' , К" le 
long du champ magnétique, les règles de sélection imposent que * i f v ^ - i O , 
D'autre par t , si l ' on t ient compte des relations de dispersion des différentes 
ondes, respectivement : 

GJ = - C0o ( 1 -r- 1-
V / z 

GO ~COoO-2b') ; c j " = - a ) r i - 2 b ' 

ou l on a pose 
ce devient : 

ь.ь-J. K,, VttV, 12 

CO„ 
, la règle de sélection en fréquen-

У W„ 
к уЬ' + к у b' (33) 

Puisque b ^ v j b > 0 , d ' après la re lat ion (33) i l faut que b ou b < 0 : 
les ondes K' et K" ont donc des longueurs d 'ondes pa ra l l è les au champ ma 
gnétique relat ivement courtes ; I' une de ces ondes au moins est légèrement 
amor t ie . Il peut en résulter un seuil pour l ' i ns tab i l i t é non l inéaire étudiée, 
mais le taux d ' amortissement d e l ' o n d e K ' o u K" pouvant être très pe t i t , 
on suppose que les ondes en interact ion sont in i t ia lement excitées au-dessus du 
seu i l . 

Dans l 'équat ion c inét ique de l 'Annexe I , on peut vér i f ie r que tous 
les termes non linéaires qui décr ivent I ' interact ion résonnante des ondes 
К , К ' , К" sont définis positifs ( contrairement au cas habi tuel où les énergies 
des ondes sont de même signe ) . Si un spectre assez large de ces ondes a été 
exc i t é , cette équation permet de calculer l 'ordre de grandeur du taux de crois
sance de I ' i ns tab i l i té non l inéaire qui en résulte : 

NL 
GJ b (34) 

Pour évaluer Y ... on a ut i l isé l 'expression donnée en Annexe I , en remplo 

çant эк par b G_L et choisi K , ^ K 
У ' 

b'I Ы' ' b : VE = 
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On peut exprimer également -r~ en fonction de la f luctuat ion relat ive 

n de densité —— puisque • \f ^ф 

v „ • x т * n 

S i , p a r c o n t r e , un spectre d' ondes étro i t est exc i t é , on doi t -ut i l iser 
les équations d1 interact ion de trois ondes cohérentes mais le taux de croissance 
peut également être évalué en remplaçant 8 ( СО — CJ'— СО " ) jxjr X^L dans 
l ' équat ion cinét ique : 

X ^ C0D b f ^ ) (35) 
0 ML ^ ° V V c i 

Le taux de croissance est donc d1 autant plus rapide que la densité f luctuante 
est plus grande ( la va l id i té de la théorie impose cependant la l imi ta t ion 
î(< GJé b ) . On rémarque également que cette instabi l i té non l inéaire intéres

se un domaine de l 'espace des К beaucoup plus étendu que celui des modes 
l inéairement instables. 

Il est intéressant d 'éva luer le cisai l lement nécessaire pour supprimer 
I ' instabi l i té non l i néa i re . Dans ce cas, on doit tenir compte de la convection 
dans l 'espace des К r/ puisque K^ ( x ) = К - ^ - + КДо). On peut imposer 
a prior i comme condit ion suffisante de 5 s tabi l i té que l 'onde 
d 'énerg ie négat ive sorte de la région de propagation f lu ide ( СО > К \ l tbe) en 
un temps plus court que \~ . E n choisissant le taux de croissance le plus 
rapide (35) on obt ient : 

г _ 1 / m \ Уг (, Ve 
K„cr 1-M-/ \ \l < — ^ - Г Ь-̂ - (36) 

Considérant cette formule, i l semble que pour des valeurs suffisamment élevées 
de la densité f luctuante on doive imposer des cisail lements très élevés'. En 
f a i t , les ondes, d 'énergie négat ive disparaissent si ^_s ;< (M \ fi qui apparaît 
ainsi.comme la vér i table condi t ion suffisante de . r . \ m ' s tab i l i t é . 

. Un autre exemple d 'onde de dérive électronique d 'énergie négative 
a récemment été. trouvé dans des configurations asymét r iques te l les que les m u l -
tipoles où I ' intensité du champ magnétique varie le long de la l igne de force 
/~]0_/ . Pour une configurat ion de ce type , on avai t précédemment démontré 
fWj qu 'une résonance onde-part icules apparaît lorsque la fréquence d 'une 
onde est cel le des part icules trappées dans les minima de champ magnét ique. 
Dans de nombreux cas d 'un intérêt pratique £\\ , 12_/, cet effet réduit l 'es
pace des vitesses intéressé par une résonance, par comparaison avec un plasma 
en champ magnétique constant. Il a été démontré, en part icul ier /~10_/, que 
cet effet peut être simulé, si l ' on . suppose que la fonct ion de distr ibution a un 
plateau à l ' o r i g i n e , ce qui revient à introduire1 dans l 'équat ion (1) un \ л / а 

ef fect i f te Г que pour 03 < K,. V the , W = - 1 — r - ^ . . On suppose la 
direct ion d ' a s y m é t r i e suivant OY et K„,— <yu- " . où L ,ést la 
distance entre un minimum et un maximum de champ magnétique (. L est o rd i 
nairement appelé la longueur de connection ). En ut i l isant l 'équat ion (1) 
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avec ces hypothèses, on obt ient pour G J < < S J o , b > - \ , la constante d i é l e c t r i -
que : 

La relat ion de dispersion £ = 0 met en évidence deux ondes : 

C O ± = ^ V ^ ) 2 f - 1 ± f l - ^ ( - ^ - y y ^ (38) 

Ces deux ondes sont instables si : C0o > К V tUe ( 2 O t b ) ^ 

Dans le cas opposé où est une 
ande d 'énerg ie négat ive et l ' on peut réaliser une interact ion non l inéaire ins
table en la couplant à deux ondes GJ _̂_ d'énergie pos i t i ve . On constate 
ainsi que le domaine d 'existence des ondes non l inéairement instables peutêtre 
plus étendu que ce lu i des ondes l inéairement instables, notamment dans le 
cas' b » 1 . 

C O N C L U S I O N 

Nous avons montré que l 'approx imat ion locale n ' é t a i t pas suffisante 
pour la théorie non l inéaire des i ns tab i l i t és de dér ive d 'un p lasma inhomogene 
dans un champ magnétique avec cisai l lement des lignes de fo rce . 

Si •— > -г— У [ M- •) ' 2 , le plasma est stable vis-à-vis des pe r tu r 
bations convectives e t l e taux de croissance des modes normaux localisés est 
réduit par le c isai l lement ; néanmoins l 'ampl i tude des modes de taux de crois
sance maximal ne peut être l imi tée en restant dans le cadre de la théorie de 
la turbulence f a i b l e . 

Si -p- < ( ~ j x ) / ' ' ampl i tude des perturbations convect ives ne 
sera pas déterminée par le brui t thermique, car une instabi l i té non l inéaire 
porte le système dans un état de turbulence indépendant des condit ions in i t ia les 
d ' e x c i t a t i o n . К convient donc de prendre un coef f ic ient d 'amp l i f i ca t i on de 
l 'o rdre de l ' un i té dans les critères de stabi l i té vis-à-vis des perturbations con 
vec t i ves . 

A N N E X E I 

E q u a t i o n s de la T u r b u l e n c e F a i b l e pour les M o d e s L o c a l i s é s 

On conserve le développement de Fourier pour les variables y, z 
mais on projet te le potent ie l é lectr ique sur les modes normaux l inéaires en ce 
qui concerne la dépendance en oc ; on pose donc : ф = JZ ^~< m <p m 
o ù ' 0 m est la solution normalisée de l 'équat ion (1) ; l ' i nd i ce m carac
térise les nombres d 'onde K y et Kz aussi bien que le nombre'de nœuds 
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de la solution B. K.W. Les perturbations de densité à l 'o rdre 2 et 3 par 
rapport au potent ie l é lectr ique s 'écr ivent respectivement : 

п г ( к , со) = •*? 
/s 

T '— , " - 4m,m7 Y f k G O - K , G J V K„GJ-ЛЛ 0$ H «к. 
г 

m, m , m . 

n3(K,Cj)= Д р - ^ ^ ^ И ^ , 4 ^ 3 ^ i W W i S 4 ) i i ^ 
к = к„ + к, + к 

où V2 et V3 sont des opérateurs symétrisés portant sur la var iable oc 
Si I1 on int rodui t également I ' opérateur D ( К , GJ , oc) tel que l 'équat ion (1) 
s 'écr ive : D ф = 0 , l ' équat ion cinét ique des amplitudes<=< n dans I ' a p 
proximation des phases aléatoires prend la forme suivante : 

< 
Э Р 
ЭСи„ 

,> ^ - 2 ï m h . | 2 

un rr>' K = K , + V < 2 

^Д^ЧЛ^,Л,Ч^ т^г> 

: ПТ2 

;om -com 2^m> 

+ E
m i

< ^ V
3 ( K ' ^ i 4 ^ r . - ^ - ^ m i - K v - ^ , ) ^ m ^ u > W « \ V r 

où l ' on a in t rodui t la notat ion de produit scalaire < f . g > = f ï j d c r . 

Lorsqu'il y a couplage de modes résonnants , on doit s u b s t i t u e r a 

< - < ? m D ( K , 0 \ 4. G j j ) ^ ^ l 'expression < фт Ш>Фт>{^ 
Dans les termes de diffusion des ondes par les par t icu les, GJ L + GO, est très 
infér ieur à GJ m , la dépendance de D en fonct ion de oc est négl igea
ble et cet opérateur se réduit à un sca la i re . 

Pour les modes en interact ion dont I5 dépendance radiale satisfait à 
l ' app rox ima t ion B. K.W. , les opérateurs V2 et V3 se réduisent à des 
scalaires et s' ident i f ien t avec les expressions obtenues dans l 'approx imat ion 
locale £Aj'. Pour les interact ions résonnantes, on obt ient notamment : 

|v/ = V /2LDV 
\ЭСо/ 

avec, dans le cas où b < 1 , GJ •< K / 7 V \A\a : ——• ^ CJ <z\ 

1 1 B 2 K X 2 К У З )2+K3 V г г , г s. 
У* хз Уз] 
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D'après l 'équat ion c iné t ique , on peut également estimer dans 
l 'approx imat ion locale, l 'ordre de grandeur du.taux de croissance ( o u d 'amor
t issement) non l inéaire : 

où Д К est le domaine d ' extension en К des modes qui par t ic ipent 

à' I ' interact ion . 
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D I S C U S S I O N 

• E.-MINARDI: How,-were the the rma l fluctuations computed? . ,, -
G. LAVAL: They were computed by. a tes t part icle-method which,can 

be applied to sys tems out of equilibrium and to unstable s y s t e m s . 



THE INFLUENCE OF E L E C T R I C A L RESISTIVITY 
ON THE MHD STABILITY 
OF STATIONARY EQUILIBRIA 

H. FRIEDEL*AND P. UNTEREGGER 
INSTITUTE FOR THEORETICAL PHYSICS, UNIVERSITY OF INNSBRUCK, 
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Abstract 

THE INFLUENCE OF ELECTRICAL RESISTIVITY ON THE MHD STABILITY OF STATIONARY EQUILIBRIA. 
A general class of equilibrium configurations with a zero-order fluid velocity is investigated using a method 
similar to that of Coppi. The hydromagnetic system under consideration is characterized by finite electrical 
conductivity, zero viscosity and zero thermal conductivity. Using a Lagrangian description, an equation of 
motion governing small displacements of the system about the equilibrium is found. Furthermore, general 
criteria determining the influence of electrical resistivity on modes stable or marginally stable in the non-
dissipative case are derived. For infinite electrical conductivity we get agreement with the results found • 
by Ftieman and Coppi. Finally, a general formalism for treating instability problems.with arbitrary dissipa-
tive effects is presented. 

1. INTRODUCTION 

One method that has been proposed for studying the stability of non-
dissipative hydromagnetic systems is the "normal mode" analysis and the 
corresponding energy principle technique [1]. In the present paper a simi
lar procedure based on a perturbation method is used to investigate the 
influence of finite electrical resistivity on the stability behaviour of sta
tionary equilibria. 

Originally Coppi [2] started stability investigations of dissipative, 
but static hydromagnetic systems in a quite general fashion irrespective 
of special configurations. ' The hydromagnetic stability of stationary, 
rather than static equilibria without dissipation, on the other hand, was 
first studied by Frieman and Rotenberg [3]. The purpose of this paper 
is the examination of a general class of MHD configurations including 
dissipation and a zero-order fluid velocity distribution. 

The hydromagnetic system under investigation is characterized by 
finite electrical conductivity, zero viscosity and zero thermal conductivi
ty. Using a Lagrangian description, an equation of motion governing small 
displacements about a given equilibrium configuration is derived. Under 
the further.assumption of small constant electrical resistivity some general 
critera determining the influence of electrical resistivity on modes that are 
stable or marginally stable in the non-dissipative case, are presented. 

* Deceased 1967. 
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2. THE BASIC FLUID EQUATIONS 

We consider a hydromagnetic sys tem represen ted by the following set 
of equations wri t ten in d imensionless form (throughout this paper we use 
rat ional ized Gaussian uni ts with с = 1); 

л-* 
p ^ + V p - ( c u r l B ) X B = 0 (1) 

| f + V-(pv)=0 (2) 

f - f f = (,-l),(curll)2 (3) 
—> 

| ^ - curl(vXB) = - curl(r) cur lB) (4) 

where v is the fluid velocity, p the m a s s density, p the fluid p r e s s u r e , 
В the magnet ic field made dimensionless by the cha rac t e r i s t i c values v° , 
p° , pO and B° , respect ive ly , y = c p / c v the adiabatic exponent, and r) the 
d imensionless e lec t r i ca l r es i s t iv i ty (= r ec ip roca l magnetic Reynolds 
number) . The original set of Eqs (1) - (4) contained two numbers , the 
p r e s s u r e coefficient Np and the Cowling number Co. Without loss of 
general i ty we eliminated these two numbers by means of the t r ans fo rma
t ions 

p ^ N p p, В - Co 1 / 2B (5) 

The only t r anspo r t coefficient in the fluid equations is the s c a l a r e lec t r i ca l 
res i t iv i ty r;. In pa r t i cu la r , the t h e r m a l conductivity and the viscosi ty 
were assumed to be negligible. The corresponding set of equations de 
scr ibing the given s ta t ionary equil ibrium configuration is obtained from 
Eqs (1) - (4) by sett ing all the pa r t i a l t ime der ivat ives equal to ze ro . The 
equil ibrium quanti t ies v 0 , p 0 , p 0 a n d S 0 , respect ively , a r e well-known 
functions of the equil ibrium posit ion vector ?o only. 

3. THE EQUATION OF MOTION FOR SMALL DISPLACEMENTS 

To be able, in pr inciple , to follow in t ime any smal l motion about 
the equil ibrium state it is convenient to adopt a Lagrangian descr ipt ion 
of the fluid motion. Accordingly, a l l quanti t ies a r e now considered to be 
functions of r 0 , the init ial location of a fluid element at t ime t = 0, and 
of t, the t i m e . Let the Lagrangian displacement vector f be defined by 

?=?о+?(?0.Ч (6) 

where r i s the location of the fluid element at t ime t, i . e. the per turbed 
position vec to r . Clear ly , f (r0 , t = 0) is equal to z e r o . F o r deriving f i r s t -
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o rder expres s ions in f for the pe r tu rbed quanti t ies ult i.e. for p j , p a 

and ê j , respect ive ly , we use the re la t ions 

—* 
v = ^ 0 + (^0 . V 0 ) | + | i (7a) 

V = V 0 - V 0 f . V 0 (7b) 

Vdi-Iv = w - V <7c> 
In the non-diss ipat ive case the f i r s t - o r d e r per turbed quanti t ies Uj can be 
explicitly expressed as functions of f. What we do i s to separa te щ in a 
non-diss ipat ive par t and a pa r t u depending on the res i s t iv i ty n. 

Retaining only the f i r s t - o r d e r t e r m s in f, we obtain 

Pi = - P 0 V 0 - ? (8a) 

Pi = - T P 0 V 0 - | - p ( n ) (8b) 

В i = (B0 • V 0 ) | - В 0V0 • f + B(r7) (8c) 

The diss ipat ive pa r t s p(r]) and B(rj) a r e implici t ly given by the equations: 

- 7 Р Г ' Р ^ - + Р " 0 7 ^ = ( Т - " 1 ) [ П Р ' , ' ( С 1 1 Г 1 В ) 2 ] 1 (9а) 

dB 
dt 

+ ( V 0 . v 0 ) B - ( S - V 0 ) v 0 = - [cur l (n c u r l S ) ^ (9b) 

where the symbol [ ]г means a collection of f i r s t - o r d e r per turbed quan
t i t i e s . 

Final ly, the l inear ized equation of motion, which follows from Eq. (1), 
taking into account Eqs (8) and the equil ibrium equations, becomes 

Po f t # + 2Po (v0 • V 0 ) | | - - F{?} = G{B, p} (10) 

with . 

F{?}= V0- [TPQVO •? + (€• V0)p0] - B 0 X ( V 0 X Q ) - Q X ( V 0 X B 0 ) 

+ V0[p0 |(v-0 -V0)v0 - p0v0(v*0 • V0)Ç] ( l i a ) 

G{S,p}= V0p + ( V 0 X B 0 ) x i + (V0XB) X B 0 ( l ib ) 

and 

Q = V 0 X ( | X B 0 ) ( l i e ) 

Note that F{f }, which is a l inear function in If and its spat ia l der iva t ives , 
depends only on f and not on f, where the dot indicates differentiation 
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with respec t to t i m e . With appropr ia te init ial and boundary conditions, 
Eq.(lO) de te rmines the displacement vector If. F u r t h e r m o r e , Eqs (8) 
then determine the per turbed field quanti t ies . 

In the absence of dissipation, which means G{B,p}=0, Eq.(lO) ag rees 
with the corresponding equation of motion found by F r i e m a n and Rotenberg 
[3]. 

4. STABILITY ANALYSIS AND EFFECTS OF 
ELECTRICAL RESISTIVITY 

Let us now examine the influence of smal l constant e lec t r ica l r e s i s t i v i 
ty (n « 1) on the stabili ty behaviour of s ta t ionary equil ibria by means of a 
per turba t ion technique. F o r s impl ic i ty we a s sume p = 0. Since the t ime 
does not appear explicitly i n E q . ( l O ) , we seek normal mode solutions.of 
the form 

-> -> -> -> icjt -*0 iwt 

Ç ( r 0 , t ) = € ( r 0 ) e = ? e (12) 

Consequently, the equation of motion (10) reduces to 

- u 2 po? 0 + 2 iup 0 (v 0 • V 0 ) f 0 - F { f ° } . = G { g 0 } (13) 

if . 

В ( ? 0 Д ) = 1 ( ? 0 ) е 1 Ш 1 = 1 ° е 1 Ш ( (14) 

The validity of this last condition can be shown by the consistency of the 
following expansions: 

?° = f0 + i?i + i2î2 + •-• 

U = Ug + TjlOx + r ) 2 U 2 + . . . ( 1 5 ) 

. .B° = r )B 1+r) 2B 2 + . . . 

Hence, to z e r o - o r d e r in r], Eq.(13) becomes 

UoPofo - 2 i u 0 P 0 ( v 0 -V0)Ç0 + F { | 0 } = 0 (16) 

F o r the following it is important to show the self-adjointness of the two 
opera to rs ip0 (v0 • V0) and F , respect ive ly . This p roper ty could be proved, 
direct ly by a number of integrat ions by p a r t s . If we multiply Eq. (16) by 
the conjugate complex vector ?Q and integrate over thef lu id volume, we 
obtain 

' "o<Po?o • ? o > - 2 i u o < r o - P o ( V o - V 0 ) ? 0 > + < f * - F { f 0 } > = 0 (17) ' 

Since we can rewr i t e the second t e rm in this equation as surface integral , 
which vanishes as p 0 vanishes at the fluid-vacuum interface by vir tue of 
the boundary conditions, we get the relat ion 

' . . " о < Р о ? о - ? - о > + < ? о - р Ф > = ° (18) 
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showing that w0 must always be r ea l . Consequently, the velocity, field in 
this case may not lead to the phenomenon of overs tabi l i ty . F r o m Eq. (18) 
the z e r o - o r d e r stabil i ty c r i t é r ium 

<РоГб-Г0> ° ( 1 9 ) 

follows immedia te ly . As was to be expected, this resu l t ag rees with the 
c r i t é r ium f i rs t found by F r i e m a n and Rotenberg [3]. F o r marginal ly stable 
modes (u0 = 0), Eq.(17) reduces to F { | 0 } = 0. Continuing, we will invest i 
gate the f i r s t - o r d e r influence of e lec t r i ca l res i s t iv i ty on stable z e r o - o r d e r 
modes (u§ > 0). 

To f i rs t o r d e r in n, Eq. (13) can be writ ten in the form 

- u j po f j - 2 Ш о и 1 Р о | 0 + 2iu0p0(v0-V0)11 +2iU lp0 (vb . -V0 ) f0 - F l f j = G ^ } 

• • • • ( 2 0 ) 

where 

Gi{fo> = ( V 0 X B 0 ) X B 1 + ( V Q X B 1 ) X B 0 ' (21) 

Multiplying.Eq. (20) by %"'£ and using the self-adjointness p roper ty of the 
ope ra to r s , we obtain by integrat ion over the fluid volume 

- 2 U o u 1 < p 0 Ç ^ ? 0 > + -2 i u^ -p 0 (V 0 -V 0 ) ç o >-<?* .G 1 { ? 0 >> = 0 ' .(22) 

The second t e r m again vanishes for the same reason as above and so we 
find, on solving for w\ : 

2 _ <€o • Gjjgp} > 

Contrary to z e r o - o r d e r , in the f i r s t o rder there might be overs table ' 
modes, if <(fo •G1{|' ()}^ is a complex number . The per turbed modes a r e 
unstable, if this inner .product i s purely imaginary and ^f* • GjiÇg}^ < 0. 
Otherwise the pe r tu rbed modes a r e s tab le . 

Finally, let us proceed examining the influence of res i s t iv i ty to f i rs t 
order on margina l ly s table (u0 =0) z e r o - o r d e r modes . To this end we 
first must look for the fastest g rowth- ra te u f . Thus, we choose as ex
pansion p a r a m e t e r X = r) instead of -q. F r o m the s t ruc tu re of Eq. (20) we 
draw the conclusion uf = n 1 ^ ^ з i , e . em i n = 1/2. The expansions (15) a r e 
now replaced by 

u = uo + Xuj +X u2 + . . . 

2 <24> 
U = XU;t + X U 2 + • • • 

To first o rde r in X, we get 

2iW lp0(v0 ' .V0)r0 - F { | 0 } = 0 (25) 
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Up to second o rde r in X, Eq. (13) may be wri t ten as 

- u ? p 0 ? 0 + 2 i u 2 P o ( v o - V 0 ) i o + г ^ р ^ У о - V o ^ - F d g } = G 2{f 0} (26) 

with 

G2{?o> = ( v o x S o ) X B 2 + ( V 0 X B 2 ) X B 0 (27) 

In a s im i l a r way as before we obtain, on solving for ы\; 

ui - - bin I > (28) 

Consequently, the answer to the question of the stabil i ty of the sys tem 
developed depends on the l a rges t finite value of (Jto ' G2"f?oO- И this ex
p res s ion i s an imaginary quantity, we get overs table modes . F o r the 
case that it is r e a l and posi t ive, the hydromagnetic sys tem is uns table . 

5. SUMMARY 

The genera l analysis given in the preceding sect ions is an extension 
of the invest igat ions performed by F r i e m a n and Rotenberg [3] (a = oo, 
v0 ^ 0 ) as well a s by Coppi [2] (a / oo, v0 =0). The bas i s of this analys is 
is an equil ibrium configuration with a z e r o - o r d e r velocity field, which 
modifies the resu l t obtained by Coppi. The f i r s t - o r d e r information on 
the influence of smal l constant e l ec t r i ca l res i s t iv i ty on the stabil i ty b e 
haviour of a sys tem stable or marg ina l ly s table in zero o r d e r i s contained 
within the value w^ given explicitly as function of f 0 . 
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D I S C U S S I O N 

B. COPPI: How do the r e s u l t s which you obtained when considering 
marginal ly stable hydromagnetic modes compare with those obtained 
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when analysing (in the absence of res is t ivi ty) modes that a re far from 
marg ina l stability? 

P . UNTEREGGER: We have not yet investigated this problem in de
ta i l . Within the framework of our theory, however, it should jDe possible 
to answer this question to zeroth o rde r in the res i s t iv i ty r\. 

H. TASSO: Since this method does not give you new modes , I do not 
understand how you can obtain instabi l i t ies in the case where v0 =0 . 

P . UNTEREGGER: To f i r s t o rde r in the res i s t iv i ty n we do get 
overs table modes , whereas to zeroth order in n overstabi l i ty cannot occur 
(for the case v0 ^ 0). 
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Abstract 

LOW-FREQUENCY PLASMA LOSS MECHANISMS IN MHD-STABILIZED TORUSES. Anomalous plasma 
losses can occur even in the absence of apparent fluctuations, through the mechanism of large single-particle 
excursions in spatially irregular quasistatic magnetic and electric fields. The conservation of the second 
adiabatic invariant J providesthe basis for a general analysis of these low-frequency mechanisms. 

In sheared magnetic fields, the presence of a regular electrostatic potential e4>0>kTr0/R0, constant 
on magnetic surfaces, is sufficient to suppress single-particle excursions in both axisymmetric and stellarator 
geometry. The effect on particle excursions of irregular electrostatic potentials is investigated and in the 
limit of small gyroradii and strong shear is found to be comparable to the effect of non-symmetric (stellarator) 
geometry. Magnetic trapping of particles lends itself to self-consistent irregular potentials (convective cells), 
while electrostatic trapping leads to a stable drift mode, and to the possibility of convective cells. 

Shearless magnetic wells (multipoles), are unstable against growth of MHD convective cells. For 
small plasma potentials, however, the instability goes to short wavelength where the MHD approximation 
breaks down. Small gyroradii and deep magnetic wells are found to be favourable to the suppression of particle 
convection. 

1. I N T R O D U C T I O N 

A n o m a l o u s p l a s m a t r a n s p o r t b y f l u c t u a t i o n s i n t h e d r i f t - f r e q u e n c y 

r a n g e h a s r e c e i v e d e x t e n s i v e t h e o r e t i c a l t r e a t m e n t , a n d h a s b e e n s h o w n 

i n s o m e i n s t a n c e s t o a c c o u n t f o r e x p e r i m e n t a l t o r o i d a l - c o n f i n e m e n t r e 

s u l t s . I n s e v e r a l r e c e n t t o r u s e x p e r i m e n t s [ 1 - 4 ] w i t h m o d e r a t e l y c o l -

l i s i o r . l e s s p l a s m a s , h o w e v e r , t h e m a g n i t u d e of t h e o b s e r v e d f l u c t u a t i o n s 

i s c l e a r l y i n s u f f i c i e n t t o a c c o u n t f o r t h e m e a s u r e d r a t e o f r a d i a l p l a s m a 

t r a n s p o r t . 

H i g h - f r e q u e n c y o s c i l l a t i o n s , b e y o n d t h e r a n g e o f c o n v e n t i o n a l 

L a n g m u i r - p r o b e m e a s u r e m e n t , c a n b e r u l e d o u t o n e n e r g . e t i c g r o u n d s 

[ 5 ] a s p o s s i b l e c a u s s e s o f B o h m l i k e d i f f u s i o n r a t e s . I n l o w - f r e q u e n c y 

l o s s m e c h a n i s m s , o n t h e o t h e r h a n d , t h e B o h m d i f f u s i o n c o n s t a n t t e n d s 

t o e m e r g e n a t u r a l l y a s t h e b a s i c d i m e n s i o n a l p a r a m e t e r . W h e n s u c h 

p r o c e s s e s c o n t r o l t h e p l a s m a l i f e t i m e , t h e y a r e n o t r e c o g n i z e d a s 

" f l u c t u a t i o n s , " b u t a s c h a n g e s i n t h e p l a s m a e q u i l i b r i u m . 

I n t h e p r e s e n t p a p e r , w e s u r v e y t h e p o s s i b i l i t i e s f o r l o w - f r e 

q u e n c y p l a s m a t r a n s p o r t . F o r s i m p l i c i t y , w e c o n f i n e o u r s e l v e s h e r e t o 

t h e c o l l i s i o n l e s s c a s e ( t h o u g h s m a l l c o l l i s i o n a l e f f e c t s c a n b e i m p o r t a n t 

[ 6 - 7 ] a n d m a y p l a y a k e y r o l e i n s o m e p r e s e n t - d a y t o r u s e x p e r i m e n t s ) . 

B y " l o w - f r e q u e n c y l o s s m e c h a n i s m s , " w e s h a l l m e a n p r i m a r i l y t h a t 

* Also, Institute for Advanced Study, Princeton, N.J. 
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W is much smaller than the bounce frequency of either trapped electrons 
or ions, so that the second adiabatic invariant J is conserved. This con
servation of J provides a unifying point of view, from which we can 
approach both the single-particle and collective low-frequency behavior 
of the plasma. 

In Sec. 2 we review the problem of single-particle drift motion 
under the influence of torus magnetic fields and regular electrostatic 
potentials (conforming to the magnetic surfaces). In Sec. 3, we treat 
sheared magnetic fields and irregular electrostatic potentials. In Sec. 4, 
we treat convective cells in shearless magnetic fields (e.g. , multipoles). 

We conclude that low-frequency irregular electrostatic potentials 
could be responsible for Bohmlike rates of plasma loss in some present-
day torus experiments. Suppression of these loss mechanisms is favored 
by small ion gyroradii, strong shear, good minimum-average-В properties, 
and moderate regular plasma potentials. In the sheared-field case, the 
avoidance of magnetic particle trapping is also fairly effective against low-
frequency transport. 

2. -TOROIDAL MAGNETIC FIELD CONFIGURATIONS WITH 

REGULAR ELECTROSTATIC POTENTIALS 

2.1. Axisymmetric case 

For axisymmetric torus (levitron, tokamak, multipole) the con
servation of canonical angular momentum p, = ( m VJ + e/c A, ) R in the 
toroidal direction permits a simple and exact analysis of particle orbits. 
Any particle excursion from its initial flux surface corresponds to a varia
tion of A, . The maximum possible excursion [8] is thus the particle 
gyroradius inthe poloidal magnetic field component (the curl of A, ). 
Within these bounds, particles that are trapped magnetically execute a 
periodic motion along field lines, the projection of their guiding-center 
motion onto a constant-0 plane being the familiar banana [9](Fig. 1). 

If the poloidal magnetic field component is very weak (small ro
tational transform), the ion bananas may intersect the plasma boundary. 
The barely trapped ions, which have the largest bananas, are then lost 
preferentially, giving rise to the concept of a "loss cone" for toruses 
[10]. For practical torus parameters, however, electrons are not lost in 
this way; and so a negative electrostatic potential well develops. 

By a simple analysis, we can work out the explicit banana orbit in 
the presence of a regular electrostatic potential [И] Ф • (constant on the 
magnetic surfaces) plus an irregular potential contribution ф, (г, в ) . The 
equations for conservation of energy and canonical angular momentum are 
then 

ДДВ+еДФ + —m (v - v ) + еф' г + -^ еф" rf = 6 (1) 
i d II II о о 1 2 о 1 • . • > ' 

( m v cos a + - A ) ( R + AR ) = m v , c o s a R (2) 
II c o o Но о о 
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w h e r e -r' r e f e r s to a s m a l l p a r t i c l e . e x c u r s i o n f r o m a n i n i t i a l m a g n e t i c 
s u r f a c e r ; t h e Д1 s r e f e r t o p a r a m e t e r v a r i a t i o n w i t h i n t h e s u r f a c e , 

о 
a l o n g t h e t r a j e c t o r y ; a n d the n u l l s u b s c r i p t s r e f e r t o t h e m i r r o r po in t of 

/ h e r e r , and the A ' s v a n i s h . We h a v e u s e d L l a t r a p p e d p a r t i c l e , 
VA = VM COS a , w h e r e a - tar^ ( r ( , / 2 7Г R ). In t e r m s of t h e r o t a t i o n a l 
t r a n s f o r m (., we iden t i fy 

В 
A , = 

a r n 
- 2 - s - \ dr >тг R J 1 

w h e r e В i s t h e m e a n t o r o i d a l m a g n e t i c f i e ld . The g y r o f r e q u e n c y i n t he 
p o l o i d a l field c o m p o n e n t i s t h e n Ш = ( В e / m c )( r i/ 27Г R ). S i n c e t h e 
r o t a t i o n a l t r a n s f o r m , r a t h e r t h a n the s h e a r , i s t he b a s i c f a c t o r c o n t r o l l i n g 
t h e b a n a n a s i z e , we w i l l for s i m p l i c i t y n e g l e c t s h e a r - e f f e c t s in w h a t 
f o l l o w s . 

Pprticle orbit 

Particle quiding-cenler orbit . 

Bonono with ~T^jr< ° 

Projection of porticle 
guiding-center orbit 

Bonono 
guiding-center 

FIG. 1. Particle orbits and guiding-centre orbits (bananas) in an axisymmetric torus. 

The c o n d i t i o n for m i r r o r i n g i s , f r o m (1) a n d (2), t h a t t h e ' r , t e r m 
•should v a n i s h , 

e Ф 
о 

v - c o s a (3) 
I! о m w ч ' 

с 
The e q u a t i o n for t he b a n a n a o r b i t i s t h e n found to be 

ДВ' 2 AR • 2 . 
• — m v , + 2 —— m v - г е Д Ф , 

n В • • xo R • llo • 1 
- 2 о .о 
rl = —- 2 ^Г ты c o s a + еФ 

(4) 
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We shall make use of the ДФ t e r m in Sec. 3, but ignore it at p re sen t . 
Taking I to be smal l , reduces (4) to the simple form 

2 ДК m ( v i o + 2 v i l o ) 

Г1 = IT 2 A л „ (4 '» о m u + еф с о 

By comparison, the excurs ions of untrapped pa r t i c l e s (non-
vanishing r , - t e r m in the orbit equation) a re typically much smal le r 

ДК m ( v ! o + 2 v H o ) 

Г 1 = " 7ÏÏ Г! ( 5 ) • 
° mW Vu - еФ 

с !|о о 
The excurs ion of a bare ly untrapped par t ic le approaches one half that of 
a bare ly t rapped one. 

For Ф = 0 , the maximum possible excurs ion of any par t ic le is 
thus roughly the gyroradius in the poloidal field component, reduced by 
( r / R ) ' . For e lec t rons , it is then general ly easy to satisfy r « r . 

If t he re is a loss of ions, it gives r i s e , by Po i s son ' s equation, to a 
potential well еф > О, which ac ts di rect ly to reduce the ion banana size 
in Eq. (4). There is also an indirect effect, through Eq. (3), which says 
that for sufficiently large еф' of e i ther sign, the v.. requi red of 
m i r r o r i n g pa r t i c l e s can be pushed sufficiently far into the ta i l of the d i s 
tr ibution function to make the fraction of t rapped ions negligible. F r o m 
these considerat ions it follows that a potential well for ions, of order 
еФ > kTj r / R , is always sufficient to suppress the pa r t i c le excurs ions : 
through Eq. (4), if еф" к, met)?. , and through Eq. (3), in the case of 
very small rotat ional t r ans fo rm or weak magnetic field. 

In the special case of pure poloidal field we have a = 7г /2 , 
and the guiding center displacement r, then van ishes . The max imum 
par t ic le excurs ion is then simply i ts gyrorad ius . 

We tu rn now to the conservat ion of J , which for near ly closed 
orbi ts (bananas, or untrapped pa r t i c l e orbi ts around the to rus on near ly 
rat ional magnet ic surfaces) , has the form: 

C d £ . { v + - ^ A } J L mc ' (6) 

The second t e r m vanishes for the t rapped p a r t i c l e s . 

For J to be conserved, we a s sume that the gyroradius г is 
smal l re la t ive to r , and that еф « kTr / r . The drift motion of 
the bananas must lie on the cons tan t - J surfaces , which in the ax i symmet r i c 
case a re identical with the flux sur faces . This information is a l ready con
tained in the s t ronger constraint of p , -conservat ion, and thus J -con-
servat ion is redundant in the ax i symmet r i c case . The r a t e of banana drift 
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О), = ( V J ) / R around the torus [12] i s , however, given conveniently by 
differentiating J with respec t to the flux coordinate l// (which corresponds 
to R A ) , о 6 

lSi7 * d * v с 8J / 8J _ mc Вф * 
Wd = " e 8 l / / / 8W " " e ф d£ /v 

II 

f "Й7 ( " ¥ ^ ( W - д В - е Ф ) ) 
(7) 

^ B l 

J J Be 
B 2 ^ 2 ( W - ДВ - е ф ) 

Here, Bi is the poloidal magnet ic field component, and d\= B^ d£j_ . 
The toroidal drift a r i s e s because the th ree -d imens iona l pa r t i c le orbit , 
of which the closed banana is the two-dimensional projection, does not 
in general close perfectly on itself after a cycle. This non-c losure , 
and the resu l tan t toroidal drift ш , , has two contributing fac tors : the 
gradient in д Б + еф ar is ing from ЭВ/ЭФ and ЭФ/ЭФ; and the 
gradient in the length <f d£ between m i r r o r points , a r i s ing from shear . 

The effect of the gradients in В and Ф always dominates for 
those pa r t i c l e s which (a) have null v., or (b) a r e bare ly t rapped. 
With Ф = 0 , the standard toro idal drift pa t t e rn is that for tokamaks, 
where the null-v.. pa r t i c l e s have Э.1/ЭФ > 0 {unfavorable VB-dr i f t ) 
the bare ly t rapped par t ic les have 8 J / 8 l / / < 0 (favorable VB-dr i f t ) 
and there is thus always an in te rmedia te class with dj/дф R* 0 . (With 
outward-decreas ing rotational t r ans fo rm, the effect of shear on 
Bj/вф is in the positive direct ion, i . e . , lengthening f> d£ . ) In levi t rons , 
on the other hand, it is poss ib le to have 8J/'Эф > О for all the t rapped 
p a r t i c l e s . In mult ipoles , the null-V|| pa r t i c l e s have д3/3ф<0 and the 
bare ly t rapped ones have 8j/ дф > 0 ; but with special shaping of the 
flux bridge [13] all pa r t i c les can have ЭЗ/дф < О. This can 
also be done, in a nar row band of flux surfaces , for the sphera tor type 
of levitron. Alternatively, it is poss ible on a fairly wide band of flux 
surfaces to have vir tual ly no pa r t i c le t rapping at all in an appropr ia te ly 
shaped levi t ron. 

2. 2. Helically symmet r i c case 

An infinite s traight s t e l l a ra to r can have an ignorable hel ical 
coordinate 6' - 6 + kz, with which is associa ted the conservat ion of 
helical canonical momentum р Д | . In that case , exactly the same t r e a t 
ment applies as in the case of ax i symmet ry : the t rapped pa r t i c l e s execute 
bananas that drift along the ignorable coordinate at r a t e s propor t ional to 
Ы/ Вф ; and in the l imit of null gyroradius all the pa r t i c l e orbi ts lie 
exactly on the magnet ic su r faces . 
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In the straight s t e l l a ra to r , the null-v.. pa r t i c l e s have Qj/дф > 9 
and the bare ly trapped ones have BJ/дф < 0 , so that there is always a 
class of dj/dxj/ K 0 par t i c les , as in the tokamak. The rotational t r a n s 
form, as seen in the (в , r (-frame inc reases outward, but the t r ans fo rm 
as seen from the (в', r ) - f r a m e d e c r e a s e s outward, and since this is the 
f rame in which the m i r r o r points a re s tat ionary, the effect of shear on 
dJ/ d\j/ is posit ive, as in the tokamak. ' 

2. 3. Nonsymmetr ic case 

When there is no ignorable coordinate, and canonical momentum 
conservat ion thus fails, we must tu rn to J -cohserva t ion [14] as in 
Eq. (6), to place bounds on pa r t i c le excurs ions . In the l imit of null gyro-
radius the excurs ions of untrapped pa r t i c l e s from thé flux .surfaces still 
tend towards zero, since the À.. - t e r m in (6) then dominates . (There is , 
of course , an un t rapped-pa r t i c l e - su r face -b reak-up .p rob lem, related to 
the magnet ic - sur face p rob lem itself [15-17 ] ) . The t r apped-pa r t i c l e 
bananas, on the other hand, drift on cons tant -J surfaces that need have 
no relat ion at all to the flux surface's, since for the t rapped pa r t i c l e s the 
A., - t e r m in (6) d i sappea r s . This nul l -gyroradius behavior is ra ther 
ominous, since it r emains the . same for r eac to r s as for p resen t -day 
exper iments of a given geometry, and is also the same for e lect rons 
and ions. 

To es t imate the magnitude ф of banana excursions [ 6 ] f rom 
flux surfaces ф , we consider a symmet r ic configuration, having 
ignorable "coordinate в' and adiabatic invariant J , plus weak 
de symmetr iz ing var iat ions ДВ and ДФ along 6' . The constant-J 
condition then p r e s c r i b e s the banana guiding-center orbi t : 

a T . a j 

*i W +1 *\ -^f = £™„ ("дв + е Д Ф 1 > <8) . 
The banana drifts along в' ; and when there is a ^'-dependent var ia t ion 
in дДВ + еДФ averaged over the banana, it can then become trapped, 
and will thus t r a ce out a "sup'erbanana" orbit (Fig. 2 ). At a turning point 
in this orbit , wé have 8J / д'ф = 0, and the excurs ion given by 

• i ' £ f - ( р Д Б + е Д Ф 1 ' 
n = т i (9) 

о 
The resul t s for the superbanana orbit a re entirely analogous to those 
obtained e a r l i e r for the banana orbit . The low-O) , bananas a re p re fe r 
entially t rapped. The untrapped bananas typically have much smal le r 
excurs ions , 

( Д Д В + е Д Ф : ) 

'•*! = ~ 81о/Эф • • - <10>. 
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T h e b a r e l y u n t r a p p e d b a n a n a s a p p r o a c h ha l f t h e e x c u r s i o n of t h e 
b a r e l y t r a p p e d b a n a n a s . [ T h e m a x i m u m cod fo r w h i c h t r a p p i n g o c c u r s i s 

? 2 ' d e r i v e d f r o m ( 8 J / 8 U / = 1/2 ll/ Э J / Э ^ ).l In t h e p r e s e n t s e c t i o n , 
' T m a x ' T l m a x о r ' J 

w e w i l l n e g l e c t ДФ a n d c o n s i d e r s u p e r b a n a n a s c a u s e d by n o n s y m m e t r i c 
f ie ld c o n f i g u r a t i o n s . T h e c a s e of p r i n c i p a l i n t e r e s t i s t h e t o r o i d a l s t e l l a -
r a t o r w i t h h e l i c a l w i n d i n g s [14, 16, 1 8 ] . F o r l a r g e a s p e c t r a t i o R / r 
we c a n t a k e t h e s t r a i g h t s t e l l a r a t o r of S e c . 2 . 2 as t he b a s i c s y m m e t r i c 
c o n f i g u r a t i o n , w h i c h i s p e r t u r b e d by a w e a k v a r i a t i o n i n В due to t h e ' 
v a r i a t i o n in ДК . T h e a b o v e a n a l y s i s t h e n a p p l i e s . S t e l l a r a t o r w i n d i n g s 
w i t h h i g h H a r e v e r y u n f a v o r a b l e [ 1 8 ] , s i n c e 9 J / dlf/ t h e n i s s m a l l 

FIG. 2. Particle guiding-centre orbits and banana guiding-centre orbits (superbananas) in a stellarator. 

e x c e p t fo r t h e e d g e of t h e c o n f i n e m e n t r e g i o n . On t h e o t h e r hand , à s t r o n g 
jf= 1 c o m p o n e n t f a v o r s l a r g e 8 J / d\j/ t h r o u g h o u t a n d c a n m a k e t h e 
l i n e a r s t e l l a r a t o r r e s i s t a n t to s y m m e t r y - s p o i l i n g by the t o r o i d a l c u r v a t u r e . 

A g e n e r a l c u r e for t h e s u p e r b a n a n a p r o b l e m c a n be found in t e r m s 
of a n e l e c t r o s t a t i c p o t e n t i a l [ 6 ] of e i t h e r s i g n . If t h e e l e c t r o s t a t i c w e l l i s 
m u c h g r e a t e r t h a n t h e v a r i a t i o n of д В o v e r t he c o n f i n e m e n t r e g i o n , t h e n 
9 J /dip c a n be m a d e a l t o g e t h e r p o s i t i v e for one p a r t i c l e s p e c i e s a n d 
a l t o g e t h e r n e g a t i v e fo r t he o t h e r , t h u s e l i m i n a t i n g b a n a n a - t r a p p i n g . T h i s ' 
i s a n a l o g o u s t o t h e e l i m i n a t i o n of t r a p p e d p a r t i c l e s ' , by w a y of E q ; (3) ; 
bu t t he m a g n i t u d e of p o t e n t i a l r e q u i r e d i s on ly еф > к Т Д В / В , w h i c h i s 
f a r m o r e l e n i e n t t h a n (3) i n t h e s m a l l - g y r o r a d i u s , l a r g e - r o t a t i o n a l -
t r a n s f o r m l i m i t . 

T h e c l a s s of p a r t i c l e s t h a t l a c k a u n i q u e J - v a l u e d e s e r v e s s p e c i a l 
c o m m e n t . T h e s e a r e p a r t i c l e s w i t h a m i r r o r po in t ly ing v e r y n e a r to s o m e 
l o c a l f i e ld m a x i m u m В • , w h i c h a r e s o m e t i m e s r e f l e c t e d . a n d s o m e -

m a x ' 
t i m e s p a s s e d , d e p e n d i n g on b a n a n a p o s i t i o n . T h e s e n o n - J - c o n s e r v i n g 
p a r t i c l e s a r e e m b e d d e d b e t w e e n two c l a s s e s of J - c o n s e r v i n g p a r t i c l e s . 
The l a t t e r c a n n o t b e c o m e n o n - J - c o n s e r v i n g , a n d t h e r e f o r e , by 
L i o u v i l l e ' s t h e o r e m , t h e n o n - J - c o n s e r v i n g p a r t i c l e s c a n n o t b e c o m e 
J - c o n s e r v i n g . T h e c o n s e r v a t i o n of n o n c o n s e r v a t i o n t h e n l i m i t s t h e s e 
p a r t i c l e s t o a l o c u s of y B m + е ф „ = c o n s t a n t , w h i c h w i l l l i e w i t h i n ^ m a x о ' 
t he c o n f i n e m e n t r e g i o n w h e n е ф - > к Т Д В / В , ' a s b e f o r e . 
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3. SHEARED MAGNETIC FIELDS AND IRREGULAR 

ELECTROSTATIC POTENTIALS 

3.1. Existence of potential var ia t ions on magnetic surfaces 

In a finitely sheared magnetic field, infinite-conductivity hydro-
magnetic modes a r e energet ical ly excluded at low /3, which is the case we 
consider h e r e . In this case , the p resence of i r r e g u l a r e lec t ros ta t ic poten
t ials Ф̂  on the magnetic surfaces is necessa r i ly accompanied by potential 
drops of o rde r Ф̂  along magnetic field l ines . Such a situation may seem 
paradoxical for a col l is ionless (hence, "infinite-conductivity") p lasma; 
however, we know from Ref. 19 how to construct special distr ibution 
functions f(V||) giving self -consis tent stat ic solutions for a r b i t r a r y Ф̂  . 

In the l imit of short Debye length, the condition we mus t mee t is 

\ dv | | f+ (— mv | | + e Ф1 ) - \ d v(| f _ ( — m v-ц - e Ф^ ) = .0 (11) 

which is to hold identically over some range of Ф. . For near ly Max-
wellian dis t r ibut ions , with e Ф, « kT , this becomes simply 

j d v N f; ( y m v j j ) + J d v n Г ( y m y j ) = 0 (12) 

In other words , the ions or e l ec t rons , or both, m u s t have a deficiency of 
low-v.| p a r t i c l e s . For finite e Ф, , Eq. (11) can be solved by a Laplace-
t rans form method [19] and leads to a s imi la r p resc r ip t ion for f(v,,) . A 
modera te depar tu re from the Maxwellian is sufficient as long as we r e 
s t r ic t ourse lves to e Ф,< kT , which we shall do in what follows. 

We note that local s ca rc i t i e s of low-V|| pa r t i c les can a r i s e as a 
proper ty of the equil ibrium (and this is c lear ly shown in the calculations 
of Ref. 20). Such sca rc i t i e s can also a r i s e in the course of a per turbat ion 
that acts differently on t rapped and untrapped par t ic les [21] . Non-Max -
wellian configurations of this kind could give r i s e to fast-growing ins ta 
bi l i t ies ; but in the context of the p resen t paper we concern ourse lves only 
with the consequences for low-frequency modes . 

We will consider , f i r s t of all , what effect an i r r egu l a r potential 
in the range еФ, < kT can have on s ingle-par t ic le motion. 

3.2. Potent ials with one ignorable coordinate: untrapped E-bananas 

If we take a magnetic field configuration having two ignorable co
ordinates (e.g., an infinite l inear form of the levitron), and add a potential 

Ф, with one hel ical i'gnorable coordinate 6' , then the par t ic le excursions 
a re ra ther s imi la r to those descr ibed in Sec. 2.1 . Naively, one might 
have supposed that low-v., pa r t i c les would drift along constant-Ф, sur faces , 
just as one might have supposed in Sec. 2.1 that they would drift along 
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c o n s t a n t - B s u r f a c e s . W h a t p r e v e n t s t h i s f r o m h a p p e n i n g i n e i t h e r c a s e i s 
t he t r a p p i n g of t he low-v , , p a r t i c l e s b y t he s a m e g r a d i e n t in Ф o r /i В 
t h a t i s r e s p o n s i b l e fo r t h e i r e x c u r s i o n s . 

T o h e l p v i s u a l i z e t he a n a l o g y b e t w e e n B - b a n a n a s a n d E - b a n a n a s , 
w e b e g i n w i t h t h e s p e c i a l c a s e w h e r e z i s t he i g n o r a b l e c o o r d i n a t e ( F i g . 3) 
a n d v z = V|| c o s a . T h e n p i s c o n s e r v e d , and we go b a c k to E q s (1) and 
(2) w i t h Д В = A R = 0 , and the ^ - c o o r d i n a t e r e p l a c e d by z . T h e c o n d i t i o n 
f o r m i r r o r - t r a p p i n g i s s t i l l E q . (3) and f r o m (4) we h a v e lef t 

- 2 е Д Ф. 1 
2 - 2 " 

mOl c o s a + e Ф„ 
с о 

(13) 

Ion guiding center orbit 

Irregulor 
Equipotentiols 

Electron guiding-center orbit 
1 E-Bonono projection for electron 

E- Bonono projection for ion 

FIG. 3. Particle guiding-centre orbits (E-bananas) in a cylindrical sheared-field configuration with 
irregular electrostatic potentials §j(r, 6). 

F o r ДФ} < k T , t he c a s e of p r e s e n t i n t e r e s t , t he b a n a n a s i z e i s l e s s t h a n 
t h e g y r o r a d i u s t a k e n i n t h e p o l o i d a l f i e l d c o m p o n e n t . An i m p o r t a n t p o i n t 
to no t e i s t h a t : in e l e c t r o s t a t i c t r a p p i n g , i o n s and e l e c t r o n s a r e t r a p p e d 
s e p a r a t e l y , i n a d j a c e n t r e g i o n s a long a g i v e n f i e ld l i n e . I o n s a r e t r a p p e d 
on the ДФ^ < 0 s i d e of t h e m i r r o r po in t , and e l e c t r o n s on t h e ДФ. > 0 s i d e . 

M o r e g e n e r a l l y , w h e n Ф. h a s a h e l i c a l i g n o r a b l e c o o r d i n a t e в , 
we c a n c a r r y t h r o u g h the s a m e a n a l y s i s , u s i n g c o n s e r v a t i o n of p . i . T h e 
b a n a n a s i z e i s t h e n a t m o s t of t h e o r d e r of t h e g y r o r a d i u s t a k e n i n t he 
m a g n e t i c - f i e l d c o m p o n e n t t r a n s v e r s e to t h e i g n o r a b l e c o o r d i n a t e . T h i s 
s u g g e s t s t h a t t h e m o s t d a n g e r o u s c h o i c e of в on a g i v e n f lux s u r f a c e i s 
a long t h e l o c a l m a g n e t i c f ie ld l i n e s . T h e n t h e t r a n s v e r s e m a g n e t i c f i e ld 
v a n i s h e s l o c a l l y , and Адг b e c o m e s of o r d e r r f / L , r a t h e r t h a n r^ , 
w h e r e L i s t h e s h e a r l e n g t h . 

We w i l l c a r r y ou t t he r e l e v a n t b a n a n a a n a l y s i s i n t he p l a n e c a s e , 
w i t h a p r i n c i p a l m a g n e t i c f i e ld В , w i t h z a s t h e i g n o r a b l e c o o r d i n a t e , 
у a s t h e c o o r d i n a t e a c r o s s flux s u r f a c e s , and В (у) = 0 a t у = 0 . We 
t h e n f ind fo r t h e t r a p p e d - p a r t i c l e e x c u r s i o n s i n a p o t e n t i a l 
Ф = Ф" (у) + Д Ф Л х . у ) , and i n t h e f r a m e w h e r e Ф' (y) = 0 a t у = 0 , so t h a t 

„= 0, 

2 
e ДФ = У— e ф 1 2 Ф' 

4 

' 4 
т ( Ш ) 

с Ф 
' l i t 

(14) 
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For Ф = 0 , the maximum excurs ion is о 

У max 

4 e Д Ф. 
l m a x 

, ' *2 m(W ) с 

1/4 

(r L J 1 / 2 (15) 
g s 

where Ct) = e B / m c , and r „ is the gyroradius taken in the B_-field for e x g " a par t ic le energy e ^ # i m a x which can be no g rea t e r than kT . As in the 
famil iar case of B-bananas in low-ro ta t iona l - t rans form to ruse s , we thus 
find that the E-banana size can exceed r considerably, though going to 
zero for null r . The pecul iar i ty of the wors t 'E -bananas in sheared field 
is that they vanish only with r_ ' • 

F r o m the preceding it is easy to general ize to the case of a m a g 
netic-field configuration with one ignorable coordinate (tokamak, levitron) 
and a potential Ф. with the same ignorable coordinate . This simple case 
of additive e lec t r i c -magne t i c trapping is covered by the full Eq. (4). The 
se l f -consis tent dynamic p lasma behavior for this type of magnetic field 
and potential has been explored by computer in Ref. 20. 

3.3. Format ion of superbananas in the p resence of i r r e g u l a r e l ec t ro 
stat ic potentials 

Noting the s imi la r i ty of E-bananas and B-bananas , we can now 
proceed to invest igate the p r o c e s s of banana trapping (superbanana forma
tion) in m o r e general t e r m s than in Sec. 2.3, including the effect of i r r e g u 
lar e lec t ros ta t ic potent ia ls . In this way all par t ic le excurs ion mechanisms 
of in te res t in the low-frequency range a re covered . ' The six basic types of 
orbit a re given in Table I. (In addition there a r e , of cour se , mixed cases , 
like the example ât the end of the previous section, where the trapping 
role is played by a superposit ion of e lec t r ic and magnetic fields.) 

The following basic rules apply: 

(a) Configurations with two ignorable coordinates (including 
magnet ic and e lec t ros ta t i c fields) have no trapping and 
no bananas. 

(b) The introduction of B-trapping or E- t rapping implies 
loss of at leas t one ignorable coordinate . The trapped 
pa r t i c l e s make-banana orb i t s , which a re r e s t r i c t e d to 
drifting along the remaining ignorable coordinate . 

(c) There can be ei ther B-t rapping or E- t rapping of the 
B-banana or E-banana, and this impl ies the elimination 
of both ignorable coordina tes . The par t ic le executes 
i ts banana orbit at t he rma l velocity, and the banana 
executes the superbanana orbit at drift velocity. The 
superbanana does not move at a l l . 

(d) The low-V|| par t ic les a re mos t readi ly t rapped into 
bananas, and the low-0t>, bananas mos t readi ly into 
superbananas . The banana size depends on the gyro-
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TABLE I. COMPLETE TABLE OF BANANAS 

Igr-orable Banana Habitat 
Coordinate Species . 

2 

1 

1 

0 

0 

0 

0 

No bananas 

В-banana 

E-banana 

B- t rapped 

В-banana 

E- t rapped 

В-banana 

B- t rapped 

E-banana 

E- t rapped 

Erbanana 

Linear discharge or h a r d - c o r e 
geometry with regular potential . 

Tokamak, levi t ron, mult ipole, 
with (^-independent potential; ' 
Нпег.г б'-independent s te l l a ra to r 
with 6'-independent potential . 

Linear discharge or h a r d - c o r e 
geometry with в'-independent 
potential . 

Toroidal s t e l l a r a to r . 

Fini te-ampli tude t r apped-par t i d e 
instabil i ty. 

Large-ampl i tude t r apped-par t i c l e 
instabil i ty. 

Fini te-ampl i tude e lec t ros ta t ic 
trapped par t ic le modes . 

rad ius , but the superbanana size depends only on the 
geometry and re la t ive magnitude of f ields. 

(e) B- t rapped ions and e lec t rons a re t rapped in the same 
place , but E- t rapped ions and e lect rons a r e t rapped 
in'adjacenf sect ions of a field l ine. B- t rapped ion and 
e lec t ron bananas a re t rapped in the same place, but 
E- t rapped ion and e lec t ron bananas a r e t rapped in 
adjacent sections of the erstwhile ignorable coordinate . 

In looking for par t ic le loss mechan isms that involve i r r e g u l a r 
e lec t ros ta t ic potent ials , we mus t focus attention, f i rs t of all , on the 
trapped pa r t i c l e s [the untrapped ones being protected from loss by the 
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А ц - t e r m i n E q . (6)] . A m o n g t h e b a n a n a s , t he t r a p p e d o n e s w i l l h a v e t h e 
l a r g e s t e x c u r s i o n s i n i r r e g u l a r p o t e n t i a l s [ s e e E q s (9) and (10)] . T h e 
s u b j e c t of p a r t i c l e l o s s b y c o n v e c t i v e c e l l s i n s h e a r e d f i e ld i s t h e n c l o s e l y 
c o n n e c t e d w i t h t he t h r e e t y p e s of e l e c t r i c s u p e r b a n a n a . 

3 . 4 . E - t r a p p e d B - b a n a n a s 

T h e t r a p p e d - p a r t i c l e i n s t a b i l i t y [21] c a n be a l o w - f r e q u e n c y , 
p u r e l y g r o w i n g m o d e , a n d i s t h u s a n a t u r a l m o d e l for a s e l f - c o n s i s t e n t 
c o n v e c t i v e c e l l . T h i s m o d e c o n s e r v e s J , and i s m o s t e a s i l y a n a l y z e d i n 
t e r m s of t h e J - p r o p e r t i e s of t h e c o n f i g u r a t i o n [13] . 

Perturbation 
equipotentiol Ф } 

Porticle guiding-center 
orbit: B-bonano 

iBonono guiding-center orbit: 
E- trapped B-bonono 

FIG. 4. Trapped-particle instability in tokamak geometry, showing finite-amplitude effect on banana 
guiding-centre motion: the E-trapped B-banana. 

T a k i n g a s a c o n c r e t e e x a m p l e t h e t r a p p e d - p a r t i c l e m o d e i n t h e 
t o k a m a k g e o m e t r y ( F i g . 4) , w e h a v e B - b a n a n a s d r i f t i n g a l o n g ф a n d i n t e r 
a c t i n g w i t h a p e r t u r b a t i o n p o t e n t i a l Ф. = Ф|(1^,г9) e l m r , w h i c h d i s p l a c e s 
t h e m in \\s. F o r 3 j / 9 t / / > 0 , t he s i g n of a ) , i s s u c h t h a t t h i s b a n a n a d i s 
p l a c e m e n t g i v e s a c h a r g e s e p a r a t i o n s e l f - c o n s i s t e n t , t h r o u g h P o i s s o n ' s 
e q u a t i o n , w i t h t h e p o t e n t i a l Ф1 . T o o b t a i n a s o l u t i o n , o n e t h e r e f o r e t a k e s 
a p o t e n t i a l v a r i a t i o n in в s u c h t h a t t he d i s p l a c e m e n t of t h o s e b a n a n a s h a v 
ing 9Jfd\(/ > 0 i s e m p h a s i z e d ; t h a t i s to s a y , Ф1 i s p e a k e d n e a r t he t i p s of 
s u c h b a n a n a s , w h e r e i t h a s a s t r o n g i n f l u e n c e o n t h e i r d r i f t s [cf. E q . (8)] . 
F r o m the p o i n t of v i e w of e n e r g e t i c s , w e c o n f i r m t h a t dj/d\j/ > 0 c o r r e s 
p o n d s to a r e d u c t i o n of b a n a n a e n e r g y w i t h o u t w a r d d i s p l a c e m e n t [12] , 
f a v o r i n g t h e g r o w t h of s u c h a m o d e . If 9 j / 8 l / / ~ 0 , t h e g r o w t h r a t e i s 
s m a l l , g iv ing a n e a r l y s t a t i c c o n v e c t i v e c e l l . 

We now c o n s i d e r w h a t a f i n i t e - a m p l i t u d e c o n v e c t i v e c e l l of t h i s 
k ind i m p l i e s fo r p a r t i c l e t r a n s p o r t . T h e u n t r a p p e d p a r t i c l e s a r e p r e 
v e n t e d by t h e i r J - c o n s e r v a t i o n f r o m h a v i n g a n y e x c u r s i o n i n l//. T h e 
b a n a n a s w i t h l a r g e dj/dlfr a r e s l i g h t l y d i s p l a c e d , a c c o r d i n g to E q . (10) , 
t a k e n w i t h Д В = 0 . It i s o n l y t h e t r a p p e d b a n a n a s t h a t h a v e e x c u r s i o n s 

, 2 
* 1 = 

m J 
d l 

e Ф, 

дгЛдф2 
(16) 

w h i c h c a n be c o n s i d e r a b l e e v e n f o r s m a l l e Ф, « k T . 
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Thus we see that the r e a l danger of the t r apped-par t i c l e convec-
tive cell l ies in the formation of E- t rapped B-bananas for the low-Ct»^ 
p a r t i c l e s . In the absence of a regu la r potential Ф , these excurs ions 
a re just as se r ious as those of the B-t rapped B-bananas in the s t e l l a ra to r . 
One may indeed say that an ax i symmet r ic torus (tokamak, levitron) which 
pe rmi t s a t r apped-par t i c l e convective cell to grow is automatical ly down
graded to s t e l l a ra to r symmet ry as far as the s ingle-par t ic le excurs ions 
a re concerned. 

The addition of a regu la r potential Ф0 does not s tabi l ize the 
t r apped-par t i c l e mode until Ф0 is so la rge as to unt rap all the ions [see 
Eq. (3)] , in which case it can also induce new instabi l i t ies [22] . A much 
smal le r Ф , of order kTr /R , is however sufficient to prevent 
3J/9l^ ~ 0 for al l bananas, thus eliminating the easi ly E- t rapped B-bana
nas , and l imiting the maximum excurs ions that any pa r t i c l e s can have in 
the t r apped-par t i c l e mode. The role played he re by Ф is exactly as in 
the s t e l l a ra to r , where it is also unnecessa ry to el iminate the t rapped 
ions, but useful to el iminate the B-t rapped B-bananas . 

3.5. B- t rapped E-bananas 

Continuing with the analogy between excurs ions in the t rapped-
par t ic le mode and ordinary s t e l l a ra to r excurs ions , we reca l l that in the 
l imit of sufficiently low aspect ra t io (R Q / r — 1 ) the R-dependence of 
the toroidal magnet ic field does not m e r e l y t r ap the B-bananas but ac tu
ally t raps the p a r t i c l e s . In the same way, when the per turbat ion potential 
Ф, becomes finite, the t r apped-pa r t i c l e mode p r o g r e s s e s from E-trapping 
of B-bananas to E- t rapping of p a r t i c l e s . The resul tant E-bananas mus t 
drift orthogonal to the drift of the B-bananas , and cease to contribute to 
the growth of the mode. (The pa r t i c l e s having the l a r g e s t excurs ion will 
now be the B-t rapped E-bananas . ) 

An effective upper l imit on the amplitude of the s tandard t rapped-
par t ic le mode is thus set by the t rans i t ion from magnetic to e lec t ros ta t ic 
par t ic le t rapping, which occurs for e Фл ~ kTr /RQ . 

3.6. E - t r apped E-bananas 

In a configuration with negligible magnetic t rapping (a l inear lev i 
t ron or a toroidal one with appropr ia te field shaping) there can be no 
t rapped-par t i c le instabil i ty of the s tandard type; but there can sti l l be a 
purely e lec t ros ta t ic t r apped-par t i c le mode . 

We consider a plane model , with a basic magnet ic field В and a 
finite e lec t ros ta t ic potential Ф_(г) , which is periodic in z and t raps the 
low-V|| pa r t i c l e s e lec t ros ta t ica l ly . We assume that e Ф т « kT , so that 
the equil ibrium condition is s imply given by Eq. (12). We will a ssume a 
B x -component of the magnetic field, so that a per turbat ion Ф, = 
Ф^(г) e1( l cx + WW does n o j . give r i s e to a displacement ac ros s flux for the un-
trapped pa r t i c l e s —just as in the case of a sheared field. F r o m Sec. З .1 . , 
we know also that the potential Фгр(г) by itself cannot give r i s e to any 
trapped or untrapped par t ic le drift in the y-direct ion, even in the p resence 
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of t he В - c o m p o n e n t . We a l s o a l l ow f o r a g r a d i e n t 9 B / 9 y by i n t r o d u c i n g 
a d r i f t v e l o c i t y ' v j , w h i c h we t a k e s i m p l y to b e c o n s t a n t fo r e a c h s p e c i e s . 

T h e p r o b l e m i s a n a l y z e d in t he s a m e m a n n e r a s in Ref . 13 for B -
t r a p p e d p a r t i c l e s . T h e d i s t i n c t i v e ' f e a t u r e of t h e E - t r a p p e d c a s e i s t h a t 
e a c h p a r t i c l e s p e c i e s now s e e s a d i f f e r e n t a v e r a g e p e r t u r b a t i o n 

(17) 

w h e r e the i n t e g r a l i s t a k e n b e t w e e n t h e t u r n i n g p o i n t s a p p r o p r i a t e for 
e a c h s p e c i e s (j = ± ) . T h e r e s u l t a n t d i s p e r s i o n r e l a t i o n i s . 

< V : 

£ j $1 
a> dz 
. si W ' - e . Ф 

" cfj l 

J ' W ' W - е . Ф . 

. е Ф Т 
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0 + 
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k c 
eB z 
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Эу 
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Ь) e 
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Ф 
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m a x x 1- ' \ 
dW 

s] W + e 
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) - ^ -
9W 
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T 

1, 9 f ч 

eB Э у / 
z 

(W + k v ) d 

0 

(18.) . 

T h e p o t e n t i a l Ф i s a func t ion of z , a n d Eq. . (18) m u s t b e s a t i s f i e d fo r 
a l l z . T h e q u a n t i t i e s (Ф,-) a r e f u n c t i o n s on ly of W , a s de f ined i n E q . (17) . 
T h e two i n t e g r a l s r e p r e s e n t t h e c o n t r i b u t i o n s of the t r a p p e d i o n s and e l e c 
t r o n s , t he c o n t r i b u t i o n s of t h e u n t r a p p e d p a r t i c l e s ( t h e i r d i s p l a c e m e n t 
a l o n g m a g n e t i c f ie ld) h a v i n g b e e n e l i m i n a t e d w i t h t he he lp -o f .'the z e r o - o r d e r 
c o n d i t i o n E q . (12 ) . ; • ' 

F o r еФгр « k T , i t i s c o n s i s t e n t w i t h t he c o n d i t i o n (12) to a s s u m e 
t h a t 9 f /9W and 3f / 3 y a r e c o n s t a n t in t he s m a l l v e l o c i t y r a n g e o c c u p i e d 
by t h e t r a p p e d p a r t i c l e s . Wi th t h i s s i m p l i f i c a t i o n , two t y p e s of s o l u t i o n 
for E q . (18) c a n b e s e e n by i n s p e c t i o n . 

(A) T h e r e i s a s t a b l e m o d e for 0>= a>* = ( k c / e B ) (dïjdy)'(dfjdW)'1, 
w i t h 0^ t a k e n to b e odd a b o u t t h e m a x i m u m of Ф™ (the p o i n t ab o u t w h i c h 
the e l e c t r o n s a r e t r a p p e d ) , so t h a t (Ф, ) v a n i s h e s i d e n t i c a l l y . ( E x a m p l e : 
Ф0 = Ф о т а х c o s 2 k Q z , Ф-у = Ф 1 т а х s i n к z .) In t h i s m o d e , t he e l e c t r o n s 
a r e no t d i s p l a c e d a t a l l , and the i o n s c a r r y a s t a b l e w a v e a t s o m e t h i n g 
l i ke t he ion d r i f t f r e q u e n c y . A s i m i l a r s o l u t i o n i s o b t a i n e d w i t h t he r o l e s 
of i o n s and e l e c t r o n s i n t e r c h a n g e d . We no t e t h a t t h e d r i f t v e l o c i t y v , h a s 
no effect on t he w a v e s . 

(B) If v j < 0 , c o r r e s p o n d i n g to a n u n f a v o r a b l e m a g n e t i c - f i e l d 
g r a d i e n t , t h e r e c a n a l s o be an e l e c t r o s t a t i c t r a p p e d - p a r t i c l e i n s t a b i l i t y . 
T h e d i s a p p e a r a n c e of t he u n t r a p p e d - p a r t i c l e c o n t r i b u t i o n i n (18) m e a n s 
t h a t t h e t r a p p e d p a r t i c l e s a r e u n t i e d f r o m any f l u t e - i n h i b i t i o n b y c u r r e n t s 
a long m a g n e t i c f i e l d . ' T h e c o n s t r a i n t t h a t now i n h i b i t s f l u t e s i s t h a t t he 
e l e c t r o n s a n d i o n s a r e t r a p p e d i n a d j a c e n t r e g i o n s a long m a g n e t i c f i e ld , 
and t h u s f l u t e l i k e p l a s m a d i s p l a c e m e n t s t e n d to v i o l a t e t h e c h a r g e -



-CN-24/F-1 835 

ш • 

ш • 

- Ш'" 

- k v d 
ш + си-
Ш + kv , а 

neutral i ty condition (18). -An unstable mode mus t therefore have the 
p roper ty of displacing the t rapped e lect rons and ions together in the in te r 
mediate region where their orbi ts overlap, while-avoiding a net d isp lace
ment of e i ther species at the top and.bottom of the Фгр well . This 
p resc r ip t ion can be ca r r i ed out s t ra ight - forwardly for mul t i s tep models 
of Фгр , and Eq. (18) then reduces to 

0 (18' ) 

* 1/2 
so that W '= (Ci)' kv,) , a r e s u l t ' s i m i l a r to that for the magnetic t rapped-
par t ic le instabi l i ty . The idealizations involved in the p resen t t rea tment 
make it somewhat difficult, however, to a s s e s s the re la t ive prac t ica l i m 
portance of the e lec t ros ta t ic and magnetic t rapped-par t i c le m o d e s . 

3.7. Discuss ion 

F r o m the resu l t s of-Sees. 2 and 3, we can see qualitatively, f i rs t 
of all, that se l f -consis tent equil ibria can exist , both in symmet r i c and 
nonsymmetr ic to ruses with sheared field. In Sec. 2 we have shown that a 
regular potential e Ф0 » kT r /RQ is sufficient to r e s t r i c t the par t ic le 
orbit to the vicinity of the magnetic sur faces . In general , the par t ic le 
density distr ibution over a magnetic surface may not tend to be uniform, 
giving r i s e to charge separat ion and a self-consis tent potential e Ф, . As 
we have seen in Sec. 3, if this potential does not exceed kT r Q / R 0 , it 
will not spoil the res t r i c t ion of par t ic le orbi ts to flux surfaces . 1 This will 
c lear ly be the case , for example, when T ~ T. r 0 / R Q , since e $ j cannot 
exceed kT . 

• e • . 

.We note next, that even strong magnetic shear does not. provide 
protection against further per turbat ions Ф-, —. that is to say, neighboring 
equil ibria in the form of . i r regular convective ce l l s . All that is requi red 
is a distr ibution function: deficient in low-Vn par t i c les — and even a.Max-
wellian .starting distribution function can be given local deficiencies in. 
low-V|| pa r t i c les through the .p re fe r red t r anspor t of the t rapped p a r t i c l e s . 

The l a t t e r p roces s occurs spontaneously in the s tandard t rapped- , 
par t ic le mode, which is therefore a useful self-consis tent-model for con
vective cells -in a sheared field. One should note, however, that only the 
magnetic trapping is an essent ia l feature for such convective ce l l s : the 
driving of the t rapped-par t i c le mode by an unfavorable gradient of J is 
•incidental, and can be replaced by other driving mechan isms [23] .- It 
seems, moreove r , that e lec t ros ta t ic trapping can also give r i s e to slow-
growing ins tab i l i t ies . 

The appearance of i r r egu l a r potentials e Ф-, ~ kT r Q / R (such as 
one might expect from t rapped-par t i c le modes) seems at f i rs t sight to 
imply Bohm-like ra tes of p lasma t ranspor t : D ~Ф, c /B ~ (r /R )kT c/e В . 
Fortunately, we have seen in Sec. 3 that in sheared fields the par t ic les 
a re not in general lost due to the p resence of such potent ia ls . If there is 
a strong shear and the ion gyroradius is smal l , the untrapped par t i c les 
cannot be t ranspor ted appreciably ac ross magnetic sur faces , and the E-
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bananas a r e also sma l l . If there is a regular p lasma potential 
e Ф0 > kT r Q / R 0 , sufficient to insu re dj/дффО , the E-t rapping of B-
bananas (or E-bananas) can be e l iminated. In p r e s e n t - d a y exper iments , 
of course , these conditions may not be met to a sufficient extent. In 
pa r t i cu la r , the r equ i remen t for sma l l E-bananas , as given in Eq. (15), 
would appear to be seldom met . 

Once the banana-s ize p rob lem is removed by sufficiently strong 
magnetic field and shear , the exper imenta l study of the special levi t ron 
configuration with minimal magnet ic t rapping becomes of considerable 
in te res t , since the e lec t ros ta t ic t rapping effects can then be studied by 
themse lves . 

4. CONVECTIVE CELLS IN UNSHEARED MAGNETIC FIELD 

CONFIGURATIONS 

4 . 1 . Single-par t ic le motion in i r r e g u l a r e lec t ros ta t ic potentials 

Taking the multipole torus [3,4] as our typical example of an un-
sheared toroidal confinement geometry , we consider the pa r t i c le motion 
in a potential Ф = Ф0(^) + ФЛ'ф.ф) which is constant along the (closed) 
magnet ic-f ie ld l ines , but is i r r e g u l a r in i ts dependence on the other two , 
coordina tes . Canonical momentum conservat ion then fai ls , and we turn 
next to Eq. (6), noting that A,, vanishes for the c losed- l ine mult ipole . 
The J for both t rapped and untrapped pa r t i c l e s i s given by the f irs t t e r m 
in (6). 

For e Ф̂  of o rde r ~ kT , this flutelike e lec t ros ta t i c per turba t ion 
has an effect on the par t ic le excurs ions which we have a l r eady descr ibed 
in Eqs (8)-(10). Those t r apped-pa r t i c l e bananas , or un t rapped-par t i c le 
loops around the minor c i rcumference , for which 9j/9(// ~ 0 readi ly be 
come t rapped in Ф, , and then drift back and forth cyclical ly in the <j>-
direct ion. The others drift around the torus on orbi ts that a re m e r e l y 
displaced somewhat by the p r e sence of Ф-, . Fo r Ф. of o r d e r >> kT the 
Ф-term becomes dominant in J , and all pa r t i c l e s drift along the constant -
Ф su r faces . This is the situation when Ф, cor responds to hydromagnetic 
d is turbances , which fall typically into the range k T « еФ, £ kT r Q / r ^ . 
At the upper end, where the convective velocity approaches v

a o u n j > the 
J -conse rva t ion itself fails for the ions . 

4.2. Pseudohydromagnet ic equation for c losed- l ine configurations 

In turning to the subject of convective ce l l s , that i s , s e l f -cons i s 
tent s teady-s ta te solutions with i r r e g u l a r potent ia ls , it is of in t e res t to 
begin at the hydromagnetic level . In c losed- l ine geomet r i e s , such d i s 
turbances a r e not excluded by the magnet ic-f ie ld s t ruc tu re , and indeed 
they a r e frequently produced in exper imen t s : e i ther in the form of the 
flute instabil i ty; or by vi r tue of dynamic p lasma- in jec t ion methods ; or by 
flow to p lasma- in te rcep t ing mechanica l suppor t s . 

In o r d e r to descr ibe this motion, it i s useful to seek an approxi
mation where the x - c o o r d i n a t e (along the poloidal magnet ic field) has 
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b e e n i n t e g r a t e d ou t , a n d we a r e left w i t h a s i m p l e t w o - d i m e n s i o n a l flow 
of p l a s m a - f i l l e d f lux t u b e s . W e b e g i n w i t h t h e full h y d r o m a g n e t i c e q u a 
t i o n s : 

£ • ' ( P ^ = о (19) 

-£ + ^ • v p + y p v . ^ = о 
at 

p [ § + (?•*)?] = - V p + j x 

(20) 

(21) 

We w i l l t r e a t t h e l i n e a r m u l t i p o l e c a s e ( w h e r e z r e p l a c e s 0 ), and t h e r e 
f o r e r e d e f i n e Ц/ i n t h i s s e c t i o n to m e a n p o l o i d a l f lux p e r u n i t l e n g t h i n z , 
We w r i t e л? = V ф x t f / B 2 + \РцТ?/В, w i t h Ф = Ф ( ^ , г ) , so t h a t v,b = 
- Э Ф / В Э г a n d v = ЭФ/Э1//. E q u a t i o n s (19) a n d ' ( 2 0 ) t h e n t a k e f o r m . 

ЭМ ЭФ 
at э\р 

ЭР ЭФ 
at э^ 

ЭМ 
9z 

ЭР 
9z 

ЗФ ЭМ 
9z dxjy 

ЭФ ЭР 
9z 9l// = о 

(22) 

(23) 

w h e r e M = p / d J Ê / B a n d P = ( J d £ / B ) . To e l i m i n a t e t h e x - d e p e n d e n c e 
f r o m E q . (21), w e n e e d to m a k e an a p p r o x i m a t i o n : w e n e g l e c t t h o s e t e r m s 
i n (v • V) v i n v o l v i n g V|| . T h i s m e a n s t h a t w e l o s e t h e i n e r t i a l e f f ec t s 
a r i s i n g f r o m w h a t e v e r r e a r r a n g e m e n t of p l a s m a w i t h i n a f lux t ube i s r e 
q u i r e d a s i t m o v e s a long the ^ - c o o r d i n a t e . T h e " p s e u d o h y d r o m a g n e t i c 
e q u a t i o n " so o b t a i n e d o b v i o u s l y b r e a k s down n e a r t h e m u l t i p o l e s e p a r a -
t r i x , bu t s o d o e s the e n t i r e h y d r o m a g n e t i c t r e a t m e n t , s i n c e r b e c o m e s 
l a r g e in t h e s a m e r e g i o n . 

We t h u s o b t a i n f r o m E q . (21) , by t a k i n g /d£[CB*- V) j j | ] / B = 0., t he 
e q u a t i o n of m o t i o n 

2 2 
Э / Э Ф \ Э / Э Ф \ 
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ЭФ Э Ф \ _ I 
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aiogu. 
91// Ф1} (24) 
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w h e r e U = / d l / B and U , = JdH/B a r e f u n c t i o n s on ly of l//, w h i l e M, 
P , and M , = pfdi/B-1 a r e f u n c t i o n s of l//, z , and t . T h e b o u n d a r y 
cond i t i on i s t y p i c a l l y t h a t Ф s h o u l d b e f in i t e and c o n s t a n t in z a t s o m e 
b o u n d a r y o r a t i n f in i t y . 
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4.3. Hydromagnetic convective cells 

The Eqs (22)-(24) can be simplified and solved by a number of 
approaches . The case U = constant (uniform magnetic field) has been 
discussed by Poukey [24] . An analys is that approximates nonuniform U 
by a gravitat ional potential has been ca r r i ed out by Yoshikawa and Ba r -
raul t [25] , to show the existence of s ta t ionary hydromagnet ic convective 
ce l l s . [We note in passing that the assumption of par t i cu la r re la t ions be
tween U, and U is sufficient to allow Eq. (24) to be reduced to second 
o rder for the stat ic case. ] 

For p resen t purposes , we will use a stat ic potential model 

Ф = Ф m + Ф , ( ^ ) е 1 к 2 ' • • ' - . ' 
о l 

with Ф-i << Ф , and look for the solutions of Eqs (22)-(24). F r o m (22) 
and (23) it follows that any static solution has the form M = М(Ф) , 
P = Р(Ф) . For (24) we now have 

ÙL.. 
2 1 

d lT 

, U , d 3 S /dtf/3 -
k 2 — + ° - U" y — — 

U dS /Аф dS dS 
о о о 

= 0 (25) 

where we have-introduced S = f M ' &Ф, s o t h a t S = f M (Ф ) еф ,' 
I / o *ч О О О 

S : = М1Л;(Ф0) Ф г . The meaning of (VS/B)2 i s , of course , the kinetic 
energy of. a f lux tube . 

Solutions to Eq. (25) r ep re sen t possible neighboring equi l ibr ium 
s ta tes , and a r e therefore al l valid models for s tat ic convective ce l l s . It 
i s , however, important to dist inguish between CO = 0 solutions that r e p r e 
sent t rue marg ina l - s t ab i l i ty points (with unstable growth for slightly dif
ferent choice of k) and C0'= 0: solutions that a re simply stable waves seen 
in an appropr ia te ly moving coordinate sys tem. The former type of con--, 
vective cell is far m o r e in teres t ing , s ince it is l i k e l y to appear spon
taneously. In the next section, where we consider this p roblem for a 
simplified gravi ta t ional- type well , we find for wells that a re even in' ф 
with flows that a re odd in ф that the CO = 0 solutions do indeed r ep resen t 
marg ina l s tabi l i ty . This is the case that we shall a ssume. in the p resen t 
d i scuss ions . It should be noted, however, that the detailed shape of the 
profile at the S' = 0 point can play a c r i t i ca l ro le , and that it is : therefore 
unfortunate that the hydromagnetic analysis b reaks down, for mult ipoles , 
at just this point'. The .situation is s imi la r to that for the tear ing mode 
[26] in this respec t , and suggests the need for a m o r e sophist icated 
analysis in the region where the magnet ic field has i ts null . 

For U = constant, we see that (25) reduces to the marg ina l -
stabili ty equation for the ord inary hydrodynamic shear-f low problem. 
The marg ina l wavelength k" 1 is typically of the o rder of the s h e a r - l a y e r 
thickness , and the per turbat ion S, extends over the layer , without in te r ior 
nodes. (This marg ina l stabil i ty p rob lem i s mathemat ica l ly ' the same as 
that for the tear ing mode, with the shear-f low t e r m S /S < 0 c o r r e s 
ponding to B " / B < 0 .) 
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•For U £. constant, the magnitude of the p r e s s u r e t e r m in (26) 
re la t ive to the shear-f low t e r m is charac te r ized by the Richardson num
ber [27] 

2 
J sound , _ gd log p /dx 6 

. R (dv / d r ) 2 R r (dv / d r ) 2 

ZO C O ZO 

k T \2 Го3 

1еФ ) о ' r . R 
gi с 

We use r now to mean the p r e s s u r e scale height and R c is the scale 
height of the magnetic wel l . 

In the f lute-destabil izing case dP /dU< 0', the p r e s s u r e t e r m in 
(25) typically has opposite sign from the shear-f low t e r m , and forces k^ 
toward smal le r va lues . The possibi l i ty of a marg ina l stabili ty solution 
is eliminated when1 J_ is g rea te r than of order unity. 

In the flute-stabil izing case , dP /dU> 0 , the p r e s s u r e t e r m 
typically has the same sign as the shear-flow t e r m ; it forces k~ toward 
l a rge r values , and introduces per turbat ions Sv with multiple nodes. Thus 
we have the i ronic resul t that stable magnetic wells (e.g.', multipoles) lend 
themselves par t i cu la r ly well ' to convective ce l l s . Actually, however, the 
forcing of к ^ toward la rge values is a stabilizing effect, since eventually 
the simple MHD analysis becomes invalid. This l imit is d iscussed in 
Sec. 4 .5 . 

We note that the convective cells d iscussed he re a re analogous to 
the Kelvin-Helmholtz instabil i ty [27] of c lass ica l hydrodynamics. '1 Wind 
blowing over water r ep re sen t s a shear flow in a stable gravitat ional well . 
Without surface ' tens ion (which cor responds loosely ' to finite'-r ^ s tabi l i 
zation) sufficieritly'short wavelengths a re unstable at any wind velocity. 
With surface tension, there is a minimum wind velocity before pe r tu rba 
tions a re expected to appear . The famil iar exper imenta l verification of 
this effect lends plausibil i ty to the p resen t in te rpre ta t ion of convective 
cells in multipole t o r u s e s . 

4.4. Equivalent gravitational model 

In o rder to simplify the t ime-dependent convective cell problem, 
without changing its essent ia l cha rac te r , it is convenient to go to plane 
geometry, in a constant Bv-f ield and use .a gravitat ional field which is a 

The detailed mathemat ica l resu l t s given in Ref. 27 a r e , however, quite 
different from those-wé obtain here i since uniform gravity has an effect 
that is qualitatively different from that of a two-sided gravitat ional 
well. • 
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function of x . The Ш = 0 equation that cor responds to Eq. (25) then may 
be wri t ten 

d2S, 

dx 

, d 3 S / d x 3 , , . 
2 . о gd p/ ax к + dS /dx о 

= 0 (27) 

where v -1/2 , 
p dS /dx and v x l 

p - 1 / 2
S l i k 

A corresponding equation for nonstatic per turba t ions v e i(kz + Wt) 

x l 

dx 
x l 

d 2 v , 2„ к G 
Ш - k v , 2 

zo dx 
( W - k v ) zo 

(28) 

where we have used the simplifying model that p = constant, but G = 
( g / p ) d p / d x , which cor responds to V g 0 u n ( j / r 0 R c , is s t i l l taken to be an 
a r b i t r a r y function of x . 

In the s tandard problem of in t e res t , G > 0 r e p r e s e n t s a localized 
f lute-stabil izing well and is even in x , with a null at x = 0 ; while v 

° zo 
r ep re sen t s the flow associa ted with some potential of the p lasma in the 
well , and is odd in x . The shear-f low t e r m in d v /dx has much the 

zo same type of effect as the G- t e rm, but is general ly sma l l e r for cases of 
in te res t , and especial ly for smal l v . We will a ssume he re that 2 z o 
G/v is well-behaved near x = 0 . zo 

To show that there a re unstable modes border ing on the Ш = 0 
solutions of Eq. (28), is t r iv ia l in the case of even solut ions. Expanding 
in Ш and бк = к - к , one- then finds that there is a pure ly growing mode 
with iw = О(бк) for negative Ok; that i s , on the long-wavelength side of 
the marg ina l wavelength. 

To i l lus t ra te the complete d ispers ion re la t ion, it is convenient to 
adopt a specific x-dependence 

v = v x , zo G G 2 X (29) 

Eq. (28) then takes the form of the Whittaker equation 

2 1 
d 2 v 

dz 
2 xl \ 4 z 2 / (30) 

2, 2 I / 2 , , 2 
where z = 2(y- ikx) (K/k) ( 1 - к /к ) _, and у = iOJ/v , к G 2 / (v ' ) 

v x l : 

y(K/k) (1 - k 2 /«2) l /2 j ^2 _ 1 + yZ^Zj-^Z _ ^he boundary condition is 
0 at 

zo = 2 x o ' 
X x^ = ±x , corresponding to z^ = i i z ^ + y , where 
«( l -k 2 / * 2 ) 1 . У= 2у(к/к)(1-к2/к2)1 / 2\ 
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T h e two s o l u t i o n s of (30) a r e i/>± = e z^+ F(±j i -e + l/2 | ±2 fx+ l | z ) , 
w h e r e F i s t h e con f luen t h y p e r g e o m e t r i c func t ion . W e w i l l t r e a t t he c a s e 
z > > 1 , w h i c h i s of p r i n c i p a l i n t e r e s t for s t r o n g g r a v i t a t i o n a l w e l l s and 
w e a k flows. U s i n g t h e a s y m p t o t i c f o r m of F w e t h e n f ind t h e e i g e n v a l u e 
c o n d i t i o n : 

l Z b l " 2 e e ~ s i n { z o + 2 e t a n ' 1 ( y / z o ) - 6 7 r } + p j ^ ^ ' ^ s i n 77(1/2-^+6)= 0 (31) 

T h e Ul = 0 s o l u t i o n s of (30) s i m p l y h a v e t h e e i g e n v a l u e c o n d i t i o n zQ = птг, 
w i t h odd and e v e n i n t e g r a l v a l u e s of n c o r r e s p o n d i n g r e s p e c t i v e l y to the 
c o s i n e a n d s i n e s o l u t i o n s . E x a m i n i n g (31) i n t h e v i c i n i t y of у = 0 , g i v e s 
us. 6 z = z - n u , and w e f ind 

б z = 2тг€, n odd 

2 
= - 2ir£ log z , n e v e n 

(32) 

T h u s w e v e r i f y t h a t t h e u n s t a b l e n e i g h b o r i n g m o d e of t h e c o s i n e s o l u t i o n 
l i e s a t l a r g e r w a v e l e n g t h s ; a n d w e f ind t h a t for t he s i n e s o l u t i o n t h e i n s t a 
b i l i t y l i e s on t h e s h o r t - w a v e l e n g t h s i d e , and h a s a g r o w t h r a t e 
iW = O f ô k 1 / 2 ) . 

S i n c e e < 1 a l w a y s h o l d s i n t h e r a n g e of i n t e r e s t , w e s i m p l i f y (31) 
to t he f o r m 

- 2 e 
z s i n z + 7T£ = 0 (33) о о ' 

T h e i n s t a b i l i t y a p p e a r s i n t he i n t e r v a l s 71 < z < 2тг, 37Г < z 0 < 4тг, e t c . ; 
a n d the m a x i m u m of e i s r o u g h l y € m a x ~ 1/2 log log z Q / l o g , z Q < 0.2 . 
T h e h i g h e s t g r o w t h r a t e i s found fo r k^ = к / 2 , and i s g i v e n v e r y r o u g h l y 
b y 

iW = v ' ô ~ 7"j (34) 
4 log KX о 

T h e s i m p l e m o d e l (29) t h a t w e h a v e u s e d h e r e i l l u s t r a t e s s o m e of 
t he b a s i c p o i n t s m e n t i o n e d e a r l i e r . T h e " s h e a r - f l o w t e r m " in d^v / d x 2 

c zo 
v a n i s h e s i d e n t i c a l l y h e r e , w i t h o u t e l i m i n a t i n g t h e s h e a r - f l o w i n s t a b i l i t y . 
T h e G - t e r m g i v e s t h e i m p o r t a n t e f f e c t s , a n d for low s t r e a m i n g v e l o c i t i e s 
p u s h e s t h e w a v e l e n g t h t o w a r d s m a l l v a l u e s s i n c e w e h a v e k 2 +a^ir /4x^- ~K' 

7 7 ° T h e R i c h a r d s o n n u m b e r J_. i s i d e n t i f i e d a s / e x . is. 
4 . 5 . F i n i t e g y r o r a d i u s e f f e c t s 

F o r p l a s m a p o t e n t i a l s Ф t h a t a r e no t l a r g e c o m p a r e d w i t h k T , 
we e x p e c t to e n t e r t he f i n i t e - g y r o r a d i u s r e g i m e , w h i c h h a s b e e n s t u d i e d 
i n Ref. 2 8 . T h e Ш = 0 e q u a t i o n r e t a i n s t he e x a c t f o r m (26) ; h o w e v e r , 
w i t h a m o d i f i e d i n t e r p r e t a t i o n of S : 

v = p " 1 / 2 ( l - d p / n e d Ф 0 ) " 1 / 2 S 
Z ° ° (35) 

v , = p " 1 / 2 ( l - d p . /ned<£ f S , i k 
x l о о 1 
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The important point here is that for. dp /ne d<J> > 1 , the g - t e r m 
in Eq. (26). changes sign. This will happen if the-sign of the, e lec t ros ta t ic 
potential is such as to help balance the ion p r e s s u r e , and the magnitude 
of the potential is еФ < kT . A flute-stable well, with gdp/dx > 0., then 
tends to dr ive k^ to smal l values in Eq. (26), and in fact can easi ly e l imi 
nate the possibi l i ty of marg ina l stabil i ty solutions since J R is typically 
ve ry la rge compared.with unity. 

If the sign of the e lec t ros ta t ic potential is . such as to repel the 
ions , then the f in i te-gyroradius effect does not al ter the eigenvalue p rob 
lem posed by Eq. (26). Also, one can sti l l show that the re a re unstable 
neighboring modes . In that case , however, k ' is driven to large values 
for gdp/dx > 0', with the l imit (k Q r g i ) —• J p j r • / r Q ) 2 — 1 being reached 
when e Ф0 < kT(r /R ) ; and thus for still sma l l e r Ф0 the analysis 
breaks down. 

4 .6 . Discussion 

Fo r closed magnetic field l ines , much m o r e dangerous convective 
cel ls can occur than in sheared magnet ic f ields. Both t rapped and un-
trapped pa r t i c l e s a re susceptible to convection, and will be convected 
along constant-Ф lines if e Ф, > > kT , which is possible in the absence of 
shea r . ' F u r t h e r m o r e , "MHD-stable" c losed- l ine configurations a re a l 
ways unstable against the growth of convective cells if there is any p lasma 
potential and if one remains within the f ramework of the simple MHD theory. 

This unfavorable theore t ica l p ic ture probably applies quite well to 
the dynamic injection stage of p re sen t -day multipole exper iments [3,4] 
where ' t he re a re la rge directed 'plasm'a ve loc i t ies . On the other hand, as 
soon as the p lasma potential subsides below kT , it is m o r e difficult to 
see , in t e r m s of the preceding analysis , how any substant ial p lasma loss 
by convective cells could take p lace . 

This is a l ready clear from an energet ic a rgument . The Richard
son number . J D of Eq. (27) gives a convenient compar ison between the 
energy requi red to displace fluid in a favorable gravitational, well, and 
the energy available from the p lasma flow to drive such a displacement 
[2.7] . For J R << 1 the situation is..'-'ene.rgeti,cally" uns table . For large-
J o , we have found in. Sees . 4.3-and 4.4 that the instability, can p e r s i s t 
(actually becoming somewhat local ized-near the null of G , where J R r e 
mains s m a l l ) . In this l imit , however, the t r anspor t of the bulk p lasma 
out of the well is energet ical ly imposs ib le . (Reverting to the analogy 
given in Sec 4.3, we would say that, while even a gentle wind can cause 
waves, it takes a very strong •wind before the water is lost.) It thus ap
pea r s from Eq. (27) that important p lasma losses a re ruled out.for . 
e Ф0 < kT , as long as we also have r • < T}I^IK}', . . .•• 

ь с 
We conclude that a multipole configuration with a deep magnetic 

well, smal l ion gyroradius , and potentials not exceeding kT should be 
relat ively invulnerable to the Kelvin-Helmholtz type of convective cel l . 
These conditions may not, however, be met to a sufficient extent in some 
p resen t -day exper iments . 
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In Sec:. 3, we have featured the trâppêcUpârt icle mode as a model 
for convection in sheared fields.;. This-type of . instabili ty, of course , is 
also possible in unsheared configurations [13, 23] , pa r t i cu la r ly if driven 
by effects other than dj/dty >;. Oi... Conversely,, one may assume'.that the 
Kelvin-Helmholtz type of convective cell , d iscussed iri the p re sen t section 
for closed field l ines, will p e r s i s t at leas t in weak shea r . The subject of 
low-frequency loss mechan i sms thus appears, to offer a fert i le :ground for 
further theore t ica l investigation — and perhaps even for explanation of 
the exper imenta l anomal ies . 
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D I S C U S S I O N 

M. B. GOTTLIEB: What would be the effect, under r e a c t o r conditions, 
of the col l is ional p r o c e s s e s you discussed in your o r a l presentat ion? 

H. P . FURTH: In open-ended r e a c t o r s , the confinement t ime is typically 
one ion - sca t t e r ing t ime , тс , and the r eac to r t e m p e r a t u r e must accordingly 
be ve ry high. In a toroidal sys tem that has maximum ion excurs ions , Sm a x , 
the confinement t ime will be at leas t T c ( r /S max ) 2 , so that the requi red 
operat ing t e m p e r a t u r e can be modera te ly low (say 30 keV) for well-designed 
to ruses with values r / S m a x of the o rde r of ten or m o r e . 

This is the r eac to r picture if one a s s u m e s that the main loss problem 
a r i s e s from per turba t ions which (like the ones d iscussed in our paper) 
dis turb s tat ic symmet ry . Of course , fluctuations may also be important 
in promoting p lasma l o s s . 

The type of excurs ion which is important in producing diffusion-depends 
on.the colli sion t ime . If TQ ^^ТВОЬШ* then super -bananas a r e important , 
and the confinement is controlled by T^,Tc(r/Smax) , as a l ready mentioned. 
Fo r sma l l e r тс, the important excurs ions a re always those super -bananas 
o r bananas whose period approximates to тс; and the resul t ing es t imate of 
containment t ime is m o r e optimist ic - namely T~T B o h m . 





CONFIGURATIONS DU T Y P E STELLARATOR 
, .AVEC-PUITS MOYEN E T . 

CISAILLEMENT DES LIGNES MAGNETIQUES 

C . \ G O U R D O N , -D . M A R T Y , E. К . M A S C H K E ET J. P . D U M O N T * 

A S S O C I A T I O N , E U R A T O M - C E A SUR LA FUSION ' . ' . , -

. F O N T E N A Y - A U X - R O S E S , FRANCE ' . 

Abstract — Résumé 

-CONFIGURATIONS OF THE STELLARATOR TYPE WITH MEAN WELL.AND SHEAR. • The configurations 
studied are defined in terms of conductors and currents. The magnetic lines or trajectories are then integrated 
numerically by means of an IBM 360-75. computer. . . ' < - , 

The authors show that it is possible to obtain simultaneously, in a magnetic configuration of the 
Stellarator type, a mean magnetic well and substantial shear. The type of configuration in which the authors 
are interested consists of three basic fields: an azimuthal field*(В^ = const/r); 'a multipolar field produced by 
helicoidal conductors (£ =order of multipolarity, m =d6/d<p); and a vertical correcting field-(Bz). 

A comparison is made between configurations of the types 2 - 2 , Ê =3, С =4, with different values of 
m. The authors demonstrate the advantages of configurations produced by helicoidal conductors through 
which currents pass in the same direction. 

A typical 11=4, m = 3 configuration is presented in detail. For this configuration, the depth of the 
mean well is 20%, the communication'length is about 20 times-the plasma radius, and the shear length in 
the region of poor curvature is five times the plasma radius. 

The authors show in particular how magnetic well depth and rate of shear vary with variations in the 
amplitude of the vertical correcting field. . . . . " . . . . . . . .. • 

The authors study the appearance of islands of surface degeneration due to the resonance of certain 
closed magnetic,lines with perturbations of the;configuration as,a result of possible'constructional defects. 
The number of islands and their dimensions are related to periodicity and amplitude of the perturbations. 

The precession surfaces are also studied, the movement of the charged particles being calculated in 
the guiding-centre approximation. This study will make it possible to determine the importance of .the 
problem of trapped particles which do not execute a complete revolution. 

CONFIGURATIONS DU TYPE STELLARATOR AVEC PUITS MOYEN ET CISAILLEMENT DES LIGNES 
MAGNETIQUES. Les auteurs définissent les configurations étudiées par la donnée des conducteurs et des 
courants. Ils procèdent ensuite à une intégration numérique des lignes magnétiques ou des trajectoires 
sur un ordinateur IBM 360-75. 

Ils montrent qu'il est possible d'obtenir, dans une configuration magnétique du type Stellarator, en 
même temps un puits magnétique moyen et un important cisaillement des lignes magnétiques. , La- classe .-. -
des configurations auxquelles ils s'intéressent est constituée de trois champs élémentaires: un champ azimutal 
В =cte/r, un champ multipolaire créé par des conducteurs hélicoïdaux (G ~ordre de multipolarité; m = d6/d<?) 
et un champ correcteur vertical B z . Ils comparent des configurations des types S. =2, б =3, R - 4 avec diverses 
valeurs de m. Ils montrent l'intérêt que présentent des configurations constituées à l'aide de conducteurs 
hélicoïdaux parcourus par des courants de même sens et présentent en détail une configuration typique 2 = 4, 
m = 3. - Pour cette configuration, la profondeur du puits moyen est de 20%, la longueur de communication 
est d'environ 20 fois le rayon du plasma et la longueur de cisaillement vaut, -dans la région de mauvaise 
courbure, cinq fois le rayon du plasma. Les auteurs montrent en particulier comment la profondeur du 
puits magnétique et le taux de cisaillement varient lorsque l'on fait varier l'amplitude du champ correcteur 
vertical. ' ' - ' 

Ils étudient l'apparition d'Ilots de dégénérescence des surfaces par suite de la résonance de certaines 
lignes magnétiques fermées avec des perturbations de la configuration provenant de défauts éventuels de 
réalisation. Le nombre, des îlots et leurs dimensions sont en relation avec la périodicité et l'amplitude des 
perturbations. , , t 

Parallèlement, les auteurs entreprennent une étude des surfaces de précession, le mouvement des 
particules chargées étant calculé dans l'approximation du centre guide. Cette étude permettra de préciser 
l'importance du problème des particules piégées qui n'effectuent pas une révolution complète. 

847 
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I . INTRODUCTION 

De nombreux travaux théoriques ont été récemment consacrés à 
l 'étude des configurations magnétiques toro l dales du type Ste l larator . La 
destruction des surfaces magnétiques extérieures due à la courbure du tore a 
été calculée analyt iquement et numériquement f \ J ; /2_/ ; /~3_/. Ces travaux 
ont montré une l im i ta t ion sérieuse de l 'angle de transformation rotat ionnel le 
maximum. Des perturbations des surfaces causées par les défauts de construc
t ion ont été étudiées /3_/. En f in , des conf igurat ions nouvelles ont été propo
sées qui permettent d'obtenir simultanément un puits magnétique moyen et un 
c isai l lement important des lignes de force /~4_/ ; / 5 _ / ; /~6_/. 

Nous présentons ic i les résultats d'une étude systématique sur ces 
conf igurat ions. Cette étude comporte trois parties : 1 ) Une analyse com
plète des configurations de différents ordres mult ipolaires qui a permis de d is
t inguer une nouvel le classe de configurat ions que nous appelons TORSATRON 
et qui présente des propriétés intéressantes concernant la stabi l i té d'un plasma. 
2 ) Une étude de l 'ef fet des perturbations sur les surfaces magnétiques. 
3 ) Une étude du confinement ind iv idue l des par t icu les . 

Ce t rava i l est fa i t par intégrat ion numér ique, sur o rd ina teur , des 
lignes magnétiques et des trajectoires de par t icu les , le champ magnétique 
étant calculé à part i r de la donnée des conducteurs. 

I I , PROPRIETES DES CONFIGURATIONS MAGNETIQUES 

I I - 1 о Répart i t ion des courants et déf in i t ion des paramètres 

a ) Deux propriétés sont importantes pour la stabi l i té du plasma : 
le c isai l lement des lignes de force et. l 'existence d'un puits 

magnétique moyen. Dans cette é tude, nous avons calculé , sur chaque surface 
magnét ique, l 'angle de transformation rotat ionnel le moyen L- et la dérivée 
V du volume par rapport au f lux 

L _ lim _ 1 _ Г 1 v ' - ï,m — ГГ l — 
m — =o m ГГ, К m-»•<> m «И J B 

Dans certains cas on calcule l 'angle de transformation rotat ionnel le 
par période de champ Lp dont la var iat ion donne une idee du cisai l lement 
l o c a l . 

b ) Les configurations étudiées sont constituées par la superposition 
de trois champs magnétiques ( Fig. î - a ) i 

Un champ azimutal B ^ _ C i t / r 

Un champ mul t ipo la i re d'ordre -c créé par des conducteurs 
hé l ico ïdaux sur la surface d'un tore 
Un champ ver t ica l uniforme Bz-

Le champ mul t ipo la i re peut être créé de deux façons (F ig . 1 b) : 
1 ) Par 2 x с hélices parcourues par des courants de sens a l terné. Nous 

appelons ces configurations STELLARATORS CLASSIQUES. 
2 ) Par <- hélices parcourues par des courants de même sens. Nous appe

lons ces configurations TORSATRONS . 

Société d'études techniques et d'entreprisesgénérales (SODETEG). 
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Dans ce d e r n i e r cas , les cou ran ts h é l i c o ï d a u x de même sens c r é e n t un 

c h a m p v e r t i c a l B z q u i d o i t ê t r e compensé de f a ç o n à o b t e n i r des sur faces 

m a g n é t i q u e s f e r m é e s . Dans la s u i t e , les champs m u l t i p o l a i r e s to rsa t rons seront 

t ou j ou r s supposés ê t re compensés pa r un champ : 

B , - ï W «*«f -BJP-O) 

Un c h a m p c o r r e c t e u r В s u p p l é m e n t a i r e p e r m e t d ' a j u s t e r l a p o s i t i o n 

des sur faces m a g n é t i q u e s de f a ç o n à ce q u e so i t o b t e n u un pu i ts m a g n é t i q u e 

m o y e n „ 

Z 1 

le) 

Stellarator classique 
1=3 

Torsatron 
1=3 

FIG. 1. a) Système de référence, b) et c) Comparaison de la création du champ multipolaire dans le 
stellarator classique et dans le torsatron. 

с ) I l n 'es t pas p o s s i b l e , dans le cas des c o n f i g u r a t i o n s t o r o ï d a l e s non 
a x i s y m é t r i q u e s , d e d é m o n t r e r a n a l y t i q u e m e n t l ' e x i s t e n c e de sur 

faces m a g n é t i q u e s . T o u t e f o i s , si une i n t é g r a t i o n n u m é r i q u e p réc i se e t p r o l o n g é e 
mon t re que les l i gnes m a g n é t i q u e s res ten t sur une su r face a v e c une a p p r o x i m a 
t i o n q u i c o r r e s p o n d à la p r é c i s i o n du c a l c u l , nous c o n c l u o n s à l ' e x i s t e n c e de 
c e l l e - c i . T y p i q u e m e n t , dans nos c a l c u l s , la p r é c i s i o n est de l ' o r d r e de 

Д х / L = 1 0 ~ ° où L est la l o n g u e u r i n t é g r é e de la l i g n e . 

1 1 - 2 , Résul ta ts ob tenus a v e c des c o n d u c t e u r s m u l t i p o l a i r e s - c i r c u l a i r e s (m =1 ) 

U n e é t u d e c o m p a r a t i v e c o m p l è t e en t re les c o n f i g u r a t i o n s STELLARATOR 

C L A S S I Q U E non c o r r i g é e s e t c o r r i g é e s d ' u n e p a r t , et les c o n f i g u r a t i o n s 

TORSATRON non co r r i gées e t c o r r i g é e s d ' a u t r e p a r t , a é t é r é a l i s é e p o u r - 2 = 2 ; 

t = 3 ; <• = 4 e t i. = 6 a v e c des c o n d u c t e u r s h é l i c o ï d a u x p a r t i c u l i e r s 
q u i sont des c e r c l e s de V i l l a r c e a u . Ces c e r c l e s i nsc r i t s sur le t o re p e u v e n t ê t re 
cons idérés dans le système de r é f é r e n c e ( P , в , *f ) comme des h é l i c e s à pas 
v a r i a b l e q u i f o n t un p e t i t t o u r pour un g r a n d t o u r du t o r e m = <^6/а^ — ] . Dans 
ce cas p a r t i c u l i e r , le c h a m p m a g n é t i q u e m u l t i p o l a i r e s ' e x p r i m e s i m p l e m e n t au 
moyen d ' i n t é g r a l e s e l l i p t i q u e s , c e q u i p e r m e t un c a l c u l n u m é r i q u e r a p i d e e t 
p r é c i s . Les c a r a c t é r i s t i q u e s e s s e n t i e l l e s des c o n f i g u r a t i o n s to rsa t ron sont p a r 
f a i t e m e n t mises en é v i d e n c e a v e c ce t y p e s imp le de c o n d u c t e u r et les c o n c l u 
sions de la compara i son f a i t e i c i s ' a p p l i q u e n t q u a l i t a t i v e m e n t a v e c des c o n d u c 
teurs h é l i c o ï d a u x m = 2 ; 3 ; 4 e t c . 

N o u s donnons à t i t r e d ' e x e m p l e une d e s c r i p t i o n d é t a i l l é e des c o n f i g u 
ra t i ons 1 = 3 . 
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a ) Stel larator classique M. = 3 ; m = 1 

La Figure 2a représente l ' intersect ion de la fami l le de surfaces 
magnétiques par le plan méridien "r = 0 , pour une conf igurat ion 

2 = 3 sans champ correcteur. On remarque la présence, au centre, d'une 
pet i te séparatrice avec deux axes magnétiques. Une te l le structure avai t été 
trouvée théoriquement par ALEKSIN f l j . Cette singular i té n'existe pas dans 
un stel larator d ro i t , e l le est due à la courbure du tore et e l le ne tourne pas , 
d'après les observations faîtes dans des plans méridiens successifs autour du to re . 
Les sections droites des surfaces extérieures sont tr iangulaires et tournent avec 
les conducteurs h é l i c o ï d a u x . La transformation rotat ionnel le est nul le sur la 
séparatrice interne et e l le c ro î t jusqu'aux environs de / 2 I t = 0 , 3 sur les 
bords du volume u t i l e . La quant i té V c ro î t légèrement du centre vers 
l 'ex tér ieur . 

Si l 'on ajoute à cette conf igurat ion un champ correcteur ver t ica l 
Bz la séparatrice interne disparaît ; on n'observe plus qu 'un seul axe magné
t ique ( Fig. 2 b ) . Pour une valeur convenable de Bz on obt ient un puits 
magnétique moyen mais la transformation rotat ionnel le sur l 'axe magnétique 
augmente, e l le devient pratiquement constante dans tout le volume ut i le et i l 
n 'y a plus de cisai l lement des lignes magnétiques - sauf, peu t -ê t re , tout à fa i t 
sur l 'extér ieur du volume u t i l e . 

Ь ) IggPiïojl. ^ = 3 ; m = 1 

La Figure 3a est re la t ive à la conf igurat ion -* = 3 du type torsa-
tron réalisée avec trois cercles de V i l l a rceau parcourus par des cou 

rants de même sens. On observe une séparatrice interne qui renferme une part ie 
notable du volume u t i l e . Ici encore, la séparatrice interne ne tourne pas lors
qu'on fa i t un tour autour du to re . Pour la conf igurat ion non corr igée, la trans
formation rotat ionnel le vaut zero sur la séparatrice interne et monte rapidement 
vers l 'extér ieur jusqu'à L / 2 ЗТГ ~ 0 ,5 . Il n'y a pratiquement pas de puits magné
tique moyen ( ' v 2 % ) . • 

Si on ajoute un champ correcteur В , le volume interne à la sépa
ratr ice d iminue. Pour une valeur convenable de B2 la séparatrice interne 
disparaît et i l y a un seul axe magnétique sur lequel la transformation ro ta t i one l -
le est nu l le ( Fig. 3 b ) . 

с ) Conf igurat ion torsatron avec X = 4 et Z = '6 

Dans les configurations torsatron, le sens d'enroulement des conducteurs 
hé l i co ïdaux est t e l que la composante azimutale du champqu' i ls créent 

s'ajoute au champ azimutal p r i n c i p a l . La Figure 4 précise que l le es t , dans ces 
condit ions la posit ion des surfaces magnétiques par rapport aux conducteurs hé l i co ï -

Pour les configurations -c = 3 ; 4 ; 6 non corr igées, i l existe une 
séparatrice interne qui renferme une fract ion d'autant plus élevée du volume 
que -t est plus grand ( 10 % pour i. = 3' ; 65 % pour - i = 6 ) . 

Sur la Figure 5 , nous avons résumé les propriétés essentielles des 
configurat ions étudiées. Pour chaque conf igurat ion on donne L et V en 
fonct ion du volume normalisé au volume ut i le t o t a l . 

Les torsatrons sans correct ion présentent une séparatrice interne renfer
mant un volume important . Le volume interne à cette séparatrice se réduit p ro 
gressivement au fur et à mesure que l'on améliore le puits magnétique moyen 
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FIG. 4. Position des surfaces magnétiques par rapport aux conducteurs hélicoïdaux dans les configurations 
torsatron non corrigées pour £ = 2, £ = 3, l = 4, J2 = 6. 

1 = 2 l = 3 l = 4 L = 6 

У2Л 
0,5 

L/2lï 

/ v . 

V2Î 
0,5 

V21 

0,5 
Угу 

/v ' -

l/2!T 
0,5 

Й1Г 

V A: 

FIG. 5. Variation de t/2vr et v'/vj en fonction de "f/¥max P o u r l e s diverses configurations étudiées 
avec des conducteurs multipolaires circulaires. 

par addit ion du champ correcteur Bz . Pour la valeur de Bz qu i fa i t juste 
disparaître la séparatr ice, on obt ient une configurat ion qui possède à la fois un 
puits magnétique moyen et un cisai l lement important des lignes de force dans 
tout le volume u t i l e . A cause de cette propriété commune, les torsatrons 
constituent une classe de configurat ions dist incte de ce l le des stellarators classi
ques. 
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TABLEAU I. PARAMETRES PRINCIPAUX DES CONFIGURATIONS m = 3 ETUDIEES 

-4" 
II 

0 
\ 

О 

II 

S te II ara tor classique 
. 2 = 3 m = 3 

non corrigé 

Torsatron 
£ = 3 m = 3 

non corrigé 

Torsatron 
fi = 3 m = 3 

corrigé 

Torsatron 
1 = 4 m = 3 

non corrigé 

Torsatron 
-Ê = 4 m = 3 

corrigé 

Torsatron 
£ = 4 m = 3 

non corrigé 

Torsatron 
£ = 4 m = 3 

corrigé 

^ u t i l e 

0 ,1 03 R3 

0 , 4 R3 

0,25 R3 

0 ,7 R3 

0 ,5 R3 

0,05 R3 

0 ,047R 3 

/ v 0 

-0 ,001 

-0 ,015 

- 0 , 0 9 5 

- 0 , 0 2 0 

- 0 , 1 8 0 

- 0 , 0 0 3 

- 0 , 0 5 

Ш 
0,75 

0,82 

0 ,53 

0 ,75 

0 ,44 

0 ,86 

0 ,77 

Q = - ^ - x A (l/2Jt) 

0 ,055 

0 ,12 

0 ,06 

0 , 1 4 

0 ,066 

0 ,043 

0 ,038 

П - B max 
' / B m i n 

1,20 

1,5 

1 ,33 

1,8 

1,52 

1,12 

1,12 

TABLEAU I I . COURANT DANS LES BOBINES Bv ET DANS LES ENROULEMENTS 
HELICOÏDAUX 

II 

0 

\ 
ai. 

о 
11 

—а 
a. 

Stel larator 
classique 

•f= 3 m = 3 

Torsatron 
$•= 3 m = 3 

Torsatron 
{ = 4 -m = 3 

Torsatron 
£ = 4 m = 3 

AmpèreToursTotaux 
Bobines В ^ 

5 B.R 

2 ,5 В .R 

3 , 0 2 5 ' B . R 

4 B.R 

AmpèresToursTotaux 
Hélices 

А т н = I „ x - 8 * m 

2,5 B.R 

1,975 B.R 

• • 1 - • B . R • 

Ampère 
par conducteur 

hé l i co ïda l 

± 0 ,25 B.R 

0,278 B.R 

0,1646 B.R 

0,0833 B.R 
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1 1 - 3 . Résultats obtenus avec des conducteurs mult ipolaires hé l i co ïdaux ( m > l ) 

Pour augmenter la valeur de la transformation rotat ionnel le et le c i s a i l 
lement des lignes magnétiques, i l est nécessaire d 'ut i l iser des enroulements 
mul t ipola i res plus serrés ( m = 2 ; 3 ; 4 . . . . ) . 

Nous avons constaté que pour m У 3 , la valeur de L / z 3 r sur la 
dernière surface fermée n'augmente pratiquement plus avec m . 

Nous avons étudié en déta i l les configurations stel larator classique et 
torsatron pour -t. = 3 ; m = 3 avec un rapport d'aspect R /a = 4^44 
ainsi que les configurations torsatron < = 4 ; m = 3 avec les rapports 
d'aspect R / a = 4 ,44 et R / a = 1 0 . 

Nous donnons dans le tableau n° I , pour chacune de ces conf igura
t ions, la valeur des paramètres suivants : лУ и = volume ut i le à l ' in tér ieur 
de la dernière surface magnétique fermée; A V / v 0 ' < " = profondeur du puits 
magnétique moyen ; valeur moyenne de L /2î t sur la dernière surface magné
tique fermée. 

Ces valeurs correspondent, dans chaque cas, à une optimisation 
du rapport des amplitudes du champ mult ipola i re et du champ az imu ta l . Nous 
donnons dans le tableau n° I I les valeurs des courants respectivement dans 
les bobines du Bj, pr inc ipal et dans les enroulements hé l i co ïdaux . 

Pour pouvoir comparer qual i ta t ivement les différentes configurations 
étudiées du point de vue du c isai l lement des lignes magnétiques, nous déf in is 
sons un facteur de qua l i té Q = ( P / R ) x Д ( L / 2 3 i ) O Ù A ( L / 2 5 T ) est la 
valeur moyenne de L / 2 3 T sur la dernière surface magnétique fermée et 
p le rayon moyen de c e l l e - c i . 

Le " facteur de qual i té " , Q , est t i ré de l'expression du paramètre 

de c isai l lement S = P / R x p en écr ivant ? = f et en 

prenant la valeur moyenne de ск^ / гЗи /^о dans le volume u t i l e , 6 savoir Д\/2Ш. 

On doit remarquer que les valeurs locales de ô peuvent 
être beaucoup plus élevées que la valeur de Q . Par exemple, pour la c o n f i 
guration torsatron corrigé - H = 4 ; m = 3 , o n trouve dans la mauvaise 
courbure 0 = 0 , 2 4 . Nous donnons ( Fig„ 6 ) , à t i t re d'exemple pour cette der
nière conf igura t ion, les valeurs de У25С et de ô moyennes sur une période 
de champ dans la mauvaise courbure. L'on se rappelle que , pour cette c o n f i 
guration pa r t i cu l i è re , la profondeur re lat ive de puits magnétique moyen est de 
1 8 % . 

I I I . EFFETS DES PERTURBATIONS - FORMATION D'ILOTS 

I I I - 1 . Remarques Générales 

Lors de l 'étude déta i l lée de la structure magnétique d'une conf igura
t i o n , on rencontre certaines lignes de .force par t icu l ières, fermées au bout d'un 
pet i t nombre de tours du to re , et qu i se comportent comme des axes magnétiques 
secondaires. Au voisinage de ces l ignes; i l existe une structure tubulai re des 
surfaces magnétiques . L' intersection de ces surfaces part icul ières avec un plan 
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méridien f = este se présente sous forme d'une chaîne d' î lots qui s ' in ter 
cale entre des surfaces non perturbées. Le nombre I des î lots d'une chaîne 
est l ié au nombre P de périodes de la conf igurat ion magnétique et à l 'angle 
de transformation rotat ionnel le par la relat ion 

I = К . . . où К est le plus pet i t nombre entier te l que I soit ent ier . 

Ces structures peuvent apparaître dans des configurations perturbées. 
On sait que dans ce cas la largeur Д P de la région perturbée est l iée à l 'a im-
p l i tude A B de la perturbation et au cisai l lement d ^ p par Af^VAVP l/df)/"8./. 

2 

« lb 

5 

f (cm) 
FIG. 6. Etude de la transformation rotationnelle et du paramètre de cisaillement locaux dans la 
mauvaise courbure pour la configuration torsatron 1 = 4, m = 3 corrigée. 

Nous distinguerons deux catégories d' î lots suivant leur mode de créa
t ion : 
I l 1 - 2 . Ilots naturels .. . . , , w . . . j c. .. 

I l s agit d îlots qui apparaissent dans une conf igurat ion 
non perturbée. Dans les conf igurat ions possédant un 

nombre fa ib le de périodes, par exemple «B = 2 ; m = 1 , ces î lo ts 
peuvent prendre des dimensions notables Д P/o ~ 0,05 . Par contre dans les 
configurat ions qui nous intéressent i c i , à savoir £- = 3 : m = 3 et -6 = 4 ; 
m = 3 , ces î lots naturels sont toujours très petits д С 4 ~ 0 , 0 1 . 
I l 1 - 3 . Ilots de perturbat ion _ », . . , , , , r . r Ces î lots apparaissent en présence de défauts 

technologiques de réal isat ion ou en présence 
de champs perturbateurs extér ieurs. Nous étudions i c i l 'e f fet de certains défauts 
de réa l i sa t ion . Nous distinguerons deux catégories de défauts : 
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a ) Les déplacements d'ensemble qu i correspondent à un mauvais pos i t ionne
ment, l 'un par rapport à l 'au t re , des champs mult ipolaires et az imutaux. 

b ) Les défauts locaux aléatoires sur les bobines B̂> ou les hé l ices . 

I l 1 - 3 - 1 . Déplacements d'Ensemble . , . . . . . . , _ ,. 
== r================== Le déplacement re la t i f peut être décom

posé en une rotat ion autour de OZ , 
une translat ion paral lè lement à OZ , une translation perpendiculairement à 
OZ , et une incl inaison d'un angle << de l 'axe de référence du champ Bz 

par rapport à l 'axe de référence du système h é l i c o ï d a l . Seuls ces deux derniers 
déplacements apportent des perturbat ions. Nous étudions i c i , à t i t re d 'exemple, 
le déplacement angulaire <=-C . 

En présence d'une te l le per turbat ion, la pér iod ic i té de la conf igurat ion 
est ramenée à P = 1 . On doit donc s'attendre à voir apparaître une fami l le 
de deux î lots au voisinage de L/23ï = 2" , de trois î lo ts au voisinage de 

У25Г = -~- , etc . . . 

La Figure 7a montre le voisinage de l/23C = - y dans une c o n f i 
guration Torsatron <• — 3 m = 3 ; avec <*< = 3 minutes d'arc. On 
constate que la largeur des i lôts est proport ionnel le à \pk . La ta i l l e des 
î lots diminue vers l ' in tér ieur de la conf igurat ion et nous n'en avons pas observé 
pour L/ /23c < -Jj- . D'autre par t , même lorsque les î lots sont larges ( A f > 1 cm ) , 
pourvu q u ' i l n 'y a i t pas recouvrement entre deux famil les d' î lots voisines , les 
lignes magnétiques sont confinées de façon stable sur les î l o t s . 

On doi t noter que la présence du champ magnétique terrestre corres
pond à une déformation d'ensemble non négl igeable qui peut donner naissance 
à des î lots de plusieurs mi l l imètres de largeur sur une conf igurat ion avec un 
n iveau de champ moyen de 5 k G . 

Pour l imi ter les déplacements d'ensemble, on réalisera le champ 
à l 'a ide d'une série de bobines situées dans des plans mérid iens. Ces bobines 
seront positionnées ind iv iduel lement par rapport aux enroulements h é l i c o ï d a u x . 
Il subsistera néanmoins des erreurs aléatoires locales de posit ionnement. 

I I I - 3 - 2 . DJJgjjLs_]pj^yj^ j ^ j a j q j / e s 
Ces défauts correspondent à des pertur -
bâtions sensiblement moins dangereuses 

que les déplacements d'ensemble étudiés dans le paragraphe précédent . Nous 
étudierons ic i à t i t re d'exemple les effets des erreurs de posit ion A Z des 
bobines créant le champ azimutal В ip . Les autres déplacements possibles 
donnent, pour des écarts mécaniques comparables, des effets quant i ta t ivement 
équiva lents , 

La conf igurat ion de référence, pour cette é tude, est une con f i gu 
ration torsatron -c = 4 m = 3 dans laquel le le champ azimutal Bi^> 
est créé par un ensemble de 24 bobines régulièrement espacées en *f 

Dans le cas de déplacements A Z 1 des dif férentes bobines 
( 1 = 1 ; . . . . 24 ) on peut décomposer la perturbation résultante en série de 
Fourrier en Ц" . L e terme fondamental ( valeur moyenne de A Z ; . ) repré
sente un déplacement d'ensemble qui n'apporte pas de per turbat ion. Le premier 
harmonique ( P = 1 ) correspond à un déplacement d'ensemble du type étudié 
au paragraphe précédent . 
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En déplaçant une seule bobine de i Z f l 'harmonique P = 1 est 
dominant et on vo i t apparaître trois f lots au voisinage de 7 2 X = - i e t quatre î lots 
au voisinage de L /23t = ~2f . La largeur de ces î lots var ie comme VA z et 
,aut 1 cm pour A Z = 2mm pour L /2 3t = - i - . Si on déplace de la même 
quant i té A Z deux bobines diamétralement opposées ( P = 2 ) on vo i t appa
raître un nombre d'î lots double mais leur largeur est réduite d'un facteur 2 . 

Dans le cas de déplacements aléatoires de toutes les bobines, la d é 
composition cont ienten général plusieurs harmoniques dont les amplitudes sont 
d'un ordre de grandeur infér ieur à l 'ampl i tude moyenne des écarts i Z ^ , Nous 
avons constaté que c'est la période du premier harmonique d'ampl i tude non 
négl igeable qu i détermine le nombre d ' i l ô t s . On a trouvé des î lots avec une 
largeur de l 'ordre du mi l l imètre pour une ampli tude moyenne des écarts de q u e l 
ques dixièmes de m i l l imè t re . 

I I I - 3 - 3 . Comparaison_des^ jjfejte_des_ PËLtyibgH^x?Ji^_4j^JIL^s_Ç°rii 'gyL°Ji°n.L 

L'étude comparative des diverses conf igurat ions, du point de vue de leur 
sensibi l i té aux perturbat ions, a montré qu 'e l les y éta ient toutes sensibles. Cette 
étude a permis de dégager les conclusions générales suivantes : 

Nous avons trouvé des chaînes d' î lots correspondant à 72ЗТ = ~j~ i 
•—• ; - g - ; - 2 - ; —7- . Nous avons constaté que les surfaces externes éta ient 

les plus sensibles aux perturbat ions. En par t i cu l i e r , 
nous n'avons pas trouvé d ' î lo t dans la part ie centrale du volume ut i le ( ^/zyi <^A) 
pour les configurations -t = 3 m = 3 et -t = 4 m = 4 . 
Ce phénomène est à rapprocher de la destruction des surfaces extérieures par 
ef fet de courbure. 

Le nombre des î lots sur chaque chaîne correspond à la formule donnée 
au paragraphe I I I - 1 où P est la pér iod ic i té de la conf igurat ion perturbée. 

La var ia t ion de largeur des îlots le long d'une chaîne est bien repré-
/ d l p \ ~ V2 

sentée par A Y °* ( d p J oil L p est la valeur locale de la transformation 
rotat ionnel le déf in ie au paragraphe 11 -1 . 

D'une façon plus g loba le , on constate que la largeur moyenne A p 
des î lots dans la région extérieure de la conf igurat ion var ie comme (A L/p )~ , 
i l en résulte que ^f/p ° * Q ~ ' Z où Q est le facteur de qua l i té déf in i 
au paragraphe 1 1 - 3 . 

Nous donnons, à t i t re d 'exemple, sur la Figure 7( a - b ) , la compa
raison des effets d'un déplacement d'ensemble o z ; o z = =<. = 1 0 - 3 sur les 
configurations л. = 3 m = 3 Stel larator classiqueet Torsatron cor r igé . 
Nous constatons que les effets sont du même ordre de grandeur. La valeur 

дР/.р est toutefois deux fois plus fa ib le dans le cas du Stel larator classique. 
Ceci t ient au fa i t que dans cette conf igurat ion la to ta l i té du c isai l lement est 
pratiquement local isée au voisinage des surfaces externes. 

IV . ETUDE DU CONFINEMENT DES PARTICULES 

L'étude du confinement des part icules est fa i te par intégrat ion numé
rique de la t ra jecto i re du centre guide dans l 'approximat ion du mouvement 
ad iabat ique. Cette étude montre l 'existence de part icules piégées et permet 
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de déterminer l 'angle solide de perte perpendiculai re en chaque point du 
volume u t i l e . 

L'effet de miroir longi tudinal qui conduit à l 'existence de p a r t i c u 
les piégées et à l 'existence d'un cône de perte perpendiculai re est caractérisé 
sur chaque surface magnétique par la valeur du rapport de miro i r maximum 

1 = B m a x / B m i n • n 

Pour la conf igurat ion Stel larator classique <• = 3 
m = 3 avec R / a = 4 , 4 4 , rj vaut 1,20 sur la dernière surface magné
t ique fermée. 

Pour le Torsatron corrigé JL = 4 m = 3 R / a = 4 ,44 , 
r i a t te int la valeur 1 , 5 3 . 

Nous avons reporté dans le tableau I la valeur de n pour 
certaines configurat ions étudiées. 

Si l 'on t ient compte de la var iat ion spatiale du rapport de miroir 
à l ' in tér ieur du volume ut i le et si l 'on admet un prof i l de densité raisonnable, 
on constate que 10 % d'une populat ion in i t ia lement maxwel l ienne subit 
l 'e f fet de miroir dans le stel larator classique et que la proportion at te int 20 % 
dans le torsatron <• = 4 . 
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D I S C U S S I O N 

A. GIBSON: In your o ra l presentat ion, you showed two examples of 
the effect of a re la t ive tilt between the toroidal and hel ical f ie lds . In the 
f i rs t , the sur faces were almost ent i rely fragmented, while in the second 
only the outer l aye r s were des t royed. What was the difference between 
these two cases? 
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С. H. GOURDON: The first slide, which is reproduced below and in 
which the surfaces are almost entirely fragmented, corresponds to a per
turbation (OZ, OZ' ) =a = 30 minutes of arc. The second slide (Fig. 7b in 
the paper) corresponds to (OZ, OZ') = 3 minutes of arc . In the case of 
very small angles the surfaces are not completely fragmented, but islands 
with widths proportional to \la appear. 

_i 1 1— 
90 100 HO 

CONFIGURATION 0CT0POLAIRE 0E REFERENCE 

PERTUBATION ( O Z , o ' z ' ) . 30minutM d 'Arc 

A. GIBSON: Does the complete fragmentation of the surfaces which 
occurred because of a tilt in a system with three unidirectional helical 
currents also occur for a similar tilt in a system with six currents of 
alternate size? 

C.H. GOURDON: Whatever the configuration (stellarator or torsatron), 
the magnetic surfaces are destroyed at high values of a. Destruction pro
ceeds with increasing a, beginning with the outer layers, and is more rapid 
in cases of weak shear. With equal shear the two configurations are equally 
sensitive. 





УСТОЙЧИВОСТЬ ПЛАЗМЫ В ДВУХЗАХОДНОМ 
ПОЛЕ С ВИНТОВОЙ СИММЕТРИЕЙ 

С . Е . Р О С И Н С К И Й , В . Г . Р У Х Л И Н и А . А . Р У Х А Д З Е 
ФИЗИЧЕСКИЙ ИНСТИТУТ и м . П . Н . Л Е Б Е Д Е В А 
АН С С С Р , М О С К В А , 
С С С Р 

Abstract — Аннотация 

STABILITY OF A PLASMA IN A STRAIGHT TWO-TURN FIELD WITH HELICAL SYMMETRY. We 
consider the problem of stable containment of a plasma in a magnetic field with helical symmetry. Using 
the collisionless kinetic equation of Vlasov, we examine the potential oscillations of a low-pressure plasma 
in conditions such that perturbation of the vacuum equilibrium magnetic field by the plasma can be neglected. 
We consider instabilities developing in times short enough so that particle blockage effects are not significant, 
and also instabilities governed largely by the presence of blocked particles. Particular attention is given to 
elucidating the effects of complex geometry, especially the influence of local shear and variable curvature 
on instability growth. Analyses of oscillation stability have shown that oscillations which are not too highly 
localized (developing in times small compared with the time of particle transit over a distance equivalent 
to the helical winding pitch) are well stabilized by mean square local shear. This stabilizing effect is much 
stronger than the square of mean shear which stabilizes strongly localized oscillations. In these conditions 
the flute instability does not show up at all. The oscillations can be unstable only as a result of the Larmor 
drift of the particles, when the increment of unstable perturbations is small compared with the Larmor drift 
frequency. However, these instabilities are not dangerous either, since they are easily stabilized by mean 
square local shear. Particle blockage and variable curvature of the lines of force of the magnetic field result 
in a number of new instabilities, apart from those already found in the work of Kadomtsev et al. and 
Rosenbluth et al. Some of these are hydrodynamic and can be stabilized by shear. When we allow for 
the thermal velocity spread of the particles a number of kinetic instabilities appear, some of which are 
in fact difficult to deal with because they are not adequately stabilized by shear. 

УСТОЙЧИВОСТЬ ПЛАЗМЫ В ДВУХЗАХОДНОМ ПОЛЕ С ВИНТОВОЙ С И М М Е Т Р И Е Й . 
С помощью бесстолкновительного кинетического уравнения исследуются потенциальные 
колебания плазмы в прямом двухзаходном поле с винтовой симметрией. В системах рас
сматриваемого типа наиболее опасными являются неустойчивые колебания с частотами, ма
лыми по сравнению с частотой колебаний запертых частиц между пробками магнитного поля, 
и с продольными длинами волн, большими по сравнению с шагом токовой обмотки. Помимо 
неустойчивости на запертых частицах, найденной в работе Кадомцева и Погуце, показано 
существование обычной желобковой неустойчивости, обусловленной дрейфом запертых час
тиц и обладающей большим инкрементом. Эта неустойчивость может быть стабилизирована 
широм и конечным ларморовским радиусом ионов. Показано, что в магнитном поле с периоди
ческой кривизной резонансное взаимодействие квазипериодического движения частиц с нор
мальными колебаниями плазмы приводит к раскачке этих колебаний. При этом резонансное 
взаимодействие чисто периодического движения запертых частиц также приводит к кинети
ческим неустойчивостям, но с гораздо меньшими инкрементами. Если фазовая скорость 
волны вдоль средней силовой линии магнитного поля становится меньше продольной скорос
ти медленнопролетных частиц, то инкременты обычных кинетических неустойчивостей зна
чительно уменьшаются. Кроме того, исследованы новые неустойчивые спектры, существен
но обусловленные эффектом запертости частиц, а также получены критерии стабилизации 
широм и конечным ларморовским радиусом таких неустойчивых колебаний. 

1. ВВЕДЕНИЕ 
В последнее время возрос интерес к теории колебаний и 

устойчивости плазмы в системах со сложной геометрией магнит
ного поля (то-есть обладающих переменной кривизной силовых 
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линий, гофрировкой, вращательным преобразованием и тороидаль-
ностью). Это связано с тем,что большинство экспериментов 
сейчас проводится именно на установках со сложной конфигура
цией силовых линий магнитного поля (токамак, стелларатор и 
др.),поскольку в системах с относительно простой конфигура
цией магнитного поля,как показывали многочисленные исследо
вания, возникают неустойчивости, приводящие к развалу плазмы. 

Как известно,в системах с неоднородностью вдоль магнит
ного поля существуют две группы частиц, существенно отличаю
щиеся по характеру движения: запертые частицы, совершающие 
колебания между магнитными пробками, и пролетные частицы, 
которые свободно движутся вдоль силовых линий магнитного по
ля. Соответственно этому могут развиваться физически различ
ные типы неустойчивых колебаний,связанные с эффектом запер-
тости частиц[1] и резонансным взаимодействием между волной 
и квазипериодическим движением пролетных частиц [2] , меж

ду волной и колебаниями запертых частиц и,наконец, между волной и 

средним движением медленнопролетных частиц.В работах [1,2] рас— 

сматривались лишь отдельные упрощенные задачи, выявляющие 
тот или иной определенный эффект.Например, в работе[Ц пол
ностью пренебрегалось продольным движением пролетных частиц, 
а в работе [2]рассматривалось модельное магнитное поле в плос
кой геометрии. 

В настоящей работе исследуются колебания плазмы в кон
кретном магнитном поло, созданном двумя винтовыми обмотками 
с противоположными направлениями токов в них (прямое двух-
заходное поле). На примере этого поля,обладающего периодичес
кой кривизной, гофрировкой и средним углом прокручивания сило
вых линий, исследуются колебания плазмы, которые могут иметь 
место в реальных установках. 
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В §§2,3 рассмотрено равновесное состояние плазмы в таком 
поле и получены уравнения малых колебаний. В §4 проводится 
исследование решений этих уравнений в различных областях 
частот. 

Следуем отметить,что помимо обычного (черенковского) 
резонансного взаимодействия волны с продольным движением час
тиц и известного резонанса,обусловленного периодической кри
визной магнитного поля[2], в системах рассматриваемого типа 
возникают резонансы другого характера, обусловленные как 
колебательным движением запертых частиц, так и квазипериоди
ческим движением пролетных частиц. Это,в свою очередь, при
водит к новым типам кинетических неустойчивостей, причем ха
рактер той или иной неустойчивости определяется областью 
частот колебаний. Если частота колебаний велика по сравнению 
со всеми характерными частотами движения частиц (точнее, 
ведущих центров),то резонансные эффекты экспоненциально малы 
и различие в характере движения пролетных и запертых частиц 
не проявляется. В области промежуточных частот (частота вели
ка по сравнению с характерной частотой колебаний запертых 
частиц, но мала по сравнению с обратным временем прохождения 
быстропролетной частицей расстояния, равного пространственно
му периоду изменения магнитного поля) сказывается .резонанс, 
обусловленный наличием периодической кривизны[2] ,а также ре
зонанс, связанный с периодическим изменением продольной ско
рости быстропролетных частиц. Наконец,в области самых низ

ких частот начинают играть роль резонансы на запертых и мед-
леннопролетных частицах. 

Уто физическое различие в характере движения частиц при
водит к необходимости различного аналитического описания в 
зависимости от частоты исследуемых колебаний. Исследование 
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колебаний на устойчивость удобно,как обычно, проводить в трех 
областях частот в зависимости от соотношения между фазовой 
скоростью волны ( ш/&и ) и тепловыми скоростями частиц. 

Для выявления наиболее опасных неустойчивостей и возмож
ности их стабилизации мы зададимся определенными параметрами, 

характерными для существующих установок (стелларатор типа 
"Ливень'' ФИАН): малый радиус тора %, =2см, большой радиус 
тора /?0=бОсм, параметр £ (си.ниже) ~ 0,3, плотность час
тиц У sIO11 см"3, температура Т =15 эв (%- 7J),напряжен
ность магнитного поля /6ь~5.103 э, число витков токовой об
мотки п=7. Отметим,что хотя изложенная теория относится к 
прямой системе,ввиду малости тороидального отношения 
(_£~£р , 0<~<п~~- ) приводимые нами оценки могут быть качество ) -1 к0 венно применимы и для такой тороидальной системы. . 

При исследовании устойчивости особое внимание будет уделе
но возникновению и стабилизации неустойчивых спектров колеба
ний, не имеющих места в системах с простой конфигурацией сило
вых линий магнитного поля,а известные в таких системах неус
тойчивые спектры (и условия их стабилизации),которые также 
могут иметь место в рассматриваемой нами системе, будут 
вынесены в сводную таблицу,приведенную в конце статьи. 

2. РАВНОВЕСНОЕ СОСТОЯНИЕ 
Рассмотрим равновесное состояние плазмы в прямом двух-

заходном винтовом поле,которое в цилиндрической системе коор
динат записывается в виде 13] 

тдв$=У-о(?, ê - безразмерный параметр, P=:oJ*l ,o/--^, 
/ г - шаг токовой обмотки, b7=T(sPj- функция Бесселя от 
мнимого аргумента. 
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Рассматривая плазму низкого давления, будем пренебрегать 
поправками к вакуумному магнитному полю. В дальнейшем нам 
будет удобно ввести систему координат/v ' ̂  //.связанную с 
магнитной поверхностью,поэтому в качестве координаты X 
выберем координату магнитной поверхности 

Y = t U -2£ é* Cyjê (2.2) 
Р 

Вторую и третью координаты выберем из тех соображений,чтобы, 
во-первых, силовые линии на магнитной поверхности были пря-

.3. 

мыми и,во-вторых, по одной из переменных,например^ .любая 
физическая величина была бы периодической функцией. За коор
динату X примем Q ,а для нахождения третьей координаты 
X будем исходить из уравнения силовой линии в координатах 

/z В , <?/на магнитной поверхности 

W~- ¥ ,(2-3) 

ГДе /Q = Р) V^1 — контравариантные компоненты вектора 'маг-

нитного поля.Используя ( 2 . 2 ) , величины /в и $ можно 
выразить только через 0 и % , а потому,интегрируя (2.3), 
получим 7_ fjfjèrfaé 

В? 
Разбивая •!—- на постоянную и переменную части и вводя 
новую координату X "f'^'l^ *^» уравнение (2.4) в пере
менных _(Ф, е,?) приведем к уравнению прямых силовых линий 
на магнитной поверхности 

••g-jf-'f =-eû*j/ _ (2.5) 

где ̂ М (<^у'- гг / ТЛэ^^'рЪ • Во введенной системе 
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координат метрический тензор #,, и контравариантные ком
поненты магнитного поля имеют вид: 

3 /V/V/'/'X; & , $*< (2.6) 

Равновесная функция распределения для ионов и электро
нов удовлетворяет стационарному кинетическому уравнению 

&vf°+[tS&l^J=0 (2.7) 
Далее удобно будет связать систему координат в пространстве 
скоростей с силовой линией магнитного поля,положив: 

&=гг,,г0 + 1г2(ъ^у+%ь>>рА (2.8) 
гдв^^тг" «а £/ и С - ортогональные орты в плоскости,пер
пендикулярной к силовой линии, ^-азимут в этой плоскости. 
Одной из точных характеристик уравнения (2.7) является 

О-Со^ЗТ. Для нахождения другой характеристики возьмем первую 
контравариантную компоненту от векторного уравнения движения 

â/£ = ife/c. Полагая ?7 •= r^j, .получим 

В приближении слабой неоднородности,когда ларморовский ра
диус частиц мал по сравнению с характерным масштабом неод
нородности равновесных функций, fi/yz'-ft&L, a J ^ H à£ мало 
меняются ВДОЛЬ Траекторий ЧЭСТИЦ. УЧИТЫВЭЯ ЭТО,ПОЛуЧИМ 

следующую приближенную характеристику: 
^ *= tf+ ̂ Jv &/*'* ? * <Ь"^ (2.9) 
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Тогда в качестве равновесной функции колено взять функцию от 
характеристик о и _£у, близкую к локальному максвелловскому 
распределению / : „ 

где ^ __ ^ ' Г j> ^ ^ Л ' J ) 

Выбор равновесной функции в виде (2.10) физически соответ
ствует тому,что давление плазмы на данной магнитной 
поверхности почти постоянно и отвечает гидродинамическому 
условию равновесия. 

3. УРАВНЕНИЕ МАЛЫХ КОЛЕБАНИЙ 
Для рассматриваемой нами плазмы низкого давления колеба

ния поля можно считать потенциальными,т. е.^/F-~V/> Возмущен
ная функция распределения при этом определяется как решение 
линеаризованного кинетического уравнения: s o 

Ввиду того,что равновесные величины не являются функциями f , 
з по б' должно быть все периодично, возмущенные потенциал 
и функцию распределения можно представить в виде: 

Здесь компоненты Фурье возмущенной функции распределения 
.Лз определяются по формуле: . 

ft, -£фф- С^/ргф^*^3) 
изменение координат частицы при движении вдоль траектории 
за время // с • Для нахождения JXe необходимо решить 
систему уравнений движения. В сильном магнитном поле движение 
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частиц носит дрейфовый характер, и изменение координат час
тицы записывается в виде 

ДХ1'= Al(l%+j~ (г/хаафУ+<Се/1*а^ (зл) 
где смещение координаты у", ведущего центра частицы опреде^ 
ляется решением системы уравнений в дрейфовом приближении 
(черту усреднения для простоты опускаем) 

•J£\W+ «%*/•€ vW (3.5) 
ûic J(Jc. 2 i 

Здесь P 0 - поперечный адиабатический инвариант. 
Систему уравнений (3.5) будем решать при условии малости 

параметра £ . В разложении модуля поля В можно ограни
читься при этом членами-^ .Тогда из двух последних уравнений 
(3.5)получим следующую зависимость скорости продольного дви
жения частицы вдоль траектории от координат: 

v^&Vtofa-x'^Wj (з.б) 
где Ко = /v^Ûbï; *~- veS'ûi/tâj Д»=ЯН,&&ь 
Из формулы (3.6) вытекает,что значение^- / разделяет части
цы на запертые и пролетные. При Яг</ частицы движутся в огра
ниченных областях по $ .совершая колебания с амплитудой 

Ç/o= а?е&ъд< около точек 0~У/^1 , /W=q,±l... и периодом 

Z-Jr*W (3.7, 
где - полный эллиптический интеграл первого рода. 
Продольная скорость запертых частиц мала по сравнению с по
перечной (<%<y£Z~ 4£ ).При Р С > ^ частицы движутся всегда в 

Если учесть,что плазма находится в области,ограниченной сепаратриссой магнитного поля,то для"реальных установок(£~0,3) сепаратрисса лежит, на расстоянии/"-^ 1см..например,работы [З] стр.42) и можно ограничиться рассмотрением расстоянии Р< / При э т о м ^ ^ / ^ . . J -
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одном направлении (6Г-<3>#*с)%причем удвоенный период изме
нения их продольной скорости 

непосредственно переходит в период колебаний запертых частиц 
при Я? < { . 

Возмущенный потенциал Ç>* удовлетворяет уравнению 

АФ^ tir'Eeffç/ir (3.9) 
Здесь и ниже знак Z1 означает суммирование по сортам частиц. 

Подставляя выражение для возмущенной функции распределения 
(3.2) в уравнение (3.9), получим интегродифференциальное 
уравнение для Ф 

Нам будет удобнее перейти от интегродифференциального 
уравнения к системе зацепляющихся уравнений. Для этого про
интегрируем уравнение (3.10) по углу р с весом g ' • ' и 
воспользуемся тем,что ядро периодично по ф с 
периодом 9Г.Соответствующую систему уравнений в приближении 
квазинейтральности возмущений можно привести к виду 

В формуле (3.IIJ мы перешли от суммирования по f к сумми
рованию по У- ^-^ и опустили штрих у if . 

Для нахождения . явного вида лу необходимо знать решения 
системы уравнений (3.5лкоторые существенно определяются 
характерными временами процесса,или, другими словами,частота
ми рассматриваемых колебаний. Из формул (3.7; и (3.8) сле
дует, что характерное время прохождения запертыми и медленно-

(З.Ш 
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пролетными частицами^""'//расстояния х <- = —- между двумя 

последовательными максимумами поля порядка~/^ jff- (т.к. 
их продольные скорости Ц( ~Цу£^Ц-у?1, где irT=/JE)* 
тогда как соответствующее время для быстропролетных частиц 
~ -р- (так как для них2£~2^ ). Наличие таких характерных 
времен позволяет нам легко получить коэффициенты л ^ в сле
дующих областях частот: &)£й>МЦ\ в) dIÇ-/££<<?Ы«о/1С\ 
с) СО^оШгЩ,. 

а) В области высоких частот СО»^^- не проявляется 
существенного различия между запертыми и пролетными частицами, 

у / / 

поскольку за времена A t~rr <<: ~п~г продольные скорости 
всех частиц мало меняются. Решая первое уравнение системы 
(3.5) путем разложения по малому параметру /Iг- Г- с--7~ 
(с точностью до членов второго порядка),получим 

Подстановка выражения (3.12) в формулу (3.10) дает нам выра
жение для Kf в рассматриваемой области частот: _ 

°т L -j/z *у CU I СО УУ 

Гдв^^-^-^^л|^^4л<Г'^--^>^ г о 
&~'=/fâv&fi]j- радиус кривизны силовых линий 

в) В промежуточной области частот odÇ-yfJ^^aJ^oSZÇ 

различие в характере движения частиц оказывается уже сущест
венным. Поэтому решение системы уравнений (3.8) для запертых 
(медленнопролетных) ЧЭСТИЦ ОТЛИЧавТСЯ ОТ рвШвНИЯ ДЛЯ быСТрО-

пролетных частиц. Для запертых и медленнопролетных частиц 
изменение продольной скорости попрежнему мало и,следователь
но, справедливо решение (3.12). При нахождении решения 
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системы уравнений (3.5) для быстропролетных частиц поступим 
следующим образом. В первом приближении по отношению лармо-
ровского радиуса к характерному размеру неоднородности поля 
изменение координат при движении частицы можно представить 
виде^'Хl={^Ji/^М^%р » где (М)ц определяется про

дольным движением частицы, a foX/fi, - смещение из-за магнит
ного дрейфа. Тогда решение уравнения для (АВ)ц можно за
писать в неявном виде: 

Используя формулы разложения эллиптических функций в ряды 
Фурье [4] , получим 

где cûy=££. ; ^ = е$>£* JTT^/J' После э а , ° г о 

решение системы уравнений (3.5) принимает вид: 

Здесь U~t_-£z£ , •/'=£.-й-^r средний угол прокручивания y ~ oL f cfr p. / /- ; „ 
силовых линий магнитного поля,J4 -£, ( f y - сложные функцииÇJ

% 

явный вид которых нам не понадобится,но при Pg /они поло
жительны и порядка единицы. 

Так как решение для запертых и медленнопролетных частиц 
отличается от решения для быстропролетных частиц (вид подин-
тегральной функции в формуле (ЗЛО) в областях Х-г/ и Ус >•>•£ 

различен),то возникает неопределенность в пределах интег
рирования (т.е. граничное значение X ,разделяющее области 
применимости формул (3.12) и (3.15),неопределенно). Эту 
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неопределенность можно устранить,если произвести оценку 
вклада той и другой области в окончательный результат. Оказы
вается, что ввиду относительно малого числа запертых и" 
медленнопролетных ЧЭСТИЦ ПО сравнению С бЫСТрОпрОЛвТНЫМИ, 

а также ввиду того,что магнитный дрейф запертых и медленно
пролетных частиц носит локальный характер (т.е. зависит от 

О ), вклад их пренебрежимо мал. Кроме того,так как форму
лы (3.15) имеют довольно широкую область применимости (раз
ложение в ряд Фурье эллиптических функций хорошо сходится 
вплоть д о ^ - У ),то в формуле (3.10) можно ограничиться 
учетом только пролетных частиц и во всей области интегриро
вания использовать решение системы уравнений (3.5) в виде 
(3.15). Тогда выражение для л у в области промежуточных 
частот UUj-vSJ^ <co>< °<iç запишется в виде: . ~ • 

">• $^lm^tF^^e —> 
Здесь iClt = Ц v £и 

v-M-'&^H&f&té&i*-

с) Наконец, в области низких частот CO^o^lf l/clrr 

основные эффекты проявляются за времена, большие по сравне
нию с периодом движения частиц. Особенно сильно за такие 
времена сказывается различие в характере движения ведущих 
центров запертых и пролетных частиц вдоль силовых линий 
магнитного поля. Движение захваченных частиц,совершающих 
много колебаний между локальными пробками магнитного поля, 
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можно аппроксимировать гармоническими колебаниями около поло
жений равновесия $ = Jity (т = ОуЦ- JQ амплитудой^ -агс^^-^ 
и периодом /^ .Точное решение уравнений (3.5),выраженное 
через эллиптические функции и разложенное в тригонометрический 
ряд по параметру /•</ доказывает,что такая аппроксимация 
законна для всех Эс ,не очень близких к единице. Однако, 
это не существенно,поскольку узкая область значений х^^ 
дает, пренебрежимо малый вклад при интегрировании по Pc 
в выражении для Kç • Решение системы (3.5) для движения 
пролетных частиц вдоль магнитного поля можно получить анало
гично тому,как это было сделано в пункте в). 

При интегрировании дрейфовых членов в (3.5) можно 
произвести усреднение по соответствующим периодам запертых и 
пролетных частиц, как это было сделано в работе [1] для захва
ченных частиц. В результате получим следующее решение системы 
(3.5) л 7/ .уЛ,-//,/))*^. 

- полный эллиптический интеграл второго рода. После 
подстановки (3.17) в формулу (ЗЛО),выражение для А"^ 
в области СО <^о/&7/gj^ приводится к виду: 
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При интегрировании ло скоростям в формулах (3.13) и 
(3.18) надо перейти от df/f к переменной зг по формуле 

4. СПЕКТРЫ КОЛЕБАНИЙ. УСТОЙЧИВОСТЬ ПЛАЗМЫ 

Полученная в §3 система зацепляющихся уравнений(З.П) 
для компонент Фурье возмущенного потенциала Tg+w и выраже
ния (3.13), (3.16),(3.18) для коэффициентов/-^ этой системы 
позволяют исследовать вопрос об устойчивости потенциальных 
колебаний плазмы,помещенной в прямое двухзаходное поле с вин
товой симметрией. В общем случае нахождение решения бесконеч
ной системы зацепляющихся уравнений ничем не проще решения 
интегро-дифференциального уравнения. Но,как показывает анализ 
коэффициентов /{р , в наиболее интересном случае не слишком 
малых длин волн вдоль средней силовой линии магнитного поля 

^л^е^усистема (3.IU расцепляется и сводится к системе трех 
однородных уравнений относительно у ^ и 7^*.При этом искомое 

дисперсионное уравнение получается из условия разрешимости 
этой системы и может быть записано в виде 

Строго говоря,уравнение (4.1) справедливо только в нулевом 
пределе геометрической оптики (№* -7Л=/,где ЛХ - область 
локализации колебаний. При исследовании сильно локализован
ных колебаний/^^"v необходимо вместо алгебраического урав
нения (4.1) писать соответствующее ему дифференциальное урав-
нение,что делается простой заменой к -~~> ~/г~-~г 
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Уравнение (4.1) имеет существенно различный вид 
в зависимости от соотношения между фазовой скоростью волны 
вдоль усредненной силовой линии магнитного поля ( '*/// 
и тепловыми скоростями частиц. Поэтому разумно разбить всю 
область исследуемых частот на три: I) СО>к/,/<Уге ; 
2)КУ~п<Со<КЦ. ; 3) со < /^ IÇ(-. Уравнение в любой из 
этих областей имеет вид 

2)' 
(4.2) 

где эрмитова часть *s существенно различна в каждой из 
этих областей,тогда как антиэрмитова часть ее) сильно меня
ется внутри одной области в зависимости от соотношений между 

СО и /AJ,J А •/!) £Р > А7/ с/Уд . в этой области частот 
выражения для с>/' и ^ ) А имеют вид: 

^ ) ^ % ^ ^ ^ ^ (4.3) Ъ'-J-%№$-{'-%, 
Ч) (экспоненциально мало), y>ovTe; 

g £ £%* été, o/ifr fà<*>< 41T„J 
Г, е \cj3 

ТДвр _ / ° ПРИ Ю >о(1Гге(Щъ Ы<• Jù~n tJJ-^ • 
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Здесь и в дальнейшем под Кг/ будет пониматься fa . • 
Ввиду того,что.антиэрмитовская часть уравнения (4.2) 

мала,основные спектры частот колебаний определяются . 
как решения уравнения ? г 

Анализ возможных спектров уравнения (4.5) начнем с иссле^-
дования желобковых неустойчивостей,обусловленных кривизной 
магнитного поля. В зависимости от области частот колебаний 
в рассматриваемой системе с переменной кривизной силовых 
линий магнитного поля может проявляться как средний дрейф 

— - 1 . - ... 
частиц, обусловленный средней кривизной £^<х£'~у' ,так и 
локальный, определяемый локальной кривизной силовых линий 
R^&éf). При этом среднюю кривизну поля чувствуют в основ
ном быстропролетные частицы,тогда как запертые и медленно-
пролетные частицы ощущают в первую очередь влияние локальной 
кривизны магнитного поля. Сильно запертые '£<*£ и быстро
пролетные "Х>?£ частицы в основном находятся в области 
неблагоприятной кривизны магнитного поля и могут привести 
к желобковым неустойчивостям,в то время как слабрзапертые 
и медленнопролетные частицы'основную часть времени проводят 
в области благоприятной кривизны,а потому оказывают некоторое 
стабилизирующее влияние. 
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Замечая,что в области частот 0^>*г>"'гс)/еЩ,ж &,-<яЪ'г-ч/£Е4_ 

величина S£s = <? ,a последний член в уравнении (4.5) равен 

где СЛ.-/—Г-.—7 , Д=*Й° - эффективный радиус кривизны, 
различный в разных областях частот, легко видеть,что уравне
ние (4.5) описывает обычные желобковые колебания плазмы, 
инкремент развития и условие стабилизации широм которых 
имеют вид[5] 

Подставляя в определение ffl значение продольного волнового 
числа tt„=-dl(?+•£*• fe-ijjii производя дифференцирование среднего 
угла прокручивания С (см.(3.15) ) по магнитной поверхности 
f1 , получим (при 04 £ ) 

QateaeY (4.9) 
Б области высоких частот СОх^^Ге. эффективный радиус кри
визны по порядку величины совпадает со средним радиусом Л? , 
и поэтому желобковые неустойчивости легко стабилизированы 
широм; критерий стабилизации (4.8) при этом сводится к не
равенству с/Щ*£ - Более того, эта неустойчивость вообще 
не может развиваться в реальной установке,поскольку она воз
можна лишь на больших расстояниях от оси системы f»*?/--? 
(когда член с магнитным дрейфом в уравнении(4.5)может срав
ниться с членом 4 f,- ), где фактически отсутствует плазма. 

Желобковая неустойчивость реально может иметь место лишь 
в области низких частот СОгыЩ^./Ш^ .когда магнитный дрейф 
обусловлен в основном движением сильнозапертых частиц, а слабо-
запертые и медленнопролетные частицы дают стабилизирующий 
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(но малый) вклад в эффективную кривизну. Эффективный радиус 
D 

кривизны в данном случае порядка ^== ,так как число запер-
тых частиц в /етг раз меньше полного числа частиц.Он равен 

Подставляя это значение /<Lja ( y из (4.9) в формулы (4-.7) 
и(4.8),находим инкремент развития и критерий стабилизации 
широм лелобковой неустойчивости в области частот СО<о(?Л/ёт1 

^= £TÏÏ ($• /Sy' * (*.Ю) 

Условие (4.il) показывает,что в реальных установках (<f~0,3) 
рассмотренная неустойчивость легко стабилизируется широм. 

Как следует из определения W IB области частот 
oïbfe j^^cj^diffrWb условии <?<г> > £ величина fW О 
Это объясняется тем,что при условии <:£> > S вклад от 
дрейфа слабопролетных частиц,проводящих большую часть вре
мени в поле с благоприятной кривизной, превосходит вклад от 
дрейфа быстропролетных частиц, определяемого неблагоприятной 
средней кривизной (напомним,что вклад запертых электронов в 
этой области частот пренебрежимо нал).При этом возможна 
неустойчивость,аналогичная рассмотренной в работе Коппи и 
др.[2] в поле с периодической кривизной, но с благоприятной 
средней кривизной силовых линий магнитного поля. 8та неустой
чивость носит кинетический характер и может приводить к рас
качке колебаний с частотой 

Со^-иЩ^Д- <^ O V (4.12) 
и инкрементом развития"' 
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физическая природа этой неустойчивости заключается в резо
нансной взаимодействии быстропролетных электронов с волной 
в поле с периодической кривизной силовых линий. Критерий ста
билизации широм рассматриваемой неустойчивости можно получить 
из того условия,что для ее существования член от продольного 
движения электронов ~~^ в уравнении (4.5) не должен 
превосходить члена от инерции ионов Hxfffd &) 

Это дает следующий критерий стабилизации широм 

Условие (4.14) хорошо выполнено в установках,в которых^?"10~ . 
Если,наконец.учесть,что и при частотах d ^ f ê T ^ c o t c S ^ I ^ Ë * . 

желобковые колебания оказываются устойчивыми (так как наряду 
с членом т~г в уравнении (4.5) появляется член --г-» 

OJ Си 

благодаря которому спектр становится вещественным),то можно 
сделать заключение,что желобковые неустойчивости во всех 
практически важных случаях застабилизированы. 

Переходя к исследованию дрейфовых колебаний, мы можем 
отбросить в уравнении (4.5) малые члены,определяемые магнит
ным дрейфом частиц. Тогда независимо от соотношения между час
тотой колебаний и обратным временем пролета частиц расстояния 
между локальными магнитными пробками уравнение (4.5) сводит
ся к уравнению: 

Если в случае простой геометрии магнитного поля(в отсутствие 
запертых частиц и периодической кривизны) в рассматриваемой 
области частот iO^MnVj-^ антиэрмитовская часть уравнения 
(4.2),а,следовательно, и инкременты возможных кинетических 
неустойчивостей экспоненциально малы,то в данном магнитном 
поле наряду с известными гидродинамическими неустойчивостями, 
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описываемыми уравнением (4.15), возможна не экспоненциально 
малая кинетическая раскачка колебаний,связанная с резонансным 
взаимодействием запертых частиц и пролетных частиц.с волной. 

Исследуем сначала один из таких спектров,который лежит 
в области высоких частот Cû>uL и определяется формулой 

Шг Те ш ' "7Ж7Т гг (4.1б; 
Используя явный вид 3 ) ' ,получим мнимую добавку к частоте 
/t--M.— .которая оказывается положительной лишь в области 
и ър'/дсо 
частот ы & Г е 0 Т ^ и > * ^ г / Г е ъ Равной 

Механизм такой неустойчивости аналогичен механизму неустой
чивости, рассмотренной в работе [2] ,и объясняется резонансным 
взаимодействием волны с квазипериодическим движением пролет
ных частиц (электронов; в поле с переменной кривизной. 
Инкремент (4.17) при этом существенно определяется локальным 
(меняющимся вдоль силовой линии магнитного поля) магнитным 
дрейфом âj,M ионов. Так как локальное рассмотрение справед
ливо при условии, когда область локализации колебаний не 
мала по сравнению с характерным размером неоднородности плаз
мы,то для получения критерия стабилизации рассмотренной не
устойчивости широм следует исходить из условий применимости 
формул (4.16).(4.17),полагая в них ̂ 4 »#,<?*>#<# При этом,учи
тывая, что рассмотренный выше спектр неустойчив только при 
не слишком больших частотах а^ЫТГ^ ,а по условию рассмот
рения £л-ч£-,получим следующий критерий стабилизации широм 

Эта неустойчивость является наиболее опасной в рассматривае
мой области частот Со->^,Л%_,т.к.,во-первых,максимальный 
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ИНКрвмеНТ $m^~d?frt''-'ùfa- (wn существующих установок £~Ю ОвК~Х) 

достаточно велик и,во-вторых, она плохо стабилизируется 
широм (для приводимой нами установки$~ I0""3, ac/fî~fé~vI0~2,, 

т.е. условие (4.18; не выполняется;. 
Рассмотрим теперь дрейфовые колебания с частотами СО~сОр 

Если продольные длины волн не очень велики /ufi '^Г>> ~~Г£* 

то решение уравнения (4.15; имеет вид 

здесь оставлено малое слагаемое в квадратных скобках, 
существенное для определения инкремента нарастания колебаний, 
который в разных областях частот имеет различный вид и 
определяется выражениями: 

где - ' 

/Я€^ J -т-;мЛ* Из формул (4.20) следует,что при условии' -?е-+ ~7/~Â7Jf, ^ и' 
в плазме возможна неустойчивость в области частот 
^^re/fTv>cu'-u-K «У£,обусловленная резонансным взаимодействием 

п /г." 

запертых электронов с волной. Инкремент этой неустойчивости 
определяется локальным дрейфом ионов. Для колебаний в области 
сС^гц'РТг^со^сфг <'.V2V неустойчивость возникает при 

*-7-т—• ->ô и ооусловлена резонансным взаимодействием квази-
периодического движения пролетных частиц (ионов) с. волной. 
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В областях частот бО^Ц^/Д!,, и o J ^ d V ^ . / ^ l также возможны 
неустойчивости в условиях, когда -,' < < Л> . В области 

и>>ЫЦ- féT неустойчивость обусловлена резонансным взаимо
действием квазипериодического движения пролетных электронов 

Т.- JA'S/nZ®-с волной и имеет место при условии •£- '•*• ~-4:~-LJ~r ^ O 
Те of&/f%-

а в области СОvЫ^/еТ^ колебания неустойчивы ,если 
" 1 ^ -в* "Г ^ О . Неустойчивость в этом последнем случае 
обусловлена резонансом волны с колебаниями запертых ионов. 

Наконец,отметим,что рассмотренные дрейфовые неустойчи
вости стабилизируются при нарушении неравенства 
titf m ** ' — • Условие стабилизации при этом имеет вид 7,- uf-

Это условие,как уже отмечалось (см.(4.14) ),для имеющихся 
в настоящее время установок ( ф ^ Ю " 3 ) хорошо выполняется. 

Если выполнено обратное неравенство -pr^ff,**^—^, то 
спектр частот близок к частоте ларморовского дрейфа электро
нов 

V^+ffr+TiïfcjMTpfêJ C4.22) 
жремент неустойчивости определяется выражениями 

(4.23) 
/Ж &!?& / A î E f i é /ЯЗЬ ,tj. ,У2Г jsf 

Формулы (4.23) показывают,что колебания с частотами СО>ы>Л-
неустойчивы только в плазме с -d* 4 i r ^ , < : с? ,в то. время 

си-cutv 

как для колебаний с частотами Cûtotv^ условия неустойчивостей 

и # ' jjffi >0 ВДИ u J ' W ^ E j . -Критерий етаби-
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лиззции рассмотренных неустойчивостей вытекает из условия 
нарушения неравенства 4^-У^Л^ >f//ùr

 и имеет вид 

В установках, для которых'мы приводим оценки (^10~"3),это 
условие стабилизации находится на грани выполнимости, 
поскольку 

Помимо рассмотренных спектров в неизотермической плазме 
с горячими ионами ( 4-^Â) существует решение уравнениями 15) 

CJ = - ^'i ^ il— 
Не <?<* * (4.25) 

удовлетворяющее условию^. »<^-*> ^,е .Анализ у равнения (4-. 2) 
показывает,что рассматриваемые колебания могут оказаться 
неустойчивыми,если частота лежит в области cj<<xir. ,причем 
присяг г£ Y£-Iz неустойчивость имеет место только в плазме, 
в которой ~К -/ТА/ < ~ ? ' и инкремент ее развития 
равен з , 

û~£-l+ ffi jç ^ /Ж~&7Г~ (4.26) 

В более реальных условиях развивается неустойчивость в 

области и<игГп/£1г .Инкремент развития неустойчивости при 

этом определяется выражением ^ 

а условие ее существования имеет вид с&Ь fi/ ' Т~ 
Исходя из того,что эти колебания могут быть неустойчивыми 
только в случае,когда выполнено условие £/<: ^Л • ,находим 
критерий их стабилизации широм 

& > Q/jf %f>< ' (*.28) 
который,как уже отмечалось, хорошо выполняется для реальных 
установок. 
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2. fi, Цу <<"*<• ^Це . g этой области частот уравнение 
колебаний (4.2) имеет вид 

+ (4.29) 

w^ i т. где 
4< л» 

и2-
•пл+i/rv-o 

/éJT7 ^ 2Г. /FIT 

iç fàT«J<K4e. fëïi 

Предпоследний член в эрмитовой части уравнения (4.29) 
определяется магнитным дрейфом запертых частиц и присутст
вует в уравнении только при м<^Ч-г^^д, .Последний же член 5 
в эрмитовой части обусловлен продольным движением медленнопро-
летных частиц (к ~ 1) и учитывается в уравнении лишь 

в области частот <^<fi,'zÇ^^^t .Наличие этого члена приводит 
к появлению существенно новых гидродинамически неустойчивых 
спектров колебаний. Действительно,, если в плазмеу^рг 
то уравнение (4.29) при &« LJHe_ сводится к виду: 
d+ «tlSL dML . i i 1 1 Mf^l _ , 
и имеет следующие решения 

(4.30) 

ц j уу dû 31) 
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Видно,что наличие медленнопролетных частиц в системе при
водит к искажению известной дрейфово-температурной неус
тойчивости со спектром , . ^ 

CJ = - Л> % ЯТ^лР (4.32) 
который получается как предельное значение^, при формаль
ном стремлении величины f'y к нулю в (4.31). Кроме 

Jû ЧУ 

того, в установках с j j ^ - p - <• ° появляется существенно 
новый неустойчивый спектр &• = и , г

2 - < 0 . Критерий стабилиза
ции широм рассмотренной неустойчивости имеет вид 

и вытекает из того,что при его выполнении последним членом 
в уравнении (4.30),ответственным.за неустойчивость,можно 
пренебречь. Критерий (4.33) является значительно более сла
бым, чем критерий стабилизации дрейфово-температурной неустой
чивости (4.32) {&>&\/^té£JjfJ' i;M.,например, [6] ). 

Если же,напротив, магнитный дрейф не мал,то,удерживая 
в уравнении (4.29) члены, обусловленные магнитным дрейфом 
частиц, находим следующее неустойчивое решение^ 

,? /' ^z ?rz г g + cj У/v Ю/ F téir , 
со =^ К, in [J(f > l yjfe- — (̂ .з4) 

Критерий стабилизации этой неустойчивости можно получить 
из тех .же соображений,что и выше, и имеет вид 

Этот критерий,как и (4.24), находится на грани выполнимости, 
поскольку для реальных установок ( —?—тт" / ~ 1 

• Эффект запертости частиц проявляется не только в по
явлении новых'гидродинамически неустойчивых спектров,но и в 
искажении обычных кинетически неустойчивых спектров. Так . 
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в области &><КЛ^•*£ Аг в уравнении (4.29) изменяется 
антиэрмитовская часть 1Ю ,что приводит к изменению инкре
ментов,хорошо известных в поле с простой геометрией кинети
ческих неустойчивостей. Для дрейфовых колебаний с частотой 

ifzfa fr -é £rJ• ->^7>*>£Г 

инкремент неустойчивости в зависимости от области частот 
имеет различный вид и определяется выражениями 

г 
Л. 

/«/Ье-
ûyr.^£j2(/^7ïQs^ £ ЖРу' Тс л е ( 5) 

/ËZJL- . "Y /л- '?&) . р?»v /y. У <&tf tx'Htfi?, 

Из приведенных формул следует,что в области частот 
ь> >if, Vl /iî, выражение для инкремента развития неустой-
чивости совпадает с соответствующим выражением в поле с 
простой конфигурацией силовых линий, с той лишь разницей,что 
магнитный дрейф ионов дает различный вклад в зависимости от 
соотношения между частотой колебаний CJ и двумя харак
терными обратными временами движения ионов. Бели выполнено 
соотношение Cô>^lÇ^ ,xo основной вклад в инкремент дает 
средний дрейф быстропролетных ионов; если ^-^ °^Ч? <^^><°</'г/гс, 
то наряду со средним дрейфом быстропролетных ионов,сказывает
ся локальный дрейф медленнопролетных ионов и,наконец, в 
области частот cO<<^lÇc '£•£? определяющим является локаль
ный дрейф запертых электронов и ионов. Критерий стабилиза-
ции рассматриваемой неустойчивости в области частот &>^,% "4г 
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вытекает из условия нарушения неравенства о^-со^> ^Ц^(^-Рс) 
и имеет вид 

В существующих установкахр—1(Г3)этот критерий выполняется 
плохо (так как правая часть неравенства даже для самых -з длинноволновых колебанийJ>^ 10 ;. В области частот 

cj&h.i <К^^-л инкремент развития неустойчивости,как 
следует из формулы (4.35),уменьшается в отношении/^ггт /££ у; 
однако,критерий стабилизации по-прежнему, определяется фор
мулой (4.36). Если при этом частота колебаний tJ <<*• гС-^ ré'З^ 

то для плазмы,в которой^? "у < т~ (^~*~ гг~/}
3 инкременте 

нарастания появляется стабилизирующая добавка,обусловленная 
резонансным взаимодействием запертых ионов с волной. 

# •*" ? г * При выполнении условия -*г >^ - ^ — эта добавка приво-
**• Щ 

дит к полной стабилизации колебаний.Если учесть,-уьъикрсгСУ?/ 
zlû.p^&Jrfclz ,то отсюда непосредственно получаем следующий 
критерий стабилизации неустойчивости широм 

который для реальных систем также плохо выполняется,как и 
(4.36). С другой стороны, если в плазме выполнено обратное 
неравенство -jp /г/ > ff '-*~ fjT~)% т о в 0<^ласти частот 

добавка к инкременту, обусловленная резонансом 
запертых частиц с волной,может привести к новой неустойчи
вости, критерий стабилизации которой определяется формулой 
(4.36). Так как в реальных условиях У £ Д ?t<X'& ft ri 1^ 

# # > / ^ ~ 5 . I 0 ~ 2 , ^ / ^ f ~ I 0 ~ 2 , то-есть ^ > ^ Г А Й ^ , ТО 
отмеченные выше эффекты, обусловленные резонансным взаимо
действием запертых частиц с волной, в установках могут не 

проявляться. 
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F .. ГР В неизотермической плазме ( 4- » ' с ) существуют,как из
вестно [1] , еще две ветви кинетически неустойчивых колебаний, 
спектры.частот которых определяются выражениями 

2. ? 

>—^г-1 
В области и > К,~^Çe ̂ V , инкременты развития условия неус
тойчивости и критерий стабилизации широм таких колебаний 
хорошо известны U] . Если же cj < ^ Ц - е п . 1 ^ ,то,помимо умень
шения инкремента в /1, ,7—Т/гт7) раз, для колебаний с час-
тотой UJ - Uj_r изменяется условие неустойчивости jp ^- > •— 

Критерий стабилизации широм этой неустойчивости,также как и 
известных дрейфово-температурных неустойчивостей (см.табли
цу) в существующих установках не выполняется. 

3. ^ < *'< гс .Известно,что в системах с простой 
конфигурацией силовых линий магнитного поля колебания в об
ласти частот &J <^r2L. отсутствуют (имеет место дебаев-? 
екая экранировка поля). Наличие в системе захваченных час
тиц,как было показано в работе Кадомцева и Погуце U], приво
дит к появлению неустойчивых колебаний, обусловленных маг
нитным дрейфом захваченных частиц. Эта неустойчивость, как 
показывает анализ общего уравнения, лежит в области частот 
U < M, Ц-с Vt-I-L (колебания с частотами de > ^ V^L l/"S 1^ 

отсутствуют из-за дебаевской экранировки поля). Уравнение 
колебаний при этом имеет вид 

vr ïfhç/фвг*? (4.3S) 
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о. 
где fyr'^ J / • Для достаточно больших ^ последним 

о'~ членом в эрмитовой части можно пренебречь.Пренебрегая'также 

« V V ^ ^ ^ ' T T ^ <••«> 
TÊ 

членом,связанным с инерцией ионов,получим гидродинамически 
неустойчивый спектр, обусловленный дрейфом запертых частиц [1]. 

d. : • 

0Ï /Z L и/Яр is\ . 
ГДе J "* ^f- HT / (лС—KJ определяется вкладом только запертых 

г • 7/ _/'-, V- , частиц и отличается от q. лишь на 

малую величину,обусловленную вкладом медленнопролетных 
частиц.Хотя инкремент, этой неустойчивости меньше инкремента 
обычной желобковой неустойчивости, она гораздо опаснее,так 
нак не может быть застабилизирована широм. Учет конечного 
ларморовского радиуса ионов приводит к стабилизации этой 
неустойчивости при условии 

9 mz 
Однако,неравенство (4.41) для реальных установок плохо 
выполняется. Если даже предположит!,что условие (4.41) выпол
нено и спектр колебаний вещественен,учет черенковекого погло
щения на медленнопролетных частицах приводит к кинетической 

НеуСТОЙЧИВОСТИ С инкрементом 

Л- \TJIL- -4№L* -Г_А_ ' - ' • 
которая развивается при условии ~d < j£~~f. ^Л-
Кинетическая неустойчивость,как гидродинамическая, не может 
быть застабилизирована широм. Именно поэтому она также пред
ставляется нам весьма опасной. 

Наконец,заметим,что в области наиболее опасных длинно
волновых колебаний,когда условие (4.41) не выполняемо,можно 
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ТАБЛИЦА 1. 
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ТАБЛИЦА I (продолжение) 
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ТАБЛИЦА II . 
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ТАБЛИЦА II (продолжение) 
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получить еще один гидродинамически неустойчивый спектр,обус
ловленный характером движения медленнопролетных частиц: 

Эта неустойчивость существует только при достаточно малых 
k'jf ,когда предпоследний член в уравнении (4.40) превос

ходит единицу.Поэтому она может быть застабилизирована широм 
при условии п s m \~i 

Как уже отмечалось выше, это условие в существующих установ
ках не выполняется. В отличие от неустойчивости (4.^коле
бания со спектром(4.43) неустойчивы как в области с неблаго
приятной,так и в области с благоприятной кривизной удержи
вающего поля. 
5. ЗАКЛЮЧЕНИЕ 

Проведенный нами анализ устойчивости малых возмущений 
в плазме, помещенной в двухзаходное магнитное поле с винтовой 
симметрией,показал,что наиболее опасными остаются,в основном, 
уже известные неустойчивости:гидродинамическая неустойчивость 
(типа желобковой) на запертых частицах! 1],которая-хотя имеет 
и небольшой инкремент,но в принципе не может быть застабили
зирована широм,дрейфово-температурные и кинетические неустой
чивости,для стабилизации которых необходим достаточно большой 

•б*ьт. ™ ?M»j .,«6* ««а М 
Такой лшр пока еще не получен в реальных установках.Из най
денных нами новых неустойчивостей наиболее опасной является 
кинетическая неустойчивость,обусловленная резонансом быстро-
пролетных электронов с волной.Эта неустойчивость имеет 
достаточно большой инкремент (4.17),по порядку величины срав
нимый с дрейфовой частотой,и не стабилизируется широм,который 
достигнут в существующих установках на сегодняшний день. 
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ТАБЛИЦА III 
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Как показывают оценки,для стабилизации широм всех рас
смотренных нами низкочастотных длинноволновых колебаний(за 
исключением неустойчивости на запертых частицах[1]> в термо
ядерной плазме ( 7 ~ 1(гэв, 8^ I05 эрстед, /V~ Ю 1 5 см"3) 
необходимо построить двухзаходный стелларатор с параметрами 
£ =2+3 м, Ъ =0,5м, £ =0,3, ^ =5+6. 

Л И Т Е Р А Т У Р А 
[1] КАДОМЦЕВ, Б . Б . , ПОГУЦЕ, О . П . , с б . "Вопросы теории плазмы " вып. 5, M . , 

Г о с а т о м и з д ы , 1967. 
[2] КОППИ, Б . , РОЗЕНБЛЮТ, М . , Препринт № 21-102,1967 . 
[3] МОРОЗОВ, А . И . , СОЛОВЬВ, Л . С , Сб. "Вопросы теории плазмы" вып. 2 , М . , 

Г о с а т о м и з д а т , 1963. 
[4] ГРАДШТЕЙН, И . С , РЫЖИК, И . M . , "Таблицы интегралов" , M . , Физматгиз , 1962 . 
[5] МИХАЙЛОВСКАЯ, Л .В . , МИХАЙЛОВСКИЙ, А . Б . , Ядерный синтез 5. (1965) 234 . 
[6] РУХАДЗЕ, А . А . , СИЛИН, В . П . , Кинетическая теория дрейфово-диссипативных 

неустойчивостей (Доклад на конференции в Принстоне, 1966) УФН 9_5 Кг 2 (1968). 



898 РОСИНСКИИ и др. 

DIS C U S S I O N 

В. COPPI: Could you give more information about the kinetic 
instabil i ty of slowly moving par t ic les which you have found? 

A. A. RUKHADZE: If you mean the instabil i ty whose spect rum I 
discussed in my ora l presentat ion, its nature consis ts in the resonance 
interact ion of fast moving electrons with a wave in a field with periodic 
cu rva tu re , a mechanism s imi l a r to that which has been considered by 
you and Rosenbluth. Moreover , there a r e other kinetic instabil i ty mecha
n i sms which consist of resonance interact ion of the. wave with osci l lat ions 
of the t rapped par t ic les and with the average motion of the slowly moving 
par t ic les (Cherenkov effect). 
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Abstract 

A MAXIMUM-B STELLERATOR. Every toroidal plasma is a hybrid combination of mirror machine 
and torus. Approximately half the plasma consists of trapped particles. Towards the outer edge, the 
population becomes almost entirely trapped (circulating particles are preferentially scraped off). A toroidal 
plasma in equilibrium cannot be isotropic, and towards the edge the anisotropy becomes more pronounced. 
In most geometries there will be holes in phase space which are qualitatively similar to a loss cone. The 
geometry we propose is one in which these mirror attributes are planned rather than accidental. The 
maximum-B criterion enjoys all known advantages of minimum-B (with respect to micro- and macro-
stability as well as containment) and is much more easily realized practically. In particular, it can be 
achieved in a torus without internal conductors. 

One representation is as a modification of an { = 3 Stellerator. Qualitatively, there is an outer shell 
which is comparable to a mirror machine, and an inner toroidal core. Compared to a mirror machine this 
offers the interesting possibility of cutting particle losses by a large factor in a familiar range of densities 
and temperatures. Compared to a Stellarator, it offers the possibility of achieving mirror machine ( or 
much better than mirror machine) parameters in a toroidal geometry. 

There are many mechanisms which can lead to "Bohm" diffusion including non-collective orbit drifts 
and lack of equilibrium as well as a variety of different instabilities. It is not known at the present time 
under what conditions each of these mechanisms is applicable or potentially dangerous. The outer shell 
of the maximum-B configuration should be free of this phenomenon as in any conventional mirror machine. 
The large flat field region in the center should be relatively free of all micro-instability. Containment 
of particles (a possible source of Bohm diffusion) is secured by the maximum-B property. Also, a stable outer 
shell should exert an inhibiting effect on whatever specifically toroidal ills the interior is subject to. 

We discuss the status of the theory of this type of geometry with regard to magnetic field configuration, 
orbits, equilibrium (scalar pressure and anisotropic), and a modicum of stability, primarily in a straight 
version. 

1. INTRODUCTION 

Our purpose in this paper is to discuss the features of 
a certain class of toroidal containment geometries which are 
advantageous with respect'to orbits, equilibrium, and macro-
stability [1] . A great deal of attention has been paid to 
plasma micro-stability. While this is, no doubt, important, 
the significance of simple orbit containment and static 
equilibrium is at least equal in importance, and in the 
present state of the art for toroidal confinement, it is 
considerably more urgent. 

In most toroidal configurations some 20% to 90% of the 
plasma consists of trapped orbits. The containment of 
circulating orbits is related to flux surfaces. It has been 
recently recognized that containment of the large trapped 
segment of the plasma population can be completely unrelated 
to flux surfaces [2]. Also, numerical calculation of the 
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trapped particle drift surfaces is at least two orders of 
magnitude larger than that of flux surfaces. Additional 
complications are the presence of a class of circulating 
particles which border on being trapped,[J] and several 
classes of transitional trapped particles which can change 
their trapped state [2]. The latter orbits can cover an 
appreciable part of phase space and are not simply described 
by either flux or drift surfaces. 

It is axiomatic that an exact equilibrium can never 
be produced; there will be a residual level of fluctuation 
which depends on the details of injection, unless this is 
lost by dissipation. But in some cases there is an irredu
cible lower level for the fluctuations, independent of how 
much care is used to create the plasma and regardless of 
dissipation; mathematically, there is no equilibrium that 
.the plasma can try to approach [2]. 

It is interesting to compare a mirror machine with a 
torus in this context. In most mirror machines the orbit 
problem is relatively simple. Questions of equilibrium, 
fluctuations caused by imperfect injection, and macro-
stability are all reduced by line-tying and the free 
communication with the outside world. There remains an 
easily identified dominant physical effect, the loss cone. 
In a torus no dominant phenomenon can be identified at the 
present time. It is not clear what part of the plasma loss 
can be attributed to direct orbit loss, lack of equilibrium, 
incidental fluctuations left by imperfect injection, macro-
or various forms of micro-instability (including loss cone), 
and a variety of "anomalous" diffusion-mechanisms. We shall 
concentrate, in this paper, on the more primitive of these 
physical.mechanisms. 

2. MAXIMUM-B STELLERATOR CONFIGURATIONS 

It is necessary to distinguish three distinct magnetic 
well concepts1. 

Min-B]_: A magnetic configuration in which the plasma 
ends at a flux surface on which à|B|/àn > 0. 

Min-B2: A magnetic configuration in which the plasma 
is contained in a region of nested, monotonically 
increasing |B|-contours. 

Max-B: The plasma is contained within а |в|-contour 
on which the value of |в| is larger than any value in 
the interior of the plasma (there can be other local 
maxima as well as minima and other stationary points 
in the plasma). 
Min-B^ was originally introduced as a stability criterion 

for a field-excluding scalar pressure plasma [4]; it is in 

Sometimes V" < 0 is also called a "magnetic well." 
This concept has no connection with orbit containment and 
only a tenuous connection with stability (cf. Appendix). 



CN-24/F-4 901 

this case a necessary and sufficient condition for stability. 
Min-B2 was originally introduced to contain Taylor's special 
guiding-center anisotropic distribution, f(e,ix) with 
ôf/ôe < О [5]. Max-B was introduced [6] as a relaxation of 
Taylor's containment criterion, Min-Bp. 

Min-B]_ cannot be satisfied on any smooth flux surface, 
whether mirror or torus [4] (this theorem led to the Cusped 
Geometry). Min-B2 can be satisfied in a mirror but, 
apparently, not in a toroidal vacuum field. Max-B can be 
easily satisfied in either a mirror or a torus. 

FIG. 1. Hexapole field configuration. """~ — _o ' 

Min-Bi is also a sufficient condition for stability of 
a general scalar pressure equilibrium [7]; but it represents 
only a qualitative tendency since, in this case, it can 
never be satisfied. When combined with the requirement that 
|B| not vanish, in order to encourage mirror containment [8], 
it is even more qualitative, since an anisotropic plasma does 
not end at a flux surface. Neither Min-Bp nor Max-B has 
been related to stability in any way. In particular, the 
belief that Mln-B is a stability criterion which can be 
achieved in a mirror but not in a torus results simply from 
blending several different criteria. 

The simplest prototype of а Мэх-В torus is a straight 
version, periodic in z, composed of a uniform z-field B 0 
plus a helical field of order N > 3 (hexapole.or higher; 
2N is the total number of coils) [1]. The dominant features, 
shown in Fig. 1 for N = 3, are a separatrix, "фс, (heavy 
solid line) which encloses a. family of flux surfaces and is 
surrounded by a simple closed |в|-contour, Bc. If we con
sider the plasma to end at Bc, there are trapped orbits 
between Be and fc and a combination of trapped and circu
lating particles within фс. There is a field minimum, 
Вщ < Bo, inside each of the three lobes |в| = B0. 
BJVJ represents the largest simple |в| -contour which encloses 
the plasma, but not the coils. If the plasma is limited to 
a small flux surface, we have a conventional Stellerator; 
if it extends beyond the coils, we have a helically modified 
multipole. 
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There are two basic dimensionless parameters which 
describe such a field (in addition to N). We take them to 
he the helical pitch 

x = kRQ = 2TTR0/L . (2.1) 

(R is the coil radius and L is the axial period for a о single coil) and 

«-J^-ïi (22, a 21TR В '- I Кг'г) 
0 0 О 

the ratio of the helical current in one wire, I,, to the 
"toroidal" current in an axial length 2TTR . 

BIG. 2. Hexapole parameter variation. 

Some of the interesting parameter variations are shown 
in Fig. 2. For all a and x we have В2/в2 < I.633. But 
slightly smaller values, e.g. B§/Bg > 1.4, can be attained 
for a wide range of a and x. The size of the flux region is 
described by p = Rjy[/R0 (cf. Figs. 1 and 2). The dashed line 
in Fig. 2 separates a region (Вод > Bc) where the Bc contour 
surrounds the entire flux region from another region (Вод < Bc 
below the dashed line) where the useful flux region has to be 
reduced in order to be entirely contained within а |в|-contour. 
There are several other "well-depth" parameters viz. BQ/ВЩ 
and Вэд/В0 which can take quite large values, and a parameter Rm/^M which describes the shape of the' separatrix; these will 
be described elsewhere. Fig. 1 is drawn for the values N = 3, 
x = 2, p = 0.8, B§/B§ - 1.46, B|/B§ = 2.65, B2/B§ ='0.279. 
The question of optimizing containment with respect to the 
various well-depths and flux properties is premature at 
this time. But it is clear that there is a wide range of 
relevant parameters in which a significant well-depth and a 
sizeable flux region are simultaneously possible. 
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The asymptotic behavior for large x, keeping R;M/R0 = p 
and N fixed is given by 

Фс ~ i x2(p2- 2p/Nx) 

1/2 aNx л, p- p exp[Nx(l-p) 

[2.3) B 2/B 2 -v 0 m' о 
B2/B2 -v 1.. 633 с' о 
в2/в2 . p2 

Since Nx is the number of positive helical coils in an axial 
length 2wR, p is the ratio of the "total"'helical to toroidal 
current in a given axial length. 

FIG. 3. Toroidal octupole 

There are many more parameters to consider when this 
helical field is bent into an actual torus. There is not 
only the obvious aspect ratio of the torus but the shape of 
the minor cross-section (a-circle, R , as in Fig. 3? is not 
necessarily optimal); also, not only°does a vary with the 
distance r from the axis, but the pitch, x, and coil density, 
N/2irR , may vary with r. For even a large aspect ratio 
quadrupole it has been found that the useable flux area is 
seriously reduced. But it is easy to show that a finite 
aspect torus with large value of Nx can be just as effective 
as the straight configuration. The asymptotic formulas (2.3) 
carry over if we interpret x, a, v = Nx to be local values 
(functions of r); x(r) is the tangent of the pitch angle, 
a ~ r, and v(r) is the density of positive coils per 2TTR0 
of axial length (a is also normalized to 2TTR of axial 
length). 

To insure axial symmetry, we must have vr/x = const. We 
find that the separatrix is (asymptotically) a simple closed 
curve if фс is constant in r. To lowest order, taking p ,̂ 1 

1 y^ and >jj„ this implies constant pitch angle x. Thus 
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the optimal coil density, v, varies as l/r (an intuitive 
result). 

о о The asymptotic value of Bc = 1.633 B Q cannot be kept 
constant since B 0 ~ i . But the gradient of |в| is very 

r 
large in the limit .of large Nx; therefore there is a |B|-
contour which closely surrounds the separtrix. 

Using the more exact formulas (2.3) in an appropriate 
toroidal, form for a toroidal aspect ratio two (i.e. r^/r0 = 2 
in Fig. 3--the toroidal field varies by a factor two), 
together with a nominal value N = 4 (octupole) and x = 3, we 
find a fc which is completely enclosed within а |в|-contour 
such that x ranges between 2.7 and 3.4,'' p between 0.8 and 
0.9, and v between 8.5 and 17 (as r varies by a factor 2). 
The nominal value Nx <v 12 is probably large enough for the 
asymptotic formulas to be fairly accurate, but some numerical 
calculation is necessary to verify and extend these results. 
A thin region in the neighborhood of the separatrix can be 
expected to behave stochastically [9]. 

The influence on these vacuum Max-B fields of finite p 
plasma, equilibria, both scalar pressure and anisotropic, will 
be published elsewhere. 

3. CONTAINMENT . -: 

We give a summary of the status of the relevant theory 
under the headings, Orbits, Equilibrium, and Diffusion. The 
question of "Stability is touched on briefly in the Conclusion. 
Orbits 

The most primitive question with regard to containment 
involves individual particle orbits, assuming that the field 
is known. There are many classes of orbits, each with its 
own distinct requirements. The two main categories are 
circulating particles whose confinement is'related to flux 
surfaces and trapped particles which may be similarly guided 
by drift surfaces. In an asymmetric field (such as a 
Stellerator) the trapped drift surfaces are-quite distinct 
from flux surfaces, even in the limit of vanishing gyro 
radius, and the study of flux surfaces alone' ignores an 
important component of a toroidal plasma. At a given 
location, the ratio of trapped to total density (for an 
isotropic distribution) is (1 - B/Bi)-'-/2j where B i s the 
local value of B and B-|_ is the maximum on the given flux 
surface. The trapped population is always appreciable, 
and in a multipole it is even most of the plasma. 

In addition to the basic classes, trapped and circulating, 
there are transitional orbits. Circulating particles which 
border on being trapped are not confined to a flux surface or 
a drift surface, and every cross-over from one trapped state 
to another yields trapped orbits which are not confined to 
a drift surface. The latter class of orbits has the disturbing 
property that a finite portion of phase space can be covered 
ergodically in the limit of vanishing gyro radius [10]. 
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Consider the different trapped states I, II1, and II" 
in Fig. 4. In an asymmetric field, the cross-over value В 
will vary from line to line on a drift surface. The ° 
adiabatic invariant J = /vMds which defines a drift surface 
is a local invariant only, A particle which drifts from 
state II to state I and then back to state II will not 
return to the same drift surface or value of J. Since there 
is an essentially random choice between II' and II", it is 
clear that the path is ergodic for all drift surfaces which 
touch a given cross-over value e/u. = B0. This gives a finite 
ergodic volume in phase space, unless the field is symmetric 
by reflection through a plane. 

A cruder but much simpler containment mechanism than 
drift surfaces is a magnetic well. A particle with e/\x < B-, 
cannot reach a position where a field has the value B]_. 
This is true whether there are drift surfaces or cross-over 
and ergodic regions, or transitions from circulating to 
trapped. 

FIG. i. Trapped states. \^_y \ ^ / 

In comparison with the single family of flux surfaces, 
there is a family of distinct drift surfaces for each e/p. 
in the absence of an electrostatic field, and a separate 
family for e and u. individually in the presence of a field. 
With the added complication of a number of different trapped 
states to consider, we see the enormous gain in simplicity 
of containment with a well to counterbalance the reduction 
in flexibility. 

?> 

The question of resonances of fields and orbits is 
quite complex. The size of the resonance regions must be 
distinguished from containment effectiveness. In this 
connection, we must also distinguish the problem of flux 
surfaces and guiding-center orbits from that of finite but 
small gyro radius orbits. The mathematical characterization 
is by.a plane map for the magnetic field problem and for any 
order in a guiding-center orbit expansion. Any closed 
invariant curve guarantees absolute containment of the 
interior, no matter how wide the interior resonances may be. 
Physically, a flux line cannot cross a closed flux surface, 
nor can a guiding-center orbit cross a guiding-center drift 
surface. But the exact orbit equations involve a four-
dimensional map. Although it can be proved that, under 
perturbation, a finite part of the four-dimensional phase-
space is absolutely contained on a family of invariant 
surfaces [11], there is no simple implication with regard 
to containment in the omitted resonant regions in this case. 

For example, in an axially symmetric mirror, finite 
orbits yield a two-dimensional map. Thus resonances do not 
necessarily imply losses. But in an asymmetric mirror, the 
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map is four-dimensional. With finite orbits, there is a 
set of everywhere dense (though possibly very thin) loss 
с one s. 

Explicit flux or guiding-center surfaces are usually 
found only when there is an ignorable coordinate. But one 
can also find asymptotically ignorable coordinates in an 
expansion. This occurs, e.g., in a "Stellerator" expansion 
in which a finite rotational transform is built up from a 
large number of identical segments, each with a small transform. 
The same is true of the large Nx limit described in Sec. 2. 
Such asymptotically ignorable limits are characterized by 
transendentally thin resonances which are invisible to an 
expansion. It should be pointed out that such-an approximately 
ignorable coordinate applies only to the magnetic field, to 
definitely circulating particles, and, in general, to any 

FIG. 5. Ion and electron drift surfaces. 

quantity which samples the entire magnetic line. Trapped 
particle drift surfaces are localized and remain distinct 
from flux surfaces even in the limit of vanishing gyro 
radius. 

An expansion can miss resonance regions even when they 
are not transcendentally thin. A perturbation by an amount 
б from a symmetric configuration will normally give rise 
to resonances which are algebraically thin in 5. But a 
expansion in (г-г0)/б (or г/б) about a non-resonant location 
r (or about the axis) will miss all resonances, о 

In the finite toroidal aspect, large x expansion of 
Sec. 2, the rotational transform is very small at a distance 
from-the coils. Particles will be confined to surfaces which 
arise from VB drifts in the interior and from the rotational 
transform near the coils, somewhat as shown in Pig. 5. . 

If a straight helical field is bent into a large aspect 
torus, the full Max-B region is not required for confinement. 
Trapped particle drift "ribbons" will be only slightly 
perturbed by the toroidal curvature. Higher order tra.pped 
orbits, transitional orbits, and barely circulating orbits 
introduced by the perturbation will be found in a possibly 
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ergodic region; but this region is bounded on one side by 
safely trapped particles, and on the other by safely circula
ting particles. One can therefore guess that a large aspect 
torus might be safely contained by a quadrupole field without 
Max-B properties. 

We have carefully avoided mention of electric fields up 
to now. In principle they can be included in the orbit 
analysis or numerical calculation, provided that they are known. 
Circulating particles are relatively insensitive to electric 
fields; (the primary effect is to change the rotational 
transform). But trapped particles can be extremely sensitive 
to electric fields. For example, consider a configuration 
with contained drift surfaces in the absence of E. To lowest 
order, electrons and ions follow the same drift surfaces, 
but with opposite orientation. A small electric field will 
distort the electron and ion drift surfaces oppositely. 
An E x В field large enough to dominate'the VB drift constrains 
the trapped ions and electrons to flux (i.e. equipotential) 
surfaces, but now with the same orientation. Between these 
extremes, the electric field must be such as to completely 
open up either the ion or electron drift surfaces. The 
worst situation, apparently, is with E x В drifts comparable 
to VB drifts. Electric fields of this magnitude are almost 
inevitable in a torus, although they may be shorted out in 
a mirror. 

To summarize, absolute or high order orbit containment 
in a torus requires either an ignorable (or asymptotically 
ignorable) coordinate or a magnetic well. Otherwise, only 
zero or first order confinement can be verified (even though 
high order confinement is frequently verifiable in part of 
phase space). There is high order containment of trapped 
particles in a well (with a suitably cut-off loss cone 
distribution). Good containment could also"be accomplished, 
in principle, by designing suitable drift surfaces, but such 
a calculation would be enormous. Circulating particles are 
contained to high order if the border between trapped and 
circulating is taken care of (at the separatrix and elsewhere); 
this is done simply only by a well. 

Equilibrium 

Almost the entire equilibrium theory in containment 
geometries is obtained from the zero order guiding-center 
theory (and the important special case, scalar pressure 
MHD)2. Given the guiding-center distributions, f+(e,u.,^) 
(ip represents one or two flux coordinates), we construct a 
charge neutralization potential §{Ъ,тр) by solving a nonlinear 
integral equation, after which p1(B,^) and p„(B,^) can be 
evaluated and the problem reduces to a system of partial 
differential equations. These equations are elliptic 
provided that a local stability requirement is met [12]. 

For a comprehensive survey see [12]. 
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The equations fail to have solutions in a toroidal geometry 
unless one of the following conditions is met [2]: 

a) ignorable coordinate 
b) closed magnetic lines ,^ -,\ 
c) f(e,|x) independent of f ^-}' 
d) piecewise constant pressure p. or f.(e,u.). 

Formal asymptotic expansions can also be obtained if there 
is an asymptotically ignorable coordinate. 

The mathematical breakdown when the above conditions are 
met should be physically evidenced by anomalously large 
parallel current. Such islands of large J„ have been 
observed-'. At very low В (such as in the aforementioned 
experiment), there may be no consequences other than large 
current. At higher 6, electric fluctuations and instabilities 
should be induced by the large J„. 

It is interesting to compare a mirror machine with a 
torus in this context. A scalar pressure mirror machine with 
J„ = 0 at the ends (no line-tying) requires special pressure 
profiles to be in equilibrium [13]. But it is always possible 
to redistribute the pressure values to make it into an 
equilibrium (p <v Jûl/B). Similarly, only special guiding-
center distributions will be in equilibrium when placed in 
a mirror with insulated ends [6]. In this case it is not 
known whether every "incorrect" distribution function can be 
shifted into an equilibrium.- In a general asymmetric torus 
with shear, there are only very special pressure profiles 
(step-functions) and very special distributions [f(E,u.)] 
which are in equilibrium. In this case an "incorrect" 
distribution cannot be rearranged to reach equilibrium. 

In a mirror with line tying, any pressure profile or 
distribution function is compatible with equilibrium. The 
fact that there is no line tying in a torus is perhaps the 
single most important qualitative difference from a mirror. 
There are many physical signals which propagate along, 
magnetic lines--Alfve'n waves, electrostatic potential, 
guiding-center orbits, etc. Whether subject to the experi
menter's control or not, this information has access to the 
outside of the plasma in a mirror but not in a torus. 

A related but independent effect involving charge 
neutrality also arises from imperfect creation of the plasma. 
A magnetic line which almost closes presents two points which 
are distant when measured along the line but are nearby 
across the field. Electrostatic potential propagates along 
the line to establish charge neutrality. In equilibrium, 
the potential is obtained as the solution of an integral 
equation and is a function of В alone on a given flux surface. 
The values of <)> at the two nearby ends of the magnetic line 
hardly differ, and no significant perpendicular fields arise. 
In a transient problem, large perpendicular fields can arise, 
and the reaction of the system, through E x B, has no direct. 

y University of Wisconsin Multipole, D. Kerst, private 
communication. 
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relation to the causal mechanism which propagates along the 
line. Thus we can expect enhanced fluctuations near a 
resonance even in cases (such as axial symmetry) where a true 
equilibrium can exist. 

The Max-B drift surfaces of Fig. 5 present a special 
problem. The ion and electron distribution functions must 
be constant on their respective drift surfaces. The only 
distribution functions that can .maintain charge neutrality 
are f+(e,u.), independent of the drift surface coordinate. 
Another distribution might give rise to a dipole electric 
field; if the resultant E x В were to dominate the VB drift, 
the ion and electron drift surfaces would again coincide and 
might look like Fig. 6. 

In any problem in which VB makes a significant contri
bution to the drift surfaces (e.g. with small rotational trans
form) the only compatible equilibrium distribution is f(e,u.) 
independent of flux coordinate. Conversely, if we do not set 
up this precise distribution function, any equilibrium with 
small magnetic rotational transform must be dominated by 
induced electric fields. In a case with ergodic drift sur
faces, there is a clear mechanism to produce f(e,u.). In a case 
such as Fig. 5> the resolution is through electric fields; it 
is not clear why they should be static. 

The special distribution, f(e,p,), is compatible with 
first order drifts. There is virtually no other first order 
equilibrium theory which includes particle drifts. It is 
clear that there are no general equilibria with finite gyro 
radius. 'In a simple mirror without axial symmetry there is an 
everywhere dense loss cone.' This might cause little experi
mental difficulty; but it makes theory exceedingly difficult. 
The most useful theoretical expedient may be a formal 
expansion with an asymptotically ignorable coordinate. The 
proper interpretation of such a result is that, even though 
no true solution exists, one would expect that this formal 
"solution," taken as an initial value, would persist for some 
time. Whether the result is valuable or not.depends on the 
time scale of the experiment. 

To summarize, no equilibrium analysis beyond first order 
has been done (except in geometries which are too simple to 
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contain plasma). A first order theory exists only for the 
distribution f(e,|i) and (partially) for axial symmetry. 
The -possibilities for zero order theory are only slightly 
more general (3.1). To resolve the nonexistent zero order 
solutions would require going to at least second order. 
The result would presumably be very large instead of infinite 
currents. Strict equilibria probably do not exist except 
in very special cases. The crucial problem is to try to 
estimate how long an approximate equilibrium can persist, and 
to estimate the level of fluctuations. No conventional 
stability analysis can be attempted except in the cases 
listed in (3.1). 

In the straight Max-B configuration, equilibria can be 
computed for any guiding-center distribution £{e, \± ,f). 
For example, a(^)f(e) + b(f)g(E,p.) allows a transition from 
an isotropic core to a loss cone distribution in the mirror 
region. In a general toroidal version only f(e,|_i) or piece-
wise constant fj_(e,u.) can be used. But with many. periodic 
sections, asymptotic expansions of equilibria can be carried 
out in as much generality as for the straight configuration 
[14], [15]. 

Diffusion 

A diffusion process results from a random walk. If 
5 is the step' size and v the step frequency, the diffusion 
coefficient D ^ 5^v, and the containment time is 

P P о 
T ^ R /D = R /bdv (R is the radius of the plasma). In 
"classical" diffusion 5 ~ Л (Larmor radius) and v ~ vc 
(collision frequency), giving Dc ~ A2vc. In "Bohm" diffusion 
5' ~ Л but v ~ шс (cyclotron frequency), thus Dg ~ Л сос. 

Particle loss from a drift surface which intersects the 
wall is a direct rather than a random walk. But converting 
the containment time т ^ R/v^ (vd ~ Av-j^/R) into an equivalent 
diffusion coefficient gives exactly D_. 

We wish to estimate the "anomalous" diffusion which is 
produced by a number of mechanisms which alter the basic 
random (or direct) walk. In addition to the collision fre
quency vc and cyclotron frequency шс, we shall consider the 
drift frequency v^ -v v^/R and the transit frequency 
vt ~ vth/^' (we u s e vt to represent a bounce frequency 
between mirrors as well as a transit frequency, once around 
the torus). We shall assume that vc, vd « v-fc << шс, but 
allow vc/v^ to be arbitrary (tDcvd ^ v?). 

First consider collisions which alter the trapped state 
of a particle. Suppose there are two sets of trapped drift 
surfaces which differ finitely; i.e. two drift surfaces 
through the same point will diverge by an appreciable fraction 
of R. If vc « vd, a particle will be lost after a finite 
number of collisions; by finite we mean a number «hich 
depends solely on the geometry of the drift surfaces; in 
particular, it does not increase as A — > 0. The containment 
time is l/vc, thus D ~ (vc/vd)DB. If v0 » vd, the random 
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walk has step size 5 = V(j/vc and step frequency vc ; we have 
D ~ (vd/vc)DB- We can combine the results, for arbitrary 
vc/vd i n the for'm D ~ a DB where a is the smaller of vc/vd 

and Vjj/vc; we have D >> Dc for all parameter values. D is 
comparable to Dg if v^ ~vc. There is, of course, an omitted 
geometrical factor which depends on the divergence between 
the two sets of drift surfaces. 

For a trapped-circulating transition, we compare drift 
surfaces with flux surfaces. For vc << Vçj the situation is 
exactly the same as for a trappad-trapped transition. For 
vc » v,j the situation is different. It takes a shorter time, 
l/vt> to cover a flux surface, than to cover a drift surface, 
l/V{j. The process is a random walk from one flux surface 
to another, the step being a short segment of a drift surface. 
Since a borderline trapped particle is approximately ergodic 
on a flux surface, grazing collisions are relatively 
ineffective, and vc must be reduced by a factor log A . For 
Vc ~ vd w e estimate D л, Dg. 

We see that the trapped-circulating transition can be 
somewhat less effective than the trapped-trapped, but a more 
important consideration might be the relative divergence 
between sets of drift surfaces as compared to drift and flux 
surfaces. Note that this effect is quite distinct from that 
found in axial symmetry where the divergence ("banana" 
thickness) becomes small with Л. 

Next we turn to the effect of ergodic drift surfaces. 
If the ergodic region reaches the wall we have D -v Dg, 
with a numerical factor that depends on the magnetic geometry 
alone (and, in principle, can be calculated exactly). If the 
ergodic regions do not touch the. wall, we may have enhanced 
collisional diffusion. For vc » v^, there is no enhancement, 
D -v Dc. For vc « V(j a simple estimate' yields D ̂  (n/log A)DC 
where n is the thickness of the ergodic layer in Larmor radii. 
This is probably not significant. 

In a Max-B configuration with large Nx, Fig. 5, we have 
a thin outer shell which a particle passes through quickly, 
and a large inner region where the drift is slow. A simple 
estimate shows that collisions in the outer shell are more 
effective. Because'of the short residence time., the local 
diffusion coefficient is reduced by a factor d/R (d is the 
layer thickness), but the net effect is to reduce the 
(classical) containment time of the entire plasma by a factor 
d/R. If in varying the magnetic field one were to keep d a 
finite multiple of Л, the effective diffusion coefficient 
would appear to scale as l/B. 

In the zero order guiding-center theory, E + u x В = 0, 
magnetic surfaces are preserved by any motion. To next order 
one finds, a flux mis-match in a magnetic line, on circling the 
torus^ which is on the order of Л [from curl ( E + u x B ) ^ 0 ] . 
This random walk, with step size 5 ̂  Л and step frequency v^ 
yields D ~ (v./v„)D л, (v /ш )D_; we have D « D « D„. 

и *м С T J C J D С JD 

As described previously, we can expect to find a fluctua
ting perpendicular electric field of order E ^ кТ/ег between 
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the two ends of a magnetic line which misses being closed 
by an amount r. We estimate 

<E2>^iy'E2dr 

where at each resonance r is cut off at a value л; thus 
< E 2 > ^ k2T2/e2RA. From the formula D ~<E 2>/B 2v t (which 
assumes that E is uncorrelated after a circuit l/vt around 
the torus), we find D ~ Dg. This mechanism is applicable 
to any system with shear, axially symmetric or not. 

In the MHD theory, J)r propagates along a line as an 
Alfven wave. Estimating EL -v kA(кТ/е) and JL ^ kxp/B, a 
simple calculation gives the estimate 

Jn/Ji -v k1A/p1/2 

We conclude that large JM (as a consequence of resonances) 
can give rise to<(E|> °f a magnitude to produce significant 
diffusion (as in the previous calculation). But conversely, 
Ej, arising from almost closed lines can be expected to give 
rise to very large J(I even in an axially symmetric geometry. 

Some of the diffusion coefficients are the same for ions 
and electrons (e.g. Dg); others .are not. A balance will 
be reached by some kind of ambipolar mechanism; but this can 
be very complex if several competing processes act at onetime. 

With ingenuity one can certainly find many more "anomalous" 
diffusion effects. In a given situation there may be a dozen 
different diffusion coefficients, each effective in a certain 
part of physical of phase space. No experimental scaling 
law is by itself sufficient to identify a loss mechanism. 
It is unlikely that all of these effects will be Important 
in any given experiment; but it is also quite likely that 
each mechanism will be observable in some experiment. 

Each one 'of these effects can be pinned down to, say 
within one order of magnitude, but only after a large scale 
theoretical program (for each). It is probably up to experi
ment to try to determine whether only a small number of 
these possibilities actually dominate containment. 

k. CONCLUSION 
The toroidal Max-B configuration possesses a number of 

attractive features with regard to containment. Orbits are 
very well confined through a combination of flux surfaces 
and a deep magnetic well. Equilibrium features are quite 
good as a consequence of the well and approximately ignorable 
coordinate (taking many periodic sections). 
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The general nature of the field is such as to promote 
macro-stability . There is no trouble stabilizing near the 
axis (cf. Appendix). Further out, the well and substantial 
shear offer a strong tendency toward stability. For the outer 
mirror layer, we may refer to established experimental mirror 
machine practice. 

High frequency micro-stability in the flux surface 
region is likely to be quite good because the anisotropy can 
be much smaller than in a mirror machine. Low frequency 
drift stability or instability cannot be reliably predicted 
in any hot plasma at this time. There is also no reliable 
way of predicting the magnitude of any "anomalous" or "Bohm" 
diffusion- since this is an essentially empirical concept. 
As a specifically toroidal phenomenon, we can guess that 
Bohm diffusion is related to the fact that magnetic lines 
and particle orbits have no direct communication with the 
exterior of the plasma. We have seen that this has a very 
pronounced effect on the possibility of obtaining an 
equilibrium, on the sensitivity to small errors in injection, 
and, of course, on stability. All these effects are suffi
ciently reduced in a mirror machine to reveal the loss cone 
as the dominant loss mechanism. Empirically, one can create 
a hot, moderately dense, quiescent plasma in a mirror. It 
would seem reasonable to expect that a toroidal, approximately, 
isotropic plasma which is surrounded by and in intimate contact 
with such a quiescent "grounded" loss cone plasma would 
relatively quiet. Oh the other hand, the interior which is 
relatively free of loss cones, should not be restricted in 
density (e.g. measured in ш /ш ) as is the outer blanket. 

P с 
The Max-B configuration is fully competitive with axially 

symmetric toroidal configurations. With a number of periodic 
sections, the helical field presents an asymptotically 
ignorable coordinate. In addition there is a deep vacuum 
magnetic well without levitated or supporte'd conductors, and 
a tranquilizing enveloping mirror plasma. 

We have given a highly qualitative evaluation of this 
configuration. The reason is that the best present combination 
of theoretical and experimental knowledge is incapable of 
predicting the performance of any projected toroidal device 
with an uncertainty less than some two orders of magnitude. 

APPENDIX. Generalized Interchange Stability 
In the variational formulation of guiding-center stability, 

a variation is defined by a displacement of the magnetic lines 
together with a variation of the distribution function on 
each line. For a given magnetic field displacement, the 
energy is minimized by a pessimistic variation of the 
distribution function. On a magnetic line of finite length, 
the pessimistic variation is given by assigning a given value 
of f to an e-contour of constant area [J =. fv„ds = const. ][l6]. 

Several specific indications are presented in [14]. 
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But in an infinite uniform field, the pessimistic variation 
is given by the -constraint e = const, instead of J = const.[12]. 
More generally, on a line of infinite length but in a 
nonuniform field, the pessimistic variation is given by the 
constraint 

J = const, for trapped particles 
(A.l) 

e = const, for non-trapped particles. 

It can be shown that the apparent discontinuity in the 
constraint is unessential (to be published). 

There is a similar analysis in scalar pressure MHD. 
Given a magnetic line displacement, the pessimistic displace
ment of plasma along the line is such as to yield p = const. 
For a line of finite length, the constant value of p is 
related to the volume change by the constant entropy т). 
But, if the line has infinite length, any finite perturbed 
portion of the line is connected to an essentially infinite 
reservoir, and the constraint becomes p = const, instead of" 
T) = const. In the case of finite length (mirror machine 
or torus with closed lines), interchange stability is 
determined by the (necessary and sufficient) criterion 

q'tpq7)' > о , or q'(p'/p+ rq'/q) > o (A.2) 

where q = f diï/B = V' (^) i s the volume of a flux t u b e . 

In a torus with shear, there is no proper interchange 
which leaves the magnetic field unchanged. But near a shear-
free region, V'(^) ~ 0, or near a magnetic axis, one can 
construct an approximate interchange. The magnetic line is 
infinitely long and one obtains 

q'p' > О (А.З) 

(or V" < 0) corresponding to a pressure constraint instead 
of (A.2) for an entropy constraint [17]. 

The finite length magnetic line criterion (A.2) is more 
easily satisfied then (A.3); in particular the interior of 
the plasma can be stabilized by merely taking p' small, 
no matter what sign q' = V" has. The guiding-center 
criterion is always of this type, even with the more relaxed 
constraint, (A.l), for infinite line length. The qualitative 
reason is that trapped particles are not concerned with the 
extent of the magnetic line. 

л 
For an isotropic distribution f = a(^)f(e), an elementary 

calculation -(similar to formula (8.2) in.[o]j yields the 
generalized interchange stability criterion 

aQ^ - ff'R > 0 (A.M 
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where r- P л 
От = - / (ôe/ÔV) f ' ( e ) à J d | J . > О . (A.5) 

i s i n t e g r a t e d over t r a p p e d o r b i t s on ly and 

R = Г (âe/àf)f (e)dJdn. (A.6) 

is integrated over all phase £pace. At low (3 an elementary 
calculation shows that R = - pq'(^)- The second term of (A.4) 
corresponds to the MHD V" criterion for a generalized 
interchange. The first term in (A.4) gives the guiding-center 
modification; we recall that guiding-center stability of a 
scalar pressure equilibrium is easier to achieve than MHD 
stability of the same equilibrium. In particular, stability 
is assured near the axis if ]сг'| is sufficiently small no 
matter what sign R or V" has. As was previously found in 
mirror machines [6], macro-stabilization of the center of a 
plasma is relatively easy. 

We remark that lack of communication of trapped particles 
along magnetic lines leads to improved macro-stability, even 
though it may possibly weaken micro-stability. 

The work presented he re was supported by the U. S. Atomic Energy 
Commission under Contract No. AT(30-1)-1480. 
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DISCUSSION 

H.P. FURTH: I agree with Dr. Grad that one of the most striking 
experimental facts of controlled fusion research is the contrast between 
high anomalous cross-field diffusion in toruses and low anomalous cross-
field diffusion in open-ended systems. Dr. Grad seems to attribute this 
contrast to the difference in magnetic-field topology and geometry. In my 
opinion, the real cause of the contrast may be that in typical torus experi
ments there are very many collision times, while in open-ended experiments 
there is automatically less than a collision time. Thus, the torus experi
ments labour under the great burden of limiting the particle excursions to 
very small steps, if diffusion is to be small. This type of consideration 
leads naturally to Bohm-like diffusion rates when the collision time is 
shorter than the Bohm time. 

Incidentally, if this explanation is correct, it implies that Dr. Grad's 
proposed confinement geometry will not have very unique properties. His 
scheme requires that the outer region should have a long collision time. 
Under this condition, there may not be a problem of Bohm-like diffusion in 
the first place. 

H. GRAD: This difference of opinion will probably be resolved only 
with the passage of time, since the present evidence is inconclusive. 
However, the stellerator experiment at Princeton, which exhibits a life
time of 5 X Bohm in about one collision time, casts some doubt on 
Dr. Furth's hypothesis. 

R.S. PEASE: You say in the abstract "the outer shell of the maximum-B 
configuration should be free of this phenomenon ("Bohm" diffusion) as 
in any conventional mirror-machine". What is the basis of this statement? 

H. GRAD: The statement is based on the assumption that this mirror-
machine plasma shell will have the same properties as a conventional" 
mirror-machine. 
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Abstract 

PRODUCTION OF A DENSE DEUTERIUM PLASMA IN A STRONG MAGNETIC FIELD BY A GIANT LASER 
PULSE (HOT-ICE EXPERIMENT). An experiment of plasma production by means of a short-duration giant 
laser pulse, focused on a deuterium pellet, is described. The plasma can be produced in a pre-existing 
strong magnetic field parallel to the optical axis. The deuterium targets are produced with a cryostat and 
injected in such a way that they pass very close to the optical axis. The total number of deuterons in a 
single target is about 5 X 1017. 

The results reported here are mainly concerned with the production of plasma in absence of a magnetic 
field. There are indications that, at least during a period of around 30 to 40 nsec, the system consists of 
two phases: a "high" -density phase with a density of the order of solid state and a temperature of about 4 eV, 
whose outer layers are heated by the laser and continuously expand, forming a "low" -density phase with a 
density of about 10ls cirrs and a temperature of approximately 100 to 200 eV. Furthermore, the high-
density phase is - as a reaction to this process - strongly accelerated in the direction of the laser light. 
Preliminary measurements with a strong magnetic field have been carried out. 

1. D E S C R I P T I O N O F E X P E R I M E N T • . 

T h e i d e a of t h e " h o t - i c e " [1] e x p e r i m e n t i s to p r o d u c e a p l a s m a c l o u d 
i n a v a c u u m e n v i r o n m e n t by i o n i z i n g s m a l l s o l i d d e u t e r i u m t a r g e t s w i th a 
f o c u s e d l a s e r b e a m . ' F u r t h e r m o r e , i t i s i n t e n d e d t o - s t u d y t h e i n t e r a c t i o n 
of a s t r o n g m a g n e t i c f ie ld wi th t h i s p l a s m a . 

T h e p a r a m e t e r s of t he l a s e r and of the t a r g e t s a r e r e s p e c t i v e l y : 
(a) L a s e r : t h e Q - s w i t c h e d ( K e r r c e l l ) N e o d i m i u m l a s e r c o n s i s t s of an 
o s c i l l a t o r and t h r e e a m p l i f i e r s . T h e c h a r a c t e r i s t i c s of t h e g i an t p u l s e a r e : 

Total energy 
Pu l se duration 
Mean power 
Peak power 
Focal spot d iamete r 

(f = 12 cm) 
Mean energy flux in 
focal region 

the 

50 J. 
30 ns 
1.7 GW 
3.4 GW 

- 5 X 10"2 с 

« 0 . 9 X 1019 g. s-i c m - 2 
(b) Sol id d e u t e r i u m t a r g e t s (of c y l i n d r i c a l f o r m ) : 

D i a m e t e r - • • • 2 X 10 "2 c m 
L e n g t h 2 . 5 X 10"2 c m 
A v e r a g e n u m b e r of d e u t e r o n s p e r t a r g e t 5 X 10 1 7 
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The t a rge t s a re produced one by one in a hel ium-cooled solidifier and 
ejected towards the focal spot along reasonably reproducible t r a j ec to r i e s 
perpendicular to the l a s e r optical axis [2 ] . All t a rge t s which c r o s s the 
focal spot (the probabil i ty is about 0. 3) pass through two optical reference 
b e a m s . The switching-on sequence of the optical pumping, the magnetic 
field and the K e r r - c e l l is re la ted to the in terrupt ions of these beams . 
When the t a rge t is just in the focal spot, the l a s e r is Q-switched and the 
magnetic field has reached its peak value. 

The magnetic field is para l le l to the optical axis and the maximum 
peak value is 450 kG [3] . To inc rease the action of the field, a hollow, 
s t a in l e s s - s t ee l cylinder ( i . d . = 5 . 0 mm and o .d . = 8 . 0 mm) is introduced 
into the s ing le- turn coil [4 ] . The r i s e - t i m e of the magnetic field is slow 

FIG. 1. The central region of the experiment. 

enough ( 6 0 M S ) to ensure penetrat ion through the cylinder, which, on the 
other hand, behaves like a high conductivity wall with r e spec t to the fast 
magnetic field var ia t ion produced by the p lasma expansion. In this way 
the magnetic field outside the p lasma can reach values considerably 
higher than the p re -es tab l i shed one. 

The coil and the s teel cyl inder a re split in two halves , separa ted by 
a 1. 5-mm gap, which allows l a t e ra l observat ion of the p l a sma in the focal 
spot region. The cen t ra l zone of the exper iment is shown in Fig. 1. 

2. EXPERIMENTAL RESULTS WITHOUT MAGNETIC FIELD 

The following diagnostics were used: 
2 . 1 . Streak photography of the light emit ted by the p lasma in the visible 
region. 
2. 2. Intensity measu remen t s in the visible region by means of phototubes. 
2 . 3 . Measurements of the t ime of flight of the ions emit ted in the forward 
direct ion. 
2 . 4 . Measurement of the waveform of the l a s e r pulse before and beyond 
the t a rge t . 

2 . 1 . Streak photography of the light emit ted by the p lasma 

Sweep veloci t ies of 60 n s / c m and 30 n s / c m were used; the entrance 
slit is about 2 cm long with à typical width of 0. 25 m m . 

CRYOSTAT 
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An enlarged image of the region of in t e res t i s formed on the sl i t . The 
p lasma can be observed la tera l ly , i. e. perpendicular to the optical axis , 
o r axially. 

2 . 1 . 1 . La t e r a l observat ions 

To observe the motion of the luminous region along the axis , the s l i t 
was placed para l l e l to the optical ax is . The visible region is l imited by 
the width of the gap between the two halves of the s teel cyl inder . A typical 

^ 1 1 L_ 
+ 0.75 mm 0 -Q75n 

FIG. 2. Axial behaviour of the p 
slit of the camera parallel to the 
side view. 

pic ture is shown in Fig. 2. The luminous region begins m o r e o r l e s s in 
the middle of the gap (in the point where the t a rge t is hi t ) . The subsequent 
behaviour is s trongly a symmet r i c with respec t to this point, in the sense 
that almost all the ligth comes from a region that is acce le ra ted in the 
direct ion of the l a s e r beam, while no light is observed from the region 
between the middle point and the l a s e r . On the other hand, the radia l 
motion of the luminous region was observed by placing the sl i t perpen
dicular to the optical axis for th ree different posit ions with r e spec t to 
the median plane of the gap. 

In F ig . 3 the radia l behaviour on the median plane is shown, and an 
analogous behaviour is observed if the sli t is moved from the median 
plane away from the l a s e r . However, if the sli t is moved towards the l a se r , 
a lower light intensi ty (about one o rde r of magnitude) is observed, just 
at the l imit of detectabil i ty. 

2 . 1 . 2 . Axial observat ions 

These m e a s u r e m e n t s were ca r r i ed out with two different optical 
sys t ems with considerably different ape r tu re s but s imi l a r en la rgemen t s . 
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FIG. 3. Radial behaviour of the plasma: slit of the 
camera perpendicular to the axis (in the median 
plane): side view. 
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И (nsec) 

mm 2 
-1 1 г — 
О 1 2 mm 

FIG. 4. Radial behaviour of the plasma; end view; 
lower-aperture optical system. 

With the optical system of smaller aperture, the behaviour observed (see 
Fig. 4) was fundamentally analogous to that of Fig. 3, even if it should 
be noted that the luminous region in the central zone of the discharge, 
i . e . close to the optical axis, disappears after about 40 ns. With the 
larger aperture system a rather fast luminous front is observed (see 
Fig. 5a). 

i t (nsec) 

mm 2 mm 

FIG. 5. Radial behaviour of the 
plasma; end view; larger-aperture 
optical system: 

(a) В = 0 
(b) В = 250 kG. 
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2.2. Measurements of the emitted light intensity in the visible region [5] 

These measurements were carried out with a set of phototubes and 
light-pipes, observing an enlarged side-on view of the region of interest, 
limited by a vertical slit. An interference filter (5890 A) was introduced 
in the optical path. By comparison with a carbon arc we obtained absolute 
values for the intensity. 

The slit is placed to observe a region shifted 0. 7 mm away from the 
median plane toward the laser; in this way the brightest region recorded 
in the streak pictures is excluded from observation. 

The signals, roughly triangular in shape, show a half-width of about 
70 ns. The maximum intensity corresponds to that emitted by an optically 
thin plasma, having a density of 5 X 1018 cm - 3 and a temperature of the 
order of 102 eV. 

2. 3. Measurements of the time of flight of the ions emitted in the 
forward direction 

The time of flight is measured at a distance of 200 cm. Velocities between 
107 and 2 X 107 cms - 1 were found ( i .e . energies between 100 and 400 eV). 

2.4. Absorption of the Laser light 

The shape of the laser pulse before and behind the plasma region 
was recorded by two fast photodiodes. The signals show that, when the 
target is hit, a strong attenuation and distortion of the central zone of the 
laser pulse, takes place. The initial and final parts of the pulse, however, 
remain practically unchanged. The time during which the pulse is distorted 
is around 30 to 40 ns, and the pulse may prove to have decreased by up to 
50% during this period, with considerable variations between the different 
shots. 

3. INTERPRETATION OF THE RESULTS 

It must be emphasized that the preliminary nature of the results still 
leaves many important questions to be answered. Nevertheless, it is 
possible to interpret the given results according to the theoretical model 
described in Ref. [6]. 

The essential point is the simultaneous existence, at least for times 
of the order of 10"8 s, of two different phases: (a) a "low-density" phase, 
with a temperature of the order of 102 eV and a density of the order of 
1019 cm"3 , which is ejected continuously towards the laser from the exposed 
surface of the target; (b) a "high-density" phase, in practice the target 
itself, first compressed and heated up to a temperature of some electron 
volts as a reaction on the emission of the "low-density" phase, andthen, forthe 
same reason, accelerated as a whole in the direction of the laser light. 

According to the theoretical predictions it is to be expected that the 
high-density phase will be considerably brighter (from 10 to 100 times) 
and therefore easier to detect. The photograph of Fig. 2 is then simply 
interpreted by assuming that only the high-density phase is visible. From 
the acceleration undergone by this phase the pressure acting on the surface 
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exposed to the light can be deduced, and can be evaluated to be of the o rde r 
of 1012 e rg cm"3 , which is in full agreement with the value anticipated by 
the theore t ica l model mentioned (note that this p r e s s u r e is th ree o r d e r s 
of magnitude l a r g e r than the radiat ion p r e s s u r e ) . 

The rad ia l behaviour of the high-densi ty phase i s shown in Figs 3 and 4 . 
A radia l expansion takes place with typical veloci t ies of 2 X 106 cm s _ 1 , 
cor responding to a t empe ra tu re of about 4 eV. The density can therefore 
be evaluated and r e su l t s a re approximately those of the densi ty of so l ids . 
These values a re in r emarkab le agreement with the theore t ica l predic t ions . 

It should be mentioned that, according to the theore t ica l model adopted, 
the high-densi ty phase should disappear within a t ime of 30 ns except for a 
fraction which escapes the l a s e r action because of the rad ia l expansion. 
This makes possible a meaningful in terpre ta t ion of the photograph given 
in F ig . 4: in fact, the cent ra l region of the "dense" phase d i sappears after 
a t ime around 40 ns , while the expanding la te ra l regions r ema in visible 
longer . It should be observed that in F ig . 5a (and 5b) these l a t e ra l regions 
are not v is ible . This is due to an enlargement of the focal spot ( a focusing 
lens with longer focal length was used in the shots corresponding to these 
p ic tures) ; as a consequence, the quantity of mat te r escaping the l a s e r 
action is s t rongly reduced. Also the absorption measu remen t s c a r r i ed 
out with the double photodiode sys tem show that no opaque ma t t e r is present 
in the l a s e r path for longer than 30 to 40 n s . 

As far as the low-density phase is concerned, observat ions with the 
s t r eak c a m e r a a re only possible if the aper tu re of the optical sys tem is 
enlarged considerably. This has been done in the measu remen t s repor ted 
in F ig . 5a; a luminous front is visible, expanding with a velocity cor respond
ing to some units in 107 cm s _1 which cor responds to some hundreds of 
e lectron vol ts . This front becomes invisible if neut ra l f i l te rs a re inser ted , 
while a cen t ra l luminous region, which can be identified with the high-
density region, r ema ins vis ible . 

Another way to reveal the existence of the low-density phase suggested 
by the theory, is to m e a s u r e the light intensity emitted by the region 
between the median plane and the l a s e r by means of phototubes. This region 
cannot be occupied by the high-densi ty phase . As repor ted before, an 
intensity in accordance with that of a p lasma having the expected c h a r a c t e r i s 
t ics , was found. 

4. MEASUREMENTS IN THE PRESENCE OF A MAGNETIC FIELD 

P r e l i m i n a r y measu remen t s were ca r r i ed out in the p resence of a 
magnetic field of 250 kG. 

The most evident effect was an i nc r ea se of about a factor 10 in the 
luminosity of the low-densi ty phase; both the s t r eak camera , and the 
photo tube-measurements , show that this i nc rease las t s for more than 
100 ns (see F ig . 5b). Moreover, the d iameter of the luminous region is 
about one mi l l ime t re , which seems to indicate the p resence of an in teres t ing 
confinement p r o c e s s . It is sti l l too ea r ly for a discussion of the 
osc i l lograms obtained with a set of magnetic probes placed between the 
p lasma and the s tee l cyl inder . The behaviour of the high-densi ty phase 
seems to be prac t ica l ly unaffected by the presence of a magnetic field. 
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5. CONCLUDING REMARKS 

The reported results show that when a very intense laser beam is 
focused on a solid target, plasma is emitted by the surface exposed to the 
laser, while the rest of the target is correspondingly compressed and 
accelerated as a whole in the direction of the laser beam. Of course, 
if the laser pulse lasts long enough, this "high-density phase" disappears 
except for that fraction which escapes the laser action, owing to the 
radial expansion. 

In the described experiment, the high-density phase has a temperature 
of ~ 4 eV, and a density near to that of solids; this phase strongly radiates 
in the visible region. The intensity of the radiation from the emitted plasma 
is much lower. The experimental results for this phase are in good 
agreement with the theoretical prediction of a density of 1019 cm"3 and 
a temperature of 200 eV. 

The magnetic field, as indicated by the first observations, seems to 
have some confining effect on the emitted plasma, whose density is some
what increased. 
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DISCUSSION 

С YAMANAKA: In the Frascati experiment, the particle size is 
almost equal to that of the laser spot. What is the neutral density in such 
a case? 

A. CARUSO: The presence of neutrals at the end of the laser pulse 
depends essentially on the relative dimensions of the laser spot and of the 
target, and on the duration of the laser pulse. We have derived formulas 
for these conditions in a paper to be published in "Plasma Physics". 
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P . VASSEUR: Working with the same assumptions as those adopted by 
the F r a s c a t i group, we have i r rad ia ted a metal t a rge t having a thickness 
of the o rde r of 0. 1 - 10 м т and have have found that, for an energy of 
2-3 J, a l-(Jm aluminium targe t completely absorbs this energy and that 
the th ickness of the zone where the interact ion (plasma + high-densi ty gas) 
occurs is of the same o rde r of magnitude. 

I imagine this is due to the exis tence of neu t ra l s in the interact ion 
zone. 
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Abstract 

PRODUCTION AND MAGNETIC FIELD CONFINEMENT OF LASER-IRRADIATED SOLID PARTICLE 
PLASMAS. The focused high-intensity beam from a Q-spoiled laser has been used to form a high-temperature, 
high-density plasma from a single 10-20 micron radius solid particle of lithium hydride which is electrically 
suspended in a vacuum environment free of all material supports. Time-resolved charge collection measure
ments of the freely expanding plasma have shown that a high degree of ionization of the 1015 atoms in the 
lithium hydride particle can be achieved and that the plasma produced is essentially spherically symmetric in 
density over the full 4 тг solid angle. Time-of-flight studies of the plasma expansion have shown that average 
electron and ion energies exceeding 200 electron volts are obtained and that the plasma expansion rate, like 
the plasma density, is spherically symmetric. No charge separation or separation of the lithium and hydrogen 
ions is observed in the expanding plasma. Numerical calculations of the plasma formation and expansion 
have been made using a one-dimensional spherical hydrodynamic model and, on the basis of the results 
obtained, an integrated similarity^ model has been developed for calculations of the plasma time history and 
energy over the range of conditions employed in the experiments. These calculations, which include the 
effects of laser pulse time history, fraction of the incident beam occupied by the expanding plasma, radial 
density and velocity gradients within the plasma, and spatial distribution of the incident laser energy, give 
results for the plasma radial density distribution, velocity profile, and plasma energy in good agreement 
with those determined experimentally over the full range of the present measurements. Measurements 
have been carried out to examine the interaction of these laser -produced plasmas with mirror, cusp, and 
minimum-B magnetic fields. Experiments with mirror and minimum-B magnetic fields up to 8 kC show 
that plasmas with densities of 1012 -1013 cm"3 are confined for times of 5 us (mirror) and 10 us (minimum-B) 
and that a measurable amount of plasma is still present within the containment volume at times as late as 
20 us (mirror) and 100 us (minimum-B), compared with the 0.3 us "lifetime" associated with the free plasma 
expansion. The plasma decay rate in the 8 kG minimum-B magnetic field is consistent with that for Coulomb 
collisional scattering loss into the .magnetic-field loss cones. 

1. INTRODUCTION 

Three configurations have Ъееп utilized for the production of plasmas 
Ъу laser radiation. In the first of these, the laser radiation.is focused 
within a homogeneous medium, and the ionization and plasma production occur 
in the high-intensity region of the lens focus. Such experiments have Ъееп 
carried out in gases, liquids, and more recently, in solids. This geometry 
ensures that the medium from which the plasma is formed occupies the entire 
region of the lens focus and, with solids, liquids, or gases at pressures 
greater than one atmosphere, leads to plasma densities in excess of 

'•' The free plasma production studies were supported in part by the Air Force Office of Scientific 
Research, Contract F44620-67-C-0082. Portions of the magnetic field interaction investigations were 
supported by the US Atomic Energy Commission, Contract AT(30-l)-3578. 
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10^-9 cm"3. As a consequence of t h e h igh plasma d e n s i t y and the complete 
f i l l i n g of t h e f o c a l volume, t he f r a c t i o n of l a s e r beam energy absorbed can 
be a s h igh as 90 p e r c e n t . Al though t h e su r round ing medium r e s t r i c t s t he 
expansion of t h e ho t plasma, t he plasma i s r a p i d l y cooled by t h e a d j a c e n t 
medium, and t h e i n e r t i a l c o n s t r a i n t i n t e r f e r e s w i t h s t u d i e s of t he c o n f i n e 
ment p r o p e r t i e s of magnetic f i e l d s of l e s s than megagauss i n t e n s i t y . To 
e l i m i n a t e t he e f f e c t s of t he su r round ing medium, plasmas have been formed 
in vacuum by l a s e r i r r a d i a t i o n of a t h i n f o i l or s o l i d s u r f a c e . With t h i s 
geometry, however, l a r g e numbers of n e u t r a l atoms a r e observed t o b o i l off 
t he hea ted f o c a l r eg ion a f t e r t he l a s e r h e a t i n g , and the degree of i o n i z a 
t i o n averaged over a l l of t he vapor ized m a t e r i a l i s r e l a t i v e l y low. I n 
a d d i t i o n , f o r magnetic f i e l d confinement s t u d i e s , t h e p resence of t h e s o l i d 
su r f ace in t h e r eg ion t o be occupied by t h e plasma i s u n d e s i r a b l e . The 
s t u d i e s of t h i s paper a r e concerned wi th the t h i r d l a s e r h e a t i n g geometry in 
which a sma l l s o l i d p a r t i c l e suspended i n a vacuum environment i s i r r a d i a t e d 
wi th a h i g h - i n t e n s i t y l a s e r pu l s e t o produce an i s o l a t e d plasma e i t h e r ( a ) 
f r e e l y expanding or (b ) w i t h i n a con f in ing magnetic f i e l d f o r examina t ion 
of t h e plasma-magnet ic f i e l d i n t e r a c t i o n . The number of atoms in t he 
plasma i s c o n t r o l l e d by the p a r t i c l e s i z e used and, by op t imiz ing the p a r 
t i c l e s i z e f o r t h e l a s e r beam power and pu l se d u r a t i o n employed i n t he 
p r e s e n t expe r imen t s , average plasma e n e r g i e s of 200 e V / p a r t i c l e a r e o b t a i n e d . 
With r ea sonab l e f u t u r e developments i n l a s e r c a p a b i l i t i e s i t appears t h a t 
plasmas compris ing НЯ-Т-Ю^-" p a r t i c l e s a t an average energy of. 10 k i l o v o l t s 
can be produced u s i n g t h i s t e c h n i q u e . 

2 . PIASMA PRODUCTIOH 

P a r t i c l e s of l i t h i u m hydr ide from which the plasma i s formed a r e 
e l e c t r o d y n a m i c a l l y suspended i n vacuum in t he e l e c t r i c f i e l d produced by 
the c u b i c a l a r r a y of e l e c t r o d e s shown in F i g . 1 . / 1 , 2 , 3 _ / T n e p a r t i c l e s 
are s t o r e d i n an i n j e c t o r l o c a t e d w i t h i n t h e vacuum system and a r e mechani
c a l l y p r o j e c t e d up i n t o the suspens ion r eg i o n by means of s p r i n g w i r e . 
E l e c t r o n s e m i t t e d from a ho t f i l a m e n t charge the p a r t i c l e s a s t h e y e n t e r 
t h e suspens ion volume. Those p a r t i c l e s w i t h t h e p rope r charge t o mass 
r a t i o a r e cap tu red by the suspens ion e l e c t r i c f i e l d s . By adjus tment of t h e 
a p p l i e d ac p o t e n t i a l s and of dc p o t e n t i a l s a p p l i e d i n d i v i d u a l l y t o t he s i x 
e l e c t r o d e s , a l l b u t one of t h e p a r t i c l e s i s e j e c t e d from t h e suspens ion 
f i e l d , and t h e remaining p a r t i c l e i s p o s i t i o n e d w i t h i n t h e suspens ion volume 
a t t h e p o i n t where t he p a r t i c l e o r b i t i s a minimum. By means of t h r e e 
o r thogona l s l i d e s , t he suspens ion e l e c t r o d e a r r a y i s then moved so t h a t t he 
p a r t i c l e , i n i t s minimum o r b i t , i s l o c a t e d w i t h i n the l ens f o c a l r e g i o n . 
Upon removal of t he suspens ion e l e c t r i c f i e l d s t o p rov ide a f i e l d f r e e e n 
v i ronment , t h e g i a n t pu l se beam from a Q-spoi led ruby l a s e r i s focused onto 
t he p a r t i c l e , v a p o r i z i n g t h e p a r t i c l e and i o n i z i n g and h e a t i n g t he r e s u l t i n g 
gas t o form a h i g h - t e m p e r a t u r e , h i g h - d e n s i t y plasma. 

In t he p r e s e n t system, a development of t h a t d e s c r i b e d i n Ref s . 1 and 
2 , t he suspens ion e l e c t r o d e s a r e spaced 10 cm a p a r t , p r o v i d i n g a 1 l i t e r 
f r e e volume f o r t h e plasma expans ion . Magnet c o i l s l o c a t e d immediate ly 
behind each of t he s i x suspens ion e l e c t r o d e s a r e used t o gene ra t e m i r r o r , 
cusp , or minimum-B magnetic f i e l d s a t c e n t e r f i e l d s t r e n g t h s up t o 10 kG 
f o r plasma confinement i n v e s t i g a t i o n s . A Korad K-1500 o s c i l l a t o r -
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amplifier ruby laser with an output pulse of 1 GW peak power, 10-15 nsee 
half-width, and 1 mrad half-power Ъеаш divergence is employed in the present 
s tudies . A two-direction telemicroscope viewing system, with which the 
pa r t i c le i s observed along two orthogonal axes, is used to posi t ion the 
suspended pa r t i c l e within the laser beam focal region previously determined 
from the burn spot produced by the focused beam on a movable (and removable) 
metal surface. Using a technique f i r s t applied by Lubin, £k / the size of 
the suspended par t i c le is determined in each experiment from the diffract ion 
pat tern of the pa r t i c le in an auxi l iary He-He laser beam. As applied in 
the present experiments, the di f f ract ion pat tern technique permits se lec - . 
. t ion of those pa r t i c l e s most closely approximating a spherical shape and 
provides an accurate measure of the charac te r i s t i c dimension of the i rregu
l a r l y faceted pa r t i c le from which the i n i t i a l par t i c le volume, and there 
fore atom number, can be determined within a factor of two. 

Q-SPOILED RUBY LASER 

FILAMENT 

PARTICLE INJECTOR 

FIG. 1. Particle plasma apparatus. 

PARTICLE 
SUSPENSION 

SYSTEM 

2.1 Free Plasma Expansion - Theory 

Upon i r rad ia t ion with the focused laser beam, the suspended lithium 
hydride pa r t i c le is vaporized, and the atoms in the resu l t ing gas are 
ionized arid heated to form a high-temperature, high-density plasma. Since 
the plasma is produced in a vacuum, i t immediately begins to expand in 
response to pressure forces developed within i t . This expansion lowers the 
plasma density, decreasing the plasma absorption coefficient and eventually 
terminating the heating by the laser pulse . Models of the plasma formation 
and growth have been developed to follow in d e t a i l the plasma time his tory 
and to determine the optimum experimental conditions for the plasma produc
t ion . The hydrodynamic equations for the plasma expansion, taking into 
account a time-dependent uniform energy input to the plasma from the laser 
beam, have been solved numerically by dividing the plasma into a ser ies of 
concentric spherical shel l s and computing the density, expansion veloci ty , 
and temperature within each she l l / 5 / From the resu l t s of these 
calcula t ions , very ear ly in the heating, when the plasma energy i s less 
than 10 percent of i t s f i n a l value, the temperature becomes uniform 
throughout the plasma, the density assumes a Gaussian r a d i a l profi le with a 
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maximum a t t h e plasma c e n t e r , and the v e l o c i t y i n c r e a s e s l i n e a r l y from zero 
a t t h e plasma c e n t e r t o i t s va lue a t t he plasma boundary . The p e r s i s t e n c e 
of t h e s e r a d i a l d i s t r i b u t i o n s du r ing the subsequent h e a t i n g and expansion 
of t h e plasma sugges t an i n t e g r a t e d s i m i l a r i t y model i n which t h e a sympto t i c 
forms of t h e d e n s i t y and v e l o c i t y p r o f i l e s de termined from t h e hydrodynamic 
model a r e assumed th roughout t he plasma growth, and the expans ion e q u a t i o n s 
a r e s i m p l i f i e d by i n t e g r a t i o n over t h e plasma volume. During t h e i n i t i a l 
s t a g e s , when the assumed s i m i l a r i t y c o n d i t i o n s do no t s t r i c t l y a p p l y , t h e 
energy absorbed i s s m a l l , and any d i s c r e p a n c i e s r e s u l t i n g from t h e use of 
t h i s model do no t m a t e r i a l l y a f f e c t t he r e s u l t s o b t a i n e d . The expans ion 
t ime h i s t o r y and v a l u e s of plasma energy c a l c u l a t e d wi th t h e i n t e g r a t e d 
s i m i l a r i t y model and t h e hydrodynamic model a r e v i r t u a l l y i n d i s t i n g u i s h a b l e 
over t he e n t i r e range of c o n d i t i o n s of e x p e r i m e n t a l i n t e r e s t , j u s t i f y i n g 
the use of t h e s imp le r i n t e g r a t e d s i m i l a r i t y model f o r e x t e n s i v e c a l c u l a 
t i o n s wi th d i f f e r e n t v a l u e s of t he e x p e r i m e n t a l p a r a m e t e r s . The i n t e g r a t e d 
s i m i l a r i t y model employed f o r t h e s e c a l c u l a t i o n s i s a g e n e r a l i z e d form of 
t h a t f i r s t fo rmula ted by Basov and Krokhin / ~ 6 _ / and by Dawson / 7_7 and 
f u r t h e r developed by Haught and Polk j_ 1,2 / • I n i t s p r e s e n t g e n e r a l i z e d 
form, t h e model i n c o r p o r a t e s t he plasma d e n s i t y p r o f i l e ob t a ined from t h e 
hydrodynamic c a l c u l a t i o n s and t a k e s i n t o account bo th t he Gauss ian r a d i a l 
d i s t r i b u t i o n of t h e l a s e r beam f l u x i n t h e f o c a l r e g i o n and t h e chord pa th s 
of t h e r a d i a t i o n th rough t h e s p h e r i c a l p lasma. 

10» 

10" 

FIG. 2. Plasma time history - integrated similarity model. 

Using t h i s i n t e g r a t e d s i m i l a r i t y model, t h e t ime dependent plasma ex 
pans ion r a t e , dR/d t , t e m p e r a t u r e , T, average plasma energy , e , and l a s e r 
power abso rbed ,W , have been c a l c u l a t e d f o r d i f f e r e n t v a l u e s of t he l a s e r 
p u l s e peak power, Ф , pu l se d u r a t i o n , т , i n i t i a l p a r t i c l e s i z e , . R o j and 
f o c a l spot r a d i u s , Г . The f r e e expans ion t ime h i s t o r y g iven by the i n t e 
g r a t e d s i m i l a r i t y model (and t h e hydrodynamic model a s w e l l ) f o r t h e r e p r e 
s e n t a t i v e pa rame te r s of F i g . 2 i s t y p i c a l of t he r e s u l t s ob ta ined over t h e 
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e n t i r e range of i n i t i a l c o n d i t i o n s examined. The t ime development of such 
plasmas i s d i s c u s s e d a t l eng th in Refs 1, 2 , and 5; i t i s s i g n i f i c a n t , 
however, t o no t e t h a t as a r e s u l t of t h e r a p i d plasma expans ion the peak 
plasma t empe ra tu r e i n f r e e expans ion cor responds t o on ly l / 5 t he average 
energy of t he plasma and e s s e n t i a l l y a l l of t h e plasma energy i s in t he form 
of k i n e t i c ene rgy of r a d i a l expans ion before t h e plasma r a d i u s exceeds 0.2 cm 
( I O O R Q ) . For plasma confinement i n v e s t i g a t i o n s , t h e r e f o r e , i t i s 
n e c e s s a r y t h a t t he plasma expans ion be s topped and t h e r a d i a l k i n e t i c 
energy he recovered a s plasma the rma l ene rgy . 

Ф =1 GW T=15nsec 

FIG. 3. Plasma energy surface - integrated similarity model. 

C a l c u l a t i o n s of t h e plasma energy f o r a g iven l a s e r beam power and 
pu l se d u r a t i o n have been c a r r i e d out over a range of i n i t i a l p a r t i c l e 
r a d i i and f o c a l spot dimensions t o e s t a b l i s h t he e x p e r i m e n t a l c o n d i t i o n s 
r e q u i r e d f o r maximum plasma energy and t o determine the l i m i t s on t h e 
t o t a l number of ions which can be produced a t t h i s ene rgy . Such c a l c u l a 
t i o n s y i e l d a c h a r a c t e r i s t i c plasma energy su r face ( <E VS R0 , Г ) l i k e 
t h a t shown in F i g . 3- Energy su r f ace c a l c u l a t i o n s c a r r i e d out f o r d i f f e r e n t 
l a s e r beam powers and pu lse d u r a t i o n s a l l d i s p l a y t he r idge r e g i o n , ev iden t 
in F i g . 3) w i t h i n which the plasma energy i s a maximum and away from which 
t h e plasma energy dec r ea se s r a p i d l y . Th i s maximum energy r e g i o n i s c h a r a c 
t e r i z e d by t h e two c o n d i t i o n s . 

2 R 0 < r < 5 R 0 

R0(/i)<2.5[<J>(MW)] 9[r(nsec)] 

and w i t h i n t h i s r eg ion t h e plasma energy ob ta ined i s g iven by 

«mox(eV) = l08 O(MW)] ' 3 [rlnsec)] П 
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Within the maximum heating region, the energy input efficiency from the 
laser Ъеат to the plasma is an optimum (30 percent) when the initial 
particle size has the maximum value given Ъу the relation above. These 
relations are an accurate fit ( ± 15 percent) to the calculated energy and 
maximum particle radius values over the entire range of conditions examined, 
20М»<Ф < 1000 GW and 0.1 nsec < r < 50 nsec. While increased laser 
power permits the use of larger particles and yields higher plasma energies, 
the pulse duration and focal spot dimensions must.he adjusted for the best 
compromise of plasma energy, ion number, and experimental convenience 
required in a given application. 

2.2 Free Plasma Expansion - Experimental 

Charge collector diagnostics have been used to measure the ionization 
and spherical symmetry of plasmas produced by laser beam irradiation of 
single 10-20/u radius lithium hydride particles. Using six charge collec
tors, simultaneous observations were made of the charge density of the 
expanding plasma in six directions relative to the laser beam axis. The 
charge collection (and thus the amount of plasma expanding) in .the direc
tion of the laser beam is somewhat lower than observed in the other direc
tions. The maximum difference, however, is less than a factor of two, and 
the charge density distribution in the expanding plasma is essentially 
spherically symmetric. Using two charge collectors located on the same 
radial line at different distances from the plasma origin, measurements of 
the time delay between the arrival of the plasma at the two probes can be 
used to determine the plasma expansion velocity. Using three pairs of 
probes, simultaneous time-of-flight measurements were made of the plasma 
expansion in three directions relative to the laser beam. Within 10 per
cent, the plasma time of flight in the three directions is the same, and 
the expansion velocity of the plasma is also spherically symmetric. These 
results establish that the freely expanding plasma produced in the experi
ments is essentially spherically symmetric in both density and expansion 
velocity despite the unidirectional energy input to the plasma and justify 
the simplifying assumption of spherical symmetry employed in the theoretical 
models. 

From Fig. 3, after the plasma radius exceeds ~ 10" ̂ cm, the plasma tem
perature is greatly decreased from its peak value, the expansion velocity 
reaches its asymptotic value, and nearly all of the plasma energy is in the 
form of kinetic energy of radial expansion. As a result, since the plasma 
density and velocity profiles are unchanging with time, the energy of the 
plasma ions and electrons is uniquely determined by the asymptotic expansion 
velocity of the plasma boundary. Measurements of the plasma expansion 
velocity have been made and used to determine-the average plasma energy 
(total energy divided by the number of electrons and ions in the plasma) for 
a number of different experimental conditions with the results shown in 
Table I. The agreement between the theoretically predicted energies and 
those experimentally obtained for the three widely different conditions of 
laser power and beam divergence provides strong support for the validity of 
the hydrodynamic and integrated similarity models of the plasma formation 
and growth. 
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TABLE I . Plasma energies for different values of 
laser parameters and focal spot radius 

LASER 
POWER 

(MW) 

30 

20 

300 

LASER 
DURATION 

(nsec) 

10 

20 

15 

FOCAL 
RADIUS, Г 

¥1 

400 

60 

100 

PARTiCLE 
RADIUS, Ro 

10 

10 

15 

EXPERIMENTAL 

EXPANSION 
VELOCITY 

(cm/sec) 

IX 10 7 

2X107 

4 X10 7 

AVERAGE 
ENERGY 

(eV) 

15 

60 

210 

THEORETICAL 
AVERAGE 
ENERGY 

(•V) 

11 

65 

190 

3 . MAGNETIC FIELD CONFINEMENT INVESTIGATIONS 

The l a s e r i r r a d i a t e d s i n g l e p a r t i c l e plasma i s a s p h e r i c a l l y expanding 
f r e e plasma, produced in vacuum wi th no s u p p o r t s , background g a s , ne t mass 
motion, or ne t c u r r e n t s p r e s e n t . As a r e s u l t , t h i s plasma i s p a r t i c u l a r l y 
s u i t a b l e f o r s tudy ing the i n t e r a c t i o n of a plasma w i t h magnetic conta inment 
f i e l d s . With megagauss magnetic f i e l d s , p r e s s u r e ba lance f o r t h e s e v e r a l 
hundred e l e c t r o n v o l t plasmas of the p r e s e n t exper iments would be ob ta ined 
a t a plasma d e n s i t y g r e a t e r t h a n lO1? cm_3. At t h e s e d e n s i t i e s , the plasma 
i s s t i l l opaque t o t h e l a s e r beam, and a much l a r g e r f r a c t i o n of t he t o t a l 
l a s e r beam energy would be absorbed , g i v i n g r i s e t o a plasma energy g r e a t e r 
t h a n t h a t of t he f r e e l y expanding plasma. However, t he p ro d u c t i o n of 
megagauss magnetic f i e l d s i s a d i f f i c u l t problem in i t s e l f and, as a r e s u l t , 
a second regime of i n t e r e s t has been i n v e s t i g a t e d in t h e s t u d i e s r e p o r t e d 
h e r e . I n t h e s e s t u d i e s , the plasma i s al lowed t o expand in magnetic f i e l d s 
of k i l o g a u s s , f i e l d s t r e n g t h and i s t r apped a t a d e n s i t y of ~ lO 1 ^ cm" , Such 
exper iments p e r m i t ' t h e examinat ion of t h e c a p t u r e , t h e r m a l i z a t i o n , and subse 
quent decay of an i n i t i a l l y s p h e r i c a l r a d i a l l y expanding plasma in m i r r o r , 
cusp , and minimum-B containment f i e l d s . 

3 . 1 Magnetic F i e l d I n t e r a c t i o n - Theory 

S tud ie s of t he d e c e l e r a t i o n of a l a s e r - i r r a d i a t e d p a r t i c l e plasma ex
panding i n an a p p l i e d magnetic f i e l d have been made by e x p l i c i t l y c a l c u l a 
t i n g the p e r t u r b a t i o n of the magnet ic f i e l d by the expanding plasma [_ 8 / 
and i n c o r p o r a t i n g the r e s u l t i n g magnet ic force and ohmic d i s s i p a t i o n te rms 
in the e q u a t i o n s fo r t he hydrodynamic model of t h e plasma motion. I n t h i s 
a n a l y s i s , a n i s o t r o p y of t h e e l e c t r i c a l c o n d u c t i v i t y and l o n g i t u d i n a l or 
a x i a l motion of t he plasma a r e bo th n e g l e c t e d and only t he motion of t h e 
plasma a t t h e midplane where t he p l a s m a - f i e l d coup l ing i s s t r o n g e s t i s c a l 
c u l a t e d . Desp i te the obvious l i m i t a t i o n of t he approximate model, t h e s e 
c a l c u l a t i o n s do g ive a p h y s i c a l p i c t u r e of t he p roce s se s by which the t r a n s 
v e r s e expans ion of a l a s e r produced plasma i s s topped by a magnetic f i e l d . 
Since t he i n t e r a c t i o n of the plasma wi th t he magnetic f i e l d occurs wh i l e 
t h e plasma i s smal l compared wi th the r a d i u s of c u r v a t u r e of t he m i r r o r and 
minimum-B containment f i e l d s employed in, the e x p e r i m e n t a l s t u d i e s , f o r mathe
m a t i c a l convenience an i n i t i a l l y uniform magnetic f i e l d was assumed in t he 
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ca lcula t ions . The calculated time his tory of the plasma expansion in a 
10 kG magnetic f ie ld i s shown in Pig. h for а 2СЮ eV/particle plasma. The 
solid curves represent the plasma temperature, average energy, outer 
boundary veloci ty , and plasma radius for zero f i e ld , while the dashed curves 
indicate the time dependence of the same variables for t h i s plasma in an 
applied f i e ld of 10 kG. Early in the plasma development, the plasma energy 
density (k inet ic plus thermal) is large compared with the energy density of 
the magnetic f i e ld , and the calculated plasma energy and i n i t i a l motion are 
unaffected by the presence of the f i e ld . As a r e s u l t , the plasma energy 
absorption and ear ly time development are iden t ica l with those for the case 
of no magnetic f i e ld , and the measurements and calculat ion for the spherical 
free plasma expansion define the i n i t i a l conditions for the plasma in te r 
action with the magnetic f i e ld . 
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FIG. 4. Plasma time history in 10 kG magnetic field. 

The plasma expansion continues as a free expansion u n t i l the purely 
hydrodynamic terms in the equation governing i t s motion have decreased to 
values comparable with the magnetic forces and ohmic d iss ipat ion terms. At 
t h i s point, while the plasma motion p a r a l l e l t o the f ie ld continues unim
peded, the plasma-magnetic field-coupling ac ts /to decelerate the transverse 
expansion of the plasma. The decelerat ion is greates t near the plasma 
boundary where both the magnetic f i e ld and the induced current density are 
l a rges t . The plasma in t e r i o r , on the other hand, continues t o move as in 
a free expansion since the magnetic f ie ld and the current densi ty within the 
plasma are smail. The calculated plasma density and temperature prof i les 
in the midplane are shown in Fig. 5 a t four different times for the plasma 
of Pig. k in a 10 kG magnetic f i e ld . The plasma density, temperature, and 
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velocity in the interior region are initially identical with those calcula
ted for the corresponding zero field expansion. As the plasma boundary is 
slowed, the interior regions overtake it, producing a region of high den
sity in which the plasma temperature increases to a value comparable with 
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FIG. 5. Plasma deceleration in a uniform magnetic field В = 10 kG. 

t he average plasma ene rgy . I t i s t h e t empera tu re of t h e r e g i o n n e a r t he 
plasma boundary which i s p l o t t e d a s t he do t t ed curve i n P i g . 4 . The r i s e 
i n plasma t empera tu re accompanying the development of t h e hollow, plasma 
s h e l l i s p r i n c i p a l l y t he r e s u l t of compression of t h e plasma. Ohmic 
h e a t i n g of t he plasma by c u r r e n t s i n t he s h e l l i s of minor importance s ince 
the p l a s m a - r e s i s t i v i t y , and hence t h e ohmic d i s s i p a t i o n , d e c r e a s e s w i t h i n 
c r e a s i n g t e m p e r a t u r e . Corresponding t o the l a r g e p o s i t i v e d e n s i t y g r a d i e n t 
shown a t 32 n s e c , t h e r e i s a p o s i t i v e p r e s s u r e g r a d i e n t which causes t h e 
plasma t o flow back toward t he c e n t e r . Since t he f i e l d a t t h i s time has 
been v i r t u a l l y excluded-from t h e plasma i n t e r i o r , t h i s flow i s r e l a t i v e l y 
unimpeded, and i n t he subsequent motion the plasma t ends toward a uniform 
d e n s i t y d i s t r i b u t i o n w i t h i n i t s maximum expans ion r a d i u s of ~ 0 .3 cm. 
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3.2 Magnetic F i e l d Confinement I n v e s t i g a t i o n s - Exper imen ta l 

For e x p e r i m e n t a l s t u d i e s of t h e magnetic f i e l d containment of t h e s e 
l a s e r produced p lasmas , t h e plasma i s formed i n p l a c e a t t h e c e n t e r of a 
confinement f i e l d . C o i l s , w i th which simple m i r r o r and minimum-B magnetic 
f i e l d s can be g e n e r a t e d , a r e i n c o r p o r a t e d i n t o t h e suspens ion e l e c t r o d e 
assembly (See F igs 1 and 6 ) . The c o i l s a r e connected i n p a i r s and a r e 
powered Ъу t h r e e independent i g n i t r o n - s w i t c h e d c a p a c i t o r bank power s u p p l i e s . 
With c u r r e n t s i n t h e same d i r e c t i o n in two oppos i t e c o i l s , a m i r r o r 
magnetic f i e l d i n any one of t h r e e o r t h o g o n a l d i r e c t i o n s can be produced . 
Using a l l s i x c o i l s , one c o i l p a i r connected t o form a s imple m i r r o r f i e l d 
and t h e o t h e r two p a i r s of c o i l s connected t o produce opposed cusps , a 
minimum-B magnet ic f i e l d i s produced. I n F i g . 6 d i r e c t i o n s a r e i d e n t i f i e d 
which, a long wi th "up" and "down" a r e used t o de f ine the l o c a t i o n of t h e 
charge c o l l e c t o r and t i m e - o f - f l i g h t d i a g n o s t i c s and the o r i e n t a t i o n of t h e 
magnetic f i e l d s i n t h e e x p e r i m e n t s . I n each case i n t h e e x p e r i m e n t a l 
r e s u l t s which fo l low, t h e magnet ic f i e l d a x i s i s in t h e Nor th-South d i r e c 
t i o n . With t h e p a r t i c l e suspended a t t h e l ens f o c u s , t he magnet ic f i e l d i s 
t u r n e d on. The suspens ion v o l t a g e s a r e t h e n removed, and the p a r t i c l e i s 
i r r a d i a t e d w i t h t he l a s e r beam, producing the plasma which t h e n expands 
w i t h i n t he magnetic confinement f i e l d . From the r e s u l t s of t he magnet ic 
f i e l d i n t e r a c t i o n c a l c u l a t i o n s , t h e plasma energy a b s o r p t i o n and format ion 
t a k e s p lace wh i l e t he plasma i s so smal l t h a t no a p p r e c i a b l e d e c e l e r a t i o n 
of t h e plasma by the magnetic f i e l d o c c u r s . The plasma deve lops as i f t he 
magnetic f i e l d were no t p r e s e n t , and the s p h e r i c a l f i e l d - f r e e plasma expan
s i o n forms t h e i n i t i a l c o n d i t i o n s f o r t h e plasma i n t e r a c t i o n wi th t he 
magnetic f i e l d . 

FIG. 6. Magnetic field geometries - mirror and minimum-B. 

Charge collector measurements have been made to examine the amount of 
plasma leaving the magnetic confinement field in different directions rela
tive to the magnetic field axis. The results of such experiments with 8 kG 
simple mirror and minimum-B magnetic fields are shown in Fig. 7 and compared 
with the free plasma expansion. In these experiments the mirror ratio is 
4.3, and the magnetic field intensity given is that at the center where the 
plasma production and initial magnetic field interaction occur. The charge 
collector probes register the ion flux through the probe aperture (apertures 
of all probes equal), and, for a given probe, the integrated charge collec
tion recorded as a voltage signal on a capacitor represents the amount of 
plasma which has expanded in the collection solid angle of that probe. Six 



CN-24/F-7 935 

charge col lec tors were used in these experiments, one (South) viewing the 
plasma along the magnetic f ie ld axis and the other five observing the plasma 
in direct ions transverse to the magnetic f i e ld . With no magnetic f i e ld , the 
integrated charge col lect ion as a function of time i s the same (within a 
factor of two) for each of the six probes--the e s sen t i a l ly spher ical ly 
symmetric density d is t r ibu t ion associated with the free plasma expansion. 
With e i the r a simple mirror or a minimum-B magnetic f i e ld , a s ignif icant 
a l t e ra t ion in the expanding plasma symmetry develops, the asymmetry increas
ing with increasing f i e ld s t rength. The charge col lect ion and thus the 
plasma flux in the direct ion of the magnetic f ie ld axis is grea t ly increased 
compared with the zero f ie ld case, and plasma is observed over an in terval 
of many microseconds in contrast t o the less than one-half microsecond 
col lect ion time for the free plasma expansion. Associated with the increased 
plasma flux along the magnetic f ie ld ax i s , the charge col lect ion observed 
transverse to the magnetic f ie ld i s great ly reduced. Both the strong asym
metry in the direct ion of the magnetic f ie ld loss cones and the increase in 
col lect ion time show tha t the major fraction of the i n i t i a l l y expanding 
plasma was trapped within the magnetic f ie ld and only gradually escaped. 
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FIG. 7. Plasma expansion symmetry. 

The c ro s s f i e l d plasma l o s s has been examined u s i n g a modified v e r s i o n 
of the charge c o l l e c t o r probes employed f o r t he measurements of F i g . 7- The 
modified probes a r e a p e r t u r e d t o r e s t r i c t t h e i r c o l l e c t i o n s o l i d ang le and 
r e c e i v e only plasma which has expanded d i r e c t l y a c r o s s t h e magnetic f i e l d . 
From measurements wi th t h e s e p r o b e s , t h e c ro s s f i e l d plasma l o s s i s l e s s 
t h a n o n e - t e n t h t h a t i n f e r r e d from the n o n - d i r e c t i o n a l probe r e s u l t s of 
F i g . 7. I n t e g r a t i o n of t h e plasma f l ux d i s t r i b u t i o n over s o l i d ang le shows 
t h a t l e s s t h a n one p e r c e n t of t h e plasma in t h e s e exper iments escapes from 
the containment r eg ion a long d i r e c t i o n s t r a n s v e r s e t o t h e magnetic f i e l d 
whi le the remaining 99 p e r c e n t l eaves w i t h i n t he magnetic f i e l d l o s s cones . 
This r e s u l t a p p l i e s d i r e c t l y t o t h e minimum-B magnetic f i e l d e x p e r i m e n t s . 
With t h e s imple mi r ro r f i e l d , t h e ampl i tudes of t he s i g n a l s r e c e i v e d by 
most of t h e c r o s s - f i e l d probes a r e t h e same a s observed i n t h e minimum-B 



936 HAUGHT et al. 

experiments. However, la te in the plasma decay a sudden large increase in 
the plasma flux is often detected Ъу one or more of the probes in a given 
experiment. The large plasma flux is detected by different cross-f ie ld 
probes in different experiments. While conclusions from the limited data 
now available can only be t en ta t ive , i t appears tha t th i s random large charge 
col lect ion is the resu l t of f l u t e - l i ke plasma losses across the magnetic 
f ie ld in the case of the simple mirror. The random large plasma flux t r an s 
verse t o the magnetic f ie ld is not observed in experiments with minimum-B 
magnetic f i e lds a t the higher f i e ld strengths ( > 5 kG) indicating that the 
f lu t e - l i ke behavior obtained in the simple mirror f ie ld is suppressed for 
suff ic ient ly large posi t ive f ie ld gradients in the minimum-B geometry. 

PROBE WIDE POSITION lent) PROBE WIRE POSITION (cm) 

a. MIRROR b. MINIMUM-B 

FIG. 8. Comb probe measurements. 

A comb p robe , c o n s i s t i n g of a s e r i e s of 8 n e g a t i v e l y b i a s e d ba r e wi re 
charge c o l l e c t o r s , each 0 .5 cm long and spaced one cm a p a r t on a l i n e normal 
t o t h e magnet ic f i e l d a x i s a t a d i s t a n c e of 30 cm from t h e plasma o r i g i n , 
was used t o examine t h e d i s t r i b u t i o n of t h e plasma f l ux in t h e m i r r o r l o s s 
cone . As shown in P i g . 8, wi th no magnetic f i e l d , t he i n t e g r a t e d ion charge 
c o l l e c t e d by each of the comb probe w i r e s was v i r t u a l l y i d e n t i c a l - - t h e 
uniform plasma f l ux of t he f r e e expans ion plasma. To t h e e x t e n t t h a t t h e 
plasma e scap ing out t h e m i r r o r l o s s cones i n t h e magnetic f i e l d conta inment 
exper iments fo l lows t he magnetic f i e l d l i n e s , t h e d i s t r i b u t i o n of plasma 
measured by t h e comb probe should s e rve a s a measure of t h e t r a n s v e r s e 
s p a t i a l e x t e n t of t h e conf ined plasma w i t h i n t he magnet ic f i e l d . For an 
a x i a l l y symmetric magnetic f i e l d , t h e t r a n s v e r s e r a d i a l d imensions of t h e 
plasma fo l lowing a g i v e n f l u x i s i n v e r s e l y p r o p o r t i o n a l t o t h e square r o o t 
of t h e l o c a l magnet ic f i e l d i n t e n s i t y . At t he l o c a t i o n of t h e comb p robe , 
t he magnet ic f i e l d on t h e m i r r o r a x i s i s 2 x 10"2 t h a t a t t h e plasma o r i g i n , 
and each cm d i sp lacemen t of a charge c o l l e c t o r wi re away from t h e magnetic 
f i e l d a x i s cor responds t o 0 .14 cm a t t he c e n t e r of t he magnet ic f i e l d . From 
the r e s u l t s of F i g . 8, w i th b o t h s imple m i r r o r and minimum-B magnetic f i e l d s 
t he charge c o l l e c t i o n a t t h e comb probe i s d e f i n i t e l y peaked a long t h e 
m i r r o r a x i s , and t h e c o l l e c t i o n width i s s l i g h t l y dec reased w i t h i n c r e a s i n g 
magnetic f i e l d s up t o 8 kG. With an 8 kG simple m i r r o r f i e l d , t h e h a l f 
i n t e n s i t y r a d i u s of t h e plasma f l u x a t t h e comb probe i s k cm, co r re spond ing 
t o a t r a n s v e r s e expans ion of t h e plasma w i t h i n t h e magnet ic f i e l d of 0 .6 cm. 
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This resu l t is in remarkable agreement with the 0.3 cm value of the maximum 
plasma radius calculated in Fig. k, pa r t i cu l a r ly in view of the l imitat ions 
of the t heo re t i ca l model and the blurr ing of the measured plasma boundary 
due to the f i n i t e ion gyration radius of the escaping ions a t the comb probe. 
With an 8 kG minimum-B magnetic f i e ld , the measured half in tens i ty radius 
corresponds t o a plasma radius within the f ie ld of 0A cm, and the t r ans 
verse expansion of the plasma is apparently more res t r i c ted than for a 
simple mirror. 
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FIG. 9. Plasma expansion velocity. 
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Time-of-flight measurements of the plasma expansion rate have been 
made for the free plasma expansion and for the plasma expansion in mirror 
and minimum-B magnetic f ie lds t o examine the escape ve loc i ty associated 
with the loss cone and the cross f ie ld plasma decay. The r e su l t s obtained 
for measurements along (South) and across (Upper West) the magnetic f i e ld 
are shown in F ig . 9- In these experiments the a r r i v a l times of the plasma 
a t two probes located on the same rad ia l l ine a t different distances from 
the plasma origin are recorded, and the plasma expansion veloci ty is deter
mined from the r a t i o of the probe separation to the plasma time of f l i g h t . 
With no magnetic f i e ld , the plasma time of f l i gh t , and therefore the plasma 
expansion veloci ty , i s very nearly the same for both of these d i rec t ions - -
the e s sen t i a l ly spherical ly symmetric expansion of the free plasma. With 
a mirror magnetic f i e ld , as the f ie ld strength is increased, the plasma 
expansion ve loc i ty in the d i rec t ion of the magnetic f i e ld axis is grea t ly 
increased (note change of time scale in Fig. 9) while the expansion veloci ty 
across the magnetic f i e ld is grea t ly reduced compared with f ie ld-f ree expan
sion of a plasma of the same energy. The same effect , only more pronounced, 
i s observed with a minimum-B magnetic f i e ld . These resu l t s support the con
clusion tha t the action of the magnetic f ie ld is to constrain the transverse 
expansion of the plasma, in agreement with the magnetic f ie ld in teract ion 
calculat ions and with the resu l t s of the comb probe measurements. This 
constraint maintains the plasma pressure a t a higher value for a longer time 
than in the free expansion case, resu l t ing in a larger plasma expansion 
veloci ty in the di rect ion of the magnetic f i e ld . Were the magnetic f ie ld 
t o resu l t in a purely one-dimensional expansion without changing the plasma 
density p ro f i l e , since the plasma energy is fixed, the plasma outer boundary 
veloci ty would be increased by a factor of V3 over t ha t for a spherical 
expansion. Experimentally the veloci ty increase with the magnetic f ie ld is 
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a factor of ~ 2, indicating that the plasma-magnetic f ie ld interact ion has 
resulted in a one dimensional-like expansion having a somewhat a l te red 
density p ro f i l e . 

The charge col lector and t ime-of-f l ight diagnostics examine the plasma 
af te r i t has lef t the magnetic f ie ld in teract ion volume. While the resu l t s 
of Figs. 7 and 8 show that plasma has Ъееп contained Ъу the magnetic f i e ld , 
to examine t h i s point further microwave measurements of the plasma density 
decay within the magnetic f ie ld have Ъееп carried out. A simple 6 mm 
microwave interferometer was employed, and measurements were made of the 
amplitude and phase shif t of the microwave signal transmitted through the 
plasma. For the free plasma expansion, the plasma growth and time develop
ment are known. Calculations were therefore carried out to predict the 
transmitted amplitude and phase shi f t signals as a function of plasma radius 
for comparison with the measured free plasma expansion s igna l s . I n i t i a l l y 
the plasma i s small compared with the microwave beam radius, and the plasma 
intercepts only a small fraction of microwave beam. As the plasma grows, 
i t intercepts a larger and larger portion of the microwave beam, reducing 
the transmitted s ignal . With continued expansion, the plasma density drops 
to a value below cutoff, and a transmitted signal is again observed giving 
the upper curve of Fig. 10a. Similarly, from the combined effects of 
at tenuation and phase shif t by the plasma, an interference signal can be 
calculated and has the form shown in the lower curve of Fig. 10a. From 
these calculat ions , the transmitted amplitude departs from zero as the 
plasma density decreases below 3 x 10^3 cm_3, and the f i na l phase shif t 
maximum occurs a t a plasma l ine of sight density of Hr-3 cm" . While the 
de ta i l s of the amplitude and phase shif t signals are affected by an applied 
magnetic f i e ld , the densi t ies associated with the onset of transmission 
and with the f i na l phase shif t maximum are values which can be employed for 
measurements even in the presence of a magnetic f i e ld . The calculated 
curves were compared with experimental measured phase shi f t and transmitted 
amplitude signals as a function of time for a free plasma expansion. For 
a constant ve loc i ty plasma expansion, which from Fig. 2 develops very ear ly 
in the plasma his tory, the plasma radius and experimental elapsed time are 
d i r ec t ly re la ted by the plasma expansion veloci ty . With such scaling, i t 
is observed tha t the transmitted amplitude and phase shif t signals dupl i 
cate those calculated for the free plasma expansion, supporting the iden t i 
f ica t ion of the onset of transmission and the f i na l phase shi f t maximum 
with specific values of the plasma densi ty. 

Experiments were carried out using th i s microwave system to examine 
the plasma density decay in both simple mirror and minimum-B magnetic 
f i e lds , giving resul t s such as shown in Fig. 11. With no magnetic f ie ld 
present, the free expansion amplitude and phase shif t signals show that the 
plasma density decreases t o a value below 3 x 1СЯ-3 cm~3 i n a time of 0.05 
microseconds and measurable plasma is observed for a time of only O.h micro
seconds. With a simple mirror magnetic f ie ld , both of these times are 
increased with increasing f ie ld s t rength. In an 8 kG mirror magnetic 
f i e ld , the plasma lifetime (time for which the plasma density exceeds 
3 xl0l3 cm*3) is 5 microseconds and measurable plasma is observed for a 
time of more than l6 microseconds. With a minimum-B magnetic f ie ld of 5 kG, 
the plasma lifetime i s even greater : a plasma density of 3 x нЯ-З Cm_3 is 
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contained within the magnetic f ie ld for a time of 10 microseconds and 
measurable plasma is s t i l l present for as long as 8o microseconds. In
creasing the minimum-!! magnetic f ie ld strength from 5 kG to 8 kG does not, 
however, serve t o further increase the plasma l i fe t ime. 
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FIG. 10. Microwave interferometer diagnostics - free plasma expansion. 
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To determine the degree of thenra l iza t ion obtained in the trapped 
plasma, a retarding poten t ia l probe has been used to measure the ion ener
gies escaping out the magnetic containment f i e ld mirror loss cones a t la te 
t imes. The f i r s t grid within the probe is biased negative to extract the 
electrons from the ions in the plasma entering the probe aper ture . A 
second grid has applied to i t a 1-MHz, sinusoidal ion retarding po ten t ia l , 
varying from zero to a posi t ive peak voltage, which modulates the ion 
current t o the p l a t e . A th i rd grounded screen grid i so la tes the ion collec
t o r plate from the 1 MHz signal on the retarding po ten t ia l grid, and the 
ion col lector plate of the probe is biased s l i gh t ly negative to ensure 
complete col lect ion of a l l ions passed by the grid network. 

In general, the ions which ar r ive f i r s t a t the probe have been hydro-
dynamically accelerated in the plasma expansion and have energies exceeding 
the peak retarding po ten t i a l . As a r e s u l t , the plate current is i n i t i a l l y 
unperturbed by the retarding po ten t i a l and i s a measure of the ions which, 
in the i n i t i a l plasma, have ve loc i t i e s lying within the mirror loss cones. 
At l a t e r times the energy of the escaping ions decreases, thermalization 
occurs, and the ion current to the pla te is cut off during the portion of 
each cycle of the retarding poten t ia l for which the voltage exceeds the ion 
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energy. The maximum energy of the escaping ions can be determined d i r ec t ly 
from the measured time in te rva l during which the plate current i s cut off. 
Using th i s probe, i n i t i a l measurements, such as those in Fig. 10, show tha t 
the ions escaping out the loss cones of a minimum-B magnetic f i e ld of h.$ 
kilogauss center f i e ld strength have energies up t o 75Z eV (where Z is the 
maximum charge s ta te of the ions in the plasma) a t times as la te as 15 micro
seconds af ter the plasma generation. Although the ionization s ta te of the 
ions in the plasma is not known, the plasma is a t leas t s ingly ionized. On 
that bas i s , the energy of the ions escaping along the magnetic f i e ld axis 
a f te r 10 M sec ranges up to 75 eV, whereas the ion energy for the equiva
lent ( e ~ 100 eV) plasma in free expansion would be less than 15 eV at 
these la te times. These r e s u l t s , while preliminary, are a d i rec t measure 
of the energy of the contained plasma and indicate tha t , upon confinement by 
the magnetic f i e ld , the plasma has been thermalized, in agreement with the 
theore t ica l calculat ions of the plasma-magnetic f ie ld in te rac t ions . 

V, =180v, T = l p u c 

.-. € =74 Z(«V) 

J 0.2 ц »c/cm 
At=0 56/ii«c 

FIG. 12. Retarding potential probe ion energy measurements. 

The scattering loss lifetime for the contained plasma can be calculated 
from the measured plasma density and energy. For a 3 x 10^3 cm"3 plasma of 
hydrogen ions and singly ionized lithium at a temperature of ~ 50 eV, the 
average plasma energy evaluated from the measurements of Fig. 12, the Coulomb 
scattering loss lifetime in a short mirror magnetic field (mirror ratio k) 
is 13 p sec, a result in reasonable agreement with the 10 fj. sec lifetime 
measured in the minimum-B magnetic field. If higher ionization state 
lithium ions are present, the plasma temperature determined from the retar
dation probe measurements ( ~ -|- x 75Z eV) is higher and the ion density 
evaluated from the microwave diagnostics (ne/z) is lower, resulting in 
a collisional scattering lifetime little changed from that calculated for 
hydrogen ions and singly charge lithium. It appears, therefore, that the 
plasmas in these experiments are thermalized upon capture by the magnetic 
field and have a lifetime limited only by Coulomb collisional scattering 
into the magnetic field mirror loss cones. Since the Coulomb scattering 
loss lifetime is the maximum plasma lifetime which can be obtained for a 
given plasma density and temperature in an open-ended field geometry, 
this result explains why increasing the minimum-B magnetic field above 
5 kG did not serve to increase the experimental plasma lifetime. 
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h. SUMMARY 

Laser beam i r r a d i a t i o n of s o l i d l i t h i u m hydr ide p a r t i c l e s has been 
used t o form i s o l a t e d , h i g h - d e n s i t y , h i g h - t e m p e r a t u r e plasmas i n vacuum 
e i t h e r ( a ) f r e e l y expanding o r ( h ) w i t h i n con f in ing magnet ic f i e l d s . The 
plasmas produced i n f r e e expans ion a r e s p h e r i c a l l y symmetric i n ho th d e n s i t y 
and expans ion v e l o c i t y and have average e l e c t r o n and ion e n e r g i e s up t o 
200 eV. Magnetic f i e l d i n t e r a c t i o n s t u d i e s show t h a t t h e s e p la smas , p r o 
duced i n s imple m i r r o r o r minimum-B conta inment f i e l d s of up t o 8 kG 
c e n t e r f i e l d s t r e n g t h , a r e t r apped and the rma l i zed and , i n a minimum-B 
magnet ic f i e l d of g r e a t e r t h a n 5 kG, a r e conf ined w i t h a l i f e t i m e l i m i t e d 
on ly Ъу Coulomb c o l l i s i o n a l s c a t t e r i n g i n t o t he magnetic f i e l d l o s s cones . 
With r e a s o n a b l e f u t u r e developments i n l a s e r c a p a b i l i t i e s , i t appears t h a t 
plasmas compr is ing îo^-ioie ions and electrons of an average energy of 
10 keV can be produced by th i s technique. On the basis of these r e s u l t s , 
l ase r i r radia ted solid pa r t i c l e plasmas provide a pa r t i cu la r ly in teres t ing 
plasma source both for thermonuclear t e s t devices and for general s tudies 
of plasma-magnetic f i e ld in te rac t ions . Currently in progress are mass 
spectrometer measurements to determine the ion species present in the con
fined plasma, flux co i l studies of the ear ly plasma-magnetic f ie ld in t e r 
act ion, and modifications to the laser system to produce average plasma 
energies in excess of 1 keV for studies of plasma trapping, thermalization, 
and confinement under conditions where Coulomb scat ter ing losses do not 
l imit the plasma lifetime to the~10/-t sec of the present experiments. 
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D I S C U S S I O N 

D. A. PANOV: Was there any evidence of loss -cone instabil i ty? 
A . F . HAUGHT: For the conditions of our exper iments ( п р З Х Ю 1 3 , 

Tj ~ 50 eV, В "~ 8 kG, m i r r o r rat io ~ 4 , and m i r r o r length ~ 10 cm) the 
rat io of the L a r m o r radius to the m i r r o r length is about 100, while for the 
convective loss -cone instabil i ty of Pos t and Rosenbluth a ra t io of ~ 200 is 
requi red . In agreement with this, no evidence for the loss cone instabil i ty 
was observed in the exper iments , although other stabil i ty factors may well 
have been presen t . 

C. YAMANAKA: We have observed soft X - r a y emiss ion in s imi la r 
exper iments . Have you made such observat ions? 

A . F . HAUGHT: Yes, soft X- ray signals from these p lasmas have been 
measured using a thin-foil sc int i l la tor detection sys tem. However, at the 
t e m p e r a t u r e s of our present exper iments , in terfer ing line radiation from 
ionized lithium is also present , and the signals obtained cannot be in t e r 
preted in t e r m s of an e lectron t empera tu re for the p lasma. 

S. J. BUCHSBAUM: What fraction of l a se r energy gets converted into 
kinetic energy of par t ic les? 

A . F . HAUGHT: In our present exper iments about 1-2% of the incident 
i a s e r energy is absorbed by the p lasma (see, for example, Fig . 2). How
ever, by select ing the exper imenta l par t ic le radius and focal spot s ize 
conditions in accordance with the equations given in the paper, it is possible 
to obtain a l a s e r energy t rans fe r efficiency as high as 30%. 

S . J . BUCHSBAUM: What l imi ts the optimum efficiency to 30%? 
A. F . HAUGHT:' The conditions given in the paper and the optimum 

efficiency of 30% are determined on the basis of the additional requi rement 
that the energy per par t ic le in the p lasma be maximized for the given l a se r 
beam power and pulse duration. The total number of par t i c les in the p lasma 
is l imited by this r equ i rement . Therefore , initially the solid par t ic le 
does not occupy the full a rea of the l a s e r beam focal spot and la ter , as the 
p lasma expands, it rapidly becomes t r ansparen t to the l a s e r radiation, both 
effects resul t ing in a maximum energy coupling of 30%. If, however, 
sufficient l a s e r power becomes available, so that it is no longer n e c e s s a r y 
to maximize the energy per par t ic le in the p lasma for in te res t ing exper i 
ments , then the number of par t i c les in the p lasma can be inc reased and 
essent ia l ly all the l a s e r pulse energy can be coupled into the p lasma. 

P . VANDENPLAS: Have you considered acce lera t ing the l a s e r slightly 
at t = 0 so as to defocus the l a s e r beam after the p lasma has been formed, 
thereby increas ing the section of the l a s e r beam as the p l a sma expands? 
Such t ime-dependent defocusing might i nc rease the efficiency of conversion 
of l a s e r energy into p lasma kinetic energy. 

A . F . HAUGHT: If the l a s e r beam is defocused after the p lasma has 
been formed, the beam intensity in the focal spot is reduced and, to the 
extent that the defocused beam does not pass through the p lasma or passes 
through the lower-densi ty , weakly absorbing outer portion of the plasma, 
the energy absorption by the p lasma is lowered. 
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It is possible that controlled time variation of the focal spot size during 
the irradiation of the plasma would result in an increase in the plasma 
energy for a given laser pulse, but this increase would in general be slight 
and would not justify the experimental complexity required. As a result, 
no such experiments are planned at any of the laboratories working with 
laser-produced plasmas. 

V.N. TSYTOVICH: What is the role of turbulent heating in a laser-
produced plasma? 

J. M. DAWSON: Perhaps I might answer this question. 
If one uses very short pulses, so that the plasma remains over-dense 

(maximum шр > ш during the pulse), the laser light penetrates the plasma 
to the point where и = up. At that point coupling between the laser light 
and the longitudinal plasma oscillations can easily take place. One can 
readily obtain a greatly enhanced resistivity at this point; a type of turbulent 
heating can take place there. Even without enhanced resistivity, calculations 
we have carried out at Princeton indicate that with such short pulses strong 
absorption can be obtained at temperatures up to 10 keV, and with enhanced 
resistivity much higher temperatures should be possible. 
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Abstract 

HEATING AND CONFINEMENT STUDIES OF LASER-IRRADIATED SOLID-PARTICLE PLASMAS. The 
plasma formed by vaporization of a small solid particle of lithium hydride, electrodynamically suspended 
in hard vacuum, with a "tailored" laser pulse is studied. It is shown that proper shaping of the initial leading 
edge of the laser pulse such that the particle is completely vaporized prior to the main heating and subsequent 
expansion leads to enhanced energy absorption. At peak laser powers of 1.51 x 109 W the peak measured 
temperatures in the expanding plasma, with no confining magnetic field, are in excess of 160 eV, while 
the measured average energies per particle in a fully ionized symmetrically expanding plasma containing 
1016ions, are 1 keV. Temperature measurements are carried out by light scattering and expansion energy 
is obtained using integrated charge collection probes and a 5.3 mm microwave interferometer. 

Preliminary work on the interaction of this expanding plasma with a uniform magnetic field is presented. 
We examine the theoretical radiation expected in the case of weak interaction with the uniform field. In 
particular, the radiation intensity is presented for (a) the dipole radiation due to surface currents during the 
initial stages of expansion, (b) cyclotron surface radiation and (c) the volume cyclotron radiation during 
the later stages of the plasma expansion, A comparison of far infrared and millimeter measurements displays 
reasonable agreement with the predicted development in time of the plasma radiation. 

Results of initial confinement studies in a non-zero minimum В magnetic field generated by a "baseball 
winding" are presented. Measurement of containment times with a microwave interferometer and flux probes 
indicate that densities of 1013 cm"3 are retained in a volume of 30 cm3 for times in excess of 400 fis, in a 
20 kG field. Of particular interest is the apparent flute-like behaviour at fields below 8 kG. 

I. INTRODUCTION 

Investigations of the production and containment of the 
plasma produced by the irradiation of a small particle of 
deuterium or lithium hydride by the energy contained in a 
pulse of laser radiation are at present in progress in a 
number of experimental devices(1-6), 

A theoretical description of the plasma obtained by fo
cused laser radiation on the LiH pellet in a vacuum back
ground has been discussed in the literature and consists of 
a fluid dynamic solution .to the expansion of a small plasma 
sphere, initially cold, into vacuum(13, 14). The sphere of 
compressible plasma is heated by the incident laser radiation 
leading to time dependent energy absorption described by a 
high frequency absorption coefficient('> °K The resulting 
plasma expansion may be approximated by a similarity solution 
in which the radial density profile in the similarity para
meter r/R remains invariant 0-). The major portion of the 
absorbed energy is converted into ordered energy of expansion 
and subsequent cooling of the plasma sphere, (Fig. 1). 

945 
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In section II we briefly describe the experimental 
apparatus in which the "free expansion" studies on the ir
radiation of particles of lithium hydride by our group have 
been carried out. Brief consideration is given to the time 
dependent absorption of the incident radiation by the solid 
prior to full development of the plasma state. Treatment of 
the initial vaporization stage of the solid by a strong laser 
driven shock wave yields a working criterion for estimating 
the duration and amplitude of the initial vaporization pulse 
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FIG. 1. Heating and expansion of lithium hydride plasma drop by a 1 x 10"9 second rise and 4. 8 x 10"9 

second fall laser pulse at 6943 A. 

prior to the main heating pulse. These free expansion 
measurements include peak electron temperature and ion temp
erature, electron density and average energy per particle. 

In section III we present our current experimental and 
theoretical results of the interaction of this expanding 
plasma sphere with a uniform magnetic field. Measurements of 
the infrared radiation during the initial stages of expansion 
indicate the existence of induced currents whose time history 
and spectral radiation intensity is computed and compared 
with the available experimental data. The intermediate stage 
of expansion is characterized by surface cyclotron radiation 
due to partial larmor orbits of the expanding electrons. The 
relaxation time of the magnetic field into the plasma volume 
is calculated from a solution to the diffusion equation with 
time-varying conductivity utilizing the dipole radiation appro
ximation. Finally the volume cyclotron radiation is presented 
which occurs after complete infusion of the uniform magnetic 
field into the plasma volume. 
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In section IV, our containment studies of this laser 

produced plasma in a minimum В field produced by a baseball 
winding are described. Of particular interest here is the 
apparent existence of flute-like behavior which together 
with particle scattering into the loss cause appears to limit 
the confinement times to those measured in our experiments. 

II. FREE EXPANSION EXPERIMENTS 

The experimental apparatus is shown schematically in 
Figt 2»,b,Initially the particles from which the plasma is 
produced are injected into the chamber from below the electro-
dynamic suspension cage. The details of this type of sus
pension system are fully described in reference 1 and 9. 
Background pressure in the vacuum chamber during the experi
ment is 2 x 10"°mm Hg. Approximately thirty particles are 
caught in stable orbits at a frequency of 14 cps in the 
vicinity of the geometric center of the suspension array. 
Adjustment of the DC bias on each of the eight suspension 
plates allows each particle to be measured by positioning a 
portion of its orbit in the collimated beam of a 1/10 
milliwatt CW He-Ne laser. The resulting Fraunhoffer dif
fraction pattern is then monitored by a single photomultiplier 
tube or photographed as in Fig. 3. In this manner particle 
size can be determined to within a few percent and the total 
number of available electrons and ions compared with the 
experimentally determined numbers of electrons and ions 
yielding a measure of the degree of ionization. A single 
particle having the required dimensions and symmetry for the 
specific experiment is selected and the remainder ejected 
from the cage. The particle is then positioned at the focal 
spot of a meniscus lens which concentrates the incident giant 
pulsed radiation in the focal volume through which the particle 
passes in its orbit. The photomultiplier then triggers the 
laser which is delayed until the particle passes through the 
center of the focal spot. Simultaneously the electrodes of 
the suspension system are shorted to ground in less than one 
microsecond by light activated silicon controlled switches. 
The electrode surfaces act as limiters to the plasma volume. 

Initially a single pulse of laser radiation with a peak 
power of 600 megawatts lasting for nine nanoseconds at the 
half power points was used for the free expansion energy 
coupling measurements. However, a measurable asymmetry was 
noticed in the time of arrival studies at distances as close 
as 15 mm. from the plasma center. Using biased wires as 
time of arrival charge collectors, it was observed that the 
plasma expanded up to 1.8 times faster in the forward direct
ion toward the laser radiation than in the backward direction. 
We postulated that due to the interaction of the incident 
radiation with the solid pellet the plasma on the front sur
face was being preferentially heated leading to a colder 
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plasma on the far side away from the incident radiation. More 
over the integrated time rate of charge collection Qc was 
erratic indicating incomplete ionization of the solid particle 
This occurred predominantly at particle sizes larger than 
65 microns radius. These considerations led us to first heat 
the solid pellet with a prepulse of amplitude Ph and duration 
T sufficient to completely vaporize the LiH particle but not 

FIG. 2a. Schematic drawing of experimental apparatus : (1) incident laser direction; (2) meniscus 
focusing lens; (3) light scattering and diffraction measurement port; (4) mm. interferometer; (5) min
imum "B" coil; (6) suspension electrodes; (7) time of flight collectors; (8) submillimetie interferometer 
port; (9) pulse transmission measurement; (10) scattering port; (11) submillimetre detector; (12) vacuum 
chamber. 

significantly heat the resulting plasma. Following the 
initial vaporization pulse, during which the cold plasma has 
slightly expanded, the main plasma heating pulse is then 
applied. Although the vaporization of solid matter by laser 
radiation is not well understood, the following assumptions 
were made to determine the amplitude and duration of the 
vaporization pulse. Energy in excess of the binding energy 
of the LiH molecule must be supplied over a time no shorter 
than that required for a strong acoustic disturbance (shock 
wave) to traverse the pellet. For a LiH particle 20 microns, 
in diameter, allowing for a coupling efficiency of one per
cent, the resulting laser power must be on the order of 5 
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megawatts lasting for 2 nanoseconds. A typical oscillo
scope trace of the leading edge of the main plasma heating 
pulse preceded by a seven megawatt vaporization tail is 
shown in Fig. 4. The vaporization leading edge was produced 
by inserting a partially transmitting Pockel's cell at the 
output of the oscillator cavity which is delayed with respect 
to the main Q-switched oscillator pulse. A marked improve-

TEFLON SUPPORTS 

RETRACTABLE 
POWDER CONTAINER 
AND FILAMENT 

FIG. 2b. Suspension electrode schematic. 

ment in the near field expansion symmetry as well as the 
deduced average energy per particle was immediately observed. 
The chief results presented in this report were obtained utili
zing a Q-switched ruby oscillator-amplifier combination for 
both vaporization and heating giving a main plasma heating 
pulse of 1.51 x 10° watts peak power in a pulse width of 
4 nanoseconds. 

Time of flight charged particle collectors consisting 
of grided probes were used to determine (a) the far field 
symmetry of the plasma expansion, (b) the average energy 
per particle, and (c) the total number of electrons and ions 
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in the freely expanding plasma. All the results contained 
in the present investigation were obtained with the charged 
particle collectors biased to collect ions only, (Fig. 5). 
The collected current is integrated in time at the detector 
to yield a value of total collected charge at any time. This 
total' collected charge Qc is then compared with the theoreti
cal value of Qc obtained from the similarity expansion model 
as shown in Fig. 6. Once the symmetry of the expansion was 
achieved by using the technique of tailoring the laser pulse, 
the total number of charged particles in the plasma can be 
obtained by integrating Qc over the surface of the expanding 
plasma. 

FIG. 3. Fraunhoffer diffraction pattern 
of a 26-micron suspended particle. 

FIG. 4. Laser pulse leading edge showing initial vaporization 
tail. 1.5 X 10 "» s/division. 

The electron and ion temperatures are measured by light 
scattering off of the expanding plasma volume utilizing a Q-
switched ruby laser with an output of 100 MW and a pulse 
duration of 15 x 10"'sec. As the electron number densities 
are very high during the period of peak temperature, the 
scattered spectra is predominantly determined by collective 
effects. For example, the characteristic scattering para
meter defined by: 

*• % w ^ l •л 
До " incident wave length 

AJ> - debye length 
© - scattering angle 

which is effectively the ratio of the fluctuation wave 
length to the Debye length, is often in excess of 5. In this 
case, the collective effects between particles give rise to 
two important modes of oscillation, a central ion acoustic 
mode, strongly Laudau-damped with a half width determined by 
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the ion temperature, and the plasma lines which represent 
the electron component of the density fluctuation. The dis
tance of these lines from the center of the scattered spectrum 
is given by the dispersion relation for longitudinal plasma 
oscillations : 

àl ЭтгГ V. SïïC 
iXJ^ +• 

ЗУГ«- L\^îr (Angstrom) 

FIG. 5. Integrating charge collector. (1) 50 0 transmission line; (2) screen; (3) 2 mm aperture; 
(4) 50 !2 BNC connector. 
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FIG. 6. Theoretical and experimental integrated charge collection. 

Incident scattering radiation is focused down to a 
volume in the center of the plasma of 10" cm . Two plates 
of filter glass placed at the brewster angle absorb the 
transmitted laser light. The scattered light is collimated 
into a seven-sided pyramid whose surface is constructed of 
front surface mirrors. The light from each flat surface is 
directed through an interference filter to a photomultiplier 
tube. The scattered spectra are then compared with a single-
set of theoretical spectra computed as in(^0), resulting in 
a determination of both Te and ne. An example of the scattered 
spectra is shown in Fig. 7. Fig. 8 and 9 show the theoreti
cally calculated curves for average energy per particle and 
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FIG. 7. Spectra of scattered light at peak temperature in free expansion. 
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FIG. 8. Theoretical average energy per particle (e) and peak température (T) vs particle size of LiH for 
a particular peak laser power with varying pulse shape (Tr). 

peak temperature as a function of particle size and peak 
power. The laser pulse is characterized by a modified 
Gaussian leading and trailing edge in a manner similar to 
ref. (1). The experimental free expansion results can be 
summarized by the data presented in Fig. 10. Here a com-
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parison is made of the peak temperature and the average energy 
per particle with the calculated results from the free expan
sion analysis. While the temperature appears to be consistent 
with the theoretical model, the lower average energy at the 
larger particle size suggests that perhaps the heating at 
larger particle sizes is not as well understood. This trend 
toward lower energy per particle for large pellets has been 
observed at lower laser powers as well(6). 

1 I I I I I I I | I I—I—I I M i l 1 1 1 I i M I I 1 1—I I I I I U -

. 1 I I I I I I I I I I I I I I 1 1 l l I I I I I 1 1 l l I I I 1 I I 1 1 1 
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PEAK POWER-EROS/SEC (X 10") 

FIG. 9. Theoretical average energy per particle (e) and peak temperature fT) vs varying peak laser 
power for a particular particle size. 

III. UNIFORM FIELD STUDIES 

In this section we discuss some of the radiative pheno
mena caused by the expansion of the laser»produced plasma 
in a uniform magnetic field as shown in Fig. 11. Immediately 
following the vaporization of the pellet the resulting plasma 
is "cold" and will have a low electrical conductivity. Con
sequently any magnetic field permeating the plasma during this 
stage of the expansion will not be affected by the presence 
of the plasma sphere.' As the plasma absorbs energy from the 
laser pulse, the temperature increases very rapidly. The 
increasing conductivity results in compression of the magnetic 
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FIG. 10. A comparison of experimentally determined average energy per particle (e) and peak temperature 
(T„) with the theoretical model. 

EXPANDING 
PLASMA 

, I t B o : 

ft 
^^f^ix^} 

/ 

Bo? 
. Pire Г) 

У 

FIG. 11. Expansion of the plasma in a weak uniform magnetic field. 

field as the plasma expands inducing currents resulting in 
time dependent dipole radiation. The shortest wave-length of 
this type of radiation will be on the order of the size of 
the plasma sphere at this point in time. As the plasma expan
sion continues past the point at which energy absorption term
inates the temperature decreases as T"~ 4~-i and the field 
again permeates the cooling plasma volume. At this point the 
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dipole like radiation falls to zero and one can expect volume 
cyclotron radiation to be observed. During the intermediate 
stage while the field is beginning to penetrate the expanding 
plasma, a contribution due to surface cyclotron radiation, that 
is, radiation due to electrons being reflected back into the 
plasma by the external magnetic field, is also a possible con
tribution to the total radiation spectrum. The radiation 
measurements presented here were carried out using a sub-
millimeter detector with measurable wave length response 
from 70 microns to 8 mm. combined with a rise time of less 
than 4 x 10"^sec. All measurements were in the direction ©•=.!! . 

(a) Dipole Radiation: The equations governing the fields are 

(1) 

The solution of the resulting quasi-static problem along 
with a discussion of the assumption of scalar conductivity is 
presented in ref. (11). Assuming a radial velocity 

fc* "R "dC * (2a) 

which implies a spherically symmetric expansion essentially 
unaffected by the field, the driving term causing the induced 
currents is 

* d t (2b) 

Consequently the fields external to the plasma (r > R) 
will always have a dipole structure. 

With the introduction of the stream function V̂  , the 
relevant fields are defined by 

^ r " Y ^ ^ e -&e (3a) 

£Ч ~ Tsui© T>ï (3c) 
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where the governing equation for Ш is: 

In equation (3d), the stream function ф includes both 
the induced and the externally applied magnetic field. From 
reference 11 the solution of this problem subject to the 
initial condition that the external field permeates the plasma 
at time t = 0 is 

4>lrietf- ЪЕ£в[^-^} (4a) 
where the first term denotes the external field and the 
second term, the induced field, is for r ">. R, 

m--mt)Ut'i; e 4-̂ 4v) (4b) 
Jo > У\гТТг cit' ^ 

The dimensionless time '"£• appearing in equation (4b) 
is defined by 

X " lt. 4 ^ ^ (4c) 

and Kvt) is the plasma radius R as a function of T . 

Before proceeding with an analysis of equations (4), let 
us return for a moment to the radiation fields. For the 
region outside the expanding plasma (r > R), a solution of 
equations (1) with displacement current retained is, in terms 
of the stream function ф , 

where F is an arbitrary function of the retarded time (t-r/c). 
When the radial coordinate r is small, say comparable with 
$ДЬ^) , the function F(t-r/c) may be expanded in the series 

^ince the displacement current has already been neglected 
for the analysis when r < R, it is consistent to omit the 
second term in the above equation because it is small compared 
with F(-t ). In this case, F(-fc.) becomes equal to the expression 
^(•t) defined by equation (4b). 
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In terms of F ( t ) , the radial component of the Poynting 

vector is 

(6) 
where the primes on F denote differentiation with respect to 
the argument (t-r/c). 

To proceed further, it is necessary to simplify equation 
(4b). The dimensionless time t defined by equation (4c) may 
be written as 

' R ! . 

JKv. (7a) 
where V.'L denotes the initial radius. The integrand of 
equation (7a) has been plotted versus R in Fig. 12 using the 
computed time history of the plasma expansion for a typical 
case. The exact shape of the curve will of course depend upon 
the details of the heating process but general features of the 
curve should not change appreciably. Setting the integrand 
of equation (7a) equal to f(R), we see that the approximate 
formula 

fits the curve well for R > ,04cm. The symbol Rm denotes 
the value of radius at which the minimum of f(R) occurs. The 
fact that f(R) varies linearly with radius for large R is 
not surprising since "чГ^3 is constant in the asymptotic portion 
of the expansion. The zero subscript denotes values measured 
during free expansion of the plasma. 

Performing the integration of equation (7a), we obtain* 

For values of radius less than 2.5 cm., it is found that t is 
less than or equal to 1/10. From equation (4b), it is observed 
that this value of 't corresponds to the e-folding time of the 
n=l mode. In other words, the time T =1/10 describes the life
time of the induced fields. 

* Numerical values listed here are representative of the 
particular case where radiation was measured. For details, 
see reference 

(12). 
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From equation (4b), after an integration by parts: 

t 

-tfx\4t-x') 
тг* 

(9a) 

0.4 Rlcml O.S 

FIG. 12. Approximation to Eq. (7a). 

Since X is small during the radiation process, it is conven
ient to use an alternate form of the sum appearing in equation 
(9a), namely, 

v П П 4 " ^ ° <" 4 3TT"L 

(9b) 
where J is given by the asymptotic formula: 

T TV"- V гИ (9c) 

For % -1/10, it is apparent that the first four terms of 
equation (9b) are a good approximation. For the initial 
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stages of the expansion where T is very small, only the first 
term of equation (9b) is important so that: 

A 

ciT (10a) 
From equation (6), the far field radiated power can then 

be calculated using the formula, 

(10b) 
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FIG. 13. Computed radiation intensity due to dipole currents over the bandwidth of the infrared detector. 

For larger values of T , it is convenient to return to 
equation (4b) since in this case, 

at = ОСУО-Ъ Ycw">T 

The intensity of dipole radiation into a solid angle 
will be 

eft -- *5r rMiL 
Consequently the measured radiation intensity will vary as 
Т>̂ - . The computed radiation intensity from the integral of 
equation (6) into the infrared detector is shown in Fig. 13, 
while the measured radiation in the "ïï/l direction is shown in 
Fig. 14. It is apparent that although the general form of 
the radiation pulse can be explained by the above considera
tions the magnitude does not scale exactly as "32" but as ~$£~ 
with oi varying between one and two. 
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(b) Cyclotron Radiation: It is shown in réf. (12) that the 
volume cyclotron radiation varies also as "Sj*. Specifically 

д m a^Mfrs'U) àsl 
wsc; (11) 

The contribution to the radiation intensity due to electrons 
describing partial lamor orbits before returning to the plasma 
volume is, in the case of a TT/l measurement, given by( ): 

ATW ~ T7-
A eweR*U)тг* / «a^Te v3'1-
\o m с ïnT Al). (12) 
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FIG. 14. Measured values of far infrared radiation intensity in a uniform magnetic field. 

with the majority of the radiation being in the neighborhood 
of the first and second harmonics of the cyclotron frequency. 
This surface cyclotron radiation varies as '35c and the ratio 
of volume to surface cyclotron radiation varies as ~$J,'i during 
the early stages of the infusion of the magnetic field into 
the plasma volume. We would expect then that as the magnetic 
field is increased the surface cyclotron radiation could pre
dominate. This is offered as a tentative explanation for the 
trend of radiation intensity toward a linear dependence on 
at the higher values of magnetic field. 

As both the surface and volume cyclotron radiation are 
functions of the electron temperature, the time history and 
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extent of the interaction of the expanding plasma with the 
field can be inferred from the spectral intensity measure
ments in the neighborhood of the cyclotron frequency using 
equations (11) and (12). These studies are presently being 
pursued. 

IV. CONFINEMENT STUDIES 

Preliminary studies on the confinement of this plasma, 
produced inside of a non-zero minimum В magnetic field, have 
been undertaken. The magnetic field configuration is shown 
in Fig. 2 and the measured surfaces of constant "minimum B" 
are shown in Fig. 15. The field coil is driven from two 
actively crowbarred capacitor banks to provide a smooth cur-

14 CENTIMETER "BASEBALL" 
WINDING 

FIG. 15. Surfaces of constant minimum В in the nine-turn winding. 

rent pulse essentially constant over a time exceeding 900 
microseconds. Measurements of the electron density of the 
confined plasma were carried out using two focused interfero
meters at wave lengths of 5.3mm. and 0.337mm. Representative 
transmission measurements are shown in Fig. 16. 

Ion probes were placed in a direction transverse to the 
field lines two centimeters from the center of the well. The 
suspension electrodes were spaced 10 cm. between opposing 
faces. All the confinement experiments were done with pellets 
of LiH varying in size between 20 and 26 microns yielding 
approximately 10^° electrons in the fully ionized plasma. The 
probes consisted of a thin wire protruding one millimeter from 
an insulating teflon sleeve shielded in a thin braid. The 
braid sleeve was grounded simultaneously with the suspension 
electrodes. A negative potential of 50 volts applied to 
symmetrically placed probes was sufficient to block the electrons 
and collect ions only as indicated by no measurable change in 
collected ion signal when higher voltage was used. Oscillo
scope traces from the three probes placed along the azimuth 
of the well volume are shown in Fig. 17. It is observed that, 
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at this value of magnetic field, the initial burst of plasma 
across the well in all directions is followed approximately 
10 microseconds later by an asymmetric flute-like behavior in 
the direction of probe 1 and 2. At the opposite side of the 
trap no secondary burst is observed. For higher values of 

CUTOFF 
TRANSMISSION 

FULL 
TRANSMISSION 

CUTOFF 
TRANSMISSION 

FULL 
TRANSMISSION 

1 ! 

TRANSMISSION 

FULL 
TRANSMISSION 

50 x 10"" SEC/DIV 

FIG. 16. 5. 3-mm transmission measurements at (A) 8 kG; (B) 13 kG; (Q 19 kG. 

JJU 

J>v_ 

SOO X I0~* SEC/DIV 

FIG. 17. Collected probe current along the azimuth of the well. Probes (1) and (2) are 30° apart, two 
centimetres from the centre of the well. Probe (3) is 180° away from probe (1). 

magnetic field this behavior vanishes and only a single burst 
of current, decreasing in amplitude as the field is increased, 
is observed along all position on the azimuth. 

The gross time history of the electron density over an 
estimated plasma volume of 30cm-' can be inferred from the 
microwave measurements. These indicate the presence of an 
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electron density in excess of 2 x l O " for 45 microseconds 
decreasing to approximately 2 x 1 0 " in 400 microseconds. If 
this decay were totally due to scattering into the loss cone 
it would suggest a thermalized ion temperature of approximately 
860 ev which compares favorably with the average energy per 
particle for this case of 900 ev. At best approximately one 
percent of the plasma remains in the well for this amount of time. 

V. CONCLUSION 

The present study indicates that at high laser powers 
and short pulse widths, the plasma temperature and average 
energy per particle in the freely expanding plasma approach 
the values predicted from the continuum fluid model(l> 13 > 14), 

Preliminary results on the interaction of the expanding 
plasma with a uniform field show strong evidence for heating 
of the expanding plasma by azimuthal currents during the 
early expansion. There is not as yet sufficient experimental 
evidence to explain the apparent confinement in a minimum В 
geometry produced by a baseball winding as no direct measure
ment of electron or ion temperature has been made. 
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D I S C U S S I O N 

G. V. SKLIZKOV: Could we have some information about the t e m p e r a 
ture of 1000 eV re f e r r ed to in this paper? 

M. J. LUBIN: the figure you have mentioned r e p r e s e n t s t rans la t iona l 
energy and not t e m p e r a t u r e . The t empera tu re m e a s u r e m e n t s , ca r r i ed out 
by sca t te r ing , yield values of the o rder of 100 eV during peak t e m p e r a t u r e . 
However, it has been pointed out by Haught that these m e a s u r e m e n t s a re 
suspect because the total sca t te red spec t ra from the expanding p lasma 
cannot be uniquely determined in t e r m s both of number density and of 
t empera tu re , and in fact a great deal of ca re must be exerc ised in in te r 
pret ing the free-expansion t empera tu re m e a s u r e m e n t s deduced from 
sca t te r ing . 



DISCUSSION 

on papers CN-24/F-6 to CN-24/F-8 

T. CONSOLI: I should like to make a general comment on the use of 
laser pre-ionized plasmas in a magnetic configuration. In his review paper, 
Mr. Papoular said that 1017 ions with an energy of 10 keV would be extremely 
interesting from the point of view of constructing a thermonuclear reactor. 
An order-of-magnitude calculation gives us an energy of the order of 500 J 
in the laser beam. 

In our opinion there is another mehtod, which consists in producing the 
plasma by means of a lower-power laser and then using high-frequency 
heating. That is what we are doing at Saclay; starting with a 50-eV plasma 
produced by focusing a laser on a solid deuterium target, we raise the energy 
of some of the ions to 20 keV with an energy of 100 J in the high-frequency 
(1250 Mc/s) field pulse. 

G. V. SKLIZKOV: I should like to draw attention to the possiblity of 
heating matter to thermonuclear temperatures by directing a laser beam 
onto a massive target. 

R. PAPOULAR (Rapporteur): I agree that this new method is an 
important one, but in my opinion it requires laser performances that are 
as yet uncommon. 
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Abstract 

THEORETICAL AND EXPERIMENTAL RESULTS ON THE TRAPPING AND BEHAVIOUR OF THE E-LAYER 
IN THE ASTRON. The injection of 300A of 3.8-MeV electrons into the Astron solenoid has resulted in the 
trapping of sufficient electrons to form an E-layer with strong diamagnetic effect. 

Low-frequency stable precessional oscillations of the E-layer have been observed during the initial 
operation of the Astron facility. The precession frequency w is the difference between the gyrofrequency 
(wc) and betatron frequency wc ( l -n/2) of the E-layer where n = (RôB/BÔr) of the confining mirror field. The 
magnetic field of the E-layer generates image currents in the walls of the tank, which in turn generate a 
field with positive gradient which is proportional to the loading factor (£) of the E-layer (£ is defined as the 
ratio of the self-field of the E-layer to the external confining field В ), When the loading factor £ exceeds 
a certain threshold (£ c ) the sense of the precession is reversed, and theory predicts that the motion is stable 
in agreement with the experiment. 

The field generated by an E-layer of moderate thickness has been calculated. The image currents, the 
positive field index, and the threshold value of the loading factor £ are calculated as a functio of the tank wall 
and the E-layer radius. The image currents provide a minimum-B field which tends to center the E-layer 
about the axis of symmetry of the tank. 

The experimentally observed value of Ç exceeds the calculated threshold i c but as electrons are lost 
by scattering in the residual gas the loading factor is gradually diminished. When £ reaches the calculated 
value of Ç the net value of the field index becomes zero, an integral resonance occurs, and theory predicts 
that the E-layer will be "dumped" promptly. The "dump" is experimentally observed at the calculated value 
o f £ c . 

1. INTRODUCTION 

In the Astron concept, a layer of relativistic particles, the E-layer, 
provides the solution for both the magnetic confinement and heating of the 
plasma to fusion temperature. The currents of rotating relativistic parti
cles at a sufficient level can create a magnetic field configuration with a 
unique property, namely, a magnetic well with closed magnetic lines 
(Fig. 1). The closed lines provide confinement of plasmas with isotropic 
pressure while, for properly designed configurations, the destabilizing cur
vature drifts inherent in line closure tend to be overcome at every point 
along the lines by the favorable magnetic gradient drift prevailing within the 
closed magnetic well. 

Thus hydromagnetic instabilities, the low-frequency universal insta
bilities observed in toroidal confinement and high-frequency microinstabil-
ities due to the loss cone in open-ended confinement, should be suppressed 
at the same time. 

* Work performed under the auspices of the US Atomic Energy Commission. 
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The combination of the cu r r en t s of the confined plasma and the E - l aye r 
cu r r en t s could extend considerably the volume of the closed magnetic well. 
If such a configuration is perfectly stable and diffusion l o s s e s do not exceed 
10 to 100 t i m e s c lass ica l diffusion l o s se s , a re la t iv i s i t ic e lec t ron E - l aye r 
(of energy 50 to 100 MeV) could provide p lasma confinement and heating to 
fusion t empera tu re [1], as it was originally proposed [2]. Since that t ime, 
exper iments in toroidal confinement revealed the existence of the so-cal led 
Bohm diffusion which at p lasma p a r a m e t e r s suitable for a fusion r eac to r i s 
a million t imes fas ter than c lass ica l diffusion. Since the exact nature of 

FIG. 1. E-layer configuration. Plasma confinement volume is in shaded area. 

Bohm diffusion is not known as yet, t he re a re speculat ions that even ax i -
s y m m e t r i c magnet ic wells such as the magnetic well c rea ted by the combina
tion of the E - l a y e r and p lasma c u r r e n t s would suffer from anomalous diffu
sion, l imiting the p lasma lifetime to 10 to 100 Bohm l i fe t imes. It is obvi
ous that if these speculat ions prove co r rec t , an e lec t ron E - l a y e r cannot 
provide adequate p lasma confinement. Bohm confinement t ime is p ropor 
tional to (BR2), where В is the confining magnet ic field and R is the p lasma 
rad ius , while the p lasma confinement t ime allowed by fusion energy r e l e a s e 
is proport ional to B_2_ Thus the ra t io of the allowed p lasma confinement 
t ime to Bohm confinement t ime is inverse ly proport ional to B ^ R 2 # For con
finement t i m e s approaching hundred Bohm confinement t imes and reasonable 
values of the magnet ic field, the product BR is of the o rder of 10? (gauss 
cm) requi r ing an energy of the E - l a y e r pa r t i c l e s of a few GeV [3]. It i s 
obvious that synchrotron radiat ion l o s s e s preclude the use of re la t iv i s t i c 
e lec t rons a s E - l a y e r pa r t i c l e s . Hence re la t iv i s t i c protons a r e the obvious 
choice if anomalous diffusion preva i l s . The re la t iv i s t ic proton E - l a y e r was 
proposed seve ra l months ago [3]. In a re la t iv i s t i c proton E - l a y e r p lasma, 
confinement can be l imited to the volume defined by the closed magnet ic 
well c rea ted by the E - l a y e r . The p lasma thickness i s 50 to 100 ion gyro -
radi i , thus l imiting anomalous diffusion. At the same t ime the E - l a y e r p r o 
tons can heat the p lasma to fusion t e m p e r a t u r e even under conditions of 
anomalous diffusion. When the p lasma is confined within the closed m a g 
netic well, c rea ted by the E - l aye r , it could c rea te t r a n s v e r s e forces (m = 1 
mode) which would tend to dr ive the E - l a y e r off i ts axis toward the wall. 
Therefore , a positive r e s to r ing force is requi red which tends to center the 
E - l a y e r at the axis of s y m m e t r y of the vacuum chamber . Such a r e s to r ing 
force is provided by the image c u r r e n t s c rea ted by the E - l a y e r in the walls 
of the tank, which in turn genera te a field with posit ive field gradient n, 
where n = R3B/B3R. The positive field gradient generated by the image cu r 
r en t s of the E - l a y e r i s proport ional to the diamagnetic s t rength or loading 
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factor (Ç) of the E-layer. When the loading factor S exceeds a certain thres
hold (?c) "the positive gradient created by the image currents becomes equal 
and opposite to the negative gradient of the external mirror field confining 
the E-layer. Thus for E-layer strength £ > £c, the E-layer floats in an ef
fective minimum~B field created by its own image currents. The higher the 
level of the E-layer, the stronger the restoring force is which tends to cen
ter the E-layer at the axis of symmetry of the confining vacuum.tank. Be
cause of the rotation of the electrons, any radial force creates a precession 
of the E-layer which is in the direction of the rotation of the electrons when 
the field gradient is negative. When the loading factor S exceeds the thres
hold Sc and the gradient becomes positive, the sense of the precession is 
reversed and theory predicts [4] that the motion is stable, which is in agree
ment with experimental observations. When the precession is forward, 
theory predicts [4] instability. Experimental observations, however, in
dicate that depending on the shape of the confining mirror field, this motion 
can be either stable or unstable. 

In the following section the analytical solution is given for the self-
magnetic field of the E-layer. The radial and axial current distribution are 
approximately represented by the functions Ji(kor) and sin^kz respectively, 
which are the first terms of an expansion in Bessel and trigonometric func
tions of any arbitrary current distribution. The experimentally achieved 
E-layer current distributions are very similar to the assumed approxima
tion. In section III the image currents of the E-layer are calculated and the 
value of the positive gradient is calculated as a function of the loading factor 
Ç, the geometry of the confining walls and the ratio of the radius to the 
length of the E-layer. 

In section IV experimental results are compared with theory. The 
experimental results confirm the theoretical prediction that the precession-
al frequency is a linear function of the loading factor of the E-layer and 
agree quantitatively within 10%, which is considered an excellent agreement 
in view of the approximations made in the current distribution of the E-layer 
in order to simplify the solution of the field equations. 

II. SOLUTION FOR THE SELF-MAGNETIC FIELD OF AN E-LAYER CON
FINED BETWEEN TWO COAXIAL CYLINDERS 

The E-layer is confined between two coaxial cylinders of radius Rw 
and Rc respectively. The mean radius of the E-layer is R and the current 
distribution is extended radially from'a radius Rj to RQ. The functional 
dependence of the E-layer current distribution (je) is 

j e = j 0 - Jx (k0r) sin2 (kz/2) (II. 1) 

in the region 
r < RQ, z > 0 

r > R r z < L 

and zero outside this region. The value of ko depends on the thickness of 
the E-layer, while kgR; and kQR0 are adjacent zeroes of the 3\ Bessel func
tion. The value of к = 2тг/Ь. 
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T h e v e c t o r p o t e n t i a l g e n e r a t e d b y t h e E - l a y e r c u r r e n t i s 

l 9 = 2 1 ^ B 0 J l ( k 0 r ) 1 + к 

тК (kr) + Y K I ( k r ) 

•w]— B n J , ( k . r ) c o s (kz) i k . U 1 U 

c o s (kz) 

w h e r e 

5)[ j 0 (kR 0 ) - J0(kR.)] 1 + 

(II. 2) 

(II. 3) 

0 
B n = 7 m c / R e and S i s t h e l o a d i n g f a c t o r of t he E - l a y e r . 

O u t s i d e t h e E - l a y e r (r > R Q ) t h e s o l u t i o n for the v e c t o r p o t e n t i a l in the 
a b s e n c e of w a l l s i s 

A, 
с 
— + c„ £ + • ?7 К . (кг) c o s (kz) г 2 2 v 1 

In t h e r e g i o n r < Ri t h e s o l u t i o n i s 

A . = c„ -r + n I. (kr) c o s (kz). 

(II. 4) 

(II. 5) 

T h e c o m p o n e n t s of t h e m a g n e t i c f ie ld wh ich a r e i n d e p e n d e n t of z do not 
c r e a t e g r a d i e n t s . T h u s we r e s t r i c t o u r s e l v e s t o c a l c u l a t e t h e c o m p o n e n t s 
of t h e field wh ich d e p e n d on s in (kz) o r c o s (kz) . T h e four c o n s t a n t s r ) a , 
1i» 1v> ^ c a r e d e t e r m i n e d b y m a t c h i n g t h e two f ie ld c o m p o n e n t s B z and B r 
at r = Rj and r = R Q . 

T h e r e s u l t i s 

n0 I (kR0) K : (kR0) J0 (k0R0) 

n0 f (kR.) lx (kR.) JQ (kR.) 

к Г/ ORA y r,04 L(kR0) I x (kR 0 ) J Q (k Q R 0 ) - (kR.) h (kR.) J 0 (k 

"c = "o f [ ( k V Ki ( k £V Jo (koRo) " (kRi ; Ki (kfV Jo <koRJ\ 

(II. 6) 

(II. 7) 

(II. 8) 

(II. 9) 

III. CALCULATION OF THE FIELDS GENERATED BY THE IMAGE CUR
RENTS 

In t he e x p e r i m e n t s t o da t e t h e E - l a y e r l i f e t i m e i s l i m i t e d t o s e v e r a l 
m i l l i s e c o n d s . T h u s t he m a g n e t i c f ie ld i s conf ined b e t w e e n two c o a x i a l c y l 
i n d e r of r a d i u s R w and R c . 

I m a g e c u r r e n t s a r e g e n e r a t e d in t he two c y l i n d r i c a l s u r f a c e s which in 
t u r n g e n e r a t e a m a g n e t i c f ie ld wi th c o m p o n e n t s : 

(a) O u t e r c y l i n d e r 

= r) I n (k i w 0 

В . = n L (kr) s i n (kz) 

В . = ri I „ (k r ) c o s (kz) zi w 0 

'w Г 

(Ш.1) 

(III. 2) 
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(b) Inner cylinder 

В . = r] Kn(kr) cos (kz) (III.3) 
zi r 0 

В . = -n K. (kr) sin (kz) (Ш.4) 
ri 'r 1 

The constants nw and n r are'determined by the boundary condition that the 
radial component of the magnetic field is zero at the walls. Thus 

К (kR ) 

" W
 = " " v L(kRW) ( I I L 5 ) 

1 w 
I l ( k R c ) 

"r = - ^c кЛкТГ) ( ш - 6 ) 

1 с 

If the E-layer moves off-axis, its field follows the motion. In any such 
motion it is assumed that the thickness remains undistorted while its mean 
orbit R is distorted as ? e*-̂  where f is the maximum radial displacement. 
The off-axis displacement of the E-layer generates new image currents. 
Since its motion changes the value of the radial component of the magnetic 
field at the walls by 

ЭВ 
âf)S «И. 7) 

where 3Br/3r is evaluated at the tank walls. Since B r should remain zero 
at the walls, new image currents are created with the following components. 

(a) Outer wall 
В = r\ L(kr) cos (kz) e l 9 (III. 8) 

z w 1 

В = 7i 1,'tkr) sin (kz) е1в (III. 9) 
r w 1 

~ • ~ M k r ) if l 
Ba=n i—, sin (kz) elU (111.10) 

в w kr 
(b) Inner wall 

В = ri K,(kr) cos (kz) e10 (III. 11) 
z r 1 

В = n K' (kr) sin (kz) elG (Ш.12) 
r r 1 

I..1 
K (kr) 

r kr 
sin (kz) e10 (Ш. 13) 

The constants nw and n r are determined by the boundary conditions that the 
radial component of the field is zero at the tank walls, namely 

^ w = -nw(kÇ) (III. 14) 

vr = - n r(kl) (in. 15) 

Under the assumption that the radial current distribution of the E-layer is 
not distorted during the displacement Ç, because the self-field gradient is 
much higher than the image current field gradient, we can treat the E-layer 
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as a super par t ic le and calculate i t s beta t ron motion from the radia l com
ponent of the l inear ized radia l equation of motion, 

7m 
IT 

la 
с 

ЭВ 
eC s-5 + e B +e? Эг z 

ЭВ 
э7 (III. 16) 

where ( 9 B z / 9 r ) m is the gradient of the external confining m i r r o r field. We 
define 

»7 = # H d 4 Ш1.17) ' m ~ B . \ 9r / 
0 \ / m 

в 0 

ЭВ в 
1 ^ + X 

? = v •iut+iS 

(Ш.18) 

(III. 19) 

Substituting in Eq. (III. 16) we find 

"c (1 + "i + V) 

Since r^ + r j m « 1 

и = uc \1 + 
n + rj. 'm '1 

(III. 20) 

(Ш.21) 

The field r7m index is negative because the external field is a m i r r o r field. 
The field index rji» however, is posit ive. The p recess ion frequency is 

u = u P с 
- Hi 

(III. 22) 

When|77mK Hi the precess ion is backward (opposite to the motion of the 
e lec t rons) . There is general agreement that this motion is stable. In 
addition, it provides an effective min imum-B confinement for the E - l aye r . 
Since the field index n^ is proport ional to the loading factor (£) of the 
E - l aye r , the focusing effect of the image c u r r e n t s becomes s t ronger as the 
E - l aye r builds up. The value of r^ is 

^(кНГ(ф1+ф2) 

where 

ф1 " 2 

ф2 --

and 

4(i+^)[VW-JoVV] 
R R 

(III. 23) 

¥ K i ( K R o ) J o ( W Ж Ki (kïV Jo (ko V 

K. (kR ) K' (kR ) 
, _ 1 w 1 w 
"l " I, (kR ) " II (kR ) 

1 w 1 w 
L (kR ) II (kR ) 

f, - 1 С 1 С 
92 К, (kR ) " Kl(kR ) 

1 с l e 

Ix (kR) 

Kx (kR) 

(III. 24) 

(Ш.25) 

Ш1.26) 

(III. 27) 
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In the function ф̂  the first term on the right-hand side is the contribution 
from the gradient of the axisymmetric image currents in the outer wall 
while the second term is the contribution from the image currents created 
by the off-axis motion of the E-layer. The function Ф2 represents the con
tribution of the image currents in the inner wall. 

In a very thick E-layer (Rj =0) the function Ф2 =0 and the focusing is 
achieved by the image current of the outer wall only. 

1 n 
FIG. 2. Cross-section of the Astron tank. 

IV. EXPERIMENTAL OBSERVATIONS 

The Astron facility was shut down recently for several months for 
the installation of new precision tanks and coils. It was expected that 
among other improvements the precision alignment possible with the new 
tanks (±250 microns from a reference axis) and similar accuracy in the 
location of the coils will result in the reduction of magnetic field inhomo-
geneities. 

Experiments with the new facility started on February 19, 1968. 

The results reported here were obtained in the first five days of op
eration, i.e. February 19 through 23. 
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The diagnostics used for the observations described in this report are 
pick-up loops located behind the resistive wires (Fig. 2). Each loop is a 
coil of 125 turns with total effective area of 1250 cm. The signal in the 
loops is proportional to Bg (Bg the magnetic field of the E-layer). These 
loops are located "very 25.4 cm along the tank at the position N (Fig. 2). 
At some locations, up to four coils can be placed as shown in Fig. 2. 

The observations in these experiments were limited to measurements 
of E-layer lifetime and observations of the precession phenomena as a func
tion of the loading factor S of the E-layer. The direction of the precession 
is observed by comparing the phase of precession in the coils 7N (N for 
north) and 7T (T for top) located 90° apart in azimuth as shown in Fig. 2. 

** 0.5 msec/cm 

LOOP 8 N , PRESSURE 10 MICRONS H„ 

TOP TRACE В 

BOTTOM TRACE/ В 

SSH 

- 2 msec cm 

LOOP 8 N , PRESSURE 1 MICRON H2 

DOUBLE PULSE, BOTH TRACES / В 

HALF-LIFE 12 msec 

FIG. 3. E-layer current versus time and precession oscillations. 

Observations of the E-layer precession were aimed to verify that at a 
critical loading factor S = Sc when the dump occurs the precession frequency 
goes through zero, that for Ç > £ the precession is backward, that the pre
cession frequency varies linearly with the loading factor ?, and to compare 
quantitatively theoretical values with experimental results. 

In Fig. 3a the traces of È and / È are shown, indicating an E-layer 
halflife of 2 msec. Trapping was achieved at 10 microns of background 
hydrogen pressure. The symmetry plane of the E-layer is located 200 cm 
from the injector point. Approximately 15% of the E-layer survives the in
tegral resonance. The surviving part of the E-layer precesses violently, 
as can be seen in the top trace. 

In the next oscillogram in Fig. 3b, the current per centimeter of the 
E-layer formed in 1 micron of H2 is shown. Trapping is achieved by pre-
ionizing the gas by a previous electron pulse injected 1.5 msec before the 
trapped pulse. The measured E-layer halflife is 12 msec. 

In Fig. 4 the axial distribution of the axial component of the magnetic 
field of the E-layer at the radius of the loops is shown. Previous anal
ysis [5] has shown that the axial current distribution of the E-layer is the 
same as the field distribution between the half-amplitude points (110 cm 
apart in Fig. 4). This observation indicates that in the approximation of 
the axial current distribution with sin^ (kz) the argument kR = 1. This in 
turn allowed the calibration of the signal observed in the loops. The result 
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is 20 A/volt ± 3%.l Thus in Fig. 3a the peak E - l aye r cu r ren t per cent imeter 
is 8 A/cm, and in Fig. 3b is 10 A/cm. The corresponding values of Ç were 
2.8% and 3.5%. It should be noted that for the first t ime it is observed that 
the trapping efficiency at 1 micron of hydrogen is the same a s at 10 mic rons . 
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FIG. 4. Axial distribution of E-layer current. 

PRESSURE 10 MICRONS H . 

о ) W^j 

TOP TRACE - LOOP 7T В 

BOTTOM TRACE - LOOP 7 N В 

(/•II! 

TOP TRACE - LOOP 8 N В 

BOTTOM TRACE - LOOP 8 N / в 

-- 50 /jsec/cm — 0.5 msec/cm 

FIG. 5. Phase comparison of E-layer precessions before and after the dump. 

Exper imenta l cal ibrat ion of the loops with a mock-up E - l a y e r resu l ted in 
the same value. 

' T h e maximum value of Ç achieved to date is 6% [6]. 
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In Fig. 5, in the osc i l lograms at the left, the phase of the precess ion 
in the loops 7N and 7T a re compared. Initially when S > Sc, the E - l a y e r 
p r e c e s s e s backwards . Following the "dump," however, the surviving E -
layer p r e c e s s e s forward. 

-* 50 ^sec/cm "" 100 /jsec/cm 
f = i 75 kc f = i 37 kc 

PRESSURE = 10 MICRONS H, 

TOP TRACE - LOOP 7T В 
BOTTOM TRACE - LOOP 7 N В 

TOP TRACE - LOOP 8N В 
BOTTOM TRACE - LOOP 8 N / В 

AFTER THE DUMP 

f = + 46 kc 

f = (f ç - 46) kc 

FIG. 6. Observations of E-layer precession frequency. 

The next observation was aimed to verify that the p recess ion frequency 
dec rea se s l inear ly proport ionally to the quantity (£ - Sc) and that the p r e c e s 
sion frequency goes through zero , thus causing an integral resonance , when 
the dump occu r s . According to theory the p recess ion frequency is 

(IV. 1) f f S - f (Г r. 

where fn i s a constant, depending on the geomet ry of the E - l a y e r and the 
tanks , and r e p r e s e n t s the contribution of the image cu r r en t s crea ted by the 
E - l a y e r self-field in the tank wal ls . The frequency fm is the forward p r e -
cessional frequency caused by the external m i r r o r field as £-*0 . In Fig. 6 
in the bottom osc i l logram the frequency f is measured . In the top osc i l 
lograms the precess ion frequency i s m e a s u r e d a t two values of 5. The s e c 
ond excitation of E - l a y e r p recess ion is caused by a smal l loss of E - l aye r 
e lec t rons (probably caused by an internal integral resonance) . Another two 
observat ions a re shown in Fig. 7. In all t h ree ca ses , the functional depend
ence of the precess iona l frequency is in good agreement with Eq. (IV. 1). 
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— 100 iu sec/cm 100 /n sec/cm 

f = - 55 kc f = - 33 kc 

PRESSURE 10 MICRONS H 2 

TOP TRACE - LOOP 7T В TOP TRACE - LOOP 8 N 

BOTTOM TRACE - LOOP 7 N В BOTTOM TRACE - LOOP 8 N / В 

"*• 50 j jsec/cm ""•• 100 ^sec/cm 

f = - 70 kc 

FIG. 7. Observations of 
E-layer precession frequency. 

f = - 50 kc 

PRECESSION FREQUENCY VERSUS Ç 

T «: 5 msec f « (4640 Ç - f ) kc p m' 
fm = 4 6 k c T « 5 msec F - (2950 Ç - f ) kc 

THEORETICAL VALUES FOR kR • 1, kR = 2, kR =0.6 

2 0 " 
С (THEORETICAL T « 5 msec) 

Ç (THEORETICAL т » 5 msec) 

FIG. 8. Comparison of 
theoretical and experimental 
values of precession frequency 
of the E-layer. _j0 X 

0.02 

< OBSERVED 

0.Ô3 

THEORETICAL 
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HI 
ИЙЧ| 

UPPER TRACES 

В 200 mV/cm 
200 M sec/cm 

LOWER TRACES 

/ B d t 2 0 0 m V / c m 

LOOP 8 N 
UPPER TRACES 

В 100 mV/cm 
50 ^sec/cm 

LOWER TRACES 

/ B d t - 2 0 m V / c m 

FIG. 9. Precession oscillations following the dump (growing oscillations). 

Finally, an analysis of the r e s u l t s was ca r r i ed out to verify the extent 
of the quantitative agreement between the theore t ica l calculation of the p r e -
cess ional frequency and the observed values . The value of field index of the 
field generated by the image cu r r en t s is calculated from Eqs . (III.23) through 
(III.27). The values of the E - l a y e r and wall p a r a m e t e r s a r e : 

kR = 1, к = 2тг/Ь 

Length of E - l a y e r 
Mean rad ius of E - l a y e r 
Outer rad ius of E - l aye r 
Inner rad ius of E - l a y e r 
Radius of outer tank wall 
Radius of inner tank wall 

L 
R 

R 0 
Ri 

R w 
R„ 

220 cm 
35 cm 
41 cm 
29 cm 
70 cm 
21 cm 
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LOWER TRACES 
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В 1 00 mV/cm 

50 fi sec/cm 
LOWER TRACES 
/Bdt20mV/cm 

FIG. 10. Precession oscillations following the dump (damped oscillations). 

The values of the function JQ (kgRg) and JQ (kfjRi) are -0.25 and +0.30 
respect ively . 

The f i rs t t e r m on the r ight-hand side in Eq. (HI.27) r e p r e s e n t s the con
tribution from the ax i symmet r ic image cur rent in the inner wall of the tank. 
Since the thickness of this wall is only 0.5 cm, this contribution disappears 
for E - l aye r confinement t imes of severa l mi l l i seconds . Therefore , the p r e 
cess ion frequency has been calculated for two cases with and without this 
t e r m . The r e su l t s a r e shown in Fig. 8. The p recess ion frequency as ca l 
culated for confinement t ime т « 5 m s e c is plotted as a function of the E -
layer loading factor S. The frequency goes through zero at Sc = 0.01. Fo r 
long confinement t imes 
precess ion frequency fm 

Çc = 0.015 In both cases , the value of the forward 
46 kc has been measured exper imental ly as £-*0. 
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The observed value of £ c for confinement t imes of the o rder of 2 m s e c 
is Çc = 0.0125. This value falls between the two theore t ica l values for short 
and long confinement t ime because of par t ia l penetrat ion of the magnetic 
field in the inner wall. Thus theory and exper iments a r e quantitatively in 
good agreement . The values of the p recess ion frequency observed during the 
backward p recess ion (Figs. 6 and 7) a r e a lso plotted in Fig. 8 (points X, X*, 
2, 2', 3, 3 ' ) . We observe that the d iscrepancy between theore t ica l and 
exper imenta l values i s of the o rde r of 10%; Thus an excellent agreement b e 
tween theory and experiment has been establ ished. 

Finally, in F i g s . 9 and 10 severa l scope t r a c e s are shown of the for
ward p recess iona l osci l lat ions of the par t of the E - l aye r surviving the dump. 
In the t r a c e s on the right the osci l loscopes a r e t r iggered at the dump t ime . 
In Fig. 9 all the osci l lat ions a re growing, indicating an instabil i ty in a g r e e 
ment with theory [4]. In Fig. 10 all the osci l lat ions a r e damped. The only 
pa rame te r change between the observat ions shown in Fig. 9 and Fig. 10 is a 
smal l change of the shape of the magnet ic m i r r o r confining the E - l aye r . 
Since it is possible to make the forward osci l la t ions stable or unstable just 
by changing the shape of the magnetic mir ror , , an effect not-predicted theo
re t ica l ly , it appears that the theory is incomplete. The backward osc i l la 
t ions, however, for ? > £ c a r e always s table, in agreement with theory. 
The decay constant is 2 to 3 cycles. Since the frequency of the oscil lation 
inc reases with the loading factor t of the E- l aye r , we may conclude that 
the stabilizing effect of the image c u r r e n t s will be further enhanced at higher 
levels of the E - l a y e r . 
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D I S C U S S I O N 

V. G. MAKHANKOV: Have you observed effects associated with negative 
m a s s instabil i ty? 

N. С CHRISTOFILOS: Yes, the instabil i ty grows during injection of 
the e lec t rons (0. 3 wsec) and is subsequently self-quenched. The decay t ime 
is a fraction of a microsecond. 

V. G. MAKHANKOV: Does this instabil i ty depend on the distance 
between the inner tank wall and the E - l a y e r ? 

N. С CHRISTOFILOS: No, it does not. 
V. G. MAKHANKOV: What you have said about data on negative m a s s 

instabili ty is very encouraging. However, these data conflict with cu r ren t 
theory, since azimuthal instabil i ty neces sa r i l y leads to s t rong synchrotron 
emiss ion and to synchrotron instabil i ty (see, for example, "Briggs: IEEE 
Proceedings , 1968). 
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Abstract 

STABILITY OF E-LAYER AND PLASMA IN ASTRON CONFIGURATIONS. Stability criteria are derived 
for Astron configurations, including stability of the E-layer alone, E-layer beam-plasma interaction, and 
stability of plasma confined in a reversed-field configuration created by the E-layer. 

It is shown that energy spread among E-layer electrons has a strong stabilizing influence on modes 
driven by the E-layer, as was shown previously for the negative mass and tearing modes. For example, energy 
spread strongly attenuates a beam-plasma instability in which the E-layer excites hybrid oscillations in a 
background plasma so that weak effects such as collisions can eliminate the residual instability. Another 
stabilizing mechanism is image currents in the tank walls. These stabilize a mode due to wall resistivity 
and precession of the E-layer in the external mirror field B0 by reversing the sense of precession. Stability 
is predicted when £ is of the order of a few per cent, where ( is the reversal parameter (ratio of the E-layer 
field to B0). 

Low-frequency stability of the plasma confined by the closed-line configuration inside the E-layer 
is examined. The unique feature is that the magnetic gradient drift is favourable everywhere along the closed 
lines. Consequently, фаИ/В stable configurations can be constructed in which this favourable drift overcomes 
the bad curvature drift due to line closure. For example, in the limit of small aspect ratio elliptical field 
lines lead to zero average drifts and marginal stability. Reducing the curvature in the strong-field region 
(flattening) produces a stable configuration. Since the unfavourable drift occurs in the weak field region and 
only for particles of "large" parallel velocities, modes driven by particles stalling in this bad field region 
do not occur. Moreover, current distributions are exhibited which have favourable average drift everywhere 
along the line eliminating the bulk of the universal type instabilities. The limiting plasma pressure stable 
to interchanges is determined. 

1. INTRODUCTION 

This paper concerns the role of internal diamagnetic currents in con
fining fusion plasmas. This is the central theme of the Astron concept, in 
which fast, gyrating charged particles help confine and stabilize the plasma 
and also heat it [1]. In this, Astron differs from low-|3 toroidal and mirror 
confinement systems which rely solely on external focussing fields, but it 
has some features in common with internal current systems such as 
Tokamak. In the latter class of systems, and in Astron, one attempts to 
transfer the stability problem from the plasma proper to an internal current 
which can be stabilized by means not applicable to the plasma in the absence 
of this current. For example, in Tokamak the plasma is shear-stabilized 
by an ohmic heating current which is in turn focussed by its own images in 
the walls. 

The distincitive feature of the Astron concept is that the function of 
carrying the internal current is divorced from the plasma itself and is given 
to an independent element, namely, the fast gyrating charge distribution, 

* Work performed under the auspices of the U.S. Atomic Energy Commission. 
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called an E - l aye r . In this way, it should be possible to optimize independ
ently the p rope r t i e s of the fusion plasma, in which the par t ic le density must 
be la rge , and p rope r t i e s of the E- layer , in which the cur ren t density must 
be la rge for confinement and the energy density should be la rge for heating. 
As one can also separa te the heating and confinement functions of the E - l aye r 
if neoessary , here we shall only concern ourse lves with the important 
question of stable confinement. With the p r i m a r y objective of looking ahead 
to the fusion applications of the Astron concept, we shall for the most par t 
l i m i t the discuss ion to the final E - l aye r and p lasma configuration r a the r than 
injection methods, though of course adequate stability must be maintained 
during injection and much of the analysis here applies to that phase, a l so . 

Fo r confinement purposes , the optimum E- l aye r is that which c a r r i e s 
sufficient cur ren t to confine the p lasma stably and yet is itself s table. A 
current of charges flowing through a p lasma might be expected to be m o r e 
stable the lower the charge density. This suggests a l a rge E - l aye r velocity 
which also reduces the loss of E - l a y e r pa r t i c l e s by Coulomb col l i s ions . 

Thus, for a given current , the E - l aye r l ifetime due to instabili ty and 
collisions should inc rease with par t ic le energy. The l ifet ime de te rmines 
the power input. Since we a r e concerned he re with E - l a y e r diamagnetic 
fields comparable to the external field, the s tored kinetic and field energy 
corresponding to a given l aye r cur ren t a r e comparable and a r e approxi
mately the same whatever c a r r i e s the cur ren t . Hence the power requi red 
to sustain a full E - l a y e r of any composition, just this s tored energy divided 
by the lifetime, should dec rease with increas ing energy up to energ ies such 
that radiat ive los ses or inelast ic coll isions dominate. 

This holds t rue into the re la t iv is t ic reg ime, where the cu r ren t v e r s u s 
par t ic le density is1 maximum. The magnetic field of an E - l a y e r with com
parable th ickness and rad ius R i s just the external field t imes S = 
Kç / U 2 E ) ( V 2 / C 2)< 5 /R ) w h e r e 

u pE a n c ' ucE_ a r e ^ke (relat ivist ic) p lasma and 
cyclotron frequencies and v is the par t ic le velocity. At re la t iv is t ic veloci t ies 
(v = c), S for a thick layer reduces to U^E/WCW which must be o r d e r unity 
if the E- l aye r field is to compete with the external field. Collective motion 
in the thick E - l aye r is only just coming into impor tance at this density level . 

Such considerat ions led originally to the idea of using re la t iv is t ic e lec 
t rons up to about 50-100 MeV limited by synchrotron radiat ion [ l a ] . More 
recently it has been shown that inelast ic p r o c e s s e s for BeV protons a r e 
compatible with the i r use in an E - l a y e r and would provide much l a r g e r 
p lasma confinement volumes [ lc] . On the other hand, if the stability pic ture 
tu rns out favorably, the e lec t rons or much lower energy protons or other 
ions would suffice should that prove des i rab le for other r e a s o n s . We have 
kept in mind this broad range of poss ibi l i t ies in doing the ana lys i s . 

Bes ides E - l aye r stability, the other major considerat ion is what 
combination of E - l aye r and external magnet ic field is best for p lasma con
finement. The unique feature of imbedding the cur ren t inside the p lasma 
is that the magnetic field i nc r ea se s outward independently of the field line 
curvature.- Thus, for example, an E - l a y e r confined between m i r r o r coils 
c rea tes an axially symmet r i c min imum-B field and a closed chain of these 
produces a min imum-B to rus [lb], nei ther of which is possible with ex
ternal ly produced fields alone. These poss ib i l i t ies , for which the E - l a y e r 
field is l e s s than the external m i r r o r field, a r e leas t demanding on E -
layer stability; density levels a l ready achieved experimental ly in thin 
electron l aye r s (щ2Е ~о.З w§E) would probably suffice. 
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Here, a s in the original concept, we shall consider E - l a y e r s strong 
enough to r e v e r s e the field and thereby produce a pa t tern of closed mag
netic l ines, as shown in Fig. 1. Because all the closed l ines a re at least 
par t ia l ly imbedded in the layer, the favorable gradient inside the layer 
helps overcome the destabil izing effect of line c losure , which contributes 
unfavorably to the drift of par t ic les with l a rge velocity v., para l le l to the 
l ines . Shear stabil ization could be added with the addition of a conductor 
along the axis , the resul t being essential ly a Levitron with strong 
min imum-B and an aspect ra t io of unity. On the other hand, if the p lasma 
is imbedded wholly within the layer and if the E- l aye r cur ren t is hollowed 
out where p lasma is located, the very strong field gradient due to the out
wardly increas ing E - l aye r cu r r en t ' i s sufficient to overcome the curvature 
effects. 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

"0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
Kz 

FIG. 1. Plot of the field lines, which are level lines of the flux function $ defined in the text, for a 
reversal parameter £ = 1: 6. 

It is th is hollow confinement configuration which we shall analyze • 
here as represen ta t ive of the v i r tues and problems of the Astron concept. 
We shall emphasize self-consistency by examining many aspects of the 
problem r a t h e r than fine detai ls . We consider in subsequent sections 
reverse - f i e ld equilibria, stability of the layer , . stability of the plasma, and 
the i r coupling. The resu l t is an example configuration of a p lasma of ap
preciable beta imbedded in an E- layer , with many features favorable to
ward stabil i ty. 

2. SOME STABLE E-LAYERS 

In this section we consider just the E- layer , together with a cold 
background of opposite sign to neutra l ize the layer . These l ayers could be 
utilized in any of the confinement geomet r ies in the Introduction. 

In o rde r to proceed from the most stable possible si tuations, we f irst 
consider E- l aye r phase space distr ibutions which a r e thermodynamical ly 
stable, aside from coupling to the walls and cold background. We take the 
external m i r r o r field confining the layer to be axially symmet r i c , and let 
the distribution be a monotone decreas ing function of ?, the sum of energy 
and canonical angular momentum given by 

e _ i 2 2 , 2 4 Л / 2 , / , q , \ , , -2 ,л. 
Ç - (p с + m с ) ' + a l r p g +.ф) + qo - m e (1) 
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where |f is the kinetic momentum; ф = rAg(r, z) is the total flux function for 
external, l aye r and plasma fields; q and m a re the charge and m a s s of 
E - l aye r par t i c les ; $(r ,z) is the e lec t ros ta t i c potential; a n d » is a p a r a m e t e r 
with dimensions of frequency. It is convenient to regard I as a function of 

л 
tf = p + в m 7 r a (2) 

r r 
Tr = [(p2/m2c2) + l ] - (3) 

Then at a fixed position in space, f is minimal at и = 0 and i nc r ea se s with 
\u\, anis t ropical ly except in the non- re la t iv i s t i c l imit where 

? , - (u2/2m) + U(r,z) (4) 
non- r el ' 

U = a (q/cty - 1/2 m r 2 a2 + q<j> (5) 

Thus, non-rela t iv is t ical ly , f(}(5) de sc r ibe s a " r ig id ro to r" rotating at 
frequency or. 

Monotone decreas ing functions of COfg/Sl < 0) a r e s table if the walls 
a r e good conductors , aside from coupling to the background charges . 
Monotone functions a r e also confined, after field r e v e r s a l . If Sfg/oS < 0 
and U inc r ea se s outward from a point, the density JdfTfg is peaked at this 
point. Before r eve r sa l , this point l ies on the axis where the most 
probable momentum is zero, which is inconsistent with m i r r o r confinement 
of the layer on account of col l is ions. But after r eve r sa l , the density peaks 
off axis where the most probable momentum (TÎ = 0) is p" = - ^ m 7 r r « . 
This is la rge for the la rge values of a corresponding to big orbi ts , as in an 
E - l aye r . Note that, inasmuch as the most probable momentum has the 
same sign at al l r, most of the par t i c les included in the monotone dis t r ibu
t ion fgd) ro ta te in the same sense whether or not the field is r eve r sed . 
Cur ren t at an inner radius is mainly due to eccent r ic orb i t s with foci 
further out. Also, the sign of a for confinement.is determined (qa> 0) and 
cor responds to the sense of E - l a y e r pra t ic le rotation in the external field. 
The same qualitative features hold relat ivis t ical ly , though the a r i thmet ic 
is complicated by the fact that the shel ls of constant I a r e no longer simply 
spheres in u*-space. 

Stability of the monotone functions of ? in the absence of wall r e s i s 
tivity and coupling to the background follows from the fact that, with these 
r e s t r i c t i ons , one is free to ro ta te with the layer , where BÎQ/Э? < 0 appears 
as a monotone function of the energy only [non-rela t ivis t ical ly , compare 
Eq. (4)]. This e l iminates the negative m a s s (or diochotron) instability 
associa ted with the layer rotat ion [2] and also modes assoc ia ted with the 
overlap of cyclotron orbi ts which occur in " l o s s cone" dis t r ibut ions . In 
fact, these ins tabi l i t ies a r e "overki l led ," which will turn out to leave room 
for useful depa r tu re s from the monotone s tate when a hot p lasma is added 
(or during buildup). The thermodynamic proof follows the usual l ines [3]. 
F r o m a l inear combination of entropy and the total par t i c le and field energy 
and angular momentum, one can construct a "free energy function" which 
is minimized by ÎQ{%) and which is a constant of the motion aside from 
energy t r ans fe r to the background and to the walls if they a r e not perfectly 
conducting. 

If the wall conductivity is poor, the pass ive walls absorb energy 
through eddy cu r ren t s , which accounts for the growth of var ious negative 
energy modes in monoenerget ic b e a m s . Also, the layer modes can couple 
to the background through p lasma osci l la t ions and through the tear ing mode. 
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It has been shown that tear ing is suppressed by sufficient energy spread 
t r a n s v e r s e to the layer cu r ren t s if the layer is not too long [4]. As we shall 
see, energy spread in the l aye r also des t roys unstable coupling to a r e s i s 
tive wall, and it can weaken the growth ra te of beam-p l a sma osci l lat ions to 
the point that wall res is t iv i ty prevents growth. Before proceeding to verify 
these points and to consider the effects of adding a hot p lasma, we d ig ress 
to a r r i v e at configurations of in te res t . 

3. REVERSED-FIELD EQUILIBRIA 

To re la te fg(€) to E - l aye r confinement, we must make the E - l aye r 
cur ren t and the flux function ф consistent with each other . The cur ren t has 
only a 6-component, of the form 

J = J dp (qp e /m7 r)f 0(Ç) = rF ( r ,0 ) (6) 

-* - q r a n n ( r , z ) = -qra . J d u f 0 [ (u 2 / 2m) + u j (7) J non- r e l 

Some non- re la t iv i s t i c examples a r e the Maxwellian, 

f 0 ccexp(-5 /T) 

W r e l = - n 0 m q e x p ( - U / T ) . . . (8) 

and the"wate rbag" model, 

f0 - nQ в (U0 - 5) 

Wrei= - n o r 4 ( I V u ) / T o ] 3 / 2 e<u0 - u) (9) 

where TQ = UQ - U m i n and в (x) = 1 if x > 0, and 9 = 0 if x < 0. Note that 
der ivat ives of j in Eq. (9) a r e continuous, since the f i rs t factor vanishes 
where the derivative.of the step function is s ingular . Note a lso that the l ines 
of constant E - l aye r density a r e not ф level l ines ; for example, in Eq. (7) 
this is because of the centrifugal and potential energy in U. 

The field sat isf ies 

^^-f-(^k¥ + k ^Ч) = ^,ф) ' do) 
Y 47г1Эг г Эг r . 2 / J »v 

Solving this equation involves the usual tedium of boundary value p rob lems 
plus the fact that j depends on ф, general ly non- l inear ly . Solutions have 
been given for an infinitely long layer with uniform external field and no z-
depedence by Tonks [5] and Enoch [6], and an analytic solution for d is t r ibu
tion (7) by Harris [7]. Though exact solutions with z-dependence a r e more 
difficult to obtain, we can generate approximate solutions by taking advan
tage of the fact that ф is fairly insensi t ive to details of j ,and j is in turn fairly 
insenstive to detai ls of fg(Ç). Thus, a s a s tar t , we can choose а ф c o r r e 
sponding to the des i red reverse - f i e ld configuration; choose a monotone 
function ÎQ(Î) with a few free p a r a m e t e r s ; and finally fit the corresponding 
j to ф by Eq. (10). This solution can then be improved by a per turba t ion 
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expansion. Let I//Q and JQ represent suitable trail functions satisfying Eq. 
(10), and let 

ф = ф0 + еф1 + е2ф2 + . . . (И) 

where e is a small ordering parameter. Having chosen parameters of j 
determined from fg for a best fit to j 0 , we now regard (j - jg) as first order 
in e. Then, with primes denoting partial derivatives Ъуф, 

&ФХ = j(r, 0O) " j 0 +i/'1j '(r,^0) (12) 

(У(//2 ="2 i//1 j"(r, i//0) +i//2]'(r, i//Q) (13) 

and so on. 

The following trial, function represents a thick layer with current den
sity peaked in the midplane: 

^M = l C 0 r 2 + ) cnrIn(nKr)cos(nKz) (15) 
n=l 

ФЕ = - S(B/k)rJ1(kr) Г(1 - a1)cos Kz + a.^ cos 3Kzl (16) 

We let this hold radially out to the first zero of J-,. Here ф-рд represents the 
external mirror field and ф^р the E-layer. This field has the property that 
the current, to which only ф-g contributes, is zero on a rectangle with 
boundaries at kr = 0, kr = 3.84 (the first zero of J^) and Kz = ± ir[2. Also, 
if we let ai = 1/4, the E-layer field (Bg, = l/r . дф^/дт, B E r = -1/r . 3i//E/9z) 
is zero at the axial boundaries Kz = ±тг/2 so that in principle ф-& can be 
matched to a coil at the radial boundary kr = 3.84. 

In the important interior region where field lines close, these details 
of matching boundaries matter little. Also, the mirror field can be assumed 
gentle there, since coils outside the layer cannot produce field gradients 
over layer dimensions competitive with the internal field gradient of a strong 
current layer. Then фп can be approximated by 

Фп ~ ~ô R M B r " (RM " ^ К r I l ^ K r ' C O S K z ~ ^F J l ^ k r ^ c o s K z 

* -^2 [" ( S " 1 , ( k r ) 2 + | (? " 1 + RM)(kr)2(Kz)2 + | (S - K2/k2)(kr)4 + . . .] 
2 k (17) 

where R,, is the external mirror ratio. In Fig. 1, the contours of constant 
^Q,whi*lt are the field lines, are plotted for a weak mirror, R™ ->- 1. Self-
consistent E-layer equilibria generated by the Layer computer code [8] 
produce field patterns much like those in the figure. 

From Eq. (17), one finds that фп is minimal (B = 0) at z = 0 and r = TQ 
where 

(kr0A= 4(? - l)/[? - (K2/k2)] (18) 
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The midplane c ross ing r j and the turning points of the outermost closed 
line (ipQ = 0) a r e 

(krx)2 = 8(S-D/[f- (K2/k2)J (19) 

(Kz)2 = 2 ( b - l ) / ( g - 1 + R M ) (20) 

These formulas a r e not re l iable if К -• к. We see that the closed l ines 
collapse to the axis at the onset of r e v e r s a l (£ = 1), but begin to fill the 
cur ren t boundaries a s £ i nc reases . If we had chosen to locate the cur ren t 
off-axis, say between two ze ros of J } , the closed l ines would appear at 
th is inner boundary. 

The flux function can be further expanded around its minimum at r = rg 
[Eq. (18)] to see the s t ruc tu re of the inner closed l ines . With x = r - rg, 

ф0 = const + a (kx)2 + a (Kz)2 + . . . (21) 

a x = 2(g - 1) (22) 

a z = 2(£ - l)(£ - 1 + R m ) / ( £ - K 2 /k 2 ) (23) 

F r o m this, we see that the ellipticity of the inner l ines is determined by 
K/k. 

To complete the derivation, we must fit some fg to фс,. The essent ia l 
features , including the extent of r e v e r s a l and the shape of the inner closed 
field l ines, a r e determined by four re la t ions given by Eq. (18), and by 

J dx-j = J dxjg (24) 

and by expanding Eq. (12) in x, z in o rde r to match the two coefficients of 
x^ and z^ in Eq. (21), omitting the a r b i t r a r y constant. Three of the four 
necessa ry free p a r a m e t e r s come from the magnitude, rad ius and mean 
location of fg in phase space [e.g. пд, Т and a in E q s . (8) and (9)]. These 
may be r ega rded as determining the density, th ickness and rad ius of the 
cur ren t l ayer . The remaining p a r a m e t e r de te rmines the foreshortening 
and bulging out of the cur ren t profile as the layer "pinches" with increasing 
r e v e r s a l . This de te rmines the ellipticity of the field l ines , which essent ial ly 
follow the shape of the current , through K/k in the above formulas . Thus, 
the fourth re la t ion is satisfied by varying K/k in the t r i a l function. Boundary 
matching is approximately taken into account by the fact that Eq (21) is a 
power expansion of Eq. (17).' Car ry ing the per turbat ion procedure further 
is general ly unnecessary if the closed line region is of p r i m a r y in te res t . 

4. ADDITION OF A HOT PLASMA • 

We now consider how to hollow out a region of the E - l a y e r in which 
to confine hot plasma, as indicated in the Introduction. In principle, this 
can be accomplished by subtract ing two monotone functions fg^ and fgo 
such as those discussed above. It is, of course , essent ia l that the differ
ence be nowhere negative. In prac t ice , this is a s t rong constraint which 
more o r l e s s forces us to choose a the s a m e in fg i and fg2 and l imi t s the 
extent to which the cur ren t can be suppressed . Also, note that the. cur ren t 
centroid and the field minimum r = r g where the p lasma should be located 
tend to be separa ted by the centrifugal force . While the cur ren t and ф 
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level l ines (field l ines) begin to merge a s t i nc reases , th is can never be 
complete and comes at the expense of decreas ing a and hence increas ing 
nQ for the same cur ren t . Thus, it is not possible to remove the E- l aye r 
from the p lasma region only. To dep res s the cur ren t there , it must be 
depressed somewhere else as well. 

The l eas t cu r ren t is removed if we depress cur ren t in a shel l which 
contains all or a port ion of the p lasma region. This could be accomplished, 
for example, with waterbag models . With the notation of Eq. (9), let 

f0 = ce(uQ - ?) - ct [e(u2 - о - 8(Uj - f)] (25) 

where U2 and Ui a r e the values of U (or i ts re la t iv i s t ic counterpar t) at the 
boundaries of the p lasma or at some in ter ior points . It is neces sa ry that 
C i < С to insure fg > 0. The cur ren t is, non-re la t iv is t ica l ly , 

j = - mq{C(T0)3/2 [(U0-U)/T0]3/2 в (UQ - U) - C^T/I2 

x[(u2 - и)/т2]3/2еш2 - u) + сутр 3 / 2 [ccjj -и)/тЛ e(u1 - u)} (26) 

F r o m this we see that j is depressed in the region of the p lasma by a f r ac 
tion 

Aj/j = Cj /C [(T 3 / 2 - T 3 / 2 ) ^ 3 / 2 ] (27) 

again with the notation of Eq. (9). 

As a typical case, let £ = 1.6 in which case kr-, ~ 1/2(3.84) ~ 2 which 
l ies near the cur ren t centroid and T^ = XL - U m j „ = Uj + 1/2 m rfa2; 
Ux = - 3/8 m r f a2, and UQ = 0. Then, Aj/j * 1/2 ( C y O . Thus, through 
the freedom in Ci we can comfortably remove up to about half of the E -
layer cur ren t from the plasma region. A port ion of this is to be replaced 
by p lasma current , jpfy/), which has a fo rm ^гп^(ф). In pr inciple it is 
necessa ry to redo the self-consis tent per turbat ion calculation with"j„ in
cluded in j in Eqs . (10)-(13). However, so long as the net cur ren t removed 
is not a big fraction of the whole, this is not essent ia l . 

The main effect is in the steep cur ren t gradient produced in the 
neighborhood of the p lasma. Approximately, the difference is that in ф$ 
one should keep a non- l inear t e r m in the conic function on the right side of 
Eq. (21), 

Ф0 ~ const + A1 Га'х(кх)2 + az(Kz)2 l + A 2 f a^kx) 2 + az<Kz)2l + . . . (28) 

for some n > 1. If n = 1, the cur ren t is uniform; the nonuniformity is r e 
flected in n > 1. That the constant cur ren t t e r m does not vanish completely 
ref lec ts the fact that. Aj/j < 1. Fo r smal l j 2 , А^.я 1 - Aj/j and A2 к Aj/j. 
Depending on the p lasma p r e s s u r e profile, Eq. (28) could also, involve a 
c ro s s t e rm, depending on the azimuthal angle in the ell iptical coordinate 
sys tem defined by the field l ines . Having in mind roughly c i r cu la r l ines, 
we have dropped this t e r m in o rder to display, the essent ia l fea tures . 

To add the hot plasma, approximately.we need only inc rease Aj by j p , 
with A± and A2 a l tered accordingly. This neglects the effect of j p in 
determining ф which in turn de te rmines the level l ines of j p . It is valid to 
do this if A j « j . 
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5. STABILITY OF THE PLASMA 

We now consider the stability of a finite-Э plasma imbedded at the 
minimum of a field such as Eq. (28). Here we regard the E-layer as rigid 
(ф-^ constant). Coupling between the layer and the plasma is discussed in 
the next section. 

The most important consideration is MHD stability, as a function of 
plasma /3 where j3 = 8яр/В , p being the plasma pressure. At low (3, plasma 
located in the minimum-B region of ipQ should be adequately stable if the 
radius of the containment region is not too small. Universal modes are 
eliminated both by the short length of lines relative to the plasma radius [9], 
roughly 2;r for circular geometry, and by the steep magnetic gradient. We 
will not consider these further, except to examine the effects of the few 
particles with large \xi. Also, we shall not consider in this section plasma 
modes at the cyclotron frequency and above, which are not expected to 
cause appreciable diffusion in toroidal confinement [3]. 

To fix ideas, we first consider circular field lines, ax я az, and we 
neglect E-layer "toroidal" effects. That is, x plays the role of a Cartesian 
coordinate, which is equivalent to replacing the toroidal current layer by a 
long cyclinder. We shall examine corrections to this model presently. 

The model can be analyzed by a straightforward application of the 
energy principle [11], so long as we remember that the ".external" E-layer 
field is not a vacuum field (VX В f 0). We consider displacements varying 
as Ç(r) exp Нтф- + kzz) in a cylindrical coordinate system with the z-axis 
parallel to the E-layer current where r^ = x2 + z^ in Eq. (28). In three 
interesting limits we find 

в г э ? 1 - ' р - р , m=0 

(29) 

6W 

6W 

' l H l ! f ^ [ < v - B i | | ; . v » , oo, 
J 8* Г 2(m/r)2 r W J * 

Here В is the total field including plasma and E!-layer and external fields, 
which has only an azimuthal component. Also p' = Зр/Эг, constant pV^ is 
the pressure law, and Q =VX (? X B) is the magnetic field perturbation. 

These limits correspond to interchange, "ballooning" and tearing 
modes, in that order. From Eq. (31), tearing instability of the plasma 
alone does not occur as /3 > 1 is required; we shall return to this matter 
in discussing coupling to the E-layer. In Eq. (29), the second factor in the 
integrand is positive, since p '<0 (pressure is maximum at r = 0) and В 
increases at least linearly with r, for the field of Eq. (28). Thus the inter
change stability criterion, to make 6W > 0, becomes 

4 * p ' + r B a | ( f ) > 0 • (32) 

This condition is also sufficient, but not necessary, to make 6W > 0 in Eq. 
(30). That is, pure interchange (m = 0) is the worst mode. Ballooning 
instability in the usual Sense, meaning an interchange localized to a bad 
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gradient region, does not occur as there a r e no bad reg ions . To bend the 
line (m ,f 0) mere ly costs energy, as in Eq. (30). 

As Ohkawa has pointed out [12], if В ce r corresponding to a uniform 
current density [A2 = 0 in ipQ, Eq. (28)], Eq. (32) indicates neutra l stability 
at ze ro p r e s s u r e and instability for p1 f 0. But if В ce r n w i t h n > 1, Eq. (32) 
indicates stability for finite p lasma J8. A convenient way to express the 
c r i t ica l jS is in t e r m s of the total p lasma and E- l aye r cu r ren t s within the 
p lasma containment region, 

I = \ 2 j r rdrJ (33) 
P J0 P 

p r 
I E = J 27rrdrJ E (34) 

Then, from the equil ibrium condition p' = - J p B and integrat ing VX В = 
4îr(Jp + J-g) in r, Eq. (32) can be wri t ten as 

( 7 r r 2 J E - I E ) > I (35) 

In a rough sense , the left side can be in terpre ted a s the cur ren t removed in 
hollowing out the E- l aye r and the r ight side is the p lasma cur ren t introduced, 
independent of detai ls of the size and profile of the hollow. 

We now turn to cor rec t ions to this model . To obtain an es t imate of 
the effects, we compute f cU /B for l ines depart ing from a c i rc le by a smal l 
aspect ra t io Rp/rg, where R„ is the p lasma radius and rg is rad ia l position, 
given by Eq. (18). To isolate effects, we take uniform current density 
[A.2 = 0 in Eq. (28)] which we found to correspond to neutral stabHity for 
p ' -* 0. The calculation is s t ra ightforward but tedious. F r o m the flux func
tion 

ф = г Гdx . J . ( ? 3 г (36) 
J | x - x ' j 

we extract the magnetic field from which we obtain 

2 

d i 
Thus, the neglected toroidal curva ture has a weak stabilizing influence. 

The effects of line ellipticity have been calculated from the Vlasov 
equation, which also provides a check on the above resu l t s for c i rcu la r 
l ines . Standard integration techniques lead to 

f . Sf0 E z f 3 f 0 k z +
 М 0 \ Г ' ds b T S ' d s " r , v («ti 

f l - - e 9F VT'y^^ ^)У^ 6 X P P J S ^LW-kzvD ( s )Jj 
E \ к v? / • E \ ) 

b - V ^ ) + ^ - ( â . E - a . V i i r ^ ( 3 8 ) 

Here f̂  is the per turbat ion of the distr ibution function; VT-,(S) is the drift 
velocity; e the par t ic le kinetic energy; w and v,_ the'paralTel and perpen-
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dicular veloci t ies ; k z the wavenumber in the 2 (current) direction; b the 
unit vec tor along the line; a the unit vec tor in the density gradient di
rection; and ÎQ is the equil ibrium distr ibution function. In deriving the 
above express ion we have made the usual low-frequency assumption, i.e., 
и « tJC][ and kj_ a^ « 1. There a r e some L a r m o r radius t e r m s kept in an
ticipation q j cancellat ions which occur in the per turbed charge density. Now 
in general E = -_уф - (iu/c)A, hojve^er, thjsre a r e essent ial ly three independ
ent choices for A. The choice A = b(b • A) leads to ballooning, which is not 
considered he re since the macroscop ic drifts are^constructed to be favorable 
everywhere along the l ine. The choice A = z(z . A) leads to tear ing т о а е д . 
which a r e stable, as d iscussed in Eq. (31). Finally, the choice A = a(a • A) 
incorpora tes the effect of line bending on the interchange modes with which 
we are concerned. Insert ing Eq. (38) in Maxwell 's equations (Poisson1 s 
and the j • a equation) we obtain, in a s t ra ightforward manner , the relat ion 

Эф 2 
(39) 

di 

for stabil i ty. To determine the effects of departing from ci rcular i ty , we 
again use a per turba t ive technique, i .e. , we wri te 

* " 27 B 0 i+£' 
-3/2 

• 3 ( 1 + e c o s 2 e ) 3 , e « 1 (40) 

and inser t this in Eq. (39) to obtain 

1 Э£ 8тг 1 (, 5 2 \ . . ( 4 1 ) 

" B 0 ф 

as a stabili ty c r i t e r ion . We have normal ized the magnetic field energy 
integrated over all space to be the same for both e finite and e = 0. It is 
immediately obvious that disturbing the l ines in the p re sc r ibed fashion has 
a stabilizing influence. 

Finally, we consider the effects of the high para l le l veloci t ies which 
have unfavorable drif ts . It should be pointed out that since these par t i c les 
c i rculate freely, t rapped par t ic le modes [13] should not be a problem. How
ever, these pa r t i c l e s do provide the energy to. destabi l ize the drift mode. 
F o r this mode to go, it is necessa ry to slow down the phase velocity of the 
waves below that of the ion diamagnetic cur ren t velocity which generates the 
r e s t r a in t 

2 _Э_ С di_ 
Л 2 ^ < М Ь З £ (42) 

1 Dl 2 1 d i дф 

V 5 в-
for stability, where u ^ and uc^ a r e the ion p lasma and cyclotron frequencies. 
Thus, this mode only occurs for low density. Resonance of the wave with 
the bounce frequency of the par t i c les a lso leads to this drift instability with 
the same density threshold. 
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6. STABILITY OF THE COMBINED SYSTEM 

We conclude by considering the effect of E - l aye r dynamics on the fore
going stabili ty ana lys i s . In this , we can rely heavily on previously published 
work [4], [14]. 

The most, important phenomena a r e likely to be tear ing, at low f re 
quency, and coupling with p lasma osci l la t ions . Now, we have seen that 
tear ing of the p lasma alone does not occur . It has also been shown that 
para l le l p r e s s u r e s tabi l izes tear ing of the layer alone [4], and Morse has 
found by computer simulation that the layer tends to find this state [15]. 
The combined sys tem is then also stable. At threshold (u -• 0), for a t e a r 
ing per turbat ion the E- layer contributes a destabilizing negat ive- term in the 
integrand of Eq. (31) which' is , however, < Q2 if the E - l aye r alone is s table. 
The p lasma t e r m is a lso negative, but < Q^ by a factor of_</3/2. Thus, 
while the destabil izing effects do add, a p lasma with/3a few tenths does not 
drive the E - l aye r unstable unless it is on the br ink of instability by itself. 

Turning to p lasma osci l lat ions, we consider coupling to the hybrid 
frequency as an example case . The approximate d ispers ion relat ion, c o r r e 
sponding to a per turbat ion Eg exp Ив, is 

b + + b" + K i JpE 1 àV. Р(П) 
( и - i n ) 2 - & 

(43) 

The f irst t e r m on the right r e p r e s e n t s ei ther plasma ions or e lect rons , 
depending on the case of interest , Up and uc being the corresponding p lasma 
and cyclotron frequencies. The second t e r m on the right r e p r e s e n t s the E-
layer . The factor contains re la t iv is t ic effects. It may be positive or nega
tive, depending on whether the energy is above of below the t rans i t ion energy 
of acce l e r a to r terminology. The gyrofrequency Г2 va r i e s with par t ic le con
stants of motion with a probability distr ibution P(Q) ce J(-3fo/8Ç), where J is 
the Jacobian of t ransforming to UQ a s a var iab le . The quantit ies b + and b" 
which take account of the surrounding walls a re re la ted respect ively to the 
H-wave i m p e d a n c e a t the outer and inner boundaries of the cur ren t layer . 
They a r e calculated in Ref. [14] for an infinitely thin layer, but the effects . 
of the walls will not be qualitatively different for a layer of reasonable thick
ness so long a s Eg var ies slowly a c r o s s the layer . In general , b + + b " will 
have a r ea l par t e i ther <0, and an imaginary par t a r i s ing from the r e s i s t 
ance in the wal ls . The imaginary par t is always > 0. 

This d ispers ion relat ion yields many of the instabi l i t ies cha rac te r i s t i c 
of monoenerget ic beams if P = 6(n - CIQ), depending on parameters^ Thus 
K < 0 yields the negative m a s s instability [14], or the res i s t ive wall instability 
if Imlb+ +_b_) f 0 [16]. The hybrid instability occurs if 
w~ (up + u^ ) 1 / ^ ~ PUQ. These instabi l i t ies tend to go away if P(f2) has suf-
fient spread and if the wall r e s i s t ance t e r m is la rge enough. The necessa ry 
condition is that the spread ДГ2 > "1, so that the s ingular i t ies at u = 4Г2 mere ly 
contribute poles . This is not difficult to satisfy for a thick layer , where 
ДГ2 can approach ÇI and У < u p g <_f2. Then the dispers ion relat ion becomes 

2 Г 

b+ + b . = 2 
2 fi„ 

P(Q) 
Q 

Р(П) 

"o 
Q 

(44) 
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where Дш = ш - nf2g and fig i-s the mean frequency in the distr ibution. Now 
i r respec t ive of the signs of K, (b+ + b_) and P, there is no instability (Im и> 0) 
i f 2 

"""pE KP(Q) 
Q 

Im(b, + b ) > 
+ " < 

(45) 

F o r a re la t iv is t ic E- layer , the right side of Eq. (45) is of o rde r 
unity, and the left side can be quite l a rge . By contrast with a slow beam, 
in which per turbat ion fields tend to be isolated to the beam and fall off like 
r~ the re la t iv is t ic beam rad ia tes fields to the walls, where they tend to 
pile up corresponding to Ibj. | > 1. F o r the wall s t ruc tu re in the p resen t 
Astron exper iments , both the r ea l and imaginary pa r t s a re of o rder unity 
for values of i. < 10. F o r higher values resonances with the wall s t ruc tu re 
will be encountered. This and other ref inements of beam-p l a sma inter- ' 
action need much further study. We would expect, however, that we have 
examined the potentially worst c a se s . F o r example, while hollowing out 
the layer causes P to be negative for cer ta in values of ÇI, r e s i s t ive wall 
stabil ization also insures that this does not cause instability so long as the 
distribution removed is a smooth function of I . 
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D I S C U S S I O N 

R. S. PEASE: You said in your o ra l presenta t ion that stabili ty ca l 
culations r equ i re that the E - l aye r e lec t rons move in the high-field region. 
Does this not ser ious ly inc rease the energy loss from synchrotron radiat ion? 

T. K. FOWLER: For the model of p lasma embedded in a fat E - l aye r , 
which I d iscussed, the pa r t i c l e s a r e in a high field. But, as I said, I was 
not r e s t r i c t i ng myself to e l ec t rons . As a r eac to r , this model i s in fact 
more appropr ia te for re la t iv is t ic protons, for which the re is no radiat ion 
problem. 

H. P . FURTH: If I understood your ora l presentat ion cor rec t ly , the 
hydromagnet ic stabil i ty of the p lasma that is to be contained by the Astron 
r equ i r e s a "hollow" distr ibution of the re la t iv is t ic e lec t rons . It s e e m s to 
me that this type of "hollow" is r a the r s imi la r to what Seidl in Czechoslovakia 
and Volpsov at Novosibirsk have studied, both theoret ica l ly and exper imenta l 
ly, and have found to be par t icu la r ly unstable. What is the feature of your 
proposed design that leads you to conclude that the "hollow" will r ema in 
stable? 

T. K. FOWLER: My model i s that of a r igid ro to r . The hole is a hole 
in energy in the frame of rotat ion. This is anisotropy in a sense different 
from the dis tr ibut ions of two different canonical momenta t r ea ted in other 
models (such as Coppi' s) and no doubt in some other exper iments . I am 
grateful to you for bringing up a s imi la r point e a r l i e r in pr ivate d iscuss ions ; 
this has given me t ime to give the question more thought, and I have come 
to the conclusion that the hole is an additional source of instabi l i ty . However, 
the stabili ty c r i t e r ion is l e s s seve re than the ordinary tea r ing which was 
t rea ted . 

R. C. WINGERSON: The need for l a rge c u r r e n t s in the Astron E- layer 
impl ies injection of excess charge . The g rea te r the field r e v e r s a l , the l ess 
communication between the E- layer and the end wal ls . Excess charge 
accumulation may lead to l a rge DC e lec t r ic fields. Should these not be 
considered in the analysis? 

Т . К . FOWLER: The confinement of the E - l aye r pa r t i c l e s i s open-
ended. I do not see why l a rge e lec t ros ta t ic fields should develop. 

M. LESSEN: We have studied a closely re la ted problem at Roches ter ; 
namely, the stabil i ty with r e spec t to a t ravel l ing wave per turbat ion of a 
plane, thick E - l a y e r having on both s ides a p lasma with embedded magnetic 
fields out to infinity. The per turbat ion wave number vector was general ly 
taken non-para l le l to the motion in the E - l aye r . 
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It was found that the E-layer is unstable with respect to both the 
symmetric (sausage) and the anti-symmetric (kink) modes of the disturbance. 
The growth rate decreased with increasing E-layer energy. 

Since the disturbance phase velocity along the E-layer is generally 
higher than the velocity of propagation in the surrounding plasma, it appears 
as a wave train radiating out of the E-layer. If the disturbance occurs at 
a resonant frequency of the plasma it may be an attractive way to heat the 
plasma. 


