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Preface 

The traditional international symposia on the interaction of fas: neutrons 
with nuclei are organized етегу year by the Section of Physics of the Tech­
nical University in Dresden, 'ih<* XIV n Symposium was devoted to current pro­
blems of intense fast neutron sources, especially 14 MeV DT-neutron generators, 
and their broad spectrum of application in nuclear physics. 56 participants 
from 12 countries and the IAEA demonstrate the high interest on this selected 
topics. The submitted contributions can be divided into two general parte. The 
first one gives a review about the different possibilities of the technical 
and technological solution in development,the Dresent statue of operation and 
also the problems connected with the use of intense neutron sources. Various 
experimental arrangements for neutron spectroscopy, determination o" nuclear 
data and theoretical aspects are the content of the second part. The partici­
pation in this meeting of designer and operators on the one hand and users of 
neutron sources on the other ha&d was a good choice and stimulated productive 
discussions during the conference. The editors hope that the ouclication of 
more than thirty contributions on the XIV Gaussig-Symposium IH useful for 
further works. 

The editors 
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КОМПЛЕКС ИСТОЧНИКОВ НЕЙТРОНОВ НА ОСНОВЕ ПРОТОННЫХ ПУЧКОВ МОСКОВСКОЙ МЕЗОННОЙ 
ФАБРИКИ 
1рачев М.И., Колмычков Н.З., Казарновский М.В., Лебедев С.Г., Лобашев В.М., 
Сережников СВ., Сидоркин С.Ф., Стависский Ю.Я., ИЯИ АК СССР 
Булкин Ю.М., Кочнов Я.К., Мащев А.Е., Трушкин Р.И., Хмелыциков В.В.. 
Хрястов H.A., НЙКИЭТ 

АННОТАЦИЯ 
Дается описание комплекса источников нейтронов для физических исследований на основе протонных пучков Московской мезонной фабрики. Ожидаемая интенсивность ней­тронов в 4 3 ! в режиме резонансного селектора^ЗЛ01°нейтр/с (25 нсек, 400 гц), пиковая глотностьрпотока тепловых нейтронов на светящей поверхности замедлителя ~5.IQl° нейтр/см с при длительности импульса^бО икс. 

Сооружаемая в ИЯИ АН СССР, в Троицком научном центре мезонная фабрика - сильно­
точный ускоритель протонов и иэнов Н~ ка энергию 0,6 ГэВ с токсм 0,5-1 ма (рис.1). 
Интенсивные пучки протонов, к том числе поляризованных, пучки Л , /i -мезонов 
и нейтрино, получаемые при взаимодействии протонов с веществом мезонных мишеней 
и ловушек протонных пучков позволят развить широкий круг исследований - от фунда­
ментальных проблем строения материи I) до таких важнейших прикладных направлений,, 
как, например изучение радиационного поведения материалов для атомной энергетики 
и установок термоядерного синтеза 2). 

<*v\ 

0.75МэВ ЮОМэВ ТбОМэВ 

Рис.1. Московская мезонная фабрика. 
1 - линейный ускоритель протонов. 
2 - экспериментальный комплекс. 
3 - накопитель протонов. 
4 - комплекс источников нейтронов. 
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Протоны средних энергий позволяют получать и интенсивные потоки нейтронов. 
Действительно, при взаимодействии протона с энергией 0,6 ГэВ с веществом протя­
женной мишени из тяжелых ядер (вольфрам, свинец) испускается 10-~2 нейтронов, иг1 
них более 90? - испарительные, со средней энергией 2-3 МэВ. В случае мишени из 
U-238 число вторичных нейтронов около 25, примерно полсзина - нейтроны деления. 
При доступных ннне интезсивностях протонных пучков от сильноточных ускорителей 
протонов - мезонных фабрик средние интенсивности нейтронов пока еще ниже чем 
достигнутые в современных исследовательских реакторах, однако возможность измеье-
некия в широких пределах временной структуры протонного пучка, и соответственно, 
временной структуры потока нейтронов открывает уникальные экспериментальные воз­
можности 3 ) . 

Формирования коротких импульсов протонов средних энергий опирается на исполь­
зование перезарядной инжекции ионов Н~ в накопители. Перезарядная инжекция, пред­
ложенная в свое время Альварецом 4) и осуществленная впервые Г.И.Еудкером с сот­
рудниками 5) , открывает пути накопления Е кольцевых магнитных системах больших 
циркулирующих токов протонов (десятки ампер 6 ) ) . Быстрый вывод протонов из нако­
пителя Московской мезонноЯ фабрики т» внешнюю мишень позволит генерировать импуль­
сы нейтронов длител^лостыз 5-200 нсек со средней интенсивностью нейтронов в 4 ТС 
до 6.101бкейтр/с. 

На основе сгруппированного таким образом пучка протонов могут быть получены 
импульсные потоки тепловых и резонансных нейтронов для исследований по физике 
конденсированных сред (изучение упругого и неупрутого рассеяния холодных и тепло­
вых нейтронов в конденсированных средах), уникальные по интенсивности импульсные 
потоки резонансных нейтронов. Спектрометры резонансных нейтронов на основе им­
пульсного источника Московской мезонной фаорики позволяют развить широкий круг 
исследований парцчальных процессов взаимодействия нейтронов с ядрами в изолиро­
ванных резонансах и в области перекрывающихся уровней. 

Импульсный характер нейтронного потока при малом выходе нейтронов между им­
пульсами (в случае V -238 этот выход — 1%,РЬ ~ 0,1%, а для мишеней среднего веса, 
например из Мо< 10 % ' ' ) позволит, применяя временную селекцию событий, полу­
чать в хороших замедлителях ( дгО , Зе , С ) квазистационарные потою. теп­
ловых и холодных нейтронов с малым вкладом надтепловых и быстрых ("временная теп­
ловая колонна"). Это открывает -юзможность постановки таких уникальных экспери­
ментов как прямое изучение рассеяния нейтрона на нейтроне, обнаружение нейтрон-
антияейтронных осцилляции 7). 

Комплекс интенсивных источников нейтронов создается на основе двух пучков про­
тонов (см.рис.2), котот,ы<? могут быть использованы одновременно. Первый лучок - пу­
чок протонов из ускорителя со средним током до I ма, имеющий временную структуру 
ввиде последовательности макроимпульсов длительностью 100 мкс, следующих с часто­
той повторения 100 герц. Этот пучок попадает в нейтронную мишень квазистаадонар-
„ого источника тепловых и холодных нейтронов (рис.2,3). Второй пучок, сгруппиро­
ванный в накопителе с перезарядной инжекцией и однооборотным выводом (рис.1), в 
»где последовательности импульсов длительностью 5-200 не (100-400 герц) при сред­
нем токе до 500 мка,попадает в нейтронную мишень импульсного источника нейтронов 
(рис.2,4). 
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F H C . 3 . Квазистациояарчый ист'-чнвк 
тепловых и ХОЛУДНЫХ нейтпся^в. 
I-нейтрокная мишень. 2~тяжьлJ-
водны? замедлитель. З-жядкодс-*-
териевый замедлитель. 

В импульсном источнике нейтронов наряду с импульсами протонов, сгруппированны­
ми в нгкопителе может использоваться микроструктура протонного пучка. форм? руша 
яся в линейном ускорителе. Импульсы микроструктуры имеют длительность 0,2-0,3 не 
и следуют с частотой 200 мгц в пределах импульса макроструктуры. Для время-пролет­
ных исследований они могут быть использованы после селекции, при частоте повторе­
ния до 200 кгц, что, естественно приводит к соответствующей потере средней интен­
сивности. 

Оба источника располагаются в цилиндрических боксах радиационной защиты из 
стали я бетона (рис.5) и "просматриваются" системой каналов, снабженных шиберами 
гильотинного типа. 

Квазистационарный источник тепловых и холодных нейтронов (рис.3) включает во-
Г.оихлаздаемую нейтронную мишень ввиде плотной упаковки стержней из естественного 
урана в алюминиевых оболочках, тяжеловодный замедлитель в алюминиевом баке, жид-
кодейтериевый замедлитель, двдкодейтериевый замедлитель просматривается широко-
аппс-ртурным каналом эксперимента по обнаружению осцилляции нейтрон-антинейтрон, 
каналами для исслецокший с холодными и ультрахолодными нейтронами. Сквозной 
тангенциальный канал позволит проводить исследования в интенсивных полях тепло­
вых нейтронов в тяжеловодном замедлителе. 



Рис.4. Импульсный источник нейтг 1-сборка стержней из и-23 энов. 

При токе протонов 0.5 ма расчет­
ное значение хшотности потока тепловых 
нейтронов на дне экспериментального 
канала" о. 1С13 нейтр/см^с, плотность 
потока холодных нейтронов на светящей 
поверхности холодного замедлителя 
~ 1 0 1 3 нейтр/cNTc при эффективной тем­
пературе ~30К. 

При этом полное тепловыделение в 
нейтронной мишени I МВт, в тяжелой 
Еоде ~ 40 квт, в холодном замедлителе 
- 0 , 5 КВт. 

Тепло,выделяемое в мишени отводится 
водой с входной температурой-30°С, 
перелающей тепло воде ьгорого контура. 
Мгновенная активность воды первого 
контура определяется взаимодействием 
протонов и нейтронов с кислсродом и 
складывается из активности трития 
(12.3 лет) Be7 (53 дня), С П (20^5мин), 

1 3 (10 мин), О15 (126 с) и / V 1 6 

(7,4 с ) , Суммарная насыщенная актив­
ность воды при номинальной мощности 
установки — 0,85 кюри/лито для объема 
1-го контура - 2 м 3 , примерно полови­
ну вносит тритий. 

Тепло,выделенное в тяжелой воде отво­
дится во внешнем теплообменнике. Холод­
ный дейтериевый замедлитель охлаждает­
ся за счет конденсации паров дейтерия 
в теплообменнике, обдуваемым 15К-гели-
ем от холодильной установки, работакь-
щей в рефрижераторном режиме. 

(вольфрама).2-верхний замедли­
тель. 3-нижний замедлитель. 
4-водяные коллект оры.5-защитная 
пробка. 

Импульсный источник нейтронов 8) включает мишень-сборку из урановых (вольфра­
мовых) стержней в алюминиевых оболочках, охлаждаемую водой, и систему замедлите­
лей. Легководные замедлители примыкают к "верхней" и "нижней" поверхности мише­
ни (рис.4). Тонкий ( " 2 см) "верхний" замедлитель светит в каналы и нейтроноводы 
резонансных и быстрых нейтронов с максимальной пролетной базой"500 м, выходящие 
из здания экспериментального комплекса. Эти нейтроноводы снабжены промежуточными 
павильонами. Нижний замедлитель, толщиной 6 см, предполагается использовать в 
экспериментах с тепловыми л медленными нейтронами. Соответствующие каналы выходят 
в экспериментальный зал. 

Предусмотрена возможность использования холодного жидководородного замедлите­
ля, легководных замедлителей, отравленных кадмием, отражателей замедлителей. Ми­
шень и система замедлителей импульсного источника нейтронов располагается в ва­
куумном баке в полости защиты (рис.5). 
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:/ ЛШШ Средняя интенсивность нейт­
ронов, »спускаемых в 4 Я в ре­
жиме резонансного селектора 
(25 нсек, 400 герц) 3 . I0 1 6 

нейтр/с, что примерно на два 
порядка превысит среднюю ин­
тенсивность наиболее мощных 
современных импульсных источ­
ников нейтронов для резонанс­
ной области энергий на основе 
сильноточных ускорителей 
электронов (см.например 
OREL A , США). 

Пиковая плотность потока 
тепловых нейтронов, усреднен-

замедлитель. 3 - вакуумный бак. * - шибера замедлителя площадью 400 опт 
каналов. 5 - тестовая защита. составит - 2. Ю^ньйтр/см^ прк 

длительности импульса~50 мкс. Использование отражателя из железа позволит пояулть 
пиковые потоки плотностью до 5. ДО15 на светящей поверхности ^100 скг. 

Средняя интенсивность быстрых нейтронов из мишени (испарительных и каскадных) 
в режиме быстрого селектора при длительности импульсов -'О.З не и частоте повто­
рения 200 й ц ^ З . Ю 1 3 нейтрон/с в 4, ft . 
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KARIN - А SEALED HIGH POWER GENERATOR TUBE OF 14 MEV NEUTRONS FOR RADIOTHERAPY , 
ACTIVATION ANALYSIS AND NEUTRONIC APPLICATIONS 

K.A. Schmidt 
Kernforschungszentrum Karlsruhe, Institut für Kernphysik III, PRG, 

Abstract: 

A 14 MeV neutroa generator tube based upon the d-t-fusion reaction from a 150 mA mixed 

deuterium-tritium ion Deam (22 atomic) accelerated onto an internal 200 kV Scandium-

tritium-deuterium target has oeeu developed. The tube ^ constructed as a compact, 

closed glass-ceramic-metal sealed UHV system. It contains about 500 Ci of Tritium and 

has a life-expectancy of several hundred hours due to sputtering-through of the target 
12 

sheath. The source s t reng th i s 6.5x10 neu t rons / sec . 
The average flux i n s ide the cen t ra l hoilo# t a rge t cy l inder i s near ly i so t rop ic and very 
homogeneous in a volume of up to 30 cm . This i r r a d i a t i o n s i t e , having a saddle point 

10 2 
flux d i s t r i b u t i o n with more than 5x10 N/cm sec i s access ib le by a 1" diameter r abb i t 
system. At the GKSö I n s t a l l a t i o n "KORONA" a very f a s t (120 msec) r abb i t - sy s t ea i s i n use 
(since 1980), which allows repeated ac t iva t ion and counting of fas t decaying samples. 
Cl inical r ad io therap ie with fas t Neutrons a t a Icerma dose r a t e of 20 rad/min i s performed 
at a d i s tance of 100 cm from the t a rge t cen te r , 20 cm outside of a 70 cm long co l l imator . 
Optimum col l imat ion i s acievert by avoiding s e l f - s h i e l d i n g of the t a rge t s t r u c t u r e by 
using a t a r g e t shaped i n t o a trunc. ted cone with i t s apex on the col l imator ax i s i n the 
d i r ec t i on of the neutron beam, the apex angle being chosen according to the maximum s ize 
of the i r r a d i a t i o n f i e l d to be uaed. A movable i s o c e n t r i c a l l y mounted r ad ia to r head 
shield with exchangeable col l imator i n s e r t s i s provided a t the: radiotherb.peutic i n s t a l l a ­
t ions at the DKFZ Heidelberg (1977), Zürich (1980) and Münster (1984). 

The Neutron source a t the "LOTUS" - Fusion-Fission Hybrid Test F a c i l i t y (1984) a t the 
STH Lausanne i s provided fo r by an unshielded vers ion of the medical tube KARIN. 

Operational experience with the KARIH-Inetallationa i s presonted. 
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DISK» О? 1 1 0 * 2 n / 8 COMPACT №UTfiOK GENSHATOR 

Sun Blehe 
Institute of Nuclear Research, Lanzhou University People's Republic of China 

12 Thip g""orator will give a neutron yield of 10 n/s. It «ill be used mainly in the 
experiments ot neutron physics and the applications of the nuclear techniques. In the de­
sign program of this generator «e have adopted the Ouoplasmatron ion source, high cur­
rent accelerating tube, symmetrical Cockcroft-Helton type voltage multiplier circuit, in­
termediate frequency power supply with the thyristor inverter, rotary target. Meantime, 
we plan to uae oillese vacuum pumping system and tritium purgation facility. A computer 
control system is used for the generator. 

Design parameters of the generator ere as follows 

1 »eutron total yield (2-1)xl012n/s 
2 Deuteron beam energy 300 keV 
3 Target current (direct) 20 mA (unanalyeed) 
4 T-Ti target diameter 200 am 
5 Hot at lag target speed 1100 rpm 

It is expected that the generator will come into all-sided operation by the end of 
1985. 
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THE INTENSE NEUTRON GENERATOR CONCEPT IN DEBRECEN* 
T. Sztarxcskai 

Institute of Experimental Physics, Kossuth University, Debrecen, Hun^a*у 

An intensive neutron generator based on a 30 mA duoplasmatron ion source and 
a 200 kV high voltage power supply is under construction at the Institute of 
Experimental Physics in Debrecen. The neutron generator shall use a single j^p 
acceleration tube, a quadrupole quartet focusing system, a Wien-filter type beam 
selector and a rotating disc titanium target. The ion optical system makes it pos­
sible the use of the accelerator as a charged particle low energy accelerator up 
to neon ions. The paper delivers a short survey on the design concepts and the 
present state of this accelerator. 

Introduction 
12 -1 

The intense (alO ns yield) 14 MeV neutron sources are mostly used in the neu­
tron therapy, CTR material program, hybrid reactor studies. Their use in the fast 
neutron activation analysis, 14 MeV neutron cross section measuring laboratories 
are not typical, but they have more advantages. These generators as a low ensrgy 
high current accelerators can be used for the study of nuclear astrophysical reac­
tions, charged particle blisLer. ng and low energy heavy ion reactions too 1>. 

The intense neutron generator under construction in D-brecen shall be used as 
a charged particle accelerator for low energy heavy ion reaction, CTR materials 
blistering studies, nuclear astrophysical reaction cross section measurements and 
as a neutron source for the measurement of the 14 MeV cross sections and in fast 
neutron activation analysis too. 

The preliminary studies of the neutron generator project 2,3,4> have been shown, 
the economical and labour situation of our small institute allows only well orga­
nised more year design and construction. The constructir.n of the generator has been 
planned in the next steps: 

A/ The duoplasmatron with the einzel lens on the high vacuum system forming an 
ion source test stand 

B/ As in point A with addition of the acceleration tube, high voltage terminal 
and power supply and a target 

C/ As in point В with addition of the ion species selector, quadripole lenses 
and the rotating tritium target assembly resulting an Ю-20 mA, 200-220 kV charged 
particle accelerator and an Intense neutron generator. 

The system in state A can be used as a low energy high current accelerator in 
the 0-50 keV region for charged particle blistering investigations on CTR const­
ruction materials. The state a makes it possible the testing of the, designed target 
aseembly construction and to use it as a neutron generator e.g. for health physical 
measurements on shielding materials end for fast neutron activation analysis. The 
state С is a complete intensive neutron generator with analysed beam wich can be 
used not only as a 14 MeV neutron generator but as a low energy high current 
charged particle accelerator for low energy nuclear astrophyeical and heavy ion 
reactions study too. 

This project is supported by the IAEA 
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The ion source and the acceleration tube 
The ion source used in this design is a commercial DP-ЗО type duoplasmatron, 

manufactured be the High Voltage Engineering Co. The DP-ЗО delivers up to ?0 mA of 
ion current, 60 % monoatomic ions 5 >. The DP-30 with the built in einzel lens gives 
an emmltance of 6.10~ rad Mev " . The study of the ion optical parameters of the 
ion source has been done by a personal computer based measuring set-up 6>. The 
original filament, like the one in the OCTAVIAN project 7>, has a too snort life 
time, so an alteration 8> was needed. The structure of the duoplasmatron with 
einzel lens is shown in Fiy.l. 

Fig.l. 
The DP-ЗО duoplasmatron with 
the built in einzel lens 

According to the omittance date of the DP-30 duoplasmatron, the working area 
of the planned accelerator is placed in the vicinity of the border separating the 
areas in which the emittance and perveance plays a leading role respectively. 
Consequently, the space charge effects can be considered as a slight perturbation. 
The designed acceleration tube meets all the basic requirements summarized in 9>. 
The tube represents a single gap immersion lens placed in a homogeneous acceleration 
tube, like at the pre-lnjector of the CERN PS-LINAC lo>. 

The construction of the accelerator tube follows the arrangement of the Chalk 
River generator li>. The homogeneous field acceleration tube design uses the glass-
metal technology and the mechanical construction of the single gap immersion lens 
enables the change of inner electrode configuration in the case of an eventual 
trouble which might appear. The inner conical electrodes of the homogeneous tube 
are easily replacable without unjointing jhe glass-metal bond. The calculated 
conductivity of the complete tube for D, gas amounts to 3100 l.s" . The accelera­
tion tube, the quadrupole focusing unit and the vacuum connection of them is shown 
in Fig.2. 

Beam handling and transport 
For compensating the space charge effects in the beam emitted by the duoplas­

matron and accelerated by the occeleration tub», a quadrupole focusing system has 
been designed. The selection of ion species and a mass analysis of the beam is 
planned by a Wien-type velocity filter. 

The electron optical calculation for various electrostatical quadrupole arran­
gements have been described in 9>. The stigmatic focusing and high optical flexibi­
lity the simple power supply (max. 20 kV, twin unit), of the two parameter (symmetr­
ical) Quadruplet have been preferred for the construction. The chosen version is 
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shown in Fig.2. 

Fig.2. The acceleration tube and the quadrupole lenses 

The Wien-type velocity filter has been designed as a beam analyzer to be used 

up to the ion masses of 20 a.m.u. Three version have been calculated with various 

characteristics. The final version of the configuration shall be chosen on the 

basis of pxperimental determination of ion optical characteristics of the accelera­

ted beam. A schematic representation of the Wien-filter is shown in Fig.3. 

Fig.3. A schematics of the Wien filter planned to use as a beam analyser 

The space charge effects has been neglected throughout the calculations on ion 

optical elements of the accelerator. A rough estimation of beam expension based on 

the formulae of Green 12> showes the space.charge expansion will not be caused 

serious troubles above energies of 100-150 JceV 9>. 
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The rotating target 
A thick copper disc rotating target, diameter of it about 20 cm, similar to the 

Multivolt Limited of Crawley series RTH targets is anter construction. These targets _2 have a maximal loadibility of 3-8 kW cm and the total tritium activity of them 
i о 

aie about (11-19)10 Bq. The half life of the targets are about 300 hours at a _2 load of 5 kW cm load bombarded by analyzed beam 13>, The rotating magnetic 
ferrofluid seal in it allows a speed up to 30 revolution per second 14>. A schematic 
view of the planned target is shown in Fig.4. 

SCHEMATIC view o f 
ОбС ТМбСТ ASSEMBLY 

REMOTE ONtVE 

OFHC CWtCROnC 

^TITCOATMG 

J W 1 W W W 
COOUM ЭЮТМ 

ПАСЕ кя SAMPLES 

Fig.4. The schematics of the target assembly 

The most important problem connected to the target assembly is the lack of the 
tritiating company for our Amzirk equivalent oxigenfree target backing. 
The HV power supply and the cooling system 

The acceleration voltage to the generator will be produced by a Heafely 200 kV 
40 mA high voltage power supply. The ripple of this power supply is smaler than lkV 
at maximum output voltage and current. The high voltage can be regulated by the 
motor driven variac from zero to 220 kV. The power supply is overcurrent and over-
voltage protected and withstands the direct breakdowns and short circuits. The power 
consumption of the high voltage power supply is about 17 kW at full load. 

The duoplasmatron and the target need two closed circuit cooling system. The 
duoplasmatrons power consumption take-, about 1.5 - 2 kW and the target load shall be 
about 3.5-4 kw. The cooling machine is capable for cooling up to 7 kW. The duo­
plasmatron coolig water should be controlled for a 3-5 Mohmcm conductivity. An 
ion exchange coru activity control system, similar to the one used at the Heafely 
sealed tube neutron generators 1S> is under design. The separate closed circuit tar­
get cooling system will use an adequate on stream detector for i.eutron yield 
monitorizatlon. 
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Vacuum system 

The main vacu system of the generator consists of a 270O l.s diffusion 
3 -1 pump w.< th water and liquid nitrogen traps and a 40 m h mechanical pump. An 

additional vacuum system is planned at the rotating target because the conductivity 

of the Wien-filter does not allow the appropriate pumping speed. The vacuum system 

of the target assembly consists of an titanium ion getter p'jmp, a primary pump with 

the additional valves and vacuum guages to connect and to separate to and from thi 

generator and the exhaust system. 

The generator hall and the health physical aspects 

12 -1 The expected source strength of 10 n s of the generator needs a proper 

shilding. The lack of the places in the institute and the minimum 2 m of thickness 

of the concrete walls suggested to construct an underground generator hall. The 
2 

planned generator hall has an area of 8.8x4.8 m and its height of 4.5 m. The floor 

has been built at -7 m, thickness of the ceiling is 0.8 m of concrete and 1 m of 

soil up to the ground level. The removal cross sections of the all construction 

materials has been measured during the construction 17>. The horizontal plan of 

the generator hall and the controlling room connected to it is shown in Fig.5 16>. 

The construction of the building finished in 1984. 

Fig.5. The plan of the underground generator rooms 

The machine room is heated by air, the speed of the air exhange is five times 

per hour. The exhaust of the vacuum systems and the target storage are connected 

to two ventillated 4" tube. The air outlet ard the two 4" tube are led through an 

underground ventillator room to a 16 m height exhaust tower. The filtering and the 

sample taking (in the ventlllation systems as well as In the water wast-pipe) is 

possible. The door of the machine room is manufactured of stainless steel. It is 

..ter filled and pneumatics operated. 

Acknowledgements 

The author is very indebted to Prof. Dr.J.Csikai, head of the project, for his 



15 

attention and supervision, to Prof. Dr. Koltay, Dr. Szabö, Dr. Berecz, 

Dr. Bohatka and Dr. M6rik from the Institute of Nuclear Researci, Eiebrecen for 

their ion optical and partly mechanical design. The colleagues Mr. Burkes, ur.DezeD, 

Dr. Raics, Dr. Szegedi and Dr. Daroczy are taking an active part in the project. 

Mr. Halmi, Mr. Bolyän and Mr. Szegedi are very active in the solution of the 

technical problems. The author would like to express his gratitude for their 

co-operation. 

References 

1> J.Csikai: Atomic Energy Review 1Л (1973)415 
2> T.Sztaricskai: ATOMKI Közl. 2_2 (1980)47 
3> T.Sztaricskai: ZfK-459 (1981)176 
4> J.Csikai: INDC/NDS/-114/GT (1980)265 
5> High Voltage Engineering Co.: DP-30 Data sheets 
6 > T.Sztaricskai, L.Nyitrai, I.Berkes: ZfK-476 (1982)95 
7> K.Sumita, A.Takahashi, et al.: Proc. 12-th Symp. Fusion Technology 

B-23 (1982) 
8 > A.Goede: Private communication 
9 > E.Koltay, G.Morik, G.Szabo: ATOMKI Közl. 22_ (1980)155 
10 > J.Hufuenin, R.Budois: CERN 65-23 
11 > J.D.Hepburn, J.H.Omrod, B.C.Chidley: IEEE Trans. NS-*2 (1975) No-3 1809 
12 > T.S.Green: Rep.Prsg.PKys. 3_7 (1974)1325 
13 > M.R.Cleeland, N.Wells: Radiation Dynamics Inc.N.Y. TIS-74-2 (1974) 
14 > Ferrofluidics Corp.: Vacuum Seal Grade Ferrofluids Catalouge 
15 > E.Freiberg, G Reinhold: Private communication 
16 > E.Karvaly: to be published 
17 > L.Vasväry et al.: to be published 



16 

J. livarc, S. Hlavdc, ?. Cbloiinsky, I. Xurzo, V. Kutousek, R. Lorencz and 

I_. costal 

.nstitute of r'hysics, ülectro-rhysical .-esearch Centre of the Slovak Academy 

of Sciences, БД 2 20 Bratislava, Czechoslovakia 

.vbst,ract: An inter.se neutron source based on a 2C mA duoplasmatron ion source 
and a 300 kV high voltage pewer supply is under construction at the Institute 
of ihysics in Bratislava. The seam generated in the ion source is separated on 
a high voltage potential level. A 20° magnet as a beam selector, an electro-
0*2.-ic air insulated acceleration tube, a quadrupole triplet focusing system 
uad a rotating target will oe used in the system, rhe paper gives a short sur­
vey on the design concept and the present state of the intense section of the 
accslerator. 

1. Introduction 

^'r.ere has been a steadily growing interest in intense neutron sources in 
tha past decado probably mainly stimulated by fusion material research, radio­
therapy and also nuclear physics /1/. At the Institute of Jhysics in Bratislava 
a ;tcp-by-3top development of о .multipurpose intense 14 '.'.эЧ ne.itron source /2/ 
haи teen under way. 

Jhe intense section of the source should be capable of producing 30C keV/10 
z.r. of и separated iJ ion bean. With such a beam and a fresh target a neutron 

1 2 — 1 2 
yield of 10 п.з for a beam spot of 1 era and a useful target life-time of 
about 10 h can be expected. 

10 The dc section has been designed to produce a neutron yield of up to 10 
n.s and the fast pulsed section will oe capable to generate a compressible D 
ion beam of up to 1 no on a target sport. 

In the present paper the design cuncept of the source, recent developments 
and status are reported. 

2. Neutron source deuign 

The preliminary stage of the design was discussed in ref. /2/. Kow the fi­
nal .(tage of the design has been reached. 

rhe scheme of the neutron source is in Fig.1. Deuterons are extracted from 
the plasma of a duoplasmatron ion source. The beam from the duoplasmatron ion 

http://inter.se
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ни mil iitm» 

;Л. Layout of major components of the neu­
t ron source . 1-ior source , 2-column r e ­
s i s t o r s , 3-s.oceleration tube , 4-main vac­
uum system, 5- beam c o r r e c t o r , 6-,~ate v a l ­
ve, 7-quaarupole l e n s , S-monitor, j - s t a t i c 
bean; moni tor , 10- target chamber, 11-auxi ­
l i a r y vacu:m; system, 12-vvater-cooled t a r ­
g e t , 13-water cooled s l i t , H-beara p r o f i ­
le monitor , 15 - ro ta t ing t a r g e t chamber, 
16-analj si i i^-switchin-; magnet, 17-chopper, 
1 6 - s l i t , 19-cüaphra.^m, 20-JC0 marjnet, 2 1 -
buncninp system, 2'^-pick-u? system, ГС-
tr.ermocouple даи^е, IG- ioniaa t ion gauge, 
IT ЗСС-isolat ing t ransformer , KVT-high 
voltage terrr.inal and HVFC-high vol tage 
power supply . 

source pa s se s through a. dou­

ble focusing magnet placed -

d i r e c t l y on the high vo l tage 

t e r m i n a l . The magnet i s de­

signed fo r the 1) s epa ra t i on 

from molecular i o n s , a l l o ­

wing tho acce l e r a t i on tube 

and the beam t ranspor t s y s ­

tem to be ot iimized for a 

s ing le s p e c i e s . Л s u f f i c i e n t 

conductance path i s provided 

from the ion source to the 

a c c e l e r a t i o n tube and an 

8C l . s ~ a i r a u x i l i a r y pump 

i s used- to pump the ion 

source s imultaneously with 

the main vacu.un pump. An 

Einzel le.is i s included to 

meet des i r ab le focal n rope r -

t i e s of the a c c e l e r a t i o n t u ­

be, vhe not necessary molecu­

l a r i o n s , the ene rge t i c neu­

t r a l f r a c t i o n and other un­

wanted gases produced by the 

ion source should be removed from the hi,~h f i e ld region of the a c c e l e r a t o r со­

лил n . inhe f i n a l d e t a i l s have been f i n i shed . 

After a c c e l e r a t i o n the beam w i l l be d i r e c t e d e i t h e r t o the r o t a t i n g t a r g e t 

сoct ion or t o the dc and fust pulse s e c t i o n s . 

3• -ieccnt developments and s t a t u s 

3.1. hic;:i vc•:лд;о io./.;;;, S U P P L Y 

The major components of the hi^h voltage power supply have been supplied 
oy rJi'. Dresden (i..2. transformer and Roentgen Plant), The scheme of the supply 
tor;ether with a cappacitor battery, water resistors and a stabilizer are shown 
in И,-:.2. The supply has been constructed with respect to a Ion,-; operation at 
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-L Л Л üAi a 
300 кУ ОС 

I i ^ . 2 . Scheme of the high vol tage powjjr sup­
p l y . 1 - r e f l a t i n g transformer il30gs 
16/380, 2-high voltage transformer 
R3CI (Z) 25/300/C, 3-3e r e c t i f i e r , 
4 - r e s i s t o r , S-^-ul t ip l ier c a p a c i t o r s , 
б -p ro tec t ive r e s i s t o r , 7 -d i scha rge r , 
8,9-water r e s i s t o r s , 10-high vo l tage 
cable and t e rmina l , 11-capaci tor b a t t e ­
r y , SPS-s tabi l ized power supply and 
HVS-high vol tage - t a b i l i z e r . 

ЛС mA/ 20° or 30 r\A/35°C The 

high vo l tage i s r egu l a t ed by a 

motor-operated r e g u l a t i n g t r a n s f o r ­

mer. The r ipp le f ac to r of the sup­

ply i s 2 .5 '/"• The c a p a c i t o r b a t t e ­

ry c o n s i s t i n g of 12 c a p a c i t o r s 

(1.5 »F /30 kV) i s added i n order 

t o ob ta in b e t t e r parameters of 

the system. V.'e a re ab le to reduce 

the r i p p l e fac to r tc V,o by use of 

such a c a p a c i t o r bank. Moreover, 

the whole system w i l l be s t a b i l i ­

zed. The t e s t of a s i m i l a r s t a ­

b i l i z e r / 3 - 4 / showed a long term 

s t a b i l i t y of 0.15% in 6 h caused 

mainly by t h e m a l f l u c t u a t i o n s in 

the reference vo l tage system. The 

high vol tage power supply i s s e ­

parated from the neutron source 

t e r m i n a l . They a re in te rconnec ted 

through a water r e s i s t o r with a high vo l tage c a b l e . A s u i t a b l e water r e s i s t o r 

and cable t e rmina ls have been cons t ruc ted to prevent a breakdown Between the 

polyethylene i s o l a t i o n and the lead cable cover ing . 

3 . 2 . HIGH VOLTAGE ТЕйММль AND ION SOURCE 

A high vol tage te rmina l of a 3.4 ra surface and a 0.90 ш he ight w i l l con­

t a i n the ion source and the a s soc i a t ed equipmeu'':*•. The proposed arrangement of 

the ion beam opt ic elements on the lugh vol tage t e rmina l in conf igura t ion with 

the duoplasmatron ion source i s shown in P i g . 3 . Power w i l l be suppl ied by the 

i s o l a t i n g transformer IT 300 / 5 / . I t s development has been completed and the 

transformer i s a t present being operated by the old neutron source conf igura­

t i o n . 

The ion source s e l e c t e d for opera t ion in the i n t ense sec t ion of the neu­

t ron source i s a modif ica t ion of the duoplaematron source developed a t Vakutro-

n ik Dresden (N.E. Vacuum Elec t ronic P l a n t ) . The p re l iminary ion source t e s t s 

have been performed. I t has been shown t h a t on« can achieve the expected 20 mA 
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Fig.3. Scheme of the high ventage terminal. 

1-3C0 kV equipment dome, 2-5C KV duo-

plasraatron dome, 3-solenoid valve, 4-

cathode feedthrougii, 5-cooler, 6-Pd 

valve, 7-holcer, 8-anode, 9-aluminium 

oxide ceramic, 10-50 kV feedtnrough, 

11-analysing-focusing magnet, 12-beam 

monitor, 13-acceleration tube, 1-'-

feedthrough, 15-ion sorption pump, 

SP-sorption pump and IG-ioaization 

gauge. 

beam at an approximately 4C kV 

extraction voltage. The tests did 

not include the 20° double focu­

sing magnet. 

'-he acceleration tube has be­

en supplied by the Institute of 

iCuclear Research, V/arohaw. In ad­

dition, the production documen­

tation concerning the multiple 

series of resistor blocks (10 t.'ity 

30 kV) built into an nil-rxlled 

in3uls.ting box, has been given to 

the workshop of our Institute. 

3.3. BEAK TRANSPORT 

The optical properties of the 

accelerator components have been 

calculated taking into account 

thf? effect of the beam space char­

ge. The JILAC electron trajectory 

program was used /6/. The calculations are iterative for beams with self-fields. 

Ußing the finite difference method over a regular square mesh with succesive 

overrelaxation, the electric fie?.ds are calculated first from the given confi­

guration of the electrodes and their potentials. Then the rays representing the 

beam are traced through the calculated fields. The space charge distribution 

for the next iteration is calculated from the ray trajectories. 

Beams of various intensities within 10-20 mA have been traced. The ray tra­

cing through the Einzel lens system is shown in Pig.4. The current density at 

the end of this system is not -.onstant but depends on the beam radius. An almost 

laminar beam is obtained when the ratio uf o c/
u
e x-t^

0 , 8» w h e r e u'foc'Uext a r e t h e 

focusing ard the extraction voltage, respectively. For the higher U~ , the 

stronger the focusing is the strenger is the ray crossing. The footing action 

of the entrance part of the constant gradient acceleration tube is shown in 

Fig.1?. The beam emerging from the acceleration tube is nearly parallel. Its 

diameter is |0 1.5-2 cm. The value depends on the focusing and the extraction 

voltage. Our calculations show that the space charge effectn of the accelerated 



20 

»1 

ij 
Si 

«cmo.fi» ' A Mr • 

I'ijj.4. Ray tracing through the ..'inzel 

lens system. 3cam current, 

ä.iergy of deuterons and focu­

sing voltage are 18 ;пА., 5С keV 
and 41 kV, respectively. Equi-
potential lines are superim­
posed on ion trajectories. The 
whole system is axially sym­
metric around the beam direc­
tion (z axis). Description of 
axes (z,r) is ,<jiven in r.esh 
units. One mesh unit is 2.0 mm. 

Fi.;:. 5. Focusing action of the entrance 
part of the'acceleration tube. 
Beam currant and accelerating 
voltage are 18 mA and 3JC kV, 
respectively. Whole system is 
axially symmetric around the z 
axis. Description of axes (z,r) 
i3 given in mesh units. One rriesh 
unit is 2.5 mm. 

bean, are already small. Then, one can 
focus such a beam by a magnetic focu­

sing system using either a quadrupole multiplet or a solenoid. 

envelope calculations for the beam transport in the dc and the pulse sections 
have been given in a previous paper /2/. 

3.4. RQUk'iTJG TARGE J SYSTEM 

For the intense section of the accelerator a rotating target is being consi­
dered. Its preliminary version should use 16 pieces of 0 4.5 cm TiT targets /7/. 
A detailed scheme of the rotating target system is shown in Fig.6. The targets 
elements are located on a rotation disk. The ring shaped target contains a total 
of 15 TBq tritium. During target operation, the target is cooled by water let 
into the centre of the rotating target assembly to a cavity wherefrom it is sup­
plied to eight 0 С 5 cm channels. Two targets are connected to one channel. Our 
design assumes that water consumption would be lower than 70 1 .min" . 

The rotor is moved in a vacuum of 10~^-10 Pa. It is separated from the 
high vacuum by special "0" rings sealing. Simmeringe separate the vacuum chamber 
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Fig.6. jetajled scheine of the rota­
ting target. 1-!V'belt, 2-
pulley, 3-beam tube, 4-iso-
lation support, 5-bearings, 
6-simmerings, 7-ring, B-tar-
get, 9-support, 10-sealing 
"rings", 11-rotor, 12-water 
channels, 13-stator, IP-ion 
pump, Df-differential pump 
and Ы-electric motor. 

from lii« outside environment. The cavity 
placed between the rings and the simmerings 
is рщ-.ped by. a differential pumping' system. 
The target chamber is pumped by an ion. pump. 
The rotor is supported by two high precision 
ball bearings which allow only a small free 
vibration. We expect that the bearings will 
be suitable for target operations at any 
speed of up to 11CC vpir although the neces­
sary target revolu.:'ori rate for the heat . 

_2 dissipation of 1.5 k.Y.cm is about 35 rum 
/6/. 

At present the documentation concerning 
the rotating target asserrhly has been deli­
vered to the workshop of the Institute. 

3.5. IOK SCURC3 SL20rR0T:iCS AND CONTROL 
SYSTEM 

Documentation concerning the power sup­
plies for the duoplasmatron ion source have 

been designed and delivered to the workshop of the Institute. Ion extraction 
should be performed by the 50 kV potential. For this reason two transformers 
liave been developed. One provides the 50 kV d.c. voltage and the 3.75 kVA power 
for the extraction source. The other the isolating transformer IT 50 for the 5C 
kV potential and the 2 kVA power, should transmit the mains for the rest of the 
duoplasmatron power supplies. The transformers of about 150 kg and 80 kg weight, 
respectively, are put into insulation cylinders made of laminated paper and fil­
led by inhibited transformer oil. 

The electronic control system has been developed. It should maintain the 
accelerator for the required operation regime. At the first stage, however, it 
should allow an easy setup of the sources placed on the high voltage 'terminal* 

A block scheme of the system is shown in Fig.7. The hardware was designed 
according to CAMAC specification. The main control modul is an intelligent crate 
controller based on a 8080 microprocessor /9/» The system is capable of contro 
ling about 20 analog and 100 digital quantities. This corresponds to a total 
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information flow of about 250 byt.s" . 
This fact allows to use the microproce­
ssor with a throughput of about 50 kbyt. 
o~ in a real time control application. 

Sensors and control elements are pla-
J | ced on different potential levels (0,300, 

350) kV. They are interconnected by fiber 
optic cabins. In order to eliminate e. ba­
lance of the analog signals a pulse-dura­
tion modulation is used. 

Tig.7. Block scheme of the ion source 
electronics and control system 
сГ the intense source section controller for the system has been cora-

The hardware of the intelligent crate 

pleted and tested at the Ji:;R Duona. The software will be designed with respect 
to initiating, to the control algorithm, to oper°tor-aided resetting and control 
in breakdown situations. 

3.6. Y A J "J 'X,L 6Y о .' iL,. 

The system is constructed of stainless steel. Conflat flanges and cooper 
jacket seals are used throughout the high vacuum side. In solenoid valve3 VTTCH 
rings and in the target chamber aluminium wire-rings are used. The high vacuum 
part is bake lib le. 

The main vicuum unit has been completed. It is based on a 2000 l.s~ diffu­
sion pump with water and liquid nitrogen traps, two sorption Zeolite pumps, a 
foreline trap and a mechanical pump. The 3GZ 100 and the iZ Co ion pumps produ­
ced by High Vacuum Dresden and Leybold-heraeus, respectively, v/ill he used as 
auxiliary vacuum units. 

At present the control unit of central vacuum system has been designed and 
delivered to tbr workshop of the Institute. 

3.7. HSU .'ROW 3GU?,0S CEILS 

The original floor plan /2/ for the accelerator has not been changed. Sui­
table doors for the separation of the accelerator rooms and the operating room 
have been assembled-

4• Conclusion 
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The next steps in the construction of the accelerator should be as follows: 
The completion of drawings and the assembling of i high voltage power supply 
С1964)» putting into operation the main vacuum system, the acceleration tube and 
the new high frequency ion source and to obtain the strength of the source of 
10 n.s~ (1985); to put into operation the duoplasmatron ion source on a hi-i: 
vacuum level (1966); forming the intense section of the accelerator (1087) ana 
achieving the fully operating level of the intense neutron source (196G). 

The authors wish to thank In;. L. Luby.DrSc. the director of tha 1Г .̂: ".C SAS 
and Dr.K.Bl&zek, DrSc. for their support and kind interest in this work, hoy 
wish to thank Ing. K.Llalek, Ing.B.Sa3'csy, P.Rovny, S.Cerva, Ing.L.Iekete arid J. 
Vafiovä for technical help. 
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DESIGN OF A MULTI-PUBPOSE INTENSE NEUTRON GENERATOR 

P. fielest e in , F. Gleisberg, H. Helfer, К. Krause, 0. Jahn, Б. Paffrath, 
D. Schmidt, D. Seeliger 
Technische Universität Dresden, Sektion Physik, DDR-8027 Dresden 

i . I . Glotov, V.A. Romanov 
Physics and Power Inst i tute Obninsk, U3SB 

1. Introduction 

There are several nuclear reactions for neutron production, the mostly used ones producing 

intense neutron beams are shown in Table 1. Asbuning an incident particle current of 1 ml 
11 17 —1 

neutron source strengths between 10 and 10 'в could be obtained. The well known DT-
reaction is not the best candidate in this sense, tut it shows two remarkable advantages: 
a very narrow spectral distribution near 14 HeV ("monoenergetic neutrons") and the lowest 
technical requirements and costs for accelerator instrumentation. There are some quite 
different possibilities for the design of intense DT-neutron sources. The mostly used type 
is the pumped small accelerator consisting of the main components source, acceleration 
tube, target, vacuum system. This generator type shows the greatest variability with 
respect to intensity variation and adaption to specific utilization. Table 2 shows the 
parameters of some typical pumped intense DT-generators which are under operation with 
emphasis on high intense machines. The aim of the present work was the conceptual design 

19 —1 
of an intense DT-neutron generator (ING) within the intens i ty range ( 1 . . . 5 ) 1 0 a 
basing on the experience of exist ing machines of t h i s type (as far as available from the 
l i t e r a t u r e ) , already exis t ing components and technological equipments in both i n s t i t u t e s 
as well as on the p o s i b i l i t l e s of modern e lectronical c i r c u i t s . In the following the main 
components of the result ing concept are characterized in some d e t a i l s . As far as the 
project of the Technical University Dresden i s concerned t>\e name IHGE-1 i s used. 
2. The general scheme of the Intense neutron generator IHGE-1 proposed 

The general arrangement proposed for the generator INGB Î i s similar to that of the RXNS-I 
neutron source / 1 / and other geuerator project» / 2 , 3 / . Tue o&in componente of the neutron 
generator are shown in f i g . 1 with respect to the ir locat ion. The high voltage terminal 
(1 ) i s i so lated from ground potential by ceramic inaolators (2 ) up to 350 kV potential 
di f ference. Within the high voltage terminal the ion source ( 3 ) , an ion pump ( 4 ) , and 
pornr supplies (7 ,10) are located. The main vacuum system (4) i s located on ground 
potent ia l . The ion beam i s accelerated by che acceleration tube ( 5 ) with anticorona rings 
and res i s tors for potential dividing. Power supplies and ion source within the terminal 
are controlled by opto-electronical c i rcu i t s in connection with glass f ibres ( 6 ) . The 
accelerated beam i s focussed by the lens (8) on to the rotating target ( 9 ) , where the 
neutrons are produced by the DT-reaction. The posit ion ol the beam axis over ground 
f loor i s about 1,6 m, the overall dimensions of the generator amount to 1,4 x 2,3 x 4,3 • . 
Fig. 2 shows the scheme of the generator components in connection with the control e l e ­
ments and cooling and e l ec t r i ca l supplies . 
The proposed scheme seems to be reasonable for production of a high-quality (mono-energe­
t i c ) 14 MeV-neutrou . ;am for a broad f i e l d of different applications including also 
physical invest igat ions with definite beam parameters. 

3 . Description of the main components 

The ionoptical layout of toe intense neutron generator INGB-1 i s shown in f i g . 3 . The 
diaphragms at the end of the acceleration tube and also in front of the rotating target 
are water-cooled. The two valves near the target provide the p o s s i b i l i t y of exchange of 
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Fig. 1i 
Schematic view of the 
int ease neutron genera­
tor INGE-1. 
1 - high voltage 
terminal, 
2 - insulators , 
3 - duoplasmatron ion 
source, 
H - vacuum pumps, 
5 - acceleration tube, 
6 - bulk of g lass 
f ibres , 
7 - 50 kV power supply, 
8 - quadrupole lense , 
9 - ratating target , 
10- power supplies 

W x W W ^ 

380V-
50A 

220V 
25A hv screen 3 x J? o v ~ ш ^ electr power 

ш ф water cool 
I fr Oil COOl 
— w control 
— » • information 

vacuum, 
control 

cooling 

generator hall 

measuring room 

micro­
computer • display 

Fig. 2: 
General scheme and 
location of the 
main components of 
the generator 
IHGE - 1. 



26 

,Л 
bbsferfJ 

P^FPa-

lonoptical system 
of IKGfi - 1 

Г 
i'jn source \ cr : l e n t l o n tube I target 

e inzf l 1cm e l e c t r o s t a t i c t r i p l e t t 

the target. 
The loa source is of the duoplasmatron tyye with specified ertractiou geometry, it is able 
to provide ion currents in the order of some 10 mX. The cathode consists of a nickel grin 
with embedded berium, calcium, and strontium. The source is cooled by oil from ground 
potential /4/. 
The einzel lens i s d irect ly connected with the extraction electrode. I t i s constructed as 
a tube lens with an inner diameter of 78 ma. The maximum voltage of extraction 1ч 50 kV, 
normally 30 kV are used. The zwischen electrode has also a negative potential with respect 
to the anode of the ion source, but at ' H « » 10 kV. 
The acceleration tube i s a two-acceleration-gap version (see f i g . 4 ) . 

J - Q O O O O O O O O O 

210 343 20 343 

936 

_ L 

,_Ж_н 

big. 4s 
Schematic drawing 
of the acceleration 
tube (the left hand 
side section 
contains the einzel 
lens) 

The electrodes are performed as tub«* in order to screen the tube walls against particle 
striking as well as against soft X-rays. For the seme reason, the zwischen electrode of 
the tube is also connected with a screening ring. The tube wall is built by ceramic 
rings, separated by stainless steel anticorona rings. For a definite linear potential 
distribution along the tube a divider is necessary. Despite of the relatively «mall 
current through the resistors of the divider (B+otal " ? GOhm) no high power resistors 
are needed because of the effective screening mentioned abo^e. 
As shown by ionoptical calculations a focusing lens after acceleration was needed. For 
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this purpose a magnetic as well as an e l ec t ros ta t i c quadrupole lens oould be used. 
The tar-pet i e of the rotating type with water cooling, see f i g . 5. ГЪе act ive la^er Is 
3C шш broad, therefore a water-cooled diaphragm in front of the target la arranged. The 
e f fec t ive power per square centimeter i s reduced by circulat ing with a speed of 300 rpm, 
the integral power aay be up to 5 kW. 

Pig. 5: 
Schematic 
drawing of the 
rotating target 

Hain components of the vacua« system are the pumps of three different types / 5 / : 
the getter ршгр for holding the vacuum without operation, an o i l - f r e e pump for ion source 
operation only and the o i l diffusion pump (together witb a LN_-trap) for beam Landung, 
The pumping speed during beam operation must be at l eas t 2000 Is 
The scheme of the, high voltage supply i s shown in f i g . 6 

-1 or higher. 

I 

JMV-

220V-. 

-64-

-w-
M0V~ 

» 4 

t 

0-

Pife. 61 
Scheme of the high voltage power 
supply and the i so la t ing transformer 

I t can provide a aaTlauw, voltage of 300 kV with a current up to 50 mi. The given version 
allows to use the half of the •omentary voltage value at the zwischen electrode of the 
acceleration tube. The power f lux to the high voltage terminal i s real ized by an i s o l a ­
t ing transforaer with a aaxie.ua power of 12 kVA at 50 Hz frequency, A commercially 
available power aupply GS 50/300 from TSB TuH Dresden la foreseen for t h i s purpose. 
Tor operation of the generator HGE-1 a l o t of different types of e l e c t r i c power supplies 
are needed. Supply unite with a power below 500 f are realized in a switching mode using 
frequencies near 20 kHz / 6 / . Tola type i s known to have a high eff ic iency, , low mass and 

http://aaxie.ua
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SSÄII size. ?or the supply unite with higher power a more conventional solution wae found. 

Ill electric supply units should be controlled remotely and are able to provide reference 

signals within a standardized level. 

The general scheme of control and data acquisition is shown in fig. 2. The connection 

between the high voltage terminal and ground potential is realized by glass fibres and 

ground potential is realized by glass fibres and opto-electroaical units /7/. Ill 

analogue data are standardized within the range 0...+5 V corresponding to the maximum 

value of the controlled/checked magnitude. The vacuum control desk is located near the 

generator because no operation during beam handling is needed. It contains also safety-

back loops for vacuum and high voltage. The ion source, high voltage power supply and the 

triplet can be controlled remotely by hand. The data acquisition is handled by a micro­

computer :a connection with a colour display for all electrical magnitudes and additio­

nally for informations as temperature, pressure, flow rate of cooling circuits and 

others. 

4. Conclusions 

The project of the intense neutron generator INGB-1 described here seems to be suitable 

for a m-chine producing OT-neutron intensities above to IPs-1. Some parts of it are 

realized already and show convenient properties. The concept hopefully allows a compact 

design as well as reliable operation of this small intense neutron generator. 

Table 1» Some reactions for the production of intense neutron beams 

Reaction 

T(d,n)4He 
X(d,pn) 
е~-(т,п) 
Y(p,xn) 

Ej/MeV/ 

0.2 
40 

100 
800 

n/z 

2.10"5 

4.10"3 

2.10"2 

20 

EjJ/GeV/ 

20 
10 

5 
0.04 

Vs"1/ 

10 1 1 

2 .10 1 3 

10™ 
101? 

*sn 

0.2MeV 
10UeV 

broad 
broad 

accelerator 

small ace. 
Cycl.,LINAC 
LBJAC 
LINAC, Synch. 

Nn • Ni(Q/a)i Ni " 1 nA/1.6'10"19A8 
E* - incident energy 
n/z - neutrons per incident particles 
Ein ~ е а е гвУ deposition in the target per neutron 
&E_ - neutron energy spread 

Table 2» 

g e n e r a t o r 

RTNS-II 
BTNS-I 
UHCELOT 
CHILE RIVER 
OKTAVIAN 
JASBI 
DTVAOB 

IHQB-1 

location 

Livermore/UaA 
Livermore/USA 
Valdue/Угапее 

/Canada 
Osaka/Japan 
Toklo/J«p«n 
Hamburg/TRÜ 

Dreaden/aDR 

ff/w/ 

400 
400 
160 
300 
300 
400 
500 

300 

I/«A/ 

150 
2i 

160 
25 
20 
20 
12 

20 

» n / 1 0 1 8 e~ 1 / 

40 
6 
6 
4 
3 
5 
3 

project 

T9t. 

/ 8 / 
/ 1 / 
/ 9 / 

/10/ 
/11/ 
/12/ 
/13/ 
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ИОННО-ОПТИЧЕСКИЕ СВОЙСТВА УСКОРЯЙСЯ ТРУБКИ НЕЙТРОННОГО ГЕНЕРАТОРА. 
С.В.Бахал, В.А.Романов. 
Физико-энергетический институт, г.Обнинск, СССР. 

На основании расчета огибающей пучка рассмотрены ионно-оптические свойства 
ускоряющей трубки интенсивного нейтронного генератора. 

Важным этапом разработки нейтронного генератора является расчет огибающих 
пучка заряженных частиц, который позволяет, во-первых, зыбирать тип, положение и 
характеристики элементов фокусирующей системы, и, во-вторых, сформулировать тре­
бования к параметрам цучка в момент инжекции. Огибающие, согласно I ) , могут быть 
определены численным интегрированием системы дифференциальных уравнений 

"I2 >• 7-

—~- 1 i L . г ' < / > _ / - " > > _ * г > 66^ ' 

где 2 j, z 2 " "''перечные координаты огибающих, Z - продольная координата; 
U » с", и" - распределении потенциала по оси системы и его производные, I - тэх 

пучка, С - двумерный эмиттанс, /?„ - радиус поворота в магните, Р - показатель 
спада магнитного поля; Q \* G % - градиенты магнитной индукции в квадрупольнпй 
линзе. 

В вычислительной программе I) предполагаетсяя известным аналитическое выра­
жение для распределения потенциала на оптической оси системы. Однако, для нейтрон­
ного генератора Техническогс универсистета это распределение получено численно ь 
виде таблицы значений осевого потенциала, что обусловило необходимость его аппрок-
симгции и численного дифференцирования. 

Рассмотрим методику вычисления потенциала и его производных. Пусть потенциал 
известен в точках xQ х„ . Воспользуемся для его определения параболической 
интерполяцией третьего порядка, формула которой имеет вид 2) 

№)=£&-*£- (2) 

где х - координата точки, в которой вычисляются значения функции у(х), х0,..х3 -
координаты узлов интерполяции, У0»..«.УЭ - значения функции в узлах. Оценка мак­
симальной абсолютной погрешности при этом может быть еделака из соотношения 2) 

м з 
]R(x)l< -£-ni*-*it 4 L-0 

(3) 

где М4 - верхний предел /у ч х ) / в у.нтервале /х0, хэ]. 
Для достижения приемлемой точности потенциал должен не слишком быстро изме­

няться на интервале интерполяции, т.е., по крайней мере, должно выполняться не-
равентсво 

/х3 - х0/ * Д (4) 
где Д - характерный размер апертуры фокусирующего »лгдента. 
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Вычисление производных выполняется по следующей схеме. 
1. Дифференцированием соотноиения (2) определяем производные во внутренней точке 

Хт интервала интерполяции. 
2. Сдвигая интервал на лаг интерполяции Ь. = х. - х. и повторяя п.1, образуем 

массив производных в точках Xj,..., х '. 
3. Для вычисления производных в точках х0, хи , хп воспользуемся узлами х0, х2, 

Xß соответствующих интервалов. 
4. С помощью интерполяционной формулы (2) по найденным значениям производной опре­

деляем производные в любой точке участка интегрирования. 
Оценка показывает, что использование внутренней точки повышает точность вычис­

ления в узлах (при равномерчом шаге интерполяции) по сравнению с точками грани­
цы интервала для первой производной - в 3 раза, для второй - в II раз. 

Данная схема вычисления была проверена численными расчетами, проведенными для 
распределения потенциала, заданного соотношением 

U- f[^th(^j] (5) 
где R - радиус апертуры. 

Расчеты показали, что при интерполяции с переменным шагом, удовлетворяю;:^' 
соотношению 

h «= 0,15 (6), 
относительная погрешность вычисления потенциала не превышает 0,1^, э его вторпП 
производной - 3%. Вблизи 1-ой и и - ой точек наблюдалось незначительное увеал-
чение относительной погрешности. 

Расчет огибающей в ионко- оптической системе нейтронного генератора был выпол­
нен для следующих параметров пучка и фотусирующих элементов (экспериментальное 
исследование оптических свойств нейтронного генератора предполагается выполнить 
на протонном пучке),близких к реальным. Ускоряемые частицы - протоны, ток пуч­
ка - 7 мА, эмиттанс - 1,2*10 М'рад при энергии частиц 25 кэБ. Начало координат 
совмещено с анодом ионного источника, находящегося под потенциалом 150 кЕ 
(рис.1). Потенциалы электродов электростатической лкнзы: 125, 145 и 125 кБ, цент­
ральный электрод ускорящей трубки находится под потенциалом 75 кВ. Исходная точ­
ка интегрирования, в которой попречная координата огибающей равнь. 4,51*10"3м, а 
ее угол наклона - 7,77*10 рад., смещена от начала координат нг 5*10"2 м. 

Огибающая протонного пучка представлена НА рис.1<^. Более полную информацию о 
транспортировке пучка можно получить, вычисляя предельную огибающую, под кото­
рой понимается кривая, ограничивающая собой все пучки с начальными параметрами, 
изменяющимися в предполагаемых пределах. Условимся, что предельной огибающей в 
начальный момент на фазовой плоскости соответствует прямой эллипс, внутри кото­
рого находятся фазовые множества интересующих нас пучков. 

На рис.16 в качестве примера приведена предельная огибающая, которой соот­
ветствует фазовый эллипс со следующими параметрами: 

F « 3,6'Ю"4 м-рад., 10 • 6-Ю"3 и, где Е - эмиттанс, % - начальный радиус 
пучка. 

Указанная огибающая охватывает пучки, начальные параметры которых изменяются в 
довольно широких пределах. Это позволяет сделать вывод о том, что при ускорении 
протонного пучка до энергии 150 кэВ иоино-оптическая система нейтронного гене-
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ратора обеспечивает достаток .ое формирование п>чка на мишень, установленную при­
мерно з I v. от ускоряющей трубки. При энергиях ~ 300 кэВ кроссовер пучка значи­
тельно смещается в сторону трубки. В этом случае для дополнительного формирова­
ния пучка целесообразно использовать квадрупольную линзу. 

1) заключение авторы выражают глубокую благодарность Д.Шмидту и У.Яну за 
предоставленные данные о параметрах пучка, распределении потенциала в трубке и 
за плодотворные обсуждения, а также А.И.Глотову - за участие в обсуждениях и по­
лезные замечания. 
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Рис. I. Огибающие протонного пучка в ионно-оптической системе нейтронного генератора 
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к. DUOPLASMATHOH SOlffiCK FOB lüi PRODUCTION OP IMTEN3B DC ION CURHKNTS 

Sun Blehe, lang ftilin, Chen Qin 
Inet l tute of Nuclear Research, Lanzhou University, Lanzhou, China 

Abstract. A Uuoplasmairon source for the production of intense DC Aon currents has been 
invest igated. Cooat'»nt hydrogen ion currents up to 100mA have been obtained with extrac­
t i ve voltage of 20 kV. The mass ra t ios of hydrogen ions have beeu analyzed by 90° def lec­
t ion magnetic analyzer for currents up to 50mA. In t h i s range, up to i4 per cent of t o t a l 
currents i s H.. . The enittance of ion source hi»s been determined by tt.e methods both 
mult is l i ts-probe and photocopying paper as wel l . A typica l ly noraalizeO omittance (phase 

С, p p 

space area x Вт/ж) of 0.48 am • inrad and the brightness of 4.4x10 Ay cm • rad have been 
obtained for 50иА Ьедша at 16 kV accelerating voltage. The operating character is t ics of 
the source were invest igated. In th i s paper, the experimental resu l t s for the production 
of a variety of heavy ion beam, such as helium, nitrogen, oxygen, mixed neon-helium 
(78 % Be + 22 % He) and argon are given as wel l . 

1. Introduction 

The ion source developed or ig inal ly by M. von Ardenne and coworkers ) , callec1 a ''Duoplas-
matron", has been furthermore investigated by many othor authors ' ) . This Duoplasmatron 
i s used as ion source of che intense neutron generator (This neutron generator has t o t a l 

12 neutron y ie ld of (2 -1 ) x 10 n / s . ) , which i s being setup in Lanzhou University. It i s 
necessary to have high gas ef f ic iency because of the l imited pumping speud; and in addi­
t ion , i t would be desirable to have a high rat io of atomic ion to molecular ion in order 
to Increase the specif yx^ld of the neutrons. For a high eff iciency of the beam trans­
mission, i t i s expected *"> have a small omittance of the beam leaving the source. The 
DuopiastLatron source seems to f i t the requirements of nigh current and high e f f ic iency 
and has been adopted аз a practical and sat i s factory ion source for use in neutron gene­
rator of intense f lux 4 ' - ' ) . 

2. Description of Source 

A cross-sectional view of the construction and the component arrangement of the Duoplas-
matron source is shown in Pig, 1 and an insert onows an expanded view of the anode 
region. The intermediate electrode is made of mild steel and cooled by the transformer 
oil from the bottom to the top. For a better effect of cooling the outer surface of the 
intermediate electrode is made of cooling frocks. In order to prevent the leakage of 
cooling oil the f-ock and intermediate electrode are joined at the end by arc welding. 
The cooling oil is pressed into the frock by using an oil pump of 15 1/min flow rate, 
10 atm/cm pr>si'ire and the oil flowe circularly along the outer edge of intermediate 
electrode as howi.. 

The Intermediate electrode and the anode are insulated by employing ceramic ring and give 
an electrode spacing of 5 mm. The entire assembly is aligned mechanically with a plug. 
Silicium rubber washer is used to make the vacuum seal. The molybdenum anode button with 
1 mm aperture is pressed into the anode which is made of mild steel as well, and the 
anode is cooled by oil as above. This type of construction permits continuous operation 
with discharge currents up to 10 Amperes. 

The magnetic field is produced by a coll wound with approximately 1000 turns. The coil 
case slips loosely over the intermediate electrode assembly and is fixed entirely 
outside the vacuum system. The magnetic field produced between intermediate and anode 
with ~50O0 Amp-turns is about 5 kilogauss. 
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Fig. 1 Cross-sectional vie« of the construction and the component 
arrangement of i)uoplasmatron ion source. Insert shows an 
expanded vie« of the anode region. 

The gas inlet is in the cathode assembly as sho»i, although this position is a matter of 
convenience. The palladium leaker has been used to insure purity of the incoBing hydrogen 
gas. 

For prolongation of lifetime of the cathode a lanthanum hexaboride emitter «as adopted. 
The construction of the cathode is shown in Fig. 2. The emitter is shaped into a disk of 
12 mm in diem, 2 mm in thickness and heated indirectly by the tungsten heater. In order 
to obtain adequate ion beam optics and to increase ion emission area over which the ion 
is extracted, thus, h'.her total beam currents can be extracted, a plasma expansion cup 
has added after the anode aperture. The cup «as electrically isolated from the anode by 
small ceramic insulators. So the expansion cup «as asiumed at a floating potential during 
the course of the operation. In order to obtain adequate initial beam diameter and to 
prevent the effects of dieperlon field for ion emission surface, a shielding electrode at 
anode potential has been rlded to exit bole of the expansion cup. 

tlutrutl'mtil''* 
С*мн!( 'intulititn iMbt 

' • •. tlolf Sufpcll Ы 

tuir. 

Int't mclf ыь^ 

Fig. 2 
The construction of the LeBg 
cathode 
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Ina shielding electrode and extracting electrode are shaped as the quaai-Pierce type 
geometry. According to Pierce theory» ) i t i s possible to maintain a parallel beam. The 
beam intensity 11(1), ander these condition i s given by') 

snare V e z t r la the applied potential difference in Volta. M i s the ionic mass number. A 

i s the ion emission area and Z i s the effective spacing between electrodes. 

1i BaTtfi— Д**1 Apparatus and Methode 

The arrangement of the test-stand Is shown schematically in Fig. 3. 

OoV"J uW/r 

Pig. 3 
Schematic drawing of experimental apparatus of Duoplasoatron ion source. 

The ion beam extracted from the source was focused by means of theextzel lens. The 
focused beam flying about 500 mm goes through a 90° deflection magnetic analyzer. 
Analysed beam was received by Faraday cup with the water cooling. The evacuation system 
consists of a main pumping system fitted before the analyser and an auxiliary pumping 
eyetern fitted behind the analyzer. When gas consumption of the ion source is zero 
(i.e. palladium leaker hasn't been heated) the vacuum of the vacuum chamber is measured 
better than 4 x 10 Torr. Caring the operation the vacuum has a variation range of 
C W 1 . 5 ) x 10"5 Torr according to difference of gae consumption of the source. 

Unanalysed beams were determined by the use of a Faraday cup located after the einzel 
lens (this cup isn't drawn in Fig. 3 as an adjunct, may in or taken out). A diaphragm 
was equipped at the entrance of the Faraday cup. And it was biased at 350 Volta negative 
potential with reapect to cup (grounded). 
Both aultlslite-probe method and photocopying paper method were used to determination of 
omittance of the ion beams from the source. A schematic drawing of the apparatus for the 
determination of omittance is shown in Fig. 4. A Faraday cup wich a thin-plate metal 
diaphragm in the bottom was located at the path of ion beam. The diaphragm with seven 
slits la made of tent alum plate of 0.2 mm In thickness and the slit width la 0.12 mm, 
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Pig. 4 
Schematic dre ,ing of apparatus for the determination of the omittance diagram of ion beams. 

the slit distance from one slit center to another is 3 mm. The elementary parts of the 
ion beam singled out from incident beam by the diaphragm silts were determined by using 
rotating needle-like electrode or the ZnS coated plate at 170 mm from the diaphragm. The 
normalized omittance of the ion beam is given by ) 

En в 1/я . А • fl • у in mm . mrad. (2) 

and brightness a 
Ba ш ^j$-j2 ia mA/cm2 . red2 (3) 

where A is the phase space area in mm . mrad, В is the ratio of the ion velocity to light 
velocity, r is relativistic factor, I is the intensity of beam current in mA. 

4. Experimental ResultB 
Uoanalysed output currents were determined as the functions of the various source para­
meters. Some results of these experiments are shown in Fig. 5. The data were taken with 
a constant gas flow through the source. The pressure in the cathode region was measured 
by a +'.ermocouple gauge before the discharge started. The pressure values are uncorrected 
thermocouple gauge reading for hydrogen gas. In order to know the gas flow rate of the 
source the measurements of gas flow rate were made using a gasflowmeter. 
It may De noticed that the beam intensity extracted from the source Increases rapidly es 
the arc current increases, and maximum output current is correspond to adequate magnetic 
field values. At high magnetic field, the output does not increase. 
The experimental results in Pig. 5 show that the output beam intensities are dependent 
on V ^ L | as given in eq (1). Due to the limitation of the output power of the extracting 
supply, all data were taken at lower arc current and the extracting voltage below 22 kV. 
The mass spectrum of beam have been determined for currents up to 50mA under various 
operating parameter. Some results are shown in Pig. 6 and Fig. 7. The mass resolving 
power of the analyzer was sufficient that the three mass species could be clearly 
separated on the mass spectrum figure. The percentage of H^, as shown in Fig. 7 can 
reach 64 per cent for 6 Ampere arc current and 1.3 x 10"" Torr source pressure. It Is 
worth noting that the mass components are mainly dependent on the source pressure and are 
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Flg. 5 
Dependence of hydrogen Ion currents from the 
source on the extracting voltage. 
Parameter: exciting current: Ia-3.5A(~3700Gs). 
source pressure: 2.4x10"'Torr. 
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Fig. 6 
Dependence of mass spectrum of ion beams from the 
source on tue source p r e s s u r e . Parameter: Iarc=3A. 
1а»2А(^2130Сз). Vextr»16kV. source p r e s s u r e : 
1) 1,9x10"1Torr. 2) 2.7x10"1Torr 3) 3.9x10" . o n 

t( rflTad.) 

ft mmy 

Pig. 7 
наев spectrum of ion beams 
from the source. Parameter« Iarc-6A 
Im>2A('421300s). Source pressure: 
1.4x10' 'Torr. 

Fig. 8 
Snittance diagram of ion 
beams from the source. 
Ii-50mA. Vextr-16!-V. 

current under the constant listance between the intermediate electrode and anode. When 
source pressure was Increased, as aho*n in Fig. 6, B* component was rapidly increase. 

The omittance diagrams of the beam current were made by using the photocopying paper 
method, the ZaS coated plate waa used. The result la shown in Fig. 8. The phaae space 
area la 83.2 ma • mrad for 50 mA beam currenta, at 16 kV extracting voltage. Therefore, a 
normalised amittance and the normalised brightness of 0.48 am . mrad and 4.4x10° A/cm • о rad , respectively, are given. 

Whan the value of arc ourrent la 5 A and the value of extracting voltage is 20 kV, 59 mA 
helium, 48 mA nitrogen, 35 mA oxygen, 41 mA mixed neon-helium and 22 mA argon ion 
currenta extracted from the source have bean obtained. The results of some experiments 
are ahown in Fig. 9 - Tig. 13. 
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Fig. 9 
Dependence of nellu» ier. currents from the source oa the extracting Voltage. Parameterг Source pressure i 1.2x10-lTorr. Gee consumption of the source* 64.5. ml • ata/hr. 
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Fig. 10 
Dependence of argon 
Ion currents from the 
source on the extrac­
ting voltage. Para­
meter: Source pressure: 
1.2Х10-1ТОГГ. Gas 
consumption of the 
source! 20.5. ml . 
atm/hr. 
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Fig. 11 
Dependence of the mixed neon-helium ion current from the source on the extracting voltage. Parameter» Source pressure« 1.2x10-1 Tbrr. Gae consumption of the sourcet 31.8. ml • ata/hr. 

Fig. 12 
Dependence of nitrogen ion currente from 
the source on the extracting voltage. 
Parameter i Source pressure t 1.2x10~l3brr. 
Gas consumption of the sourcei 
36.7. ml • ata/hr. 

file:///fnlCt/l
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Fig. 13 
Dependence of oxygen ion currents Ггош the source on 
the extracting vo l tage . Parameter: Source pressure» 
1.2хКЮТогг. (глг eoosumption of the source; 
33 .5 . ml • atm/hr. 

r, 10 « 2Ü 

The experimental results show that the operation of indirectly heated lanthanum hexaboride 
cathode is of good repeatability aid stability. The lifetime of a cathode could be 300h 
approximately. Finally, the cathode was deetroied due to tungsten heater become thin aod 
brittle under the environment of high temperature and hydrogen gas, thus, tungsten 
filament break off. 
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A 30O KEV COMPACT NEUTRON GENERATOR 

Su Toagliog, Sun Biehe et al. 
Department of Modern Physics, Lanzhou University, Lanzhou, China 

This paper describes a neutron generator. Because a neutron yield of (1-2)x10 n/s is 
required, the accelerator is rated at 300 kV, 1.5 mA. The experiments have given a 

11 maximum neutron yield of 5.1x10 n/s by bombarding the tritium-titanium target with a 
deuteron beam of 3.1 mA at 300 keV. The generator worked steadily within the limits of 

11 yields (2-3)x10 n/s. For a fresh target with better quality with a 36 mm effective 
11 diameter; a neutron yield of 1x10 a/s can be kept constant for ten hours. 

For ion source we selected high frequency type. An assembly-type acceleration tube with 
the quartz-epojfide resin insulation rings is adopted. The high voltage DC power supply is 
a three-section type Cockcroft-Walton voltage multiplier circuit, each section consists 
of two stages. The HV supply and the power supplies of the whole ion source are fed by 
two 2.5 kHz frequency thyristor inverters respectively. Besides, a vacuum cold trap with 
semiconductor thermoelectric cooling, two sets of electrostatic deflection beam scanners 
and a ,)rograan:e controller for beam impulse modulating are used. 

This neutron generator is characterized by its compactness, small dimension, light weight, 
steady work, easy operation and maintenance. 

1. Introduction 

For certain special applications of th is neutron source, the requirements, such as a 
11 

total yieii of (1-2)x10 n/s, an lctennity variation less than 5 % within five minutes, 
en outsi'.n diameter of the target holder and drift tube less than 90 mm und so on ar* 
needed, tor this reason, in order to produce s neutron yield of (1-2)x10 n/s and to 
prolong tarjat lifetime, the accelerator 13 rated at 1.5 mA and 300 keV and the beam is 
scanned over all the effective target area. 
2. Accelerator description 

i'ig. 1 shows a general view of the neutron generator. The distance, from the axis of the 
beam to ground, is 1480 mm; the length, from the high voltage terminal to the front of 
the scanners, la 2210 mm; the maximum Lright and width are 1830 mm and 900 mm respecti­
vely,- the total weight is about one ton. Pour small wheels fitted under a bottom plate 
can make the generator move about in the room. 

2.1. Ion source 

A high frequency ion source was adopted because it has high atomic ion fraction I D the 
beam and can epslly produce P rt«uteron beam of a few milliampere ' ,J). Fig. 2 shows the 
general view of the ion source. 

We expect that an ion source not only can give a stabilized beam more than 3 BAI but also 
has a longer useful lifetime. 

Stability of the beam 'a principally dependent on stability of toe power supplies of the 
ion source, therefore, besides the stabilized 2.5 kHz source, for screen grid bias of the 
oscillator and tbe heating power supply of the palladium tube, the stabilised DC power 
supply Ьав also been used. 

Lifetime of a high frequency ion source is mainly dependent on that of extraction 
electrode. B.A. Dyachkov indicated that for a source of top-extracting type, the lifetime 
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of an extraction electrode is inversely proportional to extracted beam. 1* the extracted 
current Is 0.1-0.5 •*, it can reach a few hundred hours; but when current is 5-10 ma, 
only 20-30 hours4). 

For this reason, the best geometries and electric parameters of the extraction system have 
been determined through a g--eat deal of experiments. Two types of the beam aperture of the 
extraction electrode, neck type and cylinder type, have been tested. Both сад give a 
яат1тич extracted beam of 8 ma on a test stand. But the gas consumption of the former is 
less than that of the latter, while the beam of the latter is more stable. At 3 mi the 
maximum variation of top-extracted beam is less than 1.3 % in 8 hours, furthermore, the 
beam drops to 90 % of its initial value in 120 hours. The atomic ion fraction in the beam 
is over 80 %. 

2.2, Acceleration tube 

The acceleration tube adopts the assembly-type which is divided into nine stages by nine 
iasulation rings. It is shown in Fig. 3. Between the rings are inserted the alloy alumi­
nium plates. Several 72Ufl resistors are installed between each plate grading the potential 
along the whole tube. The accelerating and focusing fields are foimed in the gaps of three 
cylindrical electrodes with equal diameters, the prefocusing electrode, the middle elec­
trode and the ground electrode. The total length of the acceleration tube is about 830 mm. 

T"\e insulation rings are cast with 30 % epoxide resin and 70 % quartz-powder in vacuum 
because this material has better macbinability, end therefore is suited for assembly. 

It is known that the predischarge current density and breakdown voltage on the surface of 
dielectrics in vacuum are very much dependent on the angle в between the surface of the 
insulator and the cathode, when £«31.5°, the surface current density is zero'). The 
experiments for epoxide resion indicated that its surface breakdown strength in vacuum 

varies from 20 kV/cm to 300 kV/cm with angle •в; when 0-50°, it le a maximum ). we selected 
в«45°. The insulation rings are shielded from the stray Ions or secondary electrons by the 
metal rings fitted on each plate. 

The experiments found that some of the secondary electrons produced by the stray ions 
fallen on a water-cooling aperture stop in front of the electrostatic deflection scanner 
were accelerated in opposite direction of the beam and fell on soне of the electrodes and 
the plates, therefore, caused an uneven distribution of the potential along the whole tube, 
temperature rise and gas desorption of some components, and consequently led to the break­
down of the acceleration tube. 

The secondary electrons were effectively screened by means of a magnetic electron trap 
fitted on the ground electrode and a metal tube prolonged the ground electrode to the 
adjacent water-cooled aperture stop. 

2.3. НУ supply 

The high voltage power supply i s a Cockcroft-Walton type voltage multiplier circuit which 
is rated at 300 kV - 6 mA. 

A three-section type circuit with two stages per section as shown in Pig. 4 i s adopted, in 
which the voltage drop due to the descharge of the column condensers i s 1/8 ot that oi a 
6 stage circuit. 

For f. small voltage drop, a high operating frequency i s desired. However, high-power, 
nigh-voltage transformer i s limited in frequency; a* reference indicated that 2 kHz seems 
to be reasonable choice. At this frequency, the transformer core can s t i l l be built with 
a normal thickness of Iron sheet metal and losses will s t i l l be low'), we adopted 2.3 kHz. 
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Tig. 4 
Three-section type voltage multiplier circuit 
with two stages per section 

In practice, besides the voltage drop due to the 
discharge of the column condensers, the voltage 
drops due to the transformers and the forward 
resistance of the rectifiers can not be negligible 
either. 

The voltage drop due to the transformers was 
approximately calculated utilizing tne measured 
parameters of the stray capecltance, leakage 
inductance and resistance of its equivalent 
circuit8). 

The voltage drop due to the forward resistance of the rectifierв was calculated utilizing 
the measured forward resistance of the rectifiers varied with the direct load current by 
Baldlager formula"). 

The calculated curves of the total'voltage drop with respect to the direct load current 
is in agreement with measurements in general. Results show, under small load current, the 
total average voltage drop is larger and decreases with the load current more quickly 
than that under large load current mainly because of the non-linear forward resistance of 
the rectifiers. For example, en input voltage of 100V of the driving transformers being 
kept constant, for a load сu-rent of the first 4mA the average voltage drop of the output 
voltage in about 3<3kV/mA, ?hile that for a load current from 4mA to 22mA is about IkV/mA. 

The rectifier rack, protective resistor, driving transformers, insulation transformers 
providing power for the ion source and so on are assembled in an epoxide resin-glass 
cloth cylinder with a 500 mm inside diameter and a 950 mm height. In the cylinder is 
filled transformer oil for improving insulation and dissipation. 

2.4. Frequency generator with the thyristor inverter 

The HV supply and ion source are fed by two 2.5 kHz-3kW generators of thyristor inverter, 
respectively. The output voltage of that for the HV supply can be continuously adjusted 
from sero 1 300 V and Is stabilized within range of 200-300 V. The output voltage of'that 
for ion source Is 300 V and is stabilized at one point. 

Our measurements gavei 
- frequenoy stability 
- stability of the output voltage 
(when the variation of the input voltage i s +15 %,) 
- efficiency 

better than + 1 Л, 
better than + 1 %, 

•ore than 90 %. 

A routine operation over • period of more than four years has shown that these generators 
are characterized by its continuous adjustment of the output voltage, steady work, 
reliability of the protection against overcurrent, easy operation and maintenance. 
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2.5. Vacuum system 

The high vacuum in acceleration tube is maintained by an oil diffusion pump with a rated 
speed of 1200 1/e for air. A semiconductor thermoelectric cooling vacuum cold trap cap­
turing pump oil is fitted on the top of the oil diffusion pump. After thermal equilibrium, 
the measured temperature at a centre shield sheet of the cold trap is about -13 °C. 

3. Result and performance 

3.1. Accelerator 

Erperiaente nave given a maximum beam of about 3 mi at 300 keV. Under 2 mA at 300 keV, 
the accelerator can be continuously and steadily operated. For a beam of 1.5 mA at 300 keV, 
the variation of the beam current is less than 4 % in one hour. The minimum beam diameter 
on the target is about 1 cm. 

3.2. Neutron yield 

The cooling structure of tritium-titanium target i s a narrow s l i t of 0.5 шт. A reference 
evaluated that under a velocity of 5 m/s of water in the s l i t this structure can with­
stand a power of 1000 w (beam diameter 30 mm), 500 W (beam diameter 20 mm) and 200 W 

10 (beam diameter 12 mm) ). 

We used high pressure water with a velocity of 10 m/s to cool the back surface of the 
target directly and made the beam to scan over area of trie target. For a deuteron beam 
of 3.1 mA at 300 keV, the (d, T) reaction gave a neutron yield of 5.1 x 1011n/e. Рог а 
fresh target of better quality with a 36 ma effective diameter, the neutron yield 
decreased from 2Л x 10 u/s to 1.2 x 10"n/s in 4.8 hours for a beam of * .5 mA at 
300 keV, and a neutron yield of 1 x 1011i 
of gradual increasing the target current 

11 
300 keV, and a neutron yield of 1 x 10 n/s could be kept constant for 1° hours by means 

3.3. Beam Impulse modulation i 

In some applications an impulse neutron yield is required. 

First convert the electric puleee produced by a programme controller into the light pulses 
through a light emitting diode fitted on the bottom plate, then transmit them into the 
high voltage terminal. Through a light sensitive transistor and a control circuit convert 
the light pulses back into the electric pulses, whose amplitudes are from -150 V to 
+ 300 7, and finally use them to modulate the screen grids of the oscillator of the ion 
source, and then we can get an Impulse neutron yield. 

Our experiments gavei 
- impulse width 10 ms - 10 s, 
- rise time of the neutron pulses less than 1 me, 
- fall time of the neutron pulses less than 2 as, 
- switching ratio of neutron impulse is greater than 10 . 

A routine operation over a period of more than three years have shown that this neutron 
generator has realised all desired characteristics. 
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I0I0PT1CAL CALCÜLtTIOHS OF THE IBTHiSB NEUTBQN GENERATOR IKGB-1 

U. Jahn 

Technical university Dreeden, Section of Physics, SDH 

J. Dietrich 
Central Inst i tute of Nuclear Research Roesecdorf, GDR 

1. Introduction 

i. main component for accelerator designing is how to solve the icnoptical arrangement in 
order to get optimal ion beam parameters at the target position. In the last years the 
development of an intense neutron generator has been started for nuclear research at the 
Technical University Dresden. 

For this purpose the deuterons must be accelerated up to several hundred kV with a beam 
current in the region of 30 mA. This report gives an overview about the ionoptical cal­
culations connected with this project, denoted as INGE-1 /1/. 

2. General considerations 

At first it must be made a remark concerning the influence of .'.-pace charge on the ion 
beam transport and the degree of neutralization under realistic vacuum conditions. An 
order of magnitude of the beam expansion can be obtained using the formula given by 
Hutter /2/ for the case of zero omittance in a drift region and In an absolute, vacuum. 
In fig. 1 the expanded radii r of deuteron beams with given energies (initial radius 
rQ ж 5 mm at! current 30 mA) are shown versus axial distance. 

Fig. 1: 
r/r Space charg« expansion of a parallel 
те deuteron beam in field-free space for 

different ion kinetic energies between 
20 keV and 350 keV 
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The rough model includes the real vacuum conditions, and so the space charge neutraliza­
tion by rest gas molecules is considered. Tha* means this effect depends on the in­
fluence of real gas pressure on relation to the ion beam diameter. Fig. 2 represents 
tbia. From the figures one has 1;o derive the following conclusions: 
- in the region of low ion energy the space charge expansion can not be neglected for 

ioaoptlcal calculations, 
- for real beam transport two tendencies are important > low pressure gives good high 
voltage resistance, but minimum space charge neutralization and opposite. 

The basic requirements for the design of ionoptical components can be summarized in the 
following points* 
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Fig . 2 : 
Influence of r e a l vacuum condi t ions on 
ion beam space charge expansion 

50 кеУ D+ 350 keV D+ 

- sh ie ld ing of a l l i n s u l a t i n g surfaces aga ins t p a r t i c l e impacts, 
- wide aper tures for a l l individual i onop t i ca l components t o provide nig pumping speed, 
- minimum d r i f t length t o decrease space charge e f f e c t s e spec ia l ly in low ion energy 

region, 
- high f l e x i b i l i t y of the mechanical cons t ruc t ion , for providing the p o s s i b i l i t y of 

changing parameters during t e s t runs 

I t i s not so easy to f u l f i l a l l these requirements simultaneously, b'.t i a p r a c t i c e i t i s 
poss ib le t o obta in a good compromise. 

3 . lonopt ica l ca l cu la t ions 

As shown, the ionopt ica l c a l cu l a t i ons fov in tense ion beams must include space charge 
expansion espe ; i a l l y in the low energy reg ion . For tha reason i t was used the acmputer 
code ELENS wri t ten by Hornsby / 3 / . This program solves f i e Laplace-equation ID case of 
rotat ional-symmetry for a given e l e c t r o s t a t i c arrangement and c a l c u l a t e s the ion patt ies. 
The cons idera t ion of space charge expansion wil l be calculated with the assumptions of 
quasi- laminar f l i g h t pathes of t^ie ions and a constant ion current densi ty over the ': earn 
cross sec t ion . After passing th< ^.-celerat ion tube tue beam eavelope was d e t . , l i n e d with 
the programm StSFIT A / . I t solves ion beam t ranspor t problems by means or tue matr ix 
theory and neglects the inf luence of space cnarge expansioc. The det,->r:aination of the 
i n i t i a l condi t ions of the ion beam i s a general d i f f i c u l t y for ca lcu la t ions of t h i s v /pe , 
the re fore we assumed two d i f f e r en t l y shaped plasma emittej- surfaces / 5 / (p]ane aud curved) . 
Several beam t ranspor t c a l cu l a t i ons were ca r . j ed out with v s r i a t i oo of t h ' e lec t rode 
p o t e n t i a l s and p o s i t i o n s . Here a re presented two cases wi th maximum p a r t i b l e energy of 
350 keV. At INGE-1 the beam l i n e goes from the duoplasmatron ion s /urce expansion cup 
through the e inze l l ens , acce le ra t ion tube and quadrupole t r i p l e t t o the t a r g e t . 
In f igu res 3 and H- the shapes of the d i f fe ren t e l ec t rodes from the ionopt ica l components 
are schematical ly represented . The upper pa r t shows the de utero n beam envelopes up to the 
end of t h e acce lera t io- tube, where from l e f t to r i gh t a re composed the anode of the ion 
source, the ex t r ac t i on e lec t rode in connection with the e inze l lens (3 e lec t rodes ) and 
the t h r ee e lec t rodes of i. i acce le ra t ion tube, with the middle e lect rode lying on the 
half p o t e n t i a l from the l e f t one (300 kV) and the r igh t e lectrode being connected with 
ground p o t e n t i a l . The base l ine represents the ax i s of r o t a t i o n a l symmetry and a l so the 
•pt lcal a x i s . The lower par t demonstrates the ac t ion of the quadrupole t r i p l e t in the 
.wo rec tangu la r planes on the ion beam up t o the t a rge t pos i t i on . Fig . 3 shows the b?am 
envelopes with plane plasma emit ter for d i f fe ren t ion c u r r e n t s . The case of cur-ed 
Лаааа surface i s i l l u s t r a t e d i n f i g . 4 . The ex t rac t ion e lec t rode has a -50 IcV and the 
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•i0. 3: Deuteroa bean envelopes for a plane plasma emitter surface and for different 
values Э1* ion current up to 100 uA 

Fig. 4: Deuteron beam envelopes for a curved plasma emitter surface for different 
values of ion current up to 100 stX 
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middle electrode from the einzel leas has a -5 kV potential with respect to the anode. 
At first, it can be seen that the use of the quadrupole leas after acceleration is 
necessary. For loa currents up to 30 mA only email beam losses occur and the desired beam 
diameter at the target can be obtained. An opposite situation represents the ion current 
at 100 mA, already after the einzel leas the beam strikes the first electrode of the 
acceleration tube. The difference between the two general cases are visible at 0 mA 
(identical with total space charge neutralization). 
For the curved plasma emitter the beam diameter at the target is larger than for plane 
plasma surface, for equal potential distributions on the electrodes. 

4. Conclusions 

The calculations show the results, that a deuteron beam at 350 keV up to 30 mA for the 
described ionoptical arrangement can be transported with small beam losses. In this case 
the ion beam diameter has also the desired value, approximately 20 mm, on the target 
position. The performed calculations have Dot taken into consideratioa the partial space 
charge neutralization by rest gas molecules which generally should improve the situation. 
Secondary electron suppression needed for operation also was not investigated. Therefore, 
the calculated results represent the approximate ion-optical behaviour of the accelerator 
only. Nevertheless, the authors trust, that this calculations are very successful for 
the understanding and optimization of the ion transport in the INGE-1 accelerator. 
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EXTRACTION-PROCESS CALCULATION FOR A DUOPLASMATRON ION SOURCE 

0. i i e tr leh 
Zentrellnetitut for Kernforechung, Roeeendorf 
U. 3ehn 
Technische Univereltst Oreaden 

Ion-bees optica for a two-electrode extrection eyetea of a duoplteaatron ion aourca ie 
•tudled by two approaches (1) e linear optica analytic solution ind (11) nuasrlcsl solu­
tion using the coaputer progrea ELENS. 

The extractlon-procees celculatlon of e duoplaeaatron ion aource la perforaed by ••an« of 
a linear optica aodel [1] and ualng the coaputar progras ELENS [2]. 
The linear optica sodel ie baaed on the paraxial equation which accounts for lane affacte, 
beaa apace charge and finite aource Ion teapereture. we eeeuse that the teeperature con­
tribution adda veetorlally to the aus of the lene and epace-cherge contributions. The 
variation of beaa divergence в with relative perveance P/P for a dsutariua baas in s two-
alec trodn extraction ayetea la ahown in fig. 1. P ie the Chlld-Langsulr perveance for a 

plene diode. The calculation with the linear aodal aug-
geete an optiaua perveance, i.e. perveance for alnlaus 
bees divergence P 0 p j & 0,15 P . With en aspect ratio 
S • 0.* and an extraction voltage of 35 kV we obtain 

ol 
0 

.- J _ 
02 
P/P, 

P0PT* 3 • 10 ,3/2 

03 

Fig. l 
Beea divergence angle в аа в 
function of relative perveance 
P/P_. Parasetera: d0»l «a. 
Jl* •«. 5 aa, <"j « 2 aa, 

32 as, ion tea-r2 » 3 sa, 
perature Tj • 2 eV, energy 
35 keV 

A/V , I.e. en ion current of 19 sA, 
The sain problea for nuaerlcal calculation of the extrac­
tion proceaa ia tha deteralnetlon of the initial condi­
tions (radial position and divergence) for the ions. It 
is known that by extraction of lone fros e plaeaa a 
curved eeltting surface la foraed. The curvature of this 
surface le determined by the relative perveance of the 
extraction ayatea. 
We obtain for a given ion current end extraction voltage 
froa linear optica solution the curvature of the plaeaa 
ealttlng surface end following the initial divergence 
for the ions. In order to obteln en eslttanee area wa 
define en Initial angle spread. For coaparlson wa use 
plane and curved plasms asltting aurfscss. The calcula­
tion ia baaed on the aaauaptlon of в fixed ealttlng 
surface. 

The eoaputer progras ELENS Includaa space charge affecta in quaaihydrodynaaicsl approxima­
tion. Laplace'e aquation la aolved by в finite difference aethod on e aesh and the method 
of auccaaalve overrelaxet ion. 
The Ion trajectories are calculated by integration of tha orbit equstlon for rotatlonally 
ayasetrical systems: 

,dr 2 

«dr.. i l i sL рФс-,*? - SL 1кь 
dz2 2 ф ( r . z ) L Эг dz dz 

£ l * 
2 ire. 

where i la the totsl currant in ths bees, <h{r,z) the electric potential, s the ion aaae, 

Q ths ion chsrgs, ^thsrsdius of bees envelope and t0 tha dielectric constant of free 

•pece. 

elg. 2 shows ths s priori initial eaittance dlegraa. The ealttsncs of s dsutsrius ion bsaa 

after ths two-electrode extrsctlon eystea is displ-yed in fig. 3 for plans end curved 

please ssittlng eurfscss. 



51 

4C0-

£ 

-400 -

I 

"7" 
PLANE EMITTING 

200Ц SURFACE 

. _ I 
-1 

-1 i__. 
0 ' 

Fig. 2 
Initial ealttance dlagraa 

The extraction voltage aeounte In these caaee 35 kv. The 
total ion beaa current varies between О and 10O aA. For 
a deuterlua beaa of 10 aA an ealttance of about 
10 • IT • aa • «red • / Й ё 7 ie calculated. This value agrees 
«rlth the aeaaured aalttance of Tunie 1 з ] . 
Tha obtained ealttance le used for beaa transport cal­
culation of tha neutron generator INGE-1 up to the tar­
get. 
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Fig. 3 
Ealttance dlagraa for plana (a) and curved (b) ealttlng surfaces 

References 
ll] 0. Dietrich and Z.A, Kozlowaki, 01NR 9-82-608. Oubna (1982) 
12] J.S. Horneby, CERN Progree Library (1965) 
13] A. Tunla (thle procaedinga) 



52 

ЗХР331!ШТАЬ INVESTIGATIONS OP DUOPLASMATRON ION SOURCE 

A. Tunia, U, Jahn, В. Paffra th 
Technical Univers i ty Dresden, Sect ion of Physics , GDR 

1. In t roduc t ion 

There are requi rements , imposed nowadays on ion sources , to provide the power­
ful a c c e l e r a t o r s with a s t ab l e i o i beam up to several hundred mA, with conve­
n ien t op t i c a l p r o p e r t i e s . The duoplasmatron ion source / 1 / seems to be one of 
the most useful devices for such a purpose. I t s advantage i s not only the ob­
t a inab le i n t e n s i t y of output ion cu r ren t but also the a b i l i t y to generate 
mult iple-charged ions as wel l / 2 / . In t h i s repor t some duoplasmatron ion source 
i n v e s t i g a t i o n s are p resen ted . 

p4lO"JPa 

Pig. 1: Electric power supplies for the duoplasmatron ion source 

2. The experimental arrangement and program of measurements 

A test stand was developed and built to realize the experimental investigations. 
The main components are the vacuum system, the high voltage supply, the high 
voltagp terminal and the measuring system, A 2000 1/s oil diffusion pump with a 
trap cooled by machine in ccrnection with the rotational pump produce the needed 
vacuum in order of 10~6 Torr. The high voltage transformer with a Greatz-recti-
fication generates the ,0 kV/50 mA dc high voltage. The high voltage terminal, 
supplied by an insulating transformer, contains the electronic and eoctrol ci/ou-
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its for the ion source operation, as shown in fig. 1. The measuring arrangement 
is presented in fig. 2 in principle. It concists of the duoplasmatron ion 
source, the extraction system and the arrangements for emittance and ion cur­
rent measuremejits. 

I 

Fig. 2: 
Experimental arrangement 
for emittance measurement 

-10 hv у . JF -i * 
scrttn 
with 

diQphrOQni 

Three items of research program has been realized: 
a) the investigation of dependence of ion current on various ion source para­

meters, as arc current, magnet current, gas pressure, extraction and lens 
voltage, to obtain a set of optimal operation conditions; 

b) the investigation of the influence of the foregoing set of parameters on the 
emittance, because it is an important quantity for ionoptical computations 
and for the ion source quality; 

c) the mass spectrum analysis of the ion beam is planed. 

3. Results 

This section deals with the realization of the program mentioned above. It Is 
not nossible to present thefinal results, because the investigations are in 
progress just now. At first n will be illustrated the different ion source 
operation conditions. As the operating gas, hydrogen has been used. Fig. 3 re­
presents the output ion current versus arc current Г(1.), The curve shows a 
linear behaviour on the left, than a maximum and a sharp decreasing on the 
right. The experimental errors are mainly caused by instabilities during opera­
tion. As an example of other conditions, we can take following set of para­
meters: Uextr= 20 kV, IA- 6 A, I m a g n e t

s 4 A, U l e n e" 5 kV and the resulted ion 
current I t a r- e t

m 17 mA. The fig. 4 shows the influence of the lens. There are 
four curves for different values of arc current, which represent the dependence 
of lens voltage on ion current. They show a certain maximum point fqr U. • 
5 kV. 
An intention now is the presentation and illustration of a method used for 
emittance measurement. It ie well known, that the emittance is a magnitude 
which characterizes the phase space area, occupied with the beam paztiolee. One 
can determine its experimental value as follows: 
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Fig . 3: 
Dependence of the output ion current 
I . on arc cur ren t I . 

F i g . 4 : 

Influence of the l e n s vol tage 
U, for d i f f e r e n t arc c u r r e n t s 

lens 
I . on ion cu r r en t 1^ 

- by means of measurement one f 'nda the maximum and Ttinimum slopes of t r a j e c ­
t o r i e s oiisr,ina*infi: in the same r o i n t Tor s eve ra l , a r b i t r a r i l y choosed p o i n t s , 
located on ";he diameter of any beam cross sec t ion ; 

- next one c o n s t r u c t s a diagram, which represen t s the dependence of maximum and 
minimum s lopes on pos i t i on of o r ig in po in t ; 

- the surface closed with the so obtained curves g ives the information about 
the emi t tance . 

To obta in the va lues of s lopes , the method with p a r a l l e l s l i t s and copy-paper 
i s used / 3 / . The th in s l i t s r epresen t the o r i g i n po in t s for elementary Ьеаяз 
and the copy-paper screen r e g i s t r a t e s the shape of t he i r c ross s ec t ions as 
dark s t r i p e s . The p o s i t i o n of upper and lower edges of each s t r i p e determine 
the s lopes . P ig . 5 gives an example of an emittance diagram and shows the 
corresponding screen with s t r i p e s . 

The emittance area was determined to 15 cm.mrad. This value corresponds to a 
normalized emittance of 3*10" cm.mrad. The use of paper screen for emittance 
measurement has the disadvantage t h a t the heated screen leads to gas produc­
t i on . In t h i s way breakdowns occur . Other .leasuring methods avoid t h i s d i s ­
advantage: 

- app l i c a t i on of a quartz p l a t e instead of the copy-paper; 
- use of a movable e l e c t r i c a l probe. 

The aim of fur ther i nves t iga t ions should be the ion beam a n a l y s i s a s c i t ed 
above as wel l as the production of dc iou beame up to 100 члк. 

file:///.ln/fii
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BEAM HONITOR DEVELOPMENTS AT THE ROSSENOORF CYCLOTRON 

H. BOttig 
Zentralinetltut fur Karnforachung, Roeeandorf, GOR 

Вам aonltora, baaad on thraa dlffarant operating principles, ware davalopad and tattad by 
using tha Roeeendorf cyclotron baaa. 

1, Beea aonltor baaad on tha appllrctlon of Infrared tharaography 
Tha operating principle of the beee profile aonltor beaed on the application of Infrared 
tharaography la a eontactlaaa vldaofrequency acanning of the infrared radiation eaitted by 
the surface of a target. In view of the application, tha terget aay bo designed thick 
(beeaetopper), thin (ebeorblng a part of tha cine tic beea energy) or ее е harp. It la 
laaglnabla to use a gaa jet for observing high denalty beeae. The theraograa obtained pro-
vldaa a vlaual rapraaantatlon of tha particle danalty distribution over tha baaa croaa 
aectlon. Fig. 1 ohowe a block dlagraa of tha aenitor. The videoenelyzer dlgltallzae the 
eignal to alx channels represented by alx coloure (fig. 2). Tha monitor «at taatad with 
the Roeeonderf cyclotron beaa av a power denalty of * 20 * ca"z Ll]. Me.ejraaenta of an 
leplanter baaa were carried out at a power danalty of * 3 * ca 12]. Tha aonltor haa 
bean uaad auceaafully for optimizing tha Ion baas of tha intense neutron generator *INGE-l" 
of tha Technical University. 

Fig. l 
Block dlagraa of (ha baa* profile 
aonlter 
1) beea line, (2) target. 
3) baaa, (4) infrared caaera, 
6) videoenelyzer, (6) aonitor 

Fig. 2 
Baas «pot, deuterona, E • 13,6 MeV, P - 20 И ca , 
area * 4 ear 
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Technical data: 

Detection H a l t : 

Vldeoanalyzer; 

Surface teeperature • 550 К 
(v ld lcon: F 2 ,5 M3UR, VEB Werk für Ferneehelektronlk Ber l in , GOR) 

THEVMOTRON" (2fK Roeeendorf) 
Input > 1 V/SO Oha, vldeoalgnal 
Output: 1 V/SO Oha, 3 channele 
Mode: gray valuae 

alx leotherae 
alx colour« 

. 2. Harp aonltor 13] 

Tha harp aon tor dlaplay« tha intanalty distribution of a beaa in the two treneverea dlrec-

tlona (x,y). A harp (fig. 3) coraiata of two orthogonal planee of 15 tungaten wire« «top­

ping a part of the partlclea (haavy lone) or decreasing thalr clnatic energy (light lone). 

After converting into voltage« the along the wire« 

collected charge« represent the beaa profile. A 

aultlplexer, driven by e coaputer fitted control 

unit, conneete the harp wire« cyclically to an 

oazllloecope (fig. 4). In order to suppress seeon-

dery electrona a diaphragms (potential -100 V) 

ie pieced In front of the harp. Depending on tha 

beaa Una dealgn the harp eay be turned or driven 

by a linear vacuua-feedthrough Into the aeaeurlng 

poeltlon. The block dlegraa of the harp electronlce 

shows flg. S. 

Technical data: 

Wlrae: 

Diaaeter: 

Wire «pace: 

Lenght: 

Inaulation: 

Detection Halt: 

2 x 15. w or Те, 
0.1 aa (0.05 aa) 
2.5 aa 
50 aa (100 aa) 
epoxy glee« 
10 A per wire 

Beaa In tercept ion: в - 12 % 

Fig. 3 
Harp for beaa diaaeter of 40 aa 

HMPI ' 

0 _ 
«4W>7 

MUO, 

IX 

MUX 
IY 

\ 
clock 

clock 

MUX 

7X 

MUX 
7i 

— 
a/v 

t> 
a/v 

a/v 
> 

a/v 
X ЮОт 

coM» 

A 

7~ 

в 
V IV 

COMROL-UNtr 

| 

Fig- * 
Beaa p r o f i l e display on en oezilloeeope 
(ирршг par t : x , lower p e r t : y) 

Fig. 6 
Block diagraa ef harp electronice 
(Mux: Multiplexer, Q/Vi Charge to 
voltage converter) 
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3. Beaa tranaforaer 
Tha beaa tranaforaar deecrlbad here take advantage of tha aicro-pulsing of tha baaa in the 
repetition tlae of the cyclotron radio frequency. Fig. 6 ahowa a block dlegraa. The beaa 

repreeente one winding of the broadband rf-trane-
foraor. The rf-voltage (output of tha tranaforaer) 
la amplified and aeaeured selectively on tha 
cyclotron frequency. The application of the beaa 
freneforaer at several frequenclee require» a 
retunlng. To avoid thle we are going to eubetltute 
the »elective alcrovoltaeter by з cyclotron fre­
quency controlled device, using a PLL-osclllator. 

Fig. 
Block dlegraa of beaa transforaar 
elactonlca 
(AMP: A a p l l f l a r , ATT: Attentäter . 
MIX: Mixer, QET1 Phaee-d»tactor, 
CO: Cr la ta loez l l l e to r , VCO: Voltage 
controlled oez l l l a tor ) 

_ _1 
Technical data (preliminary) : 

Ferrlte core: "Menlfer ISO" 

alze 80 x 60 x 20 aa 

1 winding for callbrat "on 

5 windln je for aeeeureaent 

Oetectible Ion beaa: - 3O0 nA 

Referencee 

UJ H. BQttig, NIM 203 (1982) 69 
[2] H. Buttlg end K. wollechlagar, Bi ld und Ton 3 (1982) 69 

[3] w, Ada« end H. BCtt ig, ZfK-443 (1981) 155 
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THE VACUUM SYSTEM OF THE ИМИ SB NEUTROH GENERATOH INQB-1 

Б. Peffrato, 0, Jahn, D, Schmidt 
Technical University Dresden, Section of Physics, GDR 

1. Introduction 

Basic requirements for successful accelerator use axe stable conditions during operation, 
long live time and high safety of all units. Especially during operation with an intense 
ion beam it is important to get sufficient high vacuum to realize the high voltage 
reliability of the accelerator components. 'Some special solutions connected with the 
Intense neutron generator INGB-1 /1/ are represented in this, report. 

2. Vacuum System 

Hain requirements at the vacuum system during ion beam operation are to obtain pressures 
lower than 10~^Pa and a minimum rate of high molecular hydrogen carbon compounds. Then 
it is possible to extract and accelerate an intense ion beam by electrostatic fields of —1 High gradients (more than 40 kVcm ; in the case of UJGE-1 the gradients are 
30...60 kVcm ). These high gradient regions are located at the beam extraction, at the 
first focusing lens and within the acceleration tube. The effective pumping speed needed, 
should be higher than 1000 Is . The values of the gas conductivity amount 
300...1000 Is , determined by the system of the ion beam transport. In order, to realize 
a minimum loas of pumping speed, the accelerator ti je had to be evacuated at both high 
voltage and ground potential side. For this purpose at the high voltage terminal a 
special developed Ionisation-Sublimation pump (so-called orbitron pump, /2/) was applied. 
Most of the gas production in the region of the accelerator located at high voltnge is 
caused by electron stimulated desorption and by the thermal desorption /3/. These gas 
rates can exceed the normal wall desorption in some orders of dimensions. For that reason 
both vacuum system and ion beam transport system were optimized to improve the supression 
of secondary electrons and to reduce the ion beam losses. The necessary pumping speed is 
attained by using an oil diffusion pump in connection with a liquid nitrogen trap, an 
orbitron pump and a further getter pump. Their parameters are shown in table 1. The 
arrangement of the vacuum system, shown in fig. 1, allows some different operation rodes 
under consideration of the outgassing rate. Possible regimes are evacuation of the 
acceleration recipient or parts of the recipient, maintaining the high vacuum, start or 
initial regimes, ion beam operation and preparation for opening the vacuum system. 
Because of the dependence of the use of the main vacuum pumps from the gat consumption, 
3 operation modes can be distinguished (fig- 2): 
1. Up to a maximum gas rate of 0.4 Pals' ' (corresponding to a pressure of 10-3Pa) the 

getter pump only is sufficient for maintaining a permanent high vacuum. 
•1 —2 

2. Up to a maximum gas rata of 4.0 Pale (corresponding to a pressure of 10 Pa) the 
orbitron pump must be aided, that is in the case of low beam power ope: tion and 
evacuation of higher decorptlon amounts after opening the vacuum system. 

3. At higher gas rates, that means at nigh beam power operation, the orbitron and the 
diffusion pump give the vacuum conditions needed. 

In order to evaluate the expected pressures it were carried out some ealculatipns under 
consideration of the gas production, gaa conductivity of the vacuum chamber and applica­
tion of the high vacuum pumps (sew flg.3; curves are calculated using /4/, /5/; point* 
are measured values). A more detained description of the operation principle of the 
orbitron pump is ĝ -ven in /2/. The advantages of this type of high vacuum pumps are the 
low weight and email dimensions, but stable operation especially at high gas rates. The 
scheme of this pump and its supply units can be seen in fig. 4. The operation time per 
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sablimator is about 300...500 hours. The other main pumps are commercialiy available /6/ 
and used on ground potential. An overview of the cooling system of the vacuum components 
ia given in fig. 5. The devioee within the high voltage terminal (ion eource, orbitron 
pump and Pd-valve) are cooled by an oil circulation, where the heat exchanger, the 
refrigerator and the oil pump are located on ground potential. A first vater circulation 
la used for cooling the diffusion pumpe, a second one is used for cooling the target and 
all diaphragms. The control units of the vacuum system and the cooling system are 
logically combined. Main parameters of both systems and the target supply are controlled 
by a monitor. The construction of the target chamber was selected with respect of a 
frequent target exchange. In order to reduce the hazard of contamination by tritium it i? 
possible »o transport the target chamber together with the first valve as a closed 
container. The second valve closes the accelerator recipient against air. Thus it is 
possible to evacuate the target chamber separatly up to a high var^vm and also to prepare 
the target chamber opening. 

3. Conclusions 

In order to realize a stable beam operation we have outlined the necessary conditions for 
the beam handling in the accelerator recipient. The main condition is the sufficient higb 
vacuum, especially in the regions of high field gradients. Because of the Interaction 
between the ion beam and the vacuum conditions a solution of this problem is only 
possible by consideration of further factors as for instant a complete aupression of 
secondary electrons, extensive cooling and the ure of methods of the UHV-techuology. The 
vacuum system of the intense neutron generator INGE-1 was optimized and can guarantee 
the high beam power operation. 

References: 

/1/ D. Schmidt et al., Proc. of this Conf. 

/2/ Ü.G. Bills, Journ. of Vac. Sei. Techaol. 4 (1967) 149 

/3/ M.D. Malev, Vacuum 23 (1973) 2, 43 

/4/ f. wutz, Theorie u. Praxis d. Vakuumtechnik, Braunschweig, Vieweg '. Sohn, 1965 

/5/ li.v.Ardenne, Tab. d. angew. Physic. Bd. II, 3. Aufl., Berlin, DVW, 1975 

/6/ HVD-Katalog, Tl. 1, 2, VEB Hochvakuum Dresden 

Table 1» Parameters of the high vacuum pumps 

pumping type 

getter pump 

orbitron pump 

diffusion pomp 

s 
IT"1 

300 

400 

800* 

pmin 

Pa 

10"9 

10"5 

10~4 

max 
p«WX 

Pa 

10~3 

ю-1 

10 

^max 

Pals"1 

0.4 

4 

10 

m 

80 

20 

30 

f'iu.c^sion 

mm 

330 x 410 x 420 

9 240 x 500 

0 400 x 700 

+with liquid nitrogen trap 
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Fig. 1 : 
Vacuum system of IIIGE-1 
(IQ-ion source, El-einzel 
Inns, BR-acceleration tube, 
PK-pumpiug chamber, 
QT-quadrupole lenf 
OP-orbitron pump, 
GP-gt'iter pumpi 
CH-diffusion pump, 
T-rotating target) 
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Pig. 2 : 
Pimping characteristics, minimum 
pressure as function of maximum gas 
consumption (1 orbitron and getter 
pump, 2 orbitron pump /2/, 
3 getter pump, 4 orbitron pump (TUD), 
5 diffusion pump, 6 orbitron and 
diffusion pump) 
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Fig. 3« 
Pressure along the beam l ine 
1 orbitron and diffusion pump without 

secondary electron suppression, 
2 only diffusion pump, 
3 orbitron and diffusion pump. 
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COMPUTER CONTROL OF THE НГОТЮН UEHBRATOB IHGB-1 

P. Eckstein, ?. Gleieberg, fi. Krause, S. Schwier«, D. Schmidt, D. Seeliger 
Technical University Dresden, Section of Physics, GOB 

Introduction 

The widespread application of microcomputer techniques promoted the development of control 
Systems for processes or equipment in nuclear physics. An up to date computer control 
system for such purposes represents an on-line closed loop system consisting of one 
central computer and additional microcomputers for special tasks. With such a system it 
is possible to reduce the operating expense necessary for starting and checking the 
functioning of automation processes. The development of such an automation system for the 
intense neutron generator INGE-I requires the solution of problems, which are directly 
connected with the working regimes and x^e construction of a cascade accelerator. 
The first step in developing such a system is based on the open loop system itself, 
because that can be done in parallel with the development of the intense neutron 
generator. In order to improve the system while further developing the components of the 
generator, a modular expandable hard- and software system was designed and developed. 

Hardware 

The main part of the hardware system of the neutron generator consists of three micro­
computers, a CAMAC-microcomputer ЛИСА 80 /1/ and two microcomputers in K1520 standard /2/. 
It allows the on-line closed loop control and оa-line open loop control of the generator. 
Manual control of all or selected parameters during simultaneous on-line process drta 
acquisition in special situations is also possible. During the development of the 
generator, these two operating modes were used. They are also being used for process 
identification, the analysis of the behaviour of the generator under various test 
conditions. 
The CAMAC-jiicrocomputer AMCA-80, which together with the Auxiliary Cratecontroller 
Adapter works as an Autonomus Cratecontroller, represents the master in the aultimicro-
computer system. Toe two others operate as a graphic computer terminal /3/ and as a com­
puter for communication with the operator and for I/O etandard peripherals, as shown in 
figure 1 

/4 

' jmaocanpiAm 
for 

eonrnunicotion 
(K1520) 

NEUTRON GENERATOR 

Tig. 1« multi-microcomputer configuration 

. s stand I 
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Because the open loop process data aquisit ion and process control in the f i r s t step of 
the development of the generator was not so c r i t i c a l with respect to the reaction time, 
the oaster computer organized the communication too , as shown in the block diagram in 
figure 2. 
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Pig. 2« block diagram of the hardware system for control of 
the neutron /renerstor 

The lower part oi th i s diagram shows ynce more the computer configuration. Tht input of 
measured val.iöB end the output of control values talcs place through the CAMAC-datawey 
for any auiaber of binary values by means of paral le l reg is ter« . Tie input of aaaiogue 
aeatiured valuer taitoe p.la;e by multiplexing by means of an Analos-Di^ltal-Converter. 
The output of analogue control v&lues i s realized by a syatem of Digital-Auaiog-
Gcnvorters. 
Transmission techniques and techniques of primary elements and f inal control elements 
were designed and developed taking into consideration noise iaunity end safety again« t 
sparkiog-over and. corona discharges. 
It i s necessary to distinguish between to •, Li ids of primary informations. 
Tue f i r s t type comes from e lec tr i ca l vsJ *ea auch as ion bran current «,t the uibporagms 
cr on the targe* but also current and vc .tage of power supply units , whereas the second 
type i s connected with nonelectrical values iu connection with pertinent electronic 
unite for temperature aud r t t e s of c irculat ion in the cooling system of the ion source 
and the target as well as inspection of the vacuus valve functioning. The electronic 
vinits of primär/ elements с о at о in l imit comparators. So i t i s possible to use both out­
put s ignals , the analogue and th« oinary, ar input <iita for the computer or a hardware 
control loop. 
Opera^n* at the high vi l tage terminal of the neutron generator, the oowtr supply unite 
must be зяа11 and highly e j i i c i e n t . These properties hav been reached using the 
switching principle / 4 / , which allowb b u i l t - i n prinary elements and final control 
elements to be realized eas i l y . 
Tb* maij parameter of tu«- ievelopet. power supply units are shown in * Ле 1 . 
Tne iosulat iou i f the hitix voltege terminal forced the development ot ад o p t l c i l 
irac^nuQsion l ine ajstem for measured values end coulrol valu*& i l lus trated in t i e 
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figures 3 and 4. 
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The very high noise imunity tni the security against influences caused by sparking-over 
is caused by the pulse distance modulated transmission of analogue and binary values. 
Analog-Frequency-Converters (AFC) and Frequency-;aalog-Converters (FAC) operate as 
modulators and demodulators Digital-Frequency-Converters (DFC) and gated scalers are 
applied for binary values. 
especially at the neutron generator itself the optical signals must be transmitted over 
a distance of about thirty meters, however the power of optical drivers and sensibility 
of the receivers allow a transmission distance of about one kilometer. 
Asymmetric drivers, twisted pair linec and differential input receivers for the trans­
mission of analogue value and push-pull drivers and receivers for the transmission of 
binary values give the noise imunity necessary also for ground potential transmission. 

Software 

Tba software system of the computer control is based on a modular expandable system of 
subroutines called by a handling program. 
The coBmurication between the components makes use of standardized input/output vectors. 
In this form the system allows to control any parameter of the intense neutron generator 
by demands over the keyboard. The on-line process data acquisition demanda the cyclic 
request of all registers and of the analogue measurement complex aultiplexer-ADC. 
One subroutine control the data transfer to the graphic computer terminal, where are 
implemented for diagrams with concentrated information of several parts of the generator 
and one table, showing a complete view. Por example, the first diagram, shown in 
figure 5i contains the most important parameters. 

Fig. 5i information on the graphic display; 
the main diagram 
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These are also placed in a table in the upper part of the diagram. The right field of 
this table signals al&rs information, that is to *ay, the number of the parameter an" 
the number of the diagram, showing that parameter. The other diagrams show the syst«, of 
ion optics, the vacuum system and the cooling system, completed by the same table, 11 
the first diagram. 
With the help of the keyboard and the alpha numeric display the maximum value, lover and 
upper limit of the parameters may be given. 
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RADlATIOit PROTECTION PROBLEMS WITH TRITIUM IN HIGH Ш Л С HEUTROH GEHEHATORS (HNG) 

B. Lorenz, SAAS 

Besides shielding against external radiation and protection againet induced radio­
activity handling of tritium j.e one of the major radiation protection problems wiV HNGs. 
even with conventional KGs it has been difficult to strike a balance of the tritium 
inventory, to cope with contamination and to determine environmental release. The pro­
blems aggravate due to the 1-2 orders of magnitude higher quantity of tritium in the 
targets of HNGs. 
An evaluation of tritium health hazard was made on the basis of own experience with 
conventional NGs, literature analysis and calculations according to the ICRP general 
dosimetric model of incorporation. 

To evaluate the associated health hazard it is necessary to determine how much of the 
tritium target activity can be released, in which form the tritium may occur and during 
what processes tritium will be released. These data have to be considered in relation to 
the dosimetric incorporation model and the corresponding protection limits. 

1. Tritium release and contamination levels 

Tritium can be released during manufacture, transport, storage, target change, operation 
of the generator, maintenance and repair, dismantling and waste disposal. 
Targets will be manufactured in a special isotope laboratory, which handles tritium for 
other purooses too. So protection requirements in this case are not necessarily the same 
as for HNG operation. It is advisable to transfer as much work with tritium targets as 
possible to the manufacturer, because adequate tritium handling technology *e already 
established there. 
For the release rate of tritium during storage _nd transport an average value of 
10 Bq/h per №Bq target activity was determined from literature data. The reported values 
differ due to the dependence on target preparation conditions, age and use. Very clean 
conditions during manufacture (ultra high vacоum, inert atmosphere during transport) 
diminish the release rate as well as increase the target lifetime and decrease th» 
contamination by sputtering. The demands for careful target preparation, inert storage 
and transport to achieve long targetlife time and high neutron output /1/ completely 
coincide with radiation protection demands. 
Adequate measures against fire during transport, although not included in current trans­
port regulations for sources smaller than 37 TBq, are advisable due to the tritide 
compound Ъгеак-off at higher temperatures /2/. 
The most significant quantity of tritium will be released during operation. This is to 
a certain degree due to the thermal burden the ion beam converts on the target (dissipa­
tion energy of some k»). The major process, however, is the displacement of tritium by 
impinging deuterons. As a rough approximation one triton is replaced by a deuteron 
per 10 impinging deuterons. The release rate from the target is about 6 GBq/h mA after 
measurement of Booth a.id Barschall /3/. Капу accelerators work with a closed vacuum 
system, so the released activity remains within the accelerator at first. Therefore, as 
long as the vacuum is maintained, there is no Immediate health hazard. However, all inner 
surfaces of the vacuum system will be covered with tritium. Any procedure that requires 
as opening of the vacuum system will cause a release of tritium, which is much higher 
than a release from the target during storage, because th3 tritium is bound only auper-
licially. Inadequately stored contaminated accelerator parts can cause enhanced tritium 
air concentration and unnecessary exposure /4/. 
A significant quantity of tritium is released via fore pump during reevacuation. An upper 
limit of gaseous release can be calculated, using the above-mentioned release rate value. 
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If getter pumps are used, it is obvioua that significant activity is trapped in the 
getter alsssnts. Tbsj should be handled in the same way as targets. 
Whereas the getter elements are loaded by gaseous tritium, the inner surfaces of the 
accelerator get contaminated also by tritide particles. 
Data about contamination levels around NGs according to our own inspection results and 
literature are summarized in Table 1. 
As regards the form of tritium it can be 
- elemental tritium gas released directly from the target, 
- tritiated water ox water vapor, i.e. transformed gas, decontamination 

fluid or cooling water esp. when breaking into the vacuum system, and 
- metal tritide aerosols or particles sputtered from the target. 
Information about tae form of tritium release is important, because there are differences 
in the radiological effects. 

2. Dosimetric data 

dosimetric data about tritium water or water vapor (НТО) and gas can be obtained fro-n 
ICRP Publication 30 /5/. The ALI corresponding to a do3e of 50 mSv/a is 3 GBq lor KTo. 
(The term "dose" stands for "effective dose equivalent".) 
The equivalent air concentration of working places DAC is 0.8 ЫВо,/т3(НТО) and 20GBq/nr(T-£as)„ 
This difference between НТО and T-gas, which is due to the different mode of intake, is 
substantial. Normally, this difference is not taken into account and conservatively any 
released tritium is thought to be in the form of НТО. However, this is not the case with 
respec to tritium targets /6/ and radiation protection measures could be revised, taking 
advantage of the difference in limits. 
The third possible radiation exposure is connected with incorporation of tritide 
aerosoles. ICHP 30 does not refer to this special form and therefore we have adapted tue 
ICHP dosimetric model for the lung and the gastrointestinal tract to calculate the corre­
sponding dose. The calculated lung dose depends strongly on the aerosol diameter. With an 
AMAD of 1/um the lung dose per Bq intake is 10~ Sv, whereas an AMAD of 20,um results io 

-10' ' 
9 x 10 Sv/Bq. The AKAD was determined to be larger than 20/um /7/. The corr tending 
DAC-value for 20 /urn AMAD would be 0.1 MBq/or further increasing with growing aerosol 
diameter. The major dose results from small particles, which reach the inner part of the 
lung. With growing particle diameter aerosols will go directly froa the nasopharyngal 
tract into the gastrointestinal tract, causing only small doses. 
So inhalation of particles does not present a significant hazard. The sain *s tr for 
the ingestion of particles. Only trifling doses can be calculated lue to t.ie si.ort time 
of passage, the small rate of release of tritium into the organism and the substantial 
absorption by the intestine contents and selfabsorption. 
With respect to surface contamination limits (1„) we checked the validity of current 
limits. 
Derivation in case of tritium takes into account only inhalation and ingestion. For in­
halation the reauapension factor r was taken to be 4 x 10~^m . Then 1 «= DAC/г is 
20 GBq/m2. For ingestion it was assumed, that daily the activity of an area of 10 cm2 is 
ingested. It follows 1 » 10 GBq/m . Therefore current limits could be relaxed by several 
orders of magnitude from 50 kBq/m to 10 GBq/m . If particle contamination and only 
gaseous release is assumed, even higher relaxation factors would result. For several rea­
sons such a tremendous change will not be introduced, but a relaxation factor of 100, as 
already proposed by ICRP /8/ would be Justified. 
Despite the deficiencies of the model, it seems that radiation hazard from surface с >n-
tamination has been overestimated somewhat up to now, and operational contamination 
levels can be kept well below the relaxed limits (table 1). 
The evaluation of tritium release into the environment ie important with respect to co~t-
effectiveness. Without any doubt tritium absorption facilities reduce tritium release 
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sabetaatlally. Я » question la, whether the corresponding doaa redaction la aubatantlal 
aa wall, te Intend to investigate tola problem in the near future. 

*- Igayp>oratlon irnlrill 

According to the aetabollc lata /9/ tritium uptake can easily be detected by urine 
analysis. Thla method la тегу ее aalt Ire and detacta activity coaeeatratlona which corre­
spond to dosee laas than 1/10 % of the limit, so the effect of radiation protection 
measurea and working behaviour can be demonstrated by urine analysis. The derived limit 
la 1 GBq/sr. Our results of monitoring HO peraonnel give an average of 1 MBg/m3, if 
aamplea are taken routinely, and 10 MBq/ar in ease of event related sampling. 
A similar ralue waa reported about HHG personnel /10/. 
In any case the corresponding dose Is low, which la an indication that measures taken are 
appropriate, although not necessarily an optimum. 

4. Conclusions 

HHG operational tritium health hazard is smaller than expected from the quantity of 
tritium inventory. 
evaluation of the dosimetric data on the basis of IGHP 30 and monitoring results reveal 
a possible general relaxation In protection measures to achieve better cost-effectiveness. 
More dialled invest If, at ions in this direction are planned. 
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labia 1i Contamlnationa around HG 

working areas 50-500 
target vicinity 500 
transport package (loaide) more than 500 

fore pump oil 
low target activity 5 
normal target aetlvlty 50-500 
high target aotirity (HJTO) 50 

ooollng water 
normal target activity 50 
high target activity (00) 50 

kBq/a.2 
MBq/m2 
mBq/m2 

GBq/mJ 
BOq/m3 
TBo/m3 

MBq/m3 
вВо/"3 
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AN EVALUATION OF NKUTRON YIELDS PROM THICK TITANIUM-TRITIUM-TARGETS UHQÜR 

DEUTERON BOMBARDMENT 

H. Helfer, B. Hildebrandt, A. Seifert 

Technical University Dresden, Section of Physiee, GDH 

latention of the present paper is the calculation of differential neutron yields 

d.Q_(6 )/du from thick titauium-tritium-targets under deuteron bombardment with simplified 

assumptions about the structure of the target and about the deuteroD trajectories in ttie 

target. New data taken from literature are used in the numerical calculations. 

A layer of thickness dx located at a depth x of the target with a concentration of N_(x) 

tritium atoms per cm under bombardment with a current I .(x)«N .(x)/sec of deuteroas 

yields the following quantity of neutroas per uait of tiae and solid angle: 

dtd3I a 1 321 

The target surface turned towards the incident current of deuterons corresponds to x=0; 

the thickness of the target is appropriately set to ^tareeti ̂ d^d" • r a n 8 e °* deuterons 

in the target material), i.e. in a thick target the accelerated particles с ы be slowed 
down to aero energy. Using dx«dü:(d£/dx) and, if the current of deuterons and the number 
of tritium atoms per volume along the deuteron trajectory aro assumed to be constant, 

Id(x)=Id and NT(x)=NT, by integration one gets the total quantity of neutrons per unit of 

time and solid angle, i.e. the differential neutron yield: 

d V V = d 2 V _ V = i . . v f d a o U a , у / а д 4JS. ( 2 } 
"ЗЛ dtdß a M -äZ/йх 

The simplifying assumptions mentioned above about target structure and deuteron trajec­
tories in tne target material refer to the following facts: 
- all tritium atoms are bound in the same kind of titan-hydride-moleculs; their 
distribution is uniform in the whole target* 

- the angular spread of the deuteron beam caused by couloab-scatterin^ on the target 
nuclei has ao essential influence on the value of the differential neutron yield /1;2/. 

Рог the numerical calculations of the neutron yields croos sections do(6 , li,)/dX2 of the 
reaction T(d,n) He in the laboratory system from /3/ are used; values of dK./dx are taken 
from /4/. ünergy loss per length unit of the deuteronc is assumed to follow the Bragg law 
of additivityj it is the sum of the energy losses of deuterons in titanium Ti and in the 

target material: 

where n«N™/N»^ is called "atomic ratio" - the average number of tritium nuclei per one 

titanium nucleus. This consideration is based on the experimental fact that the ioniza-
p 

tion energy losses of lone per atom/cm are equal in isotopes: 

И)н"И)гИ), <*) 



With Нтва.Нп and 

(&k«-4"fo-зол» •£)»}. 
the differential neutron yield related to I, - 1 al current of deuteroas %m give* by 

* 2 У У . - a.6,24-1015. P d f 6 ? : B ^ a „ «• (6) 
? _л -Та-ТТТаТТНЗГ 
Ed' -о +•««/»•«*) *} 

Numerical calculations according to (6) were carried out in the energy range from 
0 to 350 keV and for atomic ratios п«Ю,5...2,0. Following /5/ titanium-hydride layers 
with n > 2 are instable. 

The results are shown in fig. 1. Clearly the rise of the differential yield of 14 meV 
neutrons with the accele-rating voltage ic the range of 100...250 kV can be seen. In 

11 
this range the calculation of the total yield gives values of about O»n»5-10 neutrons/ 
sec for every 1 fcw of beam power. 
Designing the target thickness зь« £, Hd one can assume that the range Rd of deuterons in 

pure titanium in every case is an upper limit for the range in the target material, be-

cause the stopping power of lmg/сш of Ti is much smaller than that of T. Fig. 2 shows 
О 

thi3 fact (R' in mg/cm is the calculated range of deuterons in the target material). 
At deuteron energies of 200...350 keV and at n«0,5 (1,0; 1,5; 2,0 respectively) the mass 
part of 3 % tritium (5,9 %\ 8,5 %\ 11 *) causes a poseible reduction of the titanium 
layer thickness to 87 * (77 %; 68 %\ 62 %) of the thickness at n-0; on the other hand, 
thick targets have the advantage, that tritium can diffuse from deeper layers during the 
irradiation. 
Together with the inevitable sputtering of the surface this process increases the target 
life time. 
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FlK. 1: 
Differential neutron yields 
of tae T(d,n) He-reaction 
as a function of the atomic 
rat io n (Ed=50...350 keV; 

v°° .180°) 

Fig- 2: 
Range of deuterons in T Ti-materials 
at different atomic rat ios n. 
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ISOLATING TRANSFORMER IT 300 FOR 300 kV ANO 10 kVA 

J. Pivarc. K. Hälek+, B. Bajcsyx anr* P. Rovny* 

Institute of Physics, Elect "-o-PhysiCbl Research Centre of the Slovak Academy of 

Sciences, 842 28 Bratislava, Czechoslovakia 

Abstract: V'e describe an isolating transformer developed to supply a high vol­

tage terminal of a 30U keV c>lect rostat ic air insulated accelerator with the a.c. 

voltage 220 V and the power 10 kVA. The transformer of an about 1000 kg weight 

is built into an oil-filled insulating cylinder 0 0.83 m x 1.5 m. The structure 

of the transformer is simple. 

1. Introauction 

One usually considers two kinds of power supply for equipments placed on 

a high voltage potential. One is based on a motor generator and the other uses 

an leolating transformer. This latter solution ia preferred in the majority of 

small accelerators due to lack of undesirable noise and vibrations. 

In the paper presented the isolating transformer IT 300 developed for the 

300 kV potential and th power 10 kVA is discussed. The design of the transfor­

mer was stimulated by the structure of an intense 14 MeV neutron source /1/. 

A pertinent equipment was not available in the COMECON countries market at that 

time. 

2. Description and technical specifications 

The isolating transformer IT 300 should feed systems placed on the 300 kV 

d.c. potential with the a.c. voltage 220 V. Its scheme is shown in Fig. 1. 

The transformer is put into an insulating cylinder of laminated paper filled by 

inhibited transformer oil. Primary and secondary windings are specially protec­

ted against overvoltages between the windings. The insulation is designed for 

the d.c. voltage 350 kV, The ratio of transformation is 1. The parameters are 

summarized in Tab. 1. 

+ Permanent adrees: СKD Т.е., Llectrlcal engineering Piant, 
150 00 Prague, Czechoslovakia. 

x Permanent edress: BEZ C.C., Electrical Technology Plant, 
831 07 Bratislava, Czechoslovakia 
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Isolating d.c. voltage 
Primary voltage 
Secondary voltage 
Rsited power 
bhort circuit voltage 
Gross weight 
Dimensions 

300 к У 
220 V/50 Hz 
220 V/50 Hz 
10 kVA 

10 % 

aprox. 1000 kg 
0 0.83 m x 1.5 m 

Tab.l. Technical parameters of the isolating transformer IT 300. 

3. Magnetic circuit and windings 

The scheme of the magnetic circuit is shown in Fig.2. The circuit con­
sists of transformer-core laminations continuously tightend by insulating tape. 

02m 
220 VAC 

F i g . l . i so la t ing transformer IT 300. 
1-primary winding, 2-frame of 
the transformer, 3-veesel, 4-
oquipotent ial r ings, 5-air desi­
ccator, 6-secondary winding 
and 7 -o i l gauge. 

1МГ 

Fig.2. Magnetic circuit of the 
transformer. 1-transfor-
mer-core lamination and 
2-insulating tape. 

No furher clamping structural 
elements are placed between the 
tape and the magnetic circuit. 
The circuit is tightend without 
special joints and countershafts. 
This simplicity is the main ad­
vantage of the circuit setup. 

The actual eetup of the magnetic circuit is patent pending /2/. 

The magnetic circuit is palced end fixed into the lnsultating cylinder by 
* stand. The stand is also simple and .inexpensive, see Fig. 3« 

The primary winding is coiled on a cylinder and fixed by a dovided annular 
ring /4/. The eeoonoary winding is fitted with another annular ring of e drop's 
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form with a cut for the location of the winding and the conducting surface. 
Insulating cr -ering cylinders and insulating cups are used to increase the 
spark-over distance. The scheme of the windings is shown in Fig. 4. 

ZL 
як*к* 

\>>>^N>>y^XV4VXVVVVV4V\V^XVyV44XXN.4VV'.VC4-VV 

N1X2. J. i. il\l JL 
Fig.4. Layout of the primary and 

secondary windings. 1-pin, 
2,18-annular rings, 3-cylin-
der, 4-primary winding, 5,13, 
21-coverings , 6-insulated cy­
linders, 7,20-slats, 8-distan-
ce plate, 9-cups, 10,15-cove-
ring cylinders, 11,16-cuts, 
12-tube, 14-output of the se­
condary winding, 17-secondary 
winding and 19-foots. 

Fig.3. Scheme of the transformer 
stand. 1-fixing wedges, 
2-screw and 3,4,5-walls of 
the stand. 

The transformer has four inside and 
four outside insulating cylinders. 
The distance between cylinders is 
1.5 cm and the distance between pri­
mary and secondary windings is 9 en. 
The structure of the windings is pa­
tent pending as well /3/. 

The whole structure of the isolating transformer IT ЗОО is simple compared 
with others. For example, its windings are joined by a relatively simple 
structure without a complicated system of Joints, the insulating cups are glued 
not pressed and the annular rings are fixed at the end of the front face of the 
windings. They are not components of the coils. Further, the isolating cylin­
ders have symmetric slots and the outlet conductor is covered by insulating 
material and an äquipotential tube. 

4. Conclusion 

The isolating transformer of the above parameters has been made in Czecho­

slovakia for the first tiss. 10s insulating properties and ionization were tes­

ted in the state test atand installed in the Institute of Heavy-Current Engi­

neering (XHCE) end the Institute of Power -ngineering (IPE), Bechovice near 
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Prague . The test confirmed all designed valu?« /•*-%/. 
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ГДЕ CUIIKBUT STABILIZE?- FOR АНАЬУЗПП MACNBTS IN SVALL ACCELERATORS. 

А.В1«пкояак1 
I n a t i t u t e fo r Nuclear S tad ies , Warsaw. Poland. 

Abstract 
Fhe design, eonatructior» and performance of the cnr ren t 4 t ab? l i ze r ^or analy­

zing magnets of small a c c e l e r a t o r s ia desc r ibed . The e t a b i l i z e r is a^ji^ned to 
provide a s t a b i l i z e d V cur ren t output in the raruje of 0 - "}0 а^рз a t a vol tage , 
varying from 0 t o 20C v o l t e . 'The lone-term cur ren t s t a b i l i t y i s better- than 1С-* 
in th* i :n» i of 1 - 30 ampa. This r e l a t i v e l y simple and inexrensive device i s 
designed on ;he uaels of ths t y p i c a l in t eg ra ted c i r c u i t s . 

1. Introduction 
The separation of accelerated Lone by mass a.id enerpy \ e usually w>de by тл­

ела of the analyzing magneto. In the typical case s t ab i l i ty of "la-net^c field 
should be at least 1 0 . Tariatione in ma-netic field at r-en^th are caused by 
fluctuations of the exciting current and chan^ee of a magnet te.iperature. Since 
magnets have a large heat capacity the field variations due to teTperature chan­
ges are very slow. Besides they ere very email. Therefore tLe above reqiHre'^'-it 
of the m&gnetic field s t ab i l i ty can be cbtai.i-d by th« s tabi l izat ion of the »x 
ci t ing current. 
2. The current s tab i l i ze r 

The simplified block diagram of the current atab-llizer is ehovm in pi;.'. 

F b . 1 . Simplified block diagram of the current stabilizer. 
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•\ pov;er s pply i s composed of a t ransformer fr and a convent ional 3-phase 
r e c t i f ie '1 -nade of 3 diodes /D1, D2, D3/ and 3 Thyr i s to rs /Ty l , Ty2, Ty3 / . A. f i ­
l t e r is connected t a the r e c t i f i e r ou-put for reducing the output r i p p l e . 

Is can be oeen in Fi~.1 the o t a b i l i z e r i s provid-d with two feedback loops : 
а -лin l r c p grid »n a d d i t i o n a l loop. In +he nain loop / o r f ine r e g u l a t o r / the 
voltage drop ac ros - a sensing r e s i s t o r R /0 .1Л/ in s e r i e s with the magnet M i s 
compared with э re p erence voltage from the t en - t irn potent iometer Г ^y a d i f f e ­
r e n t i a l arnpiif< »г A1 . The difference vol tage ia then amplif ied and fed i n to a 
ae r ies c o a t r i l l e r T /a bank of twelve p a r a l l e l crnnected pov/er t r a n s i s t o r s 
2ЛЗЭ55/. In order to obta in high s t a b i l i t y of the r e s i s t o r R i t was made of л 
water -coc i ing rnange.iin w i r e . The voltage for the potent iometer P i s supplied 
from an P vol to Jene^ d i o d e . Coolinr-water tubes are b-azed on to the two th ick 
ccpier p i s t e s . On the f i r e t p l a t e the diodes a;.d power t r a n s i s t o r s were mounted, 
on the second on* the t h y r i s t o r e . An a d d i t i o n a l feedback loop / o r coarse regu-
l a t o r / including, ^ u p l i f l e v s A2 and A3 c o n t r o l l s the vol tage drop ac ross the s e ­
r i e s cor r o l l e r I . The output vol tage of the ampl i f i e r A? i s p ropor t iona l to 
the voltage between emi t t e r s and c o l l e c t o r s of the t r a n s i s t o r s T. This vol tage 
is ror.pared to the fvsc t ion of the supnly v o l t a g e . The vo l tage d i f f e rence i s 
r.inimized by means of r egu l a to r s ?.A1, RA2 and RA3 which c o n t r o l l the cu t -of f 
зп-~1е о'*' t h y r l s t c r s Ty'i, Ty2, Ty3 and there fore the output vol tage of the r e c ­
t i f i e r , The responee of the coarse loop i s very slow as compared to the respon­
se -if the f ine r e g u l a t o r . 

The following p r o t e c t i v e devices have been provided: 
1. Main supnly cut -of f v/hich becomes a c t i v e i f the t r a n s i s t o r s T exceeds the 

preset nominal temperature / ampl i f i e r A4/. This can occur when the pressure 
of cool in.-; vr.ter i s too low. 

2. "a in supply cut -of f which beco-nes a c t i v e i f the r i p p l e vol tage of the f i l ­
t e r s condenser exceeds the preset nominal r i p p l e , for«example when the one 
or phase v i i t a ~ e s i s lacking / amp l i f i e r A5/. 

3. The fas t a c t i n g fuses in s e r i e s "/ith each of diodes D1, D2, D3 and t h y r i s t o -
r s Ty1, ^y2, ТуЗ. 

4. The vol tage l i m i t e r located ins ide of the ampl i f i e r A1 which l i m i t s the emi­
t t e r - c o l l e c t o r vol tage of t r a n s i s t o r s T. This vol tage cannot exceeds the 
prese t nominal value of 12 v o l t e . 

5. The diode D4 provides eome pro tec t ion for the output c i r c u i t aga ins t v o l t a ­
ges induced in the magnetic c o i l s by rapid changes of the magnetic f i e l d . 

3. Conclusions 
The p rec i s s ion of the r egu l a to r was even b e t t e r than expected . During a 24 

hours t e s t s using a proton resonance f i e ld meter a t a d i f f e r e n t f i e l d s t r eng th 
the prec is ion of the f i e l d proved to be b e t t e r than 1 par t in 10 . During three 
years work the cur ren t s t a b i l i z e r have shown a f u l l e f f i c i ency , high r e l i a b i l i ­
ty *.r.d convenience of ope ra t ion . 
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Tra^sxaissio^_of_24_MeV_neutrons_bj_shieldins_slab8 

O.Pentchev, J.Jordanova, K.Ilieva, G. Voykov, S. Antonov 
Institute for I.'uclear hesearch and Hucl r Energy, Bulgarian Academy of 
sciences, Sofia 1184, Bulgaria 

The transmission of collimated 14 MeV neutrons through 1-3 mfp iron, 
copper and leal slab shielding is experimentally and numerically inves­
tigated. 
The exsperi;,-.ental set-up in shown ir. Figure 1. Neutrons of 14,9 MeV 

energy of about Ю 1 0 n/s intensity ( 1,5 nui deuteron ions current ) are 
produced from the T(d,n)4He reaction using a ЗАИ23 type D150 KV accele­
rator, л cylindrical iron collimator fonr.a the collimated neutron beam. 
The different shielding slabs whose neutron attenuation has been measu­
red arc located just behind the collimator. The cylindrically siiaped 
long counter ( 37,5 cm diameter a~d 42 cm length ) is placed at 82 cm 
Лetonce from the collimator edge. 
Th<; calculations have been carried out oj means of the onediaentional 

discrete ordinate code A W U K /1/ taking into account that the neutrons 
-.re comming to the detector only in angles up to 14 . 

for estimating the attenu.-.tio., through lead slabs ( Table 2 ) the 
three-dime:; tional I.lo.'ite-Carlo code MOh^E /2/ has been applied too. The 
c«lculat;: .is have been performed in geometry corresponding to the expe­
rimental conditions /3/. 
All calculations have been done on the basis of our multigroup con­

stant library п2ъ.Юо34 /4/. 
Th=. results oi: the calculations and the experiment are given in 

Tobies 1,2. The corapariaion of the data shows that the calculations are 
in fairly well agreement with measurements. 
Moreover, considering the results in Tablee 1, 2 it oould be realized 

that the one-dimentional code AJNISJI gives satisfactory »«timations of 
the transmission of 14 MeV neutrons, passed forward throubn the 1-3 
mfp barrier shielding slabs» 
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Table 1 

Attenuation of 14 UeV neutron flux by shielding slabs 

d /cm/ 

4 
6 
8 

10 
12 

Copper 

Experiment 

0,478+0,008 
0,372+0,007 
0,204+0,005 
0,123+0,003 

AMI SU 

0,456 
0,303 
0,203 
0,137 

I ron 

Experiment 

0,509+0,007 
0,362+0,006 
0,281^3,005 
0,162+0,003 
0,123+0,003 

AUISN 

0,494 
0,342 
0,238 
0,167 
0,118 

Table 2 

Attenuation of И I.ieV neutron flux by shielding lead slabs 

d /an/ 

2,5 
5,0 
7,5 

10,0 
12,5 

Exper iment 

0,765+0,009 
0,684+0,004 
0,447+0,007 
0,340+0,006 
0,204+0,004 

MOiiSE 

0,700+0,011 
0,542+0,021 
0,394+0,020 
0,367+0,023 
0,211+0,024 

Ai.ikia 

0,726 
0,536 
0,404 
0,316 
0,256 
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ТРАНСПОРТ НЕЙТРОНОВ НИКЕЛЕМ СРАВНЕНИЕ ЭКСПЕРИМЕНТАЛЬНОГО И РАСЧЕТНОГО РЕШЕНИЯ 

И. Буриан, Институт ядерных исследований Рхеж, Чехословакия 

Аннотация 
Описывается расчетное и экспериментальное решение для транспорта нейтронов чистым никелем. Спектр нейтронов выходящих из поверхности никелевой сферы диаметром 50 см с нейтоонным истэчникои калифорний 252 был измерен сцинтилляционным спектрометром и пропорциональным водородным счетчиком. Для расчетов использована программа ANISH и библиотеки данныг EURLIB-4 и VITAMIN с. Сравнение дает рекоиендации*для выбора данных при решении коькоет-ных ппоблем транспорта нейтронов. 

Введение 
Решение конкретных проблем ядерных реакторов (радиационное повреждение, тепловыделение, 
активация, доза) вызывают требования на уточнение пространственно-энергетического распре-
дэления потока нейтронов в исследуемых средах. 
Когда были в ЦЯИ проведены тестовые расчеты спектров при прохождении нейтронов вариантами 
железа и стали, для объяснения влияния расчетных методик и разных систем данных, диапазон 
полученных результатов был очень широкий. При этом были использованы разные методы реше­
ния транспортного уравнения и разные оиблиитеки данных. Из этого очевидно, что для разви­
тия и проверки точности расчетных методов необходимо проведение р^перных эксперименталь­
ных исследований. Такие эксперименты, которые дадут широкую информацию о характеристиках 
излучения, входящего в среду и выходящего из не»; могут стать опорными и в сравнении с их 
результатами можно провести проверку как самых расчетных методик, ->а\ и ядерных данных 
используемых в расчете. Роль таких реперных экспериментов могут сыграть эксперименты в 
сферической геометрии с точечным источником в центре - на практике с иалогабаритным радио-
куклидным источником нейтронов на основе калифорния 252 или с 14 МэВ нейтронным генерато­
ром. 
Самыми важными составными стали являются железо, никель и хром. Чистым железом мы зани­
мались в предыдущих этапах (напр. /I/, /2/). Измерения для хрома были осуществлены в Об­
нинске и будут публикованы в отчете ФЭИ. Результаты первого етапа для чистого никеля при­
ведены в настоящем докладе. 

Экспериментальные работы 
Исследования для чистого никеля были проведены с шаром диаметром 50 см, конфигурация экс­
перимента показана на рис. I. С по­
мощью защитного конуса была сделана 
поправка на фон рассеянных нейтронов. 
Для измерений спектров использован 
набор спектрометров, именно: 
1. Однокристальный сцинтилляционный 

спектрометр (область 0,2 - 15 МэВ) 
2. Спектрометр с пропорциональным 

водородным счетчиком (область 
10 кэВ - 0,7 МэВ) 

3. Спектрометр нейтронов типа Боннера 
(область от тепловых до МэВ). 

Рис. I. Конфигурация одномерных экспериментов 

#• 100cm 

г 
Л#«гтор ишм*. чошус 

^//////////////////>//>^//////'//'У/'///У^^^ 
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•асчетные работы 

Сдломерные расчеты спектров нейтронов, утекающих с поверхности шаров, были проведены ме­
тодом дискретных ординат программой ANISN / 3 / (модификация на ЕС 10*0) . Геометрия источ­
ника - шар радиуса 8 мм, спектр аппроксимирован распределением Максвелла. Измеренный 
••пектр самого источника находится в полном соответствии с этим распределением. Предвари­
тельные расчеты показали, что Si2 является подходящим приближением для расчетов такого 
г/па, анисотропия рассеяния достаточно описана приближением ?,. Количество интервалов по 
• адиусу - до 85, потоки рассчитаны до места измерения, межлу детектором и сферфй предпо­
лагается вакуум. 

Для расчетов были использованы следующие биолиотеки данные: 100 - групповая ЕЦйЫВ-4 / 4 / . 
и 171 - групповая VITAMIN с / 5 / . 

Подученные результаты, выводы 

1.0 ЕШ(г [Wl № 

На рис. 2 показаны результаты расчетов 
проведенных обеими библиотеками данных. 
VITAMIN с позволяет точнее определить 
спектр нейтронов особенно в области 
резонансов. Большие отклонения прежде 
всего в области 20 кэВ - 100 кэВ. Это 
вытекает уже из хода для иллюстрации 
приведенных i t o t • в области 4 МгВ -
7 МэВ у EURLIB-4 тоже не появились ни­
какие резонансы. 

На рис. 3 сравнение результатов экс­
перимента с расчетом с данными 
EUHLIB-4 В области 150 кэВ - 350 кэВ 
расчет ниже эксперимента до фактора 
два, ниже 100 кэВ наоборот. Дифферен-
ции тоже в области выше '* МэВ. 

Рис. 4 сравнивав! эксперимент с расчет­
ными результатами полученными библио­
текой VITAMIN с.По форме и величине 
результаты совпадают кроме области 
выие 4 МэВ, где эксперимент недооцени­
вает потоки нейтронов. В областч 150 -
350 кэВ экспериментальные результаты 
завышены. 

Рис. 2 . Сравнение спектров нейтронов для 
никехя расчитанных с приведенным» 
библиотеками. 

Из приведенного вытекает: при слвдуюнем 
этапе измерений сосредоточить внимание 
на область выше 4 МаВ. Для этого удоб­
нее использовать 14 КэВ нейтронный 
генератор. Дальне проверить область 
150 -
до 10 

350 кэВ, 
кэВ. 

расширить результаты 
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Рис. 3. Сравнение эксперимента для никеля Ри". %. Сравнение эксперимента для никеля с расчетом проведенным библиотекой с расчетом проведенным библиотекой 
ЕШДВ-4. VITAMIN-С. 
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Mi-JU;ü'.4eJ.VtiKT OF NEÜTBOH LEAKAGE SPECTRA FROM A LEAD SPHiäRE tSD WITH 14 MEV NEUTRONS 

u. Albert, *. Hansen, Ca. Reiche, ff. Vogel 
2entral inst i tut für Kernforschung, Rossendorf, DDR-8051 Dresden 

T. bifruth, 0. Seel lger, K. Seidel , G. Streübel, S. Unholzer 
Technische Universität, Sektion Physik, DDR-8027 Dresden 

ID blanket conceptions for D-T-fusion reactors, neutron mult ipl iers are used for enlar­
ging the tritium-breeding coe f f i c i en t s . Multiplier materials must have large (u,xn) 
cross sect ions , small neutron-absorption cross sections and appropriate technological 
properties. 
At present Pb i s the prefered candidate L1 J• ** i s located direct behind the wall of 
the plasma torus. Therefore secondary neutron spectra from Pb bombarded with 14 MeV 
neutrons are of immediate in teres t , and evaluated d i f ferent ia l cross sect ions are tested 
with one-dimensional Integral arrangements fed with 14 MeV neutrons and measuring neutron 
leakage spectra and reaction rates (tab. 1) 

Table 11 Benchmarks with Pb spheres 

Group 

Lawrence Livermore 
Laboratory [ 2 J 

IAE Moscow [3 1 

Osaka University £4J 

Shell thicknesB 
[cm] 

9 

2 .5 , 5, 7.5 

3 , 6, 9 , 12 

Measured quantity 
and method 

neutron spectrum 
t ime-of- f l ight 

reaction rates 
act ivat ion probes 

neutron spectrum 
t ime-of-f l ight 

In these benchmarks, the measured spectra are found to be remarkably harder than the 
calculated. 

We use in our experiment a thicker sphere to have more s e n s i t i v i t y for discrepancies 
of the evaluated d i f ferent ia l emission cross sections in the high-energy region. T̂ e 
outer radius of 25 cm and the inner of 2.5 cm correspond to a shel l thickness of 4.1 
mean-free-paths for 14 MeV neutrons. Several independent methods are used for measuring 
energy distributions as well as flux-integrated reaction rates from the same sample for 
improving the experimental r e l i a b i l i t y . 

I ^m 
l . U W £ Ж i 

i n S9% QHp Оси, 

Geometrical relations of the 
arrangement (horizontal cut 
showing the equator of the 
sphere) 
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- The neutron current i s measured .-»t de tec tor pos i t ion и ( f i g . i) with t ime-o i ' - i i i ^n t 
spectroscopy and with reco i l -pro ton spectroscopy. 

- The neutron f lux i s determined on the north pole of the sphere witti r eco i l -p ro ton 
spectroscopy, and react ion r a t e s are taken at the indica ted pos i t ions of the measuring 
channel ( f i g . 1) inc lus ive ly at the surface with a c t i v a t i o n - and f i s s ion- t t i r - sho ld 
de t ec to r s . 

The D-T-neutron generator produces a few of 10 1 0 n / s . The source s t rength i s monitored 
by counting the a - p a r t i c l e s using a Si-SB de tec to r [ 5 ] ; two add i t iona l neutron de tec tors 
act merely аз r e l a t i v s monitors because they are influenced by the sample. 

Time-of-flight spectroscopy 

The neutron generator working in the pulsed mode j b~] has pulse widtns of about 2 ns and 
r e p e t i t i o n r a t e s of 5 MHz and 2.5 MHz r e spec t ive ly . The overa l l time reso lu t ion i s about 
2.5 ns corresponding to energy reso lu t ions of б % at 14 MeV and 1.6 % a t 1 UeV. The 
de tec tor s c i n t i l l a t o r i s NB-213 (36 шш in diameter) ; a neutron-gamma discr iminat ion i s 
used y? J . The de tec tor eff iciency i s ca lcu la ted with MontP-Carlo method Г 8 l as well as 
experimentally determined by measuring t ime-of - f l igh t spec t ra of neutrons from a Cf-252 
chamber |J)J and from the generator without sample. Tne t i n e spec t ra are transformed to 
the energy sca le taking into account the anisotropy cf the neutron source and th ick 
t r i t i u ч t a r g e t s Jjioj . 

? ig . 2 she is the r e s u l t compared with the current ca lcu la ted with the ANISN-code and 
KNDJ?-E/III da ta . The most apparent d iscrepancies a re a t medium and high neutron en«rgies 
where i n t e r a c t i o n mechanisms are dominating which are f a s t e r than compound-nucleus 
evaporat ions. 

Fi-K. 2: 

Neutron current dens i ty per 
source neutron and lethargy 
uni t (measurement: • • • • ; 
P5S16-AHISN ca lcu la t ion : . J " 1 - ) 

ID 15 
EniMeVI 

Recoil-proton spectroscopy 

The pulse-height spectroscopy used with hydrogen-f i l led epher ica l proportioaal chambers 
(d iameters! 3 . . . 4 cm, p re s su res : 100 kPa...1MPa) [ 1 1 ] and with etl lbene s c i n t i l l a t o r s 
(d iameter / lengthi 10/10 and 30/25 mm) £12] covers neutron-energy regions from 5 keV to 
1 MeV and from 0.75 MeV to 14 MeV respec t ive ly . The spec t r a l d is tr ibut ions are differen­
t iated in both cases . The chamber spec t ra are corrected for down-scattering of high-
energy r e c o i l s and for wall e f fec te j*13] . 
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Alpha events in tue stilbeae spectre created by interactions of 14 MeV neutrons with 
carbon nuclei as woll as end effects are taken into account by a measurement with the 
source-neutron current. 

Toe uncertainties of both the spectral distribution «nd the energy resolution arj 
5...10 '•'•, with exception of the energy region 0.75...2 MeV, where uncertainties of the 
scintiliatica-light efficiency enlarge the uncertainties to + 20 %, and of the energy 
region near the 14 MeV neutron peak, where the uncertainty of the spectrum is about 
+ 30 % determined by the subtraction procedure with the 14 MeV neutron spectrum mentioned 
above. 
The neutron-flux spectrum measured on tue north pole of the sphere i s ahowr in f i g . 3 . 

Neutron scalax- f lux per source 
neutron and lethargy unit . 
Heasurements with hydrogen chamber (A) 
and s t i lbene s c i n t i l l a t o r 1 0 / - io (*) 
compared with a 1NISN-P5S16 
calculat ion with ENDP-B/III data ( I й ) 

E„IM«V) 

The part determined with hydrogen chambers is normalized to the part from stilbene in 
the energy region from 800 to 950 keV. 
The measurement shows in the energy region from 5 to 14 MeУ remarkably more neutrons 
than the calculation. Also in the low-energy region fror 1 to 5 MeV slightly more 
neutrons are observed in the measurement, a question at present discussed in some 
papers [4, 1 4 ^ . 

Activation and fission rates 

The threshold reaction used are shown in table 2. 
The activation probes [/15 J have a diameter of 20 mm and a thickness of 5 :шв. The induced 
activities are measured with a Ge (Li,)-detector. Since it is not a low-background 
arrangement the uncertainties of the saturation activities determined are abcut 5 %. 
The fission probes |_1б] consist of a thin layer (2C...100nig) of the fissile material 
prepared by electrodeposition on a stainless-steel backing, and of polyester foils as 
track detectors. After etching, the number of holes is determined in a spark counter. 
The statistical uncertainties of the counts are about 3...5 % caueed by limitations of 
the acceptable hole density. 
Calculations of reaction rates are carried out with the ANISN-code using activation 
cross sections of the Riga dosimetry file Г17J and fission cr>ss sections of the 
BNDL-78 library. 
lb« measured radial distributions norm lized with the counts in the surface position 
agree with calculated within 10...20 %. 
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gable 2 

Nuclide 

Hh-103 
In-115 
Hi- 58 
Zn-64 
P-31 
Mg-24 
Al-27 
Tl-203 
Cu-65 

U-235 
»p-237 
Th-232 
U-238 

Reaction 

(Q,n' ) 
(n,n' ) 
(n ,p) 
(n ,p) 
(OlP) 
(a ,p) 
( a , a ) 
(n,2n) 
(n,2n) 

( n . f ) 
( n . f ) 
( a , f ) 
( n , f ) 

Threshold [мвч] 

0.7 
1.2 
2.3 
3 .0 
3.5 
7.0 
7.2 
7.9 

12.4 

0.6 
1.4 
1.5 

IX relations of reaction rates are formed for comparisons with the calculation, the 
uncertainties are smaller because systematical errors are eliminated to some degree. 
Table 3 shows results where rates from probes with threshold around 1 MeV are used as 
nominator. They are compared with the rates from the lig-probe (threshold 7 MeV) as well 
as from the U-235 probe (no threshold). The calculated relations are 10...20 % lower 
than the measured. This could be undersiuud ли uuderestiuuiCo of tue ueutx'uu xlux it tue 
energy region from about the threshold of the nominator material to « 7 MeV. 

Table 3: (NA/HP) calculated / (Ht/NB) measured at the surface of the 
lead sphere with probes A/B 

In / k g 

0.82+0.06 

Hi / Mg 

0.89+0.06 

Zn / Kg 

0.81+0.06 

U"8/U-5 

0.85+0.06 

^ ^ / U - S 

0.79+0.6 

In principle, the discrepancies observed in the presented work show similar tendencies 
as reported from the benchmarks mentioned above. As the next step we shall repeat the 
calculations using a new file of evaluated Fb data [jiel where collective excitations, 
pro-equilibrium emissions, their influence on multiple neutron emissions as well as 
anisotropic angular distributions are taken into account. 
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LEAD BLOWING DOWN NEUTRON SPECTROMETER 

A.(;6rski,H.Malecki,Yu.P.Popov ,M.Praytula »nd M.Stepii aki. 

Institute of Physics,Lodz University,Lodz,Poland 

*Joint Institute for Nuclear Research,Dubna 

Abstract:A slow neutron speotroswter based on the measurement of the alowlng-down 
time of neutrons in lead has been built at Lodz University.The characte­
ristics of the spectrometer and the time-apaee distribution of neutron 
density in the lead pile have been determined experimentally and are 
discussed. 

1.Introduction 

Several slow neutron sprctometers based on the measurement of the slowiug-down 

time of neutrons in lead [1] have been built by various groups during the past 

thirty years.In general,«hey have been used in measurements of neutron capture 

cross-sections,determination of some characteristics of fission,and acquisitlc I 

oi some data important for reactor physics [1-6] . 

Although the energy resolution of those speotrometers has been rather poor 

(about 30-60 percent) and far from that obtained In the time-of-flight method,they 

do nevertheless have some advantageous features,such as their relatively high lu­

minosity and ability to cover a wide enregy range (from 1 eV to about 30 keV). 

Moreover,they are fairly inexpensive. 

The theory of tbo spectrometer has been presented in ref. [1] .We did not find 

any other theoretical formulation which enables the time and spaoe distribution 

of the neutron density in a finite lead pile of the spectrometer to be calculated 
along reasonably simple lines. 

The principal aim of this contribution la to present the experimentally derived 

characteristics of the lead slowing down neutron spectrometer which has been built 

at l.odz University,and to point out that the time-space distribution of neutron 

density in a lead pile is not quite consistent with the prediction of standart 

spectrometer theory. 

^Facilitv 

The spectrometer ia baaed on a pulsed fast neutron generator utilizing the 

T(d,n) lie reaction Induced by 180-keV deuterona.The source of fast neutrons is 

displaoed somewhat from the center of the lead pile having the dimensions; 

1.2m"i.8m*1.'•m. The pile ia covered by a 0.5 mm thick aheet of cadmium to prevent 

any alow neutrons,back-scattered from floor and walls,from re-entering the assem­

bly. In the lead pile three channels for detectors,targets and monitor have been 

introduced.Their dimensions are :0.1**0.t<* and 0.05m*0.05a. In addition,one verti­

cal hole (0.15m"0.15m) extending up to half the height of the pile haa been made 

for the accelerator target tube. 

The half-width of the periodically generated neutron bursts (with frequency 

200-1*00 tiz) was 2.5 pu.Starting aignala to the ion source at high voltage were 
tran*;äitted optically by a light-pipe. 

For tue measurements of neutron density,BF. and iie-3 neutron counters have been 

used.The energy distribution of slowed-down neutrons haa been meaaured by registe­

ring the resonance capture gamma-rays in a CaP, scintillation oounter.For measure­

ments of time distributions of ounta a 102<»-ohannel time analyzer with 1-ua 

channel width haa been uaed. 
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.Result* of m5»"^r*T,nt" 
The~ga*m»-ray intensity from radiative capture of neutrons in a selenium tar« t 

versua time after the neutron buret ia «bona in Fi«.». The energy reaolution de­
termined from tba meaeurementa with aelenium and 
silver (5.22-aV reson&nce) amount* to about 60>. 
The commonly uaed calibration formula for the 

average neutron energy,Ё,as a function of the alo-
-2 wise-down time,t,is: E=C(t*to)" ,where constant С 

and t ar* characterletic for the spectromet .r.Our о measurement* determined theae to be reapecti/ely 
_LLl С=(1б4±1*») keV"ua2 and t =<0.35-0.3) ?»• 

~шГ Ч—> r e 
Fi*.1.Intensity of gamma-rays from radiative capture of neutrone in a aelenium 

target versus rlowing-down time.Reaulta have been obtained from a CaF2-ecin-
tillation counter and reduced to unit neutron flux. 

For a thin «/v neutron counter the number of count* per 
time channel,I ,ia proportional to the lnatantaneou* neu­
tron denalty at the location of the counter(averaged over 
the region of the ' îter length).The Fig.2 illuatratee 
the dependence of neutron denaity on the slowing-dovn time 
for various position* in the channel.In Fig.3 the apace 
distribution* of neutron denaity along the channel for va­
riou* time* ia shown.When the cadmium оover of the lead 
pile wa* removed,a riae of the neutron denaity at the aide 
of the pile wa* clearly discernible,especially for t>1O0u*. 
Fig.2.Curve* of neutron count* intenaity from 1/v neutron 

detector,proportional to the neutron densi'tes,pla-
(J1„ ced at variou* position in the lead pile channel as 

a function of alowing-down time. 
<». Discussion and conclusions 
The energy resolution of the spectrometer is inferior 

to those of other* in the literature,where it achieved 
30£.It ia presumably caused by the quality of the lead 

uaed therein (an industrial type without any apecial 

purification).In apite of the cadmium cover,the floor 

and near-by w<\lle probably additionally have some in­

fluence on the worsening of the reaolution. 

The obtained constant С i* »se to the values given 
by other authors,That calculated from the heory, talcing 
into account the effective density of lead aedXe=0.028o 
la С =176 keV«u4 . The value of t obtained from 

theor ° 
fitting is not highly acourate,aa it i* not very sens-• 
tive to the energy of low-lying resonances. 
Fi«.3.Spatial distribution of neutron density in the lead pile ohaanel at various 

instants after the neutron burst. 
From our result* it appear* that the conventional theory of the epeotrometer 

[1J i* not altogether accurate,especially for t Ю^ца,which can be important, for 
energies exceeding 1 keV.Aocording to the above mentioned theory,the dependence 
of neutron density on time i* given by formula: 
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n(t)-~f— + l)~ "expf- т=1 where the leakage factor,06,is constant for any given 
spectrometer und doec not depend on the position in the pile.Hence the fori of 
the space distribution is the.sane at all Instants.In other word»,the space and 
tine coordinates in the solution for n(x,y,z,t) should be separated. 

In our case об , 3:0.81 but Л , taken from the time interval oO-100 us, changes calc eip * 
fron 0.3 for the periphery,to about 1.2 for the central zone.in this connection, 
the form of space distribution of neutron density changes with time,tending to be 
того t'Lui.it seems that this conclusion holds even if one takes Into account the 
neutrons partly transmitted through the oadmium cover which can re-enter the pile. 
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ПРИМЕНЕНИЕ ИНТЕНСИВНЫХ ФИЛЬТРОВАННЫХ ПУЧКОВ НЕЙТРОНОВ ДЛЯ ФИЗИЧЕСКИХ ИССЛЕДОВАНИЙ 

Вертебный В.П., 
Институт ядерных исследований AB УССР, Киев, СССР 

Лан обзор пркненений фильтрованных пуч:;ов для физических исследований и определения ядер­
ных констант на атомных реакторах и ускорителях. 

Даже средний по потоку атомный реактор на тепловых нейтронах является мотивы ИСТОЧНИКОМ 
не ТОЛЬКО тепловых, НО И промежуточных и быстрых нейтронов. К сожаленк/о, монохроматизация 
этих нейтронов или применение техники времени пролета к реакторным нейтронам затруднены. 
Новые возможности ВОЗНИКЛИ С возникновением техники фильтрованных пучков промежутоккых 
нейтронов /I/. В США, СССР, ЧССР и ФРГ, Англии и других странах были сделаны различные 
предложения по использованию фильтрованных пучков в ядерно!! физике. В обзсрах / 2 / прие­
дены ссылки ка оригинальные работы. Наибольшее применение полу или фильтры из скандия 
(энергия нейтпонов 2 кэВ), железа (24,5 кэЬ), монокристаллов кремния (144 кэВ, 55 кэЬ и 
тепловые нейтроны). В опытах использовались XODOIHO сколлимиоованные квазкнонохроматичес-
кие пучки промежуточных нейтронов с потоком iU - 10 н/см се:;, имеющие небольшой фон 
быстрых нейтронов и гамма-лучей. Основные применения связаны -: определением средних ие-
сонаксных параметров, усредненных по большому количеству нейтронных реэонансов. В /г/ 
можно найти примеры этих применений. 

Отмечу дополнительно некоторые новые псименения. Гнидак Н.Л.-, Павленко Е.А. и др. /3/ 
поставили опыты по исследованию резонансного самоэкранирования с применением самокнли-
кации на ТОНКИХ образцах тантала /3/. В этих опытах определены не только средние полные 
и парциальные сечения, но и т.н. обобщенные дисперсии /4/: 

<t3t°G> -<-Jt><°s> • < ö t a Y > -<°t><ay> 
'/.спользуя связь этих вел. чин со средними резонансными параметрами /4/, удалось опреде­
лить в неразрешенной области все средние резонансные параметры - 3Q, й',<Г У и i>0 -
Работы /5, б/ представляют пример успешного исследования гамма-спектров пр;: ? т,-льтотг v 
захвате промежуточных нейтронов с помощью фильтров. Существенн; уточнены сх^мы распада 

I , обнаружена аномальная зависимость от энергии нейтронов интенсивное-и жестких пере­
ходов в 3 % , вызванных s - нейтронами. Работа /7/ представляет собою п одолжение цикла 
совместных работ ОИЯИ и ША АН УССР по исследогаНИЮ ( а,а) реакций на п^межуточных ней­
тронах. I этих работах удавалось определят:, средние а - ширины, которое составляли I0_t -
10 от радиационной ширина, следует отметить, что возможно применение и других фильтров. 
Так в ppjOTe /8/ приводятся данные, свидетельствующие о возможности ж пользования пото­
пов '8Ni,60Ni,6/,ZQ и * для создания фильтрованных пучков нейтронов в интервале 0,05 -
5000 кэВ. Различные применения фильтров рассмотрены в работе /8/ где предлагается даже 
создать специализированный реактор. Фильтрованные пучки успешнс использовались и на уско­
рителях. Фильтры обеспечивали малый фон /?, 1 1 / . 
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AiiO:.'JL"JiUE ЕНАЧЛ&Ш Ж^КТСВ ШЕРЦйК ЯДЕР, ПОЛУЧАЕШЕ ПРИ АНАЛИЗЕ СПЕКТРОВ НЕЙГ-

P011QB ИЗ PSAIIw С р , П) И (Л , П'). 

O.A. Сальников, Г,'Л. Ловчикова, СП. Симаков, А.LI. Труфанов 

w7 лп:о-энергетичес1а1й институт, Обнинск, СССР 

Аннотация 
В саботе показало, что данные по моментам инерции, получаемые при анализе спек­
тров нейтронов из реакций (р ,п ) и {п ,п') для некоторых ядер имеют аномально 
низкие значения, находящиеся в противоречии с теоретическими представления:-!!. 

йо:,:ент инерции ядра характеризует распределение кассы ядра и агрегатное состо­

яние ядерно*; материи, т . е . является величиной, имеющей гундаментальяое значе­

ние для характеристики ядерных сил. 

Теоретическое предсказание поведения момента инерции ядра в зависимости от энер­

гии возбуждения основывается на модельных представлениях. Так, Е модели сТ;ерми-

газа - это постоянная величина, разная твердотельному мо:.*.кту нкерщш, по ;.одо-

;п сверхпроводимости ;.хл/.епт пкерщ::: до критической энергии возбуждения растущая 

:,.упкщ:я энергии возбуждения,достигающая твердотельного значения при о. еггпи 

возбуждения 1/^ 1/мрцт. . 

Метод определения :.*с.\:..пта ппердлп основан на его связи с паразитиоы ишп.оний 
.Л 

заьи Симой.*! плотности ядерных уровней <& (дисперсии проекции углевого г.ю./.ента 

ядра). Например, в модели :; ерш-газа: 

где</?7А> - средний квадрат проекции углового момента нуклона Б одночастичном 

состоянии! вблизи поверхности £ерми, (2 - плотность таких состояний, "t - |г V /OL ~~ 

терг,'.одкнагл:ческая температура ядра, [/ = {/-Д . где JJ - энергия возбуждения 

ядра, А - параметр, учитывающий четпо-нечетиие эогекты в плотности урог.ней, CL-

пзраметр энергетической зависимости плотности ядерных уровней, JT- момент инер­

ции ядра, <& - параметр СПИНОЕОЙ зависимости плотности ядерных уровней. 

С2э определяется подгонкой рассчитываемого с помощью модельных представлений 
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УГЛОЕОГО распределения испуценкого ядром частиц к эксперименту, причем подгонка 
осуществляется изменением <2? дс совпадения теоретического и экспериментальной: 
коэссишента анизотропии {cTiv^ztiu.;iJz/jo , где J0 ъЛ& коэ• <• адденты ..ри 
полиномах Лежандра соответствующих порядков Б разложении угловых распределения). 
При теоретических расчетах использовались как модель üерми-газа, так г. модель 
ев ерхпров о димо сти. 

В настоящее время имеются две группы эксперимент-в, дающие существенно различные 
результаты. Одна ;:з них - определение мок нтов инерции делящихся ядер по углоьс-
му распределению осколков деления [ l f ö? . Зги работн псг.азиьатг"т (см.рнс.1 

i_ij ) хорошее согласие с предсказаниями модели сверхпроводимости: до крити­
ческой температуры (критической энергии возбувдзпдл) мом иг ::и я̂ дил Jvptp оасту-
щая функция энергии возбуждения, а для Т( Ü ) 5 Т)Кр) J'•'•/•ектизн:̂ : :лэм;нт ннео-
дня станозлтея раз:и.м твердотельному - ^ - ^ . Для иллюстрации этого иакта выб­
рана работа [IJ , т.к. в ней использовались нейтроны в том же диапазоне энергнД 
(С,05 f 7,2 !.;эБ), что и для изучения реакции (р , и ) и (м . г.') [4 J- 7J . 

jj<p/Jje>ip 

-9—Л V- ' « г * * -
у * 

О 0,2 0,Ц 0,6 0,8 1,0 1,2 1,4 1,6 Т/Т. 

F u e l . Отношение 
момента инерции 

?MDr» 

ядра ^°"Ри к его 
твердотельному 
значению % ь 
зависимости от 
ядерно» темпера­
туры Т [i] . 

W 

Другая группа эксперкн нтов - это извлечение значения ЫОМСНТОЕ инерции при ана­
лизе угловых распределений педтрокоЕ, испущенных в реакциях (р ,f\) и ( л , п). 
Здесь результаты неоднозначны: для одних ядер, тарах мак, например, вдцк-С5, ,.ио-
бин-94,результаты практически совпадают с предсказаниями модели сверхпроводимости 
(с.:, рис.:*), для других же - индий-Ш, очово-115, cypb:/a-II7,iI9,lHG,i;in, воль-
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. :.:.'.-ж^1-заз;:с:.:..ость з;иченлл э ^ ектигногс - г,: чгга инерции от энергии возбуждения, 

с-зауя по -cp:.te модели сверхпроводимости (.излом в области U — (J*p ),отличается 

1 оС.аастп b^trp в 2-7 Р а з а (см* Рис» 3 f 4 и табл.1), и никакими уточнениями 
аскета этд результаты нельзя изменить. 

1 г г г——г г 1 г г 
1 * 

«.5-

i j - i 

Ü.5-

1 - 2 3 * 5 6 7 8 9 

Zr(p,n)Nö 

* Г • * J 

Ü 1 2 j 

0-711* 
л-Bnj» 
v-)HM 

^ 6 7 8 9U.M3B 

Pi;^. *.. Отношение момента инерции 

ЯДР3 м'о к его твердотнльному 

значении, j D в зависимости от энер­

гии возбуждения. Результаты приве­

дены для трех значение энергий на­

летающих протонов: 7,8 и 8 MsBj 

расчет по сверхпроводящей модели 

ядра [4] . 

1 5 -

Ц0-

оЯ 

и 
6* 

Jn(p,n) on 

'2 i \ '5 '6 

О-бМэВ 

Д 8П)В 
v -9М*Ь 

'7 '8 '9ЦИ* 

Рис. 3. ÖTHOuifiiiie .момента инерции ядра §у\ к его твердотельному 

значению в зависимости от энергии возбуждения [ / 

Резу/ьта.'ц приведены для 4-х начальных энергий протонов. 

Сплошная кривая - расчет по сверхпроводящей модели ядра [41 . 
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Рис. 4. Отношение моментов 
иьерцки ядер \j\j и $1 
к их твердотельным значениям. 
Сплошная кргзая - расчет по 
СЕерхпроьодяще;, модели ядра 

О 1 2 3 \ '5 'б 7 '8 '9и,Иэ6 

Таблица I . 

Элемент 

6 5 2 и 

^Hh 
95Тс 

^ Т с 
Ю 9 ^ 

I I 3 j „ 

" 5 S „ 
117.,$ 

" 9 S 6 
I20S6 
I 2 2 S 6 

I8Iyy 

С^.я-гС/*«^ 

МэЬ 

1,7 + 5,7 

1,2 + 5,2 

1,5 + 5,5 

0,5 + 5,0 

1,Э + 7,0 

1,4 + 7,4 

I ,о + 6,6 

1,3 + 5,4 

1,5 + 6,6 

1,5 + 4,5 

1,5 + 5,5 

1,0 + 8,0 

модель ферми-газа 

амав1 } диэв 
10,7 -0,4 

•&*>* 

1,00 ± 0,24 

11,39 -0,7 I0.7V ± 0,12 

11,75 

11,9 

15,1 

18,25 

14,0 

20,0 

18,6 

16,8 

16,3 

20,3 

-0 ,9 

-0,75 

-0,2 

+0,7 

+0,47 

+0,5 

+0,36 

-0,5 

-0,54 

-0,25 

0,55 - 0,08 

0,46 ± 0,05 

0,48 ± 0.08 

0,47 ± 0,09 

0,42 ± 0,05 

0,30 ± 0,12 

0 , Л ± 0,02 

0,31 '- 0,05 

с,л * о,02 
0,10 ± С,02 

— 

ДоМэВ 

12 / I 
и 

п 

11 

« 

1,38 

• 1,18 

1,39 

1,31 

1,18 

1,19 

I2/VÄ 

г — — — — 

модель 
МО С И 

С/̂ МэЬ 
7,4 

4 .1 
5,4 

4 ,1 
и, о 

Ь',U 

4,9 

10,8 

8,8 

5,02 

4 ,9 
5,2 

зверхдроводи-

1«? 
1.00 i 0,25 

0,78 ± 0,13 

0,84 ± 0,13 

0,52 ± 0,05 
0,63 t G.i l 

0,59 ± G,i2 

0,45 t С,ОС 
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Примечания: I . Погрешность определения OL - 5$. 2. Значения X/tp приведены с уче­
том поправки на четно-нечетные эффекты. OL - асииптотическое значение параметра 
плотности ядерных уровней при высокой энергии возбуждения. 

Ьила неоднократно проверена программа расчета, с ее помощью получены все пре­
дельные случаи. Исследовано влияние параметров оптического потэнциала входного 
и выходного канало?! реакции на получаемые значения момента инерции. В выходном 

канале параметры пеГяронногс потенодала в плотности уровней определялись для 
каздого исследуемого ядра по наилучшему описанию интегральных спектров нейтронов 
во всем рассматриваемом диапазоне энергии. При расчетах угловых распределении 
нстропов из реащш: (р , л ) исследовалось влияние задаваемой оптики входного 
канала на геличкну анизотропии (b-z/^o ) и# следовательно на получаемое значение 
г.ю:.:-нта инерш::: J*f*r- Сказалось, что максимальный разброс значений п = - 31№ 
при использовании различных наборов оптического потенциала как глобальных, реко­
мендованных Бечсгти-Гринлисом [8] и Пэреем [э] , так и индивидуальных, 
не прег;:шает 1С$. Большее влияние на угловые распределения оказывают принятые 
з;:аче:;.;я спина ялер-глшенее и структура низг.олклащих состояние, ко они для изучен­
ии* ядер хорошо известны. 

Проведен тщательш:.;'. уч^т сболочечпых Эч<, eizroE, уменьшаюсь плотность одиочастич-
ных состояние е- и величину среднего квадрата проекции одночастичкого углового 
момента <w*>, учтено Елияние парных корреляции сверхпроводящего типа в модели 
сверхтекучего ядра. Все приведенные .;сследо;;а^*л ползали, что перечисленные 
(отгори не приводят к заыетным изменениям моментов инерции исследован*. >х ядер и, 
следовательно не мог;»т объяснить дальне экспериментов. 

Одним из объяснение наблюдаемого несоответствий эксперкмента и теории может быть 
присутствие в анализируемых спектрах нейронов, обусловленных предравновесным 
испарением кз составною ядра. Такие нейтроны имеют симметричное относительно 
угла е = У0° распределение и если их доля невелика, то их присутствие не исказит 
заметно энергетический спектр, и они могут бить приняты за нейтроны, покинувшие 
ядро в состоянии статистического равновесия. Но так как угловое распределение 
предравповесных нейтронов имеет больший коэффициент анизотропии [ю] • , то это 
и может послужить причиной наблюдаемой аномалии. Если принять это предположение, 
то появляется инструмент для оценки этого вклада: сравнение наблюдаемой анизотро­
пии с расчетной, использующей теоретические значения момента инерцпч, позволят 

установить этот вклад. В настоящее время этот эффект на пределе точности изкере-
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ни,.; даае если отнести всю наблюдаемую анизотропию к предравнсБеснн:.- процесса." 

(считая равновесную часть спектра изотропно,.), то пс оценке эта ксг.лонента ^ 5;:.'. 

Однако имеются серьезные аргументы протдд такого предположения. Наблюдается сов­

падение моментов лнерцик, определяе:.^ для одной и то:'. :.:е энергии возбуждения, 

но при разных начальных энергия:-: нейтронов иди протонов, а вхлад предрав..ОЕесннх 

процессов зависит от начально:: энергии полетаюдих частиц. LION: :НГУ инерции, опре­

деленные для одних и тех же изотопов L различных реакциях (р , А) и (л , л ) 

совпадают, а вклад нестатистпческнх процессов должен оыть для от их р~.а:хцц. раз­

личен. 

Непонятно, почему для ядер ь радоне цинктпкобии без ьсд1хх предпеложенп, значен::-. 

ЛРцрф^Лб » х о т я УГЛ0Бые распределения для них анизотропии [с::., о::с. 5, С,, а 

для вольфрама даже ъ предположении практически изотропного уг.'огдде распределен::;: 

г/ожент инерции имеет S ^ = OSß^g . 

(5 Си (p,n)Z 
65 

П Ер-7МэВ РИС. О. Уг;.о:-се р..спред,е..<:-

пис пет . оков с он; рг.:;.:д 

в пн?^рг.але 4r5 ..lib пс ре­

агин;: ;'°Си (р , м)'""'/»1 

для энергии протонод т< .'.iah. 

»5 
Cu(R,,)Zo Ер«8М>Ь 

2.4 -

OD 

-

* • х 
•f.. 

1 

Е rr (з-4)Мэв 

• • * • • • * £ 

- 1 1 
0,5 0 -0,5 

Со*0 
-i 

Рис. G. Угловое распределе­

ние нептрспоЕ с энергиям: 

в интервале 3J4 1лэВ из ре-
65, 65: адции UdC</ (p , •" Г°1^ 

для энергии протонОЕ с ;ДэВ. 
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иероятнез всего эти результаты являются следствием несовершенства имеющихся те­
оретических представлений о моментах инериии возбужденных ядер, недостаточности 
учета кх индивидуальных свойств. 

iv'-я ре:!е::::я это;! проблем нужны усилия как теоретиков, так и экспериментаторов, 
т.к. точность оцзнки возможного вклада предравновесшцс процессов на границе 
чувствительности используемых методик. 
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МГНОВЕНИЙ НЕ.1ГРШ ШЗКОЭНЕРГЕПНЕСКОРО ДЕЛЕНИЯ А Т Ш Ш ЯДЕР. 
ЪЛ. Герасименко, В.А. Рубченя 

Радиевый институт игл. З.Г. Хлошша, Ленинград 

В работе приводится анализ механизма эмиссии мгно­венных нейтронов низкоэнергетического деления атом­ных ядер. Расчеты проводились на основе метода Хау-зера-4>ешбаха в предположении эмиссии нейтронов из полностью ускоренных осколков и угловой изотропии нейтронных спектров в с.ц.м. В расчетах учитывался каскадный характер испускания нейтронов, учитывались распределения осколков по энергии возбуждения и спи­ну, по кинетическим энергиям, по зарядам и массам. Для глотности уровней использовалось выражение, учи­тывающее оболочечную структуру ядер. Приведены резу­льтаты расчета спектров и распределения множествен­ности мгновенных нейтронов для спонтанного деления калифорния-252 и деления урана-235 тепловыми нейтро­нами. Обсуждается чувствительность расчетов к вариа­циям параметров модели. 

Характеристики мгновенных нейтронов деления (МИД) (спектры, среднее число 
нелтронов, распределения множественности) имеют важное значение при расчетах яде­
рных реакторов и .других практических приложений. При этом необходимо знание хара­
ктеристик " Щ для различных нуклидов и энергий возбуждения, для которых измере»^ 
ния сильно затруднены. Имеющиеся к настоящему времени экспериментальные данные iy 

довольно ограничены и недостаточны для практических потребностей. Ъ связи с этим 
представляется ванным разработка теоретических методов расчета характеристик "ЛНД, 
с помощью которых можно получить недостающие данные или повысить надежность оце­
нок и экстраполяции. С другой стороны, изучение " Щ представляет возможность ис­
следования процесса деления атомных ядер и механизма разрядки высокогозбужденнтх 
состояний осколочных нейтроноизбыточных ядер. 

Результаты проведенных к настоящему времени исследований показывают, что ;-?<Д 
испускаются осколочными ядрами, а вклад нейтронов, образующихся в процессе разде­
ления очень мал и находится, по-видимому, на уровне вероятности эмиссии легких 
заряженных частиц при тройном делении. Основная часть МИД.испускается сильно на­
гретыми осколками по законам равновесной статистики. Обнаруженная в работе ' так 
называемая изотропная в лабораторной системе доля ГЛНД может быть связана с нерав­
новесным механизмом эмиссии частиц. Соотношение между вкладом равновесного и не­
равновесного механизмов определяется скоростью перекачки энергии деформации ос­
колков, в которой сосредоточена главная часть энергии возбуждения осколков при 
низкоэнергетическом делении, в тепловую энергию. На основании предложенной в ра­
боте ' модели неравновесного механизма эмиссии МНД в результате неадиабатическо­
го изменения формы осколков непосредственно после разделения можно сделать вывод, 
что вклад таких нейтронов составляет не более 105? при разумных предположениях о 
распределении деформаций осколков и коэффициенте вязкости. Характерные времена 
эмиссии нейтронов с помощью такого неравновесного механизма меньше времени ускоре-
п я ядер-осколкоЕ, поэтому угловое распределение этих нейтронов не искажается пе­
реносной скоростью осколков. Для выделения неравновесных механизмов испускания МИД 
необходимы подробные расчеты равновесной составлящей МНД, чтобы из сравнения с 
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экспериментальными данными сделать надежные заключения о свойствах неравновесно­
го компонента МВД. Кроме учета возможных механизмов разрядки ядчр-осколков, при 
теоретическом анализе необходимо правильно учитывать распределения ядер по энер­
гиям возбуждения, по кинетическим энергиям, по зарядам и массам. Трудности рас­
четов также связаны с недостаточным знанием свойств осколочных ядер, для котор"\ 
экспериментальных данных практически нет. 

Теоретические расчеты характеристик МВД в статистическом приближении прово­
дились во многих работах, но не был произведен учет всех особенностей, связанных 
с характеристиками осколков деления. Анализ в работе ' показал, что для согла­
сования расчетов с экспериментальными данными необходимо уточнение описанэд пло­
тности уровней осколочных ядер и сечения обратного слияния для нейтронов. 3 ра­
боте ' использован простой вариант испарительное модели, в которо:"' усреднение 
по распределения?/ параметров осколков заменено усреднением по треугольному рас­
пределению температуры для двух осколков, являющихся представителя:.!:! легкое к 
тяжелой групп. Последовательные расчетч в оамках каскадно-пспарителъко": моде.тп 
проведены в работе •. Наиболее обоснованным подходом является использование ста­
тистической теории Хаузера-1>ешбаха к расчету характеристик TU', ' • "3 настояло": 
работе также использован метод Хаузера-~>ешбаха с некотопкгли изменениям:: по соав-

71 нению с оаботой ' , касающихся более точного учета каскадного характера эмиссии 
нейтроне з, использования иного способа определения средне": энергии зсзбуддек.чя 
осколков, использования для плотности уровнен, втгражения, учитывающего оболочеч-
нуго структуру ядер ^ . Приведены результаты расчета спектров и распределения мно­
жественности 'ОД для наиболее важных случаев, а именно, спонтанного деления '^^Cj 
и деления 4J тепловыми нейтронами. 

Интегральный спектр мгновенных нейтронов деления составного ядра с массовом 
числом Ас, зарядом Zc и энергией возбуждения >1с формируется из отдельных оскол­
ков: 

Y A Z 
(A, Z , Ас,Ее, Ее ) - независимые выходы осколков с массовым числом Л и за­

рядом Z, нормированные на единицу. Энергетически:: спектр МВД из отдельных оскол­
ков N (Е, A, Z) по имеющимся представлениям состоит из двух компонентов: 

N(EAZ)=WEAZ)+WEAZ). [2) 

'.ÄÄecbNs(E, А, 21) - спектр ?ОД, испускаемых статистически из полностью ускорешпх 
осколков, Щ- спектр МИД, испускаемых либо из неполностью ускоренных осколков 
статистически, либо с помощы. неравновесных механизмов, V- я уд- среднее число ра­
вновесных и неравновесных МНД из отдельных осколков. ( V ( A , Z ) e Vs-b"^ )• В пер­
вой работе ', обнаружившей неравновесный компонент Nj , авторы оценили его до­
лю до 20$ в интегральном спектре. Однако до настоящего времени количественно ве-
личи* . 7, не определена, но последние измерения 8' показывают, что \/у меньше, 
чем оценено ь работе .̂ В настоящей работе мы не рассматриваем неравковеенчл 
компонент N^. Для равновесного компонента предполагается, что МИД испускаются 
изотропно из полностью ускоренных осколков. В этом случае спектр в лабораторной 
системе координат (Л.С.) простым образом связан со спектром в системе центра ине­
рции (СЩ) при данной кинетической энергии осколка Ек: 
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где Е,= Ек/А. Здесь ф чЬ,Л.,2,Ек) - спектр МИД в TZ' пр;; данной Ех, нормирован!:; 
на "v[ . При расчете интегрального спектра необходимо усредлить по распределению 11~ 

с тех 

^(E,A,Z)= J Р(АДЛ^СЕ,А,2,Бк)аек. ;•!) 
Amin 

3 процессе эмиссии нейтронов з результате отдачи первоначальное распределение по 
Ек искажается, но в рассматриваемом приближении этим молио пренебречь. 

Спектр з С1ДО Нормируется в результате каскадной эмиссии нейтронов из возбуж­
денных состояний осколков с начальном гауссовскигл распределением по энергиям воз­
буждения PO(S*,A,Z,SK) (Е*- Ё* / 

eCE'.A.Z.EJ-^re 
Е* 

здесь Е - средняя энергия возбуждения осколка при данном значении Ек, а б*- дие-
дврсия распределения по Е . При усреднении по распределению (5) необходимо огра­
ничиться максимальным значением Е т которое принималось равнял 

ЕтоГР *(А,2Л)+36С<(А,2,ЕК). 
Зеличина З т а х определяет максимально возможное число нейтронов V , испущеннчх 
данным осколком, согласно неравенству 

»max 
К JWJ- £ VA-l+1' Z) * ̂ 4 » * ^ ) , '7 1! 

1=1 

где Bnwi,Z) - энергия связи нейтрона. При использовании соотношения (6) вероят­
ность эмиссии l^-HeürpoHa меньше O.0I. Если распределение мнол-жстзенности ней­
тронов W ( V ) нормировано на I , то спектр МНД в СУЩ определяется выражением 

где П(£,) - энергетический спектр V-нейтрона, нормированный на I. 
Энергетический спектр первого нейтоона определяется вьгоажением 

Е* *-та% 

№> ) P0(e;A,I,£K)^(£,E*A,2)o(E*, fro 

где r (£ ,E ,A,Z) - вероятность эмиссии нейтрона с кинетической энергией L из со­
стояния с энергией возбуждения Е*. 
После эмиссии первого нейтрона новое распределение энерпш возбуждения находится 
из соотношения F* 

ijCE*A-i,z,EK>5 РЛКЛ^тк-Е-\Л^г^<- (ю) 
Ьа+Е» 

Аналогично, спектр V -нейтрона определяется выражением 
Е£«-£ЬПСАЧ,2) 

Ь^А-*-!,^ 
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V-i J »"* a n . 
E*+Bn(A-W-J,2j 

Распределение множественности МНД при [у /г « I определяются соотношениями 
ь„(А,г) 

о 
b.CA4,z) 

W(0=&-W(o))^PiCE:A-i,E)dtE*, 
О (14) 

ЬЛСАЧ2) 

W(V)- ( i -S WCO) J P/E*, A4 EWE*. 
* " < > 0 (15) 

Зероятность эмиссии нейтрона с учетом распределения состоянии составного ядра по 
спину I представляется в виде 

t *w-¥*™№ä№*'r 
еде Г„и L являются полной и радиационной ширинами соответственно, ü) (l,E ,A,Z) -
"ьшкция распределения по спину. Парциальная нейтронная ширина определяется выраже­
нием 

rn(^A,?,E*,i)-^?(E*-e>riCA,m,A-t,z,i')j;Ta)> (i7) 

i' i,\ 
Здесь 0 - плотность уровней составного ядра, тДО- коэффициенты прилипания для 
нейтионов. Полная радиационная ширина вычисляется по формуле 

Гх(AÄE*. 1)= ̂ U ЕТ/ЕЧТ,*'^ (Ч А,2,Л, (18) 
о 

где Ту - коэффициент прилипания для ЗГ-квантов. Полная нейтронная ширина получается 
с помоиц-01 интегрирования парциальной ширины (17) по энергии возбуждения дочернего 
ядра. Для плотности уровней о использовалась формула из работы , в которой учте­
но влияние нуклонных оболочек и вдрных корреляций. Распределение по спину в форму« 
ле (16) принималось таким же, как и распределение по спину для плотности уровней в 
работе ' . Коэффициенты Tg. рассчитывались по оптической модели с параметрами по­
тенциала из работы 1 0\ а коэффициенты Т„ вычислялись в предположении дипольного 
у-излучения, как и в работе II). 

Среднее значение энергии возбуждения осколка в выражении (5) принималось про­
порциональным среднзй множественности ! Щ 

E4A,2,EK) - V{A,Z,EK)(U+t+S') + Ч%\ . (ig) 
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Здесь 7 и \ - средние значения числа и кинетической энергии МЕД, которые в расче­
там брались из экспериментальных данных, Ъ п и Т> - средние по каскаду значения 
энергии связи нейтрона и поправки на четность в полуэмпирической формуле масс. Та­
кое определение Е* дает согласованные значения рассчитанных величин V с экспери­
ментальными в пределах экспериментальных ошибок. 3 тех случаях, когда известны 
экспериментальные значения дисперсии энергии возбуждения 6_*, они использовались 
в расчетах. 3 противногл случае дисперсии энергии возбуждения парннх осколков опре­
делялись из соотношений 

б[УиЛи)/бЕ ,(\, г^-Ц/i*, (20) 
д Е 

где <> - дисперсия кинетической энергии пары осколков, Ек и Е„. - средние значе­
ния кинетической энергии осколков. 

Распределение множественности нейтронов для парк осколков рассчитывались в 
предположении статистической независимости эмиссии нелтронов из парных осколков, 
поскольку лолучен:гле в работе ' коэффициенты корреляции малы: 

P(v)-£WLCW,(v-vf). «п 
? v, 

Полное распределение множественности на акт деления получено с помощью усреднения 
Г (V) по массовому распределению аналогично ( I ) . 

:гз изложенного следует, что результаты расчета зависят от выбора необходимх-: 
:аггаетров моде.тн, поэтом/ наш били, проведаны оасчетн с целью выяснения влияния 

ТО) 
лепзльзуемых параметров на различные характеристики !.Щ. В работе ""• проведено 
срачпение рассчитанных спектров "ИД в СЦИ с эксперяглентальнчми данншли для выделе­
ниях гласе и кинетических энергии осколков, которое показало, что рассмотренная мо­
дель в пределах экспеоиментольных ошибок описывает спектра '.КД без керавповесного 
компонента. Расчеты • показали, что имеется сильная чувствительность вероятнос­
ти эмиссии нелтронов с 3>ГЗ МэЧ к вариации параметров начального распределения 
энергии возбуждения осколков (5). 

Z цель:; сокращения малинного времени, расчеты интегрального спектра "ЛЕД про­
водились таким образом, что усреднение по распределению кинетическо.'; энергии ос­
колков заменялось выбором параглетров начального распределения по энергии возбуж­
дения, соответствующим средним значениям кинетической энергии осколков. На рис. I 
приведены результаты расчета интегрального спектра !Щ для спонтанного деления 
"^"""j в Ъоргле отношения к максвелловскому спектру с параметром Т= 1,42 :.ТэЗ в сра­
внении с данными работм . Средние значения кинетической энергии осколков Ек, 
среднего числа нелтронов и средней энергии нейтронов в СЩ Z взяты из работы , 
л дисперсии кинетяческол энергии пары осколков б и энергии возбуждения легкого 
осколка из работы \ Дисперсия энерто! возбуждения тяжелого осколка определи- сь 
лась из первого равенства (20). Из рис. I видно, что теоретический спектр идет ни­
же максвелловского спектра при 3<0,5 МэЗ и при Е>4 МэВ, но в пределах эксперимен­
тальных погрешностей хорошо описывает экспериментальные результаты. Аналогичные 
результаты для случая деления 2 3 5 U тепловыми нейтронами приведены на рис. 2. Здесь 
данные представлены по отношению к максвелловскому спектру с параметром Т= 1,31 
,1эЗ. экспериментальные данные взяты из работ 1 7 ' 1 8 ' . Параметры Ё^ , С? взяты из 
раооты *• ', V(A,Z) из работы ° ' . Дисперсии энергии возбуждения осколков опреде­
лились из соотношении (20). С теми же исходными параметрами были рассчитаны рас-
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"IG. .. улспегчч.' уктегратьч- '• :УУУТУКУУКОЛ :'o::?ai) и зг.с-
теонпектллыыл УУЭУГУЛ 'точкзО ''">; из работу 11^ для 
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r e . 3. .'o.r--:o': иптеиогтьи :: . еллолнал конвал.. и эго-
•етинепталуу ; У:УУ-ТУУ Т.,', ( Д - работа 17)", • - забота 
'Л ) длл :ол :'ч 235tJ тепло у;:": нху'тзонамл по зтнЬде-Г'э 
: УУУСЗОЛ.'ПУУ • уу распределению с ?-' :',31 '.'оЗ. 

Рис. 3. Распре делении множественности :ШД: 
сиоутанное деление ™*Cf ( • - расчет, • - эк эксперимент 21), —в-=,гч7осовское распределение с расчетным 6 J ; 
деление т м - е л л ж й к нейтронами ' • - распет, о - эко-
леоимент 21'1, — - гауссовское распределение с расчет-
у£; б , ) . 

пределе п:т-Д :.шо~е ст зе::-
ности для двух рассма­
тривает.^ случаев, ре­
зультату которых пред­
ставлен-; па рис. 3 в 
сравнении с экспериме­
нт альту У.ГИ датн-всти из 
работу. ЗГ>. "ах видно 

V.1-

n-ie распределения муо-
деотвекиостн .".til" "'"оо - v . 
'ДО ОД.'.С'УЗ" -DH i i п^-'П^Г-

встег.: оаспоодслон;1 

у о are тот.: г.: б 
14. СУ: 

и̂ 
УГУЭУ: 

г::-г - f У <Ь\ 

.ивл:г: нейтрона.-—. 
"'говеденное срав­

нение с этгсуер.д;оутя-
ЛЬУДТП ОУННУУГУ УОКУГ:-
вяет, что ПИСУНУ? ха-
У-^УУЭУСТУ" *~'~ у оам-
иах статистичесноу мо-

УСУ Г:,."", ур:г 7.<г Mo';. 
!'аб.тгуав;.;у"'сл в оабот; 

' повнгленнлх выход 
нейтронов при Е>20 Мэ'" 
уе находлт объяснения 
по;? статистическом 
описании при облчнпх 
предположениях о хара­
ктеристиках ОСУ.ОЛУОВ 
ду тения. Так;:,; образгу 
в рагнеах изложенного 
метода но:шо рассчиты­
вать характеристики 
luv" для низко энергети­
ческого деления ядер, 
пока время жизни воз­
бужденных осколков бу­
дет больше зремени их 
ускорения. Детальное 
сравнение расчетов с 
/цифференциальннми гл-
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J ̂ -тэрнстикаг.та !ЛЭД гложет дать возможность более точного определения роли неравно­
весного механизма эмиссии ЖЩ. 
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MBASUBEKEHT AND IBTERPRETATIOH OF DOUBLE-DIFFERENTIAL NEUTRON EMISSION CROSS SECTIONS 

FROH LKAD AT 14 MJSV 

T. Elfrutn, D. Hermedorf, H. Kalke, D. Seeliger, K. Seidel, S. Ucboizer 
Technische Universität Dresden, Sektion Physik, DDR-80^7 Dresden 

Double-differential cross sections of the neutron emission from nuclei bombarded with 
14 MeV neutrons are of increasing importance in connection with fusion reactor develop­
ments. The Pc— data have priority 1 in the World Request List /1/. 

Etnissioa spectra from Pb were measured with the pulsed-beam time-of-flight spectroscopy 
at the TUD DT-generator using a flight-path cf about ', m. The scattering arrangement 
spectrometer and data analysis were described in detail elsewhere /2, 3/. A typical 
feature of the scattering geometry chosen la the comparatively weak dependence of the 
incident neutron energy on the scattering angle (E • 14.07.. .14.14- MeV). Cross sections 
were determined in the emission energy range from 2 to 14.8 MeV for scattering angles from 
15° to 165° in steps of 15°. The data were corrected for geometrical uncertainties, non-
linearity, detector efficiency and neutron absorption within the scatterer. Multiple 
scattering corrections are in progress. The later are expected to be small due-to the 
comparatively small thickness (1 en) of the ring scatteier. In Fig. 1 the derived preli­
minary DDCS are presented in a 3-diaeaeional plot yith their statistical error bars. 
This presentation clearly shows the strong dependence of the angular distributions on the 
emission energy. 

Tbe DDCS at 3.1 MeV, 7.0 MeV and 11.1 MeV are compared with the recent measurement at the 
Osaka University /4/ as well as with the previous Tb.. experiment /5/ in Figs. 2, 3 and 4, 
respectively The figures show a general consistency between these three experiments at 
high emission energies, whereas remarkable differences occur at lower energies. Except the 
data point at 15°, the new TUD-data show an almost syemetric angular distribution around 
90°, as it is expected from the dominating reaction mechanism,whereas the Osaka data show 
a foreword-peaking, as it is usually expected for higher emission energies only. 

In parallel to the experiments, theoretical calculations were carried out with the code 
AMAPRE ,6/ taking into-account preequilibrium and equilibrium statistical reaction con­
tributions and with a DVBA code /7/ to calculate direct collective contributions. 
The code AMAPRE is baaed on the master equations of the exciton model and, therefore, 
both preequilibrium and equilibrium particle emission la obtained within the same concept. 
For preequlibrium angular distributions, the leading particle concept used. Till now the 
code AMAPRE allows the calculation of emission probabilities for the first nucleon only. 
Therefore, the spectra of secondary neutrons from (n,2n) processes had to be added. They 
were calculated with the Haueer-Feshbach code STAPRK /8/. The results of the calculations 
are Inserted in Figs 2 - 4. At low emission energies the calculation reproduces the right 
order of magnitude of the experimental data as well as the alig'at *3eymetry of the angular 
distribution (Fig. 2). In the intermediate region the experiments are very well repro­
duced (Fig. 3). At high emission energy, the strong collective enhancement of the 3~ octu-
pole vibration state in la evident. 

Finally, the angle-Integrated data are compared with calculations in Fig. 5. Again, the 

dominating influence of collective excitations at emission energies above 6 MeV is 

evident. 

The reasonable description of the whole emission spectrum shows that the most essential 

reaction contributions are taken into account. 
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COMPLEXITY OP ANGULAR DEPENDENCE OF SCATTERED PAST SiUTRONS - CONSEQUENCES AND 
RECOMMENDATIONS FOR MEASUREMENT AND APPLICATION Ü? DATA 

D. Hermsdorf 

Technical University Dreedt?, Section of Physics, 5DH 

Abstract 

A state-of-art review is given on differential cross sections for fast neutron elaetic 
and inelastic scattering. 

Comparing the experimental accuracy achieved at present with data requests further 
improvements have to be necesss-rily envisaged in 

i) carefully planning of experiments and more accurate raw data processing to 

reduce systematical errors and correlations; 
ii) customers' processing codes to a-roid any loss of information or accuracy by 

use of inappropriate numerical approximations and 
iii) the computer-aided data storage furmai ENDP/B for a convenient representation 

of all verified factographical informations. 

1. Introduction 

Stimulated by the design and operation of very high intense sources rf faet neutrons and 
their important applications for quite different purposes in technology, medicin, 
geophysics, biology etc. new demands for more accurate data of fast neutron elaetic and 
inelastic scattering nave been obtained. According to this 12.5 % of all data requests 
compiled in v/REb'DA 83/34 /1/ concern with an^le differential and energy-angle-double-
differential cross sections for a correct treatment of neutron transport in extended 
media including energy degradation and deposition by secondary cbarged-particles and 
•p-rays and radiation damage effects. 

The experimental certainty achieved at present in very advanced measurements doesn't meet 
the required accuracy in general. Therefore it seems to be necessary to improve both the 
experimental technique and the processing of raw data to extract more reliable cross 
sections. 

2. Considerations on the experimental accuracy 

2.1. Uncertainties in measuring techniques and raw data processing for differential 

neutron scattering cross sections 

Neutron scattering experiments have been carried out for nearly all nuclei and elements. 
However, the measuring technique has been impro.^d and refined to a largi extend. 
Nevertheless, if the data accumulated are compared to the demands for practical applica­
tions the inadequacy in accuracy for neutron inelastic scattering cross sections have to 
be pointed out. This is summarized in table 1 

More illustrative than given numbers are examples for the experimental accuracy obtained 
at present shown in fige. 1, 2 and 3 talcing dat* for elaetic and inelaetlc scattering on 
r?0ePb from refs. /2-6/. 
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Table 1t Comparison of requested and achieved accuracy for differential and integrated 
cross sections of fast neutron elastic and inelastic scattering. 

Quantity 

ev(«.«» 

V ( B ) 

°nfn'(B,Si,*) 

°п,а'(В«ЕР 

accuracy (averaged) 
requested achieved 

(according to /1/) 1 (in advanced exp.y 

5 - 10 % j 5 - 15 * 

3 - 5 * 3 - 1 0 * 

10 - 15 * 

5 - 15 * 

15 - 50 * 

10 - 20 * 

'Fig. 1« Elastic scattering cross sections o Q n(B,i?) at different incidence 
energies I for 2 o 8Pb (taken from /2,3/). 

Obviously, more accurate measurements can be performed by improvements of individual 
parameters of an experimental set-up like following 
- optimised effect / background ratios 
- minimizing the averall time resolution! 
- counting statistics; 
- absolute monitoring» 
- use of multi-detector arrangements) 
- uee of high-precision nuclear standards cross section for normalisation or comparative 

measurements. 
Suet1 requirements are self-evident and need no further ezplainations. 
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Plff. 2; Inelastic scattering cross sections oQ n,(E,Ejj,"f9 for excitation of tbe 
first 3~ level in '^Pb (taken from 1 /3,^/). 
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Pig. 3» Inelastic scattering cross section for excitation of level continuum oQ Q, (E,E* ,-̂ ) 
in М*РЬ at emission energies 3 and 7 MeV (data taken from /5/ and /6/). 

More crucial problems nave to be solved to avoid systematical errors producing correla­
tions as well as in angle and emission energy- Strong correlations between different 
angles of an angular distribution for a discrete level or between same angles of angular 
distributions of neighbouring levels can arise from 
- incorrect definition of the angle relative to the beam axis; 

an accuracy of about 0.1 to 0.2° in dependence on the complexity of the angular shape 
is required for elastic scattering /'?/; 

- incorrect numerical procedures for peak area subtraction especially for complex 
(partially overlapping non-resolved) structures /8/; 

- finite sample size corrections for discrete levels (generally for elastic scattering). 
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Strong correlat ions showing long range e f f e c t s i n neutron emission energy E' for 
i n e l a s t i c scattering should be expected from 

- inaccurate energy dependences of the detection e f f i c iency £(E*) resu l t ing from either 
experimental problems in neutron detect ion ( inc lus ive ly bias s e t t i n g s and s t a b i l i z a ­
t i o n , particle-Y-discrlmination methods, l ight c o l l e c t i o n in big detectors e t c . ) or any 
ca l cu la t ions ! model (Honte-Carlo-method usual ly ) . At present, an accuracy in the order 
of 2 - 3 * can be obtained with reasonable e f for t . Any Improvement requires tremendous 
expenses in both experimental arrangements or calculat ional models / 9 / ; 

- f i n i t e geometry corrections including down-scattering of neutrons within the sample. 
Several more or l e s s sophist icated semi-empirical methods / 5 , 1 0 / and Monte-Carlo-ccde3 
/ 1 1 / are in use at present. 
The uncertainty of such procedures can be estimated to be in the order of 3 % or more 
in dependence on the magnitude of the absolute correction fac tor . 

In contrast to very-well documented and intercomnared ef f ic iency codes there i s up to 
now no comparison of the re su l t s of di f ferent f i n i t e - s i z e - c o r r e c t i o n codes applied on a 
typ ica l l y experimental set-up. This should be recommended to get more r e l i a b i l i t y for a 
very Important correction. All experimental problems should be mentioned here only. Uost 
of them need further sore deepened inves t igat ions . However, t h i s i s not the subject of 
the paper. 

2 . 2 . Uncertainties in determination of angle-integrated scattering cross sect ions 

Generally, integral cross sect ions for e l a s t i c and i n e l a s t i c neutron scattering are 
obtained by integrating the angular d is tr ibut ions over the s o l i d angle . 

The r e s u l t s can be checked part ia l ly within nearly the same order of accuracy by integral 
measurements performed to determine to ta l cross sect ions o_T, non-e las t ic cross sect ions 
0nX a s w e H a s neutron emission cross sec t ions oQ Q, / 1 2 / . 

However, the required accuracy of integrated cross sect ions i s higher than for the 
d i f f erent ia l quantit ies (see table 1 ) . To obtain precise data from more uncertain 
d i f f erent ia l measurements re l iab le numerical methods for the integrat ion procedure have 
to be applied. Two main methods are widely i n uset 

I ) f i t of experimental data in terms of an Legendre-polynomi al s e r i e s and 
I I ) adjustment of parameters of nuclear reaction mechanism models by use of experimental 

data (no necessari ly angular d is tr ibut ions o n l y ! ) . 

2 . 2 . 1 . Expansion of an angular d is tr ibut ion In terms of Legendre polynomials, 

The dependence on the scattering angle fr can be represented by a s e r i e s of Legendre-
polynomi a l s P, with coe f f i c i en t s b^ according to 

M U L i ± i . o ( B , E ' ^ ) - I ЬДЯ.Е») P,(coe>) . (1) 

аЛ l-o L x 

The Integration over solid angle yields 

e(I,B») - 4*b0(«,B«) (2) 
using the orthogonality of the P^'s. 
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All coefficients b, (0 < 1 < Iu-_) have to be extracted from the set of К experimental 
data o'3^ and their uncertainties До?*^ applying the X -method usually 

Я 2 
"A 2 = l (^(E.B't'*!) " 0(Е,Е',г^))2/Д0«хр . (3) 

This method i s equivalent to a multi-parameter search including a l l problems of 
i n s t a b i l i t y Cor at least bad convergence conditions) and ambiguities in a l l parameters 
(at least strong correlations between b and a l l other ones). 

The set of I^--*! parameters b, defined by minimizing the functional equ. (3) have to 
f u l f i l some additional conditions which are very helpful to exclude non-physical solu­
t ions . Such sens i t ive constraintt, are 

- o (0° ) ; for e l a s t i c scattering th i s i s equivalent to Wick's l imi t ; 
- b should be independent on increase in Lm a x; 
- iS bQ should be at a minimal value; 
- Ь д ^ in equ. (1) should have a reasonable value from quantum-mechanical viewpoint; 

as re l iab le values may appear for e l a s t i c and ine la s t i c scattering to discrete l e v e l s : 

5 £ 1 ^ < 25 for 2 < E < 20 UeV 

and for i n e l a s t i c scattering to the contiauum: 

3 £ L < 5 for 2 •£ E» < 20 MeV. 

This procedure had been applied successful ly for a great amount of d i f f erent ia l data. 
Problems arise in such cases where 
i ) the angular range i s insuff ic ient to extrapolate as well as to very foreward and 

backward angles. 
Generally, an investigated range 

20° £•#>< 160° 

can be considered to be suff ic ient / 7 / . In other cases any expansion according 
to equ. (1) diverges with increasing L ^ . 

i i ) The number of experimental data points N i s smaller than the necessary maximum 
degree I___ (N £. L__) for convergency of the polynomial s e r i e s . 

i i i ) The number N i s larger than the optimal value 1 ^ ^ (N > Ът9Х)> Л further increase 
in Ьд w i l l also reduce y? usually but non-phyeicaliy (or reuundant and inter -
correlated) higher-order coe f f i c i ents bj are determined according to randomly 
f luctuating structures in the experimental data s e t . This i s a direct consequence 
of an over-determination of the system of l inear equations in equ. ( 3 ) . 

2 . 2 . 2 . Theoretically based models to integrate di f ferent ia l data 

Depending on •- mechanism assumed to describe the neutron scattering there ex i s t at 
l eas t four models 

1) the optical model (Oil) for shape e l a s t i c scattering; 
i i ) the Haueer-Feshbach-furaalism (HF) for compojmd-elastic and compound-inelastic 

scattering ( to discrete l eve l s and level-continuum a l s o ) ; 
i l l ) the direct reaction models (Dl) for ine la s t i c scattering to discrete l e v e l s i 
i v ) the models for multl-step-coapound- (MSCR) and «ul t i -e tep-direct -react ions (MSDR) to 

describe i n e i a i t i c scattering to both overlapping and discrete s t a t e s . 
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2 . 2 . 2 . 1 . Heutron e l a s t i c scatter ing 

Already simple spherical OH potent ia l s with ветеп parameters only have been successful ly 
applied to describe experimental data s e t s i n a l l d e t a i l s ( s ee f i x . 1 ) . 
For t h i s purpose, several approved computer codes are available / 1 3 / . The codes ABICUS-2, 
ELTESE-2, ELIESE-3, CRAPONE and ECIS stand f o r several other. More recent OM parameter 
search codes have been developed but, unfortunatly most of them are unpublished and 
unavailable (RAROMP, GENOA, OPSTAT). 
The application of sue!, qualif ied models using ver i f i ed computer code« (which have been 
checked by international computer code comparisons; provides for automatically correct 
constraints as o(0°) t i c k ' s l i m i t ) and l x a z -

Unfortunatly, there i s no direct way for 

- determination of th i uncertainty of the integrated cross sec t ion; 
- determination of t) e uncertainties and correlat ions of a l l other Legendre 

coe f f i c i en t s b^ ( 1 > 0 ) . 

2 . 2 . 2 . 2 . Neutron i n e l a s t i c scattering to d iscrete l e v e l s 

Some models in use are distinguished according to different approaches for reaction 
mechanism am" -„^i/laxlty of the exci ted s t a t e ( c o l l e c t i v e , microscopic, d irect , 
contribution from s t a t i s t i c a l modes e t c . ) . 

Generally, only a few parameters (deformations, strength of interact ive forces) and the 
optical potential defined by independent data are necessary to obtain a /ery reasonable 
agreement in reproduction of the experimental data base. 
At incidence energies below 7 - 8 HeV, contributions from compound-reaction mechanism 
estimated i n terms of HF have to be added incoherently to improve the consistency with 
experimental angular d i s tr ibut ions . 

The achievable accuracy i s f a i r l y well (see f i g . 2) but differences rea l ly appear caused 
by 
- s t a t i s t i c a l and systematical errors i n the experimental data obtained by different 

authors (see f i g . 2 at 11.5 MeV); 
- unexpected from theory pronounced foreward-directed i n e l a s t i c scattering at higher 

incidence energies (see f i g . 2 at 20 and 26 MeV) / 3 / . 

2 . 2 . 2 . 3 . Neutron i n e l a s t i c scatter ing to l e v e l continuum 

From experiments / 5 , 6, 14/ c l ear ly asymmetric angular d is tr ibut ions have been ver i f i ed 
for low emission energies already (see f i g . 3 for E' • 3 meVJ). 
This can't be understood i n terms of the H-F-formalism and more advanced MSCR modele 
ex i s t ing now by different modifications of the Sxciton models (EU), which predict 
i sotropic angular distr ibut ions of par t i c l e emission cross sect ions only. 
On the other hand, there are only a few attempts for a practicable formulation of the 
MSDR / 1 5 , 1 6 / . Some models and computer codes (OBION - TRISTAfi-1 / 1 7 / have been applied 
for nucleon-induc dd reactions around 50 meV. At lower energies only a quite simple 
oemi-empirical luclel, the "leading-particle-model" proposed by Agassi, Weidenmüller, 
Hanttouranis / 1 8 / i s able to predict with encouraging agreement the experimental wel l -
estaUle'-Lv b^ner-order coe f f i c i en t s b^ ( 1 > 0 ) (see f i g , 4 ) . Some computer codes e x i s t 
(PRANG, PRIM, АМАГАЗ / 1 9 / ) for ca lculat ion of angular dis tr ibut ions of Ine las t i c 
scattering to the l eve l continuum. 
First r e s u l t s of an application of t h i s model around 14 UeV have been published formerly 
/ 2 0 / . One fac t i s of special far-reaching pract ica l iaportance. The general structure of 
i n e l a s t i c scattering cross sec t ions to l e v e l continuum i s r e l a t i v e l y simple and can, 
therefore, be described with only very few low-order Legendre polynomlnals. 
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The first order coefficient (1 « 1) is the dominant one which is responsible for the 
forevard peaking of neutron inelastic scattering cross sections also observed in angular 
distributions for excitation of low-lying levels (see fig. 2). 

-i 1—i 1—T- -r-*~ I I l -i 1 1 r-

РЬ.П 

fig. 4; 
Coefficients of an expansion of tee 
neutron emission cross section from Pb 
at 14 MeV in terms of Legendre poly­
nomials. Experimental data has been 
taken from /5/ and /14/. Solid lines 
represent the calculated coefficients 
from code AUAPRE /19/. 

2 i 6 » 10 О It 2 t 6 8 10 '2 li * 
f̂ /MeV 

From systemetics of such averaged features Kalbach and Mann /21/ nave derived a simple 
semi-empirical formalism to predict the coefficients b, by 

b,(E,E») .-J- d q tE'E'> 1 2* dE» 1+exp(Al(Bl-b')) 

for 

b^E.E») +r J L dq(E,2') 1 
r 2* dE' 1+esp(Al(Bl-fi*)) 

2,4,6 

1,3,5 

(4) 

and with 
^ = 0.036 + 0.0039 [ 1(1+1) ] / MeV 

i or 1> 0 (5) 
Bĵ  - 92.0 - 90.0 I 1(1+1)1 ~1'2 MeV. 

Using experimental data for r (the ratio of direct to total emission reaction mechanism) 
and the integral emission spectrum, the angular distribution can be estimated with a 
reasonable accuracy in comparison to mos'- recent experimental data. 

3. Recommendations for storage and application of angular differential data 

3,1, »i'ifn anfl procedures for storage in EUDP/B-for^at 

The procedures and rules defined in ENDF/B-format manual /?2/ are an internationally 
accepted and successfully used method for compact storage of neutron nuclear data. 

By convenience in EBOP/B an angular distribution i s defined in terms of Legendre poly­
nomials Pj, also 

HL 
M U t f 2 - 2Ш l Ш+И f1(E,E')P1<coH') (6) 

with a normalised sero-order coefficient 

f0(B,B')-1 . (7) 
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Any upwards compatible development necessarily originated by use of data for other pur­
poses tt an fission reactor calculations have to pay attention also for fast neutron 
physics data. Several proposals are in discussion /23/. 
Having regari to those extensions also, following facts should be pointed out to be 
restrictive, unmotivated or at least inconvenient for a reasonable representation of fast 
neutron nuclear data in ENDF/B: 
i) the number of Legecdre polynomials NL (corresponds to I"___ in chapter 2) is 

restricted to ML 4 20 
This is quite too low for elastic and inelastic scattering to discrete levels at 
energies Б > 14 MeV and medium or heavy mass nuclei. 

ii) the rule that NL should be an even number is of no physics justification. 
iii) angular distributions to discrete levels should be given in a Pj-representation in 

the C-M-system. Considering such a lot of coefficients (NL> 20) to reproduce 
correctly an angular shape for elastic scattering, it may be more convenient and 
more exact to store highly structurized distributions in the /U-representation 
(probability distribution) provided for data in L-S-system. 

iv) for storage of energy-angle-differential data file MS6 is the only acceptable 
structure. According to a re-activation of ИР6 proposed by Mac Farlane et al. /24/ 
several experiences have been obtained in using this rules. In author's opinion 
- problems my arise from truncation of the polynomial series 

at NL = 5 for inelastic scattering to discrete levels and 
- it is in contradiction to very fundamental rule of an arrangement of any 

variable in ascending order that in MP6 discrete level data have to coded first 
followed by inelastic scattering data to continuum (discontinuity in emission 
energy E':). 

- including discrete levels in UFb as well as the Q-value and the interpolation 
law (JNT) is questionable. 

v) the introduction of a lumped reaction cross section type MT1C /23/ is advantageous 
but may be changed to a higher condensed type 

MT10 « 1IT4 • МЗЧОЗ +...+ MT107 - discrete levels of BH70O-series 

from reason of further simplification of data processing by customer's computer 
codes, 

vi) proposals to introduce also covariance matrices for angular distributions in MF34 
/23/ seems useful but have to be checked carefully in the next time. 

3.2. Recommendations for use of angular differential data by customers 

However, from customer's viewpoint the complexity of angular distributions is more or 
less restricted by that type of approximation applied in data processing codes for treat­
ment of a definite problem. 

So, neutron transport calculations will be carried out in S^g - P, approximation 
generally. Comparing this with the investigations pointed out in chapter 2.2 it is really 
insufficient for any correct simulation of 14 Me/ neutron transport. 

Therefore, it has to be kept in mind: 
i) any truncation of a polynomial series at 1 < Ьлах result inevitably in falsified 

cross sections (i.e. partially negative values) and should be avoided carefully. 
ii) sometimes not only the angular shape is in question but also their accuracy at 

any angle point. 
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Then necessarily the correlation between coefficients which can be determined fron 
experimental data have to be taken into consideration. Because of the rapidly 
fluctuating Legendre polynomials P̂  rapidly destructive or constructive error 
components will appear from covariances. The total uncertainty is given by 

Д о ф ) - У Е var(b1)P^+ I cov(b,,blf) P, P, , (8) 
' 1-0 1 n l,l»-0 l x L L 

Лих e W 
l,l»-v 

The application of equ. (8) preassumes the storage of covariance matrices for angular 
distributions also. 

At. S»«4"T 
this paper is devoted to demonstrate the necessity of both the accurate evaluation of " 
angular distributions of elastic and inelastic scattering of fast neutrons, their correct 
and convenient representation in a computer-readable data format and last but not least 
the very important fact of processing these data without any less of accuracy and a 
reasonable effort by customer's computer codes. 

Most of the considerations given here are relatively new for standard reactor physics 
applications. Therefore, having had some intense discussions new aspects should be 
investigated carefully to substantiate a generalization. 
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A B S T R A C T 

This paper presents a relative method of determination contents Nb, Zr and 
Ti in the geological samples, by 1k.8 KeV neutron radioactivat ion. The quantities 
about ID g have been irradiated at the TSXAS-9900 neutron generator of the Institute 
tor Nuclear Physics and Engineering (INPE), Romania. They have been exposed with an 
absolutely calibrated fibsio-i chamber containing '3°y. There were made -eferenre de­
tectors of materials as geological samples. The measurements have been performed ty 
high resolution spectrometry, the both samples and reference detectors jeing measured 
in plane-contact. The method supplies the following possibility of o<_ t ic t i on : minimum 
content for: Ti up to O . U ; Zr up to 0.05$; Nb up to 0.02* for an intensity of 10 1 0 

neu t ron s/s in '•л. 

i. i ;J T R о v и с т i о я 

The determination of the content Zr, Nb and Ti in the geological samples 
rises the following problems: 

• the natural complex of sample ><ives at exposure a complicate gamma spec­
trum, which has numerous gamma lines interfering; 

• the samples contain very little amounts of the interesting elements 
(compared with the geological material); 

• the reaction cross sections with thermal neutrons of these are small. 
These reasons dictated the utilisation of a fast neutron source for 

irradi ations. 

2 . METHOV VESCRIPTIOH 

The interesting elements Zr, Nb and Ti have reactions of type (n,2n) and 
21 (n, p) with relative important cross sections ' at 14 MeV. They lead to radioactive 

isotopes with life-tim? convenient for measuring and with well-known decay schemes, 
which permit gamma measurements. For these determinations of content has been chosen 
the following reaction: 

90Zr(n, 2n)89Zr 
with the cross section 0.786 b and T,/0 = 78.4 hours. The decay scheme is one 
given in reference ' and the energy of used gamma line is Э09.1 keV. 

For Nb has been chosen the following reaction: 
93Nb(n, 2n)92Nb 

with the cross section 0.512 b ' and Т 1 / 2 = 10.2 days. The measured gamma line is 
that of 934 keV. For these elements have been obtained reasonable activities at the 
intensities available at the INPE neutron generator. 

At the examination of the samples appeared the possibility of Ti determina­
tion by the reactions: 
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4 7 47 

Ti(n. p) Sc (cross section = 0.116 b. gamma line 159 keV) 
48Ti(n, p) Sc (cross section = 0.053 b, lamma lines 983 keV) 

1037 keV; 

1311 keV) 

They have T. .„ = 3.4 days and respectively 43.7 hours. 

In this relative method the both samples and a sealed fission chamber con­

taining 238JJ_ Saclay type , have been exposed. Th-s fission chamber was used as 

neutron flux monitor. Our reference detectors, containing pure elements, have been 

exposed in the same conditions. Taking into account the well-known formula for acti­

vity calculation at the exposure in a neutron flux and that :here were the san:;-

conditions of measuring for the reference detectors and samples one can write: 
A RR 

ms = Ä ^ T S x R R I x n l r ( 1 ) 

sa t r s 
where: 

m - the exposed sample mass 

m - the reference detector mass г 
A - the saturation activity for sample sat s 
A - the saturation activity for reference detector sat r 
RR - the reaction rate of fission chamber for sample exposure 
RR. - the reaction rate of fission chamber for reference detector 

exposure . 
The samples have been irradiated in the plastic capsules, with 30 mm dia­

meter, 15 mm hight and 0.5 ma wall thickness. All capsules have been filled with 
powder, containing about 10 g. The irradiations have been performed with these 
capsules put on the window screen of the neutron generator and the fission chamber 

fi ̂  was placed on the sample. The spectrometry measurements have been made by means 3 of a Ge-Li 100 cm crystal, in plane contact. 
The reference detectors have been prepared in pure materials, with certi­

fied content. They have been exposed in the same conditions as the tested samples. 
After the exposure, the well-known ammounts of the reference materials have been 
homogeneously mixed with nonexposed geological material in order to obtain the iden­
tical conditions of me vsuring. This operation permitted to avoid the gamma self-

7 ) absorption-in-sample correction . 

3. R E S U L T S 

The results are presented in Table I. There are s;iven the used reactions 
the activities ^t the saturation for all formed isotopes, the sample and reference 
detector mass. The reference detectors are identified as NBY, ZR and TI. There are 
also given the reaction rates of the fission chamber-monitor for each exposure. 

The geological samples which have been tested contained Al and Fe. These 
elements impeded us to perform the .'.oasurements in the first three days after tht 
exposure , by the reactions: 

56Fe(n, p)564n T, ._ = 2.6 hours 
27 24 */* 
*'Al(n, aT^Na T 1 / 2 = 15 hours. 

Their gamma lines had high intensity and produced an important background. 
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In t h e Tab le I t h e r e a r e a l s o give." t h e a s s o c i a t e d e r r o r s l o r gamma a c t i ­

v i t i e s . They a r e g iven by : 

t h e e r r o r in background s u b s t r a c t i o n f o r gamma peak a r e a s : 

t h e s t a t i s t i c s and i n s t r u m e n t a l e r r o r s ; 

t h e - w e i g h t i n g e r r o r 

the e r r o r in d e t e r m i n a t i o n of f i s s i o n r a t e s by means of f i s s i o n 

chamber. 

In Tab le I I t h e r e a r e p r e s e n t e d t h e c o n c e n t r a t i o n s in p e r c e n t s f o r t e s t e d 

g e o l o g i c a l s amp le s and t h e i r a s s o c i a t e d e r r o r s . The i n c e r t i t u d e s a r e p r i n c i p a l l y 

g e n e r a t e d by gamma l i n e i n t e r f e r e n c e p roduced by t h e e l e m e n t s from t h e g e o l o g i c a l 

mat r i x . 

TABLE I I . Sample c o n c e n t r a t i o n 

Sample C o n c e n t r a t i o n C'j) 

i d e n t i f i c a t i o n Zr Nb Ti 

ZR02 0 . 3 2 1 (+ 2.5%) 3 .152 (+ 1.9%) 

ZR05 0 . 1 8 7 ( + 3.0%) 2 . 0 9 3 ( ^ 2 . U ) 

ZR06 0 . 119 (+ 5 £%) 

ZR09 0 .021 (-f 5.0,; '1 

ZR012 0 . 0 3 1 (+ 5.4%) 0 .309 (+ 4.1%) 

ZR013 0 .047 (+ 4.7%) 0 .503 ( ± 3 .8/ , ) 

NB1 0 .430 (+ 1.6%) 1.543 (+ 1.7',) 0 .447 (+ 2 .3 , i ) 

N'B2 0 .424 (+ 1. 6 i ) 1.400 (+ З.О'о) 0 .461 (+ 2 . 7 u ) 

The i n t e n s i t i e s a v a i l a b l e in t h i s moment at INPE neu t ron g e n e r a t o r p e r m i t 
u minimum c o n t e n t d e t e r m i n a t i o n up t o 

0.02% for Zr 
0.05% fo r Nb 
0. 10,; fo r T i . 
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Table 1. Тле saturation activities 

Hentifi-
cat ion 

ZF.02 
2R05 
ZR06 
ZR09 
ZR012 
ZR013 
NB1 
NB2 
NBY 
TI 
ZR 

? ass 
(g) 4."( n , 2n) 

909 keV 

93 Nb(n,Ja) 

Э34 keV 

Activities 
18,r., 

fi(n,pj 
933 4eV 0 3V ко 7 

10.163226 
11.473805 
9.740030 
9.673473 
7.852491 
9.529535 
9.229075 
9.691500 
0.135710 
2.895250 
0.373063 

2 . 4 0 1 E 2 ( + 2 . 1 . o ) 
7 . 1 3 1 Е И + 3 . 5 . ) 
1 . 0 6 7 Е И + 5 . 4 ' ) 
9 . 2 3 8 Е 0 ( + 3 . 6 Л ) 
9 . 5 5 5 E 0 ( i 5 . 2 . i ) 

1 . 4 8 6 i £ l ( _ : 4 . 4 % ) 

4 . 0 8 1 E 2 ( + 1 . 2 . ) 

2 . 7 7 5 E 2 ( + 1 . IV.) 

2 . 7 4 8 E 2 ( + 0 . 8 : ) 

6 . 3 4 7 E 2 ( + 1 . 4 i ) 

2 . 2 S 1 E K + 2 . 8 j) 

3 . 965E2C i-O.O :.) 

5 . Q 3 3 E 2 ( +1 3 ' , ) 4 . 7 H E 1 ( ^ 1 . 4 ' , ) 

2 . 2 S 7 E 2 ( ^ 1 . 6 , j ) 2 . 1 5 4 E 2 ( ^ 1 . 2\j) 

2 . 159E1C -i 3 . 4 / , ) 2 . 0 6 4 E K +2 . 4',j) 

2 . 0 5 5 E K + З . 5 . 0 ) 

З . З Э 4 Е 1 ( : ! : 3 . 3 : ) 

9 . 1 2 6 E 1 ( + 1 . 9 .>) 

6 . 4 9 0 E H ^ 2 . 3 , 0 ) 

1 . 8 4 9 E K + 3 . 6 ' . ) 

3 . 1 2 5 E K _ 3 . 3 , i ) 

8 . 3 7 3 E 1 (jHl.Ö.'j) 

6 . 0 1 0 E K + 2 . 4 ' i ) 

3 . 3 4 3 2 3 ( + 0 . 7 ' j ) З .ЗОвЕгС+О.о^ ) 

1 3 1 2 keV 

1 . 4 9 0 E 1 ( ^ 3 . 8,i) 

2 . 5 2 2 E 1 ( ± 3 . 3,i) 

6 . Э 2 3 Е И + 2 . I1*) 

4 . 8 6 1 E l ( j + 2 .2*,) 

2 . 6 4 4 2 3 ( + 0 . 4 - л ) 

l l i ' I K 1 1 1 i '.I 

1ЧИ с . : 

3 . 8 2 1 E 1 ( + 1 . 5 ' , Ü ) 2 0 . Ö 3 7 

1 . 7 5 8 E 2 ( + _ 1 . 5 ' , i ) 1 2 . 5 7 Ы 

1 . 7 Ö 8 E 1 ( + 3 . 4 . Ü ) 3.4-89 

1 7 . 3 G 7 

1 0 . 8 3 6 

9 . 1 9 5 

2 8 . 8 8 4 

1 8 . 9 3 0 

1 8 . 9 30 

1 5 . 5 1 1 

2 0 . 6 37 

3 

4,i 

У.1 

•i,-

8';. 

NOTE: The masses of reference detectors (NbV, ZR, TI) is given in grames of pure element 
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NEUTRON CROSS SECTIONS MEASURED AT 14.8 MEV 

D r . I . G ä r l e a , С . M i r o n - G ä r l e a » H.N Rosu, M.Ion, V. Rädueu 

C e n t r a l I n s t i t u t e о- P h y s i c s , R76900, P .O.Box MG-6, B u c h a r e s t , 
ROMANIA 

Abs t r a c t 

The i n t e g r a l c r o s s s e c t i o n s f o r some r e a c t i o n s i n d u c e d by 1 k . 8 4eV n e u t r o n 
h a v e b e e n m e a s u r e d a t t h e TEXAS 9 9 0 0 n e u t r o n g e n e r a t o r i n t h e I n s t i t u t e o f N u c l e a r 
P h y s i c s a n d E n g i n e e r i n g ( I N P E ) - T h e t e s t e d r e a c t i o n s a r e -^Nb(n,s)90my( 9 Z r ( n , 2 n ) 
° ^ Z r , ' ° C o ( n , p ) 5 9 F e , a n d ° * Z n ( n , p ) ^ C u . Some b e f o r e s t u d i e d r e a c t i o n s h a v e b e e n 
a i s o t e s t e d , u s i n g t h e same t a r g e t s : ° ^ N b (n , 2n ) 9 2 N b a n d 59r ,o (n , 2n ) 5 ° C o . The c r o s s 
s e c t i o n o f 5 ° F e ( n , p ) 56*tn r e a c t i o n has b e e n m e a s u r e d i n o r d e r t o v e r i f y t h e u s e d 
m e t h o d o f m e a s u r e m e n t . The u s e d r e f e r e n c e c r o s s s e c t i o n i s t h a t o f t h e ^ З И ц ( n , F ) 
r e a c t i o n a n d i t i s 1 . 2 3 b . The f l u x m o n i t o r i n g h a s b e e n p e r f o r m e d by means o f t h e 
f i s s i o n c h a m b e r s . A G e - L i c r y s t a l a n d t h e a s s o c i a t e d e l e c t r o n i c s h a v e b e e n u s e d , f o r 
t h e a b s o l u t e r e a c t i o n r a t e d e t e r m i n a t i o n . 

J. lntioduction 

The needs of t h e n u c l e a r d a t a r e l a t e d t o t h e t e c h n o l o g y of t h e f a s t r e a c ­
t o r s and fus ion s y s t e m s have g iven a s t r o n g impu l se a t t h e r e s e a r c h e s f o r t h e o b ­
t a i n i n g of t h e r e a c t i o n c r o s s s e c t i o n s in t h e r ange of h igh ene rgy n e u t r o n s . In the 
frame of the i n t e r n a t i o n a l work s p o n s o r e d by N u c l e a r Data S e c t i o n of t h e I n t e r n a t i o ­
na l Atomic Energy Agency, t h e measurements a t 14 MeV a r e pe r fo rmed unde r TC/INT 
P r o j e c t and C o o r d i n a t e d u r s e a r c h Programme (CRP). T h i s a r t i c l e p r e s e n t s the measu­
rements pe r fo rmed under CRP ( R e s e a r c h C o n t r a c t No. 3818/RB) . 

1. The. сгоы S e c t i o n Viti.\m<nat<(m 

The e x p o s u r e s of t h e Nb, Zr , Zn , Co and Fe a c t i v a t i o n f o i l s have been made 
at the INPE TEXAS-9900 n e u t r o n g e n e r a t o r . T h e r e were i r r a d i a t e d b o t h t h e a c t i v a ­
t i o n f o i l and a p l a t e s e a l e d f i s s i o n chamber , S a c l a y t y p e . The f i s s i o n chamber d e p o -

O '1 О О . 

sit contains L* and it is absolutely calibrated ' , the calibration incertitude 
being 2.4'̂ . The run to run monitor level system his three plate fission chambers 
((3 12 mm), placed at 120° arround the generator tube . These chambers have been 

31 4) 
also calibrated in the same spectra: XI - ITN and Thermal Standard Spectrum 2-ЗЯ The monitor deposits contain U. The measuring procedure using fission chambers 5) is given in the reference . For the neutron flux monitoring has been used the 
method proposed in the paper 

The main operation characteristics of the neutron generator are: 
• high voltage: 120 kV 
• current: about 800 uA 

9 10 
• intensity: in the range 3.5 xlO - 1.5 xlO neutrons/з. 
Thritium targets have Mo backings of 0.4 mm thickness. Ti deposits have 

about 1 mg/cm thickness. The incident neutron energy #as 14.8 4eV. 
The absolute rer-ction rates have been measured by means of Ge(Li) crystal 

3 61 
(100 cm ) calibrated in the absolute efficiency ;. The crystal resolution is 
2.98 keV. The sample-crystal distance is 5 cm, for these measurements. Tue proces­
sing of the gamma peaks was made by means of SAMP0 code , mounted on 'the PDP-15 Я 91 computer. The used nuclear constants are given in the references ° , s " . 

The results are given in Table I. The cross sections measured at the INPE 
neutron generator are presented together the eirors. The associated errors include: 
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• statistics and instrumental errors; 

• uncertainties in tne iission chamber deposit calibration; 

• weighting error; 

• error in background subsraction at gamma peak processing. 

In the same table are also ^iven some values indicated in the references 

:10.8), for comparison. 
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'.able I. The cross sections obtained at 1-1.8 'U-V 

React ion Half live of 
product 

93x, 'Nb(n.o.r "V 3. 19 h 

9 3Nb(n,2n) 9 2Nb 10.16 d 

э и2г(п,2п) Zr 78.4 h 

5 9Co(n,2n) 5 8Co 70.8 d 

E 
(keV) 

202.5 
492.5 

934.5 

909. 1 

810. 7 

' • . ; ) 

96. 5 
90.0 

Э5.5 

99.0 

99.45 

Cross sections (.mb) 
This work Previous work: 

3.8 + 0.3 

517 + 3'. 

Г25 -r 44 

748 + 52 

о . о + 0 . D К) 

: !•>. + 4о Я) 

И) 768 + 78 

720 + 50 И) 

5Э_ , 59„ 
Co(n,f:j Fe 

6 4Zn(n.p) 6 4Cu 

56_ , ч56„ Fe (п , р ) Мп 

44.6 d 

12.8 п 

2.6 h 

1099.3 
1291.6 

511 

846.6 

55 . 5 
44. 1 

37.0 

99.0 

50.3 + 3.4 

167 + 14 

111 + 7 

73 + 10 
1!. ) 

4 G . ". f .2 . 

1 6 0 » 12 

:r " 
») 
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98 +_ I 
111 + 5 . :b 

в: 
10) 
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FAST NEUTRON SOURCES FOR THERAPY 

J. Vincour and P. Bern 
Nuclear Physics Institute, Czechoslovak Academy of Sciences, 

250 68 Re? u Prahy, Czechoslovakia 

The fast neutron beams and their sources for the therapy facilities should 
have the following properties: 

1. Mean energy higher than 10 HeV in order to achieve a penetration equi­
valent to that of 6 0Co gamma range, low attenuation and scattering in the body. 
On the contrary, from the viewpoint of RBE it is desirable that the neutron 
energy loner than 10 HeV. 

2. Intensity greater than 2 . Ю 1 1 n . s r " 1 . s " 1 which corresponds to the dose 
rite at least 0.1 Cy.min'1 at patients position /~80 cm from the target/ for the 
featmern. time per fracticn not to exceed 10 minutes. 

3 . Adequate energy spectrum. 

4 . Small t a r g e t spot / < 2 . 5 c m / . 

5. S u i t a b l e angular d i s t r i b u t i o n of the neut rons e m i t t e d from the s o j r e -

An a n i s o t r o p i c angular d i s t r i b u t i o n i s p r e f e r a b l e . 

Neutrons w i th such p r o p e r t i e s are produced o n l y i n the n u c l e a r r e a c t i o n s < г 

l i g h t n u c l e i w i t h l i g h t ions a c c e l e r a t e d on e l e c t r o s t a t i c l i n e a r a c c e l e r a r o r s 

/ t h e C o c k r o f t - W a l t o n or Van de G r a a f f types w i th maximum a c c e l e r a t i n g v o l t a g e of 

ЛСС keV/ or on c y c l o t r o n s 
Near ly monoenerget ic neut rons i n a wide energy range from 0 . 1 HeV to 25 HeV 

can be o b t a i n e d by the r e a c t i o n s 3 H / d , n / * H e , 1 H / t , n / 3 H e , and 2 H / t , n / He. The 
3 H / d , n / 4 K e r e a c t i o n i s most f r e q u e n t l y used on the low energy a c c e l e r a t o r s . The 
neutron y i e l d from the d - 3 H r e a c t i o n I s l i m i t e d by the power d i s s i p a t i o n and by 
•he t r i t i u m t a r g e t l i f e t i m e . The r e a c t i o n s of t r i •J 
t ium ions w i t h hydrogen i s o t o p e s seen very p romi -

1 3 2 / 
s i n g . For example the H / t , n / Me r e a c t i o n h a i a 
high cross s e c t i o n / 6 5 0 mb f o r 6 HeV t r i t i u m l a b o ­
r a t o r y e n e r g y / , i t g i v e s monoenerget ic neut rons I n 
wide energy range / u p to 25 HeV/ and has a pronoun­
ced forward angular d i s t r i b u t i o n which i s very con-
v i e n t from the v i e w p o i n t o f neut ron s h i e l d i n g . At 
the same t ime t'«e power d i s s i p a t e d I n the t a r g e t 1s 
7 0 - t i m e s lower as compared to d - н r e a c t i o n f o r the 
same neu t ron y i e l d . 

The neut ron beams of cont inuous energy s p e c t -
2 3 

rum are produced I n t h e r e a c t i o n s H / d , n / He , 
7 L 1 / d , n / 8 B e , 9 B e / d , n / 1 0 B , 7 U / p , n / 7 B e and 
9 9 B e / p , n / B. The r e a c t i o n s of protons and deute rons 

A 

with Be-nuclei arc those most commonly uttd for 
producing therapy neutrons on cyclotrons owing to 
the propertie$ of Be-terget /high Halting point шпа Flg.1. Average energies and 

. . , , ^ , j .. , , Intensities of the neutron 
heat conduction, chemical Indolence and aechnleal beams emitted at 0'froa 
stability/. Cenerally speaking, the reactions In- the thick target 1n dlffe-
duced by protons are «ore advantagenous than those P v n **c 

by deuterons at the same cyclotron, 1t 1s due to r 

i ti n N m 
bombarding ioas energy (MeV) 
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the fact that the proton as « e l l as the neutron energies 1s roughly twice as 
high and also because the Inf luence of the three-body break-up on the neutron 
energy i s loner. 

The average energies and the i n t e n s i t i e s of the neutron beaas e a i t t e d at 
zero reaction angle froa the thick target in d i f f e r e n t react ions as functions 
of boabarding ions energies are shown In f 1 g . 1 . The dashed l ines correspond to 
•onoenergetic neutron sources. A surway of the parameters of neutron generators 
which have been used for therapy as wel l as those of the intensive neutron i n ­
s t a l l a t i o n s that «re under construction i s given In t a b . 1 . The parameters of 
the f a c i l i t i e s producing neutrons for therapy on the cyclotrons are given 1n 
t a b . 2 . The intensive fast neutron sources in Czechoslovakia, l i s t e d also in 
tab .1 and 2 . , are used for nuclear physics and rad iob io log ica l studies rather 
than for radiotherapy. 

Tab.1 Paraaeters of the d- I neutron sources for therapy 

Type Laboratory U d / k V / / I r f / a A / F n / n . s " 1 / D/Gy.ain" 1 / Beaa 

RTNS-I Lawrence L iver . Lab. 400/20 6 . 1 o j * 0.08/125ca 
RTNS-II Lawrence L iver . Lab. 400/150 4 . 1 0 , , 
INS TTF Los Alaaos 180/200 1 0 i , 
INS Los Alaaos 300/1000 , , 1 0 , ' , , 
Las. seien.Washington 10 - 1 0 , I n . c a s 

Chalk River 300/25 « J O , isocentr 
PTNAGEh NASA Lew. R. С 300/30 1 0 , , 0.10/80ca 

Sandia N.L. 200/200 1 0 , * 
- Sandi.? N.L. 200/4000 10 э 

Oak Ridge N.L. 300/15 , , 0.02/125ca 
Univ. Wisconsin 200/14 1 . 3 . 1 0 , , 
LBL Berkeley 200/450 8 . 1 0 , , Isocentr 

HILETR0N 150 6.10 0.01/125ca 

0YNA6EN Haaburg 500/8:5 2 . 3 . 1 o H 0.15/80ca Isocentr 
Jül ich 200/1500 6 . 1 0 , , 

KARIN Karlsruhe 200/150 5.10 ' 0.20/85ca Isocentr 
Heidelberg 

Lancelot Valduc 160/200 6 . 1 0 1 2 

PHILIPS Amsterdam 280/8 , , 0.02/125ca 
DNO R i j s w i j k 270/6 0 . 6 . 1 0 1 ' 0.01/125ca 

Manchester 
6lasgow 

Grenoble 

SANES 150 I n s t . Doziaetry,Prague 150/2 .5 ю П „ . _ , „ - « . . „ , ц я я 
I n s t . Phys1cs,Brat1slava 300/10 10 1 2 u n d e r een i t ruc t len 

Tab.2. Paraaeters of the f a c i l i t i e s / c y c l o t r o n s , И n a c s / for neutron therapy 

Type Labora to ry" " React. E1 ' " t V " I ^ A / ™ v / " i y T . V T / B e „ 

L i n . acce l . Fera i l ab . Batavia , p-Be 66 25 
TAHVEC Houston d~Bc 50 19,3 
NRL/HANTA Washington b.c. d-Be 35 14,3 
NASA/CLANTA Cleveland d-Bo 25 10 

Berkeley p-Bf 42 isocentr 
Univ. Washington d-Be 12 8 
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. . . . . — . . _ . . 
т , i. „ E . /NeV/ / I ,4uA/ D/Gy.ain / _ 
Type Laboratory React, 1 i / ё/NeV/ Bea« 

Univ. Chicago d- H 8 .3 /180 6 0.30 
L in . acce l . FMIT Brookhaven N.L. 7 I A 1 1 

HEDL*LASL, Los Alaams d- Li 3 5 / 2 0 0 B A IS JfZ.10 n.sr .s 
H.G.Hospital , Detroi t d-Be 50/10 0.7C/183cn isocen. 

NRC Haeaersaith, London d-Be 16 7 
HRC Edinburg d-Be 15/100 6 0 .43/125c* isocen. 

Orleans p-Be 34 
CGR Buc d-Be 35 i s o c e n . 

C . A n t . L a c « s s a q u e , N i c e d- Li 30 0.04^uA 

Heidelberg d-*H 11/40 
Essen d-Be 14.5 

CYCLONE Louvian d-Be 50 isocen. 
Car Town p-Be 66 

NIRS Chiba d-Be 30 12 0.45 

INS Tokyo d-Be 15 6 0.20 

U-120 Nucl.Phys.Inst.Dresdend-Be 12.5 6.2 

U-120 Inst .Phys ics , Кгаком d-Be 12.5 6.2 

U-120 I n s t . Physics, Kiev d-Be 13.6/30 6 0.24 
d-2H 11.5 0.09 

0-120И Nucl. Phys. I n s t , ftei d-b<» 20/10 7 0.09/125cin 
AN 2500 Univ. Karlova, Praha p-,o • 3.5/200 
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