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FOREWORD

As the w orld  enters an age in which nuclear e le c tr ic  power is a rea lity  
and man in creas in g ly  benefits from  nuclear applications in m edicine, a g r i­
culture and industry, it  is useful to re -exam in e  the basic sc iences that un­
d e r lie  these im portant developm ents. In many ways m odern nuclear techno­
lo gy  is  built on, o r d erived  from , basic resea rch  on the atom ic nucleus. T o ­
day, nuclear physics studies are a fundamental part o f the national atom ic 
energy  program s in many o f the M em ber States, now m ore than 100, of the 
International A tom ic E nergy  Agency.

The purpose o f the IA E A  Panel on the Future o f N uclear Structure Studies, 
held at Dubna on 1-3 July 1968, was to provide an appraisa l of the present 
status of our knowledge o f nuclear structure, to point out the open problem s, 
and to suggest the m ost prom is ing d irections fo r  future resea rch . To  r e ­
fle c t  the needs of many of the IA E A  m em ber nations, spec ia l consideration  
was given to the prob lem s of sm a lle r  institutes and develop ing countries.

The m a jor recom m endation of the panel concerned the question of r e ­
gional cen tres fo r  low - andm ed ium -energy nuclear physics resea rch . The 
panel supported the organ ization  o f reg ion a l cen tres fo rm ed  by th ree o r m ore 
develop ing countries and equipped with apparatus of in term ed iate cost and 
sophistication. The text o f the resolu tion  appears at the end o f this book, 
which contains the papers presented to the panel and a reco rd  of 
the discussions.

The panel was held in conjunction with the Dubna-sponsored International 
Symposium on N uclear Structure, which took place im m ed ia te ly  a fter the 
panel, on 4-11 July 1968. The invited papers from  this sym posium , a ll in 
English, w ere  published by the Agency in 1968 under the tit le  "N u clear 
Structure: Dubna Symposium 1968".

Specia l thanks are due to the co -cha irm en  of the panel. P ro fe s s o r  V. F . 
W eisskopf, of the M assachusetts Institute of Technology, USA, and P ro fe s so r  
V. G. Soloviev, o f the Joint Institute fo r  N uclear Research , Dubna, who 
guided the work o f the panel.
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THE RELEVANCE OF NUCLEAR PHYSICS

V .F .  WEISSKOPF

Massachusetts Institute o f Technology, 

Cam bridge, Mass., United States o f  Am erica

I am asked what.nuclear physics is about, that is, nuclear physics as 
distinct from  pa rtic le  physics and other parts of physics. I see three 
trends in this science. One is  the d iscovery  of new phenomena, phenomena 
o f nature which we have not seen or observed, o f which we did not know any­
thing be fo re . The second trend, I would say, is towards the solution of 
fundamental prob lem s, the answers to certa in  basic questions in physics;
I shall g ive some details la te r  on. The third is the construction o f new con­
cepts in physics necessary to deal with the problem s not only in nuclear 
physics but also in the re s t  o f physics.

The ord er o f these three item s is unimportant. Let me start with the 
firs t . The f ir s t  top ica l paper in this Panel is Dr. F le r o v 1 s talk on super­
nuclei. Th is is a fie ld  in which we exp lore new phenomena, like d iscoverin g 
a new continent. We do have some theoretica l ideas of how these nuclei may 
behave and what p roperties  they may have; I am sure, and you are probably 
too, that these ideas are a ll wrong. I would go so fa r as to say that I would 
consider the attempts o f Dr. F le ro v  and his colleagues a fa ilu re, i f  it turns 
out that the theories are c o rrec t. His d iscoveries  would be much m ore 
in terestin g i f  the theories turn out not to be co rrec t. The d iscovery  of 
transuranic nuclei is a typ ica l exam ple of nuclear physics going into a world 
o f new phenomena never seen before, and I think the best example within 
this fie ld  o f science. But there are other exam ples. The researches des­
cribed  by Dr. W ilkinson are o f a s im ila r  character. The reactions o f nuclei 
with the new partic les  obtained by h igh-energy acce lera to rs  are much the 
same. H ere we are also looking at new phenomena which probably cannot 
be pred icted  but can only be guessed at; this work goes under the name of 
surface phenomena.

Since we do not know v e ry  much about the nuclear surface, I am con­
vinced that, i f  we get a deeper understanding o f the nuclear surface by 
those strongly absorbed partic les  like pions and kaons, we w ill find phenomena 
that are new, that are unexpected. The whole world  of hypernuclei also 
belongs in this category . H ere v e ry  lit t le  research  has been done yet and 
again I am sure that, i f  and when we have acce lera to rs  which provide high- 
intensity pion and kaon beams, the nuclear physics of hypernuclei w ill be 
a new science and a broad science which, just because it is a variation  o f 
our ord inary nuclear physics, w ill g ive  us some unexpected and m ost in te res t­
ing in form ation about nuclear structure. In some ways one could consider 
that a nucleus is only the low est le v e l o f a kind o f m olecu lar spectrum  and 
that there ex ists a h igher in ternal excitation, o ver  which there is again a 
substructure o f le v e ls . Th is higher step is the hypernucleus or the double 
hypernucleus, and so on. So this is a new w orld  which is yet to be d iscovered . 
There  are m ore, but I would like only to g ive these th ree exam ples.

The second aspect, to my mind, which illu stra tes  the im portance o f o u r  
subject is  what I ca ll the fundamental problem s. The obvious fundamental
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4 WEISSKOPF

prob lem  at the centre o f nuclear physics is the nature o f the fo rce  between 
e lem en tary  partic les , between the nucleons.

In fact, one should r e a lly  form ulate it a lit t le  m ore genera lly , one 
should not talk about the fo rce  between nucleons because that a lready p re ­
supposes the existence o f such a fo rce ; this means that one can find a 
potential, a 2-body, 3-body or 4-body potential. V e ry  probably, this is 
only an approxim ation. We know now, on the basis o f meson physics, that 
it must be an approxim ation. There  is a fundamental problem  here, a 
prob lem  which in trigues me v e ry  much: Why is  it that we can describe 
nuclear phenomena so w e ll by assuming ord inary o r at least v e lo c ity -  
dependent fo rc es  o r exchange fo rces  between nucleons?

When you com pare the situation, fo r  exam ple, with atom ic, m olecu lar 
and so lid -s ta te  physics, obviously you cannot describ e  phenomena in the 
sam e way; you cannot explain the cohesive energy o f a m etal and problem s 
o f this kind by potentials between atoms — we know that the e lectrons play an 
im portant ro le . Y e t i f  you rea lly  look at the distance o f atoms in a solid 
and o f nucleons in nuclear m atter, the ra tio  o f these distances to the actual 
s ize  of the ob ject, nam ely o f the atom in one case and the nucleon in the other, 
is alm ost the sam e. Why is it then possib le  in one case and not in the other 
to introduce a fo rc e  potential? Perhaps som e o f our m ore in form ed colleagues 
can g ive  a better answer to this than I am able to. Why can we explain 
nuclear structure on the re la t iv e ly  sim ple basis o f a nuclear fo rc e  between 
nucleons? Perhaps we w on 't in the future, perhaps in 10 yea rs  or so nobody 
w ill  express the structure o f the nucleus by an N -N  fo rce , but at present it 
seem s we can.

L e t me com pare nuclear physics and elem entary pa rtic le  physics with 
m olecu lar chem istry  and atom ic physics. Th ere  is  a certa in  p a ra lle l h ere.
At present it seem s as i f  chem ists, nam ely the nuclear structure people, 
can work v e ry  independently o f the physicists, nam ely the h igh -energy people. 
Th is was not so in the h istory  o f chem istry. In fact, chem istry  could only 
re a lly  develop when the structure of the atom was com plete ly  understood. 
Perhaps this had som ething to do with the fact that the binding energ ies  of 
m olecu les are much c lo ser  to the excitation  en erg ies  o f the atom than the 
binding energy o f nuclei are to the excitation  energy o f the nucleons. What 
I wanted to indicate is that we do have here a fundamental problem  which 
we have to so lve .

Now I  shall m ove on to the third aspect, the construction o f new concepts. 
Th is, I think, is a ve ry  im portant part o f nuclear physics. In dealing with 
the prob lem s o f nuclear structure, new ways o f thinking have been introduced 
that w ere  not only useful fo r  nuclear physics but have th e ir own use in many 
other fie ld s . The prob lem s o f m any-body system s are concerned here.

Somehow, the nucleus is  an ex trem ely  good many-body problem , good 
in the sense o f a good ob ject to study. It is not as b ig  as the so lid  state, 
where the m icroscop ic  elem ent is  alm ost hidden; it is  better than the atom 
because it  is a m ore dem ocratic  system ; the atom is an authoritarian system  
w ith one nucleus in the centre which is  the source o f the m ain pow er. So in 
many ways a nucleus is a good object fo r  studying what a many-body problem  
is . And in fact the resu lts  are also v is ib le . N uclear physics has produced a 
number o f new ideas or has im proved  o lder concepts, such as co llec tive  
modes and qu as i-pàrtic les . The qu asi-partic le  concept was introduced by 
F ren ke l and Landau and orig inated  in so lid -sta te  physics. At that tim e, 
there was no d iffe ren ce  between so lid -sta te , nuclear and e lem entary pa rtic le
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physics. The new concepts in many-body system s, such as qu as i-partic les  
and co lle c tiv e  modes, have been developed further and have taken on new 
aspects in. nuclear physics which they did not have in so lid -sta te  physics.
A  la rg e  number o f new concepts have been developed in nuclear physics, 
such as the optica l m odel, the analogue state, the compound nucleus, and 
many m ore, and these are im portant indications o f the value o f the subject.

I  have just sketched three aspects o f the sc ien tific  value o f nuclear 
physics. L e t me now, with this as a background, say a few  words on the 
d irection  in which this fie ld  may or should develop. A fte r  all, this Panel 
is  devoted to the future o f nuclear physics.

N uclear physics is  in an in terestin g  and strange position  between 
e lem en tary  p a rtic le  physics and the other parts o f physics. I once used in 
one o f my a rtic les  the expression  'ex ten s ive  and intensive sc ien ce1. An 
extensive science is  one which has a lo t of applications like atom ic physics 
today; here the degree o f extens iv ity  is v e ry  la rge  because atom ic physics 
is  used from  b io logy  to astrophysics, apart from  its  industria l applications.

An exam ple o f an intensive science is e lem en tary  p a rtic le  physics.
It is  at present a spearhead o f resea rch  and th ere fo re  has not yet much 
application in other fie ld s  of resea rch  and human activ ity . The lon ger a 
science ex ists  the m ore extensive it  becom es; new intensive fie ld s  are 
d iscovered  a ll the tim e. F ifty  yea rs  ago atom ic physics was as intensive, 
in this defin ition, as high energy physics is  today. Nuclear physics today 
is  in the m iddle. It de fin ite ly  has som e intensive and som e extensive 
ch arac te ris tics , and this makes it so in teresting. It also makes it som e­
what d ifficu lt to plan ahead and to say what w ill be the m ost im portant and 
the m ost in terestin g aspect because there is  in creas ing pressu re  from  the 
side o f application, and I mean here not only techn ical applications but 
applications in other sc iences. Th ere  is  pressu re  a lso com ing from  the 
yet unsolved fundamental p rob lem s. So one must be ca re fu l to shift the 
emphasis o f resea rch  from  one to the other so that we get maximum bene­
fit  from  the fie ld . L e t me say th e re fo re  a few  words about the extensive 
side or, i f  you wish, the application side o f nuclear physics.

Again I say I  am using the word 1 application ' in the most genera l way 
and em phasize application to other fie ld s  o f knowledge rather than technology. 
(I  say this not because I desp ise technology but because the technologica l 
applications are ra ther obvious and do not need to be talked about so much). 
W ell, the application o f nuclear physics in this sense becom es w ider and 
w ider eve ry  day.

L e t me f ir s t  mention astrophysics. As D r. T e i l la c 's  paper shows, 
one gets d irec tly  into quite fundamental questions o f the developm ent o f the 
un iverse and astrophysics with re la t iv e ly  sm all means. It seem s to me 
that astrophysics is  the m ost d irec t and most im p ress ive  application of 
nuclear physics, because the cosm os is  the p lace where nuclear physics 
is  at home.

I f  we do not look at the cosm os, nucléar physics plays a strange ro le :  
we spend a lo t o f money to ask a question and la te r  on we spend even m ore 
money to answer the question. Nuclear physics, with a few  notable ex ­
ceptions, does not ex is t on earth except when we crea te  it. But we know 
now that nuclear p rocesses  do ex ist and in fact a re  quite essen tia l in the 
stars . Th is is why the application o f nuclear physics to astrophysics 
seem s to me one o f the m ost exciting and m ost re levan t applications o f 
nuclear physics. I  em phasize this strongly because I  have the fee lin g
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that this application is  to some extent neglected, neglected by theorists 
and by experim enta lists . It is  perhaps due to a kind o f conservatism  in 
the transition  o f nuclear physics from  an intensive into an extensive science.

M ore  e ffo rt should be spent in thinking about those experim ental and 
theoretica l studies that are of im portance in astrophysics. There  are 
quite a number. I do not w ish to go into detail, but certa in ly  experim enta lly  
there are a number o f p rocesses  which should be investigated which are of 
obvious im portance fo r  the energy production in stars, such as alpha cap­
ture processes , then the oxygen-oxygen, carbon-carbon, or the oxygen- 
proton cross-section s ; these are reactions which can be investigated with 
re la t iv e ly  sm all means since the energ ies in stars correspond to the 
energ ies of our sm all apparatus and not to the b igger  ones, although the 
in tensities are so weak because o f the Coulomb b a rr ie rs . A  lo t o f theory 
is  needed here also to extrapolate the experim ents to those values which 
are relevan t to astrophysica l p rocesses . Dr. F le ro v  mentions the cosm ic 
im portance o f super-nuclei in his paper. Th is is  only a ve ry  short sketch 
o f a fie ld  that is ex trem ely  exciting, fundamental and relevant: fo r  nuclear 
physics and, as I said, I b e lieve  that we should spend m ore e ffo rt on these 
prob lem s. This e ffo r t should be taken away from  studying nuclear problem s 
fo r the ir own sake..

There are many things in nuclear physics which we do not understand 
and where m ore resea rch  is needed. But on the whole we are a lit t le  further 
a lready in nuclear physics than we w ere  20 years  ago and it is th ere fo re , I 
think, now tim e to get away from  a too narrow  v iew  o f nuclear physics, 
towards a v iew  which e ve ry  scien tist should take, nam ely to a genera l 
search fo r  understanding o f the w orld  in which we liv e . This is  why as tro ­
physics should have an essen tia l p lace.

So much about fundamental applications. Th ere  are , of course, many 
applications o f nuclear physics today which make this science m ore and 
m ore extensive. F o r  exam ple, the applications in solid  state becom e m ore 
im portant every  day: the investigations o f in teratom ic fie ld s , magnetic fie ld  
distributions within the solid, the investigation  of c rys ta l structure, the 
structure of liqu ids, neutron spectroscopy. In other words, the nucleus is 
an ex trem ely  fine and p ractica l tool fo r  the investigation  of atom ic structures.

But perhaps equally important, and since I am a theorist, in m y own 
mind perhaps even m ore important, are the applications of the concepts . 
which are created  and developed in nuclear physics. I consider the know­
ledge about m any-body problem s which we have assem bled in nuclear physics 
one o f the m ost important sources o f application. I f  we understand the many- 
body problem  in the nucleus, it w ill g ive us help and train ing to understand 
s im ila r  problem s in solid  state o r  in atoms. Let me be c r it ica l, since this 
is  the purpose o f the Panel. Our theorists  as w e ll as our experim enta lists 
are too spec ia lized . I b e lieve  that a th eoretica l physicist who works on the 
m any-body problem  o f the nucleus ought to. be equally in terested  in the many- 
body problem  o f the atom and solid  state. It is the same problem  and, let 
me add, it is the sam e Nature. I b e lieve  that, i f  one only looks at the many- 
body problem  in the nucleus, there is a danger of specia liza tion  which not 
only prevents people from  com ing to the righ t conclusions but also makes 
the subject much less  in teresting.

There  are questions in this connection which I do not understand much 
about: I look at them from  the point o f v iew  o f the amateur. I would like to 
ask the question why it is  that atoms behave so d iffe ren tly  from  nuclei, that
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they have few e r  m anifestations o f co lle c tiv e  m odes. I was told yesterday  by 
G erald  Brown that one has d iscovered  co llec tive  modes also in atoms, but 
certa in ly  they are less  pronounced and that must have a reason . So it  seem s 
to me that questions o f com parison between d ifferen t m anifestations o f the 
m any-body p rob lem  are v e ry  pedagogical. I mean pedagogica l in the sense 
that we learn  a lo t about nuclear and so lid  state phenomena by looking at the 
m any-body prob lem  as a whole and not from  one side only. Of course, this 
w ider v iew  is  a lso im portant fo r  the experim enta l physicist. In planning 
experim ents and in planning m achines, one ought to keep in mind fo r  which 
developm ent the innovation w ill be m ost fru itfu l and w ill g ive us the m ost 
in form ation , not about sp ec ific  nuclei but about nuclear physics as a whole, 
about physics as a whole. Somebody has said recen tly  that one should not 
in vestigate the spectrum  o f the ra re  earths just in o rd er to understand the 
ra re  earths. We should investigate it in ord er to understand nuclear structure 
in genera l o r  the many-body prob lem  in genera l. Th is is  easy to say and 
harder to do because detailed investigation  is  always o f im portance what­
e v e r  it is  and i f  you do not understand the ra re  earth spectrum  you w ill 
not understand the m any-body prob lem . But there are lim its  to it. We 
must find the righ t way between these lim its . Th is  is  d ifficu lt, in particu lar 
in  the next decade when the financia l support fo r  physics is  going to be less  
than it  was. I hope I am wrong, but I  fe a r  I  am righ t. Under these con­
ditions, the co rre c t choice, not only o f what experim ent e ve ry  single in ­
dividual should undertake, but o f what machines one should build and how 
one should o rgan ize  research , becom es much m ore c r it ic a l than it  was in 
the past.

L e t me not go much fu rther in m y discussions. There  are many 
questions I  have not tr ie d  to answer. I have attempted just to sketch some 
questions, such as what kind o f nuclear physics should be supported, should 
one go to h igh -energy m achines, should one build m ore tandems, m ore 
Van de G raa ff's , what can one do with low energy and with high energy.
These are v e ry  d ifficu lt questions and they a lso have a lo t to do with the 
prob lem s to be discussed at this Panel, such as what can d ifferen t nations 
do, not only what should they do, but what can they do, and how can we see 
that it  is done. I just wanted to em phasize the prob lem s and outline the 
situation o f nuclear physics within the fram ew ork  o f physics as a whole.

Th is m eeting should be concerned not only with the factual questions o f 
science, but also with the, le t m e say, philosophic and p ractica l questions 
o f nuclear physics. Why do we do nuclear physics, what is  the sense o f it, 
what is  the m eaning o f it  and, m ost im portantly, how can we defend the 
support o f nuclear physics, how can we convince the governm ents to spend 
m oney on such a thing, which to a certa in  extent is  our p leasure? And so 
we w ill have to be quite c lea r  among ou rse lves  that this is a v e ry  im portant 
m atter. I hope we a ll b e lie ve  th is.
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Abstract —  Аннотация

PROSPECTS IN THE SYNTHESIS OF NEW ISOTOPES AND ELEMENTS-. The methods of new element 
production: neutron reactions, high energy proton reactions, heavy ion reactions, fission from excited 
states, are considered. The possibility of existence of the region of stable super-heavy nuclei and methods 
of synthesizing various isotopes of elements with Z from 114 up to 126 are discussed.

ПЕРСПЕКТИВЫ СИНТЕЗА НОВЫХ ИЗОТОПОВ И ЭЛЕМЕНТОВ. Рассматриваются 
способы получения новых элементов: реакции на нейтронах, на протонах высокой энергии, 
реакции под действием тяжелых ионов, деление из возбужденных состояний. Обсуждается 
возможность существования области стабильных сверхтяжелых йдер и методы синтезиро­
вания различных изотопов элементов с Z от 114 до 126.

В своем докладе я хотел бы остановиться на некоторых вопросах, 
связанных с перспективами синтеза и изучения свойств новых изотопов и 
элементов, в областях далеких от полосы стабильности. При этом, естес ­
твенно, будет сделан упор на многочисленные результаты , полученные 
благодаря тщ ательному изучению свойств радиоактивных изотопов, и зу­
чению основных закономерностей,действующих в ядре. Следует отм е­
тить, что все достижения в ядерной физике были возможны только благо ­
даря самоотверженному труду огромного отряда физиков, которым при­
ходилось исследовать как можно более широкий круг явлений, входить во 
множество деталей, делать порой черновую работу, которая в дальнейшем, 
однако, оказала огромное влияние на развитие науки и техники.

СИНТЕЗ НОВЫХ ИЗОТОПОВ

П осле открытия Беккереллем , Марией Склодовской-Кюри и Пьером 
Кюри естественной радиоактивности и открытия Жолио Кюри искусствен­
ной радиоактивности начало экспериментальных исследований не сущ ес­
твующих в природе изотопов и элементов можно отнести к 1934 году, к о г­
да группа итальянских физиков во главе с Э .Ферми проводила опыты по 
изучению захвата нейтронов различными элементами. Аналогичные ис­
следования в те годы проводились в Советском Союзе, в Лаборатории 
И .В .К урчатова.

При изучении структур стабильных и радиоактивных ядерядерная фи­
зика, с накоплением экспериментального материала, раскрывает картину 
строения ядерной материи. Естественно, поэтому хочется проанализиро­
вать достижения в этом направлении . Сколько уже синтезировано и изучено 
изотопов и сколько еще предстоит получить и изучить в будущем? Ответ 
на этот вопрос можно получить, взглянув на р и с .1.

На этом рисунке изображены как уже синтезированные изотопы, так 
и изотопы, которые будут синтезированы в дальнейшем [ 1] . По осям от­
ложены Z  (число протонов в ядре) и N = А  - Z  (N —число нейтронов в яд­
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р е ). Стабильные изотопы изображены темными квадратами. Внешний 
контур, представленный сплошной линией, обозначает границы области 
стабильности, полученные на основании теоретических оценок. Оценка 
числа возможных изотопов в этой области дает величину ~  4000 —5000. 
До настоящ его времени было синтезировано 1500 изотопов.

N
Р и с . 1 . Карта известных изотопов и тех изотопов, которые могут быть синтезированы 
в будущем.
FIG. 1. Chart of the known isotopes and the isotopes which may be produced in the future.

Что нового может дать синтез и исследование еще неизвестных изо­
топов? Я думаю, что именно здесь природа может предоставить различ­
ного рода неожиданные находки: новые островки стабильности, новые 
области деформации, изомерные состояния различных типов и многое 
другое. При синтезе таких изотопов, как кальций —31 или ^ льц и й  — 70, 
получаются ядра с очень необычным соотношением протонов и нейтронов, 
кулоновских и ядерных сил. В связи с этим становится также понятным 
особый интерес к изучению трансурановых элементов, где кулоновские 
силы очень велики, и поэтому почти не сущ ествует обычного барьера де­
ления, а различные оболочечные эффекты м огут быть выражены чрезвы­
чайно сильно. Именно в этой области элементов открыт новый вид ядер- 
ной изомерии: изомерия формы [2] . Здесь же возможен ряд других ин­
тересных явлений, связанных, например, с наличием второго минимума в 
энергии деформации ядра [3] , предсказанного Струтинским, и т . д .

М ЕТОДЫ  ПОЛУЧЕНИЯ НОВЫХ ИЗОТОПОВ

Для синтеза новых изотопов представляют интерес несколько типов 
реакций:

а) Реакции, вызванные заряженными частицами средней энергии 
(р ,х п )(а , хп), а также реакция с Не3 дают нейтронно-дефицитные изото-
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пы. Нейтронно-избыточные изотопы можно получить в реакциях 
(n ,p )(n ,a ) (р, 2p )(d , р ).

б) Использование нейтронных потоков большой плотности и низко­
энергетическое деление приводят к образованию нейтронно-избыточных 
ядер.

в) В реакциях, вызванных протонами высокой энергии (скалывание, 
деление после быстрого каскада), образуются и нейтронно-дефицитные и 
нейтронно-избыточные ядра.

г )  В реакциях под действием тяжелых ионов (полное и неполное сли­
яние, деление при высоких энергиях возбуждения) также образуются и 
нейтронно-дефицитные и нейтронно-избыточные ядра.

При сравнении различных методов получения изотопов необходимо 
знать сечения этих реакций. Эти значения либо известны, либо их мож­
но получать экстраполяцией из известных сечений подобного типа реак­
ций . Учитывая полученные значения сечений и имеющиеся интенсивности 
пучков на ускорителях или реакторах, можно оценивать эффективность 
различных методов получения изотопов в широкой области Z  и А . При 
сравнении целесообразно разбить все методы синтеза на две группы:

1. Направленные реакции, в результате которых образуются один- 
два представляющих интерес изотопа.

2 . Реакции, в которых одновременно образуются изотопы в широкой 
области Z и А . Преимущество первого типа -  в простоте идентификации 
полученных изотопов (по кинематике реакции, по функции возбуждения и 
так д а л е е ).

Реакции первого типа удобны, но они не дают возможности далеко 
отойти от полосы стабильности. Кроме того , не всегда возможно подоб­
рать необходимую комбинацию мишень-частица. Реакции второго типа 
сразу дают большой выбор изотопов в широкой области. Z . Однако при 
этом возникают проблемы экспрессного разделения изотопов и их иден­
тификации. Особенно большие трудности возникают при прецезионных 
спектрометрических исследованиях короткоживущих изотопов. В м есте 
с тем  в настоящее время существуют анализирующие системы, работаю­
щие непосредственно "на пучке" ускоренных частиц ("оп -П п е "си стем ы ).

В частности, в Лаборатории ядерных проблем (Дубна) имеется ряд 
установок, работающих в режиме "o n - lin e " : газонаполненный сепаратор 
для быстрого выделения (10‘ 6 сек) радиоактивных продуктов ядерных ре­
акций с разрешением по массе Д А “ ±0,03 А , электромагнитный м а сс -с е -  
паратор ядер отдачи с разрешением по массе Д А  = ±0,002 А  с временем 
разделения для газообразных продуктов ~ 5 1 0 '3 сек, установка для 
экспрессного непрерывного химического разделения продуктов и др. 
Поэтому в докладе не будут рассматриваться вопросы, связанные с вы­
делением и идентификацией изотопов.

Преимущества и недостатки различных способов синтеза подробно 
рассмотрены в работах Рудстам а [4] . Из этого  анализа вытекает, что 
большинство методов не дает возможности далеко отойти от полосы ста­
бильности. Исключение составляют реакции, вызванные протонами высо­
кой энергии. Схема этих реакций следующая:

П осле взаимодействия протона высокой энергии с ядром мишени про­
исходит либо процесс быстрого нуклонного каскада, либо фрагментация, 
в результате чего  ядро приобретает значительную энергию возбуждения.
В дальнейшем осущ ествляется испарение нейтронов или деление. В е ­
роятность образования набора ядер с различными энергиями возбуж де­
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ния, после быстрых процессов, рассчитывается по методу М онте-Карло 
с набором констант взаимодействия сгрр , стпп , сгрп , а ра, а па и т . д .  Ис­
пользуя подобные расчеты, а также опираясь на экспериментальные дан­
ные, Рудстам  вывел формулу для расчета сечения образования изотопов 
после быстрых процессов, зависящую от четырех параметров. М едлен­
ные процессы рассчитываются по обычным формулам ядерной физики. 
Экспериментально было показано, что относительный ход этих сечений 
меняется слабо при переходе от энергии протонов 500 -  800 Мэв к энер­
гии до 30 Гэв , что видно на р и с .2, где представлены кривые выхода изо­
топов I ( Z  = 53) при делении урана протонами 590 Мэв и 18 Гэв  [5] .

Рис.2. Кривые выхода изотопов I (Z =53) при делении урана протонами с энергией 
Е= 590 Мэв и Е= 18 Гэв.
FIG.2. Isotope yield curves of I (Z = 53) in the fissioning of uranium with protons of energy E = 590 MeV 
and E = 18 GeV.

Из этих данных также можно заключить, что использование протонов 
высокой энергии, чрезвычайно эффективно для синтеза изотопов с 
Z ^ 7 5 .  Следует отметить, что этот метод в течение последних десяти 
лет  с успехом использовался в Лаборатории ядерных проблем для синте­
за и изучения свойств изотопов и изомеров в широкой области Z и А .

Для синтеза изотопов трансурановых элементов могут быть исполь­
зованы либо нейтронные потоки большой плотности, либо тяжелые ионы. 
Синтез большинства известных изотопов, до фермия включительно, о су ­
ществляется путем облучения урана или плутония нейтронами в ядерных 
реакторах или при взрывах ядерных устройств. Суть этого  метода с о ­
стоит в том, что в нейтронных потоках большой плотности ядра последо­
вательно захватывают несколько нейтронов до того , как они испытывают 
/3— распад. Это дает возможность получить из исходного ядра 238и  очень 
тяжелые изотопы урана, которые в дальнейшем после нескольких /3— рас­
падов превращаются в изотопы более далеких элементов. Оптимистичес­
кие оценки показывали, что таким образом можно получить элементы с 
большим Z (Z =  110, 112 и т . д . ) .  Проделана грандиозная работа, полу­
чена большая плотность нейтронов, разработаны методы экспрессного
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химического выделения трансурановой фракции, но попытка получить 
ядра с Z >  100 не увенчалась успехом [ 6 ] .

В то же время, с 1954 года, в Советском Союзе и в США параллельно 
развивались методы синтеза в реакциях с тяжелыми ионами, что позво- 
ло  синтезировать элементы до 105 включительно. В настоящее время 
число синтезированных изотопов в трансурановой области близко к 100 .

СИНТЕЗ ИЗОТОПОВ В РЕАКЦ И ЯХ С ТЯЖ ЕЛЫ М И ИОНАМИ

При облучении тяжелыми ионами синтез изотопов можно осущ ест­
влять в реакциях следующего типа:

А . Р е а к ц и и  н е п о л н о г о  с л и я н и я

Реакции неполного слияния имеют много разновидностей, каждая из 
которых имеет сложную зависимость от большого числа параметров 
(энергия, заряд и масса частицы и ядра мишени, структурные свойства 
взаимодействующих ядер и т . д . ) .  Из всего  набора реакций для синтеза 
изотопов наибольший интерес представляют реакции многонуклонных пе­
редач, когда в передаваемом комплексе отношение числа протонов к чис­
л у  нейтронов может сильно отличаться от единицы . Эти процессы м огут 
быть интересны с точки зрения получения как нейтронно-дефицитных, так 
и нейтронно-избыточных ядер. В Дубне, например, наблюдалась с зам ет­
ным сечением передача 5 — 8 нейтронов [7] . Однако систематического 
изучения многонуклонных передач не проводилось, и поэтому трудно 
предсказать, насколько перспективным окажется этот метод для синтеза 
изотопов, сильно удаленных от полосы стабильности. Необходимо в бли­
жайшее время провести систематическое исследование реакций м ного­
нуклонных передач ' '

Б . Р  е á к ц и и п о л н о г о  с л и я н и я  с и с п а р е н и е м  н е й т р о н о в

При взаимодействии тяжелых ионов (A  s 40) с ядром мишени одним из 
основных процессов является образование составного ядра с большой 
энергией возбуждения. Переход возбужденных ядер в основное состоя­
ние сопровождается, в основном, испарением нейтронов, что приводит к 
образованию нейтронно-дефицитных изотопов. Это дает широкие возмож­
ности для исследования ядер, лежащих вне полосы стабильности, при и зу­
чении <?-распада, протонного распада и т . д .  Сечение таких реакций 
можно записать в общем виде

где стс — сечение образования составного ядра, P xn (Е?) — вероятность то ­
го , что ядро с энергией возбуждения Е * испустит х нейтронов. Такие 
реакции, в частности, чрезвычайно удобны для синтеза нейтронно-дефи- 
цитных изотопов — излучателей протонов. Так, в Дубне, Карнаухову с 
сотрудниками[8 ] ,  а затем  канадским и американским физикам [9 ] .уда­
лось  синтезировать около двух десятков протонных излучателей , хотя в 
своих работах они лишь немного отошли от полосы стабильности. При

х
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дальнейшем продвижении в область нейтронно-дефицитных ядер в реак­
циях с испарением нейтронов сечение падает, так как резко возрастает 
вероятность конкурирующих процессов.

Аналогичная ситуация возникает при синтезе изотопов трансурано­
вых э л е м е н т о в Р е а к ц и и  с испарением нейтронов в течение последних 
десяти лет  интенсивно использовались для синтеза новых трансурановых 
элементов [10] . Были разработаны экспрессные физические и химичес­
кие методы выделения и идентификации. Все это позволило в последние 
годы в Дубне синтезировать и изучить физические и химические свойст­
ва изотопов 102, 103 и 104 элементов [11] .

Недавно в Дубне были синтезированы два изотопа 105 элемента [12] . 
Их предварительные характеристики следующие:

261105 - Е = 9 ,4±0 ,1  М эв, 0,1 c e K ^ T j /2 s 3 сек;

260105 - Е = 9 , 7 ± 0 , 1  М эв, Т 1/2 >0,01 сек.

В настоящее время проводятся дальнейшие эксперименты по уточне­
нию свойств 105 элемента на основе усовершенствованной методики.
В сего  за последние годы в Дубне были синтезированы (большинство из 
них впервые) и изучены следующие изотопы:

245. 246. 247E S j 246 . 247 . 248 . 2 4 ^  ; 252 М у>

251, 252, 253, 254, 255, 256 ^56, 257j q 2 ^ ^ K u  260,

Однако с увеличением Z  исследуемых изотопов ( в связи с тем , что в 
реакциях с испарением нейтронов образуются нейтронно-дефицитные яд­
ра) резко возрастает вероятность деления. Это означает, что вместо 
ожидаемого, например, изотопа 100 элемента, в результате деления об ­
разуются два ядра с Z =  50. Возрастающая нестабильность ядер, при ув е­
личении Z , привела к тому, что при решении проблемы синтеза трансура­
новых элементов приходится иметь дело с чрезвычайно малыми сечения­
ми. Опыты, проведенные в Дубне, показали, что,если сечение образова­
ния 102 элемента составляет 10"8 барн, то для 104 элемента эта величина 
составит ~ 2  10‘ 10 барн, а для 105 элемента она будет еще меньше. Так 
как падение сечения экспоненциально, то увеличение времени экспозиции 
не спасет дело . Выход здесь виден в получении более тяжелых изотопов 
данного элем ента. Однако в реакциях с испарением нейтронов, при ис­
пользовании определенной комбинации мишень — тяжелый ион, удается по­
лучить лишь 1 — 2 нейтронно-дефицитных изотопа представляющего инте­
рес элем ен та , т . е .  необходимо иметь возможность изменять Z и А  ми­
шени и иона в широких пределах, что не всегда возможно.

Б олее перспективным методом синтеза тяжелых изотопов трансура­
новых элементов может оказаться деление под действием тяжелых ионов. 
В Дубне Оганесяном с сотрудниками было проведено систематическое 
изучение механизма деления [13] . Имея в распоряжении ускоренные ио­
ны от 11В до 40А г  включительно можно было исследовать область ядер до 
Z 2 /А  = 44 . Облучались мишени Та  (Z  = 73), Au (Z  =  79), B i (Z  = 83), 
U ( Z = 9 2 ) .  Радиохимическим методом выделялись Т е  ( Z = 5 2 ) ,  Ва (Z = 5 6 ) ,  
редкоземельная группа, а также в ряде случаев — тяжелые осколки от 
Au (Z  =  79) до A t (Z  = 85). В дальнейшем с помощью Ge (L i )  -  детектора 
измерялась у — радиоактивность осколков, затем  по полученному спектру
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производилась идентификация изотопов и определение их выхода. Р а с ­
пределение осколков по массе хорошо описывается функцией Гаусса :

P(Af)=T ^ eXP
( A f - Ас / г г

ст2

где A j  и А с — массы осколка и составного ядра, ст —параметр, определя­
ющий ширину массовой кривой. Были получены следующие результаты :

гso

Рис.З. Массовые распределения осколков деления в реакциях:
1 .  1?flAu (^gC.f) 3. 2g u (* °A r ,f )
2. “ ?U (ioNe,f) 4. Расчетное массовое распределение осколков деления в реакции.

238, Т /84т,п п 
92U '36 ’ '•

FIG.3. Mass fragment distributions for the reactions:

1. ‘7y A u (i2C , f)

2. 2,3®U("Ne, f)

3. 2gU («A r, f)
18

4. Estimated for: 23fU (MKr, f)

1. Ширина массового распределения резко возрастает с ростом со ­
ставного ядра, и в случае 38U (40Ar , f )  наблюдается большой выход изо­
топов Au (Z  = 79), T I (Z  = 81), Pb (Z  = 82), B i (Z  = 83), Р о  (Z  = 84) и 
A t ( Z  = 85). Ширина изотопных распределений также резко возрастает 
с ростом Z 2/A (рис.З и 4).

2. Осколки деления с большой вероятностью образуются в изомер-
23Я 20ных состояниях. Так, например, в реакции 92U (10Né, f )  были получе­

ны в одном облучении все известные изомеры Т е  с большим выходом 
(р и с . 5 ) .
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Рис .4 . Изотопные распределения осколков деления в области ядер с 57 á Z  ̂64 . Нумера­
ция кривых дана на рис .3.
FIG.4. Isotope fragment distributions in the vicinity of the nuclei with 57 < Z < 64. For numbering 
of curves see Fig. 3.

/
Рис.5. Выходы изотопов Te (Z = 52) в реакции 292U (io^e »0 : открытые кружки — основное 
состояние; черные точки — изомерное состояние.
FIG.5. Isotope yields of Te (Z = 52) from the reaction 2̂®U ( ̂ Ne, f). Open circles -  ground state; 
black dots - isomeric state.



П Е Р С П Е К Т И В Ы  С И Н Т Е З А 19

3. Ранее уже отм ечалось, что в реакциях с испарением нейтронов 
образуются коротк.оживущие изотопы трансурановых элементов. Так,в 
реакции 2g2Pu (22Ne, 4п) 2601О4 образуется изотоп 2601О4. При делении 
сверхтяжелых составных ядер масса наиболее вероятного изотопа зна­
чительно больш е. Для примера можно указать что наиболее вероятная

238 тт / 84т/- 238 тт ,132,,масса 104 элемента в реакции g2U (| *К г ,1) и gjU ( 54Хе, f) равна
274 - хп204  ̂ что соответствовало бы образованию составного ядра при об ­

лучении 2g2Pu несуществующим изотопом 32N e . При облучении урана 
ураном наиболее вероятная масса 104 элемента еще больше. Выход лю­
бого изотопа данного элемента в делении можно оценить по следующей 
формуле:

X -р  .
f(A 'f Z ) = ас Р (А  f) f (Z  - Z  (A f )) Рхп

l^l1 полн

где A 'f = A f - xn . P (A f )  — вероятность образования массы в делении, а 
функция f (Z  - Z p (A f)) определяет вероятность выхода различных изобар 
с массой A f.

Из этой формулы видно, что, хотя сечение образования определенного
изотопа данного элемента невелико (для максимума м ассового распреде-

-27 2 —ления не превышвет 5-10 см ), однако отход от наиболее вероятной
массы данного элемента на величину ~ 8  нейтронов уменьшает выход в се ­
го  на один порядок. Поэтому даже при делении урана неоном этот метод 
получения изотопов более эффективен, чем деление урана тепловыми 
нейтронами. Кроме того , можно надеяться, что при переходе к более 
тяжелым ионам, как К г (Z  =  36), Хе (Z  = 54), W (Z  = 74), в осколках д еле ­
ния можно будет синтезировать изотопы трансурановых элементов вплоть 
до 105 элемента, со значительно большими сечениями,чем в реакциях с 
образованием составного ядра. Можно предполагать, что деление ока­
жется перспективным методом для систематического изучения "и зом е­
рии формы", в различных областях периодической системы . Это м огут 
быть как спонтанно-делящиеся изомеры, так и изомеры, распадающиеся 
по другим каналам ,путем  аномальных 7 -переходов, необычных видов 
а -распада и т .д .

П ЕРСПЕКТИ ВЫ  СИНТЕЗА СВ ЕРХТЯЖ ЕЛЫ Х ЭЛЕМ ЕНТОВ

До недавнего времени считалось, что граница периодической системы 
определяется конкуренцией поверхностных сил притяжения и кулоновских 
сил отталкивания [ 14] . Однако в дальнейшем было показано, что при 
рассмотрении стабильности тяжелых ядер необходимо учитывать неодно­
родности в энергетическом распределении нуклонов — так называемые 
"оболочечные эффекты" [3] . Первоначально предполагалось, что по ана­
логии с известным магическим числом для нейтронов N =  126, следующее 
магическое число для протонов будет также Z =  126. Кроме того , из 
расчетов получалось, что для нейтронов магическим числом будет N= 184, 
т . е .  ядро 310126 должно быть дважды магическим [15] . Однако расчеты 
схемы одночастичных уровней протонов в потенциале с размытым краем 
показали, что магическим числом для протонов будет Z =  114, и таким 
образом дважды магическим должно явиться ядро 298114 [16] . В это же 
время в Лаборатории ядерных проблем Музычкой и Струтинским был



20 Ф Л Е Р О В

проведен более тщательный анализ стабильности ядер для 104 s Z ^ 130 и 
170 í N í  190. По методу Струтинского, кроме оценки щели в одночастич­
ном спектре, рассчитывалась зависимость энергии ядра от его  деформа­
ции. Было показано, что существует целая область сферических ядер

2Q8 4 4 j| Vвокруг 114, устойчивость которых по отношению к спонтанному деле-

€.
Рис.6. Ожидаемые времена жизни по спонтанному делению для изотопов 114 элемента.
FIG.6. Expected spontaneous fission decay lives for the isotopes of element 114.

нию по мере удаления от центра области монотонно уменьшается [17] . В 
дальнейшем подобные результаты  были приведены в работе Святецко- 
го  [18] . Кроме того , в ряде работ оцениваются времена жизни различ­
ных изотопов этой области по отношению к спонтанному делению, а -рас­
паду, /3-распаду и электронному захвату. Эти результаты , конечно, да­
леки по точности от того , что хотели бы иметь экспериментаторы, так 
как небольшая ошибка в расчетах может дать сильное отклонение от ожи­
даемой величины времени жизни (для примера можно указать, что и зм е­
нение A Q a -0 ,5  Мэв приводит к изменению в Дта = 103), но сам факт с у ­
ществования области сверхтяжелых ядер в настоящее время не вызывает 
сомнения. Так, из рис. 6 [18] видно, что для наиболее стабильных изото­
пов 114 элемента время жизни относительно спонтанного деления 
т сп s lo 16 лет  (оценка полного времени жизни, которая включает а-распад, 
/3-распад и электронный захват), дает значительно меньшую величину 
т х  102 -  101 л е т ) .
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Подобные расчеты сущ ествует и для элементов Z = 122 -  126. Одна­
ко их времена жизни по а -  и /3-распадам не должны превышать 10 сек. 
Возникает вопрос: как добраться до острова стабильности ? Попасть в 
эту  область можно, совершив прыжок через область нестабильных э л е ­
ментов (100 — 110), а это может быть сделано в лабораторных условиях 
только в реакциях с тяжелыми ионами.

Начиная с 1967 года, группа американских физиков (Святецкий, 
Томпсон и д р .) попытались синтезировать 114 элем ент. Самая тяжелая 
частица^ ускоряемая в настоящее время на линейном ускорителе тяжелых 
ионов- А г , поэтому они использовали реакцию:

40 . , 248A r  + 2£ jcm  = 288114174-  284114^+ 4п.18
.. 284, , , 2981 1 лИзотоп 114 находится далеко от дважды магического ядра 114, по­
этом у надежда получить 114 элемент в этой реакции была невелика. 
Действительно эффект не был обнаружен, и авторы дают верхнюю границу 
для сечения образования ~  10 — 10 см2 [18] . Значительно более
перспективной выглядит реакция:

48 244 292, 288,,. , .20Са + 94P u =  114 -► 114 + 4п

ИЛИ 48 _ , 248 _ _  296, , _ 292,20Са + 96С т  =  116^ 116 + 4п.

Это видно из рис. 7. В настоящее время в Лаборатории ядерных проблем 
Са ускорен и проводятся фоновые опыты.

Однако ситуация с синтезом 114 элемента может значительно улуч ­
шиться, как только появится возможность ускорять ионы, тяж елее крип­
тона. Так, при делении урана 54Хе наиболее вероятным будет изотоп 
305114, а энергия возбуждения осколка будет соответствовать испарению
4 — 6 нейтронов. Чтобы получить этот изотоп в реакции, идущей через
составное ядро, необходимо было бы облучать 2$4Ри  не существующим в
природе сверхтяжелым изотопом 2оСа.

При переходе к более тяжелым элементам (Z  = 120 — 126) легч е  по­
добрать необходимую комбинацию мишень-ион для синтеза изотопов с 
N =  184. Для примера можно указать:

loCa + 2f j jc f  = 300118-* 296118 + 4п

¡ I N i + “ lP u =  ,3U0122- °“‘‘ 122 + 4n

Са + *98 Cf -
300 118- 296

Ni + Щ р и  = 308 122- 304

Zn + 244 Pu = 94
312 124- 308

Kr + 232 т ь  — 
90 l h ~

316 126- 312

3Q¿-in ' Q/( ru  ~ 124 + 4n

IgK r  + “ o T h =  J1D126- J“ 126 + 4n

и так далее. В случае этих реакций составные ядра м огут получаться с 
очень небольшой энергией возбуждения, поэтому, если не появятся до­
полнительные факторы, повышающие энергию возбуждения,сечения обра-

«26  *28  2зования этих изотопов м огут быть велики ~  10 — 10 см .
Здесь я также хочу отм етить, что при появлении более тяжелых ионов 

осколки деления заполнят большую часть периодической системы, поэтому 
появится возможность синтеза большого количества новых нейтронно-из- 
быточных яд ер .

Теперь можно остановиться на очень интересных результатах , полу­
ченных группой профессора Фаулера, которые недавно были сообщены 
профессором Пауэллом [19] . Эта группа использует фотографические 
эмульсии для изучения элементного состава космических лучей . Недавно
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ими были обнаружены следы частиц, ионизирующая способность которых 
указывает на то, что их заряд Z ~  106. Эти результаты , если они будут 
подтверждены, явятся безусловным доказательством  существования дол­
гоживущих сверхтяжелых элем ен тов .

Маосоёое число
( Moss number)

Рис.7. Возможные методы синтеза изотопов 114 элемента.
FIG. 7. Possible fusion methods for the isotopes of element 114.

Однако, как сейчас кажется, оценка величины Z в настоящее время 
не может быть сделана достаточно надежно. Это связано с тем , что хо ­
рошо изучены в космических лучах пока только следы релятивистских 
ядер ж елеза (Z  = 26), а заряд более тяжелых элементов поэтому опреде­
ляется экстраполяцией от этих значений. Следует уточнить поэтому 
калибровочные характеристики для формы следов тяжелых ядер в фото­
эм ульсиях. В частности, можно использовать тот факт, что в интервале 
Z от 83 до 90 все изотопы являются радиоактивными с малым временем 
жизни. Поэтому, если надежно изучить ионизирующую способность час­
тиц с Z  =  83 и 90, то в дальнейшем можно будет использовать эти данные 
для определения, заряда более тяжелых частиц. Опираясь на эксперимен­
тальные данные, полученные Лабораторией ядерных проблем при синтезе 
элементов в области Z от 100 до 105, можно показать, что время жизни 
самых долгоживущих изотопов этих элементов не превышает нескольких
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дней. С другой стороны, многочисленные теоретические оценки указы ­
вают, что наиболее стабильными по всем видам ядерного распада должны 
быть изотопы элементов с Z , близким к Z =  114. Поэтому можно счи­
тать, что,если будет подтвержден факт наблюдения в космических лучах 
тяжелых ядер с Z >  100, то это м огут быть только изотопы элементов с 
l l O á Z s  116.

Учитывая скорости частиц в космических лучах, сечение деления 
при столкновении с атомами водорода и ряд других факторов, можно 
ориентировачно оценить возможные времена жизни частиц с Z >  100 в 
космических лучах . Эти оценки дают времена ~  106 — 10 лет.

Теперь я хотел бы коснуться геохимического аспекта данной проб­
лем ы . Химические исследования курчатовия, проведенные в Лаборато­
рии ядерных проблем показали, что, начиная с Z  = 104, застраивается 
внешняя электронная оболочка, т . е .  курчатовий оказался уже не актини­
дом, а химическим аналогом гафния. Поэтому можно предполагать, что 
изотопы 110, 112, 114 элементов должны являться аналогами платины, 
ртути и свинца. Тогда  наиболее долгоживущие среди этих тяжелых ядер 
(T j/2 a 10s лет ) можно попытаться обнаружить в природных минералах.
Но так как поиск каждого из них должен осущ ествляться в различных 
природных соединениях, то наиболее удобными среди них, в смысле хи­
мической обособленности, являются соединения свинца. Если опираться 
на данные, полученные Фаулером и др. [19] , то возможная примесь изо­
топов "экасвинца" в первозданном свинце, по оценкам, составляет ~ 1 0 '14. 
Так как "экасвинец", по предположениям, должен испытывать спонтан-- 
ное деление, то не лишены смысла поиски спонтанного деления в свинцо­
вых минералах.

Учитывая ожидаемую примесь "экасвинца" ~  10 при п /2 “  10 -  
108 лет, наблюдаемый период распада свинца должен соответствовать 
величине ~  1022 — 1024 лет .  Поэтому для регистрации актов спонтанно­
го  деления в природном свинце необходимо разработать метод, который 
позволил бы использовать большие количества свинца и был бы нечувст­
вительным к фону осколков деления, обусловленных космическими луча­
ми или другими причинами. В дальнейшем, если будет получен положи­
тельный эффект, после разработки соответствующих химических м ето­
дов выделения "экасвинца" из свинца или при Использовании м асс-сепа- 
ратора можно будет провести идентификацию этих изотопов к изучение их 
свойств. Аналогичная методика может быть применена и при поисках 
изотопов "экаплатины ", "экартути" и т . д .

С другой стороны, необходимо отметить, что, если в космических 
лучах или при изучении различных минералов будут обнаружены Долго­
живущие (T i/г г 10е л е т ) изотопы сверхтяжелых элементов, то должна 
сущ ествовать целая плеяда изотопов и элементов, обладающих меньшими 
временами жизни, которые м огут быть синтезированы и изучены на уско­
рителях тяжелых ионов.

В заключение доклада я хочу отметить, что в настоящее время опре­
делилось несколько интересных направлений, связанных с вопросами 
поиска и синтеза изотопов сверхтяжелых элементов. Причем каждое из 
этих направлений содержит в себе много интересных и неизученных воп­
росов, и прогресс в каждом из них может оказать огромное влияние на 
дальнейшее развитие ядерной физики, позволит по новому подойти к 
проблеме происхождения элементов, развить исследования химических и 
физических свойств далеких элементов.
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Поэтому позвольте мне выразить уверенность, что в ближайшее вре­
мя вопрос о возможности существования сверхтяжелых ядер будет прове­
рен экспериментально.
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SOME DEVELOPM ENTS IN OUR APPROACHES  
TO NUCLEAR STRUCTURE PHYSICS
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Abstract

SOME DEVELOPMENTS IN OUR APPROACHES TO NUCLEAR STRUCTURE STUDIES. In the first 
part the author discusses the evolution of traditional approaches, including accelerators and on-line tech 
niques. In the second part he evaluates new approaches involving elementary particles and high-energy 
methods.

I  shall d ivide my paper into two parts. P a r t I concerns the evolution 
o f trad itiona l approaches supplemented by new techniques; P a r t  I I  trea ts  
the evolution — s t il l  r e a lly  only evaluation — o f new approaches involving 
e lem en tary  pa rtic les  and h igh -energy methods.

P A R T  I

AC C E LE R A TO R S

A  continuous evolution is , o f course, taking p lace in a ll our conven­
tional nuclear structure acce le ra to rs .

The new isochronous cyclotrons o ffe r  im proved  energy resolution, 
energy  va r iab ility , duty cyc le  and range o f ions. These machines a re  now 
bidding to challenge the e lec trosta tic  generator but that challenge cannot 
yet be said fu lly  to have m a ter ia lized  and the e lec tros ta tic  generator cu r­
ren tly  rem ains the scarcely-d ispu ted  king o f the nuclear barnyard. Perhaps 
the m ost in terestin g  recen t news about e lec trosta tic  generators is  the 
decision  o f our Romanian colleagues to acquire a la rg e  Am erican  tandem 
Van de G raaff. These trem endously pow erfu l machines w in  add a new sty le  
to nuclear structure resea rch  in what I m ight ca ll the JINR countries.

Th ere  is  a theorem  about e lec tros ta tic  generators and that is  that by 
the tim e you have acquired your machine you have also acquired a case fo r  
having 1. 5 tim es as many vo lts  on the term ina l. Som etim es the case 
advances even a lit t le  m ore  quickly than that and although machines with 
20 M V  on the term in a l have not yet le ft  the drawing board a good case can 
a lready be made fo r  a tandem with a 30 .MW term ina l. Th is case is  based 
on p rec is e ly  the considerations g iven  by F le ro v  and others re la tin g  to the 
superheavy elem ents, nam ely, our need to en ter in a v e ry  genera l way the 
reg ion  o f possib le  islands o f s tab ility  in the neighbourhood o f Z  = 114 and 
126. F o r  this task v e ry  heavy ions o f v e ry  high energy  are needed and it 
seem s as though term in a l energ ies  w e ll in excess o f 20 MW w ill be demanded. 
The a lternative e lec tros ta tic  generator approach o f using two coupled 
machines w ill be pursued at Brookhaven (2 M P  tandems — 12 M V  term in a ls ) 
and, hopefully, in the HVEC labora to ries  at Burlington through the even
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m ore powerfu l M P -T U  (16 M V term ina l) combination. Such machines may 
w e ll open up a new and im portant area of nuclear structure studies. As 
W eisskopf has em phasized, we should rather hope that what we find there 
is  not what we expect ra ther than that the superheavy elem ents sim ply con­
fo rm  to our present ideas about the behaviour o f nuclear m atter.

Our pursuit o f v e ry  high energ ies through v e ry  heavy ions invo lves us 
a lso in the search fo r  high in itia l ion ization  states o f those ions. This 
search takes us into one o f the many in terfaces  between nuclear physics 
and so lid  state o r  atom ic physics. Rasmussen has em phasized this and has 
suggested that it may be possib le to find such high charge states by starting 
from  isom eric  o r other p rocesses  that crea te  abundant К -vacancies and 
that so lead to high charge states at the term ination  o f the subsequent cascade.

Current developm ents in e lectron  lin ear acce lera to rs  are also o f im ­
portance. Such machines having high currents and high duty cyc les  w ill be 
ve ry  im portant in a la rge  range o f ways including the m easurem ents of 
transition  moments as a function of momentum tran s fer. The re la ted  
m atters o f separating out the components of m ixed m ultipole transitions 
and, in genera l, the search fo r  h igh-m ultipole excitation  that can be done 
d iffe ren tia lly  by vary ing  the momentum tran s fer are also im portant.
E lectron  linacs should also be su rpris in g ly  good sources o f slow  pions 
and muons fo r  the sort o f studies that I shall be dealing with in P a rt II 
o f my talk.

O N -L IN E  TECHNIQUES

A  m a jor revolu tion  is  taking place in the way in which we use a cce le ­
ra to rs  through the use o f com plex apparatuses d irec tly  coupled to them.
Such on-line coupling o f mass spectrom eters as em phasized by T e illa c  and 
the j3-ray spectrom eters  as em phasized by Sakai provide trem endously 
pow erfu l fa c ilit ie s  that we have sca rce ly , as yet, begun to exploit.

Of course, the m ost dram atic advent in recen t yea rs  is  the on-line use 
o f com puters and this is a su ffic ien tly  vast topic to m erit a con ference de­
voted en tire ly  to it. Suffice it to rem ark  that tremendous prob lem s o f data 
handling are involved. We are a lready ca rry in g  out experim ents in which 
four detectors each with a resolu tion  o f the o rd er o f 1 part in 103 operate 
in coincidence, demanding storage o f in form ation in m ore than 1012 quadru- 
pole co-ord inate elem ents and its subsequent inspection and digestion. So 
tremendous are the prob lem s o f data handling that the prospect is  opened 
up o f ca rry in g  out a cce lera to r experim ents rem ote  from  the acce lera to rs  
both in space and tim e. The in form ation  from  com plex coincidence counter 
arrays  w ill be stored  on magnetic tape in m u lti-d im ensional fo rm  and this 
m agnetic tape w ill, in its turn, becom e the ob ject o f subsequent research , 
as often as not y ie ld ing  in form ation o f a kind not contemplated when the 
raw  data co llection  took p lace. Experim ental l ib ra r ie s  o f m agnetic tape 
w ill be built up and research  w ill take p lace in those lib ra r ie s  with the aid 
o f com puters in v e ry  much the same way as h is to r ica l research  takes place 
among co llections o f documents rather than by partic ipation  in the events 
that g ive  r is e  to them. This tendency is  a lready apparent in high energy 
physics where, fo r  exam ple, a bubble cham ber run, while being aimed at 
sp ec ific  prob lem s, generates data that, perhaps yea rs  la ter, are used fo r  
the solution of prob lem s undreamt of at the tim e when the run was ca rr ied
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out. M agnetic tape l ib ra r ie s  o f experim ents availab le on a worldw ide 
basis would enable som eone in a rem ote  country, p rovided  he had access 
to  an appropriate com puter, to c a rry  out a nuclear structure experim ent 
on a pow erfu l a cce le ra to r  thousands o f m iles  away as read ily  and as e f fe c ­
t iv e ly  as som eone on the spot.

P A R T  II

W HY HIGH ENERGIES?

The ju stifica tion  fo r  our use o f high energy o r  elem entary pa rtic le  
methods fo r  investigating nuclear structure must be that by those methods 
we can acqu ire in form ation  o f a kind that cannot be obtained by conventional 
methods or that com plem ents in form ation  obtained by conventional methods. 
We must not ask what nuclei can do fo r  high energy a cce le ra to rs  but ra ther 
what high energy acce le ra to rs  can do fo r  nuclei.

Th ere  are two ch ie f reasons fo r using high energy methods:

(a) G ranularity

The nucleus is  com posed o f neutrons and protons. Th is statement 
would be accepted by m ost people and yet it conceals a grea t deal of 
ignorance and is  indeed untrue. It is untrue because the nucleons are 
held together in fa ir ly  intim ate connection by pion and other pa rtic le  e x ­
change and so are certa in ly  not identica l with the pa rtic les  that we know 
in the fr e e  state — but how d ifferen t are they? To  what degree is it  p roper 
to p icture the nucleus as a co llection  o f neutrons and protons? To what de­
gree  are essen tia l changes introduced by the background fie ld  in which the 
nucleons are im m ersed?  These are questions o f intense im portance that 
we shall certa in ly  not answer without going inside the nucleus and looking 
at nucleons as individuals — i f  such they are — and this obviously in vo lves 
us in using as probes partic les  capable of im parting momentum tran s fers  
corresponding to distance sca les of less  than the nucleonic separation.
Th is means pa rtic les  o f hundreds o r  thousands o f M eV  or, a lternative ly , 
the absorption, with the re lea se  o f a ll or some o f the re s t  m ass energy, 
o f p a rtic les  such as pions, kaons, anti-protons etc.

The ignorance concealed within the sim ple statement that nuclei are 
made o f neutrons and protons is that, even granted that the statement may 
be true, it te lls  us nothing o f the im portant m atter of the spatia l a rran ge­
ment between the nucleons, pa rticu la rly  o f the question o f th e ir  short-range 
co rre la tion s  which, because o f the short range o f the nuclear fo rc e , are a ll-  
im portant fo r  the energy content o f the nucleus and fo r  the h igher momentum 
components. It is  again evident that only high energy methods can d irec tly  
exam ine sm a ll-s ca le  spatia l structure.

Our m odels o f nuclear structure have led  us to certa in  p ictures o f the 
nucleus o f a highly detailed character but this knowledge, i f  such it can yet 
be ca lled , is  h ighly in feren tia l and demands the 'photograph ic ' in form ation 
that can be obtained only through the equation kR »  1 fo r  its  confirm ation .
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(b) Spatial relationships.

When we probe a nucleus by any method we ra re ly  probe it un iform ly 
because our pa rtic les  com e into it from  outside and i f  there is  any absorp­
tion  at a ll the in teraction  w ill  not be proportional to the density o f nuclear 
m atter o r  to any sim ple function o f that density. Even i f  the ingoing 
p a rtic le  is  weakly absorbed — a neutrino o r  a photon fo r  exam ple — the 
outgoing p a rtic le  that brings news o f the in teraction  is usually strongly 
in teractin g  and so b iasses our in form ation  towards certa in  regions. I f  the 
outgoing p a rtic le  is  weakly in teracting then we indeed learn  something 
about the nucleus as a whole in an unbiassed way — unless the in teraction  
its e lf  b iasses us towards neutrons o r  protons as in the case o f e lectron  
scattering, fo r  exam ple, where we learn  about the o v e ra ll charge d istribu ­
tion but essen tia lly  nothing about the neutrons. But we should d early  like 
to gain in form ation  about the nucleus b iassed in a c lea r ly -d e fin ed  way 
towards its  various reg ions — we should lik e  to be able to exam ine its centre 
without re fe ren ce  to its edge, we should like to be able to- exam ine its  edge 
without re fe ren ce  to its cen tre. We m ay to some d egree  ach ieve these 
ob jec tives  i f  we have adequate faith in the optical m odel and DW BA but the 
optica l m odel is  at best a v e ry  clouded c ry s ta l ba ll and it must always be 
rem em bered  that it deals only with averages and takes no account o f the 
fluctuations that, in fact, ex is t within the nucleus and that may dominate 
certa in  ra re  phenomena. One should, th ere fo re , be particu la rly  sceptica l 
in re ly in g  on the optica l m odel where, fo r  exam ple, nuclear m atter is  v e ry  
tenuous o r  high momentum components are in question.

The contribution that high energ ies make here  is , f ir s t ly , the tr iv ia l 
one concerned with short wavelengths but, m ore  sp ec ifica lly , the fact that 
the probing partic les  can be n egative ly  charged: ¡JT, ж", К", £', p" etc.
Such negative ly -charged  pa rtic les  when ' stopped' in m atter fa l l  into atom ic 
o rb its . Under certa in  circum stances we may know what these orb its  are 
and so what is , in som e detail, the spatial relationsh ip  between the probe 
and the nucleus. Thus, fo r  exam ple, we know that the ju"-meson w ill gain 
its atom ic ls -s ta te  b e fo re  decay or absorption by the nucleus and we can 
recogn ize  the X -ra y s  it  em its on its way there, passing through other orb its 
o f well-know n spectroscop ic  character. I f  the p a rtic le  is  strongly in te r ­
acting then the o rb ita l(s ) from  which it is  absorbed can be s im ila r ly  a s c e r ­
tained from  X -ra y  studies and so the products o f the absorption come 
in it ia lly  from  a reg ion  o f the nucleus about which som ething is known. Of 
course, structures o f the kind just made about the optica l m odel w ill again 
apply to som e degree  but the identification  o f the o rb ita l from  which in te r ­
action takes p lace can be an im m easurable benefit.

In addition to these two ch ie f advantages of high energy methods there 
a re  many subsid iary reasons fo r  our in teres t. The fo llow ing  is  a v e ry  
abbreviated lis t :

( i )  (T r iv ia l )  We must obviously use energ ies  considerab ly g rea te r  than 
the depth o f the e ffe c tiv e  nuclear potential i f  we are to probe the 
fu ll energy/m om entum  structure o f the nuclear F e rm i sea. (R eca ll 
that we have no evidence fo r  the rea lity  o f deep shell structure in 
nuclei beyond about Ca: is there any l ite ra l sense in which there 
ex ist ls-nucleons in Pb?)



APPROACHES T O  NUCLEAR STRUCTURE 29

( i i )  P robes o f J = 0 w ill be useful in lim itin g  the number o f scattering 
amplitudes in, fo r  exam ple, a m ultiple scattering analysis d irected  
at the short-range co rre la tion  problem .

( i i i )  P robes  o f T  = 1 may be able to show up new fo rm s o f co llec tive  
m otion o f Д Т  = 2 and have benefits associated  with th e ir  ab ility  
to change the nuclear charge by 2 units, with or without change 
o f the nuclear wave function.

(iv ) Special couplings availab le through elem entary partic les  may show 
up certa in  types o f nuclear state m ore read ily  than conventional 
probes, e. g. in muon absorption.

(v ) By ine lastic  scattering we can study transition  moments as a function 
o f momentum tran s fer and so add another dim ension to the testing of 
nuclear m odels.

(v i) Our ignorance o f the possib le im portance o f 3-body fo rces  in nuclear 
structure is  great. It may be ve ry  in form ative to search fo r  these 
e ffec ts  f ir s t  in hypernuclei since the X -hyperon  cannot enjoy the re la ­
t iv e ly  lo n g -ra n g e  s in g le -p ion  exchange with nucleons so that double- 
pion exchange which could g ive  r is e  to a 3-body XNN fo rc e  may be 
an im portant ingredient o f the in teraction  between the X-hyperon and 
nucleons.

MUONIC X -R A Y S  AND E LE C TR O N  SC ATTER IN G

The use o f high energy e lectrons to probe the nuclear charge distribution 
has been p ractised  fo r  so long that it may alm ost be regarded  as a part of 
conventional nuclear structure physics rather than as part o f the newer high 
energy methods. How ever, it  is one o f the c lea res t exam ples o f the need to 
use short wavelengths to re v ea l deta ils  of spatia l structure and so p roperly  
belongs in the present discussion. Recent developm ents by Hofstadter 
e l a l . , where energ ies  as high as 750 M eV  have been used in e las tic  s ca tte r­
ing studies, have shown the need fo r  the introduction o f at least a third 
shape param eter into our descrip tion  o f the charge distribution. They have 
a lso ra ised  the im portant question as to whether the better approach is the 
continued introduction o f m ore param eters into a bas ica lly  ' F erm i-typ e '1 
charge d istribution  or whether we should not perhaps rather start from  a 
charge d istribution  that we b e lieve  may have some m ore 1 fundamental' 
ju stifica tion  such as one synthesized from  s in g le -p a rtic le  wavefunctions 
generated within a Saxon-Woods or other potential that c o rre c t ly  re fle c ts  
the binding energ ies  o f the various proton shells. The la tte r  approach has 
been advocated particu la rly  by Elton; it has had the rather im press ive  
success o f adequately accounting fo r  the 750-M eV e lectron  scattering from  
Ca isotopes using a charge distribution generated to account fo r  the 
250-M eV  scattering. The 3 -param eter F erm i-typ e  distribution that was 
adequate at 250 M eV  fa iled  s ign ifican tly  at 750 M eV . Th is suggests that 
sim ple s in g le -p a rtic le  wavefunctions o f the Saxon-Woods type may indeed 
be a good starting point fo r  our discussion o f the nuclear charge distribution. 
Of course, it would be exceed ing ly  in teresting i f  such wavefunctions fa iled  
to d escrib e  the e lectron  scattering since that would re fle c t  d irec tly  on our 
deta iled  account o f nuclear structure. It would re fle c t  on such m atters as 
configuration m ixing, corre la tion s , and upon the question ra ised  e a r lie r ,
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nam ely, the degree  to which a shell pattern o f the s in g le -p a rtic le  type 
deeply underlies the structure o f heavy nuclei at a ll.

Th ere  are, as yet, no serious signs, from  electron  scattering done, 
that s in g le -p a rtic le  distributions are inadequate but it  must now be rem arked  
that muonic X -ra y s , a lso essen tia lly  a probe just o f the charge distribution 
and v igo rou s ly  studied by Backenstoss, Anderson, T e legd i, Wu, Devons et 
a l . , must sim ultaneously be accounted fo r  by the charge distribution put 
fo rw ard  to f it  the e lectron  scattering data. Indeed there are, according to 
Elton, signs that in Pb  the Saxon-Woods type wavefunctions, although they 
g ive  a sa tis fa c to ry  account o f e lectron  scattering., do not adequately fit  the 
muonic X -ra y  data, having ra ther too much charge at the cen tre. A  m ore 
sa tis fac tory  simultaneous account o f e lectron  sca ttering and muonic X -ra ys  
is  g iven  by the wavefunctions d eriv in g  from  the m o re -n ea r ly -re a lis t ic  
approach o f the Bethe-B rueckner theory which g ive a hollow  at the centre 
o f the corresponding charge d istribution  rather than a hump there. Th is 
success o f the Bethe-B rueckner theory is  v e ry  prom ising, particu larly  
since the approach is not an ex trem ely  elaborate one, being essen tia lly  a 
type o f T h om as-F erm i m odel. It is in terestin g and sign ificant that the 
inclusion o f the Coulomb fo rc e  is  necessary  to recon c ile  the e lectron  sca tte r­
ing and muonic X -ra y  data within the Bethe-B rueckner treatm ent.

The p rom ise  o f fin er  deta il about the rad ia l charge distribution com ing 
from  the combination o f higher energy e lectron  scattering and v e ry  p rec ise  
muonic X -ra y  m easurem ents is  o f considerab le im portance. We may note 
that 'r e a l is t ic  fo r c e ' calculations are now y ie ld ing good resu lts  fo r  absolute 
binding en erg ies . How ever, these resu lts  are re la t iv e ly  insensitive  to the 
rad ia l wavefunctions, th ree to four term s o f a harm onic o sc illa to r  expansion 
being apparently adequate. On the other hand, the approach to the nucleon 
wavefunctions them selves, using H artree -F ock  methods, demands eight o r 
m ore  o sc illa to r  term s fo r  an adequate represen tation . Th is c le a r ly  shows 
that we need quite fine experim enta l deta il on the rad ia l charge distribution 
to check the pred ictions o f detailed m odels in so far as they concern the w ave­
functions them selves ra ther than just the en erg ies .

It is , o f course, possib le  to use the energ ies  o f the muonic X -ra y s  
by them selves fo r  determ in ing the param eters of the nuclear charge d is ­
tribution. F rom  such m easurem ents we get s ign ificant, say 10%, in fo rm a­
tion  about a th ird  param eter by ca rry in g  them out with an accuracy o f the 
o rd e r o f 0. 1 keV  such as is  now becom ing possib le . We must rem em ber, 
how ever, that there a re  fa c to rs  at work  that a ffect the X -ra y  energ ies  much 
m ore than 0. 1 keV  and that som e o f them are not yet under com plete control 
th eo re tica lly . One o f these fac tors  is  the po lariza tion  e ffec t — the v irtu a l 
involvem ent o f excited  nuclear states through the muon-nucleus coupling — 
which shifts the o v e ra ll energy le v e ls  in ord inary second-order perturbation 
theory . The magnitude o f this e ffe c t  in a heavy nucleus is estim ated to be 
s e ve ra l keV  but the uncertainty in the estim ate s t ill considerab ly exceeds 
the accuracy with which energy m easurem ents can and must be made.
Another e ffec t o f uncertain magnitude concerns the e lectron ic  shielding 
o f the nuclear charge from  the o rb itin g  muon. Th is could certa in ly  be 
calculated with adequate accuracy i f  we knew how many inner e lectrons 
w ere  present, but since the muon a rr iv e s  at its  low  orb its  fo llow in g  Auger 
cascades it is  not com plete ly  c lea r  what the inner e lectron ic  configuration 
m ight be at the tim e that the muonic transitions are actually made.
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It seem s m ost lik e ly  that best p rogress  w ill, in fact, not be made by 
using muonic and e lectron  scattering in form ation separate ly  (the la tter is 
its e lf, o f course, a lso subject to uncertainties associated  with v irtua l 
nuclear excitations) but that we should rather put the two types o f in fo r ­
mation together in the manner a lready indicated. Since the two sets of 
data are sensitive  to d ifferen t aspects o f the nuclear charge distribution, 
to seek distributions consistent with both w ill s ign ifican tly  lim it the a llow ­
able range o f those d istributions. By doing this, we are, o f course, begging 
the question o f the possib le charge fo rm  factors o f the e lectron  and muon 
th em selves, but these are prob lem s better approached by the methods o f 
quantum electrodynam ics p roper and such work w ill be ca rr ied  out in p a ra l­
le l  with the studies that we are now discussing. The simultaneous use of 
e lectron  scattering and muonic X -ra y  in form ation does not re la x  the s t r ic ­
tures on our need fu lly  to understand the involvem ent o f nuclear and atom ic 
p rocesses  such as po lariza tion  and electron  shielding, and it is  not c le a r  at 
this stage how these d ifficu lt prob lem s are sa tis fa c to r ily  to be reso lved .

In addition to the high im portance o f the o ve ra ll charge d istribution fo r 
testing genera l nuclear m odels, there is  o f course the v e ry  in terestin g and 
m ore spec ific  question o f isotope e ffec ts . Studies in e lectron  scattering 
have a lready been made in Ca isotopes and muons are a lready being used 
extensive ly  fo r  s im ila r  purposes. Although one m ay not be able to g ive a 
' dead reckon ing ’ account o f the charge distribution its e lf  from  the basis o f 
nuclear theory, changes in the distribution from  one isotope to the next may 
be th eo re tica lly  analysable and g ive  in form ation  o f im portance fo r  nuclear 
m odels.

In addition to the im portant isotope shifts, there are also, in muonic 
X - r a y  spectra , isom er shifts to be m easured. As is  w e ll known, as a 
resu lt o f the coupling between the e lectrom agnetic  fie ld  o f the muon and the 
nuclear charge distribution, it  is  possib le, in the course o f the muonic c a s ­
cade, to excite  the nucleus into various excited states, pa rticu la rly  the 
rotational states which have strong e le c tr ic  quadrupole moments to the 
ground state and whose excitations in the h eav ier nuclei are com parable 
w ith the m agnetic fine structure o f the muons in th e ir  2p and h igher orb its . 
Accord ing ly , when the muon eventually a rr iv e s  in its  ls -s ta te  the nucleus 
w ill  quite frequently  be in its f ir s t  excited state from  which it subsequently 
decays, the muon rem ain ing in its  atom ic ls -s ta te . The nuclear transition  
th e re fo re  takes place in the environm ent o f a muon o f well-known w ave- 
function. The energy o f this transition  w ill th ere fo re  depend, among other 
things, on the d ifferen ce o f the rad ia l charge distribution o f the nucleus in 
its  excited  and ground states. Th is e ffect is probably the m ost im portant 
one operating to make the gam m a-transition  energy d ifferen t in the muonic 

( environm ent from  what it is  without a muon present, and enables us to make 
a statement about the dependence o f the nuclear charge s ize  on the state o f 
excitation . (S im ila r in form ation  is  occasionally  availab le from  M ôssbauer 
studies but the muonic approach is probably somewhat m ore genera l and is 
o f at least com parable accuracy although, as has recen tly  been em phasized 
by Grodgins et a l . , it is  subject to some uncertainty owing to e ffects  o f the 
m agnetic hyperfine structure in the excited  nuclear state).

The e le c tr ic  quadrupole hyperfine structure o f muonic X -ra y  spectra  
is  now a w idely  studied phenomenon. In contrast to the situation in ord inary  
e lec tron ic  spectra , the muonic m agnetic hyperfine structure is , ow ing to
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the much sm a ller magnetic moment o f the muon, re la t iv e ly  unimportant 
com pared with the e le c tr ic  quadrupole hyperfine structure and so the la tter 
can be studied re la t iv e ly  uncomplicated by the fo rm er, although the fo rm er 
must always be borne in mind.

A  m ost im portant point is  that the deep penetration o f the muonic Is -  and 
2p-orb ita ls in the h eav ier nuclei makes the quadrupole hyperfine structure 
sensitive  to the fo rm  factor o f the quadrupole moment. Th is in turn gives 
us hope that we might be able to distinguish between d ifferen t angular depen­
dences o f the rad ia l charge distributions o f deform ed nuclei. In such nuclei, 
as a lready mentioned, the probability o f exciting a nuclear rotational state 
is quite high and so the X -ra y  pattern is rather a com plicated one and its 
quantitative in terpretation  involves the o ff-d iagona l as w e ll as the diagonal 
nuclear e le c tr ic  quadrupole m atrix  elem ents. B efore  unambiguous analysis 
can be made in term s o f the angular dependence o f the rad ia l d istribution o f 
charge, we must know the relationship between the various e lec tr ic  quad­
rupole m atrix  elem ents. In princip le, a ll this m ight be derived  from  the 
muonic data alone by a su ffic ien tly  detailed study of the double cascade 
3d -* 2p -» Is , although better p rogress  is lik e ly  to be made by fo ld ing the 
muonic in form ation  in with that d eriv in g  from  other methods that y ie ld s  
Q q, B (E2) etc. V ery  detailed studies of quadrupole hyperfine structure are 
lik e ly  to be o f great im portance fo r  this question o f the angular dependence 
of the charge distribution.

Quadrupole hyperfine structure is a good too l fo r  the determ ination of 
quite sm all e le c tr ic  quadrupole moments and already com petes favourably 
with other methods. It is also worth rem em bering that the hyperfine s tru c­
ture is  dependent on, and so may determ ine, the sign as w e ll as the m agn i­
tude o f the quadrupole moment.

It is fina lly  to be rem arked  that an im portant use o f muonic X -ra y  data 
may com e in norm aliz ing in form ation that can be obtained m ore read ily  by 
ord inary  optical methods but whose in terpretation  is there com plicated by 
factors  that do not enter in the muonic case. An exam ple is  the fo rm  factor 
o f the nuclear magnetic moment. Th is is obtained from  the magnetic hyper­
fine structure which is  v e ry  sm all but m easurable fo r  muons. Optical 
spectra  contain this in form ation but the muonic data are fr e e  o f the v e ry  
form idab le uncertainties that attend the in terpretation  o f the ord inary 
optica l data on account of our ignorance o f the e lectron ic  wavefunctions 
and other associated m atters. A  few  jud iciously chosen m easurem ents 
with muons would be v e ry  valuable in norm aliz ing the optica l data. A 
s im ila r  rem ark  applies to the isotope shift which again can be m easured 
with great p rec is ion  op tica lly  but whose in terpretation  there is  also com ­
p licated by a number of fac tors  to do with the e lectron ic  wavefunctions.
Spot norm aliza tion  through muons would be m ost valuable.

NEU TRO N  AND M A T T E R  D ISTRIBUTIONS

E lectron  scattering and muonic X -ra ys  are g iv ing us an increas ing ly  
detailed picture o f the charge distribution in nuclei. Such m easurem ents 
are, how ever, essen tia lly  insensitive to the location  o f the neutrons which 
is  just as im portant a prob lem . The location  o f the neutrons re la tiv e  to 
the protons is  obviously a m atter o f great im portance and something that 
must be sa tis fa c to r ily  described  by any acceptable nuclear m odel. It is
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th e re fo re  m ost des irab le  that we should devise methods that are e ithër 
sp ec ifica lly  sensitive  to the location  o f the neutrons o r  that, a lternative ly , 
respond to neutrons and protons ind ifferen tly  so as to g ive  a mapping of 
the o v e ra ll nucleon density.

F irs t ly , som e rem arks on low -en ergy  approaches.
If, as Rost has done, one constructs a Saxon-Woods potential fo r  heavy 

elem ents that c o rre c t ly  reproduces the known neutron and proton binding 
energ ies  and that also accounts fo r  e lectron  scattering, then that potential 
generates a neutron distribution that, at the edge o f the nucleus, sticks out 
s e ve ra l tenths o f a fe rm i beyond the proton distribution. The nucleon 
distributions generated by B ethe-B rueckner theory show the same e ffect.

A s G reen lees has recen tly  shown, i f  one constructs the optica l model 
potential fo r  low -en ergy  nucleon-nucleus scattering sim ply by a convolution 
o f the m atter d istribution with the nucleon-nucleon potential, then in order 
to fit  the experim enta l e lastic  scattering data one requ ires  m atter d is tr i-  . 
butions that are considerab ly b igger  than the proton distributions and that, 
by com parison with the proton distributions, im ply a neutron skin o f the 
o rd er of half a fe rm i in thickness.

Now that analogue states are being iden tified  in the heavy nuclei we 
may hope to determ ine the s ize  o f the last neutron orb ita l by the Coulomb 
energy d isp lacem ent that rèsu lts when it is transform ed into a proton 
y ie ld ing  the appropriate analogue state. In form ation  on the neutron d is tr i­
bution gained in this way im p lies , according to Sch iffer, that the neutron 
distribution  has a la rg e r  radius than the proton distribution although the 
e ffec t does not seem  to be as la rge  a one as that d eriv in g  from  the analysis 
o f e las tic  nucleon scattering and, indeed, correc tion s  o f as yet to be d e te r­
mined magnitude may even re v e rs e  the sign o f the e ffect.

On the other hand, in form ation  from  stripping and pick-up reactions in 
the heavy nuclei appears to show that the neutron and the proton ta ils  are 
quite com parable and that there is no obvious neutron skin.

A  decision  on this m ost im portant point from  conventional nuclear 
structure methods is th ere fo re  not c lea r  and we should lik e  some m ore 
d irec t approach.

A  high energy approach that has a lready been used with pos itive  resu lts  
concerns the absorption in m atter o f stopped К  -m esons. As is now w e ll 
known, this p rocess  is lik e ly  to be one of periphera l absorption; this con-, 
elusion is  alm ost certa in  i f  the K '-m eson s  are absorbed from  1 c irc u la r1 
orb its as they probably are to a f ir s t  approxim ation. It is  computed that 
the bulk of. the absorption takes p lace beyond the reg ion  where the nuclear 
m atter density has fa llen  to one half o f its centra l value and the products 
o f the absorption th ere fo re  bring us news o f the com position o f the nuclear 
su rface. The absorption products are, o f course, d ifferen t fo r  absorption 
on neutrons and protons; in particu lar the fo rm e r  p rocess y ie ld s  negative 
E-hyperons plus neutral pions, while the la tte r  m ay y ie ld  e ither positive  
o r  negative E-hyperons together with pions o f the appropriate opposite 
charge. As shown by Burhop et a l . , it  is possib le , by studying this p ro ­
cess in nuclear em ulsion and by com paring events associated  with Auger 
e lectrons (and that th ere fo re  take p lace ch ie fly  on heavy elem ents — Ag 
and B r) and those associated  with a v is ib le  r e c o il prong (and that th ere fo re  
take p lace ch ie fly  on light elem ents — C, N, and O) to draw .conclusions 
about the neutron-proton ra tio  in the surface o f the heavy elem ents in  term s 
o f that in the surface o f the light elem ents. Since any reasonable m odel
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w ill g ive  v e ry  s im ila r  distributions fo r  neutrons and protons in ligh t e le ­
ments, one may use this hypothesis as a ca lib ration  to enable one to 
deduce the neutron-to-proton  ratio  in the surface o f the heavy elem ents.
The answer is  that in the heavy elem ents the e ffec tive  neutron-to-proton 
ra tio  in the reg ion  where absorption o f the K*-mesons take p lace is 5 ± 1.
I f  we seek to in terp re t this number in term s o f nucleon distributions o f 
conventional rad ia l fo rm , we find that the neutron d istribution may have 
a radius o f approxim ately 0. 7 fm  g rea te r  than the proton distribution.
(The resu lts  could a lso  o f course be explained i f  the neutron distribution, 
while having the sam e half density point as the proton distribution, had a 
g rea te r  diffuseness. )

Another high energy approach to the problem  o f the nucleons in the 
nuclear surface com es from  the quasi-e lastic  scattering o f pa rtic les  of 
v e ry  high energy. Experim ents ca rr ied  out by Cocconi et a l . , using 
protons o f 19 GeV show a dependence o f the n ea r-e la s tic  scattering c ro ss -  
section  (energy  loss  less  than about 100 M eV ) on momentum tran s fer that 
breaks into two c le a r ly  defined components. The f ir s t  component fa lls  
ex trem e ly  rap id ly  with increasing momentum tran s fer while the second 
fa lls  s t ill rap id ly  but much less  so than the f ir s t .  The f ir s t  component 
is  due to the coherent e las tic  scattering by a ll the nucleons in the nucleus 
acting together while the second component, which shows just the same 
m om entum -transfer dependence as fr e e  nucleon-nucleon scattering, is 
due to the qu as i-e las tic  scattering o f the incident protons by the individual 
neutrons and protons o f the nuclear m atter distribution acting incoherently.
The magnitude o f this second, qu as i-free , scattering component obviously 
depends on the structure o f the nuclear surface, since not only must a quasi­
e la s tic  scattering event take place but the scattered  nucleon must escape 
from  the nucleus without absorption. The degree o f sen sitiv ity  to the 
surface thickness is , accord ing to Glauber, that the c ross -sec tion  increases  
by a fac to r o f approxim ately two on going from  a uniform  sphere to one 
having a standard F e rm i-typ e  surface.These experim ents th ere fo re  essen tia lly  
count the number o f nucleons e ffec tive  fo r  such qu as i-free  scattering in the 
nuclear surface, the o v e ra ll extension o f which is  thereby determ ined. To 
the degree  to which the experim ents have rece ived  analysis so fa r  there is 
no sign o f a neutron skin. The extension and refinem ent o f these ex p e r i­
ments, and o f th e ir  analysis, is  an im portant m atter that d eserves  con­
s iderab le  attention.

The d ifferen t in teractions o f positive and negative pions with neutrons 
and protons can also be made the basis o f experim ents fo r  probing the 
neutron versus the proton distribution. The experim ents ca rr ied  out m ore 
than ten yea rs  ago by Abashian et al. and analysed by Elton suggested that, 
in heavy nuclei, the neutron skin, i f  any, did not have a thickness o f g rea te r 
than about 0. 2 fm . These experim ents and th e ir  analysis now demand r e ­
finem ent.

It is  a lso lik e ly  that pion production can y ie ld  im portant in form ation  
on the neutron versus proton question. If the pion production is by protons 
with an energy o f about 600 M eV, then the pos itive  pions are produced 
ch ie fly  by in teraction  o f the incident protons with protons in the nucleus (this 
is  the p red iction  o f the isobar model which, accord ing to M argo lis , appears 
to work  quite w e ll in p ractice  at these en erg ies ), while negative pions are 
produced only by in teraction  o f the ingoing proton with neutrons in the nucleus. 
A  com parison  o f production o f the pions o f the two charges th ere fo re  re fle c ts
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d ire c t ly  on the neutron versus proton distribution in the nucleus, although 
c lose  attention must be g iven  to problem s of fina l state in teractions, charge 
exchange and so on.

Another high energy method that has already been used is the coherent 
photoproduction o f various partic les  . (7 , 7г°) production, fo r  exam ple, may
take p lace alm ost in d ifferen tly  on neutrons and on protons and if, th ere fo re , 
one studies coherent production the angular distribution o f the product photo- 
pions g ives  one d irec t in form ation  about the spatial d istribution of nucleons 
ir re sp e c tiv e  o f whether they are neutrons o r  protons. Th is work has not 
yet been ca rr ied  out sign ifican tly  in heavy nuclei; it can be extended to 
other product partic les .

A  fu rther high energy  method that is potentia lly quite p rom is ing is  the 
study o f the charge exchange o f charged into neutral kaons fo r  sm all 
momentum tran s fe r. The sm all momentum tran s fer w ill favour the p e r i­
phery o f the nucleus as the site o f the in teraction  while the choice o f sign 
o f the incident kaon w ill  determ ine whether the exchange takes p lace on 
neutrons or on protons.

The absorption o f stopped ir~ -m esons is m ore com plicated than that of 
K "-m eson s  since it p roceeds predom inantly on nucleon pairs while that of 
K "-m eson s  is  due ch ie fly  to single nucleons. On the other hand; the тг absorp­
tion p rocess  is experim en ta lly  much ea s ie r  to study and is  becom ing the 
subject o f in creas in g ly -re fin ed  th eoretica l analysis; we may hope that s ign i­
ficant in form ation  on this m atter distribution w ill be forthcom ing from  it.

The absorption o f stopped 7r'-m esons w ill r e fe r  to somewhat denser 
reg ions o f the nucleus than are operative fo r  the absorption o f stopped 
K "-m eson s . Regions even sparser than those probed by stopped К  "-m esons 
may be opera tive  fo r  the absorption o f stopped anti-protons and, probably, 
£ -h yp e ro n s . A  com parison o f data from  all such negative ly-charged  p a rt­
ic le s  should be m ost valuable in synthesizing a detailed picture o f the s tru c­
ture and com position o f the nuclear surface.

We may perhaps fina lly  note, that, in addition to the d ifferences between 
neutrons and protons in respect of their gross  rad ia l distribution, it would 
also be v e ry  in teresting to gain in form ation on the d ifferences , i f  any, b e ­
tween them in respect o f the ir deform ations. We know quite accurately the 
deform ation  o f the protons in, fo r  exam ple, the reg ions of the ra re  earths 
and o f the actinides but we know essen tia lly  nothing about the deform ation 
o f the neutron distribution. It is c lea r ly  v e ry  d ifficu lt to get in form ation 
on this point but a possib le approach com es from  the com petition between 
absorption o f negative kaons and th e ir X -ra y  transitions. Absorption  is 
c r it ic a lly  determ ined by the e ffec tive  rad ia l d istribution o f liia tter which 
its e lf is  determ ined by, among other things, the o ve ra ll deform ation  of the 
m atter distribution. The absorption rates, which may be determ ined d irec tly  
by th e ir com petition with the X -ra y  transitions, are sensitive functions o f the 
deform ation : fo r  exam ple in a heavy nucleus in which the deform ation has a 
magnitude o f about 13 = 0. 1,  a change ДД = 0. 005 g ives  a 5% change in kaon 
absorption p robab ility . Th is should eas ily  be m easurable as between, fo r 
exam ple, one isotope and the next and so quite fine changes in the m atter 
d istribution m ay be determ ined. (One must also, o f course, bear in mind 
that changes in the absorption probability are a lso brought about by changes 
in the radius and diffuseness o f the m atter distribution. The same 5% change 
in absorption probability  could, fo r  exam ple, be produced by a change in 
radius o f about 0. 04 fm  or a change in the diffuseness constant o f about
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0. 01 fm . ) Experim ents o f the 'neutron versus proton ' type in deform ed 
nuclei would a lso be o f great in terest.

C O R R E LATIO N S AND HIGH M OM ENTUM  STATES

We know that short-range corre la tions and, correspondingly, high 
momentum states must ex ist within the nucleus i f  the residual nucleon- 
nucleon in teraction  there even rem ote ly  resem b les  that obtaining in the 
f r e e  state. It is , indeed, the basis o f the current and quite successfu l 
' rea lis t ic  fo rc e  ' calcu lations o f absolute nuclear binding energ ies  and nuclear 
spectra  that the in teraction  between two nucleons encountering one another 
within the nucleus is  essen tia lly  the sam e as that which they would experience 
in the fr e e  state. It is , how ever, ex trem ely  d ifficu lt to get d irec t o r  even 
ind irect in form ation  about short-range nucleon corre la tions and our present 
experim en ta l ignorance on this point is  e ffe c t iv e ly  total. W e must, hopefully, 
look towards high energy  methods fo r  the reso lu tion  o f this problem  since, 
as mentioned e a r lie r ,  it  is  only by the use o f pa rtic les  o f short wavelength 
that one can determ ine spatia l structures on the sca le o f the mean nucleon- 
nucleon separation  o r  le s s .

The short-range nucleon-nucleon corre la tion s  w ill a ffect the deta ils  o f 
any potential that we calcu late on the basis o f our knowledge o f the in te r ­
action between the pa rtic le  experiencing the potential and fr e e  nucleons.
It has been em phasized, particu la rly  by E ricson , that the potential operating 
between a nucleus and a pion o f low  energy can be computed in term s o f the 
pion-nucleon and pion-nucleon-nucleon in teractions, as em p ir ica lly  d e te r­
mined, provided  that one takes into account the short-range corre la tion  
structure within the nucleus. Points at which an experim enta l confrontation 
with theory can m ost s ign ifican tly  be made are the le v e l shifts in pionic 
atoms and the le v e l widths, the la tte r  being due ch ie fly  to the 7rNN in te r ­
action. In prin c ip le , a detailed analysis o f this confrontation w ill te ll  us 
som ething about the short-range nucleon corre la tion s  but m atters have not yet 
p rog ressed  to the point where unambiguous statements can be made. It does 
appear, how ever, that the data may be better accounted fo r  by a co rre la ted  
nuclear wavefunction than by an uncorrelated  one.

High energy e la s tic  scattering g ives  a c lea r  approach to the prob lem  of 
short-range co rre la tion s . It has been known fo r  a long tim e, as a resu lt of 
the w ork  o f G lauber et a l . , that in heavy nuclei a descrip tion  o f high energy 
partic le-nucleus sca tterin g  in term s o f a m ultip le scattering fo rm a lism  is 
d ire c t ly  equivalent to the optica l m odel. In ligh t nuclei, however, the m u l­
tip le  sca tterin g  fo rm a lism  d iffe rs  from  the optica l m odel which is  it s e lf  not 
there d ire c t ly  re la ted  to physica lly  s ign ificant param eters  o f the nucleon 
d istribution. The work o f Pa levsky  et al. has shown that fo r  nuclei h eav ier 
than about С the scattering o f 1 GeV protons essen tia lly  r e v ea ls  only the 
F e rm i density d istribution  known from  other methods (neutron and proton 
d istributions being assumed the sam e) and te lls  us nothing new. F o r  ligh te r  
nuclei, how ever, we may experim en ta lly  separate out the e lastic  scattering 
into components due to single scattering, double sca tterin g  and so on. These 
various components are coherent and in the angular range where the one is 
taking o ver  from  the other, in teresting in terferen ce  e ffec ts  w ill be found 
(which w ill, incidentally, te l l  us things about the in teraction  between nucleons
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that we cannot determ ine from  NN scattering ). The m ultip le scattering 
components a re  sensitive  to the 2-nucleon corre la tion  function and it  is  
the hope that an analysis o f them w ill re v ea l that co rre la tion  function. The 
analysis w ill p roceed  m ost pow erfu lly  by com paring high energy e lectron  
scattering (which is not d irec tly  sensitive to co rre la tion s ) with the high 
energy scattering o f s trong ly -in teractin g  pa rtic les . One must choose charge 
distributions that sa tis fa c to r ily  account fo r  the e las tic  e lectron  sca tterin g  and 
then ask, fo r  each such choice, what co rre la tion  function, within the under­
ly in g  nucleon distributions that reproduce that charge distribution, is 
demanded to explain the, say, double scattering o f the strong ly  in teracting 
p a rtic le . It w ill be the hope that nucleon corre la tions are demanded by such 
analysis in the sense that only corre la ted  wavefunctions w ill be able s im u l­
taneously to explain the e lectron  and s tron g ly -in te rac tin g -pa rtic le  scattering. 
Th is situation has not yet been reached and, fo r  exam ple, the scattering o f 
1 GeV protons by helium  can be explained in term s o f an uncorrelated  nucleon 
wavefunction, although one containing corre la tions may appear even now to 
g ive a s ligh tly  better fit. Such experim ents must be g rea tly  extended and 
re fin ed  and should also be made with pions as w e ll as protons, since with 
pions the com plications a ris in g  from  the spin dependence o f the p r im itive  
sca tterin g  amplitudes are much less .

We m ight, at this point, rem ark  that such experim ents can also be 
c a rr ied  out with the production o f unstable pa rtic les  such as nucleon isobars 
and that the components of the ir angular distribution corresponding to m ultip le 
sca ttering w ill then contain in form ation  about, in this exam ple, the isoba r- 
nucleon scattering amplitude. It is c lea r ly  im possib le  to obtain this in fo rm a­
tion other than through the o ffices  o f com plex nuclei. Th is is only one point 
at which the in teraction  between nuclear structure and e lem entary pa rtic le  
studies, through these high energy methods, may b ring great advantage 
to both.

It is  w e ll known that inelastic  scattering is sens itive  to nucleon c o r r e la ­
tions. Inelastic  sca tterin g  fo r  high values o f the momentum tran s fer is 
essen tia lly  determ ined by the qu as i-free  scattering on individual nucleons 
in the nucleus acting incoherently. Inelastic sca tterin g  fo r  ze ro  momentum 
tran s fe r  is  ze ro  and the way in which the scattering c ross -sec tion  fa lls  down 
from  its  qu as i-free  incoherent value to ze ro  is  one in which the coherence 
between the individual scattering nucleons plays an. in creasing ro le . I f  we 
exclude m eson production and sum o ve r  a ll in e lastic  channels then the in ­
e la s tic  scattering in this coherent reg ion  where the c ross -sec tion  is  fa llin g  
■towards z e ro  depends d irec tly  on the F ou rie r  transform  o f the pa ir c o r r e la ­
tion function. Th is in terestin g  region , that g ives  us in form ation  about the 
pa ir co rre la tion s , is associated  with the coherent action o f the nucleons in 
the nucleus in just the sam e way as is  the forw ard  d iffraction  e las tic  s ca tte r­
ing peak, and as is  hidden beneath that peak; v e ry  good energy reso lu tion  is 
th ere fo re  needed to separate out the e lastic  from  the inelastic  scattering in 
the reg ion  sensitive  to the pa ir corre la tion s . It has been suggested by 
E ricson  that a possib le  way around the need fo r  high energy reso lu tion  is 
to study the charge exchange o f pions, fo r  exam ple ( t í+ , 7 T ° ),  a p rocess  which 
is  autom atically in e lastic  (with appropriate choice o f ta rget nucleus). Good 
energy reso lu tion  would th ere fo re  not be needed. Of course, we would not 
get d irec tly  an unbiassed p icture o f the nucleon pa ir co rre la tion  function 
but would gain in form ation  rather about the d ifferen ce between the pair 
co rre la tion  functions fo r  unlike and fo r  lik e  nucleons.
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When nuclei are bombarded by high energy protons quite copious y ie lds 
of high energy deuterons are found in a manner that suggests that the process 
is an e las tic  one in which 1 deuterons' are knocked out o f the nucleus under 
the im pact of the ingoing protons or, a lternative ly , in which the ingoing 
proton picks up a neutron from  a co rre la ted  neutron-proton pair within the 
nucleus. In e ither event nucleon-nucleon corre la tions within the nucleus 
are demanded and so this process  g ives us in form ation, at least in princip le , 
about such corre la tion s. The in terpretation  o f these experim ents is so fa r  
not v e ry  quantitative but it is in teresting to note that from  the kinem atical 
relationship between the em erg ing proton and deuteron one may in fer the 
e ffec tive  momentum distribution within the nucleus o f the struck ' deuteron' . 
Th is corresponds to motions o f the struck co rre la ted  pa ir with energ ies  o f 
the o rd er of 10-20 M eV  showing that the strongly co rre la ted  nucleon pa ir is 
its e lf  in a state o f some tranquility re la tiv e  to the res t o f the nucleus.

This last conclusion is  in agreem ent with data on the (ir+, 2p) reaction  
in which low  energy pions irrad ia te  nuclei and are absorbed on corre la ted  
neutron-proton pairs with the production o f two protons o f high energy.
Again the k inem atical relationships in the fina l state allow  us to make a 
statement about the momentum distribution of the absorbing neutron-proton 
pair and again the statement is that that pa ir is not in v io len t motion re la tiv e  
to the res t o f the nucleus but in a state o f motion such as would correspond 
quite c lo se ly  to the low est quantum state o f an object o f deuteron mass within 
a container of nuclear dimensions (Grashin and Shalamov).

The two la tter consistent observations are in agreem ent with the picture 
o f the nucleus that is used as the basis o f calculations of nuclear binding 
energ ies  and le v e l structure, namely that, when a close in teraction  between 
two nucleons is  taking p lace, the rest of the nucleus is  'unaw are ' o f it.

A further approach to the question o f corre la tions o f high momentum 
states inside nuclei is from  the absorption o f slow  pions with the production 
o f s ingle fast nucleons, e. g. 12C (ir~, n) n B, o r  a lternative ly , the in verse  
process  in which single pions are produced under the bombardment o f en er­
getic protons such as to leave  the res idual nucleus in a ground o r  low -ly in g  
state, e. g. loN (p, ir°) 160. Such experim ents are ra ther hazardous to in te r­
pret since the optical model, which is  used as an aid in the case o f heavier 
nuclei, deals only with averages and g ives  no account o f the fluctuations that 
m ay be responsib le fo r  the occasional production o f a nucleon in a high 
momentum state. Such fluctuations can fa ls ify  the conclusions that we might 
draw about the rea lity  o f high momentum states in the actual nucleon d is ­
tribution. It is probably m ost pro fitab le to study v e ry  light nuclei and to 
make an analysis using the Glauber m ultiple sca ttering fo rm a lism  rather 
than the optical m odel. Important in form ation  has a lready been obtained 
from  the absorption o f negative pions in 3He and 4He (Eckstein  and Divakaran) 
and a program m e o f work designed to study p rocesses  in verse  to these, e. g. 
3He (p, 7r+)4He; d(p, ir+) t, o ver  a range o f incident nucleon momenta would be 
v e ry  valuable.

P IO N  AB SO RPTIO N

Owing to the high energy re lea se  in the process  o f pion absorption this 
w ill tend to take p lace on c lo se ly  corre la ted  nucleon pa irs . It is  d ifficu lt 
to use the p rocess as a quantitative m easure o f the strength o f the pair c o r ­
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re la tions, although, as has just been rem arked , such analysis m ay becom e 
m ore m eaningful in the v e ry  ligh t nuclei. The p rocess can, how ever, be 
studied with p ro fit in o rd er to re v ea l the parentage structure o f such c lose ly  
co rre la ted  and so strongly in teracting nucleon-nucleon pa irs . The ch ie f con 
tribution to the binding energy o f a com plex nucleus com es from  the c lose 
in teraction  between nucleon pa irs  and it is th e re fo re  v e ry  im portant to 
establish  that the environm ent in which such c lose  in teraction  com es about 
is  that assumed in the m odels that a re  used to calcu late the energy balance. 
Data so fa r  availab le, ch ie fly  from  Charpak et a l . , indeed re vea l parentage 
structures in c lose  agreem ent with those d eriv in g  from  our conventional 
methods o f nuclear structure computation. In particu lar the parentage struc 
ture o f 10B fo r  12 С peaks rather near the 10B ground state whereas that o f 
12С fo r  14N peaks v e ry  fa r  from  the ground state. Th is strik ing d iffe ren ce  
between neighbouring nuclei is  just what is expected from  the independent 
p a rtic le  m odel in in term ed iate coupling (K op a le ish v ili). The extension of 
these experim ents and in particu lar, an im provem ent in th e ir  resolu tion  
(at present about 5 M eV ) to the point where d isc re te  parent states m ay be 
detected would be ex trem e ly  valuable.

P IO N  SC ATTE R IN G

Charge exchange scattering o f charged pions depends on overlap  in te­
g ra ls  somewhat lik e  ]3-decay m atrix  elem ents and so a study o f them is 
somewhat lik e  a study o f /З- d e c a y  but with va riab le  momentum tran s fer.
Such w ork would be v e ry  valuable in adding a new dimension to our testing 
o f nuclear m odels just as inelastic  e lectron  scattering, because o f its v a r i ­
able momentum tran s fe r, adds another dim ension to our testing o f the p re ­
dictions made by nuclear m odels as to rad ia tive  transition  ra tes . It is 
a lready c lea r  from  the work  o f Tanner et al. that cross -sec tion s  are la rge  
fo r  such pion charge exchange sca ttering where m ir ro r  states are involved 
and are sm all w here the overlap  in tegra ls  are known to be sm all from  the 
correspond ing Д-decay. Such w ork  is s t ill in its  infancy.

Another fo rm  o f pion sca ttering is the ( it , я-N) reaction  whose energy 
dependence appears to re v ea l the fa m ilia r  3,3 resonance of fr e e  pion- 
nucleon scattering and which th ere fo re  appears su p erfic ia lly  to be a straight 
fo rw ard  qu as i-e las tic  knock-out p rocess . However, in that case, we should 
na ive ly  expect the c ross -sec tion  fo r X(ir~, Tr~n)Y where X  is se lf-con jugate to

be g rea te r  than the X (ir+! ’0n)Y  c ro ss -sec tion  by a fac to r o f 3 near the peak
i  p

o f the 3,3 resonance. In p ractice , as shown by Tanner e l a l . , fo r  targets  
o f 12C, 14N, and 160, the ra tio  is  1. 0 ±0 . 1. W hile it is  c lea r , as em phasized 
by Shapiro and Kolybasov, that the c ro ss -sec tion  ra tio  should com e down 
from  its  naive value o f 3 on account o f the F e rm i motion o f the struck 
nucleons, it is  not c lea r  that it  should com e down as fa r  as unity and these 
observations continue to pose an in terestin g and unresolved  prob lem . D e­
ta iled  studies o f the k inem atical relationsh ips and energy distributions o f 
the outgoing p a rtic les  a re  obviously needed to make p rog ress  here.

P ion-nucleus e las tic  scattering is  re la t iv e ly  unstudied under conditions 
o f good energy and angular resolu tion . An in terestin g  observation  a lready 
made by Stroot et al. is that я—12С e lastic  scattering at 180 M eV  shows a
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v e ry  deep minimum at a scattering angle o f about 50° . Th is is  the 3,3 energy 
fo r  which, fo r  fr e e  îtN scattering, the re a l part o f the 3,3 amplitude vanishes. 
The only way, as E ricson  has pointed out, o f understanding the v e ry  deep 
m inimum at just this energy would appear to be that the re a l part o f the 
sca tterin g  amplitude a lso vanishes when the nucleons are im m ersed  in nuclear 
m atter. Th is im p lies  that nucleons within the nucleus indeed look v e ry  much 
lik e  nucleons in the fr e e  state which, as em phasized in the Introduction to 
these rem arks, is  not a t r iv ia l  point. The p icture o f the nucleus as a c o lle c ­
tion o f neutrons and protons, such as we norm ally  understand those term s, 
begins to gain som e d irec t cred ib ility .

K ': AB SO RPTIO N  ■

The probably p eriph era l nature o f the nuclear absorption o f stopped K '-  
m esons has a lready been extensive ly  discussed and one or two points at which 
it can b ring us im portant in form ation about the nucleus have a lready been 
mentioned. We m ay here  re ca ll that the study o f the non-m esonic absorption 
p rocess , К  + NN -*■ Y  + N, p rom ises  to b ring us in form ation about the degree 
o f nucleon-nucleon co rre la tion  in the nuclear surface. The fact that non- 
m esonic K ’  absorption appears to be about 20 tim es stronger in com plex 
nuclei than in deuterium , even though the mean density o f nuclear m atter in 
the p eriph ery  o f the com plex nuclei where such absorption is taking place 
is  approxim ately the same as that in the deuteron, naively  indicates that the 
degree  o f nucleon-nucleon corre la tion  in the nuclear surface is  v e ry  much 
higher than one would expect from  sim ple shell m odel wavefunctions. Th is 
conclusion has been heavily  disputed by W ycech but the situation is  not c lea r 
and, in any case, good experim ental data re la tin g  to defin ite nuclei are badly 
needed.

MUON AB SO RPTIO N

A v e ry  fru itfu l' study on nuclear structure physics o ver  the last many 
yea rs  has been that o f the so -ca lled  giant dipole resonance o f nuclear photo­
d isin tegration . Th is, fo r  se lf-con jugate nuclei, is a T  = 1, = 1 , L  = 1,
S = 0 co lle c tiv e  isosp in  résonance pictured in the G o ldh aber-T e lle r m odel as 
an osc illa tion  o f a ll the'protons in an ti-corre la tion  with a ll the neutrons.
Th is is  one o f the s im p lest niodes o f nuclear co lle c tiv e  excitation. There  
are to be expected, however, other co llec tive  modes that are not excited, 
o r  a re  only weakly excited , by photons. One such is  the sp in-isosp in  co l­
le c t iv e  osc illa tion  which may be s im ila r ly  described  as T  = 1, J = O', 1", 2 ‘, 
L  = 1, S = 1. Such co lle c tiv e  oscilla tions are just as im portant as the fam ilia r  
dipole state and in form ation on them would be ea ger ly  welcom ed. The 
sp in -isosp in  resonances can, in fact, i f  they ex ist, be excited  by muon ab­
sorption  through the axia l v ec to r  component o f that in teraction  just as the 
giant isospin  resonance can be s im ila r ly  excited  through the vec to r  com ­
ponent; they may, in fact, be thought o f as giant in verse  G am ow -T e lle r  
b eta -decay  resonances. It indeed appears that one cannot sa tis fa c to rily  
account fo r  the absolute absorption ra te o f negative muons without invoking 
the ex istence o f the sp in -isosp in  resonances at en erg ies  approxim ately equal 
to the fa m ilia r  isosp in  resonance (Foldy, W alecka et al. ). Such absorption
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is , in fact, dominated by the spin-isosp in  resonances on account o f their 
g rea te r  number (and the approxim ate equality o f the vec to r and axia l vec tor 
coupling constants).

D irec t study o f the sp in-isospin  resonances is not easy since their 
excitation  is  revea led  by the energy spectrum  o f the product neutrinos 
which c le a r ly  cannot be determ ined. E ricson  et al. have, how ever, pointed 
out that the rad ia tive  capture o f negative pions proceeds v ia  a Hamiltonian 
that c lo se ly  resem b les  that fo r  the ax ia l vec to r absorption o f muons. Accu ­
ra te  determ ination  o f the high energy gam m a-ray spectra  fo llow ing negative 
pion capture should, th ere fo re , d irec tly  revea l the excitation  o f the spin- 
isosp in  co lle c tiv e  osc illa tions. Th is type of study should be an extensive 
and exciting chapter o f nuclear structure work.

CONCLUSIONS

It is c lea r  that a book is a lready needed to do justice to the accom plish ­
ments and, in particu lar, to the p rom ise o f the applications o f high energy 
and e lem en tary  pa rtic le  methods to the study o f nuclear structure. I  have 
le ft  untouched grea t areas o f w ork  and have not mentioned a la rge  number 
o f m atters where the in form ation  to be expected is o f a kind that duplicates 
that obtained by conventional methods rather than contains elem ents o f 
essen tia l novelty. It w ill be c lea r  that much o f the work that I.have touched 
upon is  s t ill in an ex trem ely  p rim itive, state and must in no way be judged 
only from  the standpoint o f what we have a lready learned from  it. Enormous 
advances w ill be made when the pion fa c to ries  com e into operation  and yet 
m ore  spectacular advances would be forthcom ing w ere  v e ry  intense beams 
o f kaons a lso to com e onto the m arket. It should a lso be em phasized that, 
w ith ra re  exceptions, the g rea t acce lera tin g machines have so fa r  not been 
made availab le fo r  nuclear structure studies and that much exciting  work 
could be done, even with present fa c ilit ie s , should they be fr e e ly  opened to 
this kind o f work.

It must not be supposed that nuclear structure experim ents at high en er­
g ies  are any ea s ie r  o r cheaper than elem entary pa rtic le  experim ents at 
those sam e en erg ies . Indeed, it may be expected that they w ill be m ore ex ­
pensive and m ore d ifficu lt because o f the frequent need fo r  re la t iv e ly  high 
reso lu tion  which is  usually not demanded in elem entary pa rtic le  studies. 
However;, it w il l  quite frequently a r ise  that a prospecting experim ent could 
be ca rr ied  out quite eas ily  using fa c ilit ie s  a lready established fo r  a high 
energy experim en t by continuing that experim ent fo r  a short tim e but re-, 
p lacing the hydrogen ta rget by one made out o f com plex nuclei. There  is 
a lo t to be said fo r  the suggestion made by Zupancic that one should d e lib e r­
ately fo s te r  m ixed team s which prin c ipa lly  ca rry  out .high energy experim ents 
but which contain one o r  two nuclear structure physicists who are able to 
spot points at which a sligh t extension o f the work such as I  have just m en­
tioned m ight bring b ig  p ro fits  fo r  nuclear structure physics. And it is  p e r ­
haps worthwhile fin a lly  re-em ph asiz in g  the point a lready made, nam ely that 
the im portant study o f the in teraction  between v e ry  sh o rt-lived  1 elem entary 
p a r t ic le ' states with nucleons can essen tia lly  only be done through the o ffices  
o f com plex nuclei in which the production nucleon and the scattering nucleon 
are  in the sam e nucleus.
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The application o f high energy methods to nuclear structure studies w ill 
often not be easy and w ill often be ra ther expensive but w ill  b ring in fo rm a­
tion essen tia l fo r  com pleting our account o f nuclear structure physics.

D IS C U S S IO N

G .E . BROW N: I  should like to ask what has happened to a -p a rt ic le  
c lusters in the surface o f nuclei and whether one can investigate them by 
strange p a rtic les . Your discussion about the K " - absorption and the ra tio  
o f 5 fo r  neutron to proton densities would seem  to exclude th is. I  think on 
rather genera l th eo re tica l grounds one m ight expect, at least in heavy 
nuclei, that when the density becam e low  you would predom inantly have 
a -p a r t ic le  c lu sters .

D. H. W ILK INSO N: I  should lik e , v e ry  b r ie fly , to recap itu late the 
evidence. The negative kaon absorption, by theory at least, is  a surface 
phenomenon. I t is  v e ry  d ifficu lt to  understand that ra tio  o f 5. Ind irectly  
one can take the data that I  have b r ie f ly  mentioned as con firm ing the surface 
absorption hypothesis. Of course the kaon absorption can go by two d ifferen t 
sorts  o f channel: a hyperon-pion channel and by absorption on a nucleon-pair 
and a hyperon-nucleon channel which can be experim en ta lly  separated. The 
ra tio  o f these two channels in deuterium  is  about 1%. In heavy nuclei, it is 
about 20%, even though the absorption is  taking p lace ch ie fly  in a region  
w here the mean density o f nuclear m atter is  thought to be about the same 
as it is  in the deuteron. O f course, this we do not know. The X -ra y  studies 
in particu lar w ill be v e ry  valuable fo r  te llin g  us something about the density 
d istribution o f m atter where the mean density is  v e ry  low . But taking a 
F e rm i type param etriza tion  one would expect the average nucleon density 
to be about the same as in the deuteron. So it seem s that although the ab­
sorption  takes p lace in a reg ion  o f low  mean density, the corre la tion s  there 
a re  v e ry  much stronger than they a re  in the deuteron. The other figu re  of 
in teres t is  the absorption in helium -4, where the p robab ility  again is  about 
-20%. So, ex trem e ly  crudely and without any pretence at being lite ra l, the 
correspondence o f these two figu res  m ight suggest that there are clusters 
in  the nuclear stratosphere o f approxim ately the sam e seriousness as in the 
a -p a r t ic le .  Th is has been c r it ic iz e d  recen tly  by V itzek , who has shown in 
a v e ry  com plicated  calcu lation  that indeed, in heavy nuclei, one m ight expect 
a s ign ifican tly  g rea te r  proportion  o f non-m esonic absorption than in the 
deuteron even though there is  no s tronger c lustering. O f course there are 
other experim ents that bear on the question o f a -p a r t ic le s  in the surface, 
pa rticu la rly  the old alpha-to-alpha experim ents at 1 GeV, which w ere  c e r ­
ta in ly  repeated  and extended, but also seem ed to indicate in the v e ry  tenuous 
reg ion s o f the surface o f heavy nuclei that there was a strong abundance o f 
c lu sters  with an or-partic le  character. Now as fo r  recon c ilin g  one to one 
with f iv e  to one, we don 't know how to do it. It could be that both statements
a re  wrong; it is  50-50 a -p a r t ic le s  and uncorre la ted  nucleons......... But i f
you take both at th e ir  face value it is  d ifficu lt to avoid the conclusion that 
th ere  is  a considerab le  neutron excess , and a lso d ifficu lt to  avoid the con­
clusion that there is  s tronger nucleon c lu stering that one gets from  uncor­
re la ted  sh e ll-m od e l wave-function ing, Th is is  a v e ry  unsatis factory situa-
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tion — just one m ore point which h igh -energy methods can m a ke  a contribu­
tion to.

G .E . BROW N: M y statement is based on v e ry  genera l th eore tica l con­
siderations. Nam ely, when one makes sh e ll-m ode l calculations o f the 
excitation  o f low -ly in g  vibrations, say in n ickel and zircon ium  isotopes, 
one finds, using d ifferen t p ro jec tile s , that the excitation  o f these low -ly in g  
v ibrations is  as i f  they w ere  com p lete ly  T  = 0 type excitations. A  sh e ll-  
m odel calcu lation would p red ict a ra ther la rg e  adm ixture o f T  = 1. These 
calcu lations w ere  made in Copenhagen by V eje , and a lso la te r , once by 
P e te rsson  and V e je . It seem s that in the surface o f the nucleus neutrons 
are anchored much m ore tigh tly  to protons than the sh e ll-m ode l would 
indicate. Nam ely, you sim ply cannot pull them apart to make them vib ra te  
against each other nearly  as eas ily . A  particu la rly  strik ing  indication o f 
this is  the giant d ipo le-resonance. Fo llow in g  suggestions o f Bohr, M ottelson, 
P e te rsson  and V e je  in Copenhagen made a calculation o f a giant dipole 
resonance in a s im p lified  m odel, taking d ipo le-d ipo le  fo rc e . They found that 
i f  one wanted to obtain the position  and the basis o f the sh e ll-m ode l they 
needed a component which was four tim es la rg e r  than that which is  found in 
the optica l m odel cen tra l w e ll — a r e a lly  ex trem ely  strik ing e ffec t. Now the 
one m odel which does get the dipole resonance at the co rre c t high position  
is  the Jensen-Steinwedl m odel. The Jensen-Steinwedl m odel operates 
d ire c t ly  from  the sym m etry  energy. In other words, there are v e ry  few  
assumptions, but the main assumption is  that at the edge o f the nucleus the 
proton flu id does not o sc illa te  re la t iv e  to the neutron fluid, Др = 0 at the 
edge o f the nucleus. But this is  com plete ly  d ifferen t from  any sh e ll-m ode l 
calcu lation  which would a llow  Др to fluctuate ra ther w idely  at the edge o f 
the nucleus. And it seem s to me suggestive that the Jensen-Steinwedl m odel 
does get the energy right, whereas she ll-m odel calculations do not unless 
one s im p ly  m echan ica lly  cranks up a particu lar component o f the fo rc e .

I. S. SH APIRO : I  should lik e  to com plete the l is t  o f new poss ib ilit ies  
which are opened fo r  nuclear physics in connection with the use o f high energy 
p a rtic le s . E spec ia lly  o f grea t in teres t are the experim ents investigating 
the in teraction  o f p a rtic les -reson an ces  with nuclei. As an exam ple one 
could consider the reaction  12C (w~> jr~ n )1:1C in the energy  reg ion  c lose  to 
the baryon resonance Д 3/,2 3̂ ,2. The application o f data obtained from  this 
reaction  has allowed the estim ation  o f the o rd er o f magnitude o f co llis ion  
length o f a nu cleon 's  isobar on the carbon nucleus.

The experim ents on the double charge exchange o f pions are a lso v e ry  
in teresting. In p rin c ip le  these experim ents a llow  one to com e to a decision  
about the ex istence o f m any-nucleon resonances (i. e. nuclei, in which one 
nucleon is  d isp laced by a baryon resonance).

These experim ents are, how ever, v e ry  d ifficu lt. International co llabora ­
tion and co-opera tion  in this part o f nuclear physics is  th e re fo re  essen tia l. 
Because o f com plex ity  and laboriousness o f these experim ents, c lose  contact 
between the experim en ta lists  and theoretic ians when planning the experim ent 
is  n ecessary . No le s s  essen tia l is  the purely  th eore tica l prob lem  — the 
developm ent o f an adequate th eore tica l method that w ill  p erm it indication o f 
the ch a rac te ris tic  fea tu res o f these phenomena.

D. H. W ILK INSO N: I  should particu la rly  lik e  to thank P ro fe s s o r  Shapiro 
fo r  his las t rem ark . In the United Kingdom, we have recen tly  reached a 
decis ion  in p rin c ip le  to open 7 GeV a cce le ra to r  N im rod  to nuclear structure 
w ork . W e would v e ry  much w elcom e people from  anywhere to  jo in  the group
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that a re  going to use N im rod  fo r  nuclear structure work. I think I could 
alm ost make this a fo rm a l invitation particu la rly  to the Dubna group to 
com e and jo in  in i f  they would like to. I  should a lso like to em phasize the 
sign ificance o f what P ro fe s s o r  Shapiro said: these m easurem ents a re  d if f i­
cult. T yp ica lly  a h igh -energy nuclear structure experim ent mounted at a 
h igh -energy acce le ra to r is  m ore demanding than a h igh -energy experim ent, 
and a lso m ore expensive. Th is  we have seen in our detailed planning fo r  
using N im rod fo r  nuclear structure work.
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Abstract

TH E CHALLENGE A N D  PROMISE OF TH E NEW RESEARCH TO O LSi S O L ID -S T A T E  DETECTORS. 

COM PUTERS A N D  ACCELERATORS. N u clea r structure research has been  th e  b en e fic ia ry  o f  m any recen t 

te ch n ica l advances and in turn d ire c t ly  stim u lated  som e advances. T h e  e x c it in g  possib ilities  o f  the lith iu m - 

d rifted  germ an ium  de tec to r  in  gam m a spectroscopy have on ly  begun to  b e  r e a liz e d . T h e  la rg e  amounts o f  

h igh  resolu tion  data  h ave  put a prém ium  on  d e ve lop in g  m ore au tom ation  o f  data  hand ling through m ore 

soph isticated e lec tron ics  and com puters. Trends in  accelera tors are discussed, and re fe ren ce  tables listin g  

isochronous cyclo trons and Tan dem  Van  de  Graafs around the world  are g iv en . A tten tion  is d irec ted  to new 

frontiers o f  research in  h ea v ie r  ion  accelera tors, and tab les o f  characteristics  o f  ex is tin g  and proposed h eavy  

ion  a cce lera tors  are g iv en . T h e  d iff icu lt ie s  o f  ob ta in ing  m u ltip ly  charged ions from  known types o f  ion sources 

are considered, and the h igh  charges resu lting from  Auger cascades o f  a К -va ca n cy  are noted . It is suggested 

that in tensive research on d ecay  schem es and charge states o f  r e c o i l  products o f  nuclear reactions cou ld  lead  

to  a p ra c tica l a cce le ra to r  o f  v e ry  h eavy  ions. As an e x a m p le  is discussed a possible arrangem ent in  a Tan dem  

Van de  G raaf, w here a deuteron n ega tiv e  ion beam  strikes a source f o i l  in  the p o s it ive  te rm in a l, w ith  r e c o il 

products or fission products a cce le ra ted  to ground.

Studies on nob le  gas and ha logen  fiss ion  products b y  gas transport ystem s and isotope separators are 

noted . A lso  rev iew ed  are germ an ium  gam m a studies on unseparated 252C f  spontaneous fission products using 

tape-transport methods and К  X -ra y  c o in c id en ce .

N ex t are rev iew ed  studies on gam m a and convers ion -e lec tron  spectra o f  re co ils  and fission products in 

f l ig h t .  T h e  use o f  so leno ida l or fr in g in g - fie ld  m agnets fo r  conversion  e lec tron  studies is discussed. Som e 

o f  the q u a lita t iv e ly  new aspects o f  nuclear studies w ith  v e ry  h eavy  ion  beam s are  m en tioned .

F in a lly , it is stressed that the research here c a lle d  for on gam m a cascades and charge states o f  nuclear 

rea c tion  products is m ost ex ten s ive , m ay  in  part b e  done w ith  m odest equ ipm ent, and w i l l  need the c o -o p e ra t iv e  

e ffo rts  o f  m any workers.

Nuclear structure research  has been b en e fic ia ry  o f many recen t tech ­
n ica l advances and the d irec t stimulus fo r  som e o f them. The lith ium - 
d rifted  s ilicon  and germ anium  detectors w ere  developed in d irec t response 
to needs o f nuclear structure resea rch  fo r  h igher resolu tion  in m ulti-channel 
energy m easuring dev ices . We have only begun to r e a liz e  the tremendous 
potential o f this order-o f-m agn itu de im provem ent in resolu tion  o ve r  the 
sc in tilla tion  spectrom eters . Th ere  is  literally^-a data explosion making 
availab le fo r  the f ir s t  tim e much high quality data on nuclear energy le v e ls  
and p rop erties . M ost studies o f gamma spectra  using the lith iu m -drifted  
germ anium  detectors have uncovered much structure in m ultip le peaks below  
the old, unresolved  peaks from  scin tilla tion  spectroscopy. Another deve lop ­
ment that has a ffected  and is  g rea tly  a ffecting nuclear science, both in the 
th eore tica l and in the experim ental area, has com e in the revo lu tionary  im ­

*  On le a v e  1968-1969 at Y a le  U n ivers ity , N ew  H aven , C o n n ., U n ited  States o f  A m e r ic a .

4 5



4 6 RASMUSSEN

provem ents o f com puters, la rg e  and sm all. Th is developm ent has come 
in response to broader demands o f the technologica l society  outside our 
nuclear science, but our work has been v e ry  much affected  and has fed back 
into the developm ent in many sign ificant ways. The past ten years  have seen, 
w ithin the United States, a substantially increased  concern over sc ien tific  
exce llence in education and research . Th is in terest has been tangibly r e ­
flec ted  in the funding that has perm itted  two new classes  o f m odern a cce l­
e ra to rs  to be w idely  constructed throughout the country. It is only now that 
a serious reaction  is  setting in, a deep questioning in governm ent o f the 
p r io r it ie s  fo r  support o f the various demands on governm ent. This yea r is 
seeing a sharp curtailm ent o f the expenditures in basic science. These two 
p rincipa l new classes  o f a cce le ra to rs  serv in g  nuclear structure science are 
the Tandem Van de G raafs and the isochronous cyclotrons.

By re s tr ic t in g  the listings here  to these two newer c lasses  o f a c ce l­
e ra to rs , I  don 't w ish to im p ly that the o lder conventional cyclotrons, Van de 
G raafs, and reac to rs  are not useful fo r  research . In fact, there is v e ry  
much new that can be done and is  being done on the v e ry  old types o f a c ce l­
era to rs , using the new instrum entation — the high resolution , so lid -sta te 
detectors . One new fron tie r  in acce le ra to r  developm ent has appeared in 
the proposals fo r  new acce le ra to rs  fo r  heav ier ions than are now availab le, 
such acce lera tion  to reach  energ ies  above the Coulomb b a rr ie r  fo r  a ll pos­
s ib le  ta rge ts .

Tab le I lis ts  the ch aracteris tics  o f some ex isting heavy ion acce le ra to rs . 
The Y a le  and B erke ley  heavy ion acce le ra to rs  g ive  the g rea test energy per 
nucleon and the Dubna 300 cm cyclotron  g ives  only s ligh tly  less  energy with 
considerab ly m ore  intensity. Th is table is  taken from  a rev iew  panel 
rep ort [ 1] on the B erke ley  Omnitron proposal.

Tab le  II, from  the sam e panel report, lis ts  the calculated capabilities 
o f som e proposed heavy ion a cce le ra to rs . One o f the b ig  problem s in de­
sign ing e ffic ien t acce le ra to rs  fo r  ions as heavy as those in the m iddle o f

T A B L E  I. BEAMS FRO M  SOME EXISTING  H E A V Y -IO N  AC C E LE R A TO R S

A cce le ra to r P ro je c t ile
M ax im u m  energy 

(M eV /n u c leon )

In tensity 

(pa rtic les/ s )

B erkeley  H ILA C izC 10 2. 5 x 1013

20N e 10 .5 3. 8 x 1012

40АГ 10 .5 1011

84Kr 10 108

Y a le  H ILA C 6Li 10.5 1 x ю н

*2C 1 0 .5 4 x io n

» N e 1 0 .5 8 x 1010

40Ar 10 .5 5 x 108

Dubna 300 cm  cyc lo tron 20N e 9 3 x 1014

« A t 9 3 x I O 12

Dubna 150 cm  cyc lo tron 10B -14N 6-7
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4 8 RASMUSSEN

the period ic  table is the d ifficu lty  o f designing an ion source that w ill p ro ­
duce v e ry  much o f highly charged ions. We get an idea o f the source d if­
ficu lties  fo r  heavy ions by looking at F ig . 1. Th is shows the actual re la tiv e  
abundance o f various m ultip ly charged species from  one o f the best types 
o f heavy ion sources, a so -ca lled  'P IG  d isch a rge1 in a m agnetic fie ld  with 
2000 V on the anode [ 2]. One sees that the +10 Xe ions constitute only ~3%  
o f the abundance o f singly  charged ions. Thus, the proposed designs fo r  
new heavy ion acce le ra to rs  must accom m odate to in itia l accelera tion  at 
these ra ther low  ch arge-to -m ass  ra tios  and make use la te r  o f gas o r  fo il 
stripp ing a fter som e in itia l energy has been gained. I f  by som e m agic we 
could devise a way to ach ieve m ore highly charged ions at the source, the 
design prob lem s o f the heavy ion acce le ra to r would becom e correspondingly 
s im p ler.

10

10

id3

\ > 
10\ *\s

Krypton 
Xenon \  \

\
\ WlO
\ \
Л '12*, \

H i lac Ion Source 
1.5 A Arc

K ryp ton  *3  = lm  
Xenon +4 = lm

\

“ ÜÙ5 0.04 0.06 008 o io  ОЛ2 0714 
C harg e -to -M ass  R a tio  €

F1G .1 . R e la tiv e  abundance o f  various charge states o f  krypton and xenon from  a ’ P IG ’ d ischarge ion source 

o f  the B erke ley  h eavy  ion  lin ea r acce le ra to r .

Now le t me rem ind you o f the grea t e ffec tiven ess  o f a К -vacancy in 
shaking o ff ou ter-sh e ll o rb ita l e lectrons through an Auger cascade. Snell 
at Oak R idge has made ca re fu l studies on the charge distribution resu lting 
a fter beta-decay o r  in terna lly  converted is o m er ic  transitions among rad io ­
active  xenon isotopes. F igu re  2 taken from  his rev iew  a rtic le  [3 ]  shows 
the d istribution  o f charges he experim en ta lly  observed . Focus attention on 
the dotted bars fo r  the is o m er ic  transition , which often crea tes  a K -vacancy. 
Note that the m ost probable charge is  +9, and down only two o rd ers  o f m agn i­
tude from  this is  the charge o f +17. Gunter, A saro , and Helm holz [4 ] have 
made s im ila r  studies on the r e c o il daughters fo llow ing  the alpha-decay o f 
226Th, and F ig . 3 shows th e ir  resu lts . The curve on the le ft  is  fo r  alpha- 
decay to ground, and it illu s tra tes  the ra ther low  charges associated  with 
the alpha-decay p rocess  its e lf. The curve on the righ t is  fo r  alpha-decay
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CHARGE OF PRODUCT ATOM : C s '! 5  
(CH AR GE OF PRODUCT ATOMI + c  X « '51

F IG .2 . T h e  a tom ic  charge spectra resulting from  in ternal conversion  in 131mX e -  131X e  ( l ig h t  h istogram ) and 

the 0~ -in terna l conversion  d ecay  o f  ш Х е  -  133Cs (h e a v y ), p lotted  together fo r  com parison . T h e  131X e  spectrum 

has b een  sh ifted  b y  +1 unit o f  charge to  com pensate for its la ck  o f  a ñ "-p a r t ic le ,  and its in tensities have  been  

n o rm a lized  so as to  m atch  the to ta l number o f  in ternal conversions represented in  the spectrum  o f  133X e .

to the 111-keV excited  state. The de-excita tion  o f this state occurs in part 
by К -e lec tron  conversion  and the resu lting Auger cascade fo llow in g  that 
produces the curve on the righ t with th-e much higher charges on the ions. 
Th ere  is a ra ther fla t peak that only drops o ff at charge 13 and by charge +20 
we are only a fac to r o f 30 down from  the peak.

Next le t us look b r ie f ly  at studies o f the ion ic charge d istribution on 
therm al-neutron-induced fiss ion  fragm ents from  a thin uranium source.
These studies have been made at a reac to r  near Munich, where a la rg e  mass 
spectrograph looks d ire c t ly  at the thin 235U source. The work was perfo rm ed  
by Ewald [5 ] and by Konecny and S iegert [6 ]. F igu re  4 shows the charge 
d istribution fo r  various m asses from  132 to 137 in the heavy fragm ent group 
at 78 M eV  kinetic energy. The m ost probable charge is around 23 and no
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data are shown fo r  charges higher than 24. We note that the d ifferen t mass 
chains exhibit considerab le d ifferences  — the fa l l - o f f  towards high charges 
fo r  m ass 137 seem s defin ite ly  less  than fo r  the other m asses, and we might 
suppose that there is  a h igher amount of К -convers ion  to make higher 
charges m ore probable. It would be indeed in terestin g to fo llow  these curves 
out to considerab ly h igher charges.

RECOIL CHARGE

F IG .3 . C harge distributions o f  reco ils  fo llo w in g  K6Th  a lph a -d ecay ; (a )  charge distribution o f  RQ reco ils ; 

(b )  charge distribution o f  reco ils  (R  reco ils  which d ecay  by conversion  e lectrons ).
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0

F IG . 4 . Ion ic  charge distribution o f  in d iv idu a l fission products for the h eavy  group (132 < A  < 137) at fixed  

k in e tic  energy  (7 7 .7  M e V ).

The lith ium -drifted  so lid -sta te  detectors have made it possib le to re so lve  
the К  X -ra ys  o f adjacent elem ents throughout the whole fission -product 
region , and hence studies o f К  X -ra ys  in coincidence with fiss ion  fragm ents 
have becom e m ore valuable. F rom  such studies, we might, among other 
things, hope to gain a better understanding o f the d ifferences between ionic
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charge d istributions o f fiss ion  fragm ents as seen in F ig . 4. The studies are 
obviously ea s ie r  with spontaneous fiss ion ing sources than with neutron- 
induced fiss ion  because o f le s s e r  d ifficu lty  from  genera lrad ia tionbackground. 
We know o f at least th ree labora tories  where such studies [ 7] o f К  X -ra ys  
in coincidence with spontaneous fiss ion  o f 252C fhave been ca rr ied  out, nam ely 
the Argonne National Labora tory , the F o rre s ta l Labora tory  at P rin ceton  and 
the Law rence Radiation Labora tory  in B erke ley . F igu re  5 rep resen ts  recen t 
resu lts  from  the w ork  o f Bowman and others at B erk e ley  [8 ].  We see 
p lotted the number o f К  X -ra y s  per fragm ent versu s atom ic number, with 
m ost probable m ass number sca le along the top. These resu lts  w ere  taken 
from  tr ip le  coincidence m easurem ents where so lid -s ta te  detectors m easured 
the pulse heights o f both fiss ion  fragm ents, and the lith iu m -drifted  silicon  
d etector m easured the X -ra y  energy. The three pulse heights associated 
with an event went onto m agnetic tape even t-by-even t and w ere  sorted  in the 
la rg e  com puter. The tim ing was set such that these represen t X -ra ys

0 .9

o.s

0 .7

B  0 .6
£9
2  0 .5

s
»  0 .4>s
о

*  0 .3
*

0 .2

0.1

0

F IG . 5. Estim âtes o f  the y ie ld s  o f  К  X -ra ys  per fragm en t arising from  prim ary 252Cf fission products. Th e 

in d ica ted  errors r e fle c t  on ly  the uncerta in ty in  the X -ra y  intensity measurem ents. A to m ic  numbers for which 

N -  82 c lo sed -sh e ll fission products are expected  to  occur are denoted , and the approx im ate boundary o f  the 

d e fo rm ed  reg ion  is shown. T h e  top sca le  ind icates the ca lcu la ted  most probab le fragm en t mass associated 

w ith  each  a tom ic  number.

em itted within 93 nanoseconds a fter fiss ion . F ir s t  of a ll it is  obvious that 
there is  a substantial amount o f К -convers ion  in the prom pt cascade de­
exciting p r im ary  fiss ion  fragm ents. R em em ber that the flu orescence y ie ld  
fo r  К -vacancies  is  substantially less  than unity fo r  the light elem ents, so 
that fo r  many ligh t as w e ll as heavy elem ents there seem s to be an average 
o f one K -vacancy per fragm ent. The m agic reg ion  around 82 neutrons seem s 
to be a reg ion  o f ra ther low  y ie ld ; perhaps the gamma cascade invo lves 
h igher energy transitions that do not in terna lly  convert so w e ll. The v e ry  
heav iest elem ents detected a re  probably deform ed nuclei cascading through 
rotational sequences, and they naturally show a high y ie ld  o f К  X -ra y s  per 
fragm ent. One notes a lso that there is  a good deal o f fluctuation from  e le ­
ment to elem ent. Perhaps technetium  fragm ents (Z  = 43) are good p ros -

M o s t  p r o b a b l e  m a s s  
1 109 I I I  114 116 118 !3Q UJ 135 137 139 141 1*41*6 147

38  39  40  41 42  43  44  45  46  47  48  49  50  51 52  53  54  5 5  56  57 58  59  60  61 62 
A t o m i c  n u m b e r
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pects fo r  developing high charge in vacuum, since the high К  X -ra y  y ie ld  
and low er flu orescen ce y ie ld  means many K -A u ger events.

D ire c t ly  com plem entary to the study o f К  X -ra y s  in prom pt coincidence 
with fiss ion  fragm ents are the studies o f conversion  e lectron  spectra  in 
prom pt coincidence. I w ill not take tim e here to show any of the hundreds of 
spectra  that have been obtained by Rand Watson and co llabora tors  in 
B erk e ley  [9 ]. S im ila r studies have also been made at P rinceton  by Atneosen 
and Thom as [ 10]. In the B erke ley  w ork  a great aid to  obtaining sharp spectra  
was found to be the use o f the 5 kG fr in g in g  fie ld  o f a la rg e  C-m agnet. The 
fr in g in g  fie ld  served  as a high geom etry e lectron  transporter, the e lectrons 
p recess in g  in trochoida l orb its  around the p e r im e te r  and behind lead sh ie ld ­
ing, so that the cooled lith iu m -drifted  s ilicon  detector fo r  the e lectrons 
could not see the source d irec tly  and was thus not bombarded with fiss ion  
fragm ents o r  with e lectrom agnetic  radiation. In the geom etry  o f this fr in g ­
ing fie ld  m agnetic arrangem ent it was ea s ie r  to get sharp spectra  fo r  fiss ion  
fragm ents g iv in g  o ff conversion  electrons in fligh t, 1 cm or 2 cm along the 
fligh t path, fo r  then the e lectron  source was tru ly  m ass less . F ou r-fo ld  c o ­
incidence spectra  have been m easured by Watson and others but are not yet 
com p lete ly  analysed. These fou r-fo ld  coincidences invo lve  two fiss ion  fr a g ­
ment pulse heights, a К  X -ra y  pulse height and a conversion  e lectron  pulse 
height. The fou r-fo ld  coincidences should a llow  the separation o f K - 
conversion  lin es  from  a ll other electron  radiation . These th ree- and fou r-fo ld  
pu lse-height analysis coincidence experim ents m ay w e ll em ploy 1024-channel 
analysis o r  m ore  in each dimension. Thus we m ay have 1012 d ifferen t kinds 
o f events, and we are n ecessa r ily  in.need of the m ost sophisticated computer 
usage. We are learn ing that the program m ing and data p rocess ing  part of 
the experim ents may often be the hardest and the longest part o f the work. 
M u lti-d im ensiona l pu lse-height analysis studies are not to be entered into 
ligh tly .

Now le t us return  to som e m odern experim en tationusing the high r e ­
solution inherent in the lith ium -drifted  germ anium  detectors but using them 
in s ingles m easurem ents with ord inary pu lse-height analysers. M orinaga 
and Gugelot [11 ] working at the Am sterdam  cyclotron  with sodium iodide 
detectors f ir s t  showed the poss ib ilit ies  o f reso lv in g  d iscre te  gam m a-rays 
from  rotational bands fo llow ing  (a ,  xn) reactions. Studies o f conversion  
e lectrons and gam m a-rays fo llow ing nuclear reactions fo r  the medium heavy 
elem ents are now strongly pursued in a number o f labora to ries , too numerous 
to mention. In line with one theme o f this paper, the hope o f finding reaction  
products o r fiss ion  products that create many К -vacancies in the course o f 
de-exc ita tion , I show an exam ple of the gam m a-ray singles spectra  from  
(a , xn) reactions on tantalum. Th is w ork  was done by H jorth, Ryde and 
Sk inberg  in Stockholm [ 12]. F igu re 6 shows the spectra  at d ifferen t alpha- 
ra y  en erg ies  which m axim ize  the d ifferen t fina l nuclei in rhénium. The 
spectra  are com plex but ra ther w ell reso lved . F igu re  7, a lso from  the ir 
rep o rt, shows the le v e l schem e o f the nucleus 183Re, the p rincipa l product 
o f the 30 -M eV  bombardment. The gam m a-rays o f the low est figu re  of 
F ig . 6 have been sorted  into the cascade down two w e ll-d eve loped  rotational 
bands. One m ight w e ll guess that 183Re reaction  products, including the 1 ms 
isom er, i f  they decay in vacuum, might have a reasonable probab ility  o f d e ­
velop ing m ultip le К -vacancies and quite high charges.

W ell, le t us pause now from  considering thesfe sp ec ific  studies and 
ca rry  out a lit t le  fa r-ou t speculation as to whether there are poss ib ilit ies



N
U

M
BE

R
 

OF
 

C
O

U
N

TS
NEW RESEARCH TOOLS 53

FIG . 6. G am m a-ray  spectrum from  ( a ,  xn ) reactions measured w ith  th ree d iffe ren t bom barding energ ies.
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fo r  p ractica l acce lera tion  o f the highly charged fiss ion  fragm ents o r re c o il 
ions. When we consider the challenge and d ifficu lties  o f such acce lera to r 
schem es as the one at N ovosib irsk , envisaging clash ing beams o f anti-protons 
and protons, I think we are justified  in doing a lit t le  bold thinking o f our own in 
term s o f acce lera tin g  fiss ion  fragm ents o r nuclear reaction  re co ils . F ig u re 4 
g ives  the charges o f fiss ion  fragm ents with 78 M eV  o f k inetic energy. Let 
us envision  an arrangem ent in a standard M P Tandem Van de Graaf, assum ­
ing 10 M V  pos itive  on the h igh -vo ltage term ina l. L e t us fo rm  at ground 
negative deuterium  ions and acce lera te  them up to the term in a l to 10 M eV .

<5 «6 <7 18 19 20 21 22 23 24 25 26 27 28 

IONIC CHARGE N UM BE R

F IG . 8. T h e  io n ic  charge distribution o f  fission products in tegra ted  o ver  a ll partic les o f  the ligh t ( □  ) group 

and o f  the h eavy  ( ■ )  group (so lid  lin es ). T h e  dashed lines are for com parison  o f  the corresponding values 

o f  Lassen (  О lig h t  group, •  h eavy  g rou p ).

Then instead o f the conventional arrangem ent o f stripp ing with accelera tion  
down to ground as a pos itive  ion, le t us have the deuterons im pinge on a 
fo il  o f uranium, causing fiss ion . Consider the fiss ion  fragm ents o f F ig . 4 
and the m ost probable charge state o f 23. The fiss ion  fragm ents w ill gain 
an extra  230 M V  o f energy  in acce lera tin g  down to ground, and that w ill be 
added to the approxim ately 80 MW kinetic energy they have in the f ir s t  p lace 
to g ive us a to ta l o f 310 M eV . Unfortunately, that is  not quite enough energy 
to get o ver  the Coulomb b a r r ie r  on targets  o f com parable m ass. The Coulomb 
b a r r ie r  around Z = 50 w ill  be about 250 M eV, and to surpass that b a r r ie r  w ill 
requ ire  about 500 M eV  o f energy  in the labora tory  system , so we don 't have 
enough. The situation is  m ore prom is ing fo r  the fragm ent in the light reg ion  
o f fiss ion . R e feren ce  [6 ] g ives  an o v e ra ll average charge distribution fo r  
ligh t fragm ents. The distribution peaks at a charge o f 21, as we see in 
F ig . 8, and it has fa llen  to about 10% o f its  cen tra l value at charge 26. I f  we 
consider a ligh t fragm ent, say a krypton, with about 100 M eV  o f k inetic 
energy  from  fiss ion  and most probable charge o f +21 acce lera tin g  down to 
ground from  the 10 M eV  term in a l we get som ething o ver  300 M eV  o f k inetic 
energy. But at the +26 ta il of the charge distribution we would get another 
60 M eV  m ore o f energy. Now this is  enough kinetic energy to get o ver  the 
Coulomb b a r r ie r  o f ta rgets  in the same reg ion  o f Z . That is , fo r  krypton
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on krypton th ere  is  a Coulomb b a rr ie r  o f roughly 150 M eV , and this means 
an energy in the labora tory  system  o f around 300 M eV  to surpass. We 
m ight w e ll w o rry  that there would be too lit t le  d iscrim ination  and that we 
would have a ll kinds o f partic les  com ing down the pipe. Th ere  could be 
some m agnetic d iscrim ination  at the high vo ltage term ina l, so that we s e ­
lected  out only those fragm ents that had attained an unusually high charge 
through Auger cascades. There  could also be m agnetic analysis at the end 
o f the machine. Of course, one could envisage other types o f acce le ra to rs , 
too, but we lim it  ou rse lves  here to the above exam ple with an ex isting type 
of a cce lera to r.

Th ere  is  much com plem entary in form ation yet to be learned from  high 
reso lu tion  spectroscopy on the beta-decay o f fiss ion  products. P rom is in g  
studies are in p rog ress , som e invo lv ing isotope separators, som e quick 
chem ica l separations espec ia lly  o f noble gases, and som e no chem ical 
separation  at a ll but К  X -ra y  coincidence to identify the elem ent. With 
so lid -s ta te  detectors there is re a l p rom ise in these studies, despite the 
high decay en erg ies  and consequent com plexity o f decay schem es.

B e fo re  c los ing  le t me note a few  o f the qualitatively  new phenomena 
that could be studied with h eav ier ion acce le ra to rs . T ran s fe r  o f neutron 
pa irs  between grazing  heavy nuclei could be an im portant probe o f pa iring 
phenomena, but both ta rge t and p ro jec tile  need to l ie  away from  the light 
nuclei, where Z » N ,  since fo r  light nuclei pa irin g o f unlike nucleons com ­
p lica tes  and com petes with sim ple pairing o f the lik e  nucleons. Experim ents 
on the nuclear Josephson e ffect, f ir s t  proposed [ 13] by Goldanskii, can best 
be done with nuclei fo r  which neutrons and protons are f il l in g  d ifferen t shells. 
The bombardment o f deform ed ta rge t nuclei by deform ed p ro je c t ile  nuclei 
hold the poss ib ility  o f reaction  below  the calcu lated b a r r ie r  fo r  spheres, 
s ince there is som e probab ility  o f co llis ions with the long axes touching.
Such reactions m ight m ost nearly  correspond to in verse  fiss ion . The fact 
that negative Q -values o f magnitude com parable to the Coulomb b a r r ie r  are 
the ru le fo r  v e ry  heavy ion reactions may make fo r  qua lita tive ly  new resu lts 
from  sca tterin g  o r  compound nucleus reactions. Scattering o f deform ed 
nuclei near the angle at which the c ro ss -sec tion  drops below  the Rutherford 
value should exhibit la rg e  tensor po lariza tion  e ffe c ts . A lso  the population 
patterns o f rotational states in sca ttering o r  sim ple tra n s fe r  reactions w ill 
contain much fundamental in form ation  about the shape o f the nuclear optical 
potential, the N ilsson  functions o f the tran s fe rred  nucleons or c lu sters and 
so on. The la rg e  cen tre -o f-m ass  motion in these v e ry  heavy ion reactions 
w ill mean la rg e  Doppler shifts in the gam m a-rays em itted by fragm ents, and 
these e ffec ts  can be used in many ways fo r  life t im e  m easurem ents down to 
the p icosecond reg ion  and fo r  e ffic ien t studies o f angular distributions o f 
reaction  products.

The studying o f fiss ion  fragm ents in fligh t is  useful fo r  the fundamental 
in form ation  it may g ive , not only on nuclear p roperties  but on atom ic p rop ­
ert ie s  o f h ighly charged spec ies . Watson and I [ 14] have m easured shifts 
o f about 1 kV in К -binding en erg ies  o f fiss ion  fragm ents in fligh t, due to the 
high charges. Our H a rtree -F ock  atom ic calculations also show a tremendous 
shrinkage in ion ic s ize  in going up to +20 ions. C erta in ly  in ternal conversion  
coe ffic ien ts . Auger coe ffic ien ts , co llis ion  rad ii and so on are g rea tly  m od­
ified  at these high charges. Scattering and charge exchange c ross -sec tion s  
are  im portant to design o f heavy ion acce le ra to rs  and probably a lso in 
aspects o f astrophysics.
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Th ere  is good work fo r  many minds and hands here. I f  we are to m ove 
ahead rap id ly  and e ffic ien tly , we must learn  better to pool our resou rces  and 
e ffo rts . None among us w ill have labora tories  so r ich ly  endowed that we can 
conceive the tasks in narrow ly com petitive term s. L et us see m ore centres 
lik e  Copenhagen and T r ie s te  where sc ien tists  from  the en tire  w orld  are w e l­
com e to com e, to learn , and to work together.
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D IS C U S S IO N

V. F . W EISSKOPF: In try in g  to understand a lit t le  better the connection 
between the deform ation o f the nucleus and ion ization , one is  obviously dea l­
ing with an in terestin g m ixture between atom ic physics and nuclear physics.
I d on 't know where one physics begins and the other ends.

J. O. RASMUSSEN: The atomic and nuclear physics are v e ry  much m ixed 
up in the experim ent but there is a c lose inner play between them in this c lass 
o f experim entation  on fiss ion  fragm ents. The reason  one sees such la rge  
p robab ility  o f К -vacancy fo r  the deform ed fragm ents, I  think fo llow s from  
the fact that most o f these fragm ents decay through a cascade o f the ro ta ­
tional steps. The rotational transitions in this reg ion  are of s ligh tly  la rg e r  
energy  than the К -binding, they have ra ther high К -convers ion  causations 
and thus lead to many К -vacancies. If  nature had been a lit t le  bit d ifferen t 
and the rotational spacings w ere  below the К -binding energy then one would 
not have had as many K -vacancies,

V. F . W EISSKOPF: A re  the life - t im e  rotational states longer than the 
life t im es  o f the X -ra y?

J. O. RASMUSSEN: The X -rays  em it seven o rd ers  o f magnitude fa s te r  
than a nuclear transition .
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Abstract

RE AC TIO N  ELECTRON- A N D  G A M M A -S PE C TR O S C O PY : PRESENT S T A T U S  A N D  PROSPECTS OF ITS  

FUTURE D EVELOPM ENT. Experim enta l procedures and the th eo re tica l background in  rea c tion  e le c tro n - 

and gam m a-spectroscopy  are re v iew ed  and som e exam p les  are presented. As an a p p lica tion  o f  the te ch ­

n ique in  rather low  energy  reactions , th e  ga m m a -ra y  spectroscopy o f  proton capture w here th e  nuclear 

rea c tion  proceeds v ia  an isobaric  analogue state is described and its physica l m ean ing is illu strated . T im in g  

m ethods and severa l top ics  are m en tioned  as new  research fie ld s  o f  this techn ique.

1. INTRO D U C TIO N

B eta- and gam m a-spectroscopy has p layed an im portant ro le  in the 
understanding o f the atom ic nucleus. In fact, the shell m odel and the 
c o lle c t iv e  m odel w ere  founded m ain ly on the basis  o f the in form ation  on 
nuclear p roperties  o f low -ly in g  excited  le v e ls  provided  by this e x p e r i­
m ental procedure. The le v e ls  here a re  excited  by beta decay from  the 
parent rad ioactive  nucleus produced by various types o f nuclear reactions, 
and the d e-exc itin g  radiations a re  studied by  using appropriate e x p e r i­
m ental techniques. Though this procedure has proved v e ry  useful, it  has 
s e ve ra l obvious shortcom ings. The Q 0 value, that is , the energy d ifferen ce 
between the parent and the daughter nucleus, hinders us from  investigating 
le v e ls  with excitation  energ ies  above this Qs va lue. The v e ry  s tr ic t  s e ­
lection  ru les o f beta decay a llow  transitions only to the le v e ls  with res tr ic ted  
spin va lues. R ad ioactive isotopes with life t im es  shorter than about one hour 
have not been studied in deta il owing to the technical d ifficu lties . Thus 
the excited  le v e ls  which have been investigated  so fa r  a re  lim ited  to those 
w ith energy under s e v e ra l M eV  in the neighbourhood o f the beta stab ility 
line.

Instead o f this procedure, we can make use o f gamma rays and internal 
conversion  e lectrons from  nuclear reaction . M easurem ents o f these ra d i­
ations a re  h ere  ca lled  reaction  e lec tron - and gam m a-spectroscopy. It is 
this experim en ta l technique which I am now going to discuss. The life t im e  
m easurem ents and partic le -gam m a and gam m a-gam m a angular corre la tion  
experim ents used in the experim ents a re  v e ry  s im ila r  to those in  c la ss ica l 
rad ioactive  beta -, e lec tron - and gam m a-spectroscopy. (H erea fte r  we ca ll 
this method rad io isotope e lec tron - and gam m a-spectroscopy). Up to the 
present, experim ents have m ostly  been done with gam m a-rays from  d irec t 
reactions on ligh t and medium nuclei [1 ].

57
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It  has recen tly  been found that reaction  e lec tron - and gamma spec­
troscopy with gamma rays from  compound reactions provides v e ry  fru itfu l 
in form ation on nuclear structure, to the same extent as the rad ioisotope 
e lec tron - and gam m a-spectroscopy provided  in the past. The p rocesses 
invo lved  in this recen tly  developed technique consist o f three steps: the 
f ir s t  is the form ation  o f a compound nucleus produced by bombardment 
o f a ta rget nucleus with an acce lera ted  partic le : the; second is the succes­
s ive  em ission  o f som e kind o f partic le  from  the compound nucleus; and 
the th ird  is  the em ission  o f gamma rays from  the res idua l excited  nucleus. 
The gamma rays and conversion  e lectrons are the ob ject o f the studies.
The f ir s t  successfu l use o f this reaction  e lec tron - and gam m a-spectroscopy 
was m ade by M orinaga and Gugelot with (or, xn) reactions [2 ]. A s  52-M eV  
a lpha-partic les  b rin g  the ta rget nucleus a high orb ita l angular momentum, 
the compound nucleus has a s ta tis tica l population favourable fo r  high spin 
states. The neutrons subsequently being evaporated with low  angular 
momentum, the res idua l nucleus o f high excitation  energy w ill have the 
sam e trend o f high spin population as the parent compound nucleus. Thus 
the gam m a-rays de-exc itin g  from  this res idua l nucleus flow  m ainly along 
a s e r ie s  o f le v e ls  which have the low est excitation  energy fo r  a g iven  spin 
va lue. B y this prin c ip le , w orkers have found m em bers o f the ground band 
up to spin o f 10+ in many deform ed nuclei. Many w orkers have investigated 
excited  le v e l system s in nuclei not only in the deform ed reg ion  [3 -8 ] but 
a lso  in the v ib ra tiona l reg ion  [9-11] by using gam m a-ray spectroscopy and 
in ternal con vers ion -e lec tron  spectroscopy.

In ea r ly  1965, Sakai, Yam azaki and E j ir i  recogn ized  the nuclear a lign ­
ment o f the compound nucleus on the plane perpendicu lar to the incident 
beam d irection , because the incident pa rtic le  tran sfers  the angular

T A B L E  I. CORRESPONDENCE R E LA T IO N S  B E TW E E N  R E A C T IO N  AND 
RAD IO ISO TO PE  E L E C T R O N - AN D  G AM M A-SPE C TR O SC O PY
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momentum with m z = 0 to the ta rge t nucleus [9 ]. As this alignm ent is 
sca rce ly  disturbed by the evaporation  o f slow  neutrons with low  orb ita l 
angular momenta, the res idual nucleus is aligned so that the gamma ray 
d e -exciting from  it  has an an isotrop ic angular distribution. A lready , in 
R e f. [9 ], the fo llow ing statem ent appeared: "Th e anomalous K / L  ra tio  ob­
served  in certa in  transitions m ay be associated  with the aligned compound 
nucleus [s ee  Ref.[12 ] ] . The investigation  o f the e lectron  angular d is tr i­
bution m ight open a new fie ld  o f nuclear spectroscopy and provide valuable 
in form ation on the nuclear structure and on the reaction  m echan ism ". In 
fact, m easurem ents o f gam m a-ray and convers ion -e lectron  angular d is tr i­
butions in reaction  e lec tron - and gam m a-spectroscopy are just the counter­
part o f those o f gam m a-gam m a and gam m a-electron  angular corre la tions 
in the rad io isotope e lec tron - and gam m a-spectroscopy, because, in the 
la tte r  case, the detection o f the f ir s t  gam m a-ray plays only the ro le  of 
se lectin g  an aligned state. The correspondence re la tions between the r e ­
action and the rad io isotope e lectron - and gam m a-spectroscopy are given 
in Tab le  I.

In the fo llow ing, we a re  going to discuss su ccess ive ly  the experim ental 
techniques (section  2), the theoretica l considerations (section  3), typ ical 
exam ples o f reaction  e lec tron - and gam m a-spectroscopy (section  4), proton 
capture gamma experim ents (section  5) and the prospects o f future develop­
ment o f this method (section  6).

2. E X P E R IM E N T A L  TECHNIQUES

Reaction  e lec tron - and gam m a-spectroscopy has been perfo rm ed  in 
many institutions throughout the w orld . A s  an exam ple, I shall describe 
the experim enta l arrangem ent at INS. The spec ia l feature o f our ex p e r i­
ments at the Institute l ie s  in the use o f a cyclotron . Beam s o f alpha 
p a rtic les  and protons from  the Tokyo cyclotron  a re  used to bom bard the 
ta rge t. Experim ents using a cyclotron  have been considered to have d is ­
advantages such as instab ility  o f beam  condition and high background in 
com parison with those obtained using a tandem a cce le ra to r . These incon­
ven iences a re  avoided by the fo llow ing sim ple technique. Two beam sy s ­
tem s used at INS a re  shown in F ig s  1 and 2. The f ir s t  is the one used
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FIG . 1. S ch em a tic  d iagram  o f  the beam  system w ith  the S -RAC E  spectrom eter.



6 0 SAK AI

F IG . 2 . S ch em a tic  d iagram  o f  the beam  system  w ith  the M -R A C E  spectrom eter.

F IG .3 . S id e  v ie w  o f  the S -R AC E  spectrom eter.

in 1964 w here a s in g le-gap  reaction  con vers ion -e lec tron  spectrom eter 
(S -R A C E ) was in sta lled  fo r  m easuring in terna l conversion  e lectrons [13].
The second is  the one used in 1966 in which the duct was extended to a 
gam m a cave situated 30m from  the cyc lo tron  and a m u lti-gap  reaction  
con vers ion -e lec tron  spectrom eter (M -R A C E ) was attached 114]. The 
experim en ta l procedure overcom ing the drawbacks mentioned above is  to cut 
o ff the o ff-a x is  beam  intensity at the f ir s t  s lit  by 10% and to have this s lit  
s e rv e  as a v irtu a l source fo r  an independent op tica l system  com posed o f
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FIG . 4 . S id e  v ie w  o f  the M -R A C E  spectrom eter.

F IG . 5. Photograph o f  the M -R A C E  spectrom eter.
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one pa ir (in F ig . l )  o r two pairs (in F ig .2) o f quadrupole m agnets. With this 
technique, we have a fixed  beam  spot on the ta rget position which is  the 
im age o f the optica l system  and independent o f fluctuation o f p rim ary  beam 
from  the cyclotron .

The RACE spectrom eter is a sectortype double-focusing spectrom eter 
and the M -R A C E  enables us to m easure the e lectron  in tensities in five  
d irections. Schematic side v iew s o f S -R AC E  and M -R A C E  are  presented 
in F ig s  3 and 4. A  photograph o f the M -R A C E  is shown in F ig .5. A s  is  w ell 
known, a double-focusing spectrom eter focuses e lectrons with momentum 
spread o f 8% on a foca l plane, so that we can have a spectrom eter with 
m u lti-gap  and m u lti-d etector a rray  v e ry  w e ll suited fo r  reaction  electron  - 
and gam m a-spectroscopy. In this respect this spectrom eter is  advantageous 
o ve r  the orange-type spectrom eter. How ever, we have so fa r  used one 
S i(L i)  detector fo r  each gap. The ch aracteris tics  o f the spectrom eter are
0.4% momentum resolu tion  with a transm ission  o f 0.3% fo r  each sector. The 
targets  w ere  prepared  with deposits o f powder on m y la r m em branes o f 6/jm 
thickness. Som etim es, se lf-supporting m eta l targets w ere  made by an 
e lec tro -p la tin g  o r  evaporation  method. The thickness o f the targets was in 
gen era l 1 - 4 mg/cm  .

3. TH E O R E T IC A L  CONSIDERATIONS [15-19]

In this section, I shall discuss the th eore tica l considerations fo r  (p, 2ny) 
reactions in term s o f the sta tis tica l m o d e l.1 The process o f the reactions 
is schem atica lly  illu stra ted  in F ig .6 [10].

(2 + 1, N )

COMPOUNO N U C LE U S F IG .6 . S c h e m e  o f  t h e  ( p , 2 n  y )  r e a c t io n .

3.1. R e la tive  y ie ld  o f gam m a-rays [9]

The m echanism  o f (p, 2n) reactions can be d ivided into the fo llow ing 
four p rocesses : ( i ) form ation  o f compound states by proton bombardment, 
( i i )  form ation  o f in term ed iate states a fter the evaporation  o f one neutron

1 I  s h a ll  d iscu ss  o n ly  t h e  c a s e  w h e r e  t h e  r e s id u a l n u c le u s  is a n  e v e n - e v e n  n u c le u s , w h ic h  w e  a r e  

in t e r e s te d  in .
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from  the compound states, ( i i i )  evaporation o f another neutron from  the 
in term ed iate states, producing excited  states in the fina l nucleus, (iv ) 
gamma em ission  from  the la tte r  states. The c ross -sec tion  fo r  p rocess 
(i) is  w ritten  as fo llow s:

V s Jt +i
9  v 1 V"1 2J +1 .

a(Jc, * c,J t. M  = ¿  ¿  ^ 2J ;+T )T* (EP )^ {1 + ( - )  W
Æ = I Je -  S I S = I Jt -  i  I

w here ’k is  the de B ro g lie  wave-length  o f the incident pa rtic le  and Jc , 7rc 
and Jt , 7rt a re  the spin and parity  o f the compound state and those o f the

F IG . 7. R e la tiv e  spin distributions o f  the in te rm ed ia te  states fo r the ta rget o f  a tom ic  number Z  = 50 and 

spins 1 = 1/2, 3/2, 5/2 and 7/2. S o lid  and broken lin es  stand fo r the distributions at in cid en t energies 

o f  14 and 12 M eV , re sp e c tiv e ly .
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ta rget nucleus, resp ec tiv e ly . The quantity Т£(Е ) stands fo r  the trans­
m ission  coe ffic ien t o f incident protons with orb ita l angular momentum St. 
The c ro ss -sec tion  fo r  p rocess  ( i i )  is g iven  by

or(Jm-7rm-Jt - 7rt ) =^ CT(Jc>7fc 'Jt - 7rt )K (Jm .7rm-Jc>7rc ) {  £  (2)

where

J. + s

K(Jm ( 3 )

Si si

and

P(Jra) = k i(2Jm + l)exp  { -  Jm(Jm+ 1 )/ 2 a } (4)

The le v e l density in the in term ediate nucleus is  designated as p(Jm) and 
the pa ram eter a is proportional to the moment o f in ertia  and the tem pera­
ture o f the nucleus. F ig .7 shows the re la t iv e  spin distributions o f the in ter-

Nucleus

FIG . 8 . Intensities o f  gam m a  transitions in  the fin a l n u c le i for Ep - 1 4  M e V . Intensities are n o rm a lized  

w ith  those o f  the gam m a 12 + - *  10 +. For each  nucleus, the th eo re tica l va lues, illustrated  in  the le f t  

co lu m n , are  com pared  w ith  the exp e r im en ta l ones illu stra ted  in  the righ t co lum n . T h e  dotted  lin es  connect 

the c a lcu la ted  in tensities  o f  12 + ~* 10 f , *4+ - *  l2 + and^2+ -> J2 + transitions w ith  the observed  ones.
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m ediate states fo r  Z =  50, where the transm ission  coe ffic ien t T j (Е щ ) was 
calcu lated fo r  neutrons o f 1 M eV . F o r  p rocess  ( i i i ) ,  the procedure used 
in the calculation o f p rocess (ii ) can be repeated  with cr(Jc , 7rc , Jt , irt ) r e ­
p laced by cr(Jm, 7rm , Jt , 7rt ), which in turn is rep laced  by <j(Jf , ж{ , Jt , ) . The
le v e l density p(Jm) should then be rep laced  by p(Jf ) which is  the le v e l 
density in the residual nucleus. H owever, the states populated in the 
res idua l nucleus have low  excitation  energ ies  so that the expression  
p(Jf) m ay not be va lid . We must th ere fo re  make assumptions about the 
le v e ls  in question. The resu lts  o f the calculation a re  shown in F ig s  8 and 9 
fo r  v ib ra tiona l nuclei [9] and rotational nuclei [3 ], resp ec tive ly , with 
appropriate assumptions. The pred icted  values agree  w e ll with the ob­
se rved  gamma in tensities . Th is im p lies  that the reaction  mechanism  can 
be fa ir ly  w e ll in terp reted  by means o f the s ta tis tica l m odel. The consider­
ation o f the re la t iv e  y ie ld  o f gamma rays has proved to be a powerfu l tool 
fo r  assignm ent o f phonon transitions in the v ibrationa l reg ion  and o f ground- 
band transitions in the deform ed region . Th is fact in turn enables us to 
locate the phonon states and the m em bers of the ground band. Other im ­
portant in form ation on the spin value of the states can be obtained from  the 
excitation  curves of the re la tiv e  y ie ld  on the associated gam m a-rays. The 
excitation  o f high spin states is  m ore favourable with h igher bom barding 
energy  than that fo r  low  spin states. With this in form ation, we can d e te r­
m ine the 4 m em ber o f the two-phonon tr ip le t [9 ]. A  s im ila r  theoretica l 
fram ew ork  can be made fo r  alpha-induced reactions.

F IG .9 . R e la tiv e  popu lations o f  ro ta tion a l states in  the ground bands o f  IS8D y, 1ИЕг and IG8Yb (th ick  bar).

Cascades from  the h igher ro ta tion a l le v e ls  h ave  in  each  case been subtracted. T h e  m a rk s ------ , -------- and

o o o o  are c a lcu la ted  r e la t iv e  populations w ith  various assumptions (s ee  R e f. [3 ] ) .
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3.2. Angu lar distribution 110]

Angu lar distribution functions o f gam m a-rays from  reactions illu strated  
in F ig .6 can be expressed  as

where Pv is  the Legendre  polynom ial o f o rd e r V. The angular distribution 
o f the gamma ray  J ' can be calculated with the fo llow ing a„ value:

The coe ffic ien t B¡,(Jf-> J) fo r  the e ffect o f the cascade contributions is 
summed o ve r  a ll the de-excita tion  p rocesses  from  the state Jf to the 
state J through the transitions Jf = J0-*J 1̂ J 2^ ... Ji -*• Ji+1 -*■ ••■Jn_>Jn+i = 
and is  the m ultipole o rd e r  o f the gamma transition  from  the state Jj 
to the state Ji+1. H ere, as is a llowed in the s ta tis tica l continuum theory, 
the number o f compound states and in term ed iate states is assumed to be 
so la rg e  that a ll the in te r fe ren ce  term s from  the states o f d ifferen t spin 
and parity , and from  d ifferen t partia l waves o f the incident protons and 
the em itted  neutrons, cancel.

(5)
v

X

Jf inj

X Bv (Jf - J ) F , ( j J ' , J ) (6 )

where

(7)

F„ ( j J ' , J )  = (2j + l ) ( 2 J + l ) è (- )J' r + 1 C ( j j v ;  l - l ) W ( j j J J ;  v j ' ) (8)

y j J J ' )  = [ (2j + 1 ) ( 2 J ' + 1 )] 5 (- ) "JI/W  (J J J 1J 1 ; v j) (9)

and

i=n

(10)
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In the in tra ground band transitions, nam ely, Jj -* Ji+1 = J¡ -  j = J¡-* 2, 
the las t term  В VY V reduces to

i=n-l

where the quantity a'n (J f-*J ) is the coe ffic ien t o f the angular distribution 
o f the transition  Jf-* J without including the e ffec t o f the cascade con tri­
bution from  the higher state, and is obtained by setting B v = 1. F ina lly , 
we obtain the angular distribution function W (S) fo r  intra ground band 
transitions J -» J-2 as fo llow s:

p'l = ajj (I-* I-2 )/ a Q(J-> J -2 ). F o r  conversion  e lectrons, W (0) is  given by

w here the quantity b„ is the pa rtic le  param eter. A  typ ica l exam ple o f the 
calcu lation fo r  the ground band up to N = 8 spin with excitation  energ ies 
Ej = 201(1+ l)k eV  is  reproduced in F ig .10 [10].

In the v ib ra tiona l region , we can ea s ily  v e r i fy  the fo llow ing equations:

to be o f pure E2 character and the re la tion  fo r  the specia l case Jn= J = j:

B„(Jf-J)F„(JJ', J)= Д M 3 Ji J l (И)
i=0

w here we use the re la tion  between the Racah coeffic ien ts

W  (j j J J; v J - j) W (J + j J + j JJ; ^ j) = (2 J + l)"1 W (j j J + j J + j; v J) (12)

T h ere fo re , we obtain

(13)

W (0) = 1 + A 2P2 (cos Q) + A 4P4 (cos в) (14)

I = J

where we consider the s e r ie s  o f the ground band 0 + , 2*,  4+ , ..., N + and

W (0) = 1 +b2 А 2Рг (cos 0) + b4A 4P4 (cos 6) (16)

(17)

and

w here p^I-* I 1 ) = a^I-* I 1 )/a0( 2+-> 0+) and the 2+-> 2+ transition  is assumedД<5+ 1/л+' 2о+» lo +

(2J + l )W (j  j J J; v J 1 )W (Jn Jn JJ; v J)

= W (j j Jn Jn ; v J) (19)
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T A R G E T  SP IN

FIG . 10. C o e ffic ie n t  A 2 o f  the angular distribution o f  gam m a  rays from  ro ta tion a l le v e ls  e x c ite d  by the 

(p , 2n ) reac tion  includ ing the contribution  o f  the cascade transitions from  the h igher ex c ited  state.

i i 
'o- '2*

1 1 
■о* У

4 1 1 1  1 1 1 1  1 1 1
'г'  'г* 'о* 'г* 'о* 'г* '4‘

F IG . 11. An isotropy o f  the conversion  electrons from  v ib ra tion a l le v e ls  produced in  the (p , 2n ) reactions 

on v ib ra tion a l n u c le i. B lack c irc le s , doub le c irc le s , b la ck  squares and b la ck  triang les re fe r  to  the e x p e r i­

m en ta l points fo r  the transitions 4 2 and others, r e sp ec tiv e ly . T h e  inserts

show the decay  schem es o f  the observed  conversion  e lectrons. S o lid  lin es , d o t- and dash-lines and broken

lines are the c a lcu la ted  anisotropies (w h ite  c ir c le s ) for the residual e x c ite d  states o f  0+ 

10+ , * 2 +, * 2 + , 4 +, 16 + and those presented in the inserts, re sp e c tiv e ly .

14+ :



SPECTROSCOPY 69

is used. H ere we take into account the cascade contributions to the 12+ 
state only from  the two-phonon 14+ and 22+ states. The resu lts  ca lcu ­
lated on the assumption o f the residual states 10+, 12+ , 22+ and *4 + are 
plotted as a function o f the ta rget spin in F ig .11 [10] and com pared with 
the experim enta l one. The agreem ent is sa tis fac tory .

4. T Y P IC A L  E X A M PLE S

In this section  I describe  se ve ra l typ ica l exam ples o f reaction  e lectron - 
and gam m a-spectroscopy in connection with the experim enta l trend o f 
excited  le v e l system s in even-even  nuclei.

4.1. D eform ed reg ion

Many w orkers  [3 -8 ] have studied the excited  le v e l system s o f even-even  
deform ed nuclei with reaction  e lec tron - and gam m a-spectroscopy since 
the work o f M orinaga and Gugelot [2 ]. E spec ia lly , Stephens et a l. [7] used 
heavy-ion  nuclear reactions to produce high spin states in a compound 
nucleus, taking advantage o f the fact that a heavy ion brings la rge  orb ita l 
angular momentum into the ta rget. They observed  d e -excitation  o f the 
ground band up to spin 20 with a single w edge-gap  e lectron  spectrom eter.
The highest observed  spin value in the band w ill in crease  with use o f a 
h eav ie r  ion. A  test o f  the p resence o f the top o f the ground band suggested 
by M ottelson and Valatin  [20] w ill be perfo rm ed  in the v e ry  near future.
The rotational spacings o f high spin states provide im portant in form ation ' 
about the nuclear shape in highly excited  states. This type o f spectroscopy 
a lso  has proved a good method fo r  obtaining the beta and gamma bands 
in deform ed nuclei. As typ ica l exam ples, le v e l system s o f ^ fS m  and 
1б|Ег investigated  by the Copenhagen group a re  shown in F ig .12 [4] and 
F ig .13 [21]. R ecen tly , le v e l system s in Gd isotopes w ere  investigated 
with (a ,xn ) reactions on Sm isotopes [22]. The resu lts  a re  presented in 
F ig .14. ' '

4.2. T ransition  reg ion  ..................

Th is method was a lso  applied to nuclei in the transition  reg ion . It
turned out that 150Sm and 152Gd [6] and Os and P t [5] have a le v e l 
sequence just lik e  the ground band in the deform ed reg ion . Recently, 
we m easured conversion  e lectrons from  148N d (a , 2n)lsoSm, 150Sm(a, 2n)
1S2Gd and 153Eu(p, 2n)152Gd reactions and the low -ly in g  le v e ls  in 150Sm
and 152Gd w ere  obtained as shown in F ig .15 [23]. A  b e ta -lik e  band (quasi- 
beta band) corresponding to the beta band in the deform ed nuclei appears in 
these nuclei and the in ter band transitions between the le v e ls  with the sam e 
spin value have a la rg e  E0 component just as in the case o f  deform ed 
nuclei [21]. In Pt isotopes we have a le v e l sequence 2*,  3+, 4+ which may 
correspond to the gam m a band in the deform ed nuclei. The gam m a-like 
band was term ed  a quasi-gam m a band.
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4.3. V ibrational nuclei

L ow -ly in g  excited  states in v ibrationa l nuclei have been investigated 
m ainly at INS by means o f reaction  e lectron - and gam m a-spectroscopy 
[9 -10 ]. A  number of 2+ and 4 + doublets of the two-phonon states have been
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observed . The spin was determ ined by the excitation  curve and the 
e lectron  angular distribution. B e tig e r i and M orinaga [ i l l  showed a 
p resence o f a band system  s im ila r  to the ground state rotational band in 
Te and Xe isotopes, as presented in F ig .16 . R ecen tly  we perfo rm ed  
reaction  e lectron  spectroscopy in case o f the 139La(p, 2n) and 141P r(p , 2n) 
reactions [24]. The p re lim in a rily  proposed le v e l system s fo r  both nuclides 
a re  presented in F ig .17 . They c lose ly  resem b le  each other and the re la tiv e  
y ie ld s  and the angular distributions fo r  the corresponding transitions fo r 
both nuclei a re  a lso  s im ila r , as shown in F ig s  18 and 19. Though the 
le v e l system s are v e ry  tentative, a b e ta -lik e  band and a gam m a-like band 
seem  to ex is t in v ib ra tiona l nuclei.
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F IG .1 6 . O bserved en ergy  le v e ls  in  (a )  e ven  Т е  and (b )  e ven  X e  isotopes. L eve ls  in d ica ted  by lines are 

th e  ones observed  in  the experim en ts o f  R ef. [1 1 ] .
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3186

58^e80

( a )

Т о ^ в о

(b)
F IG .17. T e n ta t iv e  lo w - ly in g  e x c ite d  le v e l  systems o f  (a )  138C e  and (b ) 140Nd,

0 2 4 4 4

F IG . 18. R e la tiv e  y ie ld s  o f  intra quasi-ground band transitions and 7 " - *  4 + and 5 " -*  4 + transitions.

4.4. Concluding rem ark

The resu lts  described  above prove that reaction  e lec tron - and gam m a- 
spectroscopy is a powerfu l too l fo r  studying the low -ly in g  excited  leve ls  
o f nuclei in a ll nuclear reg ion s . The rem arkab le feature that the ground 
band, the beta and the gamma band appearing in deform ed nuclei p ers is t
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in nuclei in the transition  and vibrational regions as quasi-ground, quasi­
beta and quasi-gam m a bands, has been discussed in detail by the present 
author [25].
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FIG . 19. Angu lar distributions o f  К  conversion  e lectrons.

(a) B lack: 3 0 3 .4 -k eV  7 ‘ -> 4 

Whites 4 1 8 .8 -k eV  7 '- >  4 +
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( c )  B lack: 7 9 0 .4 -k eV  2 + -> 0 + 

W h ite : 7 7 1 .2 -k eV  2 + -> 0+
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5. PR O TO N  C A PTU R E  GAM M A E X PE R IM E N T

This type o f experim ent with nuclei in the s -d  shell was extensively  
perfo rm ed  by the U trecht group [25]. Im portant physical meanings o f a 
spec ia l case w ere  recen tly  stressed  by the author [27]. They a re  a sso c i­
ated with the observation  o f de-exciting gamma rays from  isobaric  ana­
logue states produced by proton capture reactions. The main advantage 
o f this experim ent lie s  in the fact that the analogue states a re  of v e ry  
sim ple nature eas ily  amenable to theoretica l in terpretation . Another ad­
vantage is that the in form ation on the low -ly in g  states can be derived  from  
m easurem ents o f gam m a-rays only in the highest energy region , and c lea r 
data can be obtained fr e e  from  the contributions due to other gam m a-rays, 
even in the case in which the reaction  has a sm all c ro ss -sec tion . Though 
the gam m a-rays in question have, in genera l, a rather high energy, o f the 
o rd e r  o f 10 M eV, the advent of la rg e -s iz e  lith ium -drifted  germanium de­
tec tors  makes it feas ib le  to ca rry  out this kind o f experim ent. It is worth 
m entioning that the angular distribution o f gam m a-rays can provide in ­
form ation on the radiation  character. W ith this procedure, we can deduce 
the re la tiv e  B (E2) and B (M 1) values o f the gamma components o f the is o ­
b a r ic  analogue state. The fact that a sm all Van de G raaf m achine with
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s e v e ra l M eV  is  su ffic ien t to do this type of experim ent due to la rg e  Q(p, 7 ) 
va lues is an a ttractive  feature fo r  in vestigators in developing countries. 
Am ong various applications o f this procedure to the study o f nuclear 
structure, two sim ple cases w ill be discussed.

FIG . 20. Energy schem e o f  proton captu re reactions w here reac tion  proceeds v ia  an isobaric  ana logue s ta te/  

Ed  stands for the C ou lom b  d isp lacem en t en ergy . Relationship be tw een  a llow ed  beta  transitions o f  the G -T  

type  and M l gam m a  transitions are illu strated .

5.1. A llow ed  beta transition  o f G -T  type

Studies o f nuclear beta decay have provided .a la rge  amount o f in fo r ­
m ation about the low -ly in g  excited  le v e ls  because the transition  probability 
depends sen s itive ly  on the wave-functions o f the le v e ls  in question. On the 
other hand, it  is  known that a proton with an appropriate energy can p ro ­
duce in the compound nucleus an isob a ric  analogue state which can c o r r e ­
spond to the parent nucleus o f beta transition . Since a llow ed  beta tran ­
sitions o f the G -T  type from  1+ states to the ground, to the one-phonon 
state and to the two-phonon states in v ib ra tiona l nuclei a re  su ccess ive ly  
h indered [28], it  is  v e ry  in teresting to know about B (M 1) o f M l transitions 
from  the analogue states to the corresponding excited  states, because the 
transition  m a trix  elem ents o f beta and m agnetic transitions c lose ly  r e ­
sem ble each other. The physica l situation is schem atica lly  illu stra ted  in 
F ig .20. H indrance phenomena co rre la te  c lose ly  to the phonon character 
o f the re levan t le v e ls . You can see the m er it  o f this kind o f experim ent 
from  the fo llow ing  exam ple. The spin and parity  o f 56Mn are 3+ and the 
1+ state is  111 keV above this ground le v e l so that we cannot study the 
re la t iv e  m atrix  e lem ent o f G -T  type beta decay to the ground state and to 
the f ir s t  2+ state o f the 56F e  daughter nucleus. Then, we m ay excite  the
1+ state isob a ric  analogue to the 1+ state in question by the 55Mn(p, 7 ) 56Fe 
reaction  with 1.415 M eV  protons [29] and observe  M l transitions from  this 
state to re levan t states in 56F e .

It is á lso  recen tly  observed  that the beta transition  to the f ir s t  excited 
0+ state is not hindered. Analogous reasoning leads us to expect that the 
M l transition  to the excited  0+ state m ight be as fast as that to the ground
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0+ state. Then such a gamma ray  can be observed  easily , because, in 
this case, the intensity reduction caused by the transition  energy is  v e ry  
sm all, in contrast to the enormous reduction factor in beta decay. Thus 
such an experim enta l method might be a powerfu l technique fo r  finding 
the so -ca lled  'm is s in g ' 0+ m em ber o f the two-phonon tr ip le t in the 
v ib ra tiona l reg ion .

5.2. C ore coupling

The idea o f core  coupling is one o f the m ost im portant m odels in recen t 
nuclear structure theory as M ottelson d iscussed at the Tokyo Conference 
on N u c lea r Structure [30 ]. It may present a sensitive  test fo r  the anhar- 
m on ic ity  o f nuclear v ib ra tion . The core  coupling o f a 2+ phonon with a 
p a rtic le  in the j o rb it produces 2j + l  ( j< 2 ) o r  5 (j > 2) m em bers . Such 
studies have been done with Coulomb excitation  experim ents, in elastic  
sca tterin g  experim ents, etc. These experim ents requ ire  stable isotopes 
as ta rge ts . Consequently, a system atic trend o ve r  a w ide range o f isotopes 
cannot be obtained. The excitation le v e l system s o f copper isotopes are 
considered  as exam ples o f this model, but they have only two stable isotopes, 
nam ely 63Cu and 65Cu. However, i f  we excite  an isoba ric  analogue state 
and study the gam m a-rays from  this state, we can extend the system atics 
to unstable isotopes. F o r  exam ple, the low -ly in g  excited  state in 61Cu can 
be studied by 60N i(p , -y)61Cu reaction . The experim enta l situation can be 
seen in F ig .21.

6 . PRO SPECTS OF FU TU R E  D E V E LO PM E N T  OF R E A C T IO N  E LE C TR O N  -
AN D  G A M M A-SPE C TR O SC O PY

In this section I shall comment on seve ra l points o f future developm ent 
o f this type o f experim en ta l technique.

6.1. D irec t reactions

Reaction  e lec tron - and gam m a-spectroscopy can be applied to d irect 
reactions with medium and heavy nuclei. Though the c ross -sec tion  fo r this 
type o f reaction  is one o rd e r  sm a lle r than that fo r  the compound reaction , 
the e lectron  lines from  the le v e ls  populated in 114Cd(p, p '7 ) have been ob­
se rved  [9] (see F ig .22). Th is type of experim ent w ill provide a hopeful 
resea rch  fie ld  in the near future. M easurem ents o f gamma rays and o f in- 
e la s tica lly  sca ttered  partic les  a re  com plem ents each o f the other.

6.2. Heavy ion reactions

Heavy ion reactions with heavier and m ore energetic  p ro jec tiles  can 
be used to g ive  considerab ly g rea te r  lin ear and angular momentum to the 
compound system . The fo rm er e ffe c t m ay produce a Doppler e ffe c t o f 
gam m a rays la rg e  enough to enable us to m easure the life t im es  o f the 
associated  le v e ls , and the la tte r  e ffec t would make it  possib le to observe  
de-exc itin g  transitions from  v e ry  high spin m em bers o f the ground band.
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Another in teres t in h eav ie r  ions lie s  in the access ib ility  to regions o f the 
period ic  table that cannot ea s ily  be reached with ligh ter ions. Recently,
124' 120Sn(40A r , 4n)160_156E r and 128-122 T e (40A r , 4n)164' 158 Yb w ere  reported, 
as studies o f le v e l system s in the 88-, 90- and 92-neutron number isotopes 
o f E r  and Yb [31].

F IG .21 . Energy schem e fo r  60N i(p ,  y ) elCu reac tion . G am m a rays e x c ite  co re -cou p lin g  states in 61Cu.

POTENTIOMETER READ

F IG . 22. Spectrum  o f  conversion  e lectrons from  in e las tic  scattering on an enriched  ' “ Cd target w ith  

14 M eV  protons.
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F IG . 23. T im e  spectra observed  in  the 208Pb( a ,  4n ) ш  Po rea c tion  at 50 M e V  w ith  a 2 c m 2 x  5 m m  th ick  

th in -w in dow  G e (L i) d e tec to r. T h e  1 47 -keV  and 176-keV  y -rays  h ave  d e la yed  com ponents w ith  

T | = 8 . 3 ± 0 . 5 n s  and « 4 0  ns, resp ec tiv e ly .

F IG .2 4 . D iffe re n t ia l cross-section  o f  continuum  e lectrons.
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6.3. T im in g  method

Isom er ic  states populated by nuclear reactions have been studied by 
beam -chopping techniques [32]. Recently, Yam azaki and Ewan succeeded 
in observ ing nanosecond is o m er ic  states produced in (pa rtic le , xn) r e ­
actions, with the use o f natural beam  bunches from  the cyclo tron  which g ive 
a ze ro  point signal fo r  the tim e sca le [33]. The tim e distribution o f the 
gam m a-rays was studied with G e (L i) gam m a-ray detectors. Two dim en­
sional tim e spectra  are shown in F ig .23. They observed  many isom er ic  
states with this method [34]. The investigations proceeded fo r  studying 
t im e-d iffe ren tia l angular distribution o f gam m a-rays by making use o f 
nuclear alignm ent o f the le v e ls  populated in (partic le , xn) reactions. Th is 
w ill provide in form ation  on the nuclear moments o f high spin states. 
P re lim in a ry  experim ents w ere  perform ed  in the РЬ(о",хп )Ро reactions [35]. 
Th is type o f experim ent w ill a fford  a powerfu l tool fo r  investigating nuclear 
structure in the near future.

6.4. Stopping e lectron

F in a lly , I would like to mention a specia l feature o f reaction  electron  
spectroscopy. We noticed an e lectron  continuum com ing from  the target 
in the study o f (p, xn) reactions with 55-M eV  protons from  the Tokyo 
C yclotron . These e lectrons contributed to the background of the e lectron  
spectra  together with the continuum gam m a-ray background. The con tri­
bution o f  e lectrons was separated from  that o f gam m a-rays by analysing 
the energy o f pulses from  a S i(L i) detector with a multichannel ana lyser. ■ 
The detectors w ere  p laced at the foca l points in the M -R A C E  spectrom eter. 
The response curves o f each detector w ere  ca lib rated  with various rad io ­
a ctive  sources placed at the ta rge t position. The d iffe ren tia l c ross -sec tion  
is shown in F ig .24. A  su rpris in g ly  la rge  an isotropy was observed  [36]. 
Though the phenomenon must be associated  with an atom ic o rig in , such as 
a type o f stopping e lectron  [37], further experim ents a re  in p rogress  to see 
to what extent it contains in teresting physical m eanings.

F ina lly , I shall conclude by saying that this so rt o f spectroscopy w ill 
be re fin ed  by means o f la rg e r  G e (L i) gamma detectors and coincidence 
techniques, together with on -lin e data p rocessing system s with e lectron ic  
com puters, and w ill  provide p rec ise  in form ation  on the genetic relations 
and branching ra tio  o f the transitions. W e can th ere fo re  expect that a 
g rea t deal o f  in form ation  on le v e ls  in the 1 -3  M eV  excitation  energy 
reg ion  w ill be accumulated to the extent that we shall be enabled to make 
a m ore  cru c ia l test fo r  various nuclear m odels.
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D I S C U S S I O N

G. A LA G A : I should lik e  to ask: (1) whether you think there is  one 
single nucleus which you would consider as an exam ple o f a n ice v ibrationa l 
state in the tin reg ion  and whether one can say that the v ib ration  pattern is
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established; (2) whether in d ifferen t regions considered  one finds certa in  
s im ila r it ie s  o f the v ib ration  structure and whether one finds a lso  som e d if­
fe ren ces  which m ight be certa in ly  attributed to d ifferen t configurations.

M . SAKAI: I don 't think there ex ists  a good v ib ra tiona l nucleus in the 
tin isotopes, because the tin isotopes a re  s ingle  closed  shell nuclei.

C erta in ly , there a re  certa in  groups o f nuclei which seem  to have the 
v ib ra tiona l structure in d ifferen t reg ions. F o r  instance, the S e -K r  region , 
Pd -C d  region , T e -X e  reg ion  and P t-H g  region . But if  you care fu lly  
exam ine the le v e l structure, you may notice some d ifference. The fact that 
0+ states seem  to appear at a ra ther high excitation  energy in the P t-H g 
reg ion  is a typ ica l one. I think you a re  right that the d iffe ren ce  m ight be 
attributed to d ifferen t configurations.

G. A L A G A : I d idn 't mean the single c losed  shell; I just wanted to ask 
you which o f the nuclei you would say is  c losest to the v ib ra tion  pattern.

M. SAKAI: I am so r ry  I ca n 't  answer your question. S evera l Cd 
isotopes m ight be c lo ses t to the v ibrationa l pattern, but I am not sure at 
a ll.

G. A L A G A : I was asking these questions because I would lik e  to hear 
an unbiased v iew  from  an experim ental physicist. To develop  theories  o f 
v ib ra tion a l states it is  probably v e ry  hard to start from  the beginning so one 
certa in ly  has to have som e kind o f leaning on the experim ents in o rd e r to 
find the p roper approxim ations o r  co rre c t som e o f the descrip tions one 
a lready has. T h a t 's  why I was asking which would seem  to you the m ost 
re lia b le  experim enta l evidence since I wanted to know whether one has 
enough data fo r  a com plete in terpretation .

G .E . BROWN: It has seem ed to m e fo r  som e tim e now, that Bohr and 
M ottelson  have sold  us a B il l  o f  Sale but have deluded us fo r  many years  
because they proposed, with a liqu id drop m odel, on the bas is  o f param et­
r is in g , that they have 0, 2 and 4 tr ip le t. One hard ly e v e r  sees a ll three 
and when one does usually the transition p robab ilities  d on 't fo llow  v e ry  
w e ll from  the v ib ra tiona l p icture and then i f  one looks h igher up in the 
spectrum  the other le v e ls  d on 't fo llow  v e ry  much at a ll, as they would 
from  the v ib ra tiona l spectra . W ith  respec t to vibrations o f deform ed  nuclei 
the gam m a degree o f freedom  is present a lso  in SU(3) — no wonder that 
the gam m a degree  shows up quite gen era lly . H ow ever, r e fe r r in g  to the 
beta v ib rations one always returns to a couple o f the sam arium  isotopes 
which a re  v e r y  spec ia l and just at the point w here nuclei go from  spherica l 
to deform ed. O therw ise there a re  p ractica lly  no good beta v ib ra tions. 
T h ere fo re  it  seem s to m e that there is probably something wrong with the 
whole m odel and that it  is rea lly  tim e that we stopped just patching it up 
and talking in the same old  language, but we r e a lly  have to try  to so lve the 
m any-body problem  h ere .

J.O . RASMUSSEN: I would a g ree  too that one has to be ra ther carefu l 
these days in talking about nuclear shape v ib rations and that one must base 
o n e 's  use o f this m odel on the deeper understanding from  m icroscop ic  
treatm ents along the lin es  o f random phase approxim ation and Tam m - 
Dancoff and such as So lov iev  and others have used. It would seem  to me 
that these m icroscop ic  calculations would te ll us that there a re  s t ill 
certa in  reg ions where the concept o f a beta v ib ration  is a p roper one.
Indeed in the reg ion  o f gadolinium  and sam arium  a lo t o f the co llec tive  
e le c tr ic  quadrupole strengths gather on the low est zero-p lus state from  a



82 SAKAI

m icroscop ic  calculation and there fore  in that reg ion  it  may be useful to 
talk about beta -v ib ra tion a l states. In the centre o f the reg ion  around 
erbium  the calcu lations both o f Soloviev and Sheline indicated that the beta- 
v ib ra tiona l strength r is e s  high as fractu red  among many zero -p lu s groups 
and that there one must be v e ry  guarded about using it. We have the calcu­
lations o f Kum ar and Banerjee which have seem ed to be useful espec ia lly  in 
the reg ion  o f osm ium  and the region  of sam arium  and perhaps that was a 
care fu l o r à fortuitous choice o f nuclei; it is probably at the edges o f the 
reg ion  o f deform ation where this concept o f beta and gamma vibration  may 
s t ill apply to s ingle, low es t-ly in g  excited  states.

G .E . BROWN: Peop le  always come back to the sam arium  and gadolinium 
isotopes when they talk about beta v ib ra tions. The whole concept doesn 't 
seem  te r r ib ly  useful to m e i f  it  is so sp ec ia l. I think this is an im portant 
exam ple o f where the hydro dynamical way o f looking at things r e a lly  d oesn 't 
work. The particu lar degree o f freedom  is  fractu red  through m ost o f the 
nuclei and probably indicates the usefulness of m icroscop ic  calculations.

G. A L A G A : I agree  with Brown about quadrupole v ib rations o r  so- 
ca lled  v ib ra tiona l states, but I am s t ill suspicious that one does not have 
su ffic ien t experim enta l evidence to prove o r  to d isprove the sligh tly  d is ­
torted  v ib ra tiona l structure, because som etim es the key evidence is lacking 
and that is what I wanted to hear from  P ro fe s s o r  Sakai. I would just like to 
mention another point. I think that the Case o f weak-coupling of n ickel 
w a sn 't picked quite p roperly  — probably the weak-coupling was much better 
in the case o f bismuth, because the quadrupole strength usually doesn 't 
have m ore  than 60%, i f  so much, o f the tota l quadrupole strength. So it  is 
always a case o f in term ed iate coupling and the m ixtures in n ickel a re  much 
h igher than fo r  instance in bismuth. In bismuth one has such a weak- 
coupling situation. Unfortunately you see i t ' s  a v e ry  unique exam ple — 
we try  to go through the period ic  table and find another case where this 
would apply and it  turns out that a ll the states a re  v e r y  high up and it 
s im ply does not work.

R .K . SHELINE: I should like to speak b r ie f ly  about beta -v ib ra tion  
К  = 0+ states in deform ed  nuclei. As one looks m ore  ca re fu lly  it  turns out 
that m ore  and m ore o f these states are being observed . Brown has mentioned 
the neodynium, gadolinium  and sam arium  reg ions but a lso  there are v e ry  
low -ly in g  К  = 0+ bands in 158 Dy, 160Dy and 162Dy.. There a re  v e ry  low - 
ly ing К  = 0+ states in ytterb ium  168, in thorium 228, in thorium 230, in 
230 U, in 232U, and in 234U. In part the d ifficu lty  is that experim en ta lly  it 
is v e ry  d ifficu lt to populate a state with К  = 0+ which lie s  o f the o rd e r of 
one M eV  above the ground state. As our experim enta l in form ation  gets 
m ore  com plete, I think a lso the system atics w ill  becom e m ore obvious.
T h ere  is  how ever the d ifficu lty  that there a re  other kinds o f К  = 0 vibrations, 
nam ely the pa iring  v ib ration  which tends to com plicate this p icture.

M . SAKAI: Today is  a crucia l tim e in that we have to r e v is e  the 
trad itional nuclear theories  because many experim enta l p ieces of evidence 
a re  som etim es contrad ictory to the nuclear m odel o f the Copenhagen 
School.

Th is is  “why I have m entioned in my talk that we have now v e ry  good 
experim en ta l techniques to investigate the le v e ls  at rather high excitation 
energy which m ight p resen t test cases fo r  the nuclear m odels . I m ean the 
le v e ls  at the energy reg ion  o f the three-phonon state in the fram ew ork  of
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the v ib ra tiona l m odel and o f the two-phonon state o f the gamma band and the 
beta band in the fram ew ork  o f the v ibrationa l m odel. The conception o f 
the quasi-bands introduced in my paper can also be exam ined now by means 
o f this sophisticated experim ental method.

J.O. RASMUSSEN: I would fo llow  the comments o f Sheline to say that 
one o f the m ost stim ulating exam ples o f a la rge  number o f excited  0+ 
states is the work o f G rom ov and his group at Dubna who found, I think, 
fiv e  d ifferen t excited  0+ states in erbium  164, the E0/E2 vary ing  quite 
s trongly . This has provided quite a challenge fo r  the theorists ; I think 
there is som e th eoretica l work here at Dubna that has shown the p oss i­
b ilit ie s  o f bringing the m icroscop ic  theory towards an understanding of 
this work, but I think that the study here in such case as the spin-one or 
sp in -zero  nuclei beta-decay is uniquely valuable in d iscoverin g these 
m ultipole and la rge  numbers o f 0+ excited states.

G .E . BROWN: The re a l question is  whether the gam m a-ray  transition 
p robab ilities  fo llow  from  the beta v ibration  m odel o r  not. You can find ,
0+ states in many nuclei because 0 is as good an angular momentum as 
any. But I am just a fra id  that people h aven 't seen the excited  4+ state in 
« О .  .

A .B . M IG D AL: Considering the quadrupole-quadrupole in nuclei, of 
course you a re  m iss ing  som e kind o f v ibration , e .g . a v ib ration  which has 
the sym m etry  0+. I f  you consider the loca l in teraction , and this has been 
done recen tly , you obtain in a ll spherica l nuclei the 0+ v ibration  which is 
not the two-phonon vibration , but one-phonon 0+ v ibration  at the righ t 
p lace . Only near the double m agic nuclei have you not got such a v ibration . 
The sam e thing m ight a lso  be va lid  in deform ed nuclei.

G .E. BROWN: The. question is whether this is  a v ibration  o r  not. I 
know that in tin isotopes, fo r  exam ple, which are good exam ples of 
spherica l nuclei, at least in ground and low excited  states, i f  you take a 
picture o f s e ve ra l qu as i-partic les  and d iagonalize it as best you can, you 
find a 0+ excited  state which, in fact, com es down somewhat in energy.
You could ca ll it  to som e extent co lle c tiv e . The rea l questions are: Is a 
band built up on top o f this 0+ state and are the gam m a-ray transition  proba­
b ilit ie s  such as would be pred icted  by shape v ibration , which means that 
they a re  highly co lle c tiv e  and that the band has certa in  regu la rities?

A .B . M IG D AL: O f course they a re  not the shape v ibration  and the’ 2+ 
states. They a re  v ib ra tiona l because o f the rearrangem en t o f density which 
has the sym m etry o f the second Legendre polynom ials. W e can calculate 
d irec tly  the change in density which is due to the 2+ excitations. This 
change shows that it  is  only rearrangem ent o f the density inside the 
nucleus.

V .F . W EISSKOPF: Is the v ibrationa l spectrum  built up in that way or 
not? Is  there a v ib ra tiona l spectrum , one quantum, two quantum, three 
quantum?

A .B . M IG D AL: When you consider the f ir s t  state, you can calculate 
the density m atrix  which corresponds to this transition; this density m atrix  
v ib ra tes  with the sam e frequency and has a sym m etry o f second Legendre, 
polynom ials and is  not on the surface o f the nucleus; it is inside the 
nucleus.

•V.F. W EISSKOPF: Then it  is  not im portant where the v ibration  is  but 
that it  is a vibration ; why does Brown then deny that it is  a vibration?
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G.E . BROW N: It is  a funny situation where theories  a re  assumed to 
be c o rre c t until p roved  w rong. I thought that people had to establish 
th eories . Th is is  not in answer so much to P ro fe s s o r  M igdal but in 
re la tion  to m y e a r l ie r  statem ent that I think that Bohr and M ottelson have 
sold  us som ething because they te ll us that there is shape v ibration  and 
everybody assum es that it is  so and when they see things in experim ents 
they fit  them in although it  is  quite c lea r that the evidence is pretty 
sporad ic and usually the transition p robab ilities  don 't fo llow  this m odel.

A .B . M IG D AL: I f  you want to know som ething you should calcu late a 
density m atrix . Calculating the density m atrix  you see in what place o f 
the nucleus you r e a lly  have the rearrangem en t o f the density. But o f 
course you can consider only the change in quadrupole moments and not 
look inside the nucleus and you obtain m ore o r less  the sam e relations.

G .E . BROWN: I am essen tia lly  in agreem ent because i f  I w ere  to do 
the sam e prob lem  I would use v e ry  much the sam e m ethods. I would talk 
about it in a d ifferen t way and te l l  a d ifferen t philosophy, but when it  came 
down to doing things it would be v e ry  much the sam e. One sim ply has to 
put the p a rtic les  in and d iagonalize the m an y-partic le  prob lem  as w e ll as 
one can. My point is only that i f  one does this, as S o lov iev  and co llabo­
ra to rs  have been try in g  to do with other types o f fo rces , then the system ­
atics o f the beta v ib ra tion  com e out in only a few  cases and i f  that is so, 
it  is  a v e ry  spec ia l thing. Why do we then talk about it as i f  it is  something 
which we can use to c la s s ify  excitations in p rac tica lly  a ll nuclei? So I 
don 't think that we have a re a l argument; we have philosophical arguments, 
but not p ractica l ones.

A .B . M IG D AL: P ra c t ica lly , there is  a fu ll system  o f equations from  
which you can obtain the resu lts , and physica lly  the resu lt is that it is 
som e inside vibration .

M. SAKAI: The experim enta l resu lts  now a re  s t i l l  so poor that we 
could not se riou s ly  answer whether the beta band ex ists  at a ll. We w ill 
have to be m ore  patient and wait fo r  new experim ental data.

G. A L A G A : A  question fo r  P ro fe s so r  M igdal: when one discusses 
the su rface v ib rations o f surface modes and density m odes, how can one 
te ll the d ifferen ce between the two? O f course the d ifference ex ists  in 
calculation, but w here can one prove it  experim en ta lly?  What data should 
be considered  to prove o r  to show that it  is actually density vibrations o f 
the rearrangem en t as you say and not a surface vibration?

A .B . M IG D AL: When considering transitions in atoms you never ask 
this question. It is  quite obvious that i f  you consider som e kind o f c o l­
le c t iv e  vibrations, i.e . som e bound states built up from  the quasipartic le 
and the quasihole, this is just the sam e prob lem  as in an atom . F o r  
instance, considering the quadrupole m om ents in excited  states you w ill 
o f course obtain en tire ly  w rong resu lts i f  you consider such rough p ictures 
as shape v ib ra tion . R ecen tly  we have shown that from  the re a lis t ic  p icture 
you r e a lly  obtain the righ t value o f quadrupole moments in excited  states. 
That g ives  an answer to your question because the quadrupole moment in 
exc ited  states shows you in which p lace the rearrangem ents actually take 
p lace.

G .E . BROWN: Don11 the m onopole m om ents o f excited  states show you 
even m ore d irec tly?
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A .В. M IG D AL: You can show that the monopole mom ents — I mean 
the change in r 2 — in excited  states have a v e ry  sm all e ffe t. So they are 
d ifficu lt to m easure.

G .E . BROWN: W e ll, there have been m easurem ents with ¿ i-m esic 
X -ra y s . These g ive  a d irec t m easurem ent. Now p re lim in a ry  m easu re­
ments certa in ly  in tungsten isotopes seem  to show that the excited  2+ 
states have a sm a lle r  r .m .s . radius than the ground state. Th is is v e ry  
hard to understand with a shape vibration .

A .B . M IG D AL: It is e a s ie r  o f course to obtain the m onopole moment 
than quadrupole m om ents.
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Abstract

TH EO RETIC AL PROBLEMS IN  NUCLEAR STRUCTURE. Problem s concern ing the nuc leon -nucleon  

in teraction , in teractions o f f- th e -e n e rg y  shell, and the use o f  e f fe c t iv e  in teractions in  ca lcu la tion  o f  nuclear 

spectra are discussed.

1. INTRO D U CTIO N

I do not propose to give a ju stifica tion  here fo r  doing th eore tica l nuclear 
physics. I  w ork  in this fie ld  because there a re  many in teres tin g  problem s. 
H is to ry  judges what is  useful and what is  not; the greatness of influence 
o f a sc ien tist is unfortunately often m easured by how long he can hold 
h is to ry  back.

A tom ic physics was f ir s t  m ore o r le s s  abandoned fo r  the then fron tie r  — 
nuclear physics. Only recen tly  have people returned, to find an astonishing 
richness o f new phenomena. Only recen tly  have resonances been seen in 
e lectron  sca ttering from  hydrogen. Such resonances are n ice ly  described  in 
fo rm a lism s invented fo r  the descrip tion  o f nuclear reactions. Absorption  
o f photons, the m easurem ents o f which w ere made possib le through grea tly  
im proved  experim en ta l techniques, show co llec tive , p lasm a-type e ffec ts .
To  explain these one has to go beyond the H a rtre e -F o ck  description , once 
thought to be the "end a ll"  o f atoms.

Many theorists  le ft  nuclear physics yea rs  ago fo r  pa rtic le  physics.
M ost nuclear phenomena thought to be understood at that tim e appear to us 
in quite a d ifferen t ligh t today. Many new and im portant e ffec ts  have been 
d iscovered . Who could have p review ed  the M óssbauer e ffect?

C ross -fe rtiliza tion  o f d ifferen t fie ld s  of physics stim ulates the o v e ra ll 
developm ent. Not only the o rig in a l m eson was pred icted  from  nucleon- 
nucleon fo rces , but vec to r  m esons w ere fo reseen  as the o r ig in  o f the short- 
ranged sp in -orb it fo rce , some tim e befo re  they w ere  found experim en ta lly . 
The SU(6) theory o f pa rtic les  was a d irec t extension o f the W igner superm ul­
tip le t theory. In G eV proton-proton  scattering, people have red iscovered  
com pound-elastic scattering. Nucleons at high energ ies  appear m ore and 
m ore like com posite system s, and techniques invented fo r  nuclear problem s 
are often em ployed, although they are usually given fancy new nam es.

The w orld  o f nature is  a unity and its explanation must embody th is.
I intend, th ere fo re , to cove r  esp ec ia lly  those points which e ith er re la te  
nuclear physics to other parts o f physics, o r where one can g ive a m ore 
o r  le s s  f irm  descrip tion  of phenomena, starting  from  defin ite physical 
assumptions which can be tested.
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2. THE N U C LE O N -N U C LE O N  FORCE

The nucleon-nucleon fo rc e  is the m ost basic o f nuclear ingredients, 
although this is  gen era lly  forgotten , as th eoris ts  gravitate m ore and m ore 
towards w orking with com plex spectra  and com plex situations.

L e t 's  face it. P a r t ic le  physicists sim ply are not going to calculate 
the nucleon-nucleon fo rc e  from  m eson theory. It 's  hard work. They would 
ra ther con jecture away in areas where they think that they can produce 
resu lts  by pure thought. On the other hand, couplings o f the ir, м and vec to r 
mesons to nucleons becom e better and better known. Schwinger, W einberg 
and others are busy manufacturing Lagrangians and sets o f ru les fo r  using 
them in perturbation theory, so that the resu lts  sa tis fy  the tested re q u ire ­
ments of PC AC , ch ira l invariance, etc. It seem s to me that these 
Lagrangians and these ru les could also be used to calcu late the nucleon- 
nucleon fo rc es  from  m eson theory much better than has been calculated 
in the past.

F IG . l .  O r ig in  o f  the th ree-body  fo rc e . T h e  cross-hatched area represents an N ':', a nu cleon -an tinucleon  

pa ir, e tc .

F IG .2 . T h e  m id d le  part o f  the th ree-body fo rce , w h ich  can be v iew ed  as the scattering o f  a v irtu a l p ion  

on the n ucleon .

3. N U C LE I AS SO FT P IO N  FAC TO R IE S

Th is brings m e to m y next topic, and that concerns nuclei as a source 
o f so ft pions. P ions tra ve llin g  back and forth  in the nucleus are v irtua l.
Since they are em itted by low -en ergy  nucleons, they usually are o f low  energy, 
and have a re la t iv e ly  sm a ll momentum; that is , they are soft.

Such soft pions en ter into the th ree-body fo rce , fo r  exam ple. As shown 
in F ig . 1, this can be envisaged as a ris in g  from  a pion em itted by nucleon 1, 
which takes nucleon 2 to some excited  state, this nucleon d e -exc itin g  by a 
pion ca rry in g  on to 3.
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In low est o rd er, the momenta o f the pion are qo = ju 2/M, |q|~M, with 
ft = с = 1. F o r  p ractica l purposes, qo = 0, since it  is so sm all.

The m iddle part o f the th ree-body  fo rce , shown in F ig . 2, can be 
considered  as the sca tterin g  o f a v irtu a l pion of momentum qo = 0, )q | —ju 
o ff the nucleon. A tle r , Ham ilton and W einberg have shown that at qQ = 0,
|q| = 0, the isosp in  sym m etric  sca tterin g  amplitude must vanish. E x tra ­
polation away from  this point must be smooth and the amplitude s low ly 
varying, o r it  would be im possib le  to understand the successes of soft-p ion  
physics.

Now, I want to illu stra te  an im portant point by this. Soft pion deve lop ­
ments fo llow ing  from  current a lgebra, PC  AC, etc. make statements about 
sca tterin g  amplitudes o ff-th e-m ass  she ll (qo = 0, |q | = 0 im p lies  ze ro  pion 
m ass). P a r t ic le  physicists then have to make arguments that these p r e ­
dictions extrapolate back sm oothly into meaningful pred ictions fo r  pa rtic les  
on -the-m ass shell. In nuclei, the amplitudes are a lready o ff-th e-m ass 
shell, although in genera l somewhat fu rther o ff than the point fo r  which 
the p red iction  is  m ade. Still, quantities gen era lly  extrapolate m ore sm oothly 
in this la tter d irection  than in the d irection  back to the m ass shell.

Thus, study of tw o-and-th ree-body fo rc e s  in nuclei is  in tim ately  coupled 
with so ft-p ion  theory, and nuclei are copious sources of soft pions.

4. E F F E C T IV E  FORCES IN  N U C LE I

Knowing the nucleon-nucleon fo rce  in fr e e  space, the next prob lem  is 
d er iv in g  the e ffe c tiv e  nucleon-nucleon fo rce  in nuclei from  it.

L e t me say f ir s t  o f a ll that the nucleon-nucleon fo rce  is  not rea lly  
v e r y  w e ll known, even em p ir ica lly . Neutron-proton sca tterin g  experim ents 
are sim p ly  not accurate enough nor numerous enough to pin it down w ell. 
H ow ever, we have various potentials which reproduce s e ve ra l hundred data 
fa ir ly  w e ll.

G iven a nucleon-nucleon fo rce , em p ir ica l o r  th eore tica l, then the 
prob lem  o f d eriv in g  the e ffec tive  fo rce  in nuclei is  one o f doing the many- 
body prob lem  p rop er ly  fo r  fin ite  system s. I b e lieve  that this can be done, 
as I shall d iscuss it in the symposium la ter, but many aspects of this have 
s t i l l  to be tested  and tied  up.

I b e lieve  fu rth erm ore that one can make a Landau th eory  o f nuclear 
m atter, in which the various param eters are calculated from  the nucleon- 
nucleon fo rc e . In fact, Sven O la f Backman is  doing that in Copenhagen, 
and it looks reasonably successfu l. If this can be done, then it  g ives 
im portant clues as to how to make m icroscop ic  theories  o f other F e rm i 
liqu ids, such as liquid 3He.

5. S PE C TR A

Given e ffe c tiv e  fo rc e s , we can try  to calculate spectra . In the s, d -shell, 
fo r  exam ple, one d iagonalizes the in teraction  in a ll states that can be form ed  
by d istributing n pa rtic les  among the l d 5/2 , 2 s \/2 and l d 3/2 orb ita ls  (see  
F ig . 3). H ere  there are a v e ry  la rge  number of possib le states, and 
E llio t 's  SU(3) has been a b ig  help.
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In order, to check m odels, such as keeping only the SU(3) states of 
h ighest weight, that is , the m ost deform ed states, one does need, it seem s 
to me, m ore o r less  exact d iagonalizations of rather la rge  problem s. 
H ow ever, brute fo rce  methods, even with the m ost m odern computers, 
w on 't take one v e ry  fa r  in this respect. One needs, also, rather high- 
powered group th eore tica l techniques. A r im a  and co llabora tors  in Japan, 
which is  hard ly fo rem ost in computer a va ilab ility  to academ ic people, have 
probably com e furthest in this respect, although Edith H albert and co lla ­
borators at Oak R idge have diagonalized up to 6 pa rtic les  in the s, d -shell.

If one doesn 't have a h igh-speed computer, one shouldn't despair. Such 
exact diagonalizations can explain only part of the spectra. One knows that 
in 18O, fo r  exam ple, highly deform ed states obtained by lift in g  partic les  
out o f the p -sh e ll m ix in im portant ways into the low -ly in g  spectra . The 
f ir s t  excited  state in 160  at 6.06 M eV  seem s to be m ain ly composed of 
four pa rtic les  and four holes (see  F ig . 4).

— ---  1^5/2
F IG .3 . T y p ic a l con figuration  o f  6 partic les  in  the s, d -sh e ll.

F IG .4 . S chem atic  representation o f  the ex c ited  state in  16О as four partic les and four holes in a Nilsson 

d ia g ra m .

6. ISOBARIC ANALO G U E STUDIES

L e t me jump now to a topic that seem s to be fa r  away from  those above, 
but which hasn't been su ffic ien tly  covered  thus fa r . The isobaric  analogue 
states give us compound states of known structure, often at high excitation 
en erg ies . U tiliz in g  these through th e ir  decay, fo r  exam ple, we can determ ine 
components of wave-functions rather p rec ise ly . Recent work in the 208 Pb 
reg ion  has given us ra ther accurate checks on calculations and on our use 
o f m any-body theory in fin ite system s.

7. DISCUSSION

W here does this leave us? W ell, I think it leaves  us at a point where 
it  is  un likely that studies o f deform ed nuclei in the ra re -ea rth  reg ion  on 
actinides w ill t e ll  us much with respect to fundamental laws.
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F iss ion  is fascinating, and its  p ractica l application overw helm ing. 
W ith P ro fe s s o r  F le ro v , I am tick led  by the prospect of making superheavy 
nuclei. But I b e lieve  that the study of fiss ion  w ill  t e ll  us m ain ly about 
fiss ion , and that not much w ill  be m ore w ide ly  applicable.

What I am rea lly  saying is  that, while it is  a leg itim ate  a ctiv ity  of 
nuclear th eoris ts  to understand and describe  nuclear phenomena in term s 
o f m odels, they should not lose  sight o f fundamentals. I b e lieve  that 
m ost nuclear theoris ts  have, and that is  why they are becom ing iso la ted  
from  other th eoris ts . This is a grea t pity, because we have much to learn  
from  each other.

I make no apology fo r  not outlining what I consider to be im portant 
experim en ts. Although I consider c lose contact with experim ent essen tia l 
fo r  any th eoris t, fo r  ours is  by and la rge  an em p ir ica l subject, we should 
also not fo rg e t that we are try in g  to d iscover the laws o f nature, and not 
only p lay houseboys fo r  the experim enta lists .

D I S C U S S I O N

A . B. M IG D AL: It is  v e ry  useful to divide the prob lem  of the nucleus 
into two parts. One is  to introduce some constants; you should, however, 
be sure that these aré r e a lly  constants and not va r iab les . Knowing these 
constants from  experim ents, you can so lve  the second prob lem  - how to 
calcu late these constants from  some th ree-body  fo rc e s . I should say that 
this second prob lem  is  v e ry  im portant but not so in teres tin g  as it  seem s 
from  the f ir s t  v iew ; and there are v e ry  many d ifficu lties . F ir s t  of a ll 
you know the fo rc es  only on the m ass she ll and in the nucleus you should 
know them o ff the m ass shell. Secondly, the th ree-body  fo rc e s  rea lly  
exist, but you cannot calculate them . In m y opinion you should f ir s t  of 
a ll w ork  out a th eory  fo r  3 He and 3 H. A fte r  you have produced a good 
theory fo r  these light nuclei with th ree-body  fo rces , I shall b e lieve  in the 
application o f these fo rc es  in m ore com plex prob lem s. To  check some 
p rincip les, you should f ir s t  of a ll take the m ost sim ple system . Only 
in one sense is  the nucleus a good ob ject fo r  th eore tica l e x e rc is e s  -  the 
m any-body prob lem  -  and o f course it  is  in teres tin g  to check the applica­
tions o f m any-body th eories  to the nucleus. But fo r  checking the fundamental 
p rin c ip les  the nucleus is  not a good ob ject. T h ere fo re , in m y opinion, the 
second prob lem  -  the calcu lation  o f the constants -  is  a v e ry  im portant 
but not a p rincipa l one.

G .E . BROWN: I would say that we are learn ing m ore about behaviour 
o f in teractions o ff the en ergy  shell. Th is  is  connected with the developm ents 
o f current a lgebra  and PC AC , etc.

A . B. M IG D A L : F o r  this you should do som e experim en ts. F o r  
instance, consider som e prob lem s connected with the in teraction  o f deuteron 
with light, and obtain som e in form ation  about in teraction  o ff the m ass shell. 
O f course, such experim ents can be done.

G .E . BROWN: The current a lgebra  does now make statements about the 
behaviour o f amplitudes o ff the m ass she ll and this cannot be d irec tly  
tested . But other pred ictions o f current a lgebra  can be tested  and m odels 
consistent with current a lgebra  can be made fo r  extrapolation  o ff the mass 
shell. The second point is  that one has other m odels fo r  going o ff the m ass
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shell, nam ely one has various nucleon-nucleon fo rc es  and one can just 
m echan ica lly  take them o ff the m ass shell. In none of these m odels does 
going o ff the m ass shell produce v e ry  la rge  am biguity. One would have 
to think o f quite pathologica l m odels in o rd e r to make la rge  d ifferences  
and I don't b e lieve  that this is  a strong objection . The th ird point that I 
would make is  that I  a lso don't b e lieve  that one would find out from  nuclear 
spectra  v e ry  many fundamental things about the nucleon-nucleon fo rc e .
The situation is  r e a lly  just too com plicated in nuclei and one needs to ' 
look in nucleon-nucleon co llis ions, which is  a much s im p ler  situation.
But I be lieve  that i f  we are working as nuclear physicists we ought to be 
able to derive , in a stra igh tforw ard  and didactic way, the quantities that 
we are dealing with from  m ore fundamental p rin c ip les . I would fe e l un­
com fortab le in w ork ing and fittin g  param eters a ll m y li fe .

A .B .  M IG D AL: Why not check this approach in the m ore sim ple 
exam ples?

G .E . BROWN: The exam ple has been checked to some extent through the 
calcu lations of Blatt and co llabora tors . They do not obtain too good 
a check, because they m iss the binding en ergy  by about 1-jr M eV  but that is  
only 2% o f the potential en ergy  and so it  shows that they are able to calculate 
the potential energy of this system  to within 3% o r 4%. Presum ably, with 
better nucleon-nucleon fo rc e s  they m ay be able to do this.

But le t me f ir s t  o f a ll say that the system  o f 3 He, i f  you want to do 
a ll this, is  not v e ry  elem entary. With m ore partic les  it r e a lly  becom es 
a m any-body problem  in which the Pau li p rincip le  s im p lifies  many phenomena.

V. F . W EISSKOPF: I b e lieve  that the d iscrepancy between Brown and 
M igda l is  a v e ry  positive  elem ent because there is no contradiction between 
the statem ents. Why shouldn't M igda l go on working in this fie ld , which 
I think is v e ry  good and in teresting, and, at the same tim e. Brown and 
his co llabora tors  and the Copenhagen group try  to calcu late these constants 
which you are using. Th is is a ll v e ry  good; it  would be deplorable i f  this 
con ference ended with the fact that one approach had been decided to be 
w rong and the other approach right.

H ow ever, I would like to ask Brown a question. I am so rt of o ld - 
fashioned and I haven 't fo llow ed  the la test developm ents. Is it  r e a lly  true 
that we know the nuclear fo rc es  so w e ll that we can attempt such calculations? 
I thought that one s t ill didn't know whether the nuclear fo rc es  are ve lo c ity -  
dependent o r not, whether they are lo ca l o r  not, whether one can express a 
nuclear fo rce  by a potential o r  not -  these d ifficu lties  would actually a ffect 
your kind of calcu lation  v e ry  thoroughly but of course would not a ffect the 
M igda l kind. T o  m y mind this makes the Brown calcu lation m ore important 
because it  m ay be that the fu rther calcu lations, such as those of Blatt, 
and, as you say, perhaps the ea s ie r  calcu lations in m any-body problem s, 
m ay help to decide how we should represen t nuclear fo rc es .

G .E . BROWN: I would not like to ca ll you old-fash ioned. But, the 
point that I was try in g  to make is  that there have been a lo t of developm ents 
in partic le  physics, e . g .  by Schwinger and W einberg, who te ll  you that if  
you want to calcu late m eson-nucleon scattering, you should take a Lagrangian 
and use s im p ly  the perturbation theory. If  you should do that fo r  pion- 
nucleon scattering, why shouldn't you do it fo r  nucleon-nucleon scattering?

On the other hand, I wouldn't like the discussion to turn this way between 
P ro fe s s o r  M igda l and m yself, because we are much m ore in agreem ent 
than we are in d isagreem ent. The main con trovers ia l point that I wanted
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to express was that we w ill find out much about fundamental physics from  
com plex spectra  and I think we w ill, by studying the ra re  earth region , find 
out much about the ra re  earths, but I do not think that w e 'l l  find out much 
about physics.

I. N. M IK H A ILO V : Some v e ry  sim ple calculations on the p roperties  of 
the e ffec tive  fo rce  fo r  nuclear structure m odels has also been done at Dubna.

Our philosophy was that M igda l's  theory is not too d ifferen t from  the 
H a rtree -F ock  or random -phase approximation. In these approxim ations 
it  is  fa ir ly  c lea r  what should be ca lled  by an e ffe c tiv e  fo rce  and which other 
quantities o r param eters can be connected with the e ffec tive  fo rc e . We 
started by try in g  to connect p roperties  of the e ffe c tiv e  fo rce  with the p ro ­
perties  of the nuclear se lf-con sisten t potential. We tr ied  to analyse the 
connection between our estim ate o f the fo rce  and the calculations done by 
P ro fe s s o r  Brown. These kinds of renorm alization  w ere taken into account 
in our f ir s t  approxim ations. We fe e l that not a ll the im portant ren o rm a li­
zation p rocesses  which come through the short range part of the reaction  
m atrix  w ere  taken into account.

V. G. SO LOVIEV: I be lieve  that the theory o f the nucleus should not be 
reduced to a two-body problem . The, in teraction  of two nucleons as 
com plete ly  as we m ay describe  it  is  much poorer than the nuclear many- 
body problem .

N uclear physics is  th ere fo re  developing in two d irections. To understand 
the structure of the nucleus we must on the one hand try  to study and in ves ti­
gate v e ry  com plex spectra  and to use as high excitation  energ ies  as possib le. 
The second process should be the investigation  o f as many nuclei as possib le, 
the investigation  o f heavy nuclei, investigations as rem ote as possib le from  
the stab ility  region , etc. Investigating, fo r  exam ple, the deform ed nuclei 
in the ra re  earth region , we get the im pression  that these approxim ations 
and m odels are on ly suitable fo r  these particu lar nuclei and g ive us ve ry  
few  fundamental things. I do not think that this is  so. I think that in ves t i­
gations o f deform ed nuclei in crease  our knowledge o f the nuclear many- 
body problem , and thus help us to fo rm  better th eories . T o  a certa in  extent 
the d ifferen t m odels that we use have a tendency to becom e unified at some 
tim e. Th ere  must be d ifferen t approaches and there must be d ifferen t d ir e c ­
tions in our investigations, and it seem s to me that a v e r y  in terestin g d ir e c ­
tion is the approach that P ro fe s s o r  M igdal has proposed. O f course this 
is not the on ly co rre c t approach.

Ya. A . SMORODINSKY: It would be v e ry  n ice to make the nuclear 
m atter theory fo rm  the f ir s t  p rincip les. We have to know fo r  the in teraction  
o f two nucleons not only the scattering amplitude, but the wave function,
i . e .  the p roperties of the system  at the short distances. Th is is  why we 
need the potential and why we cannot use only the sca ttering data in the 
h igh -energy region . We know from  the h igh -energy sca tterin g  that the 
potential between two nucleons is  v e ry  cum bersom e. It consists o f at least 
fiv e  d iffe ren t term s and nobody until now has succeeded in putting down 
the potential which described  rea lly  a ll kinds of po lariza tion  phenomena. If 
you confine you rse lf only to the scattering you can w rite  the potential but it 
is  not unique. It is  possib le to construct a lo t o f potentials with the same 
sca ttering p roperties . I f  you include the polariza tion  phenomena nobody 
can g ive a re a l potential which g ives  a good descrip tion  o f a ll the known 
phenomena. F rom  the calculations o f 3H and 3He made by Simonov and 
others it  was c lea r  that the behaviour o f the potential at the v e ry  short
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distances is not w e ll known, and that the p roperties  are v e ry  sensitive 
to the potential behaviour in the o r ig in  o f the co-ord inates . That means 
that we don't have now a good basis fo r  building the nuclear m atter theory 
fo r  the f ir s t  princip les and the only way today is  to work out some sem i- 
phenom enological theory.

G .E . BROWN: I would like to com m ent on P ro fe s s o r  Sm orodinsky's 
rem arks. P ro fe s s o r  Sm orodinsky is an expert on the two-body problem , 
esp ec ia lly  proton-proton scattering. It seem s to me, i f  I m ay say so, that 
you have a defeatist attitude, nam ely when one wants to so lve a problem , 
you think o f a ll the d ifficu lties  you m ight encounter ra ther than going ahead 
and try in g  to w ork  at the prob lem  and seeing what you can do with it.

Th ere  are many exam ples where when one has worked at the problem  it 
has turned out to be v e r y  sim ple, o r  much s im p ler than it seem ed to be 
at f ir s t .  O f course, you m ay say that I am naive and sim ple-m inded. But 
le t m e bring up a recen t exam ple. One o f the m ost strik ing successes of 
the las t two years  is  W einberg 's  form u la fo r  the sca tterin g  of the low -en ergy  
pions by nucleons and by nuclei. The conclusions of W ein berg 's  work on 
soft pions are, as fa r  as the isosp in  an tisym m etric amplitude is  concerned, 
that the low -en ergy  pion-nucleus sca tterin g  is  given by the exchange o f an 
S-m eson

Thus, doing the s im p lest thing one can im agine, one obtains the pion-nucleon 
scattering. The so ft-p ion  ru les te ll  one that p rocesses  such as

w here, fo r  exam ple, a nucleon-antinucleon pair is involved, should not be 
added in. P a r t of the tim e, the p-m eson is  a nucleon-antinucleon pair, and 
this would invo lve double counting.

W e then have a sim ple rec ipe  fo r  calcu lating the isosp in -an tisym m etric  
contribution to the th ree-body fo rce  in the triton . Nam ely, we consider 
the p rocess

Th is is  why I say that we should use what we are learn ing from  high- 
energy  physics and from  pa rtic le  physics to t e l l  us about how to do things 
in nuclear physics. In this particu lar exam ple, we see that a ll the d ifficu lties  
you m ight have thought up to stop people from  doing the sim plest thing, are 
not applicable.

O f course, I don't mean to say that the prob lem s o f com plex spectra  are 
not va lid  ones to w ork  with and that th e re 's  not a g rea t richness o f physical
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phenomena. What bothers me is  that nuclear theorists  have gravitated  
alm ost com p lete ly  towards these areas and that v e ry  few  are concerned 
any m ore  with the connections back with fundamentals and other parts of 
physics; I don't see that these connections are going to be made by .anybody 
e lse  unless we do them, the reason  being that it 's  just too hard work, and 
m y fe e lin g  is  that h igh -energy  physicists don't like to do this kind o f hard 
work.

D. H. W ILK INSON: I am ex trem e ly  happy to see this in tim ate re la tion ­
ship between h igh -en ergy  physics and nuclear structure. A t the same tim e,
I would like to invite P ro fe s s o r  Brown to becom e useful again. He e x ­
plained that he was no longer prepared  to be the houseboy o f experim en ta lists  
and I think he deserves  a sabbatical fo r  a short tim e, but I would like to 
invite him  to be useful again and te l l  us how in fact we can reassu re ou r­
se lves  that these sorts  o f things are r e a lly  going on.

I have seen a conserved  vec to r  current; I have never seen a partia lly  
conserved  ax ia l v ec to r  current. I would like to know whether it is  possible 
to go and find one. Th is  is  a fundamental theory, which has m odel aspects 
to it, and I would v e ry  much like to know what sorts  o f experim ents it is 
possib le to do, that w ill  bear as d irec tly  as possib le on this theory.

I should now like to ask another question: what sorts  o f experim ents 
m ight be useful in getting d irec t in form ation  about these v e r y  im portant 
o ff-en e rg y -sh e ll e ffec ts , in particu lar whether nuclear brem sstrahlung 
experim ents are lik e ly  to g ive in form ation  o f d irec t re levance in the condi­
tions which are of im portance in nuclei. I f  so, what sorts o f en erg ies  should 
we be involved  with and, m ost im portant of all, with what accuracy would 
such m easurem ents have to be made? Th is is  m oving into another plan of 
nuclear structure physics where one is  having to do experim ents o f a 
g rea te r  subtlety. T ech n ica lly  they are v e ry  d ifficu lt and one does not want 
to do these experim ents unless they are going to produce data o f as d irec t 
re levance as possib le to these v e ry  im portant issues that have been discussed 
here.

G .E . BROWN: I would say it is  not strange that you have never seen 
a p a rtia lly  conserved  ax ia l current because this would, o f course, im p ly  
a pion o f ze ro  m ass. F o r  the th ree-body fo rc e , the point is  that one is 
v e ry  c lose  to the part where the axia l current is  conserved  and that's why 
the amplitude vanishes, exactly  at the point where it is  conserved, nam ely 
o ff the energy  shell. One can 't check things at just that point, one has 
to extrapolate back to the physical reg ion  in o rd e r to check such things as 
this pion scattering.

I think P ro fe s s o r  W ilkinson has, how ever, brought up a v e ry  important 
a rea  that I fo rgo t about in m y paper, nam ely the brem sstrah lung. Th is 
g ives  us, in p rincip le , im portant in form ation  about the nucleon-nucleon fo rce  
o ff the en ergy  shell. The problem  is  that the photon doesn 't c a rry  a lot 
o f momentum; at least in the recen t experim ents ra ther soft photons have 
been used so that the in form ation  is  not v e r y  fa r  o ff the energy  shell.
And in using this in form ation, once people have learned  how to calculate 
things co rre c t ly , p ra c tica lly  a ll o f the known nucleon-nucleon potentials 
g ive resu lts  which are so c lose  to each other that within experim enta l 
e r ro rs  one cannot distinguish between them.

If one can do experim ents with photons o f h igher energy  to c a rry  one 
fu rther o ff the energy  she ll this w ill g ive v e r y  im portant in form ation, and 
I b e lieve  these experim ents are now being attempted. P ro fe s s o r  W ilkinson
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also in his paper mentioned the connection between the rad iative capture 
and non-rad iative capture. Now, using the PC A C  theory one can make 
this connection with the p roviso  that the extrapolation  in the pion mass is 
smooth.

The other thing that one can check is in m ore com plicated phenomena 
where one has the prob lem s o f com plex nuclei and would not expect a sim ple 
form u la to hold such as W einberg w rote down. One can check just how la rge  
the contributions from  excited  states and from  anomalous thresholds are. 
Th ere  are re la t iv e ly  few  places in partic le  physics where one can rea lly  
check the im portance o f anomalous thresholds.

D .H . W ILK INSON: I don't find P ro fe s s o r  B rown 's rep ly  v e ry  com forting 
fo r  two reasons. One is that I know that I can 't have pions of ze ro  mass 
but I can deal with sim ple system s where the predictions o f PC AC  might 
be checked rather m ore d irec tly . I am thinking particu larly  of problem s 
like the pred ictions that PC A C  must make about the renorm aliza tion  o f the 
ax ia l vec to r contribution to beta decay and where one m ight hope by, as 
B lin -S toyle has done, com paring a pion production amplitude in nucleon- 
nucleon co llison  with the tritium  beta decay, to make an absolute prediction  
o f the renorm aliza tion  o f the axia l vec tor contribution. That I would regard  
as at least a partia l check o f PC AC .

I was hoping to have suggestions about sim ple situations where PC AC  
m ight make a v e r ifia b le  pred iction  s im ila r  to the predictions that w ere 
made by the conserved  vec to r  current.

H ow ever, and this brings me to m y second point, one must always 
be scep tica l i f  the pred ictions made by a conservation  theorem  or sym m etry 
p roperty  are v e r y  s im ila r  to the ones that one would have made in any case.

I could r e fe r  now to P ro fe s s o r  B row n 's re fe ren ce  to the correspondence 
between muon capture and rad iative pion capture. It is  p e r fec tly  true that 
PC A C  makes pred ictions about the relationsh ip  between these two p rocesses 
but it  is  also true that they are the same predictions as one makes by 
conventional means, without regard  fo r  PC A C . PC AC  m e re ly  rem oves some 
o f the approxim ations that are made in the conventional pred ictions. It does 
not change the pred ictions them selves. So there again those experim ents 
which are now in p rogress  and seem  to be going in the d irection  that one 
expects from  PC A C  do not seem  to constitute a v e ry  sharp test of the hy­
pothesis.

One presum ably wants m ore accurate experim ents. The h is to ry  o f the 
conserved  vec to r  current, of course, is somewhat s im ila r. One does make 
ra ther c lo s e ly  s im ila r  pred ictions to those of CVC by other methods and 
one 's  confidence in CVC com es about because the pred ictions that it makes 
are v e ry  c lose to what we find in experim enta l facts.

Now, are the pred ictions o f PC AC  as exact as the predictions o f CVC?
I presum e they are not, because in prob lem s like renorm alization  of the.axia l 
v ec to r  coupling constant one does assume pion dominance and so on. It 
does not seem  to me, as an experim enta list, to be as exact a working theory 
as CVC and so the pred ictions that it  makes cannot, I presum e, them selves 
be exact in the same sense as those o f CVC. And when one rem em bers that 
the pred ictions are not v e ry  d iss im ila r  from  those that one would have made by 
conventional methods I m ere ly  em phasize m y anxiety in using this approach 
to make pred ictions about v e ry  com plicated system s where we cannot 
poss ib ly  hope to v e r i fy  them.
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G .E . BROWN: I think you m issed  m y main point and that is  not that
P C A C  often g ives  the same pred ictions as naive approaches, and th ere fo re  
one can ju stify  naive approaches to such as P ro fe s s o r  Smorodinsky. I am 
not re a lly  asking you to check these questions on com plex phenomena. I 
think they should be checked on sim ple phenomena, probably p r im a r ily  by 
p a rtic le  physicists.
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Abstract

USE OF M ASS SPECTROM ETRY IN  SOME PROBLEMS OF NUCLEAR PH YSIC S , A N D  RELATED 

A P P L IC A T IO N S  OF TH IS  TECH NIQ U E . T h e  paper discusses presen t-day work in  the fie ld s  o f  nuclear 

physics and nuclear astrophysics, and points to  future d eve lopm en ts .

Th is paper aim s to show how a certa in  number o f regions of in terest 
in nuclear physics can be investigated  in labora tories  w ith re la t iv e ly  
sm a ll budgets, i f  they w ork  in collaboration  w ith la rg e r  centres equipped 
w ith a cce le ra to rs  o r  rea c to rs . The authors would a lso  like to g ive  an 
exam ple of the application  o f nuclear physics to astrophysics, since, 
apart from  the in terest o f such applications in th em selves , they open up ■ 
g rea t prospects fo r  nuclear physics. Mass spectrom etry  has proved 
its e lf  to be an im portant too l in this fie ld , and som e o f the w ork  under­
taken.in O rsay  is  presented here  (see , fo r  exam ple, Ref. [1 ]).

The main ob jectives  o f the studies can be sum m arized  b r ie f ly  in 
th ree  ca tegories :

A . Study o f the m echanism  o f reactions w here en erg ies  h igher than 
100 M eV a re  deposited into the ta rget nucleus by incom ing 
p a rtic les .

B. Study o f the p roperties  o f nuclei fa r  from  stab ility :
- th e ir  existence com pared to pred ictions o f m ass form ulae;
- th e ir  m ass and decay schem es com pared to ex isting nuclear 

m odels.
C. Study o f sp ec ific  nuclear reactions which a re  considered to 

occur at the surface o f stars and in in te rs te lla r  space o r  on 
m eteo r it ic  m atter. .

In form ation  needed to  so lve  these questions includes not only fo rm a ­
tion c ro ss -s ec t ion  o f the reaction  products and th e ir  iden tifica tion  but 
a lso  th e ir  en ergy  and spatia l d istribution, the e ffe c t o f vary ing  energy 
o f incom ing p a rtic le s , etc. M ass spectroscop ic  investigations have been 
essen tia lly  lim ited  to the f ir s t  point. ,

In sum m arizing som e experim ents ca rried  out in recen t yea rs  the 
authors find th ree groups in respect to the technique involved:

(1) The m ass spectrom eter used is id en tica l w ith those used in other 
fie ld s  but the methods fo r  sam ple preparation  a re  gen era lly  
d ifferen t.
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(2) The m easurem ents perform ed  constitute a new application o f a 
recen tly  developed type of m ass spectrom eter.

(3) The mass spectrom eter is designed to operate d ire c t ly  in the 
beam o f the a cce le ra to r ; isotope production and analysis are 
sim ultaneous.

A  common feature in a ll cases is the fact that v e r y  minute amounts 
o f nuclear reaction  products a re  form ed due to the sm a ll reaction  c ro ss - 
section  (m illib a rn s ), the low fluxes o f pa rtic les  and the lim ited  a va il­
ab ility  of machine tim e. Thus, experim ents have been gen era lly  lim ited  
to the two groups o f elem ents fo r  which mass spectroscopy has achieved 
the highest sen s itiv ity  (noble gases and a lka lis ). One important point, 
how ever, is that w ith m ass spectroscopy w e can study stable isotopes; 
and, in this case, the lim itin g  factor is  often the contamination by 
natural e lem ents; thus, v e ry  elaborate handling techniques and u ltra 
pure elem ents must be used.

A . STU D Y OF THE M ECHANISM  OF REACTIO NS A T  HIGH ENERG Y

A . I .  M easurem ent of nuclear reaction  cross-section s  
leading to the production o f ra re  gases

Few  experim ents have been made in this fie ld  since the f ir s t  ex ­
perim ents in 1954 and 1958, but m otivations have s t i l l  rem ained the 
study o f nuclear reaction  mechanisms and the in terpretation  o f the data 
co llected  in m eteo r itic  studies.

In the last case the aim  is  to com pare experim enta l cross-section s  
w ith pred ictions based on spallation s ta tis tics , the object being to com pare 
the isotop ic spectra  o f ra re  gases found in m eteorites  that have been 
bombarded by h igh -energy cosm ic rays w ith the pure spallation spectra  
o f elem ents which a re  considered  to be the main cosm ic ra y  ta rgets  in 
these m eteo r ites .

New experim ents at B erke ley  have recen tly  given  the spallation 
y ie ld s  o f Xe isotopes from  barium  targets  irrad ia ted  by 730 M eV protons.

Both the above-m entioned m otivations have led  Schaeffer and co llea ­
gues in Brookhaven [2] to undertake a la rge  p rogram  fo r  the m easurem ent 
o f a ll ra re  gases at 3 and 29 GeV in targets  ranging from  copper to 
uranium. The type o f h igh -sensitiv ity  mass spectrom eter em ployed, as 
w e ll as the extraction  and purification  methods o f ra re  gases used, are 
those u tilized  in m eteo ritic  studies. The extrem e sen s itiv ity  o f the 
method appears when considering that a five-m inu te bombardment 
(3 X 1013 protons) in the B erk e ley  synchrocyclotron  was su fficien t to 
obtain a xenon spectrum . Experim ents s im ila r  to these w ere  ca rr ied  
out in 1962 at 540 M eV (C ERN ).

A .2 . M easurem ents perform ed  with the su rface ion ization  technique 
(m ostly  reaction  mechanism studies)

The su rface ion ization  technique has been used in  a much grea te r 
number o f experim ents. It has evolved  from  a c la ss ica l method in 
which a lka li elem ents w e re  f ir s t  chem ica lly  separated from  the ta rget 
and then introduced into the ion source o f the m ass spectrom eter.
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Severa l methods based on vacuum d istilla tion  o f the reaction  p ro ­
ducts from  a m ore  o r  less  re fra c to ry  ta rget have allowed m easurem ent 
o f the production c ross -sec tion s  o f various a lka li isotopes in h igh -energy 
nuclear reactions.

In the f ir s t ,  the oven technique, a sm all, v e r y  ca re fu lly  cleaned 
oven contains the irrad ia ted  sam ple; im m ed iate ly  above it is the m ass 
spec trom eter filam ent cooled w ith liquid n itrogen.

The nuclear reaction  products a re  thus tran s fe rred  to m ass sp ec tro ­
m eter  filam ents during short su ccess ive  d is tilla tion  sequences. Isotopic 
ra tios  a re  m easured on sam ples o f the ord er o f 10“ 12 g and in som e 
cases sm a lle r  than 10"14 g, and absolute c ro ss -s e c t ion  is obtained by 
norm alization  w ith respect to som e rad iochem ica lly  determ ined isotope [3 ].

Thus Nguyen Long Den studied the production c ro ss -sec tion  o f 
22Na, 23Na, 24Na in A1 at 150 M eV  and made an extensive study o f the 
(p, 3p xn) reaction  on 139La  and (p, 5p xn) on 141P r  which led to the p ro ­
duction o f cesium  isotopes. These reactions, in which a -p a r t ic le s  a re  
em itted, g ive  som e in form ation  on the p resence o f a -p a r t ic le  c lusters 
at the su rface o f the nuclei studied. G radsztajn , E pherre , K lap isch , 
and Y iou  succeeded in m easuring the production c ross -sec tion s  o f the stable 
lith ium  isotopes in 12C in a broad range of energ ies  (50 M eV - 25 GeV) 
using the oven method and, w ith a somewhat d iffe ren t method, extended 
the sam e study to a 160  ta rge t [1 ,4 ].

F I G . l .  Evolu tion  o f  the 7L i/ 6L i ra tio  as a function  o f  t im e  and tem pera tu re  in  the fila m en t m ethod .

W hile s t i l l  making use of su rface ion ization , a method sp ec ific  to 
h igh -en ergy  nuclear reactions has been developed, which consists o f 
irrad ia tin g  the mass spec trom eter filam ents d ire c t ly . Although these 
a re  v e ry  thin com pared to a usual ta rget, th e ir  bombardment inside the 
ring by the c ircu la ting beam  o f the a cce le ra to r  leads to a high produc­
tion ra te . Th is is because the energy  lost by the GeV protons in the 
filam ent is so sm a ll that the protons tra v e rs e  the ta rget a g rea t many 
tim es  b e fo re  being lost. During the isotop ic  analysis the surface con­
tam ination is  evaporated at r e la t iv e ly  low tem perature wh ile the reaction  
products, which have f ir s t  to d iffuse out to the su rface, appear at h igher 
tem peratu re. The evolution o f the isotop ic  ra tio  o f the lithium  em itted 
from  a Ta  filam en t has been studied (F ig . l ) .
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It should be noted that, despite the fact that the sam ple is p ractica lly  
exhausted at the end o f the analysis, there is no evidence fo r  isotop ic  
d iscrim ination : the 7L i/6L i ra tio  is constant. Th is has been v e r if ie d  in 
s e ve ra l experim ents and can be understood in term s of d iffusion by sub­
stitution at p ra c tica lly  in fin ite dilution. R e la tive  and absolute c ro ss - 
sections have been obtained by this method fo r  the production o f lithium  
isotopes in P t, T a , Rh at 19 and 30 GeV as w e ll as fo r  22Na and 23Na 
production in P t at 30 GeV.

The v e r y  slow  rate at which the isotopes o f in terest, d iffuse out of 
the irrad ia ted  filam ents makes it essen tia l, how ever, to, use an e lectron  
m u ltip lie r and pulse-counting techniques.

magnet

F IG .2 . S chem atic  representation o f  the mass spectrom eter (o n - l in e )  operating in the beam  o f  an 

a c c e le ra to r .

B. MASS SPE C TR O M E TE R S  O PE R A T IN G  D IR E C T L Y  IN THE E X T E R N A L  
B E AM  OF AN  A C C E LE R A T O R  (N uclear structure and reaction  
m echanism  studies)

The need to study the evolution o f the nuclear p roperties  o f isotopes 
when they a re  further away from  the va lley  o f stab ility  has m otivated the 
investigation  o f new techniques which would be capable o f accom plishing 
in a v e ry  short tim e the chem ical and isotop ic  separations requ ired .

Severa l p ro jec ts  a re  being developed at present among e le c tro ­
m agnetic isotope separa tor groups and som e experim ents have a lready  
been perfo rm ed  on base or vo la tile  elem ents With a ta rget connected to 
the ion source o f the separa tor through a m ore  o r less  extended gas 
lin e. H ow ever, we shall r e s tr ic t  our top ic to the experim ents p e r ­
form ed  w ith mass spectrom eters .

In the method developed at O rsay [5] the ion source of the mass 
spec trom eter is d ire c t ly  bombarded by the proton beam. One re lie s  on 
diffusion  in so lids  at high tem peratures to extract rap id ly  the reaction  
products from  the ta rget, and on surface ion ization  to perfo rm  both a 
good chem ica l separation  and at the sam e tim e a v e ry  e ffic ien t ion iza ­
tion o f the a lka lies . Recen tly  the sam e method has been applied to 
negative halogen ions.

A  schem atic represen tation  of the experim enta l set-up is  shown in 
F ig .2. A  h igh -energy  proton beam tra ve rs es  the ion source which is at 
a norm al potential o f 3000 V and sim ultaneously heated to 1500 to 1800°C; 
a fte r  d e flection , the ions a re  m easured by a h igh-gain  e lectron  m u ltip lier 
used in the pulse-counting mode.



MASS SPECTROMETRY 103

The source p rin c ip le  is  as fo llow s: a succession o f thin fo ils  o f the 
elem ent under study and of thin graphite slabs a re  enclosed in a cy lin d rica l 
m eta l fo il heated by Joule e ffec ts . Under h igh -energy proton bombardment 
the nuclear reaction  products r e c o il with re la t iv e ly  high energ ies out of 
the m eta l ta rge t and are.stopped in the graphite, which has been calculated 
to be thick enough. In the hot graphite (1500 - 1800°C) these products 
d iffuse out rap id ly  and the w ork  function of graphite is high enough so 
that only a lka li elem ents have a la rge  probability  o f leaving as positive  
ions.

F IG .3 . L i mass spectrum obtained from  150 M eV  proton bom bardm ent o f  a carbon target ion source.

The choice o f graphite as a diffusing agent has been made both be­
cause o f its c rysta llograph ic  structure (la rge  in ter-lam in ar distance) 
and its  re fra c to ry  p roperties . Ta rgets  a re  usually composed o f 25 such 
fo ils  and slabs, separated from  each other by thin graphite spacers so 
as to reduce the extraction  tim e o f the ions.

A t this point, we shall show the L i  mass spectrum  obtained with the 
f ir s t  and s im p lest o f these ta rge t ion sources .made o f pure carbon slabs
0.1 mm  thick. One sees c le a r ly  not only the stable 6L i  and 7L i  but a lso 
8L i  (0.8 sec ) and 9L i (0.17 sec ), each isotope being recorded  fo r  the 
sam e length o f tim e at a proton energy of 150 M eV (F ig .3 ).

T yp ica l d iffusion cu rves obtained in this way at 1500°C a re  shown 
in F ig .4. They  correspond to the diffusion in graphite of 24Na reco ils  
from  an irid ium  target, and 83Rb and 129Cs from  a thorium  target, a ll 
bombarded by 10 GeV protons.

The param eters a ffecting the diffusion tim e a re  numerous and it 
is not poss ib le  to, exam ine them h e r e .
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F IG .4 . V a r ia tion  o f  the number o f  atom s le a v in g  the ion source o f  the mass spectrom eter as a function 

o f  t im e  a fte r  interruption o f  th e  h igh -en ergy  proton beam  (d iffu s ion  cu rves ). T h e  M N a  is produced in  Ir 

and d iffu s in g  out o f  carbon . T h e  83Rb and 129Cs are produced in  T h  and d iffu sing  out o f  carbon a t the 

in d ica ted  tem peratures.

C ross -sec tion  m easurem ents o f spallation, fission , and fragm entation  
reactions at high energ ies

W ithin the las t two yea rs  th ree instruments o f the type just described  
have been built and operated on-line w ith various a cce le ra to rs . A  g rea t 
advantage o f these sm a ll m achines (ra d ii o f curvature 15, 22 and 30 cm ) 
is  that they can be mounted and operated in the home labora tory  and then
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transported  ea s ily  to the various acce le ra to rs  w here  and when high- 
energy  protons a re  ava ilab le : the experim ents w e shall mention have thus 
been perfo rm ed  at O rsay  (150 M eV ), Saclay (3 G eV ), and CERN (10-25 G eV ).

Experim ents at 150 M eV

F igu re  5 shows a m ass spectrum  o f the isotopes o f rubidium obtained 
by A m a re l et a l. [6 ], who bombarded a uranium -carbon ta rget at 150 M eV.

One sees here  a ll the isotopes o f rubidium from  m ass 83 to m ass 98. 
The last th ree , 96, 97 and 98, w e re  not known be fo re  this experim ent 
and have rad ioactive  h a lf- liv e s  shorter than 1 sec . A  s im ila r  spectrum  
has been obtained of the Cs isotopes form ed  in the sam e experim ent.

FIG . 6 . Production cross-sections o f  C s isotopes from  h igh -en ergy  fission o f  uranium .

A  com parison o f the c ross -sec tion s  obtained w ith this method 
(150 M eV ) and the resu lts  o f F ried lan d er et a l. obtained at 100 and 
200 M eV by chem ica l separation  fo llow ed  by isotop ic analysis is shown 
in F ig .6 fo r  the isotopes o f Cs form ed  in a uranium target. The a g re e ­
ment is exce llen t. The o rd e r o f magnitude o f the sm allest c ro ss -sec tion  
which it  is possib le  to m easure is  about 20 цЪ.
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Experim ents at 10 GeV

The extrem e pressu re  existing on the use of v e ry  high energy a c ­
ce le ra to rs  demands the m ost e ffic ien t possib le use of such beams when 
they becom e ava ilab le . Thus in a se r ie s  of experim ents perform ed  at 
10 GeV two m ass spectrom eters  w ere  sim ultaneously put on line with 
the fas t-ex tracted  proton beam o f the CERN P.S.

The firs t  is a 30 cm radius instrument used fo r  the heavy fragm ents 
and the second (15 cm ) fo r  the ligh ter ones. Ion sources a re  in te r ­
changeable and 17 o f them, corresponding to targets  ranging from  
carbon to uranium, w ere  studied in a ten-day run. Besides obtaining 
many new fragm entation  cross -sec tion s , which w il l  be usefu l in the 
in terpretation  o f reaction  m echanism s, s e ve ra l new isotopes have been 
found which a re  c lose  to the pred icted  lim it o f p a rtic le -s tab ility . The 
v e ry  short d iffusion tim es o f the reaction  products in the ion source which 
w e have indicated p rev iou sly  a re  such that the lim itin g  fac to r fo r  the de­
tection  o f new isotopes is not th e ir  short h a lf- life  but the ir sm a ll produc­
tion c ross -sec tion .

The present lim itation  o f this technique to the study o f a lka li elem ents 
is not as serious as it would appear. Indeed the reaction  products in 
heavy targets  a re  spread out o ver  the en tire  table o f the elem ents and 
a regu lar sam pling in the reg ion  o f L i,  Na, K , Rb, Cs, as w e ll as F r ,  
g ives  a v e ry  broad spectrum  o f in form ation. M oreover, the use o f other 
ion ization  techniques should en large the scope o f mass spectrom etry  
quite substantially in this fie ld .

H a lf- life  m easurem ents and study o f the radiations em itted by the 
co llected  isotopes

In the experim ents just described , the tota l amount o f ta rget m ateria l 
was o f the o rd e r o f 20 to 30 m g. Increasing this to 0.5 g, as was done 
w ith uranium at 150 M eV , y ie lds separated isotop ic beams which a re  
intense enough fo r  it to becom e possib le  to study the (3- and -/-rays 
em itted by the rad ioactive  nuclides.

In fact, the v e ry  short tim e which elapses between production and 
co llection  (and which includes an e ffe c tiv e  chem ica l separation) makes 
this method su perio r to the rad iochem ica l ones fo r  sh ort-lived  spec ies .

The instrument is essen tia lly  the sam e as the ones mentioned 
p rev iou sly  (22 cm radius, 3 kV accelera tion ) except fo r  the co llec to r  
end. Th ere  a s im ple e lec tros ta tic  d e flec to r  has been set behind the 
co lle c to r  s lit so that the isotop ic beams can be either switched towards 
an e lec tron  m u ltip lie r fo r 'm a ss  spectrum  record ing  and se lection , or 
le ft  to d r ift  straight on to a thin m eta l s trip  behind which can be placed 
a 3" o r  y -ra y  detector o r even a neutron counter (F ig .7). In a recent 
im provem ent the beam has been post-acce lera ted  to 10 kV and a 5 -m -long 
pipe and a set o f e le c tr ic a l quadrupole lenses have been used to m ove the 
fina l co llec tin g  point into a w e ll-sh ie ld ed  cave.

F rom  th eore tica l considerations this reg ion  o f the heavy Rb and Cs 
isotopes had been pred icted  to contain som e delayed neutron p recu rsors . 
T h ere fo re  a s e r ie s  o f experim ents has been ca rr ied  out in which a 
neutron counter was placed at the fina l co lle c to r  in the shielded cave 
w here neutron background was n eg lig ib le . Neutron em ission  has been
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detected at the rubidium m asses 93, 94, 95, 96 and 97, and at the 
cesium  m asses 142, 143 and 144, thus doubling the number of identified  
delayed neutron p recu rso rs  known.

F IG . 7. D iagram  o f  the o n - lin e  mass spectrom eter used by A m a re l e t  a l .  for the study o f  the S " and 

y -ra y s  and neutrons em itted  by  the sh ort-lived  isotopes o f  Rb and Cs.

C. STUD Y OF S PE C IF IC  N U C LE A R  REACTIO NS IN  CO NNECTIO N  W ITH  
ASTRO PH YSICS

T o  the nuclear physicist L i,  Be or В have no ch a racteris tics  which 
should single them out particu la rly . On the other hand th e ir  abundance 
in nature is v e r y  anom alously low com pared to th e ir  neighbours He, C,
N and О (10“6 to 10- 8 ) and this prob lem  has long been recogn ized  as 
meaning that a spec ia l p rocess  had to be at the o r ig in  of the nucleo­
synthesis of these elem ents.

In 1955 F o w le r  et al. [7] suggested that spallation  reactions on 
h eav ier elem ents such as C, N and O, could be responsib le  fo r  the p ro ­
duction o f Be at the surface o f som e stars; and in 1962 F o w le r , G reenstein  
and H oyle [8] published a v e ry  com plete m odel o f the nucleosynthesis of 
the light elem ents in the so la r  system  which was based both on astro- 
physical and nuclear considerations. Since the la tte r  depended heavily  
on spallation  c ross -sec tion s  which w ere  not known experim en ta lly  at 
the tim e, a s e r ie s  of experim ents using mass sp ec trom etric  techniques 
w ere  undertaken and the resu lts led G radsztajn  to propose a m odel of 
the nucleosynthesis o f L i,  Be and В which is d iffe ren t from  the F ow le r , 
G reenstein  and H oyle (FGH) m odel in som e fundamental aspects.

Thus the problem  was to study in the labora tory  the nuclear reaction  
leading to the production o f the various isotopes o f L i,  Be and В both 
stable and rad ioactive:

H  6, 7
Be 7, 9, 10 
В 10, 11

on 12C, 14N , 1sO
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and to com pare the ra tios  7Li/6L i, 1:1B/10B with the equivalent m easured 
in natural settings such as the earth or the m eteorites .

Method

Use was made o f a N ie r -typ e  m ass spectrom eter equipped w ith a 
h igh-gain  e lec tron  m u ltip lie r detector fo r  pulse counting o f the ions.

The ion source was o f spec ia l type. Be and В in contrast to L i 
cannot be e ffic ien tly  ion ized  by the m ass spectrom eter therm ion ic ion 
source. Thus a v e ry  sensitive  sputtering ion source was used, o f the 
Castaing and Slodzian type. Th is  new arrangem ent a llow s at the present 
tim e analysis of the 10“ 13 to 10“ 12 g o f Be and В produced by the spa lla ­
tion o f 12С and 160  in a few  juA-hour proton bombardment. Th is represen ts 
an im provem ent o f s e v e ra l o rd ers  o f magnitude in the detection o f Be and 
B. The spallation  products a re  extracted from  the irrad ia ted  ta rgets  and 
deposited on the m eta llic  sam ple plate, which is bombarded by the p rim ary  
ion beam.

F igu re  8 rep resen ts  the apparatus, w ith its p r im ary  ion source 
y ie ld ing  a focused beam im pinging on the sam ple plate from  which secon ­
dary  ions a re  em itted . Th is  secondary ion beam  is acce lera ted  to  1000 V , 
focused by a 3-e lem ent lens, and d irected  towards the m agnetic ana lyser. 
The isotop ic  beam s at the co llec to r  a re  m easured by an e lectron  m u ltip lier. 
F o r  the sake o f s im p lic ity  the ion gun is essen tia lly  composed o f a tan­
talum  furnace, em itting C s+ ions by surface ion ization , and of a focusing 
lens. The c ro ss -sec tion  o f the 2000 eV ion beam  is about 2 mm2 and its 
density at the sam ple plate is 10~9 A/mm? .

F IG .8 . Ion -spu ttering mass spectrom eter.

F igu re  9 shows the mass spectrum  obtained without any deposit on a 
clean sam ple p late and F ig .10 the o ve ra ll s en s itiv ity  (m ass-spectrum  
corresponding to a w a ter sam ple containing 10"12 g enriched 10B and 
1.3 X 1 0 '12 g enriched 6L i. )

A t this point, it must be stressed  that the e ffic ien cy  o f the sputtering 
p rocess  v a r ie s  v e r y  s ign ifican tly  from  one elem ent to another: under 
our experim en ta l conditions, a solution containing equal amounts o f 7L i,
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9Be and n B w il l  g ive  r is e  to peaks with re la tive  heights approxim ately  
equal to 80 : 1 : 0.1, but this is much m ore sa tis fa c to ry  than what th erm ­
ion ic em ission  would lead to.

F IG .9. Mass spectrum obtained w ithout any deposit on a c lean  sam ple p la te .

F IG . 10. S en s itiv ity  as determ ined  from  a w ater sam ple enriched in 10B and 6L i.

The oxygen ta rgets  consisted o f 30 g o f v e ry  pure w ater contained in 
a platinum v e s s e l 2 cm in d iam eter and 7 cm long. Proton  irrad ia tions 
w e re  perfo rm ed  in externa l beam s at 155 M eV (O rsay ), 600 M eV and
19 GeV (C E R N ). A fte r  bombardment, 10 g fractions w ere  concentrated 
to 100 m g which w ere  then deposited on the m eta llic  sam ple plate o f the 
ion source, evaporated to dryness and analysed.

A fte r  many unsuccessful attempts involving various methods o f p re ­
paration, w a ter  containing less  than 10~12 g/g o f e ither lithium or 
bery lliu m  and lessthan  10"11 g/g of boron was prepared  by fractiona l 
c rys ta lliza tion .
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The w a ter sam ples w ere  handled in an argon atm osphere. W hile no 
contamination w ith natural b ery lliu m  could e v e r  be detected during a 
com plete manipulation, contamination w ith natural boron usually reached 
10” 10 g/g. Contamination w ith lithium  was of the o rd er of 10~12 g/g.

A s  a consequence, the proton flux in our experim ents was always 
such that the amount o f boron produced by spallation  would be se ve ra l 
tim es  g rea te r  than that due to contamination.

F IG . 11. T y p ic a l spectrum o f  irrad iated  w ater.

F IG . 12. C ontribu tion  o f  various isotopes to  the peaks shown in F ig .  11.

Isotopic ra tio  m easurem ents

A  typ ica l spectrum  obtained a fter a 20-hour bombardment is shown 
on F ig . 11, w h ile  F ig .12 represen ts  schem atica lly  the contribution o f 
the isotopes o f L i ,  Be and В to the d ifferen t peaks. That neither m ass 8 
nor m ass 9 is present in unirradiated w ater sam ples containing only 
lithium  and boron was a lready  apparent from  F ig .10.

The presence of a m ass 8 peak in irrad ia ted  w ater sam ples is due 
to a pecu lia rity  of b ery lliu m  which we have accounted fo r .



MASS SPECTROMETRY 111

(1) Determ ination o f the 7Li/6 L i  ra tio

As we have pointed out e a r lie r ,  lithium ions a re  em itted approxim ately  
80 tim es m ore e ffic ien tly  than bery lliu m  ions from  equal amounts of the 
elem ents. Hence, the contribution o f 7Be to the peak at m ass 7 is only 
about 1% o f the contribution o f 7L i  and we have taken the ra tio  7 L i/6 L i 
to be that o f the ion currents at these two mass values except fo r  this 
sm a ll co rrec tion  o f the m ass 7 peak which we base on the height o f the 
mass 8 peak.

(2) Déterm ination of the 9Be/7Be ratio

Tw o p oss ib ilit ies  ex is t of obtaining this ra tio : one consists in re ly in g  
on the BeH/Be value to deduce from  the mass 8 peak the height o f the 
peak át m ass 7 due to 7Be and com paring it to the peak at mass 9 due 
only to 9Be. The other method is based on the poss ib ility  o f e lim inating 
s e le c t iv e ly  the lithium  from  the deposit made on the sam ple plate by 
the w ater sample'. A s this last method turned out to be ea s ily  perform ed , 
we p re fe r red  it. Thus a fte r  having deposited on the sam ple plate the 
100 m g o f irrad ia ted  w ater, and having dried and analysed it, we added 
a 10 m g drop o f v e ry  pure w a ter, which ea s ily  d isso lved  the lithium 
present and only a sm a ll frac tion  of the bery lliu m , and was then pipetted 
out.

In this way, the lithium  contribution to mass 7 is reduced to less  than 
5% o f the peak height, and this can be checked and co rrec ted  by the c o r ­
responding res idua l 6L i  peak at mass 6. The ra tio  9Be/7Be is thus g iven  
by the ra tio  o f the ion currents at m asses 9 and 7.

(3) Determ ination o f 10B e/9Be and 11 В/10В ratios

W e shall not re la te  here the method but suggest re fe ren ce  to Yiou 
et a l. (see  Ref. [1 ])- The fina l resu lts  at d iffe ren t proton energ ies  are 
presented in Tab le I.

The m ost im portant resu lts which we shall use a re  7L i/s L i  and 
П В/10В ratios (which w il l  include the 7 L i a ris in g  from  the decay o f 
7Be (54 d) and in the case o f 10B and 11В include the contribution o f 10C 
(20 sec ) and n C (20 m in )).

The values indicated in Tab le  II a re  derived  from  those o f Tab le  I 
but include the estim ated e ffec ts  o f the p resence o f 12С and 14N in the 
" ta rg e t "  as w e ll as a proton energy spectrum  such as m easured in so la r 
f la re s .

W e note from  it that the spallation  value fo r  1:lB/10B includes the 
natural value o f 4 w h ile  the L i  isotop ic  ratio  is d e fin ite ly  fa r  from  it. 
Hence, we d iffe r  from  the FGH m odel in that no flux o f neutrons is r e ­
quired to explain the natural isotop ic  ra tio  but ra ther suggest that the 
nucleosynthesis o f L i,  Be and В m ay have occu rred  at the surface o f 
the contracting sun.

This p ictu re is s im ila r  to that suggested fo r  T au ri stars . L i  and В 
would be produced in ra tios  such that 7L i/6L i  = 2.5, ^ B / ^ B  -  4, but 
because o f convective  m ixing at the surface the light elem ents would be 
brought down near the base o f the convective zone where therm onuclear 
(p , a )  reactions occur which burn 6L i  at a rate approxim ately  100 tim es
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T A B L E  I. RESULTS O BTAINED  FROM  PR O TO N  BOM BARDM ENTS OF 
AN 160  T A R G E T
Isotop ic ra tios , and absolute cross -sec tion s  in mb

Energy TL i/6Li 9 Be/7 Be 10 Be/9 Be i i 8/ io B 7 L i « L i 9Be 10Be 11В ioB

155 M eV
0 .85  

± 0 .09

0 .32  

± 0 .04

0 .21  

± 0 .05

2 .3  

± 0 .4

8 .5  

± 2 .5

10 

± 2

1 .7  

±  0 .5

0 .35  

±  0 .2

25 

± 8

11 

± 3

600 M eV
0.37  

± 0 .1

0 .24  

± 0 .0 5

2 .1  

± 0 .6
==25

18 

± 5

2 .4  

±  1 .2

0 .6  

±  0 .4

25 

± 12

12 

± 5

15 G eV
0.34  

± 0 .08

0 .29  

±  0 .0 8

< 2 .9 2 .2  

± 1 .1

0 .64  

±  0 .5

that o f 7 L i  w h ile neither Be nor В a re  a ffected . Hence the natural is o ­
topic ratios 7L i/6 L i = 12.3 and n B/10B = 4.0 can be accounted fo r .

We should like to mention only b r ie f ly  som e other in teresting 
resu lts .

(a) It is  w e ll known that i f  L i ,  Be and В have a low un iversa l abundance 
they a re  quite abundant in cosm ic  r a y s . It is  gen era lly  assumed that 
the spallation  o f medium and heavy co sm ic -ra y  nuclei co llid ing with 
in te rs te lla r  m atter (which is supposed to be essen tia lly  H) is en tire ly  
responsib le  fo r  the ir production. Beck and Y iou  [9] using the new 
m easurem ent o f spallation c ross -sec tion  have calculated that the amount 
o f m atter tra ve rsed  is 5.5 g/cm 2 .

(b) The resu lts have shown the ratio  o f c ross -sec tion s  o f 10Be/9Be 
in to be about 0.25 from  150 M eV to 19 GeV. The low value o f this 
ra tio  w ill  make it quite d ifficu lt to use the abundance o f 10Be (life t im e  
1.7 X 106 yea rs ) to determ ine the cosm ic r a y 's  transit tim e from  the 
source to the earth.

(c ) The com parison o f the c ross -sec tion  ra tios :
L i/B e = ( 6L i  + 7L i)/ (7Be + 9 Be + 10Be) =* 2.5 (Tab le  I) w ith the value 
L i/B e  = 2.2 m easured in the cosm ic radiations [9] shows v e ry  c lea r ly  
that 7Be is stable in h igh -energy cosm ic rays. T h is , associated with 
the w ork  o f Law rence and L ev in ge r  who calculated that 7Be at 
1 GeV/nucleon w il l  not capture o r lose  an e lectron  in less  than seve ra l 
tens o f g/cm2 o f hydrogen, means that the 7Be nucleus has been produced 
naked from  a m other nucleus its e lf  naked.

CONCLUSION

The experim ents p erfo rm ed  in the last few  years  by mass sp ec tro ­
m etry  indicate c le a r ly  that this technique is  now adapting quite read ily  
to the prob lem s which a r is e  in the fie ld s  of nuclear physics as w e ll as 
in nuclear astrophysics w here data on isotope production at sub-nanogram m e 
lev e ls  a re  requ ired .
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T A B L E  II. V ALU E S  DERIVED FROM  T A B L E  I BUT INCLUDING TH E 
E ST IM ATE D  E FFE C TS  OF 12C AND 14N IN TH E  "T A R G E T " AS W E L L  
AS TH E  PR O TO N  ENERG Y SPECTRU M

Spa lla tion Earth and M eteorites

7L i/6 Li 2 .5  ±  1 12.5

11 B/10B 5 ± 2 4

Li/Be
25 ± 10 - 5 0  (M )  

- 2 0  (E )

B/Li 2 ± 1 0 .2

New in terest in cosm ic rays , recen t d iscove r ie s  o r hypotheses in 
astrophysics (quasars, neutron stars, e tc .), w here we think nuclear 
reactions p lay an important ro le , open certa in ly  a fie ld  fo r  new developm ents.

W e b e lie ve  a lso  that s e ve ra l labora tories  which have no la rge  equip­
ment in nuclear physics can make defin ite  contributions in such fie ld s .
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D I S C U S S I O N

A . H R YN K IE W IC Z : I would lik e  to mention the application o f a mass 
separa tor fo r  implantation o f rad ioactive  nuclei in ferrom agnetic  fo ils  
fo r  m agnetic moment m easurem ents in a v e ry  short life t im e  range. V e ry
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high m agnetic fie ld s  o f the o rd e r of s e ve ra l hundred kilogauss o r  even a 
few  m egagauss perm it m easurem ent o f d ipole m agnetic moment in a 
picosecond range. The implantation technique w ith a mass separator 
has many advantages when com pared w ith a lloy  form ation  or w ith th erm o­
diffusion. It g ives  w e ll-d e fin ed  and reproducib le m agnetic fie ld s  and it 
can be used fo r  v e r y  sh o rt- liv ed  isotopes as products from  nuclear r e ­
action w here a mass separator is used on line w ith an acce le ra to r . And 
what is im portant here is that this method works v e ry  w e ll fo r  ra re  
earth isotopeá, which a re  v e ry  in teresting from  the nuclear structure 
point o f v iew , and fo r  these isotopes the therm o-d iffusion  method or 
a llo y  form ation  do not w ork  at a ll. W e don 't see any internal m agnetic 
fie ld  acting on ra re  earth nuclei when the conventional methods a re  
applied.

V .F . W EISSKOPF: I did not com plete ly  understand how fa r  the m eas­
urem ents a re  in agreem ent o r  d isagreem ent w ith the H oy le -F ow le r  theory 
o f spallation  production o f the light elem ents.

J. T E IL L A C : Th ere  is a b ig  d isagreem ent.
J.O. RASMUSSEN: I would like to ask whether you think that the 

rapid d iffusion  out o f the graphite is a consequence of radiation damage 
o r  the re c o ils  going in.

J. T E IL L A C : We don 't know exactly . But lithium  diffuses v e ry  
rap id ly  in graphite because the la ttice  is v e ry  la rg e . F o r  the other ion 
the d iffusion is a lit t le  longer but I don 't r e a lly  know why there is this 
d iffe ren ce  and why it is so rapid.
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Abstract

INTE R M E D IATE  STRUCTURE EFFECTS IN  NEU TRO N -IN D U C ED  FISSION C R O SS-SECTIO NS. T h e  

author discusses the in te rm ed ia te  structure in  the fission cross-sections, in re la tion  to  the spontaneously fission ing 

isom ers.

In 1964 F le ro v  and Polikanov d iscovered  the existence o f certa in  trans- 
uranic isotopes which decayed by spontaneous fiss ion  with anom alously 
short h a lf- liv e s , many o rd ers  of magnitude shorter than seejned possib le 
on the basis of nuclear system atics. The anom alously short h a lf- liv e s  w ere  
ascribed  to the existence o f isom er ic  states, and since then s eve ra l o f these 
isom ers  have been iden tified  and th e ir  p roperties  studied at Dubna and in 
Copenhagen by Bjyirnholm and others.

These is o m er ic  states w ere identified  as belonging to isotopes of 
am ericium ; they have h a lf- liv e s  o f the o rd er o f m illiseconds, and their 
p rincipa l mode o f decay is  spontaneous fiss ion . The energ ies  o f the is o m er ic  
states have been found to be around 2 or 3 M eV  above the ground state 
so that it  is  rem arkab le that they should not decay by gamma em ission . 
A nalysis  o f the shapes o f the y ie ld  cu rves fo r  form ation  o f the isom ers  shows 
that th e ir  spins are nothigh, < 7 •ft, so that high m u ltipo larity  of a ll e le c tro ­
m agnetic transitions cannot explain their stab ility  against rad ia tive  decay.

Strutinsky has o ffe red  an explanation o f the stab ility  o f these states. He 
considered  the e ffe c t o f the she ll structure of the deform ed nucleus on the 
liquid drop calcu lations o f the potential energy  of deform ation  o f these 
heavy nuclei. M in im a in the shell co rrec tion  te rm  occur where there are 
gaps in the single pa rtic le  le v e l structure near the F e rm i energy  o f the 
s y s te m .  F o r  spherica l nuclei these m inim a are m ost pronounced at the 
m agic numbers, but the im portant p roperty  o f the N ilsson  d iagram  em^ 
phasized by Strutinsky is  that other gaps occur at n on -zero  deform ations, 
and such gaps recu r with in creas ing  deform ation  fo r  a g iven  nucleon number. 
Thus the calculations show that m ore  than one m inimum can occur in the 
potential energy o f deform ation  o f a nucleus and such a secondary minimum 
is  expected to be strong ly  pronounced in the transuranic nuclei.

Th is secondary m inim um  provides a possib le explanation o f the spon­
taneously fiss ion in g  is om ers . Such an isom er would be the low est v ib ra t io ­
nal state in the secondary m inimum. Its p robab ility  o f decay by spontaneous 
fiss ion  would be enhanced, while decay by radiation  would be inhibited 
because o f its  sm a ll amplitude in the norm al m inimum.

The existence o f such a secondary m inimum in the potential energy 
curve has been used by Weigmann, and m ore com p lete ly  by Lynn, to explain
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som e v e ry  in teres tin g  experim ental resu lts  in the sub-threshold neutron- 
induced fiss ion  cross -sec tion s  o f severa l nuclei. V e ry  sim ply, one can 
postulate that two sets o f le v e ls  can be built up fo r  such a heavy nucleus. 
The f ir s t  set (c la ss  I) are built on the norm al ground state -  the low est 
v ib rationa l state in the norm al minimum, while the second set (c la ss  II) 
are built upon the low est state in the second m inimum (F ig . 1).

F IG . 1 . C urve showing th e  tw o sets o f  le v e ls .

When these states lie  below  the f ir s t  maximum o f the potential curve, 
they w ill  be weakly coupled due to tunnelling through the b a rr ie r , the 
coupling being weaker the low er are the states. The c lass II states w ill 
have much la rg e r  fiss ion  widths them the norm al c lass I compound nuclear 
states since only the second maximum in the potential w ill  hinder fiss ion  
in  this case. Thus we would expect the compound nucleus (c la ss  I) states 
to exhibit v e ry  sm all fiss ion  widths except when they are in the v ic in ity  of 
c lass II states with which they can m ix. In other words, we expect to see 
w e ll separated groups o f compound states which exhibit re la t iv e ly  strong 
fiss ion , and gaps between them where litt le  o r  no fiss ion  occurs. Th is 
is  exactly  what has been observed  experim en ta lly .

F igu re  2 shows the case o f 237Np where the phenomenon was f ir s t  
observed  by Paya  et a l. at Saclay. The upper part shows the reduced 
neutron widths of the resonances over the energy  range 0-100 eV  while the 
low er curve shows the fiss ion  cross-sec tion . It w ill be noted that litt le  o r 
no fiss ion  occurs above 50 eV  o r  below 25 eV . S evera l such groups w ere 
observed  in the c ross-sec tion , although on ly the f ir s t  was fu lly  reso lved .

F igu re  3 shows the data o f Weigmann and Schmid from  Geel, on the 
c ross -sec tion  fo r  neutron-induced fiss ion  of 240Pu. These w ere the data 
which caused Weigmann and Lynn to postulate on the o r ig in  o f this e ffec t.
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H ere  s e v e ra l groups of fiss ion in g  resonances are c le a r ly  seen, the spacing 
of the class II  le v e ls  being ~700  eV  com pared with 13 eV  fo r  the c lass I 
resonances.

F igu re  4 shows the resu lts  o f James and Rae at H a rw e ll on the fiss ion  
c ro ss -sec tion  o f 234U. H ere  a strong group is  seen below  1 keV  which is  
w e ll reso lved , and h igh er-en ergy  unresolved  groups occur at about 8 keV  
and 14 keV. >
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F IG .5. Results for !41A m

An estim ate o f the energy  of the low est state in the second potential 
m inimum can be made from  the ra tio  of observed  spacing o f the c lass II 
and c lass I states, using a le v e l density form u la  such as that o f Lang and 
LeCouteur. Th is ca lcu lation  g ives  fo r  238Np 2. 3 M e¥ , fo r  241Pu 1.9 M eV  
and fo r  235u 2 .4 M eV .

A  particu la rly  in teres tin g  case is  the fiss ion  c ro ss -sec tion  o f 241 Am, 
shown in F ig . 5. These data are taken from  the nuclear exp losion  m easu re­
ments o f Seeger et al. and show a s e r ie s  o f peaks in the c ro ss -sec tion  with 
a mean spacing of about 1 keV. If these are assumed to correspond to 
c lass II states, then a le v e l density calcu lation g ives  an energy  fo r  the 
c lass II m inimum o f 2.8 M eV . Th is agrees  rem arkab ly  w e ll with the energy  
estim ated  by F le r o v  et al. fo r  the spontaneously fiss ion in g  is o m er ic  state 
in 242Am  o f 2.9 ± 0 . 4  M eV .
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Thus it  seem s that the connection between the in term ediate structure 
in the fiss ion  c ross -sec tion s  and the spontaneously fiss ion ing  isom ers  is 
c le a r ly  established, and these phenomena suggest that the study o f these 
and re la ted  prob lem s in nuclear fiss ion  w ill be a fru itfu l fie ld  fo r  future 
research .

D I S C U S S I O N

V. G. SO LO VIEV: I would like to point out that Strutinsky's second 
minimum m et a certa in  scep tica l attitude from  the v e ry  beginning. We 
are nam ely extrapolating the fa ir ly  la rge  deform ations and this minimum 
is  based on the d ischarge o f s in g le -p a rtic le  le v e ls . H ow ever, a number 
o f calcu lations, including those by Strutinsky, Pashkevich, and others, have 
shown that the second m inimum is  stable enough with respect to the change 
o f the param eter, in the case o f the N illson , Saxon-Woods potentials. Apart 
from  this, one m ight have fea red  that this m im im um  does not ex ist. It 
m ay be caused by gamma deform ation. F o r  strongly  deform ed nuclei, 
there is  no m inimum because through the gamma you have a d irec t transition  
to the basic m inimum. It turns out that the gamma deform ation decreases 
the b a r r r ie r ,  but the second m im im um  rem ains. On the other hand, it  
rem ains as som e sort o f fluctuation at the le v e l of the average fie ld  fo r  
a fa ir ly  narrow  reg ion  of the nuclei, such as in the reg ion  of uranium, 
plutonium and curium . T h ere fo re , it would be v e ry  in terestin g  to try , in 
an experim en ta l way, to expand the area  observed  fo r  these spontaneously 
fiss ion in g  isom ers  both to the h eav ier e lem ents and to the area  o f the 
ligh te r  elem ents.

J. T E IL L A C : A re  there any studies about the connection o f the 
phenomenon of fiss ion  of deform ed nuclei and fiss ion  o f oblate nuclei?
A t what stage are neutron and gamma rays em itted? Further, is  the fiss ion  
of v e r y  ion ized  atoms the same as fo r  atoms not ion ized?

V. F . W EISSKOPF: I would say that the ion ization  should not have any 
influence on the fiss ion , but I am not sure whether I am right. The second 
question: I b e lieve  that the gamma rays are em itted not by the deform ed 
nucleus but by the fiss ion  products, in a state of v e ry  high excitation, and 
they m ay be po larized  because there is  a p re fe rred  d irection  in the fiss ion  
process .

J. T E IL L A C : It would be in terestin g to investigate this fie ld .
R .K . SH ELINE: I think P ro fe s so r  T e illa c  was r e fe r r in g  to the possible 

com petition  between fiss ion  and gamma rays. You have two a lternative 
p rocesses . One is  spontaneous fiss ion  and the other is  a gamma transition  
back to the f ir s t  m inimum.

V. F . W EISSKOPF: That is something e lse , o f course.
J .O . RASMUSSEN: Does the v e ry  n ice explanation o f D r. Rae also 

explain  why pa rticu la rly  the odd nuclei exhibit the m illisecond  isom erism , 
i f  the double m inimum is  a v e ry  genera l phenomenon in this region?

E. R. RAE : The double m inimum appears to be quite genera l because, 
o f the nuclei of which I showed the cross -sec tion s , two w ere  odd and two 
w ere  even. I think that the reason  fo r  not observ ing  the spontaneously 
fiss ion in g  isom ers  in other cases may be partly  because fiss ion  m ay not 
always be the m ost probable mode fo r  decay. Lynn has calculated that the
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l ife t im e  fo r  one of these cases is  probably com parable fo r  fiss ion  and fo r  radiation, 
and it  m ight be that in some cases radiation wins and th ere fo re  one doesn 't 
see the fiss ion . Th is is  one possib le explanation. Another one m ay just 
be that the life t im es  are too short to be observed . We have looked actually 
fo r  uranium isotopes fo r  life t im es  between a few  nanoseconds and seve ra l 
seconds and have fa iled  to see any fiss ion  but we intend to t r y  to look fo r  
gam m a-rays with the germanium protector. A lso , the e ffe c t on the spectra 
o f captured gam m a-rays in the resonance region  fo r  heavy nuclei may be 
a ffected  by the p resence o f the second minimum in thát the gam m a-ray 
spectrum  would be quite d ifferen t fo r  decay o f C lass II states as com pared 
with decay o f C lass I.

A . B. M IG D AL: I  should like to show another exam ple supporting the 
second m inimum. L e t us consider the transition  to the deform ed state in 
sam arium . Adding only two neutrons, we obtain a v e ry  deform ed nucleus.
So we have here a kind o f transition  o f the f ir s t  o rd er. Landau, analysing 
the phase transitions, showed that the only poss ib ility  of obtaining the f ir s t  
o rd e r transition  is the curve with two m inim a. I think that from  sam arium  
one could be sure that there are two m inim a.

I. S. SHAPIRO : M odern nuclear physics is developed by proposing a 
m odel and then by testing this m odel by experim ent. The main problem  
here  is  how to check the m odel experim en ta lly . The situation in nuclear 
physics is  such that we have d ifferen t m odels, som etim es d irec t opposites, 
which t r y  to explain the same experim enta l situations. What I would like 
to em phasize is  that when we propose a m odel we must enumerate the crucia l 
experim ents which g ive us the poss ib ility  o f d istinguishing between d ifferen t 
m odels. Th is  is  not r e a lly  easy; it is  a th eoretica l prob lem . When we say 
that we have now v e ry  many experim ental data, we must rem em ber that 
som etim es we get many experim enta l data which are not cru c ia l fo r  testing 
d ifferen t m odels. When you ask about the c ru c ia l experim ents then it is 
v e ry  sign ificant and v e ry  im portant what kind of th eore tica l form ulation  you 
use to express  the sam e th eore tica l idea. I w ill g ive some exam ples: the 
f ir s t  one is  ra ther fa r  from  the theme o f this session  but it  is  v e ry  w ell 
known. I mean the fine structure o f positronium . If you take into account 
that the positron  and e lectron  can v ir tu a lly  annihilate and then reannihilate, 
then this v irtu a l p rocess  g ives  r is e  to an exchange in teraction  between the 
positron  and e lectron  and this g ives a shift o f the le v e ls  o f the positron.
When you use quantum electrodynam ics you obtain this e ffe c t autom atically. 
You can also calculate this e ffec t in the fram ew ork  o f wave-function 
fo rm a lism , introducing a charge variab le  and an tisym m etriz ing the wave- 
function o f the system . It is , however, c lea r  that when you use the quantum 
fie ld  fo rm a lism  you obtain this e ffe c t autom atically and you also obtain the 
poss ib ility  o f p red icting  la rge  numbers of experim ents which suggest the 
hypothesis that the positron  and e lectron  are the same pa rtic le  d iffe r in g  only 
by the charge. When you work with the wave-functions you must, in each 
case, invent new ideas to propose experim ents. In this narrow  fie ld  of 
fin e-stru ctu re  positronium  these approaches g ive iden tica l resu lts . L e t 
us now take another prob lem . What is  the d irec t nuclear reaction? The 
main question in this fie ld  is  whether the so -ca lled  p rocesses  are rea lly  
d irec t o r  whether they are produced by a coherent action o f many nuclei.
It is  not c le a r  now, despite the fact that we get many experim enta l results, 
whether we can distinguish between such poss ib ilities  and we have to ask 
ou rse lves  what are the c ru c ia l experim ents fo r  such tests.
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The d iagram  method o f nuclear reaction  recen tly  proposed g ives  a fo rm a ­
lism  which shows what are the cru c ia l experim ents to choose between these 
two poss ib ilit ies  - between coherent production o f fina l pa rtic le  and 
the d irec t approach. Many experim ents that have been done are not 
cru c ia l in this sense. In m y opinion this is  one o f the exam ples which show 
that to obtain an adequate th eoretica l method fo r  the physical features which 
fo rm  the basis o f the m odel is  an ex trem e ly  im portant question. F o r  these 
reasons I think that it is  v e ry  im portant now to discuss between physicists 
who w ork a c tiv e ly  in certa in  fie ld s  o f nuclear physics, what is  the m ost 
adequate method. One should rem em ber that the number of theoretica l 
physic ists  is  now enorm ously la rge . When I started, fo r  exam ple, our 
Institute had two o r  th ree  theoretic ians and now we have three theoretica l 
departm ents.

I want to make one fu rther rem ark  about the genera l position o f nuclear 
physics. I  agree  with P ro fe s s o r  W eisskopf that nuclear physics is  d ifferen t 
both from  atom ic physics and from  the study o f m icroscop ic  bodies. In 
this sense nuclear studies belong to the fundamental studies o f physics.

When asking fo r  m oney fo r  nuclear physics from  am an who occupies a 
high position  in industry, you should not answer his question, "what is  the 
purpose o f studying nuclear physics"?  by saying " I  want to know what 
nucleons are . " The righ t answer w ill  be that you w ill study the nucleus 
and then we can produce the isotopes and the isotopes w ill help you to 
produce b icyc les  o r  shoes and so on.

The sam e approach should be used to the physicist who has a high 
position  in e lem en tary  pa rtic le  physics, when asking him  to g ive you 
some m oney fo r  studying the h igh -energy system , the m echanism  o f high- 
en ergy  nuclear reaction . If  he asks you " fo r  what purposes", the wrong 
answer w ill be " I  am in terested  in the m echanism  o f the nuclear reaction  
o f high en e rg y ". The righ t answer w ill be "because I w ill study the in te r ­
action o f e lem en tary  partic les  with the non-hydrogen targets  on ly ".

Y a . A . SMORODINSKY: I would like to make a short rem ark  about 
d irec t in teraction . In o rd e r to make a th eory  you have to know the 
amplitude o f the sca tterin g  of nucleons by nucleons. In the case o f the 
th ree -p a rtic le  prob lem  people have done a lo t in reconstructing the am p li­
tude from  the experim en ta l data; they have to p er fo rm  a la rge  number of 
d iffe ren t experim ents, ca lled  the com plete set o f experim ents, which include 
the m easurem ent o f po lariza tion , corre la tion , and so on. In the case o f 
two partic les  inside the nucleus, it is  im possib le  to p er fo rm  such kinds of 
experim en ts. But there is  one exam ple in which it is  possib le, and it must 
be done. It is  a co llis ion  o f the nucleon with nuclei; fo r  exam ple, the 2p 
reaction . H ere  we can prove that it is d irec t in teraction . That is , we 
have a pa rtic le  and we have two partic les  a fter reaction  and we check by 
known means that it  is  in fact a d irec t in teraction . But in this case we have 
to m easure the co rre la tion  o f polarization , the rotation  of po lariza tion  and 
on ly in  that case is  it  possib le  to reconstruct the amplitude in  which 3 n 's 
are fr e e  and 1 n is  inside the nucleus. That means it is  possib le to m easure 
the amplitude c lose  to the surface o f the nucleus. It w ill be an in term ediate 
reg ion  between the fr e e  pa rtic le  and the M igda l theory. It is  v e ry  im portant 
to lea rn  this amplitude, pa rtly  because M igda l says it  is  possib le to build 
a th eory  of how the in teraction  between the two nucleons changes from  the 
fr e e  in teraction  to the in teraction  inside the nucleus. An in term ediate 
experim ent must be done and I would like to ask experim en ta lists  i f  it  is
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re a lly  possib le to p er fo rm  the m easurem ent o f the com plete set o f e x p e r i­
ments on ex isting  a cce le ra to rs .

I. S. SHAPIRO: I would like to s tress  that one should be v e ry  ca re fu l 
in in terp re tin g  the data on d irec t nuclear reactions and by using them fo r  
the determ ination of constants, which determ ine the structure of a nucleus. 
F ir s t  of a ll we should be sure that the assumed m echanism  of the d irec t 
p rocess  v ir tu a lly  takes p lace. One should, fo r  this purpose, p er fo rm  a 
set o f experim ents, indicated by the d iagram  theory o f d irec t reactions. 
Unfortunately at the present tim e there are on ly a few  such experim ents 
( reaction  6L i (7T+, 2p) 4 He, investigated  in CERN, and the p rocess 12C 
( 7Г, 7гр) ИВ, investigated  at the Institute of T h eo re tica l and E xperim en ta l 
Physics in M oscow ). In m ost cases the conclusions about the mechanism  
o f a d irec t reaction  are made with c le a r ly  insu ffic ien t data and this m ay 
lead, and actually does lead, to rough e r ro rs  (the exam ples just mentioned 
above con firm  this).

D .H . W ILK INSO N: I don't want to answer P ro fe s s o r  Sm orodinsky's 
question d ire c t ly  but I would like to make what I hope is  a re levan t comment, 
and that is  on the genera l d ifferen ce between knowledge and in fluence. I 
think m ore and m ore one has to go to h igh -energy  experim ents r e a lly  to 
know things. ) I think that one can perhaps make an in fluentia l answer to 
P ro fe s so rs  Shapiro and Sm orodinsky on the question o f d irection  in teractions, 
at leas t of a particu lar kind. One is  used to thinking of d irec t in teractions 
as p rocesses  in which the partic les  en ter the nucleus, in teract im m ed ia te ly  
and come out again, and as P ro fe s s o r  Shapiro has said, it would be d ifficu lt 
to dem onstrate this d irec tly , and P ro fe s s o r  Sm orodinsky has ca lled  fo r  
a com plete set o f experim ents to do it. H ow ever, one can do d irec t in te r ­
actions without going into the nucleus and in that case I think one can in fer 
that they are d irect, even though one cannot dem onstrate it. I am re fe r r in g  
now to stripp ing reactions below  the Coulomb b a r r ie r .  In this case one can 
in fe r  from  the energy  dependence o f the c ross -sec tion  that the proton in 
the (d, p) reaction  has not been anywhere near the nucleus. The stripp ing process 
has taken place quite a long way from  what we norm ally  ca ll the surface of 
the nucleus so I would say the agreem ent between the dependence o f the 
c ro ss -sec tion  on energy  and what we calculate from  the reaction  mechanism, 
allows us to in fe r  that indeed it is  d irec t and does not invo lve a co llec tive  
type o f p rocess .





FORUM ON SELECTED TOPICS 
IN NUCLEAR STRUCTURE

V . F .  W EISSKOPF: W e a re  now coming to the m ore gen era l questions 
about the future o f nuclear physics. -The rem arks I made e a r lie r  w ere just 
to open up the subject, and I shall now ask various m em bers o f the Panel to 
make th e ir  rem arks.

J .O . RASMUSSEN: I  should lik e  to start by com m enting on the s ign ifi­
cance o f e lectron  a cce le ra to r  machines in nuclear physics. Owing to the 
somewhat unusual sorts  o f specia lization  the photon-nuclear and e lectron - 
scattering nuclear physic ists , at least in the United States, have a rather 
separate trad ition  com pared with others o f us studying nuclear structure. 
F rom  our side, we have a v e ry  grea t in terest in the poss ib ility  by e lectron  
scattering o f obtaining in form ation  in heavier nuclei o f h igher m ultipole 
moments o r  even monopole moments o f excitation. It was, I think, from  
e lectron  scattering at Stanford that one had the f ir s t  ideas about the c o lle c ­
t iv ity  o f modes as high as 2* o r 2s pole. The h igh -energy scattering with 
wavelengths short com pared with nuclear dim ensions can g ive  us h igher 
moments o f the m ultipole excitation than would be m easured by radiated 
life t im es  where the proton wavelengths are long com pared with nuclear 
d im ensions.

I would lik e  now to m ove to something rather m ore genera l, and then 
fin a lly  address m yse lf to some o f the practica l questions o f how one gets 
governm ents o r businessmen o r h igh -energy physicists to lend or g iv e  us 
m oney. N uclear structure studies and nuclear structure th eory  in the ra re -  
earth reg ion  o f the deform ed nuclei have gen era lly  com e in fo r  c r it ic ism s  
as being the sort o f thing that is  not lik e ly  to y ie ld  fundamental in form ation.
I think it is  natural to r is e  to the defence o f som e o f the th eoretica l and ex ­
perim ental studies in the reg ion  of the deform ed nuclei, and perhaps I base 
my defence on the point that the nucleus is a good object fo r  m any-body theory 
and that something from  our studies o f many-body nuclear theory in the 
nucleus can be ca rr ied  back to so lid -sta te studies and to other fie ld s  that 
a lso  use m any-body theory. One o f the great advantages o f the ra re -ea rth  
reg ion  of the deform ed nuclei is that the shell m odel works better here than 
anywhere except perhaps one nucleon away from  a double-m agic nucleus 
The coupling schem es becom e re la tiv e ly  s im p ler when the degeneracies 
of o rb ita ls  in a spherical w ell a re  broken up and one has essen tia lly  only 
the tw o -fo ld  K ram ers  degeneracy le ft . The deform ed reg ion  has been p a r­
t icu la r ly  suitable in studying superflu id phenomena fo r  applying the Bogolyubov 
transform ation , and is perhaps m ost analogous to the m eta llic  state one has 
essen tia lly  in this reg ion  - a ra ther uniform  le v e l density. In recent in ves ti­
gations we have found d iffe ren ces  between the nucleus and the superconducting 
situation in a m eta l. The phase transition  between the norm al and super- 
flu id state is  not at a ll a short-phase transition.

I f  we take p rop er ly  into account the conservation  o f pa rtic le  numbers, 
quite unimportant fo r  the la rg e  so lid -sta te system , we find this phase tran ­
sition  to be a v e ry  gradual one. Perhaps these studies o f the broadening 
o f a phase transition  with ex trem ely  sm all system s m ay be useful in other 
fie ld s . The rotational branching patterns that a re  g iven  by various tran ­
sition  p rocesses  in the deform ed nuclei, contain a wealth o f detailed in fo r­
mation, deta ils o f the nucleon wave functions that a re  often hard to obtain in
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other nuclear reg ions. W e a re  at present looking at the pairing phenomenon 
fo r  fiss ion  saddle shapes; som e experim ents, som e angular distributions 
and fiss ion s , indicate that perhaps the gap is  tw ice as la rg e  fo r  saddle shapes 
around pluton ium -240 and in the region  o f polonium the gaps may be three 
or four tim es as la rg e , and this has ra ised  some v e ry  in teresting questions. 
It has made one think deeper about where the o rig in  of the pairing in te r ­
action a r is e s  and that perhaps there a re  renorm aliza tion  e ffects  on the 
e ffe c t iv e  pa iring interaction .

F in a lly , le t me make a few  rem arks on this gen era l philosophical 
question and p ractica l question o f why nuclear structure studies should be 
supported. P ro fe s s o r  W eisskop f's  analysis pointing out that our fie ld  lies  
between the in tensive and the extensive connections is one that we should 
v e ry  much bear in mind. We must guard against pointing out how we can 
build b etter b icyc les , though the temptation is  th ere  with governm ents. I 
think an automatic defence is  that soc ie ty  should g ive  sign ificant support 
to c rea tiv e  in te llectua l a c tiv ity  of which this fie ld  is  an outstanding exam ple 
and that we must d irec t ou rse lves  to the fundamental prob lem s in these 
undergrounds o f c rea tiv e  and intellectual ac tiv ity . I think a lso  that we have 
a defence in the im portant connections with other fie ld s .

W e have found our contacts in governm ents responsive to arguments 
that we a re  making g rea te r  e ffo rts  to co -opera te  with one another to see 
that the new o r old fa c ilit ie s  that we have a re  ava ilab le  not just to one or 
two men fo r  th e ir  ideas but a lso  to people in u n ivers ities  without nuclear 
fa c ilit ie s  in the reg ion . W e must see in a period  when not everyone w ill 
be able to build his own a cce le ra to r  that we must look to ways fo r  better 
co-opera tion , to tem per the narrow  com petitive  sp ir it that has often p e r ­
vaded science.

D .H . W ILKINSON: I would begin with at least a d ifferen t narrow  ho­
rizon , not that I think that what P ro fe s s o r  Rasm ussen has said is  not abso­
lu tely  right, but ra ther to present a com plem entary v iew . I fe e l m yse lf 
that the question of sc ience and what we consider to be worth doing is  v e ry  
much a m atter of personal taste and perhaps we don't have the righ t as 
nuclear physic ists  to judge our own fie ld . I think I can illu stra te  what I 
am saying in an extrem e way by re fe rr in g  to P ro fe s s o r  W eisskop f's  c la s s i­
fica tion  of in tensive and extensive sciences, the intensive ones being those 
that are se lf-su ffic ien t by defin ition  o f creating new ways o f thought or 
finding new attitudes which do not yet connect up with others, and the ex ­
tensive sc iences either feed ing into other sc iences o r com ing out o f them 
o r feed ing into p rac tica l applications o r  perhaps com ing out o f them. If 
you ask w orkers  in the intensive sciences fo r  th e ir  v iew  - at least the 
com plete ly  dedicated w orkers  - they would say that th e ir  science is  p roper 
sc ience. It is  a science in which they a re  having to use th e ir  fee lin gs ; a 
sc ience in which one is  shaping the science through the nature of the human 
being. W e cannot find m ore out about nature than we a re  capable o f under­
standing and to a certa in  degree  this perhaps means we a re  form ing nature 
in our own im age. So the w orkers in the in tensive, as opposed to the ex ­
tensive sc iences, would perhaps say that th e irs  is  an instinct science and 
the others a re  extinct sc iences. 'T’hat is  of course an extrem e point of v iew .

Now I com e back to what I have a lready  said, nam ely that I don't be­
l ie v e  that we, in a certa in  sense, have the right to make a judgment about 
our own science because even i f  we decide that we have understood it a ll 
and that it no lon ger is  a sa tis factory  a c tiv ity  fo r  us, then su rely  there w ill
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be others fo r  whom it is  a sa tis fac tory  a ctiv ity  and fo r  whom it is  m ore an 
instinct as opposed to an extinct sc ience. Th ere  is a serious point in this 
and that is  that I fe e l that we should as it w ere  make p roper preparations 
recogn izin g this point that I have just made fo r  handing on in due course.
W e know that it is  v e ry  bad i f  one im p eria lis t nation pulls out from  colon ia l 
te r r ito r ie s  without making p roper adequate preparations fo r  the smooth 
tran s fe r  o f pow er. I think we should do the sam e. We a re  becom ing an 
extensive sc ience. W e a re  a lready having sign ificant contacts with other 
sc iences and I think this should perhaps be p os itive ly  encouraged. I am 
not taking a p ess im is tic  v iew  here  - I am not saying that our sc ience is 
s t ill not satisfy ing to us; it obviously is o r we wouldn't be sitting around 
d iscussing it now. But I do fe e l that the c lo se r  the contacts that we can 
b reed  with what at the moment appear to  be rather separate d isc ip lin es, 
the better. And I would say this goes both ways. I b e lieve  that we should, 
as I have a lready  said, cu ltivate our connections with the h igh -energy 
physic ists  as w e ll as cu ltivating connections the other way with such people 
as chem ists and b io log is ts . W e can certa in ly  benefit by strengthening our 
ties  with h igh -energy people and they I fe e l can benefit too. T h ere  should 
be a serious attempt to introduce nuclear structure physic ists  into high- 
energy  team s, not with any spec ific  purpose of im m ediate benefit, but 
ra ther as a lon ge r-te rm  investm ent. The opportunity often has been lost, 
when a h igh -energy experim ent has been ca rr ied  out sim ply replacing 
the hydrogen ta rget by a gadolinium  ta rget o r something o f that sort, of 
learn ing something o f grea t use fo r  nuclear structure physics with a ve ry  
sm all percentage in crease  in the amount o f running tim e. We a re , of 
course, a lready  in c lose  contact with other d isc ip lines that to som e degree  
have com e out o f our own. W e a re  in c lose  contact with the so lid -sta te  
d isc ip lin es , with b io log ica l and m edica l science, in obvious ways including 
re la t iv e ly  exotic and lon g-term  ones such as the use o f negative-charged  
e lem en tary  pa rtic les  fo r  lo ca l therapy, a possib le  approach to treatm ent 
o f cancer, and so on. I think there is  another respect in which nuclear 
physics can be useful. Th is rem ark  applies a lso  to h igh -energy physics 
and that is  that occasionally , not v e ry  in frequently, we do seem  to have 
a reason  fo r  applying a new technology on a la rg e  sca le . I am thinking of 
two things in particu lar now: superconductivity and superflu id ity. It is
quite lik e ly  that in the long run la rg e  cryogen ic  superconducting devices 
w ill have industria l application. A t the moment, industry has no excuse 
fo r  putting m illion s  o f d o lla rs  into v e ry  la rg e  superconducting magnets.
But nuclear physic ists  do and out o f the experience o f such work w ill com e 
a dem onstration of the fea s ib ility  o r o therw ise o f applying these techniques 
on a v e ry  much b igger  industrial sca le . In other words, through nuclear 
physics one does occasiona lly  have a reason  fo r  applying a technique on a 
sem i-in du stria l sca le . Superflu idity has not, so fa r , been applied in this 
way although there is  the sensational application from  Stanford U n ivers ity  
fo r  a superconducting lin ear a cce le ra to r  which w ill get rid  of its energy 
by being to ta lly  im m ersed  in superfluid helium , which has a heat transport 
o f the o rd e r of 1000 tim es better than copper.

The fina l question is  whether one should stay in and continue to p ress 
fo r  nuclear structure physics. It depends on the s ize  o f the country. It 
m ay w e ll be right fo r  la rg e r  countries to put m ore o f an e ffo rt into other 
sc iences, perhaps h igh -energy physics, i f  we a re  sticking to the context 
o f the nucleus, but at the sam e tim e it may be right fo r  the sm a lle r , less



1 2 8 FORUM

fortunately endowed countries to put a much b igger  proportion  o f e ffo rt into 
nuclear structure work. That may w e ll be th e ir  method o f rem ain ing in 
touch with the fron tie r  of science.

I have tr ied , in these rem arks, to present this com plem entary point 
of v iew  to D r. Rasm ussen 's, nam ely that we should d e lib era te ly  look out­
side our own fie ld , not because we fe e l that it is becom ing dry and that we 
might wish to leave  it, but because fie ld s  do develop (w h ile tastes rem ain 
rather constant) and a g iven  type of person with a given  type o f taste may 
w e ll m ove from  one fie ld  to another. In doing so he should recogn ize  that 
others v e ry  probably w ill want to com e into his own and he should take every  
opportunity o f encouraging them to do so.

G. A L A G A ; I should like to say a few  words on the problem  o f nuclear 
physics as I see it from  a developing country. It is probably fa ir  to say that 
the tim e o f the qualitative work in nuclear physics has gone and as P ro fe s s o r  
Brown and others have pointed out it seem s we a re  facing a period  when actu­
a lly  hard work has to com e. I f  one looks at these qualitative prob lem s one 
can see that e very  yea r a few  m ore m inor qualitative problem s a r ise  and 
a re  solved. Th is  certa in ly  cannot keep busy a ll the existing nuclear physi­
c is ts . I think that one has to face up to the m ore d ifficu lt problem s and try  
to find the corre la tions between certain  data and events and then a lso try  
to find new approaches in o rd e r to get approxim ate solutions to the many- 
body p rob lem s. Those who a re  making new approaches should try  to state 
th e ir  resu lts  in a much s im p ler and c le a re r  way and then should try  to make 
com parisons with the resu lts o f other research  w orkers; one could then see 
c lea r ly  the s im ila r it ie s  and d ifferences  between two d ifferen t approaches.
In this respect I think the organization  o f top ica l con ferences might be ex­
trem e ly  useful because m ore detailed discussions could be done at such 
con ferences and one could make m ore com parisons of the data to find out 
the d iffe ren ces  and the s im ila r it ie s .

A few  additional words on experim ents. I am not an experim entalist and 
th e re fo re  am not qualified  to say much about th is, but I have on a few  oc ­
casions analysed com plete ly  wrong experim ents and I am probably not the 
only one. When the theorists  do a certa in  p iece o f work they should of course 
state as c le a r ly  as possib le rea lly  what they have shown and what they have 
proved . The sam e should apply to the experim enta lists; they should try  to 
say what the experim ent has rea lly  established and analyse the experim ent as 
fa r  as possib le  and not publish the wrong data many tim es; they should try  to 
find out a lso  the system atic and other e r ro rs . It is probably v e ry  useful to 
have a combined experim ental treatm ent so that one gets evidence from  
d ifferen t sides and one can thus establish the behaviour of the individual 
nuclei, the excited  state, and so on, and a lso the p roperties  as one m oves 
along the number o f the changing nucleons. Th is  would probably help g rea tly  
in deciding which o f the theoretica l approaches has to be adopted and which 
one is  the m ost prom ising.

In m y opinion the th eore tica l physicists a re  often convinced of - I wouldn't 
say wrong - but not quite co rre c t theories, and in this way they discourage 
the experim ental physicists from  doing certa in  investigations, and v ice  versa , 
the experim enta l physicists a lso  som etim es think that som e o f the data are 
a lready  established and thus they discourage the pushing on o f the theory in 
a certa in  d irection .

G .N . F LE R O V : I should lik e  to dwell on one particu lar question which 
we have d iscussed in the Soviet Union. It is not quite c lea r  yet but I would
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like to draw your attention to it. I rem em ber that when I was young and 
worked in the Ph ys ica l Techn ica l Institute under A cadem ician  Io ffe  there was 
a whole school o f experim en tors studying secondary e lectron  em ission . We 
studied various m eta ls, we had d ifferen t coe ffic ien ts  from  d ifferen t exp er i­
m entalists and it turned out la te r  on that in these yea rs , using the o il pumps, 
we had studied not the secondary em ission  o f m eta ls, but the secondary e- 
m ission  o f o il f ilm s  coverin g  the m eta ls, and the coe ffic ien t depends rather 
on the o il than on the m eta l su rface. Those who w ere  engaged in it know 
that the work of a ll those years  was not va lid  at a ll. It seem s to me that 
we have a s im ila r  situation in nuclear physics. I think that m ore than half 
the work, and in particu lar the experim ental work, has been in co rrec t, that 
som etim es the experim ental technique has not been su ffic ien tly  developed 
fo r  the pa rticu la r experim ents and som etim es there w ere  some v e ry  in ­
co rre c t ideas. A young person  who wants to acquaint h im se lf with a g iven  
p rob lem  w ill have to go back to what has been done b e fo re , and nobody, of 
course, in papers, reco rds  that work done was not v e ry  successfu l. It is 
v e ry  good tra in ing fo r  young people to find out the m istakes that the o lder 
w orkers  have made and this w ill g ive  them a v e ry  solid  basis fo r  la te r  on.
In D ze lep ov 's  tab les on spectroscopy the spectra  that we have p erfo rm ed  
since the yea r 1965 a re  included. Aga in  I think this is  wrong. Som etim es 
we om it som e v e ry  im portant fundamental work. T h e re fo re  I think we should 
think about how we look backwards and make assessm ents to evaluate the 
work that has been done in the past. F o r  exam ple, fo r  nuclear tables being 
established in the United States of A m er ica  with a ll the re fe ren ces  we 
should have a ll the data with a co rrec t assessm ent; there are qualified  
people who could do th is, and it would help us g rea tly  in our fu rther work. 
How this should be ca rr ied  out in p ractice  I do not know, but I think some 
work ought to be done in this d irection .

V . G .  SOLOVIEV:, I agree  with the statements that have been made in 
the d iscussion by P ro fe s s o rs  W eisskop f, Rasm ussen and others. I can't 
quite ag ree  with the statement by P ro fe s s o r  F le ro v . I hope as a physicist 
that we a re  getting ob jective  in form ation on nuclear structure, but perhaps 
not always v e ry  c le a r  o r  not absolu tely accurate. I s t ill hope that the ex ­
p erim en ta lis ts  a re  m easuring the nuclear p roperties  and not something e lse .
I  should lik e  to s tress  that it appears ve ry  im portant fo r  the developm ent of 
nuclear physics to  have a v e ry  wide front o f resea rch  and investigations. I 
b e lieve  that this is  a lso  true fo r  the theory o f the nucleus.

I  should lik e  to say a few  words concerning the prob lem  connected with 
the fundamental im portance o f nuclear physics. The im portance of nuclear 
physics investigations would be considerab ly decreased  i f  it w ere  possib le  
to describ e  a ll p roperties  o f the nucleus on the basis o f nucleon-nucleon 
in teractions. I b e lie ve  th is would be a ve ry  e ffe c tiv e  d irection  i f  we wanted 
to explain the p roperties  o f com plex nuclear system s from  elem entary in te r­
actions and p rin c ip les . I  think, how ever, that the nucleon-nucleon in te r­
action g ives  us only lim ited  in form ation  on the fo rc es  involved and such a 
m any-body system  as the nucleus could g ive  us com plem entary in form ation . 
When we analyse the nucleon-nucleon potential then we see that even in the 
perturbation th eory  we cannot reduce a ll graphs to the nucleon-nucleon po­
ten tia l. D ealing with the th ree-body  system  we understand that the concept 
o f potential is  only re la t iv e . Having four bodies it seem s that the d ifficu l­
t ie s  a re  a lm ost insurmountable and it is  probably v e ry  im portant in this 
connection that we investigate a com plex nucleus. E ssen tia lly  we a re  giving
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up the idea o f the p r im ary  nucleon-nucleon in teraction . Investigating a com ­
p lex system  we a re  looking at low ly -exc ited  states and we a re  lim ited  to a 
sm all d egree  o f freedom , and we build a m odel which w ill make it possib le 
to understand to some extent the structure o f the nucleus. The m ost im ­
portant thing is  that the fundamental resu lts a re  the resu lts  o f the p rop er­
t ie s  o f sym m etries , spherica l sym m etries  o r the ax ia l sym m etries  in de­
form ed  nuclei.

A good exam ple of this is when we have m u ltipo le-m u ltipo le in teraction, 
and a surface Д in teraction  produces exactly  the sam e resu lts , although the 
rad ia l dependence o f the in teraction  is  rather d ifferen t.

In the future developm ent o f nuclear physics a v e ry  g rea t ro le  w ill be 
played by hypernuclei. Perhaps ve ry  shortly nuclear physics w ill develop 
into som e kind o f hypernuclear spectroscopy.

A . H .  W A PS TR A : T h ere  is one point that I have not yet heard in this 
discussion about the p oss ib ilit ies  of nuclear physics and about the arguments 
that we can use, le t us be honest, to get money. Th is one point has to do 
with the education o f new physic ists . It has been said in the Netherlands by 
P ro fe s s o r  K as im ir , who is  D irec to r  o f the Ph ilip s  labora to ries , that some 
o f the best physic ists  he got cam e from  nuclear physics. They a re  no longer 
working in nuclear physics as such - they a re  working in branches like so lid - 
state physics o r e lectron ics  o r com puter techniques but he was of the opinion 
that in nuclear physics the high quality of the education was such as would 
only with d ifficu lty  have been obtained in any other branch of physics. Th is 
is  an exam ple o f nuclear physics moving in the d irection  o f an 'ex ten s ive ' 
subject, in P ro fe s s o r  W eisskop f's  term ino logy.

I have persona lly  a lso found out that there is  the poss ib ility  in the other 
d irection . Under m y d irection  there is  at the moment a group working in 
CERN  on the scattering o f negative kaons on po la rized  protons, and of this 
group o f four physic ists  th ree have com e from  nuclear physics. We should 
make these facts  known when arguing about the usefulness o f nuclear physics.

V . F .  W EISSKOPF: It is certa in ly  a v e ry  im portant fact that nuclear 
physics is  probably one o f the best tra in ing grounds of a ll fie ld s .

W e have, in our d iscussion, avoided certa in  dangers. In sc ience one 
must always be care fu l not to plan too much and not to plan too l it t le . Some 
planning is  usually necessary  and each resea rch er h im se lf must make a 
choice between one experim ent and another ; even the lim ita tion  o f tim e 
fo rc e s  us to  make such a choice, not to speak o f the lim ita tion  o f financial 
support. On the other hand it must be v e ry  dangerous to do too much planning. 
One o f the g rea t strengths of science is  the individual in itia tive  - the indi­
vidual independence of the research  w orkers . Each sc ien tist must decide 
fo r  h im se lf what he thinks to be im portant and i f  such judgment is  d ifferen t 
in a ll the groups the better. That makes fo r  sc ien tific  p rog ress . In fact 
I am a lit t le  w orr ied  about the la rg e  number o f international m eetings which 
p revents the d ifferen t nationalities from  developing in th e ir  own specia l 
fashion. It m ight perhaps be b etter fo r  science if  we had few er m eetings, 
not only because we lo se  so much tim e but a lso  because we would work a 
lit t le  m ore independently from  each other. P robab ly  on the whole the ad­
vantage o f having a lo t o f communication outweighs the disadvantages i f  we 
a re  strong enough characters to do what we want to do ou rse lves  and not 
lis ten  too much to what other people say. I  think this discussion has shown 
that we do have such strong characters, and a ll the better.
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Abstract

PROBLEMS OF TH E DEVELOPM ENT OF NUCLEAR PHYSICS IN  SM A LL  CO UNTRIES (A S  EXEMPLIFIED 

B Y C Z E C H O S L O V A K IA ). T h e  author treats o f  C zech os lovak ia  as ty p ic a l o f  the sm a ller European industrial 

countries, sum m arizes the country's d iff icu lt ie s  in  k eep in g  abreast o f  nuclear physics d evelopm en ts, and suggests 

ways in  w h ich  the sm a ller countries can p la y  their part in the d eve lop m en t o f  nuclear physics.

It is  to som e extent r isk y  to look fo r com m on and genera l features 
that would ch a rac te r ize  a number o f countries in such a narrow  sphere 
as the developm ent o f nuclear physics. I shall take it fo r  granted that such 
featu res do ex ist in sm all European countries. Th is assumption is  based 
on the fact that sm all European countries have a common h is tory  and s im ila r  
geograph ica l as w e ll as cu ltural conditions. As fa r  as nuclear physics its e lf  
is  concerned, it is , o f course, n ecessary  to exclude a few  countries, such as 
Denmark, on account of the ir great tradition . A ll I  can hope fo r  is  that 
everyth ing that I say w ill at least concern Czechoslovakia.

It is  th ere fo re  perhaps o f in terest fo r countries o f the same s ize , s im ila r  
h is to ry  and the same hopes to mention here the paths that the developm ent o f 
nuclear physics has taken and is  s t i l l  taking and, in  passing, to indicate ways 
in which it may develop in the future.

I shall start by g iv in g som e genera l in form ation  about Czechoslovakia, 
s ince it is  im portant fo r  the understanding o f nuclear physics in the country.

C zechoslovak ia  has long been an industrial country. A t f ir s t  glance this 
fact would seem  favourab le fo r  the developm ent o f natural sc iences, among 
which one includes physics. Th is r e a lly  was true in some sc ien tific  d is c i­
p lines, nam ely those on which industria l production was d irec tly  dependent. 
How ever, people managing industry and working as qualified  engineers and 
technicians often think o f physics, espec ia lly  c la ss ica l physics, m ore as some 
abstract study which is , o f course, necessary  fo r  the good basic tra in ing o f 
a qualified  engineer, but which is , fo r  a man concerned w ith econom ic p ro ­
b lem s, too broad and th eore tica l an activ ity, and on which it is  not w orth ­
while spending too much tim e and m ore money than necessary . Why this is 
the case can best be explained by taking nuclear physics as an exam ple.

N uclear physics began to be known to the public towards the end o f the 
Second W orld  W ar, in connection with the atom ic and hydrogen bombs. In 
sp ite of, and possib ly  just because o f this, nuclear physics as a new and im ­
portant sc ien tific  branch did not find any response amongst the C zechoslovak 
public.
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M oreove r, the high costs mentioned in the w orld  p ress as necessary  fo r 
the preparation  o f nuclear weapons a lso had a negative influence. The situa­
tion began to change when it was gradually rea lized  that the useful exp lo ita ­
tion o f nuclear energy in the fo rm  of e le c tr ic a l energy was possib le. This 
was the period  fo llow in g  the f ir s t  International Conference on the P eacefu l 
Uses o f A tom ic E nergy held in Geneva in 1955, and when the f ir s t  nuclear 
power plants w ere  being put into operation. At that tim e much in form ation 
becam e w idely  access ib le , showing the resu lts  o f a long period  o f w ork  by 
la rg e  nuclear physics groups in a number o f countries. F o r  people thinking 
o f using nuclear energy fo r  industrial purposes this fact was overlooked  
since th e ir  tim e was fu lly  taken up by organ izational, technical and techno­
lo g ic a l p rob lem s. N uclear physics was ra ther an unpleasant obstacle, 
d ivertin g  attention and exhausting means. Only that part o f applied nuclear 
physics was appreciated which was d ire c t ly  connected with the construction 
o f rea c to rs , i. e. tod a y 's  rea c to r  physics. Actually, the situation amongst 
nuclear physicists was just the opposite: they w ere  attracted by basic r e ­
search  in nuclear physics. The p rim ary  and lite ra lly  h is to r ica l m erits  of 
nuclear physics in the fie ld  o f the use o f nuclear energy w ere  lost o r  unrecog­
n ized; only a m ora l debt was repaid to nuclear physics, and then often on 
the advice o f m ore experienced  and fa r -s e e in g  friends from  abroad. When 
defending the needs o f adequate research  in nuclear physics it was necessary  
to use such arguments as elem entary te rm s , and in fact ex isting technical 
r e a lit ie s  cu rren tly  used today in reactor techniques and in the nuclear power 
industry would not have been possib le without p rec ise  and exacting research  
in nuclear physics. These are roughly the reasons why, in certa in  situations, 
even the high industria l standard of a country does not act as a stimulus to 
the developm ent o f sc ien tific  work in some branches such as nuclear physics, 
but ra ther in the opposite sense. It is  thus the duty o f each c iv iliz ed  country 
to partic ipate in this fie ld  according to its means.

Th ere  are a number o f other reasons fo r  the unfavourable fo rc es  working 
against the developm ent o f som e of the exact sc iences, Czechoslovak cultural 
trad ition  is  r ich  in the sphere o f the arts and som e o f the humanities. It is  
c lo se ly  connected with e ffo rts  fo r  national r e v iv a l and independence. This 
trad ition  a r ises  m ore  ea s ily  as it is less  conditioned by m ateria l means and 
perhaps a lso is  not so ambitious as fa r  as m ateria l and personal conditions 
are  concerned. A t the sam e tim e, however, soc iety  subconsciously regards 
culture as concerning only the arts and humanities and this attitude does not 
crea te  good conditions fo r  the developm ent o f other sc iences.

Under these circum stances the only poss ib ility  o f ensuring the deve lop ­
ment o f such a sc ience as nuclear physics is  by the existence o r  creation  o f 
sc ien tific  institutions supported both m a ter ia lly  and m ora lly  by the state.
Such institutions may manage the m a jority  o f a ll sc ien tific  institutes of d if­
fe ren t types in the country. They must, how ever, be d irected  by scien tists, 
as only in this way can an adequate and mutually balanced developm ent o f 
different, s c ien tific  fie ld s  be achieved, naturally under the condition that 
th e ir  management is  dem ocratic and that in the sphere o f in te llectua l activ ity  
they a re  independent o f the state.

With such an arrangem ent fo r  con tro llin g  the developm ent o f science, 
the basic prob lem  is  how to determ ine the adequate developm ent o f individual 
sc ien tific  branches in the g iven  country and how to d istribute funds so that 
the developm ent o f sc ience as a whole is  balanced. Th is problem  is  im p o r­
tant not only in sm all countries but a lso fo r  the great pow ers, as is  demon-
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strated  in the excellen t paper by W einberg, "C r ite r ia  fo r  sc ien tific  cho ice" [1], 
The prob lem  fo r  sm all countries is m ore d ifficu lt in that they must maintain 
certa in  contacts with b ig  science and at the sam e tim e cu ltivate some sc ien ­
t if ic  branches which due to th e ir  high costs either are or rep resen t fo r  them 
b ig  science. L ow -en ergy  nuclear physics has unfortunately been fo rced  into 
this position  even i f  — in my opinion — it is in fact not b ig science at present.

E«

FIG . 1. D istribution o f  s c ie n t if ic  and tech n ica l workers o f  the C zech os lovak  A ca d em y  o f  S c iences accord ing 

to ind iv idu a l s c ien t if ic  d isc ip lin es  in 1967.

In spite o f various good th eore tica l e ffo rts  the problem  o f an adequate 
and balanced developm ent o f d ifferen t sc ien tific  d iscip lines in our country 
has been so lved  in a sim ple way. The Czechoslovak Academ y o f Sciences, 
established in 1952, was to take charge o f this developm ent so that it would 
correspond to the requ irem ents o f m odern society . Support was given 
p r im a r ily  to those d iscip lines which had the grea test tradition , o r whose r e ­
p resen tatives held m ore im portant positions as experts and soc ia lly , or which 
had groups o f young, en terpris in g  and enthusiastic sc ien tific  w orkers . The. 
f ir s t  two fac tors  had about the sam e weight o r  w ere  dependent upon each 
other, the th ird  was o f sm a ller influence. These in itia l conditions w ere 
fo llow ed  by a m ore o r less  equal developm ent, with som e exceptions. Such 
an exception  was the m ore intensive developm ent o f nuclear sc iences a fter 
1955 that was instigated by Soviet physic ists . The same pos itive  ro le  in 
h igh -energy  physics was played by the foundation o f the Joint Institute fo r 
Nuclear Research  in Dubna in 1956; a fter that h igh -energy physics began 
to develop m ore  rap id ly  fo r  a few  yea rs . The present situation is shown in 
F ig . 1, where we see the number o f people [2 ] w orking in individual scien-
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t if ie  d isc ip lines in the C zechoslovak Academ y o f Sciences in 1967. A  s im ila r  
p icture is  obtained when we take into consideration  a ll people working in 
these branches on the basis o f the so -ca lled  State P lan  o f Basic Research, 
not only in the Academ y but a lso in other institutions (u n ivers ities , industry, 
etc. ). The absolute number o f a ll w orkers is  about tw ice as high and the 
share o f the last th ree sc iences increases : in agricu ltu ra l sciences to 7. 3%, 
in m ed ica l sc iences to 22. 5% and in soc ia l sc iences to 23. 6% [ 3].’ The share 
o f physics, unfortunately, thus decreases from  9.8% to 5.7%. The d istribu ­
tion o f physical sc iences in the spectrum o f physical branches is  plotted in 
F ig . 2. H ere, there is no perceptib le d iffe ren ce  when one includes a ll people 
working accord ing to the State P lan o f Basic Research  but the absolute 
number o f w orkers  is  in creased  by about 90 persons only. Considering that 
the above-m entioned numbers o f w orkers p a rtia lly  include also technical 
and assistant sta ff, whose number is  higher in physical d isc ip lines, the situa­
tion is not v e ry  favourable.

FIG . 2. D istribution o f  s c ien t if ic  and tech n ica l workers o f  the C zech os lovak  A ca d em y  o f  Sciences  accord ing  

to ind iv idu a l physica l d isc ip lin es  in 1967.

The basic equipment em ployed in Czechoslovak ia  in the N uclear Research  
Institute, which determ ines the p ro file  o f w ork  in nuclear physics, c o r r e s ­
ponds to the average le v e l o f the 1950s. It is  as fo llow s : a c la ss ica l c y c lo ­
tron, acce lera tin g  protons to 6. 7 MeV, a rea c to r  having an output o f 4 MW, 
a lin ea r  a cce le ra to r  o f the Van de G raaff type designed fo r  5 M V, and a few  
m agnetic beta sp ectrom eters . In recent yea rs , this equipment has been 
com plem ented by a helium  liqu e fie r, a m ultiangular m agnetic analyser of 
nuclear reaction  products, solenoids fo r  strong m agnetic fie ld s , and a GIER 
com puter. These instrum ents make it possib le to w ork  in som e spheres o f 
nuclear beta- and gam m a-spectroscopy, oriented  nuclei studies, neutron 
physics and nuclear reactions. F o r  such studies to have an adequately high 
standard and rate o f p rog ress , they requ ire  good reco rd in g  and detection 
dev ices , and evaluating fa c ilit ie s  such as sem iconductor detectors, m u lti­
channel ana lysers, con tro l panel com puters; of these, we have som e m ulti-
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channel analysers of acceptable quality and to p - le v e l germ anium  detectors. 
Unfortunately, these instruments — as is  true o f e lec tron ics  as a whole — are 
being developed m ore rap id ly  than the basic equipment o f nuclear physics, 
and because o f th e ir  com p lex ity  they are becom ing m ore and m ore expensive. 
Thus it is  often questioned whether it is  worthwhile fo r  sm a ll countries to 
w ork  in nuclear physics at a ll. One solution o ffe rs  its e lf :  to work in theo­
re t ic a l physics only where the main activ ity  is  ideas — which cost nothing.
Th is solution cannot be accepted e ither. Th eo re tica l physics today requ ires  
computing equipment o f high quality fo r  the in terpreta tion  o f experim enta l 
data and this — lik e  the instruments — is  also v e ry  expensive. And fina lly , 
th is solution only in creases  techn ical retardation  or even technical back­
wardness and thus makes the sm all countries unfavourably dependent 
cu lturally.

The p ess im is tic  tone o f the fo rego in g  re flec tion s  concerning the develop ­
ment o f nuclear physics in sm all countries may be d ispelled  by the conviction, 
a lready expressed , that low -en ergy  physics is  quite access ib le  fo r  sm all 
countries. As fo r  the future, it is im portant to find a fo rm  o f developm ent 
which w ill lead or keep it  on a high expert le v e l and thus rem ove  the above- 
mentioned doubts. F irs t , it is n ecessary  to choose a certa in  trend which 
would com ply with this requ irem ent.

A  p rom is ing  d isc ip line o f low -en ergy  physics is  the fie ld  o f nuclear 
reactions, by means o f which it is  possib le  to construct a la rg e  number o f 
nuclear states and thus to study the m anifold p roperties  of atom ic nuclei. 
Evidence o f this is  g iven  by the d iscovery  o f analogue states o f nuclei and 
the amount o f in form ation  being obtained by the investigation  o f the ine lastic  
scattering o f pa rtic les  in nuclei and by reaction  with the tran s fe r  o f pa rtic les  
(stripp ing, p ick-up). H ere, one can start out from  c la ss ica l nuclear spec­
troscopy which, in sm all countries, has been re la t iv e ly  the most developed. 
Sources o f necessary  pa rtic les  with sm all energy spread in a beam are 
o ffe red  today by lin ear tandem acce le ra to rs . Unfortunately, these a cce l­
e ra to rs  are not yet ava ilab le  in soc ia lis t countries and, m oreover, the energy 
o f the acce lera ted  pa rtic les  is  ra ther lim ited  from  above. T h ere fo re , great 
attention is  being paid to the p rogress  o f cyc lic  a cce le ra to rs  with variab le  
energy  o f acce lera ted  p a rtic le s . The upper lim it  o f en erg ies  o f acce lera ted  
pa rtic les  is continually r is in g , reach ing about 100 M eV  fo r  protons; at the 
sam e tim e, it is  not im poss ib le  to construct a cy c lic  acce le ra to r  which 
would reach  the same energy spread in the beam  as the tandem acce lera to r, 
i . e .  ДЕ/Е «  10"4 fo r  protons, with a rather strong intensity o f pa rtic les  
in the beam.

A  great obstacle in the way o f obtaining such an a cce le ra to r  m ay again 
be its  p r ic e . H ow ever, this prob lem  might be m ost ea s ily  so lved  fo r  
C zechoslovak ia  i f  the Joint Institute fo r  Nuclear Research , which is also 
engaged in low -en ergy  physics and o f which Czechoslovak ia  is  a m em ber, 
w ere  to be equipped with such a dev ice . If  the in terests  o f individual m em bers 
o f the Institute a re  respected , it would be best i f  such an acce le ra to r w ere  
located  in one o f the national cen tres o f nuclear physics and as c lose  as 
possib le  to individual national cen tres. I f  this suggestion could not be r e a l­
ized  fo r  som e reason, I am o f the opinion that a few  sm all neighbouring 
countries could co llaborate and buy the acce le ra to r and operate it  together. 
A fte r  a ll, this solution seem s to have the best prospects fo r  the future. 
Build ing up and concentrating a ll the unique instruments in one p lace even ­
tually resu lts  in an ex cess ive ly  com plicated  adm in istrative prob lem  in that
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place, and serves  to iso la te  national cen tres from  the devices and hence, to 
a certa in  extent, p rese rve  the. countries ' backwardness. In low -en ergy  
physics it may be perhaps m ore advantageous to build up national centres 
with the participation  o f neighbouring countries so that each would gradually 
have a certa in  unique device, thereby com plem enting each other. Experience 
from  the 1950s speaks in favour of such a procedure since in a number of 
countries at that tim e-national centres cam e into being sim ultaneously with 
nearly  the same equipment. Although the sign ificance o f the foundation of 
such centres for, individual countries has fo r  the tim e being been rather 
underestim ated, on the other hand the cen tres w ere  obliged fo r  som e tim e 
to engage in the sam e physical problem s and thus the ir common e ffectiveness  
decreased .

In my comments I could have discussed other branches o f nuclear physics, 
fo r  exam ple I could have talked about the great im portance being g iven  to the 
construction and investigation  o f oriented system s. However, in trea ting of 
the future o f nuclear physics in Czechoslovakia, I chose to mention only 
nuclear reactions, o r rather, the a cce lera to r.. I did so on purpose. Th is is 
because the question o f having the n ecessary  basic equipment and instruments 
is  the d ec is ive  factor fo r  the future o f research  in nuclear physics. The 
number o f people working in nuclear physics is  roughly sufficient; we count 
on it in creasing by about 3% per annum in the com ing yea rs . In the sphere 
o f personnel m atters, there is  one problem  which may be common to sm all 
countries and that is  the exchange o f w orkers  among various, institutes and 
institutions inside the country. With few  institutes and few  applied nuclear 
physics posts in industry, the poss ib ilities  fo r  interchange o f w orkers  in 
this fie ld  is v e ry  lim ited .

R eflections on the developm ent of nuclear physics in sm all countries 
can hardly be concluded by definitive, statements since nuclear physics must 
be considered in context with other sciences and with the l i fe  o f society in 
genera l in such countries. In addition, it  is  c lose ly  re la ted  to the develop ­
ment o f nuclear physics in the la rge  countries. In concluding, I should 
espec ia lly  lik e  to draw your attention to this fact and at the same tim e ask 
the la rge  countries to be m ore aware o f and to have m ore understanding fo r  
the developm ent prob lem s o f nuclear physics in sm all countries.
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ROLE OF IN T E R N A T IO N A L  S C IE N T IF IC  CENTRES IN  PRO M O TIN G  NUCLEAR RESEARCH IN  

DEVELOPING CO U NTR IES . E con om ica lly  u nderdeveloped  countries are p r im a rily  in terested in research 

work w hich  w i l l  y ie ld  an im m ed ia te  e con om ic  e f fe c t .  H ow ever, such work can be successful on ly  i f  

based on a sound th eo re tica l s c ien t if ic  foundation , and this cannot be atta ined  w ithou t d eve lop in g  funda­

m en ta l research. For the d e v e lo p in g  countries, nuclear physics, w ith  the rich prom ise a ttend ing the use 

o f  its results, is one o f  the m ost d esirab le  branches o f  fundam ental research. T h e  d eve lop m en t o f  th eo­

re t ic a l physics is o f  im portance too  since it contributes g rea tly  to ra ising the le v e l  o f  experim en ta tion  

and un ivers ity  and secondary school teach in g . S c ien t if ic  research, h ow ever, particu la rly  in nuclear 

physics, com es up against g rea t d if f icu lt ie s  in u nderdeveloped  countries, e . g .  l im ited  finances, a weak 

te ch n o lo g ic a l infrastructure, shortage o f  q u a lified  scientists, and a low  le v e l  o f  tra in in g . T h e  prob lem  

o f  m ak in g  progress in nuclear physics in d eve lop in g  countries m ay  p a rtia lly  be so lved  by pa rtic ipa tion  in 

in ternationa l research centres. Th is  possib ility  is discussed on the basis o f  exp e r ien ce  obtained by the 

Joint N u c lea r Research C en tre at Dubna.

I should lik e  to deal with certa in  fea tu res dem onstrating the im portant 
ro le  played by international sc ien tific  cen tres in  contributing to the p ro ­
g re ss  o f sc ience in d ifferen t countries, pa rticu la rly  in the so -ca lled  de­
velop ing nations. I shall be dealing m ain ly with the Joint Institute fo r  
N u clear R esearch  but I think that those exam ples and situations which I 
m ean to ta lk  about can be re la ted  m ore  o r le s s  to other international 
organ izations o f the sam e kind.

TH E  NEED FOR F U N D A M E N T A L  RESEARCH .
IN  E C O N O M IC A LLY  BACKW ARD  COUNTRIES

E conom ica lly  backward countries are p r im a r ily  in terested  in deve lop ­
ing such resea rch  w ork  as w ill  y ie ld  an im m ediate econom ic e ffect, the 
fie ld s  chosen fo r  applied resèa rch  often being la rg e ly  determ ined by the 
pa rticu la r h is to r ica l developm ent o f the state in question. H ow ever, such 
resea rch  can only be fru itfu l i f  it is  based on firm  th eore tica l sc ien tific  
foundations, and these cannot be attained without developing fundamental 
research .

The need fo r  fundamental resea rch , even  in developing countries, is  
not doubted by anyone. P ro fe s s o r  C . F .  P o w e ll has stated in  this con­
nection: " A  country not engaged in  any branch o f advanced science runs 
the r is k  o f rem ain ing outside the m ainstream  o f human developm ent with 
a ll the serious consequences fo r  its  in te llectua l l i fe  and its  productive 
fo rc e  which that im p lie s " .
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F o r  developing countries one of the m ost des irab le  fie ld s  of funda­
m ental resea rch  is  nuclear physics, g iven  the rich  prom ise  attending the 
use o f its resu lts .

The developm ent o f th eoretica l physics lik ew ise  p lays an important 
part and makes a m a jo r contribution to ra is in g  the le v e l of experim ental 
w ork  and u n ivers ity  and secondary school teaching.

D IF F IC U L T IE S  IN  E C O N O M IC A LLY  RETARD ED  COUNTRIES

Scien tific  resea rch  work, pa rticu la rly  in nuclear physics, runs up 
against g rea t d ifficu lties  in underdeveloped countries. In our tim e 
enormous financia l resou rces  and the e ffo rts  of a la rg e  team  of scien tists, 
engineers and technicians a re  needed in o rd e r to c a rry  out sc ien tific  r e ­
search , but the lim ited  financia l capacity and com parative ly  weak technical 
in frastructu re o f underdeveloped countries prevents them from  buying ex ­
pensive m odern sc ien tific  equipment o r , a fo r t io r i,  building it them selves.

The lack  o f qua lified  sta ff and the inadequate le v e l of tra in ing is  also 
a serious handicap. Even i f  a certa in  number o f quite w e ll qualified  spe­
c ia lis ts  is  ava ilab le , the absence of an experim enta l basis and other fa vou r­
able conditions fo r  sc ien tific  w ork  leads to th e ir  departure fo r  other fie ld s  
o f sc ience and industry, i . e .  th e ir  de-qu alifica tion  and, in certa in  coun­
tr ie s , to a "b ra in  d ra in ". O ther d ifficu lties  present them selves too, such 
as the absence of techn ica l sk ill and experience in resea rch  w ork and in 
the se lection  o f the prob lem s to be tackled.

Unfortunately it often goes beyond the capacity of the country its e lf 
to so lve  a ll the prob lem s invo lved  in developing nuclear physics. T h e re ­
fo r e  it becom es necessary  fo r  such countries to d iscover a way out and 
to b rin g  about m ore  favourab le conditions fo r  resea rch  w ork in as short 
a tim e as poss ib le . I  would lik e  to r e fe r  to the g rea t support g iven  by 
the International A tom ic  E nergy  Agency to developing countries, particu ­
la r ly  in tra in ing and ra is in g  the qualifications o f sp ec ia lis ts  from  these 
countries, in o rgan izing sc ien tific  con ferences, and in the exchange and 
supply o f sc ien tific  in form ation .

The m o ra l duty o f the leading developed countries is  to g ive  eve ry  
stimulus to the developm ent o f sc ien tific  resea rch  in techn ica lly  retarded 
nations. F u rth erm ore, advanced countries should g iv e  both in tellectua l 
and m a te r ia l help to developing countries. Such help can take many fo rm s, 
one o f them being m u ltila te ra l international sc ien tific  co-operation , fo r  
exam ple in  in ternational resea rch  cen tres.

JO INT IN S T IT U T E  FOR NU C LEAR  RESEARCH

The Joint Institute fo r  N uclear R esearch  is  one such cen tre, founded 
in M arch  1956 on the basis o f an agreem ent between the governm ents of 
a number o f soc ia lis t countries. The In s titu te 's  ob jec tives , as stated in 
its  C harter, are:

" -  to p rov ide  fo r  th eore tica l and experim enta l resea rch  in the fie ld  
o f nuclear physics to be ca rr ied  out jo in tly  by sc ien tists  from  
M em ber States o f the Institute;
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- to contribute to the developm ent of nuclear physics in M em ber 
States of the Institute by the exchange of experience and the r e ­
sults o f th eo re tica l and experim enta l research ;

- to maintain re la tions with in terested  national and international 
resea rch  and other organizations with a v iew  to developing nuclear 
physics and seeking new ways fo r  the peacefu l application of 
atom ic energy;

- to contribute to the o v e ra ll developm ent of the c rea tive  ab ilities  
of resea rch  w orkers  in M em ber States of the In s titu te ."

The area  covered  by resea rch  ca rr ied  out at the Joint Institute is  quite 
w ide. It com prises many d ifferen t kinds of investigations undertaken in 
m odern th eore tica l physics and many d ifferen t kinds o f experim enta l work 
invo lved  in studying the atom ic nucleus and e lem entary p a rtic les . In this 
way, the subject m atter of the th eoretica l and experim enta l research  work 
p erfo rm ed  at the JINR m eets the needs of a la rg e  body of physicists from  
M em ber States. W hile, in the fie ld  of h igh -energy physics, resea rch  work 
is  ca rr ied  out m ain ly at Dubna, in co-operation  with groups of scientists 
from  M em ber States, in nuclear physics m ore o f the w ork  is done in the 
individual M em ber States, though this w ork  in  turn is  c lo se ly  linked to 
the w ork  done at the labora to ries  o f the Joint Institute. The Institute, 
to  a certa in  degree , co-ord inates nuclear research  in M em ber States, 
fo r  exam ple by organ izing con ferences and m eetings o f scien tists from  
d ifferen t countries.

Th ese  e ffo rts  towards co-opera tion  and co llaboration  a r is e  from  the 
fact that in  our tim e science has to be organ ized  on an international basis 
and can only be ca rr ied  through by team work; th is, I think, is  fe lt  e v e ry ­
where, including the M em ber States of our J IN R .

The partic ipation  o f physicists from  countries such as M ongolia  in 
the JINR g ives  them access to such installations and fa c ilit ie s  as the p ro ­
ton synchrotron, synchrocyclotron , the m ultiple - charge ion acce le ra to r , 
the IBR pulsed reac to r , and bubble cham bers. It is  se lf-ev id en t that this 
is  the only possib le  way fo r  countries with lim ited  econom ic potential to 
jo in  in "b ig - lea gu e " sc ience. Giant m odern a cce le ra to rs  o r  la rg e  bubble 
cham bers, com puters and automatic instrumentation are d ifficu lt to set 
up, even with the jo in t e ffo rts  o f s e ve ra l sm a ll countries.

TR A IN IN G  O F SPE C IALISTS

I f  the developm ent o f science is  a basic prob lem  fo r  international o r ­
ganizations lik e  the JINR the tra in ing o f spec ia lis ts  is  no le s s  an im portant 
resu lt of th e ir  a c tiv it ie s . The education and in te llectua l maturation of 
scien tists  is  a sine qua non fo r  the fu rther successfu l p rog ress  o f science 
and th e re fo re  the appearance o f a g rea t and talented scien tist is  o f no less  
s ign ificance than the setting up o f an experim enta l installation .

A long with well-known figu res  in the sc ien tific  w orld , the M em ber 
Countries send to Dubna th e ir  young spec ia lis ts  to work alongside m ore 
experienced colleagues and acqu ire the habit of independent work; on r e ­
turning to th e ir  countries a fte r  a few  yea rs , these younger men show 
them selves  capable o f heading sc ien tific  team s th ere .
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W hile posted to Dubna, sc ien tists  from  M em ber Countries have 
w ritten  40 doctora l and 255 M .S c . theses.

By now m ore than 700 scien tis ts , about 200 engineers and 150 auxi­
l ia r y  techn ica l w orkers  from  M em ber Countries of the Institute outside 
the USSR have worked at the JINR and im proved  th e ir  qualifications.

M any exam ples could be g iven  o f how individual scien tists gained 
in ternational prom inence by the w ork  of the Institute.

No descrip tion  o f Dubna's im portance in  the tra in ing o f spec ia lis ts  
would be com plete without mentioning the fe llow sh ip  schem e established 
by our Institu te. Fe llow sh ips have been established at the JINR fo r  theo­
r e t ic a l phys ic is ts , experim en ta l physic ists  and scien tists  in other fie ld s , 
m ain ly fo r  developing countries not M em bers o f the Institute. A  number 
o f physic ists  have a lready made use o f this opportunity. The govern ing 
body o f the Institute has placed th ree fe llow sh ips at the d isposal of the 
In ternational A tom ic  E nergy  Agency, and at its  recom m endation physicists 
have been com ing to us from  developing countries lik e  Pakistan, the UAR 
and Yugoslavia .

JO IN T PRO JECTS

R esearch  p ro jec ts  ca rr ied  out both at Dubna and in the resea rch  la ­
b o ra to r ies  of M em ber Countries, using the sam e experim enta l m ateria l, 
a re  known as " jo in t p ro je c ts " . The number o f these p ro jec ts  is  grow ing 
a ll the tim e and they occupy a m a jor part o f the In stitu te 's  sc ien tific  
p rogram . F o r  te rm s  o f com parison two figu res  can be cited: in 1962,
32 such p ro jec ts  w ere  ca rr ied  out, but by 1967 this figu re  had grown to 
203. Th is  ind icates the widening links o f the In stitu te 's  labora tories  
with sc ien tific  organ izations in  M em ber Countries.

Those who c a r ry  out and d irec t many o f the jo in t p ro jec ts  in the d if­
fe ren t countries a re  those v e r y  sc ien tists  who w ere  tra ined at Dubna and 
there acquired the n ecessary  sk ills  and know ledge.

A  number o f countries owe it to Dubna that they have been able to 
establish  th e ir  f ir s t  h igh -energy physics labora to ries , like the one in 
B u lgaria  at the Institute of Ph ys ics  o f the Bu lgarian  Academ y o f Sciences, 
one at the Institute of Ph ys ics  of the M ongolian Academ y of Sciences, and 
others in other countries. A t the same tim e joint p ro jec ts  ass is t in the 
execution of the J IN R 's  own sc ien tific  p rogram  and attract m ore scien tists 
to  work on these p rob lem s.

SC IE N T IF IC  CO NFERENCES AND M EETINGS

I should lik e  to. make some mention of yet another a c tiv ity  o f the JINR 
contributing to the developm ent o f sc ience in M em ber Countries. Th is  is 
the convening o f sc ien tific  m eetings on top ica l prob lem s in science and 
m ethodology. In an attempt to m eet the d es ire  on the part o f scien tists 
from  M em ber Countries to develop th e ir  links and jo in t ac tiv ities  fu rther, 
to exchange in form ation  and decide where fu rther w ork  is  needed, the 
JINR holds a la rg e  number o f sc ien tific  con ferences and m eetings an­
nually. N atu ra lly  it is  e a s ie r  to organ ize  such m eetings in international
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cen tres lik e  Dubna than in any one single country. T w e lve  to fifteen  con­
fe ren ces  a re  organ ized  at Dubna annually. F o r  a country lik e  M ongolia , 
where sc ience is  only in its  developing stage, these con ferences are v e ry  
usefu l. One o f the fo rm s  taken by them is  the international sem inars 
organ ized  by the JINR on a system atic  bas is . Fu rth erm ore , our Institute 
o rgan izes  each y ea r about ten sessions o f d ifferen t com m ittees lik e  the 
ones on the use o f bubble cham bers, photo-em ulsion, nuclear physics 
and neutron physics, which enable the e ffo rts  o f M em ber Countries in any 
g iven  branch o f sc ien tific  resea rch  to be co-ord inated .

E xperience has shown that sh ort-term  v is its  by sc ien tists  from  
M em ber Countries to Dubna to discuss resu lts  o f jo in t work  and v is its  
o f JINR sc ien tists  to M em ber Countries fo r  advice and assistance a re  of 
v e r y  g rea t im portance fo r  the developm ent of institutes in the d ifferen t 
countries. The number o f such v is its  r is e s  annually. F o r  exam ple, 307 
spec ia lis ts  from  M em ber Countries v is ited  Dubna in 1967, whilst 252 JINR 
sc ien tists  v is ited  M em ber Countries.

CONCLUSIONS

The experience acqu ired in the m ore than ten yea rs  since JINR was 
founded is  ind icative not only as an exam ple o f in ternational sc ien tific  
co-opera tion  but a lso as a fo rm  o f e ffe c tiv e  assistance and co-opera tion  
on the part o f advanced countries in the in teres ts  o f sc ien tific  resea rch  at 
sm all institutes and in  developing countries.

International sc ien tific  cen tres o f the Dubna type make it  possib le fo r  
sc ien tists  from  developing countries to work  fru itfu lly  in the w idest possib le  
v a r ie ty  o f branches of nuclear physics, as w e ll as contributing to the deve lop ­
ment o f sc ien tific  resea rch  in  such countries. It would be usefu l here  to 
r e c a ll the many statem ents made by our sc ien tis ts , paying tribute to the 
im portance of the JINR in the developm ent o f physics in  th e ir  own countries.
A  number o f sc ien tists  have even said that without Dubna certa in  countries 
m ight be faced  by the prob lem  of the "b ra in  d ra in ".

The sc ien tific  con ferences organ ized  by the cen tre perm it the exchange 
o f in form ation  and the maintenance of co -op era tive  re la tions between the 
sc ien tific  cen tres in our d ifferen t countries, and in addition to this enable 
d ifferen t branches of resea rch  w ork  to be co-ord inated .

Joint p ro jec ts  undertaken by the JINR and sc ien tific  centres in  the d if­
fe ren t countries make it  possib le  fo r  the la tte r  to w iden th e ir  program s 
s ign ifican tly  and undertake m ore sophisticated research , and a lso  con tr i­
bute to the establishm ent of new lab ora to ries  in  the individual countries.
A l l  this shows the e ffec tiven ess  o f the JINR and re fle c ts  the dynamic cha­
ra c te r  o f the p rin c ip les  on which it was established.
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Abstract

C O N TR IB U T IO N  T O  TH E PROPOSAL FOR THE F O R M A TIO N  OF REGIONAL CENTRES FOR NU CLEAR 

PH YSICS IN  TH E DEVELOPING C O U NTRIES. T h e  paper discusses the d eve lop m en t o f  nuclear physics in 

d e ve lop in g  countries, po in tin g  out the d iff icu lt ie s  o f  research in the future. A  proposal for the fo rm ation  o f  

reg ion a l centres is put forw ard . Argum ents ju stify in g  the fo rm ation  o f  these reg ion a l centres are presented 

together w ith  the suggestion that UNESCO and IA E A  act as sponsors and fin a n c ia l supporters o f  the reg iona l 

cen tres. T h e  institutes in the d eve lop in g  countries cou ld serve as a basis fo r  such cen tres. Countries w h ich  

are qu a lified  and interested in  hav in g  and using the fa c il it ie s  o f  the reg ion a l centres should also pa rtic ipa te  

in  the fin an c in g  o f  them .

INTRO D U CTIO N

It is w ell known that the study of nuclear physics in m ost of the develop­
ing countries was in itiated with the prospect of peacefu l or non-peacefu l uses 
of atom ic en ergy .1 In this way, nuclear physics occupied the centra l position 
in the developm ent of physics, and an urgent need was fe lt  to tra in  physicists 
and equip labora tories . A tom ic  energy com m issions w ere created and 
they d irected  the ir e ffo rts  towards this end. During a period  of about
20 years  of re la t iv e ly  intense financing (com pared to the p oss ib ilit ies  now 
at hand) and train ing of nuclear physicists, some equipment, experience, 
and sta ff could be gathered in the resea rch  centres o f the developing countries.

It is w e ll known and has been reported  many t im es1 that in the course 
o f the developm ent o f nuclear physics, the developing countries had to face 
many d ifficu lties  in obtaining funds fo r  equipment and the train ing o f staff. 
Often, this was made even m ore d ifficu lt, by the lack  o f trad ition  and by 
the r ig id  ru les fo r  creating and operating the new institutions. M ost o f 
the tim e, the new institutions w ere  independent bodies under the auspices 
o f the national atom ic energy com m issions.

The 'o f f ic ia l ' in terest in the fu rther developm ent o f nuclear physics 
in most o f the developing countries has ceased to a la rg e  extent. Th is is 
re flec ted  in the reduction of the finances made ava ilab le  fo r  research  in 
nuclear physics. The atom ic energy com m issions have been losing a lot 
o f th e ir  p res tig e . Having in mind the genera l trend o f developm ent, it seem s 
ex trem ely  im probable that the situation w ill be g rea tly  im proved in the future.

1 See  Proceedings o f  the F ifteen th  Pugwash C on feren ce  on S c ien ce  and W orld  A ffa irs , Addis Ababa , 

1965 -  1966.
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A t this stage, we would lik e  to ra ise  the question whether or not it is 
w orthw ile to continue research  in nuclear physics in developing countries.
We fe e l that the answer to this question should be pos itive  and would lik e  to 
g iv e  some hints on how to so lve  the prob lem . W e suggest, as a serious 
poss ib ility  fo r  the developing countries (probably the only one), to consider 
the old idea of form ing 'reg ion a l institutes' and thus unifying e ffo rts  and 
financia l means in pursuing nuclear physics research .

H ISTO R IC AL D E V E LO PM E N T  AND PR E SE N T  S TA TE  AND R O LE  OF 
N U C LE AR  PHYSICS IN  D EVELO PIN G  COUNTRIES

A s  has just been said, in most o f the developing countries nuclear 
physics underwent a somewhat unnatural and fo rced  developm ent. Its s ign i­
ficance fo r  the econom ic situation and the secu rity  o f the developing countries 
was overestim ated  and nuclear physics v e ry  often was iden tified  w ith 'nu clear 
p o w e r '. E a r ly  in its  developm ent, inadequate and not v e ry  prom ising 
'm ach ines ' w ere  often built o r purchased, partly  as a resu lt o f lack of funds 
and lack  o f judgement. It had often only been rea lized  a fterw ards that ad­
ditional equipment and trained sta ff at a ll le v e ls  would be needed. M ore 
o r le s s  system atic tra in ing program s w ere  adopted, the train ing m ainly 
being done in countries having the trad ition  and fa c ilit ie s  fo r  research  in 
nuclear physics. L eav in g  the prob lem  o f the brain drain aside fo r  the 
moment, we turn to the prob lem  of the newly tra ined physicists who returned 
to th e ir  home countries. M ost of the tim e, these physic ists  w ere  s t ill junior 
(accord ing to the standards of the developed countries), and on returning 
home they often had to play the ro le  o f sen ior nuclear physic ists , e ither 
fu lly  o r in part. They had to transplant o r in itiate som e new prob lem atics 
under v e ry  unfavourable conditions, and at the sam e tim e they had to help 
educate the younger people. Many o f these physicists w ere  successfu l. A s  
a resu lt, we have, in som e developing countries nowadays, a situation where 
the number o f nuclear physicists ranges between 25% and 60% of the total 
number o f physic ists  engaged in research  work. Next to resea rch  work, 
most of these nuclear physicists are a c tive ly  engaged in teaching on the 
graduate and postgraduate le v e ls , provided either o f them ex ists . N uclear 
physics has a lso  influenced and, to some extent, stim ulated the development 
o f some new techniques in the developing countries. It has a lso  g rea tly  con­
tributed to the establishm ent of sc ien tific  c r ite r ia  and the creation  of the 
resea rch  atm osphere. It has often provided a nucleus fo r  the developm ent 
o f the neighbouring fie ld s  of physics.

What a re  the existing fa c ilit ie s  fo r  research  in nuclear physics in the 
developing countries? U sually we find C ockcro ft-W alton  a cce le ra to rs  (up 
to 2 M eV ), sm all cyclotrons (14 M eV ), betatrons (30 M eV ), sm all Van de 
G raa ffs  (2 M eV ), and experim ental rea c to rs . And then we a re  at the end 
o f the l is t . The instrum entation is usually o ld-fash ioned (non-autom atic) 
requ iring many hours o f stand-by. The existing sp ectrom eters , coincidence 
equipment, etc. a re  gen era lly  old-fash ioned standard instrum ents, not com ­
bined with other equipment n ecessary  nowadays fo r  m ore com plete and con­
clu s ive  in vestigations. The existing com puters a re  usually sm all and th e re ­
fo re  not suited fo r  m ore  elaborate calcu lations. Sum m arizing the situation, 
it is  fa ir  to say that the developing countries a re  duplicating and even t r ip l i ­
cating th e ir  e ffo rts  and a re  actually in mutual com petition  with lim ited  means
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fo r  a ve ry  d ifficu lt part o f nuclear physics research . With technologica l ad­
vance, in creasing costs and r is in g  p rices , it seem s that the continuation of 
the old 'p o lic y ' would eventually lead to a 'd ie  away' of nuclear physics in 
developing countries1. The question a rises  whether o r not to go ahead.

TO  DO OR NO T TO DO NU C LEAR  PHYSICS RESEARCH 
IN  D EVELO PIN G  COUNTRIES?

The question o f discontinuing nuclear physics research  in the developing 
countries brings up seve ra l other questions.

What is  one to do with nuclear physicists? T h ere  a re  severa l possib le 
answers. One could suggest to them that they make a change and occupy 
them selves with other research  work, o r that they stop research  a ltogether. 
Both these suggestions a re  dangerous fo r  the developing countries. The best 
nuclear physic ists  would probably not agree to change th e ir  fie ld  and would 
seek solutions by them selves in the developed countries. Thus, they would 
be lost fo r  the developing countries, both as nuclear physicists and as 
teachers. M oreove r, they would take away with them part o f the sc ien tific  
atm osphere which is a lready so d ifficu lt to c rea te . P robab ly  some of the 
le s s  successfu l nuclear physic ists  would be w illin g  to change the ir fie ld  and 
there is no rea l hope that they would be able to crea te  the nucleus of a su ccess­
ful new study. It is  always best to start with the prom ising young people who 
a re  attracted to that fie ld , or to attract those working in c lo se ly  re la ted  f ie ld s .

Th ere  a re  opportunities fo r  nuclear physicists from  the developing 
countries to use the fa c ilit ie s  o f the la rge  cen tres fo r  nuclear research .
Th is is , o f course, an excellen t chance fo r sen ior scien tists from  the de­
velop ing countries to get acquainted from  tim e to tim e with the newest 
achievem ents and developm ents in nuclear physics at the highest le ve l. 
These la rg e  cen tres may a lso  provide excellen t opportunities fo r  a few  
younger nuclear physicists to get some train ing.

The idea o f discontinuing research  in nuclear physics in the developing 
countries would not only have bad consequences fo r  nuclear physics its e lf, 
but a lso  fo r  teaching at the un ivers ities  and fo r  the en tire  sc ien tific  a c t iv i­
t ie s  o f the developing countries where nuclear physics plays a m ajor ro le .
T o  use only the fa c ilit ie s  o f the la rge  centres which a re  few  and distant, and 
not have any sc ien tific  research  fa c ilit ie s  at home would again keep nuclear 
physic ists  away from  the developing countries. So nuclear physics research  
cannot be discontinued. The question is , how to organ ize  it.

HOW TO  O RG AN IZE  PHYSICS RESEARCH 
IN  THE D EVELO PIN G  COUNTRIES?

The existence o f the 'la r g e  cen tres ' is , of course, a condition which 
seem s to be necessary  fo r  the developm ent o f the en tire  nuclear physics 
p rogram , and at the same tim e en tire ly  or partly  so lves  the prob lem s of the 
countries where the cen tres a re  located . These cen tres play an ex trem ely  
im portant ro le  in the developm ent o f nuclear physics in the countries co llabo­
rating with them, but they do not so lve  the prob lem  o f  nuclear physics r e ­
search  in the developing countries. T h e ir  existence is  essen tia l fo r  the 
furtherance o f nuclear physics resea rch  in developing countries, but alone 
is not enough.
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In try in g  to so lve this problem , we have to look fo r  som e additional 
'in term ed ia te  structure' which we would like to ca ll 'reg ion a l c en tres '. The 
idea of reg iona l cen tres is  an old one that has been brought up on severa l 
occasions, both nationally and internationally, but so fa r  it has not attracted 
enough attention. The main idea and aim  of the form ation  and location  o f the 
reg iona l cen tres should be the successful conclusion of some particu lar a c ­
t iv ity  in nuclear physics research  in a g iven  p lace, and should have as a p re ­
requ is ite  the prospect o f obtaining new experim ental fa c ilit ie s  and the p rom ise 
o f e ffic ien t collaboration . The regional cen tres should, as a ru le, be located 
in c ities  that have u n ivers ities , so that the lo ca l u n ivers ity  sta ff could also 
contribute to the form ation  o f the c r it ic a l s ize  o f the cen tre. Thus, the 
organ ization  of the reg iona l centres would, in som e cases, just mean an ex­
tension o f the existing fa c ilit ie s , and only in r a r e r  cases, the building-up of 
com p lete ly  new fa c ilit ie s .

T o  illu stra te  the idea of the regional cen tres, le t us discuss a possib le 
m odel. Such reg iona l cen tres do not exist, so we cannot take an existing 
exam ple and discuss it. W ith the existing equipment none o f the research  
institutes in the developing countries can be transform ed into a reg iona l 
cen tre . The requ ired  condition fo r transform ing a successfu l institute in 
one o f the developing countries into a reg iona l cerjtre, is the creation  of new 
experim enta l fa c ilit ie s . Just fo r  the sake o f argument, le t us consider som e 
o f the rea l p o ss ib ilit ies . It it w ere possib le to acqu ire a 50 M eV cyclotron , 
a tandem o r  a s im ila r  machine, provide it with the p roper instrumentation 
and locate it so that it could be used e ffic ien tly  by severa l cen tres, this would 
p rov ide  the basis fo r  a reg ion a l centre. Th is reg iona l centre would, in the 
p lace where it is  located , o ffe r  the opportunity fo r  continued research  in 
certa in  fie ld s  o f nuclear physics and a lso encourage co-operation  with the 
other centres on an equal basis. The advantage o f the reg ion a l centres should 
be that the idea should lead to the creation  of m ore reg iona l centres and thus 
we would have the opportunity of doing a g iven  type of research  at re la tiv e ly  
low  cost in the developing countries. In addition, the problem s of tra ve llin g  
would be reduced considerab ly and, in the m ost favourable cases, tra ve llin g  
would be sim ply commutation. The reg iona l centres would certa in ly  reduce 
the b ra in  drain  from  the developing countries and crea te  opportunities fo r 
returning, even fo r  those who have been away fo r  a longer period . Last but 
not least, the reg iona l centre would contribute considerab ly to the prom otion 
of mutual understanding.

PR O B LE M  OF F IN AN C E

A v e ry  rough estim ate o f the costs fo r  such a reg iona l cen tre o ver  a 
period  o f 10 yea rs  would be approxim ately 10 m illion  US do lla rs . Who 
would be the 'patron ' o f these centres and who would partic ipate in the f i ­
nancing of such pro jects?

The reg iona l cen tres in the developing countries, as proposed, are 
considered  to be open international institutions. T h ere fo re , it would be 
appropriate fo r  them to belong to the sp ec ia lized  agencies o f the United 
Nations, such as UNESCO in P a r is  and the IAEA  in Vienna.

The funds should, in the m ost part, com e from  these agencies and 
contributions should be made by those countries which are in terested  in 
partic ipating in and using the fa c ilit ie s  of the reg iona l cen tres.
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W e a re  aw are that this is partly  an appeal to the developed countries 
to help bring the reg iona l cen tres into existence, because the fo rm e r  con­
tribu te the g rea te r  part of the funds of the United Nations. On the other 
hand, it is  at the sam e tim e an appeal to the developing countries to find 
a way to co llaborating in creating the regional cen tres.

The developed countries should be in terested  in supporting the advance 
o f the developing countries, who in th e ir  turn should be in terested  in fu rth er­
ing resea rch  in th e ir  own cou n tries . So we hope that the idea o f reg ion a l centres 
m ay attract som e attention both in the developing and developed countries.

In presenting these v iew s, I have used data on the developing countries 
assem bled by M ess rs . M lad jenovic and Slaus as w ell as in form ation  gained 
in conversations with colleagues from  both developed and developing countries, 
to a ll o f whom I should lik e  to express my s in cere  thanks.
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V .F .  W EISSKO PF: In d iscussing the ideas presented in the three 
previous papers, I think we should open up the problem  in its entirety, 
and the problem  is  o f course v e ry  w ide.

F ir s t  o f a ll, we ought to make it  quite c le a r  why nuclear physics is  
im portant fo r  developing countries. It is an a ttractive  fie ld  fo r  young 
scien tists , but it would be w rong fo r  a developing country to pursue a v e ry  
sp ec ia lized  fie ld  o f nuclear physics, and at the same tim e have no physics 
o f another type. It is  im portant that nuclear physics be in terw oven  with 
the res t o f physics.

Another point that we should take up is  what kind o f nuclear physics 
should be done in a developing country. Th is  is  an im portant subject.
The physics which is  done should be in teresting physics. Repetition  of 
things that a re  done b etter som ewhere e lse would be v e ry  undesirable.
In my opinion, nuclear structure physics is  much better in this respect than, 
fo r  exam ple, h igh -energy physics. Th ere  a re  s till, and w ill continue to be, 
a lot o f fie ld s  in nuclear structure physics which can be done and can be 
done exce llen tly  w ith re la t iv e ly  m odest means and sm all lab ora to r ies . I 
em phasize the exce llen ce because we a ll know it makes no sense to do 
physics which is  not exce llen tly  done.

L e t me mention a few  points to stim ulate d iscussion about this subject. 
The introduction o f the lith ium -germ anium  detector has opened a w ide fie ld  
in nuclear structure that has not yet been exploited. F o r  exam ple, there 
a re  many beta/gam m a-ray coincidence m easurem ents which can be done 
re la t iv e ly  cheaply w ith rad ioactive sources. P ro fe s s o r  Sakai is  involved  in 
this kind o f m easurem ent. H ere is  a broad fie ld  o f im portant, essen tia l 
studies that lie s  be fo re  us. N uclear spectroscopy is  fu ll o f this kind o f 
prob lem , such as spec ia l transitions, which requ ire  not much in the way 
o f means but a lo t o f patience.

L e t me em phasize another point. The in terface  between nuclear physics 
and so lid -s ta te  physics is  esp ec ia lly  im portant fo r  sm all labora tories  fo r  
two reasons. F irs t , certa in  techniques can be used w ith re la t iv e ly  modest 
m eans. I am thinking here o f nuclear techniques to in vestigate the e le c tro ­
m agnetic fie ld  in solids, m agnetic fie ld  distribution, e le c tr ic  m ultipoles, 
and o ther.fru itfu l applications o f nuclear physics to the solid  state. Second, 
it  estab lishes just that elem ent which is  so n ecessary  in a young country, 
nam ely the teaching not o f nuclear physics, but o f physics. It is  espec ia lly  
im portant fo r  the younger countries that the students do not becom e spe­
c ia lis ts , but r e a lly  physicists in a broader sense, and fo r  this, I b e lieve , 
these research es  a re  ideal.

Now, we must a lso  consider another type o f question: What kind o f 
organ ization  g ives  the best support to this kind o f work? Th ere  is  the 
question o f cen tra l institution versus reg iona l institution, and a lso  o f what 
kind o f reg ion a l institution.

I b e lieve  that whenever a co -op era tive  institute has been started it has 
been a g rea te r  success than expected. We should rem em ber this. You 
see, when C ERN  started people w ere  v e ry  scep tica l and it  turned out to be 
a grea t success; when Dubna started people w ere  v e ry  scep tica l and it was 
a g rea t success. So I do b e lie ve  that we have been trad itiona lly  p ess im is tic  
about sc ien tific  collaboration . The reason is  probably that international
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collaboration  is  usually v e ry  d ifficu lt, but le t 's  not fo rge t that we scien tists 
a re  m ore gifted in this d irection  than the res t o f humanity. And this is a 
g ift which is  so im portant not only from  the sc ien tific  point of v iew , but 
from  the human point of v iew , and we should go to the utmost in this respect.
I am glad not only that the b ig  international institutes have been mentioned, 
but a lso that P ro fe s s o r  A laga  has presented new ways o f reg iona l co llabo­
ration  which have not yet rea lly  been tried .

F ina lly , I would like to rep ly  to one rem ark  o f P ro fe s s o r  Sodnom. I 
understand v e ry  w e ll that conferences are ex trem ely  im portant fo r  the 
physicists o f the developing countries. H ow ever, I do b e lieve  that here 
a lso  we must try  to look fo r  better fo rm s o f con ferences. Usually, the 
younger physicists have v e ry  little  contact and fe e l v e ry  lost. I think 
sem inars and sum m er schools are probably much m ore fru itfu l, not only 
fo r  education but a lso  fo r  the exchange o f ideas. Th ere  is a need, however, 
to be m ore system atic in planning sum m er schools and sem inars.

Exchange of scien tists is a lso im portant. And this exchange should go 
both ways. Not only should people from , let us say, M ongolia com e fo r  
som e tim e to CERN, but I think we should a lso have people from  the so - 
ca lled  developed countries spend m ore than just an hour o r  so in Ulan Bator, 
fo r  exam ple.

H. N IEW ODNICZAÑSKI: I want to lim it m yse lf now to this question o f 
developing countries and how to support research  w ork  in physics. In many 
countries there a re  young physicists who are getting th e ir  tra in ing by 
spending tim e in, say, such institutes as Dubna o r  in the United States, 
England, Sweden, France and so on. But a fte r  returning there is  no true 
poss ib ility  o f continuing th e ir  work. So this idea o f reg iona l cen tres is 
v e ry  im portant.

O f course, it would be unwise to build a new institute. It would be 
better to start w ith an existing and developing institute which w ill  be sup­
ported by the country where it is, by th ree o r  four neighbouring countries, 
and a lso  by an international organization  such as the IA E A  o r UNESCO. 
Th is w ill  crea te  the poss ib ility  o f establishing a m ore m odem  laboratory 
with, say, a la rg e r  a cce le ra to r  equipped with additional im portant appa­
ratus such as com puters. Probably this would be the eas ies t and quickest 
way to help those countries to develop research .

L . AG NEW : I could comment on this question o f organ ization  o f in te r­
national p ro jec ts  and cen tres. F ir s t  le t us distinguish between cen tres and 
p ro jec ts . A  centre im p lies  a la rge  capital investm ent: buildings, equip­
ment, staff, and certa in ly  a long period o f ac tiv ity . An international p ro jec t 
can be a single experim ent o r  a continuing s e r ie s  o f experim ents at some 
ex isting institute. F o r  exam ple, scientists from  three o r  four countries 
could co llaborate with equipment and men to conduct research  at a m a jor 
fa c ility  such as a research  reactor o r  an acce le ra to r .

Regional cen tres a re  v e ry  d ifficu lt to start. They requ ire  an enormous 
e ffo r t  on the part o f the o rgan izers , who w ill  have to convince the authori­
ties , whose budgets a re  a lready stretched, that it is an im portant undertaking.

The International A tom ic Energy Agency has set forth  the conditions 
under which it  w il l  help to establish an international cen tre. F ir s t  o f a ll, 
the request should com e from  a group o f governm ents because the Agency 
does not norm ally  supply the in itia tive fo r  such a thing. The proposa l must 
state why the centre is  needed and how it  is  to m eet both the train ing and 
research  needs. The proposal should include the value o f the cen tre fo r  the
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technical, sc ien tific  and econom ic developm ent o f the region , and it a lso 
has to include what the needs o f the reg ion  a re  fo r  manpower to be trained 
at the cen tre. The request would have to specify  what support, both financial 
and 'in  kind', the partic ipating governm ents would propose. The p ro­
posal should state the intention o f the partic ipating governm ents concerning 
th e ir  assumption o f fu ll responsib ility  both financia l and technical fo r  the 
cen tre a fte r  the A gen cy 's  financial support has been concluded. A  centre 
in which the A g e n c y  could take an instrum ental ro le  in beginning, and which 
would have som e planned future re lea se  o f the Agency from  support, would 
be the kind we would be in terested  in. In addition to funds, the support 
would be assistance in the form  o f supplying experts, v is itin g  p ro fessors , 
equipment and fellow sh ips to help young men to com e from  other countries 
and w ork at the cen tre.

Thus a mechanism  does ex ist fo r  creating a centre with the A gen cy 's  
help. The D ire c to r  G enera l o f the Agency, w ith the help o f the staff, would 
evaluate a request from  a group o f governm ents and then make a proposal 
to the IA E A  Board o f G overnors. The Board o f G overnors would take action 
about establish ing assistance fo r  a centre. The money that would be p ro ­
vided, i f  such a p rogram m e could be im plem ented, would com e u ltim ately 
from  the United Nations Developm ent P rogram m e, at our request, o r  from  
the A gen cy 's  own budget.

M r. U . L .  Goswam i, IA E A  Deputy D irec to r  G eneral in charge o f 
Techn ica l A ssis tance, has authorized the fo llow ing statem ent: 'F o r  various 
reasons I would suggest that you make it v e ry  c le a r  to the Panel that the 
p robab ility  o f continuing financial support by the Agency fo r  reg iona l centres 
is  not great, and that even i f  a group o f countries in a region  w ere  to sub­
m it a proposa l fo r  a centre which is  en tire ly  va lid  and ju stified  from  a 
techn ical viewpoint, the task o f finding the necessary  resou rces  fo r  the 
A gen cy 's  financia l support would s t i l l  present acute d iff icu lt ie s . '

Now, there a re  additional m inor ways in  which the Agency helps 
resea rch  in developing countries. W e have sem inars and study groups 
from  tim e to tim e in various reg ions o f the w orld . We have some research  
co-ord ination  p ro jects , in which, fo r  exam ple, we sponsor a m eeting 
between resea rch  people who a re  w orking on re la ted  aspects o f  the same 
prob lem , and who need to talk to each other to exchange ideas on how to 
p roceed . A lso  the Agency can help with the exchange o f equipment, fo r  
exam ple the loan o f some com plicated device from  one research  rea c to r  
to another. F in a lly , the Agency can help w ith the procurem ent o f specia l 
m a teria ls , fo r  exam ple uranium o r  plutonium targets  fo r  spec ific  e x p e r i­
ments, which in some countries a re  v e ry  hard to obtain. The Agency has 
ways o f obtaining them from  the advanced countries.

J. T E IL L A C : I ag ree  with P ro fe s so r  W eisskop f that it is  necessary  to 
do excellen t physics. Regional cen tres as envisaged by P ro fe s s o r  A laga  
would certa in ly  be a good thing not only fo r  developing countries like 
Yugoslavia , which a lready  has a physics program , but a lso  fo r  countries 
which have p ra c tica lly  no physics. P robab ly a labora tory  should be 
developed around a particu lar technique, and I g ive  as exam ples nuclear 
astrophysics, nuclear chem istry, nuclear methods in solid state. But it 
is  n ecessary  to have a v e ry  good physicist who w orks w e ll in the particu lar 
fie ld .

K. F . A LE X A N D E R : M odern industry is  m ore and m ore based on 
science, b ig  sc ience. A l l  the countries w ith only a sm a ll amount of
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industria l developm ent have to manage a technical revolution , and that is 
not possib le  without b ig science. And here nuclear physics can play a v e ry  
essen tia l ro le . Not only v ia  the d irec t feed-back  as in nuclear energy o r 
so lid -s ta te  physics, but perhaps even m ore in the sense o f ind irect 
in fluence. F o r  b ig  science, you sim ply have to use industria l installations 
and com puters, both on- and o ff- lin e . You have to form  research  team s, 
and you need international co-operation . H ere the ro le  o f the centres fo r  
nuclear resea rch  can be v e ry  helpful. Th is can lead to the extensive 
connections (in  the sense which was defined by P ro fe s s o r  W eisskop f), which 
have to play the leading ro le  in conducting the techn ical revolu tion  in the 
sm a lle r  developed countries.

G. N. F L E R O V : F o r  a number o f y ea rs , I was the sc ien tific  leader 
o f a la rge  institute o f nuclear geophysics, and I would like to point out that 
care  must be taken in developing the applications o f nuclear physics. A fte r  
the f ir s t  chain reac to r , people in many countries began to set up cen tres fo r  
nuclear rea c to rs . A  grea t amount o f w ork  was a lso  devoted to certa in  
applications, such as how to determ ine the amount o f liquid in a v e sse l by 
rem ote  m easurem ents.

W ith the evolution that has taken p lace in experim ental methods, there 
a re  now many w orthwhile applications o f nuclear physics. In sm all 
countries, there a re  sp ec ific  applications which a re  linked, fo r  exam ple, 
w ith the geograph ica l situation, the situation o f science, o r  other factors .
In such countries one could so lve spec ific  tasks: there a re  countries which 
su ffer from  a lack o f w ater, other countries have too much w ater, some 
countries su ffer from  earthquakes, e tc . It s tr ik es  me that science and 
the applications o f science should aim at particu lar tasks based on an ana­
ly s is  o f the country and its future econom ic activ ity .

M ay I point out a few  research  aim s. E le c tr ic a l pow er firs t  o f a ll, 
which is  o f course n ecessary ; it is a lso  necessary  to find m inera l ores  
and w ater. Uranium makes it possib le to get energy, and this is a v e ry  
good exchange equivalent. Then there is  o il, and then a number o f elem ents 
which the technologists a re  using m ore and m ore these days.

Now, as regards an international cen tre, the natural grouping o f 
countries au tom atica lly leads to the fact that they have in gen era l the same 
g eo log ica l and b io lo g ica l features, and then the tasks could be based on an 
analysis o f the countries ' needs. I have som etim es heard statements that 
one has to start by dealing with pure physics fo r  a problem , and then put 
the prob lem s o f methods. I would say that it 's  the other way round. W ork 
in the applied fie ld  unleashes the sympathy which we a re  m issing at the 
moment, and in this way we w ill  get the m oney which a lso  is lacking. So 
we need both the m oney and the sympathy; both have to be won. But I 
would like to end on an optim istic  note: m y fee lin g  is  that we can in fact 
find ways to p roceed .

V . F .  W EISSKO PF: P ro fe s s o r  F le ro v  has brought up a v e ry  im portant 
point. T h ere  is  always the problem  o f pure and applied sc iences. In the 
la rge  countries this problem  is  perhaps not so serious because it adjusts 
it s e lf  a lm ost au tom atically. F o r  exam ple, in the United States and in 
W estern  Europe the ra tio  o f expenditures fo r  applied science to basic 
sc ience is  10 to 1, and I suppose this w il l  be s im ila r  in the Soviet Union.
It is  o f course v e r y  d ifficu lt to define these numbers because it is  d ifficu lt 
to define what is  applied and what is pure, but we have a qualitative 
im pression .
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P ro fe s s o r  F le r o v  has pointed out that the developing countries face 
v e ry  defin ite and im portant technical prob lem s such as w a ter supply, pow er 
supply, and agricu ltu ra l prob lem s. These prob lem s must be solved . I f  
one p resses  too much fo r  pure nuclear physics, one endangers somehow the 
supply o f money, a c tiv ity  and talent to the applied tasks. On the other 
hand, i f  you have too litt le  basic science you run into danger in the train ing 
o f new scien tis ts  and the ab ility  to exp lo it new ideas, and you s a c r if ic e  the 
future fo r  the present. O f course, the present is  perhaps m ore im portant 
fo r  develop ing countries than fo r  developed countries, and this makes a 
d ifficu lty . One could fo r  exam ple take the rad ica l v iew  and say that basic 
sc ience as we understand it here should not be introduced at a ll into new 
countries because there a re  m ore im portant and im m ediate tasks to do.
It is  a v e ry  popular point o f v iew  and I don't b e lieve  that it is  righ t. On the 
other hand, one often makes the m istake o f introducing v e ry  sophisticated 
sc iences o f basic nature into a country that doesn 't even have the m ore 
e lem en tary  sc ience which is n ecessary  fo r  its own developm ent techn ica lly  
and in te llectu a lly . Since this is  an im portant m atter, I would invite other 
p eop le 's  opinion on it.

G. A L A G A : A ccord in g  to the conclusions o f o ther m eetings that have 
tackled this prob lem , the gap between the sc ience and the application  in 
m ost o f the develop ing countries is  so la rge  that the developing country 
actually has v e r y  litt le  use fo r  the sc ience. So it  doesn 't r e a lly  m atter 
what kind o f science it  develops because neither nuclear physics nor solid - 
state physics nor any other kind o f sc ience has im m ediate im pact. O f 
course this is  a hard problem  to so lve  and I don't think it  can be solved 
just by making a jump -  one has to start som ewhere, and in the developing 
countries the situation is  not everyw h ere  the sam e.

The main point o f my proposal fo r  reg ion a l cen tres is  concentrated on 
those countries w here research  has a lready  been started. Usually it started 
on a not v e ry  w e ll organ ized  o r  planned basis ; perhaps it started on a broad 
base, and then, as in b io logy, the se lection  princip le  worked. In some 
fie ld s  p rog ress  is qu icker and m ore able people a re  attracted, while other 
fie ld s  lag behind. And my proposa l was to pick those fie ld s  where some 
p rog ress  has been made in develop ing countries and try  to locate the 
reg iona l cen tres there. It is  to be expected that those people who have been 
successfu l in ach ieving some p rog ress  in a d ifficu lt situation would be able 
to tackle the new equipment successfu lly .

Regard ing the open problem  o f what to start and how, in the past the 
people w ere  often sent abroad and tr ied  to transplant the p rob lem atics from  
those p laces. But they have v e ry  lit t le  chance to com pete with a g rea tly  
su perio r cen tre. I think that the sc ien tists  in develop ing countries have 
to be able to do independent sc ience and not to be tutored from  a distance.

F . JANOUCH: W e a re  d iscussing here perhaps th ree main p rob lem s: 
w here to do the nuclear physics, what to do in the nuclear physics, and how 
to get money fo r  it. A l l  o f us who w ork  in nuclear physics fe e l  the negative 
attitude o f w earin ess  w ith which our governm ents and genera l patrons face 
our demands which a re  not always in proportion  to our national budgets. A t 
present th ere fo re  it is  im portant to have convincing arguments to ju s tify  the 
fu rther developm ent o f nuclear physics.

Perhaps it would be w orthwhile ю  co lle c t a w id e r panel o f people in 
o rd e r  to discuss what a re  the m ost prom is ing and m ost im portant trends in 
nuclear physics, and to crea te  som e kind o f guide book fo r  young men in
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nuclear physics. But the arguments which a re  im portant fo r  us and fo r  the 
people who a re  doing the research  a re  perhaps not en tire ly  convincing fo r  
the people who have the power and duty to d istribute money among the 
d ifferen t sc ien tists . Perhaps not enough s tress  has been la id  on the 
influence o f nuclear physics on the developm ent o f other branches o f 
science. Apart from  random and fundamental d is cove r ie s  which can a c ­
company resea rch  on the structure o f the nucleus, nuclear physics in the 
broad sense has profoundly influenced other sc iences and technology by its 
methods, the organ ization  o f its  research  and its  instrum ents, and, i f  by 
nothing e lse , it has earned the right to exist.

A part from  the w eariness that our patrons fe e l at our grow ing finan­
c ia l demands, we a lso fe e l a d ifferen t kind o f w eariness from  in form ation. 
Thousands o f journals, hundreds of thousands of preprin ts, and dozens o f 
scores  o f con ferences make our in form ation system  chaotic. Developm ent 
is  so fast that we a re  printing now in form ation  which is  out o f date, and 
th ere fo re  p re-p rin ts  and personal contacts a re  becom ing im portant sources 
o f in form ation . It is paradoxica l that in the second half o f the 20th century 
we are getting back to the beginning o f the c ir c le , to the id y llic  tim es when 
at the beginning o f the developm ent o f our science people exchanged the ir 
resu lts and sc ien tific  news in personal le tte rs . But what I think is  bad in 
this situation is  that there is  a la rge  number o f physicists, espec ia lly  from  
sm all national cen tres, who a re  m ore o r  less  excluded from  this c ir c le  of 
in form ation . I think that physicists, as they have many tim es in the past 
when organ izing international centres and other types o f co-operation , should 
try  to do some p ioneering work in the creation  o f some sort o f system  o f 
preprin ts. In the same way, as P ro fe s s o r  W eisskop f has a lready  mentioned, 
I think it  is  p roper that physicists should address them selves to the task o f 
better planning fo r  con ferences, summer schools, and other m eetings. 
Perhaps the most prom ising prospect is  o ffe red  by the European Physica l 
Society, which is try ing now to bring this schem e into some order.

J .O.  RASMUSSEN: I would like to second the rem arks o f P ro fe s s o r  
W eisskop f that a particu la rly  rich  area in which to seek unique kinds o f new 
resea rch  would be in terfaces  between nuclear science and other branches 
o f physics o r  other m a jor d iscip lines. And as many o f us have stressed , the 
m odern so lid -sta te  detectors, the uranium and lithium detector and so on, 
open up a ll sorts o f p oss ib ilit ies  fo r  research  with v e ry  modest investm ent. 
F o r  exam ple, we know v e ry  w e ll of the excellen t resea rch  in P ro fe s so r  
T r l i fa j 's  laboratory  in Prague where low -tem peratu re physics is  studied in 
juxtaposition w ith nuclear work. I think the com petition  from  the developed 
nations is  su rp ris in g ly  thin in some o f these areas, since there is  v e ry  
lit t le  concentrated w ork  in low -tem peratu re nuclear alignm ent within the 
United States and within other developed countries.

With our nuclear methods we have the capability o f producing v e ry  
h ighly ion ized  and unusual atom ic species, and now we have new ways o f 
investigating these in terfaces  w ith  atom ic physics. A s  touched on by 
P ro fe s s o r  T e illa c , the in terface  with astronom y o r cosm ology is an im ­
portant a rea . I r e c a ll a con ference a couple o f y ea rs  ago w here we heard 
discussion o f some o f the f ir s t  work  on X -ra y  astronom y. It was ca rr ied  
out by sending rockets up a few  minutes in the upper atm osphere to observe 
X -ra y s . The report was g iven  at a nuclear physics con ference, and we w ere  
somewhat astounded that with a ll the expense o f rocket fligh t, the nuclear 
instrum entation was G e iger  counters; much m ore in form ation could have
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been gathered w ith the instrum entation we developed in nuclear structure. 
The suggestion was made to have som e pulse height analysis from  so lid - 
state detectors . Such research  has since been done, y ie ld in g  in form ation  
about the tem peratu res o f some o f the unusual X -ra y  em itting sources. In 
this fie ld  som e countries may have a unique advantage: fo r  exam ple, 
astronom ers in the southern hem isphere w il lb e  the only ones able to observe 
certa in  reg ions o f the heavens. Some o f the m odern X -ra y  astronom y rocket 
soundings have had to have d irec t w ire  hook-ups, w ith astronom ers in the 
southern hem isphere observing the optica l in tensity fluctuatiort o f the s te lla r  
ob jects at the sam e tim e as the rocket fligh ts w ere  ca rr ied  out.

Turning to another separate d iscip line, the germ anium  detector has 
a trem endously increased  poss ib ility  o f analytica l m easurem ent and there 
a re  many applications to archaeology. Some o f the m ost underdeveloped 
countries may possess absolutely unique resou rces  in term s o f a rch aeo log i­
ca l ob jects. - The analysis, the interconnection, the establishm ent o f trade 
patterns in ancient A fr ic a , and so on, can be studied by using the new nuclear 
detection  techniques. But they cannot be done by people without some 
nuclear sophistication  and train ing -  some knowledge o f what a decay 
schem e is . It w il l  be people who develop knowledge in both areas, and I 
fe e l often it w il l  be people who rece ived  nuclear train ing, who w il l  m ove 
into the in terface  areas.

In concluding my rem arks, I would like to ag ree  w ith P ro fe s s o r  
W eisskop f that we should rea lly  push fo r  a lon ger-te rm  exchange o f younger 
people and not confine ou rse lves  to the b r ie f  contacts o f v is its  and con feren ­
ces . We try  through our lim ited  p riva te  resou rces , and the a ll too lim ited  
u n ivers ity  fe llow sh ips, to support the exchange students. The research  
support is usually no problem , but there a re  som etim es obstacles in ob­
taining governm ental money fo r  sa la ries . I think it would benefit us i f  we 
had m ore in form ation  about IA E A  fellow sh ip  p o lic ies  -  what res tr ic tion s  
there a re  on particu la r countries, the amount o f the stipends, and whether 
they support only the one-way exchange from  a developing country to a de­
veloped  cen tre, o r  v ic e  ve rsa .

R . B .  LE A C H M A N : I would like to speak about reg ion a l cen tres, based 
on my own personal experience at the Kansas State U n ivers ity , which is  in 
a reg ion  o f the United States that is  quite fa r  from  labora to ries  and uni­
v e rs it ie s  that a re  cen tres o f exce llence. W e a re  insta lling a new labora tory  
equipped w ith  the type o f fa c ilit ie s  that D r. A laga  spoke about, nam ely, a 
tandem Van de G raa ff and som e sm a lle r  ones. Under the present econom ic 
situation in  the United States, there is  v e ry  lim ited  m oney and there is a  
d es ire  fo r  reg ion a l participation .

W e re a liz e  that we should u tilize  this new fa c ility  as a reg ion a l fa c ility , 
and we ask what sort o f nuclear physics we should do and how it should be 
done. W e find that it is d ifficu lt w ith the present technology to undertake 
nuclear physics spectroscopy o r  nuclear structure. It 's  d ifficu lt in two 
respects : one o f them is  that using a cce le ra to rs  fo r  spectroscopy invo lves 
ra ther sustained running periods. Under these conditions, the sc ien tists  -  
p ro fesso rs  o r  students -  are away fo r  long periods, and the home institu ­
tion does not have the benefit o f actually having the person  doing the w ork  
there. Another fa c to r  is  that, because of financia l res tr ic tion s , it is d ifficu lt 
to acqu ire the type o f equipment, such as on -line com puters and la rge  
sophisticated reaction  spectrom eters , that is  needed to be on a com petitive  
sca le  w ith the la rg e  w e ll-es tab lish ed  institutions.
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B earing these things in mind, we a re  indeed turning to other applica­
tions o f nuclear techniques in our own establishm ent which we look on as 
somewhat o f a reg iona l cen tre. W e intend to have a considerab le emphasis 
on im plantation work, which has the advantage o f in it ia lly  s im p ler equip­
ment, and has the fu rther advantage that students and p ro fesso rs  can take 
specim ens back to th e ir  home institutions where they can engage in v e ry  
w orthwhile studies with rather sim ple equipment. Another fie ld  is that o f 
in-beam  spectroscopy. H ere, p a rtic les  from  acce le ra to rs  a re  put through 
fo ils  and the optica l excitations a re  studied fo r  th e ir  astrophysica l im ­
portance. Although the advantages fo r  home study a re  not as great, it is 
possib le  o f course to take home the exposed film s  and to study the spectra . 
F in a lly  I should mention the fie ld  o f radiation  b io logy , which can be s im i­
la r ly  exploited in reg ion a l cen tres in a way that w ill  g ive  the g rea test 
benefit to the home institutions.

D .H . W ILK IN SO N : I f  nuclear physics is  being done in countries which 
do not have a strong technologica l, and th ere fo re  strong academ ic, base, 
then frustration  can a r is e  v e ry  eas ily . One obvious way is  to get as much 
outside help as poss ib le . W e have heard that the Agency does have an 
expert consultant s e rv ic e . I understand that the governm ent o f a developing 
country could ask the Agency to send out an expert to teach on so lid -sta te  
physics, o r  counter technique, o r  something o f that sort. Th is is  ad m ir­
able, and perhaps that s e rv ic e  should be much m ore w ide ly  known.’

But there is  another kind o f prob lem , one that I think could perhaps 
be handled much m ore on the lines o f a 'm ed ica l s e rv ic e ' fo r  equipment 
that breaks down. I do know labora tories  in the ra ther rem o ter  and 
sm a lle r  countries that have been lite ra lly  held up fo r  weeks o r  months 
try in g  them selves  to put som ething right, that someone who is re a lly  v e ry  
fa m ilia r  w ith the m atter could have done in a day o r  two or even an hour o r 
two. I w onder whether the Agency could not consider setting up an em e r­
gency s e rv ic e  in which techn ical experts would be on ca ll in the same way 
as a doctor is  on ca ll. Perhaps in theory as w e ll as in experim ent and 
technology, although I was o f course thinking m ore o f vacuum pumps and 
e lec tron ics  and the things that can plague a labora tory . It 's  obvious that as 
fa r  as a cce le ra to rs  a re  concerned, rem ote countries should only go in fo r  
the sort o f a c ce le ra to r  which is  backed up by this kind o f s e rv ic e . But it 
is  not so read ily  ava ilab le  fo r  sm a lle r  m atters, such as e lec tron ics  and 
vacuum pumps, o r  in tegra ls  and m atrix  elem ents. I think it  is  quite w rong 
to say that genius is  bred on advers ity . I think M ozart did a grave  d is ­
s e rv ic e  to nuclear physics by w ritin g  such good music under such bad 
conditions, but even M ozart did not have to spend half his l i fe  tuning his 
piano. O f course lute p layers  did spend half th e ir  liv e s  tuning th e ir  lute, 
and we know what happened to the lute.

G. A L A G A : I would suggest, i f  it is  the fe e lin g  o f the panel, that a 
short conclusion should be made about p o ss ib ilit ies  and prospects o f 
o rgan iz in g  nuclear physics in developing countries: it should be brought 
through the Agency to the attention o f the governm ents, and a lso  to the 
attention o f the physic ists  in the developing countries. I would not be 
scared  by the fact that at the moment there is no m oney ava ilab le ; I would 
p re fe r  to take P ro fe s s o r  W eisskop f's  v iew  that always at the beginning it 's  
hard. A  few  minutes ago I learned  that Rumania is  acqu iring a tandem 
Van de G raa ff. Maybe some other p laces w il l  be a lso  in the position  to do 
som ething and to o ffe r  a starting point fo r  reg ion a l institutes.



RECOMMENDATIONS OF THE PANEL

The Panel s tressed  the im portance o f nuclear physics research  not 
only as a v iab le  fundamental fie ld  o f science, but a lso as provid ing a base 
fo r  nuclear technology, fo r  gaining experience o f a w ide range o f other 
m odern technolog ies, and fo r  tra in ing sc ien tists .

R ecogn izing the d ifficu lties  faced by sm a lle r  institutes and developing 
countries, the Panel recom m ends that the Agency  communicate with the 
M em ber States and appropriate international organ izations, urging them 
to make e ffo r ts  to ensure the continued strength o f nuclear physics r e ­
search  program s.

In particu lar the Panel recom m ends that the Agency g ive  fu ll support, 
and, i f  possib le , in itiate action towards the establishm ent o f Regional 
Centres provid ing the means fo r  the pursuit o f research  and train ing in 
the fie ld  o f low -en ergy  nuclear physics.
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