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FOREWORD

As the world enters an age in which nuclear electric power is areality
and man increasingly benefits from nuclear applications in medicine, agri-
culture and industry, it is useful to re-examine the basic sciences that un-
derlie these important developments. Inmany ways modernnuclear techno-
logyis built on, or derived from, basic research on the atomic nucleus. To-
day, nuclear physics studies are a fundamental part of the national atomic
energy programs in many of the Member States, now more than 100, of the
International Atomic Energy Agency.

The purpose of the IAEA Panel on the Future of Nuclear Structure Studies,
held at Dubna on 1-3 July 1968, was to provide an appraisal of the present
status of our knowledge of nuclear structure, to point out the open problems,
and to suggest the mostpromising directions for future research. To re-
flect the needs of many of the IAEA member nations, special consideration
was given to the problems of smaller institutes and developing countries,

The major recommendation of the panel concerned the question of re-
gional centres for low- and medium-energy nuclear physics research, The
panel supported the organization of regional centres formed by three or more
developing countries and equipped with apparatus of intermediate cost and
sophistication. The text of the resolution appears at the end of this book,
which contains the papers presented to the panel and a record of
the discussions.

The panel was held in conjunction with the Dubna-sponsored International
Symposium on Nuclear Structure, which took place immediately after the
panel, on 4-11 July 1968. The invited papers from this symposium, all in
English, were published by the Agency in 1968 under the title ''Nuclear
Structure: Dubna Symposium 1968".

Special thanks are due to the co-chairmen of the panel, Professor V.F.
Weisskopf, of the Massachusetts Institute of Technology, USA, and Professor
V.G, Soloviev, of the Joint Institute for Nuclear Research, Dubna, who
guided the work of the panel.
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THE RELEVANCE OF NUCLEAR PHYSICS

V.F. WEISSKOPF
Massachusetts Institute of Technology,
Cambridge, Mass., United States of America

I am asked what.nuclear physics is about, that is, nuclear physics as
distinct from particle physics and other parts of physics. I see three
trends in this science. One is the discovery of new phenomena, phenoména
of nature which we have not seen or observed, of which we did not know any-
thing before. The second trend, I would say, is towards the solution of
fundamental problems, the answers to certain basic questions in physics;

I shall give some details later on. The third is the construction of new con-
cepts in physics necessary to deal with the problems not only in nuclear
physics but also in the rest of physics., )

The order of these three items is unimportant. Let me start with the
first. The first topical paper in this Panel is Dr. Flerov's talk on super-
nuclei. This is a field in which we explore new phenomena, like discovering
a new continent, We do have some theoretical ideas of how these nuclei may
behave and what properties they may have; 1 am sure, and you are probably
too, that these ideas are all wrong. I would go so far as to say that I would
consider the attempts of Dr, Flerov and his colleagues a failure, if it turns
out that the theories are correct. His discoveries would be much more
interesting if the theories turn out not to be correct. The discovery of
transuranic nuclei is a typical example of nuclear physics going into a world
of new phenomena never seen before, and I think the best example within
this field of science. But there are other examples. The researches des-
cribed by Dr. Wilkinson are of a similar character. The reactions of nuclei
with the new particles obtained by high-energy accelerators are much the
same. Here we are also looking at new phenomena which probably cannot
be predicted but can only be guessed at; this work goes under the name of
surface phenomena.

Since we do not know very much about the nuclear surface, I am con-
vinced that, if we get a deeper understanding of the nuclear surface by
those strongly absorbed particles like pions and kaons, we will find phenomena
that are new, that are unexpected. The whole world of hypernuclei also
belongs in this category. Here very little research has been done yet and
again I am sure that, if and when we have accelerators which provide high-
intensity pion and kaon beams, the nuclear physics of hypernuclei will be
a new science and a broad science which, just because it is a variation of
our ordinary nuclear physics, will give us some unexpected and most interest-
ing information about nuclear structure, In some ways one could consider
that a nucleus is only the lowest level of a kind of molecular spectrum and
that there exists a higher internal excitation, over which there is again a
substructure of levels, This higher step is the hypernucleus or the double
hypernucleus, and so on. So this is a new world which is yet to be discovered.
There are more, but I would like only to give these three examples.

The second aspect, to my mind, which illustrates the importance of our
subject is what I call the fundamental problems. The obvious fundamental



4 WEISSKOPF

problem at the centre of nuclear physics is the nature of the force between
elementary particles, between the nucleons.

In fact, one should really formulate it a little more generally, one
should not talk about the force between nucleons because that already pre-
supposes the existence of such a force; this means that one can find a
potential, a 2-body, 3-body or 4-body potential, Very probably, this is
only an approximation., We know now, on the basis of meson physics, that
it must be an approximation. There is a fundamental problem here, a
problem which intrigues me very much: Why is it that we can describe
nuclear phenomena so well by assuming ordinary or at least velocity-
dependent forces or exchange forces between nucleons?

When you compare the situation, for example, with atomic, molecular
and solid-state physics, obviously you cannot describe phenomena in the
same way; you cannot explain the cohesive energy of a metal and problems
of this kind by potentials between atoms — we know that the electrons play an
important role. Yet if you really look at the distance of atoms in a solid
and of nucleons in nuclear matter, the ratio of these distances to the actual
size of the object, namely of the atom in one case and the nucleon in the other,
is almost the same., Why is it then possible in one case and not in the other
to introduce a force potential? Perhaps some of our more informed colleagues
can give a better answer to this than I am able to. Why can we explain
nuclear structure on the relatively simple basis of a nuclear force between
nucleons? Perhaps we won't in the future, perhaps in 10 years or so nobody
will express the structure of the nucleus by an N-N force, but at present it
seems we can.

Let me compare nuclear physics and elementary particle physics with
molecular chemistry and atomic physics. There is a certain parallel here.
At present it seems as if chemists, namely the nuclear structure people,
can work very independently of the physicists, namely the high-energy people.
This was not so in the history of chemistry. In fact, chemistry could only
really develop when the structure of the atom was completely understood.
Perhaps this had something to do with the fact that the binding energies of
molecules are much closer to the excitation energies of the atom than the
binding energy of nuclei are to the excitation energy of the nucleons. What
I wanted to indicate is that we do have here a fundamental problem which
we have to solve.

Now 1 shall move on to the third aspect, the construction of new concepts.
This, I think, is a very important part of nuclear physics. In dealing with
the problems of nuclear structure, new ways of thinking have been introduced
that were not only useful for nuclear physics but have their own use in many
other fields. The problems of many-body systems are concerned here.

Somehow, the nucleus is an extremely good many-body problem, good
in the sense of a good object to study. It is not as big as the solid state,
where the microscopic element is almost hidden; it is better than the atom
because it is a more democratic system; the atom is an authoritarian system
with one nucleus in the centre whichisthe source of the main power. So in
many ways a nucleus is a good object for studying what a many-body problem
is. And in fact the results are also visible. Nuclear physics has produced a
number of new ideas or has improved older concepts, such as collective
modes and quasi-particles. The quasi-particle concept was introduced by
Frenkel and Landau and originated in solid-state physics. At that time,
there was no difference between solid-state, nuclear and elementary particle



RELEVANCE OF NUCLEARPHYSICS 5

physics. The new concepts in many-body systems, such as quasi-particles
and collective modes, have been developed further and have taken on new
aspects in nuclear physics which they did not have in solid-state physics.

A large number of new concepts have been developed in nuclear physics,
such as the optical model, the analogue state, the compound nucleus, and
many more, and these are important indications of the value of the subject.

I have just sketched three aspects of the scientific value of nuclear
physics, Let me now, with this as a background, say a few words on the
direction in which this field may or should develop. After all, this Panel
is devoted to the future of nuclear physics.

Nuclear physics is in an interesting and strange position between
elementary particle physics and the other parts of physics. I once used in
one of my articles the expression 'extensive and intensive science'. An
extensive science is one which has a lot of applications like atomic physics
today; here the degree of extensivity is very large because atomic physics
is used from biology to astrophysics, apart from its industrial applications.

An example of an intensive science is elementary particle physics.

It is at present a spearhead of research and therefore has not yet much
application in other fields of research and human activity, The longer a
science exists the more extensive it becomes; new intensive fields are
discovered all the time. Fifty years ago atomic physics was as intensive,
in this definition, as high energy physics is today. Nuclear physics today
is in the middle. It definitely has some intensive and some extensive
characteristics, and this makes it so interesting. It also makes it some-
what difficult to plan ahead and to say what will be the most important and
the most interesting aspect because there is increasing pressure from the
side of application, and I mean here not only technical applications but
applications in other sciences, There is pressure also coming from the
yet unsolved fundamental problems., So one must be careful to shift the
emphasis of research from one to the other so that we get maximum bene-
fit from the field., Let me say therefore a few words about the extensive
side or, if you wish, the application side of nuclear physics,

Again I say I am using the word 'application' in the most general way
and emphasize application to other fields of knowledge rather than technology.
(I say this not because I despise technology but because the technological
applications are rather obvious and do not need to be talked about so much).
Well, the application of nuclear physics in this sense becomes wider and
wider every day.

Let me first mention astrophysics, As Dr, Teillac's paper shows,
one gets directly into quite fundamental questions of the development of the
universe and astrophysics with relatively small means. It seems to me
that astrophysics is the most direct and most impressive application of
nuclear physics, because the cosmos is the place where nuclear physics
is at home, ‘

If we do not look at the cosmos, nucléear physics plays a strange role:
we spend a lot of money to ask a question and later on we spend even more
money to answer the question. Nuclear physics, with a few notable ex-
ceptions, does not exist on earth except when we create it. But we know
now that nuclear processes do exist and in fact are quite essential in the
stars, This is why the application of nuclear physics to astrophysics
seems to me one of the most exciting and most relevant applications of
nuclear physics. I emphasize this strongly because I have the feeling
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that this application is to some extent neglected, neglected by theorists
and by experimentalists, It is perhaps due to a kind of conservatism in
the transition of nuclear physics from an intensive into an extensive science,

More effort should be spent in thinking about those experimental and
theoretical studies that are of importance in astrophysics. There are
quite a number, I do not wish to go into detail, but certainly experimentally
there are a number of processes which should be investigated which are of
obvious importance for the energy production in stars, such as alpha cap-
ture processes, then the oxygen-oxygen, carbon-~carbon, or the oxygen-
proton cross-sections; these are reactions which can be investigated with
relatively small means since the energies in stars correspond to the
energies of our small apparatus and not to the bigger ones, although the
intensities are so weak because of the Coulomb barriers, A lot of theory
is needed here also to extrapolate the experiments to those values which
are relevant to astrophysical processes. Dr. Flerov mentions the cosmic
importance of super-nuclei in his paper. This is only a very short sketch
of a field that is extremely exciting, fundamental and relevant.for nuclear
physics and, as I said, I believe that we should spend more effort on these
problems, This effort should be taken away from studying nuclear problems
for their own sake.

There are many -things in nuclear physics which we do not understand
and where more research is needed. But on the whole we are a little further
already in nuclear physics than we were 20 years ago and it is therefore, I
think, now time to get away from a too narrow view of nuclear physics,
towards a view which every scientist should take, namely to a general
search for understanding of the world in which we live. This is why astro-
physics should have an essential place,

So much about fundamental applications., There are, of course, many
applications of nuclear physics today which make this science more and
more extensive, For example, the applications in solid state become more
important every day: the investigations of interatomic fields, magnetic field
distributions within the solid, the investigation of crystal structure, the
structure of liquids, neutron spectroscopy. In other words, the nucleus is
an extremely fine and practical tool for the investigation of atomic structures.

But perhaps equally important, and since I am a theorist, in my own
mind perhaps even more important, are the applications of the concepts
which are created and developed in nuclear physics, I consider the know-
ledge about many-body problems which we have assembled in nuclear physics
one of the most important sources of application., If we understand the many-
body problem in the nucleus, it will give us help and training to understand
similar problems in solid state or in atoms. Let me be critical, since this
is the purpose of the Panel, Our theorists as well as our experimentalists
are too specialized, I believe that a theoretical physicist who works on the
many-body problem of the nucleus ought to be equally interested in the many-
body problem of the atom and solid state. It is the same problem and, let
me add, it is the same Nature. I believe that, if one only looks at the many-
body problem in the nucleus, there is a danger of specialization which not
only prevents people from coming to the right conclusions but also makes
the subject much less interesting.

There are questions in this connection which I do not understand much
about: I look at them from the point of view of the amateur, I would like to
ask the question why it is that atoms behave so differently from nuclei, that
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‘they have fewer manifestations of collective modes. I was told yesterday by
Gerald Brown that one has discovered collective modes also in atoms, but
certainly they are less pronounced andthat must have a reason, So it seems
to me that questions of comparison between different manifestations of the
many-body problem are very pedagogical, I mean pedagogical in the sense
that we learn a lot about nuclear and solid state phenomena by looking at the
many-body problem as a whole and not from one side only. Of course, this
wider view is also important for the experimental physicist., In planning
experiments and in planning machines, one ought to keep in mind for which
development the innovation will be most fruitful and will give us the most
information, not about specific nuclei but about nuclear physics as a whole,
about physics as a whole. Somebody has said recently that one should not
investigate the spectrum of the rare earths just in order to understand the
rare earths, We should investigate it in order to understand nuclear structure
in general or the many-body problem in general, This is easy to say and
harder to do because detailed investigation is always of importance what-
ever it is and if you do not understand the rare earth spectrum you will
not understand the many-body problem. But there are limits to it. We
must find the right way between these limits, This is difficult, in particular
in the next decade when the financial support for physics is going to be less
than it was, I hope I am wrong, but I fear I am right, Under these con-
ditions, the correct choice, not only of what experiment every single in-
dividual should undertake, but of what machines one should build and how
one should organize research,becomes much more critical than it was in
the past.

Let me not go much further in my discussions. There are many
questions I have not tried to answer, I have attempted just to sketch some
questions, such as what kind of nuclear physics should be supported, should
one go to high-energy machines, should one build more tandems, more
Van de Graaff's, what can one do with low energy and with high energy.
These are very difficult questions and they also have a lot to do with the
problems to be discussed at this Panel, such as what can different 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 emphasize the problems and outline the
situation of nuclear physics within the framework of physics as a whole,

This meeting should be concerned not only with the factual questions of
science, but also with the, let me say, philosophic and practical questions
of nuclear physics. Why do we do nuclear physics, what is the sense of it,
what is the meaning of it and, most importantly, how can we defend the
support of nuclear physics, how can we convince the governments to spend
money on such a thing, which to a certain extent is our pleasure? And so
we will have to be quite clear among ourselves that this is a very important
matter. I hope we all believe this.
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Abstract — ApnoTanus

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.

NEPCHEK TUBbBl CHHTE3A HOBBIX M30TOINOB U BJEMEHTOB. PaccMarpupawrcs
CNoco6sl NOAYYEHUS HOBLIX IJ€MEHTOB: PEeaKlUMM HA HEHTPOHAX, HA NPOTOHAX BHICOKOH HEpIHH,
peakuuy Nol AeACTBHEM TSIKENbIX MOHOB, AeneHMue U3 BO3OyKAeHHbIX cocToaHuir. OB6cyxnaercs
BO3MOXHOCTh CYWECTBOBAaHUA obnactu cTabUIBHBIX CBEpPXTAXENBX a'nep A MeTOAbl CHHTE3UpO-—
BaHMA pa3lHYHBIX M3OTOMNOB d/eMeHToB ¢ Z oT 114 a0 126.

.

B cBoeMm noknaze f xoren 6 OCTAHOBUTLCS HA HEKOTOPHIX BONPOCAX,
CBSI3AHHBIX C NMEPCNEKTUBAMU CHHTE3a W M3YYEeHHUS CBONCTB HOBBIX M30TOMNOB U
SIIEMEHTOB, B 06IacTAX JAN€KUX OT MONOCH cTabunsHocTn. I[lpu sToM,ecTec-
TBeHHO, 6y IeT ChenaH yNnop Ha MHOTOYHCJIEHHBI € Pe3YNbTaThl, NOAYYEHHbIE
61aroaapd TWATENbHOMY U3YUEHU CBOMCTB PaAMOAKTHBHBIX U30TONOB, U3y~
YeHHI0 OCHOBHBIX 3aKOHOMEpHoOCTel, neficTBylomux B aape. Crnenyer oTMme=
TUTE, YTO BCE AOCTUXEHHUSA B sinepHoll dusnke 6bIIM BO3ZMOXHB TOABKO 61aro-
Laps CaMOOTBEPXEHHOMY TPYAy OTPOMHOTO oTpAlda $U3UKOB, KOTOPEIM NpPHU=
XOOMAOCH UCCIenoBaTh K&K MOXHO Go/ee MUPOKUN KPYT SB/NE€HUH, BXOOUTH BO
MHOXECTBO IeTasel, Jenarsb nopoil 4epHoBywo paboTy, koTopas B JanbHeltmeMm,
OJHAKO, OKa3aJa OTPOMHOE BAMSHUE HA Pa3BUTHE HAYKU U TEXHUKH.

CHHTE3 HOBBIX U30TOIIOB

Ilocne orkpriTust Bekkepennewm, Ma'pneﬁ CxnonoBckoii-Kwopu u ITbepom
Kropu ecTecTBeHHOR paAMOaKTUBHOCTU U OTKprITUA Xonno Kopu HCKyCcCTBEH™
HOW paAMOaKTHBHOCTH HAYal0 SKCMNepUMeHTANbHEX UCCAeN0BaHuil He cyllec-
TBYOIUX B PUPOAE H3OTOMNOB M 3IE€MEHTOB MOXHO OTHecTH K 1934 roay, xor-
na rpynna uTanbaHckux Gusukop Bo TnaBe ¢ O.PepMU NpoBOAKIA ONBITH MO
H3YYEeHMI0 32XBaTa HeNTPOHOB PA3NUUYHBIMHU 9/1EMEHT3MH . ~AHAJIOTHYHBIE HC-
ciejoBauus B Te ronsl nposoiunuck B CoseTckoM Cowose, B JJabopaTopuu
H.B.KypuaToBa. ) .

ITpu U3YyYEeHHH CTPYKTYP CTAGHIBHBIX U PAAMOAKTUBHBIX AAep siaepHas Pu-
34Ka, C HAKOIJIEHHEeM 3KCIIePUMEHT albHOTO MATepHana, paCKpsBA@T KAPTHUHY
CTPOEHUs sinepHOl MaTepuu. EcTecTBEHHO, TOSTOMY XO4YeTCs NPOAHATU3UPO-
BAThb JOCTHXEHUS B 9TOM HanpasineHun ., CKOJBKO yX€ CHHTe3UPOBAHO U U3YUEHO
H30TONOB U CKOJABKO €lle NMPEenCTOUT MOAYYHTH M U3YUYHTB B Oyaymem? OrseT
HA 3TOT BOMNPOC MOXHO MOJYYUTH, B3T/IAHYB Ha puc.l. :

Ha 9TOM pucyHKe M300paXeHbl KakK yXe CUHTE€3HPOBaHHbIe H30TOI, TAK
K U30TONbl, KOTOpble OyAyT CHHTe3UpoBaHil B RanbHedmeM [1]. Ilo ocam ot~
JIOXeHBl Z (Yucao nNpoToHOB B aape) ¥ N=A - Z (N~ 4ucno HeHTpPOHOB B A4~
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pe). CrabunbHble H30TONb H306pakeHbl TEMHBIMH KBaAparaMH. DBHemHui
KOHTYD, NPeACTaBISHHHN cNAOWHOK nuHueil, o6o3HayaeT rpaHulb obnacTtu
CTabUIbHOCTH, MOJYUYEHHbI€ HA OCHOBAHUM TEOPETHYEeCKHX oLeHOK. OleHka
YHCJIa BO3MOXHBIX M3OTONOB B 3TOH o6nacTu gaer BenuduHy ~ 4000 —5000.
Mo HacTogmero BpeMeHu 6pyio cuHTe3uporaHo 1500 usoTonos.

Z

fho
m.
100 4
80+ +
3 p-
’iﬂ,’ p-decay)

Crodunortie waomont
(Stable isotopes)

Nanpermte usomontr
(Artificially produced isotopes)
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Puc.l. KapTa H3BECTHBIX H30TONOB M T€X HIOTONOB, KOTOPble MOTYT GbITb CHHTE3MPOBAHBI
B GyaymeM,
FIG.1. Chart of the known isotopes and the isotopes which may be produced in the future.

YTo HOBOTO MOXET JaTh CHUHTE3 M MCCJ/eJOBaHHe ellle HEeM3BeCTHBIX U30-
TONoOB? S AyMalw, YTO UMEHHO 3/1eCh NMPUPOLA MOXET MpPEeAOCTABUTh Pa3auy-
HOT'O pOJa HEOXHIAaHHBIE HAXOAKM: HOBBIE OCTPOBKH CTAOHIBHOCTH, HOBBIE
obnactu aepopMaluuy, U3OMEpHbIE COCTOSIHUA PA3JIUYHBIX THIIOB H MHOTO€
Apyroe. Ilpn cHHTe3e TaKHX H3OTOMNOB, KaK KaablUuit — 31 win kansuuit — 70
MOMYy4YalTCcA AAPa C OYeHb HeOOBYHEM COOTHOWEHUEM MIPOTOHOB U HEHATPOHORB,
KYJIOHOBCKMX M SI€PHBIX CHl. B CBA3M ¢ 9TUM CTAHOBHUTCSA TaKXe MOHSITHBIM
OCOGBI#t MHTEpPeC K U3YYEHHO TPAHCYPAHOBBIX 3J1EMEHTOB, I'le KYJOHOBCKHE
CHJIBI O4YeHb BEJIMKH, H NNOSTOMY [OYTH He cymecTByeT obpiyHOTO Gapbepa ne-
JIeHUS, & pas3nuuHele obonoyeunsie 3@ dexTH MOTYT GHTDb BHPAKEHB YPEIBHI-
yaiiHo cunpHO. VIMeHHO B 3TOH 061acTy 9/1eMEHTOB OTKPHIT HOBBIH BUA sSAEp-
Holt n3omepun: usomMepus Gopmsi [2] . 3aech Xe BO3ZMOXEH PAAX APYTUX UH-
TepecHLIX ABJICHUI, CBA3aHHLX, HANpUMep, C HalHYUeM BTOPOrO MHHUMyMa B
sueprun aedopmanun sapa [3] , npeackazaudHoro CTPyTUHCKUM, U T. 4.

METOObI NIONYYEHUA HOBBIX HU30TOIIOB

na cuHTEe3a HOBBIX M3OTOMNOB NPEACTABASRT UHTEPEC HECKONbKO THIOB
peaxuuii:

a) Peakuuu, BbI3BaHHEIE 3apsSXEHHMIMH YACTHLAMHU CpeXHeH SHepTHHU
(p,xn) (@, xn), a Takxe peakuus ¢ He® gaor HeHTpoHHO-AePHULUMTHEIE U3OTO-
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nel. HeATpoHHO-M36BITOYHEIE U3OTOMNBl MOXHO MOJYYHTh B peakKUUAX
(n,p)(n,@) (p, 2p)(d, pP). ‘

6) Ucnonp3oBaHue HEATPOHHBIX NOTOKOB OONbIIOH TUIOTHOCTH U HH3KO-
3HepreTUYecKoe Ae/IeHHe NPUBOAAT K o0pa30oBaHUI0 HeHTPOHHO-U3OBITOUHBIX
anep.

B) B peakuusx, BHI3BAHHLIX NPOTOHAaMH BBICOKOH sHepruu (CKaaslBaHue,
neneHue nocie GBICTPOrO Kackana), obpasywrcs U HedATpoHHO-edULUTHBIE H
HelTPOHHO-U30BI TOUHEIE Spa.

r) B peakuusax nox geficTBUeM TsXKeJHIX UOHOB (MOJIHOE U HEIOJHOe C/IU-
sHHe, Ne/IeHHe IIpH BBICOKHX dHEPTrusiX Bo3byxAeHHsR) Takxe obpasyorcs H
HeliTpoHHO-JePUUUTHEIE U HeATPOHHO-U3OHTOYHBIE SApa .

TIpy cpaBHEHHU PA3/IMYHBIX METOJMAOB MOJYyUYeHHS U30TONOB HeOoOXOIUMO
3HATh CEYEHMS ITUX peakuuit. OTH 3HaUeHUs NH6O UIBECTHBH, NH6O UX MOX-
HO NONYy4YaTh IKCTpanojsiuei U3 H3BECTHHIX CeUEHHH noJoGHOTO THNA peak-
LMA. Y4YUTHIBasdA NOJYyYEHHb € 3HAYEHUSI CeYeHUH U UMenlnecs HHTEHCHBHOCTH
NMYYKOB HA YCKOPHUTEJNAX WM peakKTopax, MOXHO OlUeHHBATEh 3P HEeKTHBHOCTH
PA3JHMYHEIX METOAOB MONYYEHUS U3OTONOB B mupokoi obnactu Z u A. TIlpu
CpaBHEHUM leecoobpasdHo pa3bUuTh BCe METOAbl CHHTE3a HA ABE TPYIIH ;

1. HanpaBieHHbI€ peaklMH, B Pe3yJibTaTe KOTOPHIX 06pa3ynTcss oauH=
ABa NpeACTaBASOUHX HHTEpeC H30TOomNa.

2. Peakuuu, B KOTOPHIX OJHOBPEMEHHO 06pa3yinTcs U3OTOINB B HUPOKOHR
obnactu Z u A. IIpeMMymecTBO NEPBOTO THMA - B NPOCTOTE HAeHTHRUKALUHU
MOJIy4€HHBIX U30TONOB (N0 KHHEMATHKE peakluuu, no GyHKUHH BO3OYKASHUS U
TakK jganee). '

Peaxuuu nepBoro tumna yAo6HE, HO OHM He JAOT BO3MOXHOCTU AANEKO
OTOHTH OT nojoch crabunbHocTu. KpoMe Toro, He Bcerja BO3MOXHO Nono6-
paTs Heo6XoaUMYo KOMOUHALMIO MUIIEHb-YaCTHIA. PeakUuMH BTOPOrO TUMNA
cpasy jgawoT 6onpmoil BRIGOpP H30TONOR B WHUpOKoH obnactu.Z. OAHAKO Npu
5TOM BO3HHKaKT NpobieMbl 9KCIMPECCHOTO pas3Ae/NeHnss U30TONOB H UX HAEH-
Tudukauuu. OcobeHHo Gonbmue TPyIHOCTH BO3HHKAOT NPH NpeLe3HOHHBIX
CMeKTPOMEeTPUYECKUX UCCeXOBAHUAX KOPOTKOXHBYIHUX H30TONOB. BMecre
C TeM B HacTosillee BpeMs CyWeCTBYT aHaJlu3upymouue CUCTeMsl, paborawn-
mue HenocpeAcTBeHHO "Ha nyuke" yckopeHHbX yactuu ("on-line"cucremsr).

B wacrtuocTu, B JJabopaTtopud siaepHux npoGnem (Iy6Ha) uMeercs psn
yCTaHOBOK, paboTapmux B pexuMe "on-line": rasoHano/HEHHEIA cenapaTop
Anst 6bICTPOTO BHIAC/IEHUS (10'6 CeK) paXMOaKTHUBHbIX MPOAYKTOB SAEPHEIX pe-
akuu#l ¢ paspemenueM no Macce AA=10,03 A, s1eKTpoMarHUTHEI Macc-ce-
napaTop fAep oTJay¥d ¢ paspemeHueMm no Macce AA=10,002 A ¢ BpeMeuemM
pasaeneHuss Ljisli ra3000pa3HEIX NPOAYKTOB ~ 5-1073 cex, YCTaHOBKa Aas
3KCIPECCHOTO HENPEeprBHOTO XUMHUECKOTO pa3aesieHuss NPOAyKTOB U Ap.
IlosTOMY B AOKJAaje He GyAyT PacCMATPUBATHCA BONPOCH, CBSI3aHHBIE C BH -
HesleHueM U HIeHTU@HKaluel H30TONOoB.

TIpeUMy e CTBA W He JOCTATKH DPAa3/MYHEIX CIOCOGOB CHHTE3a NOAPOGHO
paccMoTpeHsl B paborax Pyncrama [4]. M3 9TOro aHalIHM3a BHITEKAET, YTO
6ONBIIMHCTBO METOAOB HE JAeT BO3MOXHOCTH LANEKO OTONTH OT NOJOCH CTa=
GunpHOCTH. VICKIOYEHHEe COCTABASKNT PEaKLUM, BEHI3BAHHBIE NPOTOHAMH BBICO-
Koil sHepruM. Cxema 3TUX peaKUUH ciexyomas:

TTocne B3auMoAeRCTBUS NPOTOHA BRICOKOH SHEPTUU C SAPOM MHUNIEHH MNpPO-
ucxonut nubo npouecc 651CTPOTO HYKIOHHOTO kackazna, nubo dparmMeurauus,
B pe3yJbTaTe Yero AApo npuobpeTaeT 3HAYHTEBHYIO SHEDIHI0 BO36YyXASHUS .
B manpHefimeMm ocymecTBAseTCH UCMAapeHHe HEHTPOHOB WM AeneHue. Be-
POATHOCTH 06pa3oBanus Habopa SAep C PAa3JHYHEIMU DHEPTHAMH Bo36yxae~



14 2JIEPOB

HHsl, nocne GbICTPBHIX NPOUECCOB, paccuyuTeBaeTcs no Metoay ModTte-Kapio
¢ HabopoM KOHCTAHT B3aUMOAelCTBUS Opp 1 Onn s Opns Tpas Tpg M T-A. Hc-
noib3ysi NoRoGHIE pacyeThl, a TaKXe ONHpasch Ha SKCNEPUMEHTAa/bHblEe JaH-
Hble, PyacTtaM BeiBen GopMysy Ans pacuera cedyeHus o6pas3oBaHus M3OTOMNOB
nocse GBICTPHIX NPOLECCOB, 3aBUCAWY0 OT YeThlpex napaMeTrpoB. Menaneu-
Hble MpOLeCChl PACCUUTHIBAITCA NO o6kuHNM dopMynaMm sigepHoit Guauku.
DOKCNEepHMEHTaNbHO 6BIIO MOKA3aHO, YTO OTHOCHUTEJbHBIA X0 3TUX CedeHHil
MmeHsiercsa cnabo npy nepexone oT sHepruu npotToHoB 500 — 800 M3B k sHep~
ruu 1o 30 I'aB, YTO BHIHO HA PHC.2, Tle NMpeACTaBJeHb KPUBbBIE BHIXOIA U330~
Tonos I1(Z =53) npu genenuu ypadHa npoTroHamu 590 Mass u 18 I'sp [5] .

i I(z-53)

£, 1875

Yreo 2y 28 3 a

Puc.2. Kpuseie Brixoaa usoronos I (Z=153) npy neneHun ypaHa npoToHaMu C 3Hepruei
E=590 Mes u E= 18 T'aB.

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.

W3 3THX JAHHBIX TAKX€ MOXHO 3aKJOYUTh, YTO HCIOJb30BaHHE NIPOTOHOB
BHICOKO 9HEpruH, Ype3BrvyaiiHo 9P PeKTUBHO ANt CHHTE3a U30TOMNOB C
Z<75. CnenyeT OTMETHUTH, YTO 9TOT METOJ B TeYeHHUe MOCAEAHUX NECATH
JleT ¢ ycrnexoM ucnonbsoBaics B JlabopaTopHu siaepHbIX npobieM IS CHHTe-
3a ¥ M3yYyeHus CBOFMCTB M3OTONOB ¥ H3OMEPOB B WHUPOKOH 061acTH Z 1 A.

Ilns CUHTE3a U30TONOB TPAHCYPAHOBBIX 3JI€MEHTOB MOTYT GBITH MCIOAB™
30BaHBl 1160 HeHTPOHHBIE MOTOKH GONBION MIOTHOCTHU, THOGO TAIKEIBIE HOHBI .
CHHTe3 GONBUMHCTBA U3BECTHBIX U3OTOMNOB, 40 GepMUS BKIOYUTENBHO, OCY =~
WeCTBAAETCS NyTeM obnydyeHUs ypaHa WIH IUIyTOHHUS HeHTPOHAMU B SIAEDHBIX
peaxkTopax HJM NpH B3pHIBaX SAEePHBIX yCcTpoihcTB. CyTb STOTO METOXA CO-
CTOMT B TOM, YTO B HEHTPOHHBIX NOTOKAX GOJBWONA MJOTHOCTH AApa NOCAEHO-
BaTe/bHO 3aXBaTHBAIOT HECKONIbKO HEHTPOHOB 0O TOTO, KAK OHM MCHBITHBAlOT
B-pacnaa. 2To ZaeT BO3MOXHOCTH MNOIYYUTH M3 HCXOAHOTO AApa 238U oueHs
TAXeEe U30TONbl ypaHa, KOTophle B AajbHENIIeM nocne HeCKONbKHUX -~ pac-
NajoB MpeBpamalnTcid B U30Tonbl Gonee JajleKUX sjeMeHTOB. ONTUMHCTHYeC-
KM€ OLEHKH NMOKAa3bpIBaJiM, YTO TaKUM 06pa30oM MOXHO MOJYYHUTh 2JIEMEHTSH C
GonbuuM Z (Z =110, 112 u 7.a.). Ilpomenana rpaHguosHas pabora, nouy-
yeHa 6onpWas MIOTHOCTh HEATPOHOB, pa3paboTaHbl METOIb 3KCNPECCHOTO
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XHMHYECKOT'O BBIAEJEHUS TPaHCYpaHOoBOR dpakuuu, HO NMONBITKA NOJYYHUTH
saapa ¢ Z> 100 He yBeH4Yanach ycnexom [6].

B To xe Bpems,c 1954 rona, B CoBerckoM Cowsze u B CIIA napannenbHo
pPasBHBaNUCh METOJbl CHHTE3a B PEaKUUAX C TSXKENBIMH MOHAMH, YTO MO3BO-
J1O CHHTe3UpOoBaTh 3jieMeHThl no 105 BkuoyHuTenbHO. ' B HacTosimee BpeMs
YHUCI0 CHHTE3UPOBAHHBIX H3OTOMNOB B TpaHcypaHoBoil obnacTtu 6ausko K 100,

CHHTES3 U30TOIIOB B PEAKIIUAX C TAXEJIBMU UOHAMU
Ipyu o6ny4yeHun TAXeBIMU HOHAMHU CHHTE3 H30TOINOB MOXHO OCyWecT-
B/IATE B peakUUAX CJieJyollero TUMa:

A. PeakUuuy HENOJHOTO CIHSAHUA

Peakuuy HeNOJHOTO CIAUSHUSA UMEKT MHOTO Pa3HOBUIHOCTEM, KaxXaas U3
KOTOPHIX HMEEeT CIOXHYO 3aBUCHMOCTH OT 6ONBIOTO YNCAA NapaMeTpoB
(sHeprus, 3apsil ¥ Macca YaCTHUH M AApa MHUIIEHH, CTPYKTYDHBe CBOACTBa
B3aUMOAeHCTBYOWUX siZep U T.A.). U3 BCETO Habopa peakuuit ,unﬁ.cprT'esa
H30TONOB HanbONbIUi HHTEPEC NPeACTABISIOT PEAKUUA MHOTOHYK/IOHHBIX Te-
pexad, Korja B NepelaBaeMOM KOMIUIEKCE OTHOWEHUE YUC/IA NMPOTOHOB K YUC—
1y HEHTPOHOB MOXET CHIBHO OTJAMYATHCH OT €IUHUULI. OTH NpoUecCH MOTYT
GBITH UHTEPECHBl C TOYKH 3PEHUA MOJYYEeHHA KaK HeHTpOHHO-Ae PUIUTHEIX, TakK
M HeHTpoHHO-u36sITOYHLIX gnep. B Iy6He, HanpuMep, HaGmoxanach ¢ 3aMeT-
HBIM CeyeHHeM rnepesada 5— 8 HeliTpoHOoB [7]. OIOHAKO CHCTEMATHYECKOTO
W3y4YeHUs] MHOTOHYKJ/IOHHBIX Nepesay He NMPOBOAMWIOCE, H NO3TOMY TPYIHO
NMpeACKa3aTh, HACKOABKO NMEPCIEeKTUBHEIM OKaXETCS 3TOT METOJ] IS CUHTEe3a
M30TOMNOB; CUJABHO Y AAJIEHHBEIX OT Nojocs crabunprHocTu. Heobxomumo B Gan-
Xalmee BpeMs NPOBECTU CHCTEMAaTHYECKOE UCCIE€A0BAHHE peaKlUUuil MHOTO-
HYKJIOHHBIX Tlepenad. ‘

B. PeadKUMHU NMONHOTO CHIUAHUS C UCHAapeHUEM HEHTPOHOB

Ipu B3aUMOAEHCTBUM TSIXKENLIX HOHOB (A <40) c IEZPpOM MHUIIEHH OZHHUM H3
OCHOBHBLIX NpolleccoB aBAseTcsa ofpa3oBaHHe COCTABHOTO fApa ¢ GONbMOHA
sHeprueit Bo3byxaeuuss. Ilepexol Bo3GYyXAeHHBX AAeP B OCHOBHOE COCTOS-
HHE COINpPOBOXZAAaeTcs, B OCHOBHOM, HCNapeHHeM HeHATDPOHOB, YTO NPUBOAUT K
obpa3oBaHMO HEATPOHHO- A€ ULIMTHBIX U30TONOB. IDTO ZAET WHUPOKUE BOIMOX-
HOCTH WISl MCC/Ie IOBaHUA slep, jieXalluX BHE NONOCH: CTABHUABHOCTH, NPH U3y -
YeHHH @ ~pacrnaja, NPOTOHHOTO pacnana u T.nx. CeYeHHe TAKUX peakiuii
MOXHO 3aNnMcaTh B oneM BUIE ' )

o(A; - xn)=o Pxn (E%) HFHO}IH

rie o= cedyeHHe o6pa3oBaHuid COCTABHOTO fAApa, Pin (E*) — BEpOATHOCTH TO=
T0o, YTO AApO ¢ 3Heprueit Bo3byxaeuus E* ucnycrur x Heititponos. Takue
peakluu, B Y4ACTHOCTH, Upe3BHIYaAHO yno6Hb A5 CUHTe3a HelTpoHHO-aedu-
UUTHHIX HU3OTOMNOB — u3nyvareneil nporouor. Tak, B Oybue, Kapuayxosy ¢
corpyadnkamu [8], a 3aTeM KaHaACKUM M aMepukaHckuM Pusukam [9]. yaa-
JIOCE CUHTE€3HUPOBATE OKOJIO ABYX HECSTKOB IPOTOHHEIX HU3JydaTeseil, XoTd B
cBOMX paboTax OHHM JHIIb HEMHOTO OTOLUIH OT TMOJOCH CTAGUABHOCTH .- Ilpu
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AasibHeleM NpoIBHXEeHHH B 0671aCTh HeHTPOHHO-AeQHUNTHEIX Soep B peak-
LHUAX C UCNApEeHUeM HEeHTPOHOB CeyeHHe MalaeT, Tak Kak pe3Kko BOBpaCTaeT
BEPOSITHOCTb KOHKYPHPYOUUX NMPOLECCOB.,

AHanoruyHas CUTyalHss BO3HHMKAET NPU CHHTE3€ H3OTOMOB TPAHCYPAHO-
BbIX 971eMeHTOB! PeaklMH ¢ HcnapeHHeM HEHTPOHOB B TEeYEHHE IOCAeIHUX
LEeCSITH JIeT HHTEHCUBHO HCINOJAB30BAMNUCE A CHHTE32 HOBBIX TPAHCYPAHOBHIX
aneMeHToB [10] . Bbinu paszpaboTanbl 3kcnpeccHse dU3MUeCcKHe H XUMHYec-
KHe MeTOonbl BRlAG/NEeHHS U uieHTudukauuu, Bce 3To No3BOAWIO B NnocielHHe
roasl B lybHe CHHTE3MpOBaTh M U3YUUTE PU3NYECKHEe M XMMHYECKHEe CBOHCT-
Ba usoronop 102, 103 n 104 sanementosn [11].

HenaBuo B Jly6He OpliiM cHHTEe3upOBaHbl aBa usorona 105 anemenTa [12].
Wx npensBapuTesbHble XapaKTEePHCTHKU Cllepyoumue:

%1105 - E=9,4+0,1 Mas, 0,1 ceks Ty <3 cek;
260105 - E=9,7+0,1 Mas, Ty/9 > 0,01 cek.

B HacTosimee BpeMs NPOBOASATCA AalbHelllHe SKCMEPUMEHTH MO yTOUHe-
HUO CBOHCTB 105 371eMeHTa Ha OCHOBE yCOBepHIeHCTBOBAHHON METOAUKH .
Bcero 3a nocneauue roasl B Jly6He 6pI1H CHHTe3HPOBaHH (6ONBMKUHCTBO K3
HHMX BNEPBHIE) U U3YYEHH CeIylolKie H30TOMNM: '

245, 246, 247 246, 247, 248, 24 259 '
s, 6. 247 248, UIpy, WAy

251, 262, 253, 254, 255, 256 102 256, 257103’ %ggKu 260, 2'61105
. * ' ’ . .

OaHaKo ¢ yBeJlHYyeHHeM Z UCcCleAyeMBIX H30TONOB ( B CBA3H C TE€M, YTO B
peakuusaXx C HCNapeHueM HeHTpoHOB o6pa3ynTrcs HeHTpoHHo-AePUUMTHEIE AA~
pa) pe3Ko BO3pacTaeT BEPOATHOCTD AejieHuss. OTo o3HayaeT, YTO BMECTO
oXHuaaeMoro, HanpuMep, usotona 100 sneMeHTa, B pe3ynbTaTe neneHus ob-
pasywoTca nBa aapa ¢ Z= 50, BoapacTawowas HecTabWIbEHOCTD flep, NPH yBe-
AUYEeHUH Z, NpuBena K TOMY, YTO NpPH pelleHHH npobieMbl CHHTE3a TpaHcypa-
HOBBIX 9/1IEMEHTOB INPHXOAUTCS HMEThb HNeJIO C YPe3BhIYaiiHO MaJIbIMU CeYeHUs~
Mu. ONBITH, NpoBeneHHbe B Jly6He, NoKasaju, 4YTo,eCcu ceyeHue obpasoBa-
uusa 102 snemenTa cocrapaser 1078 GapH, To Ona 104 sneMeHTa 3Ta BeJIMYHHA
coctaBur ~2-10710 6apH, a a1 105 saneMeHTa oHa 6yneT eme meHpme. Tak
KakK najleHue ceyeHHsl 9KCINOHEHUMANBHO, TO YBeJIMUEHHE BPEMEHH 3KCMNO3ULUU
He crnaceT fAeno. BHXOX 38eCh BUAEH B NoAydeHHH 6ojee TAXeNBX U30TONOB
JaHHOT'O 37eMeHTa. OIHAKO B peakUUsX ¢ UcnapeHHeM HEeWTPOHOB, MPU HUC-—
MONb30BaHUU ONpeJe/leHHOH KOMOHHALMY MHUIEHb — TSKesblid HOH, yAaeTcs no- -
AyYHUTh nump 1 — 2 HeATpOHHO-AePHULUMTHEIX H30TONA NPEACTABAALIIErO UHTEe-
pec sneMeHTa , T.e. HeOOXOAUMO HMEeTh BO3MOXHOCTb U3MEHATb Z U A Mu-
IeHH ¥ MOHA B NIMPOKHUX NpejesaxX, YTO He BCETra BO3MOXHO.

Bonee nepcneKTHBHBIM METOJIOM CHHTE3a TSIXKEJbIX U30TOMNOB TpaHCypa-~
HOBBIX 3JIEMEHTOB MOXET OKa3aThCs JAejieHHe NoA NeHCTBHEM TSXeJ/IBIX UOHOB.
B Iy6He OraHecsHOM C COTpYAHUKaMu GBLIO NpOBeAEHO CUCTeMaTUYecKoe
usyqeﬂue MexaHnsMa geneHus [13] . HMesa B pacnopsiKeHHU yCKODPEHHbIe UO~
ot or ' B 10 “*Ar BkmouMTenBHO MOXHO 6HIIO MCCIEAOBATH O6NACTE saep 1o
Z2./A =44, O6nyyanuce mumenu Ta (Z="73), Au(Z="179), Bi(Z=83),
U(Z=92). PagioxuMudeckuM MeToloM Belaensinuce Te (Z = 52), Ba (Z = 56),
peako3eMenbHas I'pynna, a TakXe B pSAe CAy4aeB = TAXEeJJble OCKOJAKH OT
Au(Z="179) no At(Z=85). B nanvHeiimeMm c nomomsio Ge (Li)~aeTekropa
“3MepsanachyY — pPaAHOAKTHBHOCTh OCKOJIKOB, 3aTe€M MO MNOJYYeHHOMY CIEeKTpPY
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npouspoannachk uaeHTudukauuss U30TONOB M oNpexae/ieHHe WX BhIxoaa. Pac-
npeneyieHHe OCKOJKOB [0 Macce XOpomo onuceiBaercs @yHkuuei I"'aycca:

- 2
p(Af)=3%§exP[-iéf—%°~/—zL

e

2
rae Af u A, — MacChl OCKO/JIKa M COCTaBHOI'O f4pa, 0 = napamMerp, onpelens-
©OMUH MHPUHY MaCCOBOH KpUBOH. DBhlIN nMony4eHH cnenywomue pe3ynbTaThl:

100 —r——r———————————

300!
- <6:)' é,/

Puc.3. Maccosme pacnpeneneuusx OCKOJIKOB J€/IeHHS B PeaKUHAX:

1. '9Au 5 2c, 1) 3. U (¥ar,n
2. 2ggU (1 Ne, f) 4. PacquHoe MacCCOBOE pacnpenesieHse OCKONKOB .uenemm B peaxklUuy.
U (Skr, 1),

FIG.3. Mass fragment distributions for the reactions:
7 2
1. Wau(lec, §) 3. zg;U (l“:Ar. f)

2. *JU(¥Ne, §) 4. Estimated for: Zg;‘U(g;Kr, f)

1. IMupuHa MaccoBorc gacnpenenenmx pe3Ko BO3pacTaeT ¢ poCTOM CO-
CTABHOTO fIpa, U B cCAy4ae 38y (0Ar, f) HabmonaeTcst GonbmoH BHXOA H30~
TonoB Au (Z=179), Tl (Z=81), Pb (Z=82), Bi (Z=183), Po (Z=84)u
At (Z=85). IIupuHa H3OTOMHBIX pacnpeneneﬂmx TakKkXe pe3Ko Bo3pacTraer
¢ pocToM Z /A (puc.3 u 4).

2. Ockonku AenenHus ¢ 6onbmoHn BepOﬂTHOCTbK) o6pa3y10Tca B U30Mep-
HBIX COCTOSHHAX. Tak, HanpuUMep, B peakuuu 2U (10 Ne¢, f) 6rnu nonyde-
HBl B OZHOM OONy4eHUM BCE U3BECTHEIe u3oMepsl Te ¢ 60NbMUM BRHXOAOM

(puc.5).
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. 50

8
A-Ap
Puc.4. H3oTonHBIE pacnpeneneHuss OCKOJKOB ‘AeNeHus B obnactu Anep ¢ 57sZ<64. Hymepa-

UMs KPMBBEIX AaHa Ha puc.3.
FIG.4. Isotope fragment distributions in the vicinity of the nuclei with 57 =< Z = 64. For numbering

of curves see Fig.3.
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Puc.5. Baxoas usortonos Te (Z=52) B peakuun ZggU (nge,f): OTKPBITHI€ KPYXKH — OCHOBHO®E
COCTOsIHHE,; YepDHBIE€ TOYKH — H3OMEPHOE COCTOAHUE. )

FIG.5. Isotope yields of Te (Z =52) from the reaction 2¥1U (¥Ne, f). Open ciicles — ground state;

black dots - isomeric state.
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3. PaHee yxe 0TMeYanoCh, UYTO B pEaKUHUAX C UCNAPEHUEM HEHTPOHOB
06pas3ynTcsl KOPOTKOXHBYIIME U3OTONSl TPAHCYPAaHOBBIX 3J1€MEeHToB. Tak,B
peakuuu ZgiPu (22Ne, 4n) %0104 obpasyeTcs u3oron 260104, Ipu neneHunu
CBEPXTSIKENBIX COCTABHBIX sigep Macca Haubojee BeposiTHOTO W30TOMNa 3Ha-
yuTeabHO Gonbme. i8S npuMepa MOXHO yKa3aTh, uTo Haubonee BeposTHas
macca 104 sneMmeHTa B peakuuu goU (%%Kr,f) u 2%8'2U (ngXe, f) paBna
214 - X104, yTo cooTBeTCcTBOBaNO 6B 0Bpa30BaHMIO COCTABHOIO Apa NMpu o6-
Ny4eHUH zgz Pu HecywecTBYOIHUM U30TONOM 32 Ne. Tpu obnyuenuu ypaHa
ypaHoM HauBonee BeposiTHas Macca 104 sgeMeHTa eme Goneme. Brixon o=
60T0 M30TONA NAHHOTO 371€MEHTa B Le/J€HHH MOXHO OLEeHMTH Mo ciaelyiou el
dopmyne:

(A} Z) = o, P(A P H(Z - Z(Af)) Pxa (E¥) H“rm

1=lrﬂOHH

rae A%= Af - xn. P(Af)— BepoaTHOCTH 06pa3oBaHUs MACCHl B AGNEHHH, &
dyukuua £(Z - Z,(Ay)) onpeaenieT BePOATHOCTb BHIXOJA PABTHIHBIX nszobap
¢ Maccon Ay, : .

W3 sToit $opMyNbl BUAHO, UTO, XOTs cedeHHue obpa30BaHHs onpeneleHHoro
W30TOMNa XAHHOTO 3/I€EMEHTa HEeBEJUKO (451 MaKCUMyMa MaccOBOTO paclpene-
NieHus1 He NMpeBBIIBET 510°%7 CM2), OLHAKO OTX0J oT Haubonee BepoATHON
Macchl IaHHOT'O 3J1eMeHTa Ha BEeJIMYMHY ~ 8 HeHTPOHOB YMeHbuIaeT BBIXOXA BCE-
To Ha OJMH Nnopanok. IlodTOMY ZAaXe Npu AeJIeHHN ypaHa HeOHOM 3TOT METOJH
nony4eHuss uzoronos Gonee s dexTnren, ueM AeneHue ypaHa TEMIOBHIMHU
HelirpoHaMu. KpoMe TOro, MOXHO HameATLCH, YTO NpH Nepexone k Gonee
TAXKeAbM HoHaM, Kak Kr (Z =36), Xe (Z =54), W(Z =74), B oOcxoaKax jpejne-
HUSI MOXHO OyZReT CHHTEe3UpOBATh HU30TOMNbl TPAHCYPAHOBBIX 3J1EMEHTOB BIUIOTh
1o 105 sneMeHTa, .CO 3HAYNTENBHO OONBMUMH CEYEHUSAMHU, YEM B PEAKLHUIX C
o6pa3oBaHHeM COCTABHOTO AApPa. MOXHO NpeanonaraThk, YTO NENEHHUE oKa-
XeTcs NMePCNneKTUBHBIM METOAOM IS CHCTEMAaTHYeCKOrO U3yueHus "usome-
pun GopMmel", B pa3nuuHbiX 06AaCTAX NEePUHOAUUYECKOH CUCTeMEl. 3TO MOTYT
6bITH KAK CIIOHTAHHO-AeAsiuecs U30MEPhl, TAK U U30OMEPHl, pacnajapiiuecs
0 IPYTHM KAHANaM, NyTeM aHOMAJBHBIX Y-NepPeXoloB, HeOBbIYHEIX BHAOB
@ -pacnaja U T.A.

NEPCIEKTUBLI CUHTE3A CBEPXTSXENbBIX 3TEMEHTORB

Jlo HexaBHETO BpeMEHU CYUTANAOCH, YTO TpaHuUlla NePHOAUYECKOR CHUCTEeMBI
onpeleiseTca KOHKYpeHuHel TOBEPXHOCTHBIX CU/ MPUTAKEHUS U KYJTOHOBCKHUX
cun oTTankuBanus [14] . OpHako B manbHelmeM 6b110 NOKA3aHO, YTO NMpPH
PacCMOTPEHUH CTABUABHOCTHU TAXENLIX sAep HeOBXOAUMMO YYHUTHIBATH HEOOHO=
POAHOCTH B 3HEPTETUYECKOM pacripenejeHdd HYK/JIOHOB — TaK Ha3blBaeMble
"o6onoueunsle sf@dextr" [3]. IlepBoHauanbHO NpeAnoaarajoch, YTo MO aHa-

_JIOTHH C U3BECTHEIM MAaru4deCckUM YHCAOM Ans HeliTrposoB N = 126, cneanywomee
MarH4ecKoe 4YUCJIO WIS NPOTOHOB OyneT Takke Z = 126. Kpome toro, us
pacyeToB MOJAy4YalocCh, UTO I/ HEHTPOHOB MaruyeckuM uuciom byner N= 184,
T.e. AP0 310126 nonxuo GbTh ABaxasl MaruyeckuM [15]. OaxmHako pacuerh
cxeMbl OJHOYACTHYHBIX YPOBHEH NPOTOHOB B MOTeHUUANe C PA3MBITHIM KpaeM
NOKa3a/J4, YTO MAaru4ecKHM 4YHCJIOM L/ NPOTOHOB 6yneT Z = 114, u Takum
06pa3oM ABAXKAK MaCUyeCKUM NOJXHO SIBUTHCS SAPO 98114 {16] . B sTo xe
BpeMA B JlaGopaTopumn sipepHsix npobaem My3biukoit 1 CTPYTHHCKHM 6b1a
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npoBelied 6onee TmWaTENbHbIH aHaNIU3 CTAGUABHOCTH aaep ana 104sZ<130u

170=N<190. Ilo MeTony CTPYTHHCKOTO, KPOME OIEHKH W{e7¥ B OQHOYACTHUY™
HOM CIeKTpe, PACCUHTHIBAJIACh 3aBHCHUMOCTH 9HEpPTHH sapa or ero gedopma-
uuu. BplIO NokasaHo, YTO cyllecTByeT uenas obnacts chepuueckux faep

BOKDYI 114, ycToHYMBOCTH KOTOPHIX MO OTHOWEHHI K CHOHTAHHOMY Aejne-
-0,2 0 0,2 0,4 0,6
o 7T T T T T Y Y T
B Z=114 n
DKCTPANONHPOBAHHbIE
napameTpl |
(Extrapolated

parameters)

MoTenunansHas aHeprua, Map
( Potential energy, MeV )
WMxana 298 (298 scale)

o Hixana 284 (284 scale)

Puc.6. OXunnaemple BpPEMEHA XH3HHU MO CNOHTAHHOMY A€NEeHHK AN u3oTonoB 114 sneMenTa.
FIG.6. Expected spontaneous fission decay lives for the isotopes of element 114.

HMIO 0 Mepe yJAajieHus OT UueHTpa obaacTu MOHOTOHHO yMenbmaeTcs [17]. B
AanbHelmeM nolobHele pe3yabTaThl OblIN NpHBeneHsl B pabore CBATeELKO-

ro [18] . Kpome Toro, B psiae paloT OLEHHBAWTCS BPEeMEHA XH3HHU pas3uy-
HBIX M3OTOMNOB 3TON OONACTH NO OTHOWMEHUID K CIIOHTAHHOMY JAEJIeHHI0, o —pac-
naly, B-pacnany u 3J€KTPOHHOMY 3aXBaTy. OTH pPe3ynbTaThl, KOHEYHO, Aa-
JIEKH MO TOYHOCTH OT TOr'O, YTO XOTEAH OBl MMETh OKCMNEePHUMEHTATOpPhl, TaK
Kak Hebonbwas omubka B pacueTax MOXET IAaTh CHIBHOE OTKIOHEHHE OT OXH-
NaeMOH BEJMYUHB BPEMEHH XH3dH (I NpUMepa MOXHO yKa3aTh, UYTO H3Me-
HeHHe AQ,=~0,5 M3B NPUBOJHT K HIMEHEHHIO B AT = 103), HO caM dakT cy-
e CTBOBAHUS O6ACTH CBEpXTSAXE/NHX slep B HACTOsAUee BpeMs He B 3bIBaeT
comHenusi. Tak, u3 puc.6 [18] BuzHO, yTO Wi Haubonee CcTabGUABHBIX H30TO-
noB 114 sneMeHTa BpeMsl XU3HU OTHOCUTENBHO CNOHTAHHOTO AENEHUd

Ten 2 108 ner (oueHKa NONMHOTO BpeMeHH XH3HHU, KOTOopas BKAYAET a-pacnad,
B-pacnag 1 SJeKTPOHHbI# 3aXBaT), aeT 3HAYUTENBHO MEHBIIYIO BEJIHYUHY

T~ 102 - 107 ner).
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TMono6Hbie pacyeTsl CyWleCcTBYeT U 41A aneMeHToB Z = 122 —126. Oaxau"a-
KO X BPEMEHa XH3HHM MO @ - ¥ B-pacnalaMm He TOJKHB MpeBsmaTh 107 cek.
BosdukaeT Bonpoc: Kak aobparbcs o ocTtpoBa ctrabuneHocTn ? IlonacTe B
3Ty 06/aCTh MOXHO, COBEDIIUB NPBIXOK Yepe3 061acTh HeCTABHIBHBIX 31~
MeHTOB (100 — 110), a 3To MoxeT GHTDH cAenaHo B 1a60paTOPHEIX yCIOBHUAX
TOABKO B PEAKUUIX C TAXENbIMH HOHAMMU.

HauuHas ¢ 1967 rona, rpynna aMmepukaHckux dusuxon (CBsTenkui,
TOMIICOH W Ip.) MOMBITAINCH CUHTe3HWpoBaThb 114 snement. Camas Taxenas
YacTHUa, YCKopsieMas B HacTofllee BpeMs Ha JIMHEHHOM yCKODHTeJe TS XeNblX
HOHOB- Ar, MO3TOMY OHH HCNOJb30BAaJH PEAKLMIO:

isar + %gem= 280114, 24114, + 4n,

Haorton %114 HaXxoRXHTCS NAaJ€KO OT ABA’XABI MaTHYecKOTo saapa 298114, mno-
3TOMY HalexXJHa MoJy4YuTh 114 sneMeHT B 3Toi peakuuu Obljia HEBEJHKA .
HeiicTtBurensHo 2@ dekT He 651 OOHAPYXKEH, U AaBTOPB! AAIT BEPXHIOK I'PaHUIY
ans cevenus obpaszoBamus ~ 107 =107 cm°[18]. 3nauurennho Gonee
NepCrneKTUBHOH BHITJISIOUT peakuus:

48 244
50Ca + g Pu= %114~ 2%

114 + 4n

nm Bca+ %em= 116~ 116 + 4n.
3To BUIHO H3 puc.7. B Hacrosamee Bpems B JlaGopaTopuu saepHEX npobiem
8ca YCKOpPEH U NpPOBOASITCS POHOBLIE OMNBITHI .

OIHAaKO CHTyauuss ¢ CMHTe30M 114 sjneMeHTa MOXeT 3HAYWTEeNbHO YAyu-
MHUTHCS, KAK TOJBKO MOSIBUTCS BQ3MOXHOCTB YCKOPSITH MOHBI, TSIXKeJiee KpHUIl-
Tona. Tak, NpH AENEHUN ypaHa g4 Xe Hanbonee BEpOSITHHIM 6yAeT H30TOIN

5114, a sHeprHs Bo30OyxAeHHs oCKojka 6yZeT COOTBETCTBOBATH HCIAPEHHUIO
4 — 6 HefiTpoHoB. YTOOGH MOJAYYUTH 3TOT H30TOMN B peakuuu, uayuwei yepes
cocTaBHOe s4ap0, HeobxoxnuMo 6o Gt 06aydars 233Pu He Cyl{eCTBYOIIUM B
NpUpOAe CBEPXTAXKEeNbIM H30TONOM 20 Ca.

Tipu nepexone k Gonee TsxXenbIM 3jeMeHTaM (Z = 120 ~ 126) nerue no-
106paTh HEOOXOAMMYI KOMOMHALMIO MULIEHb=HOH I CUHTE€3a U30TOMNOB C
N=184. Insa npuMepa MOXHO yKa3aTh:

8ca+ Bicr=°%9118-2%118 + 4n
SaNi + Zipu= %122 3%122 + 4n
Szn + %ipPu= %124 3% 124 + 4n
S gr + B2Tn= 316126 312196 + 4n

M Tak gajiee. B ciayyae 3THX peakUM# coCTaBHbIe SIAPa MOTYT NOJYYaThCS C
oueHb Hebonbwoi 3Hepruet BoO30Y KAEHHS, IO3TOMY, €C/IH HE NOSIBATCA 00—
MOJHUTe/IbHEIe @ aKTOpPHl, NMOBHITAIINE 3HEPTHI BO30Yy XKIEHHUs,cedyeHuss obpa=-
30BaHUSA 3THUX W3OTOMNOB MOTYT GBITH BEAUKU ~ 10028 — 10728 cm2,

3pechp 9 TakXe XO4y OTMETHTH, YTO NpH MOSIBIEHHK GoJiee TSIXeNBIX HOHOB
OCKOJIKM AeJIeHHSI 3aMNOJNHAT 60JbIYI0 YACTh MNePHOAUYECKOH CHCTEMSBI, NO3TOMY
MOSIBUTCSI BO3MOXHOCTD CUHTE3a 60JbIIOrc KOJUYECTBa HOBBIX HEATPOHHO-HU3~
GbITOYHBIX SIAEP.

Tenepb MOXHO OCTARHOBUTHCH HA OUEHb UHTEDECHHIX Pe3ynbTaTax, fnoay-
YyeHHb X Tpynnoit npodeccopa ®aynepa, KOTopble HEXABHO ObIIM COOOGWEHEI
npodeccopom Ilaysanom [19]. Dra rpynna ncnoabsyer dororpaduueckue
3MYJbCHH VIR U3Yy4YEHHUS 3JIEMeHTHOT'O cocTaBa KoCcMuueckux nyueit. HenasHo
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umu 6pIM OOHAPY KeHbI Cllelbl YaCTHL, HOHU3HPYHAs CAOCOBHOCTH KOTOPHIX

YKassBaeT Ha TO, YTO UX 3apsan Z ~ 106. OTu pe3ynbTaThl, €CIH OHU GYIAyT
NOATBEPXAEHB, ABSATCA 5E3YCIOBHHM JOKA3aTe/NbCTBOM CyU€CTBOBAHUS AOJ-
TOXUBYUHUX CBEPXTSXKEIbIX 3JIEMEHTOB,

40” 7’4/2 (ﬁu) (years) Z: Hl[

L ? ]

o TERES

QUG (Dubno)
SIS
CLUA (usa) .
Cm*%4,

; i O
HE S s

%J

(Spont. fission) (g- decay),
10° eﬁ(yr) s | <
Bers (doy) h %
{hour) t‘fy -
40.5 ‘ {A - decay)|
ek Gec
0"
S
i HOHOCEYHR ( mec)
02
0 '
284 286 288 290 282 M4 296
Maccoboe wuco
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Puc.7. BoO3MOXHbIe METOAbl CMHTE3a u30TonoB 114 snemeHTa.
FIG.7. Possible fusion methods for the isotopes of element 114.

OnHakKo, Kak celiyac KaxeTcs, OleHKa BeJIM4YMHEl Z B HacToAllee BpeMs
He MoxeT GBITH chenaHa AOCTATOYHO HALEXHO. OTO CBSI3AHO C TEM, YTO XO-
pOWO U3YyYEHB B KOCMMYECKHX JIy4axX NOKa TOJIBKO CJelb PeNsATHBUCTCKUX
anep xenesa (Z = 26), a 3apsan 6osee TIXeNbIX 9JIEMEHTOB NOSTOMY oNpele-~
nsieTcsl SKCTpanoasiuMes oT 9TUX 3HaveHuit. ClreayeT yTOYHHTH HOSTOMY
KalubpoBoUHEIe XapaKTePUCTUKH Anst GopMel cnenoB TsAxenux siaep B doro-
SMYyAbCUAX. B YaCTHOCTH, MOXHO MCNONB3OBATH TOT $HAKT, YTO B UHTEpBane
Z ot 83 g0 90 BCe M30OTOMNKI ABJISIOTCS PAAUOAKTUBHBIMH C MaJIbIM BpPeMEHEM
xu3uu. IloaToMy, €c/M HaleXHO U3yUYUTh HOHU3HPYOIY CIOCOOHOCTH Yac-—
Tyl ¢ Z=83 u 90, To B JajibHelmeM MOXHO OyneT HCNO/Nb30BaTh 3TH AaHHBIE
Ansl onpezAesleHus 3apsija 6onee TAXensx yactuy. ONUpPasichb HA 3KCIEpPUMEH=
TaJIbHBI€ KaHHbIE, nony4dyeHHele Jlaboparopueit sgepHbIX npobseM NpHU CUHTE3Ee
aneMeHTOB B obnactu Z ot 100 mo 105, MoxHO nMoka3aThb, YTO BpeMs XHU3HHU
‘CaMBIX AOJIFOXHUBYIMHUX H30TOMNOB 3THX SJ€MEHTOB HE NPEeBH IAET HECKOJBKHUX
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nHefi. C apyro¥H CTOPOHBI, MHOTOYMCJIEHHbIE TEOPEeTUYECKHUE OLEeHKH YKa3bI-
BAaOT, YTO Hanbonee cTabunbHEIMU MO BCEM BHIAM SAEPHOTO pacnana JOJXHbI
GBITH H3OTOMNBl 3/1IeEMEHTOB ¢ Z, 6au3kuM K Z = 114. II03TOMY MOXHO CUMH -~
Tarb, 4TO,ecnu 6yneT nmoATBepxAeH GakT HabOMOAEHUSA B KOCMHUYECKHUX y4yaX
TsxenbX sgep ¢ Z> 100, To 3T0 MOTYT 6BITh TOJBKO M30OTONBl 3J1E€MEHTOB C
110sZ2=116.

YuuThIBAs CKOPOCTH YaCTHUL B KOCMHUYECKUX JiydyaX, CeHeHue LesleHHs
npu CTOJAKHOBEHUH C aTOMaMHM BOJOPOAS U pAln Apyrux $akToOpoB, MOXHO
OPHMEHTHPOBAYHO OLEHUTH BO3MOXHBIE BpeMeHa XM3HMW yacTul ¢ Z> 100 B
KOCMHWUYECKHUX yyax. OTHU OLEeHKH JaioT BpeMmMeHa ~ 10" — 10" ner.

Tenepeb s xoTen 6 KOCHYThCS TEOXMMHUYECKOTO ACNEKTa AaHHOH npob-
JieMpl . XHMMUYECKME UCCIeAOBaHMS KypuaToBusi, npoBejennsie B JlaGoparo-
pUM ALEPHBIX NpobieM nokasany, YTo, Hauueas ¢ Z = 104, 3acTpauBaeTcs
BHEIIHASA 9JeKTpoHHasa 060/104yKa, T.e. KypYaTOBUH 0KA3aJCsd yXe HEe aKTHHU-
IOM, 2 XMMHUYECKUM aHanmoroM raduus. IlosToMy MoXHO nmpeanonarars, 4TO
usoronsl 110, 112, 114 aneMeHTOB ROAXHB ABASATLCS aHaJloTaMU MJIATHHEI,
PTYTH 1 capmua Torna Hanbonee ROATOXHUBYWMHE CPEAH ITHX TSAXKEBIX AIE€p
(T2 = 108 NIeT) MOXHO MONBITATHCA OOHAPYXUTH B NPUPOIHBIX MUHEpanax.

Ho Tak Kak NMOHCK KaXAOro U3 HUX AOJXKEH OCYWECTBASITHCST B paA3JUYHBIX
NPUPOAHBIX CO€AWHEHHSX, TO Haubonee yZOGHBIMHU CpeAu HUX, B CMBIC/IE XU~
MHyeckoli o60cobIeHHOCTH, IBAANTCA CoelnHeHUuss cBHHUa. Ecau onuparbes
Ha naHbee nony!{em—lble $aynepoM u ap. [19], To Bo3IMOXHAA NPUMECH M30~
TonoB "sKacBHHLAa" B NEepBO3AAHHOM CBHHUE, NO OLeHKaM, coctasager ~ 107 -4,
Tak Kak "axkacBuHelu", 0o NpeanoNOXeHHAM, NOMXEH HCNBITHBATH CIIOHTAH="
HOe HeJjleHHe, TO He JIMWEHbl CMBICIA NOMCKH CIMIOHTAHHOTO Je/IeHHA B CBUHLO-
BhIX MUHEpaNax. )

YuureBaa oxujzaeMmyo npuMmecsh '"'skaceuHua' ~ 107 npu T1/9 ~ 10° -~
108 ner, nabmonaeMslit NepUoa pacnaza CBUHLA AONXEH COOTBETCTBOEATE
penuuuHe ~ 1022 —10% jer, IlosToMy List perucTpaliud akKToB CIIOHTaHHO-
T0O DEeJNEeHUs] B MPUPOAHOM CBHHLE Heo6XoaUMo pa3paboTaTh METOL, KOTODPBIH
MO3BOAMI 6B MCNOAB3OBATH GONbIINE KOJNMYECTBA CBMHUA M GBI Gl HEUYBCT-
BUTENbHLIM K @ OHY OCKOJIKOB AejieHus, O6yC/NOBNAEHHbIX KOCMHYECKHMHU yda-
MH{ WIH APpYTUMY NpUuUHaMmu. B naneHeiimeM, ecnu GyAeT NojydyeH NOAOXKU™
Tenbubii 2P PexT, nocne pa3paboTKM COOTBETCTRYOUUX XUMUUECKHX METO=
IOB BeIAejeHHs "skKacBuHIA' M3 CBHHLA WAM NPH WCNONb30BAHHU Macc-cena-
paropa MoXHO 6yAeT npoBecTH MASHTHPUKALMIO 3TUX U3OTONOR U U3YYEHHE UX
cBOHCTB. _AHanorudHas MeToAMKa MOXeT ObITh NpUMeHeHa M NpH MOHCKAaX
ugoronoe "skannaruuu", "skaptyru" u T.O.

C 1pyrofl cTOpoOH:I, HeOOXOAMMO OTMETHTH, YTO, €CIH B KOCMHYECKHX
Jyqyax WIM npu nayqemm pa3/JMYHBIX MHUHEpanoB OynyT obHapyKeHb Aoaro-
xuByuue (Ti2 = 10 J1eT) W3OTOMbl CBEPXTAXKE/IBIX SJIEMEHTOB, TO AOJXHA
CyWwecTBOBATD leiasl resafa H30TONOB H 91eMeHTOB, o6nalaloluX MEHbIUMH
BpeMEeHaMM XU3IHH, KOTOPbIe MOTYT GBITh CHHTE3MPOBAaHLI ¥ U3YYEHBl HA yCKO-
pHTensaxX TSAXeABX UOHOB,

B zaxnwouenve Joknaja g XO4y OTMETUTH, YTO B HACTOAINl€e BPeMs oOnpe-
HeNUA0Ch HECKOJNIBKO MHTEpPEeCHBIX HaNpaBJ/ieHU, CBA3aHHBIX C BONPOCAMH
MOUCKA M CHHTE3a H30TONOB CBEPXTSXKEJbIX 3JIEMEHTOB. IIpuyeM Kaxzpoe U3
3THX HanpaBJieHHH coaepXUT B cebe MHOTO MHTEPECHBIX W HEH3YUEHHEIX BOM-
POCOB, ¥ NPOTrpecc B KaXJOM M3 HHUX MOXET OKa3laTb OTPOMHOE BJIHUAHWHE HA
panpHelmee pasBuTHe spepHolt PHU3HMKH, NO3BOAUT MO HOBOMY NONOHTH K
npobseMe NPOUCXOXAEHUS 31€MEHTOB, PA3BHUTh HCCA€AOBAHUSA XUMHYECKUX H
Pu3NIeCKHX CBOHCTB Ja/lleKHX 3/1€MEHTOB.,
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IlosToMy MO3BOABTE MHE BHPA3UTh yBEPEHHOCTH, YTO B Gauxailimee Bpe-

Ms BOHNPOC O BOBMOXHOCTH CYIIeCTBOBAaHNUA CBePDXTAXENbIX ALEp 6yneT npose-
PEH 3KCnepHMeHTa/llbHO,
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SOME DEVELOPMENTS 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 divide my paper into two parts, Part I concerns the evolution
of traditional approaches supplemented by new techniques; Part II treats
the evolution — still really only evaluation — of new approaches involving
elementary particles and high-energy methods,

PART 1
ACCELERATORS

A continuous evolution is, of course, taking place in all our conven-
tional nuclear structure accelerators.

The new isochronous cyclotrons offer improved energy resolution,
energy variability, duty cycle and range of ions. These machines are now
bidding to challenge the electrostatic generator but that challenge cannot
yet be said fully to have materialized and the electrostatic generator cur-
rently remains the scarcely-disputed king of the nuclear barnyard, Perhaps
the most interesting recent news about electrostatic generators is the
decision of our Romanian colleagues to acquire a large American tandem
Van de Graaff., These tremendously powerful machines will add a new style
to nuclear structure research in what I might call the JINR countries,

There is a theorem about electrostatic generators and that is that by
the time you have acquired your machine you have also acquired a case for
having 1.5 times as many volts on the terminal, Sometimes the case
advances even a little more quickly than that and although machines with
20 MV on the terminal have not yet left the drawing board a good case can
already be made for a tandem with a 30 MW terminal. This case is based
on precisely the considerations given by Flerov and others relating to the
superheavy elements, namely, our need to enter in a very general way the
region of possible islands of stability in the neighbourhood of Z = 114 and
126. For this task very heavy ions of very high energy are needed and it
seems as though terminal energies well in excess of 20 MW will be demanded,
The alternative electrostatic generator approach of using two coupled
machines will be pursued at Brookhaven (2 MP tandems — 12 MV terminals)
and, hopefully, in the HVEC laboratories at Burlington through the even
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more powerful MP-TU (16 MV terminal) combination. Such machines may
well open up a new and important area of nuclear structure studies., As
Weisskopf has emphasized, we should rather hope that what we find there
is not what we expect rather than that the superheavy elements simply con-
form to our present ideas about the behaviour of nuclear matter.

Our pursuit of very high energies through very heavy ions involves us
also in the search for high initial ionization states of those ions. This
search takes us into one of the many interfaces between nuclear physics
and solid state or atomic physics. Rasmussen has emphasized this and has
suggested that it may be possible to find such high charge states by starting
from isomeric or other processes that create abundant K-vacancies and
that so lead to high charge states at the termination of the subsequent cascade,

Current developments in electron linear accelerators are also of im-
portance. Such machines having high currents and high duty cycles will be
very important in a large range of ways including the measurements of
transition moments as a function of momentum transfer, The related
matters of separating out the components of mixed multipole transitions
and, in general, the search for high-multipole excitation that can be done
differentially by varying the momentum transfer are also important.
Electron linacs should also be surprisingly good sources of slow pions
and muons for the sort of studies that I shall be dealing with in Part II
of my talk.

ON-LINE TECHNIQUES

A major revolution is taking place in the‘way in which we use accele-
rators throughthe use of complex apparatuses directly coupled to them,
Such on-line coupling of mass spectrometers as emphasized by Teillac and
the B-ray spectrometers as emphasized by Sakai provide tremendously
powerful facilities that we have scarcely, as yet, begun to exploit,

Of course, the most dramatic advent in recent years is the on-line use
of computers and this is a sufficiently vast topic to merit a conference de-
voted entirely to it. Suffice it to remark that tremendous problems of data
handling are involved, We are already carrying out experiments in which
four detectors each with a resolution of the order of 1 part in 108 operate
in coincidence, demanding storage of information in more than 102 quadru-
pole co-ordinate elements and its subsequent inspection and digestion. So
tremendous are the problems of data handling that the prospect is opened
up of carrying out accelerator experiments remote from the accelerators
both in space and time, The information from complex coincidence counter
arrays will be stored on magnetic tape in muilti-dimensional form and this
magnetic tape will, in its turn, become the object of subsequent research,
as often as not yielding information of a kind not contemplated when the
raw data collection took place. Experimental libraries of magnetic tape
will be built up and research will take place in those libraries with the aid
of computers in very much the same way as historical research takes place
among collections of documents rather than by participation in the events
that give rise to them, This tendency is already apparent in high energy
physics where, for example, a bubble chamber run, while being aimed at
specific problems, generates data that, perhaps years later, are used for
the solution of problems undreamt of at the time when the run was carried
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out, Magnetic tape libraries of experiments available on a worldwide
basis would enable someone in a remote country, provided he had access
to an appropriate computer, to carry out a nuclear structure experiment
on a powerful accelerator thousands of miles away as readily and as effec-
tively as someone on the spot,

PART 1

WHY HIGH ENERGIES?

The justification for our use of high energy or elementary particle
methods for investigating nuclear structure must be that by those methods
we can acquire information of a kind that cannot be obtained by conventional
methods or that complements information obtained by conventional methods.,
We must not ask what nuclei can do for high energy accelerators but rather
what high energy accelerators can do for nuclei.

There are two chief reasons for using high energy methods:

(a) Granularity

The nucleus is composed of neutrons and protons. This statement
would be accepted by most people and yet it conceals a great deal of
ignorance and is indeed untrue. It is untrue because the nucleons are
held together in fairly intimate connection by pion and other particle ex-
change and so are certainly not identical with the particles that we know
in the free state — but how different are they? To what degree is it proper
to picture the nucleus as a collection of neutrons and protons? To what de-
gree are essential changes introduced by the background field in which the
nucleons are immersed? These are questions of intense importance that
we shall certainly not answer without going inside the nucleus and looking
at nucleons as individuals — if such they are — and this obviously involves
us in using as probes particles capable of imparting momentum transfers
corresponding to distance scales of less than the nucleonic separation.

This means particles of hundreds or thousands of MeV or, alternatively,
the absorption, with the release of all or some of the rest mass energy,
of particles such as pions, kaons, anti-protons etc,

The ignorance concealed within the simple statement that nuclei are
made of neutrons and protons is that, even granted that the statement may
be true, it tells us nothing of the important matter of the spatial arrange-
ment between the nucleons, particularly of the question of their short-range
correlations which, because of the short range of the nuclear force, are all-
important for the energy content of the nucleus and for the higher momentum
components, It is again evident that only high energy methods can directly
examine small-scale spatial structure,

Our models of nuclear structure have led us to certain pictures of the
nucleus of a highly detailed character but this knowledge, if such it can yet
be called, is highly inferential and demands the 'photographic! information
that can be obtained only through the equation kR » 1 for its confirmation,
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(b) Spatial relationships.

When we probe a nucleus by any method we rarely probe it uniformly
because our particles come into it from outside and if there is any absorp-
tion at all the interaction will not be proportional to the density of nuclear
matter or to any simple function of that density. Even if the ingoing
particle is weakly absorbed — a neutrino or a photon for example — the
outgoing particle that brings news of the interaction is usually strongly
interacting and so biasses our information towards certain regions. If the
outgoing particle is weakly interacting then we indeed learn something
about the nucleus as a whole in an unbiassed way — unless the interaction
itself biasses us towards neutrons or protons as in the case of electron
scattering, for example, where we learnabout the overall charge distribu-
tion but essentially nothing about the neutrons. But we should dearly like
to gain information about the nucleus biassed in a clearly-defined way
towards its various regions — we should like to be able to examine its centre
without reference to its edge, we should like to be able to examine its edge
without reference to its centre.” We may to some degree achieve these
objectives if we have adequate faith in the optical model and DWBA but the
optical model is at best a very clouded crystal ball and it must always be
remembered that it deals only with averages and takes no account of the
fluctuations that, in fact, exist within the nucleus and that may dominate
certain rare phenomena, One should, therefore, be particularly sceptical
in relying on the optical model where, for example, nuclear matter is very
tenuous or high momentum components are in question,

The contribution that high energies make here is, firstly, the trivial
one concerned with short wavelengths but, more specifically, the fact that
the probing particles can be negatively charged: u-, 7, K7, I, p- etc.
Such negatively-charged particles when ' stopped' in matter fall into atomic
orbits. Under certain circumsiances we may know what these orbits are
and so what is, in some detail, the spatial relationship between the probe
and the nucleus, Thus, for example, we know that the u~--meson will gain
its atomic ls-state before decay or absorption by the nucleus and we can
recognize the X-rays it emits on its way there, passing through other orbits
of well-known spectroscopic character. If the particle is strongly inter-
acting then the orbital(s) from which it is absorbed can be similarly ascer-
tained from X-ray studies and so the products of the absorption come
initially from a region of the nucleus about which something is known. Of
course, structures of the kind just made about the optical model will again
apply to some degree but the identification of the orbital from which inter-
action takes place can be an immeasurable benefit,

In addition to these two chief advantages of high energy methods there
are many subsidiary reasons for our interest. The following is a very
abbreviated list:

(i) (Trivial) We must obviously use energies considerably greater than
the depth of the effective nuclear potential if we are to probe the.
full energy /momentum structure of the nuclear Fermi sea. (Recall
that we have no evidence for the reality of deep shell structure in
nuclei beyond about Ca: is there any literal sense in which there
exist ls-nucleons in Pb?)
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(ii) Probes of J = 0 will be useful in limiting the number of scattering
amplitudes in, for example, a multiple scattering analysis directed
at the short-range correlation problem,

(iii) Probes of T = 1 may be able to show up new forms of collective
motion of AT = 2 and have benefits associated with their ability
to change the nuclear charge by 2 units, with or without change
of the nuclear wave function,

(iv) Special couplings available through elementary particles may show
up certain types of nuclear state more readily than conventional
probes, e, g. in muon absorption, ) .

(v) By inelastic scattering we can study transition moments as afunction
of momentum transfer and so add another dimension to the testing of
nuclear models. .

(vi) Our ignorance of the possible importance of 3-body forces in nuclear
structure is great. It may be very informative to search for these
effects first in hypernuclei since the A - hyperon cannot enjoy the rela-
tively long-range single - pion exchange with nucleons so that double-
pion exchange which could give rise to a 3-body ANN force may be
an important ingredient of the interaction between the X -hyperon and
nucleons.

MUONIC X-RAYS AND ELECTRON SCATTERING

The use of high energy electrons to probe the nuclear charge distribution
has been practised for so long that it may almost be regarded as a part of
conventional nuclear structure physics rather than as part of the newer high
energy methods. However, it is one of the clearest examples of the need to
use short wavelengths to reveal details of spatial structure and so properly
belongs in the present discussion. Recent developments by Hofstadter
el al., where energies as high as 750 MeV have been used in elastic scatter-
ing studies, have shown the need for the introduction of at least a third
shape parameter into our description of the charge distribution. They have
also raised the important question as to whether the better approach is the
continual introduction of more parameters into a basically ' Fermi-type!
charge distribution or whether we should not perhaps rather start from a
charge distribution that we believe may have some more 'fundamental!
justification such as one synthesized from single-particle wavefunctions
generated within a Saxon-Woods or other potential that correctly reflects
the binding energies of the various proton shells. The latter approach has
been advocated particularly by Elton; it has had the rather impressive
success of adequately accounting for the 750-MeV electron scattering from
Ca isotopes using a charge distribution generated to account for the
250-MeV scattering, The 3-parameter Fermi-type distribution that was
adequate at 250 MeV failed significantly at 750 MeV. This suggests that
simple single-particle wavefunctions of the Saxon-Woods type may indeed
be a good starting point for our discussion of the nuclear charge distribution.
Of course, it would be exceedingly interesting if such wavefunctions failed
to describe the electron scattering since that would reflect directly on our
detailed account of nuclear structure, It would reflect on such matters as
configuration mixing, correlations, and upon the question raised earlier,
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namely, the degree to which a shell pattern of the single-particle type
deeply underlies the structure of heavy nuclei at all,

There are, as yet, no serious signs, from electron scattering done,
that single-particle distributions are inadequate but it must now be remarked
that muonic X-rays, also essentially a probe just of the charge distribution
and vigorously studied by Backenstoss, Anderson, Telegdi, Wu, Devons et
al,, must simultaneously be accounted for by the charge distribution put
forward to fit the electron scattering data, Indeed there are, according to
Elton, signs that in Pb the Saxon-Woods type wavefunctions, although they
give a satisfactory account of electron scattering, do not adequately fit the
muonic X-ray data, having rather too much charge at the centre, A more
satisfactory simultaneous account of electron scattering and muonic X-rays
is given by the wavefunctions deriving from the more-nearly-realistic
approach of the Bethe-Brueckner theory which give a hollow at the centre
of the corresponding charge distribution rather than a hump there., This
success of the Bethe-Brueckner theory is very promising, particularly
since the approach is not an extremely elaborate one, being essentially a
type of Thomas-Fermi model. It is interesting and significant that the
inclusion of the Coulomb force is necessary to reconcile the electron scatter-
ing and muonic X-ray data within the Bethe-Brueckner treatment,

The promise of finer detail about the radial charge distribution coming
from the combination of higher energy electron scattering and very precise
muonic X-ray measurements is of considerable importance, We may note
that 'realistic force' calculations are now yielding good results for absolute
binding energies, However, these results are relatively insensitive to the
radial wavefunctions, three to four terms of a harmonic oscillator expansion
being apparently adequate, On the other hand, the approach to the nucleon
wavefunctions themselves, using Hartree-Fock methods, demands eight or
more oscillator terms for an adequate representation. This clearly shows
that we need quite fine experimental detail on the radial charge distribution
to check the predictions of detailed models insofar as they concern the wave-
functions themselves rather than just the energies.

It is, of course, possible to use the energies of the muonic X-rays
by themselves for determining the parameters of the nuclear charge dis-
tribution, From such measurements we get significant, say 10%, informa-
tion about a third parameter by carrying them out with an accuracy of the
order of 0,1 keV such as is now becoming possible, We must remember,
however, that there are factors at work that affect the X-ray energies much
more than 0,1 keV and that some of them are not yet under complete control
theoretically, One of these factors is the polarization effect — the virtual
involvement of excited nuclear states through the muon-nucleus coupling —
which shifts the overall energy levels in ordinary second-order perturbation
theory, The magnitude of this effect in a heavy nucleus is estimated to be
several keV but the uncertainty in the estimate still considerably exceeds
the accuracy with which energy measurements can and must be made.
Another effect of uncertain magnitude concerns the electronic shielding
of the nuclear charge from the orbiting muon. This could certainly be
calculated with adequate accuracy if we knew how many inner electrons
were present, but since the muon arrives at its low orbits following Auger
cascades it is not completely clear what the inner electronic configuration
might be at the time that the muonic transitions are actually made.
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It seems most likely that best progress will, in fact, not be made by
using muonic and electron scattering information separately (the latter is
itself, of course, also subject to uncertainties associated with virtual
nuclear excitations) but that we should rather put the two types of infor-
mation together in the manner already indicated. Since the two sets of
data are sensitive to different aspects of the nuclear charge distribution,
to seek distributions consistent with both will significantly limit the allow-
able range of those distributions. By doing this, we are, of course, begging
the question of the possible charge form factors of the electron and muon
themselves, but these are problems better approached by the methods of
quantum electrodynamics proper and such work will be carried out in paral-
lel with the studies that we are now discussing, The simultaneous use of
electron scattering and muonic X-ray information does not relax the stric-
tures on our need fully to understand the involvement of nuclear and atomic
processes such as polarization and electron shielding, and it is not clear at
this stage how these difficult problems are satisfactorily to be resolved.

In addition to the high importance of the overall charge distribution for
testing general nuclear models, there is of course the very interesting and
more specific question of isotope effects., Studies in electron scattering
have already been made in Ca isotopes and muons are already being used
extensively for similar purposes. Although one may not be able to give a
'dead reckoning' account of the charge distribution itself from the basis of
nuclear theory, changes in the distribution from one isotope to the next may
be theoretically analysable and give information of importance for nuclear
models,

In addition to the importanf isotope shifts, there are also, in muonic
X-ray specira, isomer shifts to be measured, As is well known, as a
result of the coupling between the electromagnetic field of the muon and the
nuclear charge distribution, it is possible, in the course of the muonic cas-
cade, to excite the nucleus into various excited states, particularly the
rotational states which have strong electric quadrupole moments to the
ground state and whose excitations in the heavier nuclei are comparable
with the magnetic fine structure of the muons in their 2p and higher orbits.
Accordingly, when the muon eventually arrives in its ls-state the nucleus
will quite frequently be in its first excited state from which it subsequently
decays, the muon remaining in its atomic ls-state. The nuclear transition
therefore takes place in the environment of a muon of well-known wave-
function. The energy of this transition will therefore depend, among other
things, on the difference of the radial charge distribution of the nucleus in
its excited and ground states, This effect is probably the most important
one operating to make the gamma-transition energy different in the muonic
environment from what it is without a muon present, and enables us to make
a statement about the dependence of the nuclear charge size on the state of
excitation. (Similar information is occasionally available from M&ssbauer
studies but the muonic approach is probably somewhat more general and is
of at least comparable accuracy although, as has recently been emphasized
by Grodgins et al,, it is subject to some uncertainty owing to effects of the
magnetic hyperfine structure in the excited nuclear state).

The electric quadrupole hyperfine structure of muonic X-ray spectira

is now a widely studied phenomenon, In contrast to the situation in ordinary
electronic spectra, the muonic magnetic hyperfine structure is, owing to
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the much smaller magnetic moment of the muon, relatively unimportant
compared with the electric quadrupole hyperfine structure and so the latter
can be studied relatively uncomplicated by the former, although the former
must always be borne in mind,

A most important point is that the deep penetration of the muonic 1s- and
2p-orbitals in the heavier nuclei makes the quadrupole hyperfine structure
sensitive to the form factor of the quadrupole moment, This in turn gives
us hope that we might be able to distinguish between different angular depen-
dences of the radial charge distributions of deformed nuclei. In such nuclei,
as already mentioned, the probability of exciting a nuclear rotational state
is quite high and so the X-ray pattern is rather a complicated one and its
quantitative interpretation involves the off-diagonal as well as the diagonal
nuclear electric quadrupole matrix elements. Before unambiguous analysis
can be made in terms of the angular dependence of the radial distribution of
charge, we must know the relationship between the various €lectric quad-
rupole matrix elements. In principle, all this might be derived from the
muonic data alone by a sufficiently detailed study of the double cascade
3d - 2p = 1s, although better progress is likely to be made by folding the
muonic information in with that deriving from other methods that yields
Qy B(E2) ete, Very detailed studies of quadrupole hyperfine structure are
likely to be of great importance for this question of the angular dependence
of the charge distribution.

Quadrupole hyperfine structure is a good tool for the determination of
quite small electric quadrupole moments and already competes favourably
with other methods, It is also worth remembering that the hyperfine struc-
ture is dependent on, and so may determine, the sign as well as the magni-
tude of the quadrupole moment,

It is finally to be remarked that an important use of muonic X-ray data
may come in normalizing information that can be obtained more readily by
ordinary optical methods but whose interpretation is there complicated by
factors that do not enter in the muonic case. An example is the form factor
of the nuclear magnetic moment. This is obtained from the magnetic hyper-
fine structure which is very small but measurable for muons. Optical
spectra contain this information but the muonic data are free of the very
formidable uncertainties that attend the interpretation of the ordinary
optical data on account of our ignorance of the electronic wavefunctions
and other associated matters., A few judiciously chosen measurements
with muons would be very valuable in normalizing the optical data. A
similar remark applies to the isotope shift which again can be measured
with great precision optically but whose interpretation there is also com-
plicated by a number of factors to do with the electronic wavefunctions.

Spot normalization through muons would be most valuable,

NEUTRON AND MATTER DISTRIBUTIONS

Electron scattering and muonic X-rays are giving us an increasingly
detailed picture of the charge distribution in nuclei, Such measurements
are, however, essentially insensitive to the location of the neutrons which
is just as important a problem., The location of the neutrons relative to
the protons is obviously a matter of great importance and something that
must be satisfactorily described by any acceptable nuclear model, It is
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therefore most desirable that we should devise methods that are either
specifically sensitive to the location of the neutrons or that, alternatively,"
respond to neutrons and protons indifferently so as to glve a mappmg of
the overall nucleon density.

Firstly, some remarks on.low-energy approaches :

If, as Rost has done, one constructs a Saxon-Woods potential for heavy
elements that correctly reproduces the known neutron and proton binding
energies and that also accounts for electron scattering, then that potential
generates a neutron distribution that, at the -edge of the nucleus, sticks out
several tenths of a fermi beyond the proton distribution.. The nucleon
distributions generated by Bethe-Brueckner theory show the same effect.

As Greenlees has recently shown, if one constructs the optical model
potential for low-energy nucleon-nucleus :scattering simply by a convolution
of the matter distribution with the nucleon-nucleon potential, then in order
to fit the experimental elastic scattering data one requires matter distri- .
butions that are considerably bigger than the proton distributions and that,
by comparison with the proton distributions,'-imply a neutron skin of the -
order of half a fermi in thickness, S

Now that analogue states are being 1dent1f1ed in the heavy nuclei we
may hope to determine the size of the last neutron orbital by the Coulomb
energy displacement that résults when it is transformed into a proton :
yielding the appropriate analogue state. Information on the neutron distri-
bution gained in this way implies, according to Schiffer, that the neutron
distribution has a larger radius than the proton distribution although the .
effect does not seem to be as large a one as that deriving from the analysis
~of elastic nucleon scattering and, indeed, corrections of as yet to be deter-
mined magnitude may even reverse the sign of the effect, . .

On the other hand, information from stripping and pick-up reactions in
the heavy nuclei appears to show that the neutron and the proton tails are
quite comparable and that there is no obvious neutron skin.

A decision on this most important point from conventional nuclear
structure methods is therefore not clear and we should like 'some more-
direct approach. : :

A high energy approach that has already been used with p051t1ve results
concerns the absorption in matter of stopped K -mesons. As is.now well -
known, this process is likely to be one of peripheral absorption; -this-con-.
clusion is almost certain if the K'-mesons are absorbed from !circular?. -
orbits as they probably are to a first approximation. It is computed.that
the bulk of the absorption takes place beyond the region where the nuclear
matter density has fallen-to one half of its central value and the products
of the absorption therefore bring us news of the composition of the nuclear
surface. The absorption products are, of course, different for absorption
on neutrons and protons; in particular the former process yields negative
Z-hyperons plus neutral pions, while the latter may yield either positive
or negative I-hyperons together with pions of the appropriate opposite
charge. As shown by Burhop et al., it is possible, by studying this pro-
cess in nuclear-emulsion and by comparing ‘events associated with Auger
electrons (and that therefore take place chiefly on heavy elements — Ag
and Br) and those associated with a visible recoil prong {(and that therefore
take place chiefly on light elements — C, N, and O) to draw .conclusions
about the neutron-proton ratio in the surface of the heavy elements in terms
of that in the surface of the light elements. Since any reasonable model
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will give very similar distributions for neutrons and protons in light ele-
ments, one may use this hypothesis as a calibration to enable one to
deduce the neutron-to-proton ratio in the surface of the heavy elements.
The answer is that in the heavy elements the effective neutron-to-proton
ratio in the region where absorption of the K-mesons take place is 5 + 1,
If we seek to interpret this number in terms of nucleon distributions of
conventional radial form, we find that the neutron distribution may have
a radius of approximately 0.7 fm greater than the proton distribution.
(The results could also of course be explained if the neutron distribution,
while having the same half dens1ty point as the proton distribution, had a
greater diffuseness.)

Another high energy approach to the problem of the nucleons in the
nuclear surface comes from the quasi-elastic scattering of particles of
very high energy. Experiments carried out by Cocconi et al., using
protons of 19 GeV show a dependence of the near-elastic scattering cross-
section (energy loss less than about 100 MeV) on momentum transfer that
breaks into two clearly defined components, The first component falls
extremely rapidly with increasing momentum transfer while the second
falls still rapidly but much less so than the first, The first component
is due to the coherent elastic scattering by all the nucleons in the nucleus
acting together while the second component, which shows just the same
momentum-transfer dependence as free nucleon-nucleon scattering, is
due to the quasi-elastic scattering of the incident protons by the individual
neutrons and protons of the nuclear matter distribution acting incoherently.
The magnitude of this second, quasi-free, scattering component obviously
depends on the structure of the nuclear surface, since not only must a quasi-
elastic scattering event take place but the scattered nucleon must escape
from the nucleus without absorption. The degree of sensitivity to the
surface thickness is, according to Glauber, that the cross-section increases
by a factor of approximately two on going from a uniform sphere to one
having a standard Fermi-type surface.These experiments therefore essentially
count the number of nucleons effective for such quasi-free scattering in the
nuclear surface, the overall extension of which is thereby determined, To
the degree to which the experiments have received analysis so far there is
no sign of a neutron skin, The extension and refinement of these experi-
ments, and of their analys1s, is an important matter that deserves con-
siderable attention.

The different interactions of p051t1ve and negative pions with neutrons
and protons can also be made the basis of experiments for probing the
neutron versus the proton distribution, The experiments carried out more
than ten years ago by Abashian et al, and analysed by Elton suggested that,
in heavy nuclei, the neutron skin, if any, did not have a thickness of greater
than about 0.2 fm, These experiments and their analysis now demand re-
finement. :

It is also likely that pion production can yield important information
on the neutron versus proton question. If the pion production is by protons
with an energy of about 600 MeV, then the positive pions are produced
chiefly by interaction of the incident protons with protons in the nucleus (this
is the prediction of the isobar model which, according to Margolis, appears
towork quite well in practice at these energies), while negative pions are
produced only by interaction of the ingoing proton with neutrons in the nucleus.
A comparison of production of the pions of the two charges therefore reflects
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directly on the neutron versus proton distribution in the nucleus, although
close attention must be given to problems of final state interactions, charge
exchange and so on,

Another high energy method that has already been used is the coherent
photoproduction of various particles. (v, 7% production, for example, may
take place almost indifferently on neutrons and on protons and if, therefore,
one studies coherent production the angular distribution of the product photo-
pions gives one direct information about the spatial distribution of nucleons
irrespective of whether they are neutrons or protons., This work has not
yet been carried out significantly in heavy nuclei; it can be extended to
other product particles,

A further high energy method that is potentially quite promising is the
study of the charge exchange of charged into neutral kaons for small
momentum transfer. The small momentum transfer will favour the peri-
phery of the nucleus as the site of the interaction while the choice of sign
of the incident kaon will determine whether the exchange takes place on
neutrons or on protons,

The absorption of stopped 7~ -mesons is more complicated than that of
K" -mesons since it proceeds predominantly on nucleon pairs while that of
K™ -mesons is due chiefly to single nucleons, On the other hand; the 7 absorp-
tion process is experimentally much easier to study and is becoming the
subject of increasingly-refined theoretical analysis; we may hope that signi-
ficant information on this matter distribution will be forthcoming from it.

The absorption of stopped r"-mesons will refer to somewhat denser
regions of the nucleus than are operative for the absorption of stopped
K -mesons, Regions even sparser than those probed by stopped K ~-mesons
may be operative for the absorption of stopped anti-protons and, probably,

L -hyperons. A comparison of data from all such negatively-charged part-
icles should be most valuable in synthesizing a detailed picture of the struc-
ture and composition of the nuclear surface,

We may perhaps finally note, that, in addition to the differences between
neutrons and protons in respect of their gross radial distribution, it would
also be very interesting to gain information on the differences, if any, be-
tween them in respect of their deformations, We know quite accurately the
deformation of the protons in, for example, the regions of the rare earths
and of the actinides but we know essentially nothing about the deformation
of the neutron distribution. It is clearly very difficult to get information
on this point but a possible approach comes from the competition between
absorption of negative kaons and their X-ray transitions., Absorption is
critically determined by the effective radial distribution of rhatter which
itself is determined by, among other things, the overall deformation of the
matter distribution, The absorption rates, which may be determined directly
by their competition with the X-ray transitions, are sensitive functions of the
deformation: for example in a heavy nucleus in which the deformation has a
magnitude of about B = 0,1, a change AB = 0, 005 gives a 5% change in kaon
absorption probability. This should easily be measurable as between, for
example, one isotope and the next and so quite fine changes in the matter
distribution may be determined. (One must also, of course, bear in mind
that changes in the absorption probability are also brought about by changes
in the radius and diffuseness of the matter distribution. The same 5% change
in absorption probability could, for example, be produced by a change in
radius of about 0,04 fm or a change in the diffuseness constant of about
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0.01 fm.) Experiments of the 'neutron versus proton' type in deformed
nuclei would also be of great interest.

CORRELATIONS AND HIGH MOMENTUM STATES

We know that short-range correlations and, correspondingly, high
momentum states must exist within the nucleus if the residual nucleon-
nucleon interaction there even remotely resembles that obtaining in the
free state. It is, indeed, the basis of the current and quite successful
'realistic force' calculations of absolute nuclear binding energies and nuclear
spectra that the interaction between two nucleons encountering one another
within the nucleus is essentially the same as that which they would experience
in the free state. It is, however, extremely difficult to get direct or even
indirect information about short-range nucleon correlations and our present
experimental ignorance on this point is effectively total. We must, hopefully,
look towards high energy methods for the resolution of this problem since,
as mentioned earlier, it is only by the use of particles of short wavelength
that one can determine spatial structures on the scale of the mean nucleon-
nucleon separation or less.

The short-range nucleon-nucleon correlations will affect the details of
any potential that we calculate on the basis of our knowledge of the inter-
action between the particle experiencing the potential and free nucleons,

It has been emphasized, particularly by Ericson, that the potential operating
between a nucleus and a pion of low energy can be computed in terms of the
pion-nucleon and pion-nucleon-nucleon interactions, as empirically deter-
mined, provided that one takes into account the short-range correlation
structure within the nucleus, Points at which an experimental confrontation
with theory can most significantly be made are the level shifts in pionic:
atoms and the level widths, the latter being due chiefly to the #NN inter-
action, In principle, a detailed analysis of this confrontation will tell us
something about the short-range nucleon correlations but matters have not yet
progressed to the point where unambiguous statements can be made. It does
appear, however, that the data may be better accounted for by a correlated
nuclear wavefunction than by an uncorrelated one,

High energy elastic scattering gives a clear approach to the problem of
short-range correlations. It has been known for a long time, as a result of
the work of Glauber et al., that in heavy nuclei a description of high energy
particle-nucleus scattering in terms of a multiple scattering formalism is
directly equivalent to the optical model, In light nuclei, however, the mul-
tiple scattering formalism differs from the optical model which is itself not
there directly related to physically significant parameters of the nucleon
distribution, The work of Palevsky et al. has shown that for nuclei heavier
than about C the scattering of 1 GeV protons essentially reveals only the
Fermi density distribution known from other methods (neutron and proton
distributions being assumed the same) and tells us nothing new, For lighter
nuclei, however, we may experimentally separate out the elastic scattering
into components due to single scattering, double scattering andsoon, These
various components are coherent and in the angular range where the one is
taking over from the other, interesting interference effects will be found
(which will, incidentally, tell us things about the interaction between nucleons
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that we cannot determine from NN scattering). The multiple scattering
components are sensitive to the 2-nucleon correlation function and it is

the hope that an analysis of them will reveal that correlation function. The
analysis will proceed most powerfully by comparing high energy electron
scattering (which is not directly sensitive to correlations) with the high
energy scattering of strongly-interacting particles, One must choose charge
distributions that satisfactorily account for the elastic electron scattering and
then ask, for each such choice, what correlation function, within the under-
lying nucleon distributions that reproduce that charge distribution, is
demanded to explain the, say, double scattering of the strongly interacting
particle. It will be the hope that nucleon correlations are demanded by such
analysis in the sense that only correlated wavefunctions will be able simul-
taneously to explain the electron and strongly-interacting-particle scattering.
This situation has not yet been reached and, for example, the scattering of

1 GeV protons by helium can be explained in terms of an uncorrelated nucleon
wavefunction, although one containing correlations may appear even now to
give a slightly better fit, Such experiments must be greatly extended and
refined and should also be made with pions as well as protons, since with
pions the complications arising from the spin dependence of the primitive
scattering amplitudes are much less.

We might, at this point, remark that such experiments can also be
carried out with the production of unstable particles such as nucleon isobars
and that the components of their angular distribution correspondingto multiple
scattering will then contain information about, in this example, the isobar-
nucleon scattering amplitude. It is clearly impossible to obtain this informa-
tion other than through the offices of complex nuclei. . This is only one point
at which the interaction between nuclear structure and elementary particle
studies, through these high energy methods, may bring great advantage
to both. i :

It is well known that inelastic scattering is sensitive to nucleon correla-
tions. Inelastic scatteringfor high values of the momentum transfer is
essentially determined by the quasi-free scattering on individual nucleons
in the nucleus acting incoherently. Inelastic scattering for zero momentum
transfer is zero and the way in which the scattering cross-section falls down
from its quasi-free incoherent value to zero is one in which the coherence
between the individual scattering nucleons plays an increasing role. If we
exclude meson production and sum over all inelastic channels then the in-
elastic scattering in this coherent region where the cross-section is falling
-towards zero depends directly on the Fourier transform of the pair correla-
tion function. This interesting region, that gives us information about the
pair correlations, is associated with the coherent action of the nucleons in
the nucleus in just the same way as is the forward diffraction elastic scatter-
ing peak, and as is hidden beneath that peak; very good energy resolution.is
therefore needed to separate out the elastic from the inelastic scattering in
the region sensitive to the pair correlations. It has been suggested by
Ericson that a possible way around the need for high energy resolution is
to study the charge exchange of pions, for example (r*, 7%, a process which
is automatically inelastic (with appropriate choice of target nucleus). Good
energy resolution would therefore not be needed. Of course, we would not
get directly an unbiassed picture of the nucleon pair correlation function
but would gain information rather about the difference between the pair
correlation functions for unlike and for like nucleons.
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When nuclei are bombarded by high energy protons quite copious yields
of high energy deuterons are found in a manner that suggests that the process
is an elastic one in which 'deuterons' are knocked out of the nucleus under
the impact of the ingoing protons or, alternatively, in which the ingoing
proton picks up a neutron from a correlated neutron-proton pair within the
nucleus, In either event nucleon-nucleon correlations within the nucleus
are demanded and so this process gives us information, at least in principle,
about such correlations. The interpretation of these experiments is so far
not very quantitative but it is interesting to note that from the kinematical
relationship between the emerging proton and deuteron one may infer the
effective momentum distribution within the nucleus of the struck !deuteron'.
This corresponds to motions of the struck correlated pair with energies of
the order of 10-20 MeV showing that the strongly correlated nucleon pair is
itself in a state of some tranquility relative to the rest of the nucleus,

This last conclusion is in agreement with data on the (n*, 2p) reaction
in which low energy pions irradiate nuclei and are absorbed on correlated
neutron-proton pairs with the production of two protons of high energy,
Again the kinematical relationships in the final state allow us fo make a
statement about the momentum distribution of the absorbing neutron-proton
pair and again the statement is that that pair is not in violent motion relative
to the rest of the nucleus but in a state of motion such as would correspond
quite closely to the lowest quantum state of an object of deuteron mass within
a container of nuclear dimensions (Grashin and Shalamov),

The two latter consistent observations are in agreement with the picture
of the nucleus that is used as the basis of calculations of nuclear binding
energies and level structure, namely that, when a close interaction between
two nucleons is taking place, the rest of the nucleus is 'unaware' of it.

A further approach to the question of correlations of high momentum
states inside nuclei is from the absorption of slow pions with the production
of single fast nucleons, e.g. 2¢ (r3 n) 1B, or alternatively, the inverse
process in which single pions are produced under the bombardment of ener-
getic protons such as to leave the residual nucleus in a ground or low-lying
state, e.g. 1°N (p, 7°) 160, Such experiments are rather hazardous to inter-
pret since the optical model, which is used as an aid in the case of heavier
nuclei, deals only with averages and gives no account of the fluctuations that
may be responsible for the occasional production of a nucleon in a high
momentum state. Suchfluctuations canfalsify the conclusions that we might
draw about the reality of high momentum states in the actual nucleon dis-
tribution. It is probably most profitable to study very light nuclei and to
make an analysis using the Glauber multiple scattering formalism rather
than the optical model. Important information has already been obtained
from the absorption of negative pions in *He and 4He (Eckstein and Divakaran)
and a programme of work designed to study processes inverse to these, e.g.
3He (p, 7%*He; d(p, 7*)t, over a range of incident nucleon momenta would be
very valuable,

PION ABSORPTION

Owing to the high energy release in the process of pion absorption this
will tend to take place on closely correlated nucleon pairs, It is difficult
to use the process as a quantitative measure of the strength of the pair cor-
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relations, although, as has just been remarked, such analysis may become
more meaningful in the very light nuclei. The process can, however, be
studied with profit in order to reveal the parentage structure of such closely
correlated and so strongly interacting nucleon-nucleon pairs. The chief con-
tribution to the binding energy of a complex nucleus comes from the close
interaction between nucleon pairs and it is therefore very important to
establish that the environment in which such close interaction comes about

is that assumed in the models that are used to calculate the energy balance.
Data so far available, chiefly from Charpak et al., indeed reveal parentage
structures in close agreement with those deriving from our conventional
methods of nuclear structure computation. In particular the parentage struc-
ture of 19B for 12C peaks rather near the B ground state whereas that of

12C for 14N peaks very far from the ground state. This striking difference
between neighbouring nuclei is just what is expected from the independent
particle model in intermediate coupling (Kopaleishvili), The extension of
these experiments and in particular, an improvement in their resolution

(at present about 5 MeV) to the point where discreté parent states may be
detected would be extremely valuable.

PION SCATTERING

Charge exchange scattering of charged pions depends on overlap inte-
grals somewhat like 8-decay matrix elements and so a study of them is
somewhat like a study of B-decay but with variable momentum transfer.
Such work would be very valuable in adding a new dimension to our testing
of nuclear models just as inelastic electron scattering, because of its vari-
able momentum transfer, adds another dimension to our testing of the pre-
dictions made by nuclear models as to radiative transition rates. It is
already clear from the work of Tanner et al. that cross-sections are large
for such pion charge exchange scattering where mirror states are involved
and are small where the overlap integrals are khown to be small from the
corresponding 8-decay. Such work is still in its infancy.

Another form of pion scattering is the {7, 7N) reaction whose energy
dependence appears to reveal the familiar 3,3 resonance of free pion-
nucleon scattering and which therefore appears superficially to be a straight-
forward quasi-elastic knock-out process., However, in that case, we should
naively expect the cross-section for X(#7, 7" n)Y where X is self-conjugate to

+
be greater than the X(ﬂ*,"on)Y cross-section by a factor of 3 near the peak
Tp : :
of the 3,3 resonance, In practice, as shown by Tanner el al., for targets
of 12C, 14N, and 160, the ratio is 1.0x0.1. While it is clear, as emphasized
by Shapiro and Kolybasov, that the cross-section ratio should come down
from its naive value of 3 on account of the Fermi motion of the struck
nucleons, it is not clear that it should come down as far as unity.and these
observations continue to pose an interesting and unresolved problem. De-
tailed studies of the kinematical relationships and energy distributions of
the outgoing particles are obviously needed to make progress here,
Pion-nucleus elastic scattering is relatively unstudied under conditions
of good energy and angular resolution. An interesting observation already
made by Stroot et al. is that 7-12C elastic scattering at 180 MeV shows a
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very deep minimum at a scattering angle of about 50°. This is the 3,3 energy
for which, for free 7N scattering, the real part of the 3,3 amplitude vanishes,
The only way, as Ericson has pointed out, of understanding the very deep
minimum at just this energy would appear to be that the real part.of the
scattering amplitude also vanishes when the nucleons are immersed in nuclear
matter. This implies that nucleons within the nucleus indeed look very much
like nucleons in the free state which, as emphasized in the Introduction to
these remarks, is not a trivial point. The picture of the nucleus as a collec-
tion of neutrons. and protons, such as we normally understand those terms,
begins to gain some direct credibility.

K" ABSORPTION -

The probably peripheral nature of the nuclear absorption of stopped K-
mesons has already been extensivelydiscussed and one or two points at which
it can bring us important information about the nucleus have already been
mentioned. We may here recall that the study of the non-mesonic absorption
process,” K+ NN = Y + N, -promises to bring us information about the degree
of nucleon-nucleon correlation in the nuclear surface. The fact that non-
mesonic K~ absorption appears to be about 20 times stronger in complex |
nuclei than in deuterium, even though the mean density of nuclear matter in
the periphery of the complex nuclei where such absorption is taking place
is approximately the same as that in the deuteron, naively indicates that the
degree of nucleon nucleon correlation in the nuclear surface is very much
higher than one would expect from simple shell model wavefunctions, This
conclusion has been heavily disputed by Wycech but the situation is not clear
and, in any case, good experimental data relating to definite nuclei are badly
needed. :

MUON ABSORPTION

A very fruitful’ study on nuclear structure physics over the last many
years has been that of the so-called giant dipole resonance of nuclear photo-
d1s1ntegrat1on This, for self-con;ugate nuclei, isa T = 1, J" L=1,
S' = 0 collective isospin resonance pictured in the Goldhaber- Teller model as
‘an oscillation of all the’ protons in anti-correlation with all the neutrons.
‘This is one of the simplest modes of nuclear collective excitation. There
are to be expected, however, other collective modes that are not excited,
or are only weakly excited, by photons. One such is the spin- 1sosp1n col-
lective. oscillation which may be similarly described as T = 1, J" ,17,.27,
L =1, S =1, Such collective oscillations are just as important as the familiar
dipole state and .information on them would be eagerly welcomed. The
spin-isospin resonances can, in fact, if they exist, be excited by muon ab-
sorption through the axial vector component of that interaction just as the
giant isospin resonance can be similarly excited through the vector com-
ponent; they may, in fact, be thought of as giant inverse Gamow-Teller
beta-decay resonances., It indeed appears that one cannot satisfactorily
account for the absolute absorption rate of negative muons without invoking
the existence of the spin-isospin resonances at energies approximately equal
to the familiar isospin resonance (Foldy, Walecka et al.), Such absorption
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is, in fact, dominated by the spin-isospin resonances on account of their
greater number (and the approximate equality of the vector and axial vector
coupling constants).

Direct study of the spin~isospin resonances is not easy since their
excitation is revealed by the energy spectrum of the product neutrinos
which clearly cannot be determined, Ericson et al. have, however, pointed
out that the radiative capture of negative pions proceeds via a Hamiltonian
that closely resembles that for the axial vector absorption of muons. Accu-
rate determination of the high energy gamma-ray spectra following negative
pion capture should, therefore, directly reveal the excitation of the spin-
isospin collective oscillations., This type of study should be an extensive
and exc1t1ng chapter of nuclear structure work,

CONCIL.USIONS

It is clear that a book is already needed to do justice to the accomplish-
ments and, in particular, to the promise of the applications of high energy
and elementary particle methods to the study of nuclear structure. I have
left untouched great areas of work and have not mentioned a large number
of matters where the information to be expected is of a kind that duplicates
that obtained by conventional methods rather than contains elements of .
essential novelty. It will be clear that much of the work that I.have touched
upon is still in-an extremely primitive. state and must in no way be judged
only from the standpoint of what we have already learned from it. Enormous
advances will be made when the pion factories come into operation and yet
more spectacular advances would be forthcoming were very intense beams
of kaons also to come onto the market, It should also be emphasized that,
with rare exceptions, the great accelerating machines have so far not been
made available for nuclear structure studies and that much exciting work
could be done, even with present facilities, should they be freely opened to
this kind of work,

It must not be supposed that nuclear structure exper1ments at high ener-
gies are any easier or cheaper than elementary particle experiments at
those same energies. Indeed, it may be expected that they will be more ex-
pensive and more difficult because of the frequent need for relatively high
resolution which is usually not demanded in elementary particle studies.
However, it will quite frequently arise that a prospecting experiment could
beé carried out quite easily using facilities already established for a high
energy experiment by continuing that experiment for a short time but re-
placing the hydrogen target by one made out of complex nuclei, There is
a lot to be said for the suggestion made by Zupancic that one should deliber-
ately foster mixed teams which principally carry out high energy. experiments
but which contain one or two nuclear structure physicists who are able to
spot points at which, a slight extension of the work such as I have Just men-
tioned might bring big profits for nuclear structure physics. And it is per-
haps worthwhile finally re-emphasizing the point already made, namely that
the important study of the interaction between very short-lived 'elementary
particle' states with nucleons can essentially only be done through the offices
of complex nuclei in which the production nucleon and the scattering nucleon
are in the same nucleus.
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The application of high energy methods to nuclear structure studies will
often not be easy and will often be rather expensive but will bring informa-
tion essential for completing our account of nuclear structure physics.

DISCUSSION

G.E. BROWN: I should like to ask what has happened to a-particle
clusters in the surface of nuclei and whether one can investigate them by
strange particles, Your discussion about the K~ - absorption and the ratio
of 5 for neutron to proton densities would seem to exclude this. I think on
rather general theoretical grounds one might expect, at least in heavy
nuclei, that when the density became low you would predominantly have
a -particle clusters.

D. H. WILKINSON: I should like, very briefly, to recapitulate the
evidence. The negative kaon absorption, by theory at least, is a surface
phenomenon. Itisvery difficultto understand that ratio of 5, Indirectly
one can take the data that I have briefly mentioned as confirming the surface
absorption hypothesis. Of course the kaon absorption can go by two different
sorts of channel: a hyperon-pion channel and by absorption on a nucleon-pair
and a hyperon-nucleon channel which can be experimentally separated. The
ratio of these two channels in deuterium is about 1%. In heavy nuclei, it is
about 20%, even though the absorption is taking place chiefly in a region
where the mean density of nuclear matter is thought to be about the same
as it is in the deuteron. Of course, this we do not know. The X-ray studies
in particular will be very valuable for telling us something about the density
distribution of matter where the mean density is very low, But taking a
Fermi type parametrization one would expect the average nucleon density
to be about the same as in the deuteron. So it seems that although the ab-
sorption takes place in a region of low mean density, the correlations there
are very much stronger than they are in the deuteron. The other figure of
interest is the absorption in helium-4, where the probability again is about
-20%. So, extremely crudely and without any pretence at being literal, the
correspondence of these two figures might suggest that there are clusters
in the nuclear stratosphere of approximately the same seriousness as in the
a-particle, This has been criticized recently by Vitzek, who has shown in
a very complicated calculation that indeed, in heavy nuclei, one might expect
a significantly greater proportion of non-mesonic absorption than in the
deuteron even though there is no stronger clustering, Of course there are
other experiments that bear on the question of a-particles in the surface,
particularly the old alpha-to-alpha experiments at 1 GeV, which were cer-
tainly repeated and extended, but also seemed to indicate in the very tenuous
regions of the surface of heavy nuclei that there was a strong abundance of
clusters with an a-particle character. Now as for reconciling one to one
with five to one, we don't know how to do it., It could be that both statements
are wrong; it is 50-50 a-particles and uncorrelated nucleons..... But if
you take both at their face value it is difficult to avoid the conclusion that
there is a considerable neutron excess, and also difficult to avoid the con-
clusion that there is stronger nucleon clustering that one gets from uncor-
related shell-model wave-functioning, This is a very unsatisfactory situa-
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tion — just one more point which high-energy methods can make a contribu-
tion to.

G.E. BROWN: My statement is based on very general theoretical con-
siderations. Namely, when one makes shell-model calculations of the
excitation of low-lying vibrations, say in nickel and zirconium isotopes,
one finds, using different projectiles, that the excitation of these low-lying
vibrations is as if they were completely T = 0.type excitations. A shell-
model calculation would predict a rather large admixture of T = 1, These
calculations were made in Copenhagen by Veje, and also later, once by
Petersson and Veje. It seems that in the surface of the nucleus neutrons
are anchored much more tightly to protons than the shell-model would
indicate, Namely, you simply cannot pull them apart to make them vibrate
against each other nearly as easily., A particularly striking indication of
this is the giant dipole-resonance., Following suggestions of Bohr, Mottelson,
Petersson and Veje in Copenhagen made a calculation of a giant dipole
resonance in a simplified model, taking dipole-dipole force. They found that
if one wanted to obtain the position and the basis of the shell-model they
needed a component which was four times larger than that which is found in
the optical model central well — a really extremely siriking effect., Now the
one model which does get the dipole resonance at the correct high position
is the Jensen-Steinwedl model. The Jensen-Steinwedl model operates
directly from the symmetry energy. In other words, there are very few
assumptions, but the main assumption is that at the edge of the nucleus the
proton fluid does not oscillate relative to the neutron fluid, Ap = 0 at the
edge of the nucleus. But this is completely different from any shell-model
calculation which would allow Ap to fluctuate rather widely at the edge of
the nucleus. And it seems to me suggestive that the Jensen-Steinwedl model
does get the energy right, whereas shell-model calculations do not unless
one simply mechanically cranks up a particular component of the force,

I.S. SHAPIRO: I should like to complete the list of new possibilities
which are opened for nuclear physics in connection with the use of high energy
particles, Especially of great interest are the experiments investigating
the interaction of particles-resonances with nuclei. As an example one
could consider the reaction Y*C {r~, 7~n}11C in the energy region close to
the baryon resonance 4, 2, 3/2° The application of data obtained from this
reaction has allowed the estimation of the order of magnitude of collision
length of a nucleon's isobar on the carbon nucleus.

The experiments on the double charge exchange of pions are also very
interesting., In principle these experiments allow one to come to a decision
about the existence of many-nucleon resonances (i.e. nuclei, in which one
nucleon is displaced by a baryon resonance),

These experiments are, however, very difficult., International collabora-
tion and co-operation in this part of nuclear physics is therefore essential,
Because of complexity and laboriousness of these experiments, close contact
between the experimentalists and theoreticians when planning the experiment
is necessary. No less essential is the purely theoretical problem — the
development of an adequate theoretical method that will permit indication of
the characteristic features of these phenomena,

D. H. WILKINSON: I should particularly like to thank Professor Shapiro
for his last remark. In the United Kingdom, we have recently reached a
decision in principle to open 7 GeV accelerator Nimrod to nuclear structure
work., We would very much welcome people from anywhere to join the group
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that are going to use Nimrod for nuclear structure work, I think I could
almost make this a formal invitation particularly to the Dubna group to
come and join in if they would like to. I should also like to emphasize the
significance of what Professor Shapiro said: these measurements are diffi-
cult, Typically a high-energy nuclear structure experiment mounted at a
high-energy accelerator is more demanding than a high-energy experiment,
and also more expensive, This we have seen in our detailed planning for
using Nimrod for nuclear structure work.
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Abstract

THE CHALLENGE AND PROMISE OF THE NEW RESEARCH TOOLS: SOLID-STATE DETECTORS,
COMPUTERS AND ACCELERATORS. Nuclear structure research has been the beneficiary of many recent
technical advances and in turn directly stimulated some advances. The exciting possibilities of the lithium-
drifted germanjum detector in gamma spectroscopy have only begun to be realized. The large amounts of
high resolution data have put a prémium on developing more automation of data handling through more
sophisticated electronics and computers, Trends in accelerators are discussed, and reference tables listing
isochronous cyclotrons and Tandem Van de Graafs around the world are given. Attention is directed to new
frontiers of research in heavier ion accelerators, and tables of characteristics of existing and proposed heavy
ion accelerators are given, The difficulties of obtaining multiply charged ions from known types of ion sources
are considered, and the high charges resulting from Auger cascades of a K-vacancy are noted, It is suggested
that intensive research on decay schemes and charge states of recoil preducts of nuclear reactions could lead
to a practical accelerator of very heavy ions. As an example is discussed a possible arrangement in a Tandem
Van de Graaf, where a deuteron negative ion beam strikes a source foil in the positive terminal, with recoil
products or fission products accelerated to ground.

Studies on noble gas and halogen fission products by gas transport systems and isotope separators are
noted, Also reviewed are germanium gamma studies on unseparated 252Cf spontaneous fission products using
tape-transport methods and K X-ray coincidence.

Next are reviewed studies on gamma and conversion-electron spectra of recoils and fission products in
flight. The use of solenoidal or fringing-field magnets for conversion electron studies is discussed. Some
of the qualitatively new aspects of nuclear studies with very heavy ion beams are mentioned.

Finally, it is stressed that the research here called for on gamma cascades and charge states of nuclear
reaction products is most extensive, may in part be done with modest equipment, and will need the co-operative
efforts of many workers.

Nuclear structure research has been beneficiary of many recent tech-
nical advances and the direct stimulus for some of them, The lithium-
drifted silicon and germanium detectors were developed in direct response
to needs of nuclear structure research for higher resolution in multi- channel
energy measuring devices. We have only begun to realize the tremendous
potential of this order-of-magnitude 1mproverﬁent in resolution over the
scintillation spectrometers. " There is 11tera].1y\a data explosion making
available for the first time much high quality data on nuclear energy levels
and properties, Most studies of gamma spectra using the lithium-drifted
germanium detectors have uncovered much siructure in multiple peaks below
the old, unresolved peaks from scintillation spectroscopy. Another develop-
ment that has affected and is greatly affecting nuclear science, both in the
theoretical and in the experimental area, has come in the revolutionary im-
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provements of computers, large and small, This development has come

in response to broader demands of the technological society outside our
nuclear science, but our work has been very much affected and has fed back
into the development in many significant ways. The past ten years have seen,
within the United States, a substantially increased concern over scientific
excellence in education and research. This interest has been tangibly re-
flected in the funding that has permitted two new classes of modern accel-
erators to be widely constructed throughout the country. It is only now that
a serious reaction is setting in, a deep questioning in government of the
priorities for support of the various demands on government. This year is
seeing a sharp curtailment of the expenditures in basic science. These two
principal new classes of accelerators serving nuclear structure science are
the Tandem Van de Graafs and the isochronous cyclotrons,

By restricting the listings here to these two newer classes of accel-
erators, I don't wish to imply that the older conventional cyclotrons, Van de
Graafs, and reactors are not useful for research. In fact, there is very
much new that can be done and is being done on the very old types of accel-
erators, using the new instrumentation — the high resolution, solid-state
detectors. One new frontier in accelerator development has appeared in
the proposals for new accelerators for heavier ions than are now available,
such acceleration to reach energies above the Coulomb barrier for all pos-
sible targets.

) Table I lists the characteristics of some existing heavy ion accelerators.
The Yale and Berkeley heavy ion accelerators give the greatest energy per
nucleon and the Dubna 300 c¢m cyclotron gives only slightly less energy with
considerably more intensity., This table is taken from a review panel

report [ 1] on the Berkeley Omnitron proposal,

Table II, from the same panel report, lists the calculated capabilities
of some proposed heavy ion accelerators. One of the big problems in de-
signing efficient accelerators for ions as heavy as those in the middle of

TABLE I. BEAMS FROM SOME EXISTING HEAVY-ION ACCELERATORS

Accelerator Projectile N(l:dxeivm/l;r:cf::;)gy (p::‘::lsé?;s )

Berkeley HILAC 12¢ 10 2.5 x 101
20Ne 10.5 3.8 x 1012

40Ar 10.5 101

84Kr 10 108

Yale HILAC 6Li 10.5 1 xiou
‘ 12C 10.5 4 x1ou
UNe 10.5 8 x1010

40Ar 10.5 5 x108
Dubna 300 cm cyclotron 2Ne 9 3 x1014
42Ar 9 3 x10'

Dubna 150 cm cyclotron 10g-14N 6-7
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the periodic table is the difficulty of designing an ion source that will pro-
duce very much of highly charged ions, We get an idea of the source dif-
ficulties for heavy ions by looking at Fig. 1. This shows the actual relative
abundance of various multiply charged species from one of the best types

of heavy ion sources, a so-called 'PIG discharge' in a magnetic field with
2000 V on the anode [2]. One sees that the +10 Xe ions constitute only ~ 3%
of the abundance of singly charged ions. Thus, the proposed designs for
new heavy ion accelerators must accommodate to initial acceleration at
these rather low charge-to-mass ratios and make use later of gas or foil
stripping after some initial energy has been gained. If by some magic we
could devise a way to achieve more highly charged ions at the source, the
design problems of the heavy ion accelerator would become correspondingly
simpler. '
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F1G.1. Relative abundance of various charge states of krypton and xenon from a 'PIG" discharge ion source
of the Berkeley heavy ion linear accelerator,

Now let me remind you of the great effectiveness of a K-vacancy in
shaking off outer-shell orbital electrons through an Auger cascade. Snell
at Oak Ridge has made careful studies on the charge distribution resulting
after beta-decay or internally converted isomeric transitions among radio-
active xenon isotopes. Figure 2 taken from his review article [3] shows
the distribution of charges he experimentally observed. Focus attention on
the dotted bars for the isomeric transition, which often creates a K-vacancy.
Note that the most probable charge is +9, and down only two orders of magni-
tude from this is the charge of +17. Gunter, Asaro, and Helmholz [4] have
made similar studies on the recoil daughters following the alpha-decay of
226Th, and Fig. 3 shows their results, The curve on the left is for. alpha-
decay to ground, and it illustrates the rather low charges associated with
the alpha-decay process itself, The curve on the right is for alpha-decay
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to the 111-keV excited state. The de-excitation of this state occurs in part
by K-electron conversion and the resulting Auger cascade following that
produces the curve on the right with the much higher charges on the ions.
There is a rather flat peak that only drops off at charge 13 and by charge +20
we are only a factor of 30 down from the peak,

Next let us look briefly at studies of the ionic charge distribution on
thermal-neutron-induced fission fragments from a thin uranium source,
These studies have been made at a reactor near Munich, where a large mass
spectrograph looks directly at the thin 25U source, The work was performed
by Ewald [ 5] and by Konecny and Siegert [6]. Figure 4 shows the charge
distribution for various masses from 132 to 137 in the heavy fragment group
at 78 MeV kinetic energy. The most probable charge is around 23 and no
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data are shown for charges higher than 24, We note that the different mass
chains exhibit considerable differences — the fall-off towards high charges
for mass 137 seems definitely less than for the other masses, and we might
suppose that there is a higher amount of K-conversion to make higher
charges more probable., It would be indeed interesting to follow these curves
out to considerably higher charges.

10 T T v r T T T

(b)

INTENSITY

—

10? L L i, N R . .
-2 0 2 4 6 8 0 122 14 16 18 20
RECOIL CHARGE

FIG.3. Charge distributions of recoils following *26Th alpha-decay; (a) charge distribution of R0 recoils;
(b) charge distribution of R, e recoils (R | recoils which decay by conversion electrons).
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FIG.4. Ionic charge distribution of individual fission products for the heavy group (132 < A < 137) at fixed
kinetic energy (77.7 MeV),

The lithium-drifted solid-state detectors have made it possible to resolve
the K X-rays of adjacent elements throughout the whole fission-product
region, and hence studies of K X-rays in coincidence with fission fragments
have become more valuable. From such studies, we might, among other
things, hope to gain a better understanding of the differences between ionic
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charge distributions of fission fragments as seen in Fig.4. The studies are
obviously easier with spontaneous fissioning sources than with neutron-
induced fission because of lesser difficulty from general radiationbackground.
We know of at least three laboratories where such studies [ 7] of K X-rays

in coincidence with spontaneous fission of 252Cf have been carried out, namely
the Argonne National Laboratory, the Forrestal Laboratory at Princeton and
the Lawrence Radiation Laboratory in Berkeley, Figure 5 represents recent
results from the work of Bowman and others at Berkeley [8]. We see

plotted the number of K X-rays per fragment versus atomic number, with
most probable mass number scale along the top. These results were taken
from triple coincidence measurements where solid-state detectors measured
the pulse heights of both fission fragments, and the lithium-drifted silicon
detector measured the X-ray energy. The three pulse heights associated
with an event went onto magnetic tape event-by-event and were sorted in the
large computer, The timing was set such that these represent X-rays
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FIG.5. Estimates of the yields of K X-rays per fragment arising from primary 252Cf fission products. ‘The
indicated errors reflect only the uncertainty in the X-ray intensity measurements. Atomic numbers for which
N = 82 closed-shell fission products are expected to occur are denoted, and the approximate boundary of the
deformed region is shown. The top scale indicates the calculated most probable fragment mass associated
with each atomic number.

emitted within 93 nanoseconds after fission. First of all it is obvious that
there is a substantial amount of K-conversion in the prompt cascade de-
exciting primary fission fragments, Remember that the fluorescence yield
for K-vacancies is substantially less than unity for the light elements, so
that for many light as well as heavy elements there seems to be an average
of one K-vacancy per fragment. The magic region around 82 neutrons seems
to be a region of rather low yield; perhaps the gamma cascade invoelves
higher energy transitions that do not internally convert so well. The very
heaviest elements detected are probably deformed nuclei cascading through
rotational sequences, and they naturally show a high yield of K X-rays per
fragment. One notes also that there is a- good deal of fluctuation from ele-
ment to element. Perhaps technetium fragments (Z = 43) are good pros-
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pects for developing high charge in vacuum, since the high K X-ray yield
and lower fluorescence yield means many K-Auger events,

Directly complementary to the study of K X-rays in prompt coincidence
with fission fragments are the studies of conversion electron spectra in
prompt coincidence, I will not take time here to show any of the hundreds of
spectra that have been obtained by Rand Watson and collaborators in
Berkeley [9]. Similar studies have also been made at Princeton by Atneosen
and Thomas [10]. In the Berkeley work a great aid to obtaining sharp spectra
was found to be the use of the 5 kG fringing field of a large C-magnet. The
fringing field served as a high geometry electron transporter, the electrons
precessing in trochoidal orbits around the perimeter and behind lead shield-
ing, so that the cooled lithium-drifted silicon detector for the electrons
could not see the source directly and was thus not bombarded with fission
fragments or with electromagnetic radiation. In the geometry of this fring-
ing field magnetic arrangement it was easier to get sharp spectra for fission
fragments giving off conversion electrons in flight, 1 cm or 2 cm along the
flight path, for then the electron $ource was truly massless, Four-fold co-
incidence spectra have been measured by Watson and others but are not yet
completely analysed, These four-fold coincidences involve two fission frag-
ment pulse heights, a K X-ray pulse height and a conversion electron pulse
height. The four-fold coincidences should allow the separation of K-
conversionlines from all other electronradiation. These three- and four-fold
pulse-height analysis coincidence experiments may well employ 1024-channel
analysis or more in each dimension. Thus we may have 10% different kinds
of events, and we are necessarily in need of the most sophisticated computer
usage, We are learning that the programming and data processing part of
the experiments may often be the hardest and the longest part of the work.
Multi-dimensional pulse-height analysis studies are not to be entered into
lightly. '

Now let us return to some modern experimentation.using the high re-
solution inherent in the lithium-drifted germanium detectors but using them
in singles measurements with ordinary pulse-height analysers, Morinaga
and Gugelot [11] working at the Amsterdam cyclotron with sodium iodide
detectors first showed the possibilities of resolving discrete gamma-rays
from rotational bands following (o, xn) reactions, Studies of conversion
electrons and gamma-rays following nuclear reactions for the medium heavy
elements are now strongly pursued in a number of laboratories, too numerous
to mention., In line with one theme of this paper, the hope of finding reaction
products or fission products that create many K-vacancies in the course of
de-excitation, I show an example of the gamma-ray singles spectra from
(a, xn) reactions on tantalum. This work was done by Hjorth, Ryde and
Sk&nberg in Stockholm [12], Figure 6 shows the spectra at different alpha-
ray energies which maximize the different final nuclei in rhénium, The
spectra are complex but rather well resolved; Figure 7, also from their
report, shows the level scheme of the nucleus 18%Re, the principal product
of the 30-MeV bombardment., The gamma-rays of the lowest figure of
Fig. 6 have been sorted into the cascade down two well-developed rotational
bands. One might well guess that 183Re reaction products, including the 1 ms
isomer, if they decay in vacuum, might have a reasonable probability of de—
veloping multiple K-vacancies and quite high charges.

Well, let us pause now from considering these specific studies and
carry out a little far-out speculation as to whether there are possibilities
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for practical acceleration of the highly charged fission fragments or recoil
ions. When we consider the challenge and difficulties of such accelerator
schemes as the one at Novosibirsk, envisaging clashing beams of anti-protons
and protons, Ithink we are justifiedin doing alittle bold thinking of our own in
terms of accelerating fission fragments or nuclear reaction recoils. Figure4
gives the charges of fission fragments with 78 MeV of kinetic energy. Let

us envision an arrangement in a standard MP Tandem Van de Graaf, assum-
ing 10 MV positive on the high-voltage terminal. Let us form at ground
negative deuterium ions and accelerate them up to the terminal to 10 MeV.
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FIG.8. The ionic charge distribution of fission products integrated over all particles of the light (O ) group
and of the heavy (W) group (solid lines). The dashed lines are for comparison of the corresponding values
of Lassen ( O light group, @ heavy group).

Then instead of the conventional arrangement of stripping with acceleration
down to ground as a positive ion, let us have the deuterons impinge on a

foil of uranium, causing fission. Consider the fission fragments of Fig. 4

and the most probable charge state of 23. The fission fragments will gain

an extra 230 MV of energy in accelerating down to ground, and that will be
added to the approximately 80 MW kinetic energy they have in the first place
to give us a total of 310 MeV. Unfortunately, that is not quite enough energy
to get over the Coulomb barrier on targets of comparable mass. The Coulomb
barrier around Z = 50 will be about 250 MeV, and to surpass that barrier will
require about 500 MeV of energy in the laboratory system, so we don't have
enough. The situation is more promising for the fragment in the light region
of fission. Reference [6] gives an overall average charge distribution for
light fragments, The distribution peaks at a charge of 21, as we see in

Fig. 8, and it has fallen to about 10% of its central value at charge 26. If we
consider a light fragment, say a krypton, with about 100 MeV of kinetic
energy from fission and most probable charge of +21 accelerating down to
ground from the 10 MeV terminal we get something over 300 MeV of kinetic
energy. But at the +26 tail of the charge distribution we would get another

60 MeV more of energy. Now this is enough kinetic energy to get over the
Coulomb barrier of targets in the same region of Z, That is, for krypton
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on krypton there is a Coulomb barrier of roughly 150 MeV, and this means
an energy in the laboratory system of around 300 MeV to surpass. We
might well worry that there would be too little discrimination and that we
would have all kinds of particles coming down the pipe. There could be
some magnetic discrimination at the high voltage terminal, so that we se-
lected out only those fragments that had attained an unusually high charge
through Auger cascades, There could also be magnetic analysis at the end
of the machine. Of course, one could envisage other types of accelerators,
too, but we limit ourselves here to the above example with an existing type
of accelerator.

There is much complementary information yet to be learned from high
resolution spectroscopy on the beta-decay of fission products. Promising
studies are in progress, some involving isotope separators, some quick
chemical separations especially of noble gases, and some no chemical
separation at all but K X-ray coincidence to identify the element. With
solid-state detectors there is real promise in these studies, despite the
high decay energies and consequent complexity of decay schemes.

Before closing let me note a few of the qualitatively new phenomena
that could be studied with heavier ion accelerators. Transfer of neutron
pairs between grazing heavy nuclei could be an important probe of pairing
phenomena, but both target and projectile need to lie away from the light
nuclei, where Z~ N, since for light nuclei pairing of unlike nucleons com-
plicates and competes with simple pairing of the like nucleons. Experiments
on the nuclear Josephson effect, first proposed [ 13] by Goldanskii, can best
be done with nuclei for which neutrons and protons are filling different shells.
The bombardment of deformed target nuclei by deformed projectile nuclei
hold the possibility of reaction below the calculated barrier for spheres,
since there is some probability of collisions with the long axes touching,
Such reactions might most nearly correspond to inverse fission. The fact
that negative Q-values of magnitude comparable to the Coulomb barrier are
the rule for very heavy ion reactions may make for qualitatively new results
from scattering or compound nucleus reactions, Scattering of deformed
nuclei near the angle at which the cross-section drops below the Rutherford
value should exhibit large tensor polarization effects. Also the population
patterns of rotational states in scattering or simple transfer reactions will
contain much fundamental information about the shape of the nuclear optical
potential, the Nilsson functions of the transferred nucleons or clusters and
so on. The large centre-of-mass motion in these very heavy ion reactions
will mean large Doppler shifts in the gamma-rays emitted by fragments, and
these effects can be used in many ways for lifetime measurements down to
the picosecond region and for efficient studies of angular distributions of
reaction products.’

The studying of fission fragments in flight is useful for the fundamental
information it may give, not only on nuclear properties but on atomic prop-
erties of highly charged species. Watson and I [ 14] have measured shifts
of about 1 kV in K-binding energies of fission fragments in flight, due to the
high charges, Our Hartree-Fock atomic calculations also show a tremendous
shrinkage in ionic size in going up to +20 ions. Certainly internal conversion
coefficients, Auger coefficients, collision radii and so on are greatly mod-
ified at these high charges. Scattering and charge exchange cross-sections
are important to design of heavy ion accelerators and probably also in
aspects of astrophysics.
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There is good work for many minds and hands here. If we are to move
ahead rapidly and efficiently, we must learn better to pool our resources and
efforts. None among us will have laboratories so richly endowed that we can
conceive the tasks in narrowly competitive terms. Let us see more centres
like Copenhagen and Trieste where scientists from the entire world are wel-
come to come, to learn, and to work together.
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DISCUSSION

V.F. WEISSKOPF: In trying to understand a little better the connection
between the deformation of the nucleus and ionization, one is obviously deal-
ing with an interesting mixture between atomic physics and nuclear physics.

I don't know where one physics begins and the other ends. -

J. 0. RASMUSSEN: The atomic and nuclear physics are very much mixed
up in the experiment but there is a close inner play between them in this class
of experimentation on fission fragments., The reason one sees such large
probability of K-vacancy for the deformed fragments, I think follows from
the fact that most of these fragments decay through a cascade of the rota-
tional steps. The rotational transitions in this region are of slightly larger
energy than the K-binding, they have rather high K-conversion causations
and thus lead to many K-vacancies. If nature had been a little bit different
and the rotational spacings were below the K-binding energy then one would
not have had as many K-vacancies,

V.F. WEISSKOPF: Are the life-time rotational states longer than the
lifetimes of the X-ray? )

J. O, RASMUSSEN: The X-rays emit seven orders of magnitude faster
than a nuclear transition,
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Abstract

REACTION ELECTRON- AND GAMMA-SPECTROSCOPY: PRESENT STATUS AND PROSPECTS OF ITS
FUTURE DEVELOPMENT. Experimental procedures and the theoretical background in reaction electron-
and gamma-spectroscopy are reviewed and some examples are presented. As an application of the tech-
nique in rather low energy reactions, the gamma-ray spectroscopy of proton capture where the nuclear
reaction proceeds via an isobaric analogue state is described and its physical meaning is illustrated. Timing
methods and several topics are mentioned as new research fields of this technique.

1, INTRODUCTION

Beta- and gamma-spectroscopy has played an important role in the
understanding of the atomic nucleus, In fact, the shell model and the
collective model were founded mainly on the basis of the information on
nuclear properties of low-lying excited levels provided by this experi-
mental procedure. The levels here are excited by beta decay from the
parent radioactive nucleus produced by various types of nuclear reactions,
and the de-exciting radiations are studied by using appropriate experi-
mental techniques, Though this procedure has proved very useful, it has
several obvious-shortcomings. The Qg value, that is, the energy difference
between the parent and the daughter nucleus, hinders us from investigating
levels with excitation energies above this Q4 value., The very strict se-
lection rules of beta decay allow transitions only to the levels with restricted
spin values. Radioactive isotopes with lifetimes shorter than about one hour
have not been studied in detail owing to the technical difficulties. Thus
the excited levels which have been investigated so far are limited to those
with energy under several MeV in the neighbourhood of the beta stability
line,

Instead of this procedure, we can make use of gamma rays and internal
conversion electrons from nuclear reaction. Measurements of these radi-
ations are here called reaction electron- and gamma-spectroscopy. It is
this experimental technique which I am now going to discuss. The lifetime
measurements and particle-gamma and gamma-gamma angular correlation
experiments used in the experiments are very similar to those in classical
radioactive beta-, electron- and gamma-spectroscopy. (Hereafter we call
this method radioisotope electron- and gamma-spectroscopy). Up to the
present, experiments have mostly been done with gamma-rays from direct
reactions on light and medium nuclei [1].

57
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It has recently been found that reaction electron- and gamma spec-
troscopy with gamma rays from compound reactions provides very fruitful
information on nuclear structure, to the same extent as the radioisotope
electron- and gamma-spectroscopy provided in the past. The processes
involved in this recently developed technique consist of three steps: the
first is the formation of a compound nucleus produced by bombardment
of a target nucleus with an accelerated particle: the second is the succes-
sive emission of some kind of particle from the compound nucleus; and
the third is the emission of gamma rays from the residual excited nucleus,
The gamma rays and conversion electrons are the object of the studies.
The first successful use of this reaction electron- and gamma-spectroscopy
was made by Morinaga and Gugelot with (@, xn) reactions [2]., As 52-MeV
alpha-particles bring the target nucleus a high orbital angular momentum,
the compound nucleus has a statistical population favourable for high spin
states. The neutrons subsequently being evaporated with low angular
momentum, the residual nucleus of high excitation energy will have the
same trend of high spin population as the parent compound nucleus. Thus
the gamma-rays de-exciting from this residual nucleus flow mainly along
a series of levels which have the lowest excitation energy for a given spin
value. By this principle, workers have found members. of the ground band
up to spin of 10" in many deformed nuclei. Many workers have investigated
excited level systems in nuclei not only in the deformed region [3-8] but
also in the vibrational region [9-11] by using gamma-ray spectroscopy and
internal conversion-electron spectroscopy.

In early 1965, Sakai, Yamazaki and Ejiri recognized the nuclear align-
ment of the compound nucleus on the plane perpendicular to the incident
beam direction, because the incident particle transfers the angular

TABLE I. CORRESPONDENCE RELATIONS BETWEEN REACTION AND
RADIOISOTOPE ELECTRON- AND GAMMA-SPECTROSCOPY

Radioisotope electron- and Reaction electron- and
gamma-spectroscopy gamma-spectroscopy
Parent nucleus Radioactive nuclide Compound nucleus

(intermediate nucleus)

Decay mode of parent nucleus Beta decay and alpha decay Particle emission
(in general, neutron)

Decay mode of residual nucleus Gamma decay Gamma decay

Limitation for excitation Qg and selection rules of * Rather weak limit
beta decay and alpha decay

Angular distribution of gamma Isotropy Anisotropy
rays

Use of accelerator in No Yes
measurement ’
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momentum with mz = 0 to the target nucleus [9]. As this alignment is
scarcely disturbed by the evaporation of slow neutrons with low orbital
angular momenta, the residual nucleus is aligned so that the gamma ray
de-exciting from it has an anisotropic angular distribution. Already, in
Ref.|9], the following statement appeared: ''The anomalous K /L ratic ob-
served in certain transitions may be associated with the aligned compound
nucleus [see Ref.[12]]. The investigation of the electron angular distri-
bution might open a new field of nuclear spectroscopy and provide valuable
information on the nuclear structure and on the reaction mechanism', In
fact, measurements of gamma-ray and conversion-electron angular distri-
butions in reaction electron- and gamma-spectroscopy are just the counter-
part of those of gamma-gamma and gamma-electron angular correlations
in the radioisotope electron- and gamma-spectroscopy, because, in the
latter case, the detection of the first gamma-ray plays only the role of
selecting an aligned state. The correspondence relations between the re-
action and the radioisotope electron- and gamma-spectroscopy are given

in Table 1.

In the following, we are going to discuss successively the experimental
techniques (section 2), the theoretical considerations (section 3), typical
examples of reaction electron- and gamma-spectroscopy (section 4), proton
capture gamma experiments (section 5) and the prospects of future develop-
ment of this method (section 8).

2. EXPERIMENTAL TECHNIQUES

Reaction electron- and gamma-spectroscopy has been performed in
many institutions throughout the world. As an example, I shall describe
the experimental arrangement at INS. The special feature of our experi-
ments at the Institute lies in the use of a cyclotron. Beams of alpha
particles and protons from the Tokyo cyclotron are used to bombard the
target. Experiments using a cyclotron have been considered to have dis-
advantages such as instability of beam condition and high background in
comparison with those obtained using a tandem accelerator. These incon-
veniences are avoided by the following simple technique. Two beam sys-
tems used at INS are shown in Figs 1 and 2. The first is the one used
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FIG,1. Schematic diagram of the beam system with the S-RACE spectrometer.
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FIG.2. Schematic diagram of the beam system with the M-RACE spectrometer.
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FIG.3. Side view of the S-RACE spectrometer.

in 1964 where a single-gap reaction conversion-electron spectrometer
(S-RACE) was installed for measuring internal conversion electrons {13},
The second is the one used in 1966 in which the duct was extended to a
gamma cave situated 30m from the cyclotron and a multi-gap reaction
conversion-electron spectrometer (M-RACE) was attached (14]. The
experimental procedure overcoming the drawbacks mentioned above is to cut
off the off-axis beam intensity at the first slit by 10% and to have this slit
serve as a virtual source for an independent optical system composed of
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FIG.5. Photograph of the M-RACE spectrometer.
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one pair (in Fig.l) or two pairs (in Fig.2) of quadrupole magnets. With this
technique, we have a fixed beam spot on the target position which is the
image of the optical system and independent of fluctuation of primary beam
from the cyclotron.

The RACE spectrometer is a sectortype double-focusing spectrometer
and the M-RACE enables us to measure the electron intensities in five
directions. Schematic side views of S-RACE and M-RACE are presented
in Figs 3 and 4. A photograph of the M-RACE is shown in Fig.5. As is well
known, a double-focusing spectrometer focuses electrons with momentum
spread of 8% on a focal plane, so that we can have a spectrometer with
multi-gap and multi-detector array very well suited for reaction electron-
and gamma-spectroscopy. In this respect this spectrometer is advantageous
over the orange-type spectrometer. However, we have so far used one
Si(Li) detector for each gap. The characteristics of the spectrometer are
0.4% momentum resolution with a transmission of 0.3% for each sector. The
targets were prepared with deposits of powder on mylar membranes of 6 um
thickness., Sometimes, self-supporting metal targets were made by an
electro-plating or evaporation method, The thickness of the targets was in
general 1 -4mg/cm”,

3. THEORETICAL CONSIDERATIONS [15-19]

In this section, I shall discuss the theoretical considerations for (p, 2nv)
reactions in terms of the statistical model.? The process of the reactions
is schematically illustrated in Fig.6 [10].

de i )
[ N Ja,
\*
\ N J¢
Ep n Jm ii—-‘;
y ==
i

{2+1, N-2)
FINAL NUCLEUS

{24, N-1)
INTERMEDIATE
(Z,N) 8(p) NUCLEUS
TARGET
(2+1,N)
COMPOUND NUCLEUS FIG.6. Scheme of the (p, 2n y) reaction,

3.1. Relative yield of gamma-rays [9]

The mechanism of (p, 2n) reactions can be divided into the following
four processes: (i) formation of compound states by proton bombardment,
(ii) formation of intermediate states after the evaporation of one neutron

! 1shall discuss only the case where the residual nucleus is an even-even nucleus, which we are
interested in.
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from the compound states, (iii) evaporation of another neutron from the
intermediate states, producing excited states in the final nucleus, (iv)
gamma emission from the latter states. The cross-section for process
(i) is written as follows:

2J, +1
o (Jgs T, ;,[t,ﬂt):ﬂ’x‘2 Z z mTﬂ(Ep)%{l‘*'(-)lﬂcﬂt} (1)

2=[lc-8| s=|n-4]

where X is the de Broglie wave-length of the incident particle and J., 7,
and J;, m are the spin and parity of the compound state and those of the
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FIG.7. Relative spin distributions of the intermediate states for the target of atomic number Z =50 and
spins 1=1/2, 3/2, 5/2 and 7/2. Solid and breken lines stand for the distributions at incident energies
of 14 and 12 MeV, respectively.
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target nucleus, respectively. The quantity T, (E,) stands for the trans-
mission coefficient of incident protons with orbigal angular momentum £.
The cross-section for process (ii) is given by :

. -1
U(Jm’”m'Jt’”t)=Z°(Jc’75'Jt*7rt)K(Jm: ﬂm,Jc,zrc){ z K(Jms Ty Jc,né)} (2)
. Im™m

e
where
I+ Jo*S _
K(Jms Tms Jos 1) =0 () z Z T,z(_Enl)%{l+'(-)2 T 7} (3)
slim=#l  2=|1;-s|.
" and
0(Jm) = k1 (20 + 1)exp { -Jpy (Ip + 1) /267 (4)

The level density in the intermediate nucleus is designated as p(jm) and
the parameter ¢ is proportional to the moment of inertia and the tempera-
ture of the nucleus. Fig.7 shows the relative spin distributions of the inter-
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FIG.8. Intensities of gamma transitions in the final nuclei for E, =14 MeV. Intensities are normalized
with those of the gamma 12+ — 10%,  For each nucleus, the theoretical values, illustrated in the left

column, are compared with the experimental ones illustrated in the right column, The dotted lines connect
the calculated intensities of 2% 0%, 4% 2% and 2% - ‘2% transitions with the observed ones.
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mediate states for Z=50, where the transmission coefficient Ty (E,,) was
calculated for neutrons of 1 MeV. For process (iii), the procedure used
in the calculation of process (ii) can be repeated with o(J¢, 7, J,, m ) re-
placed by o(Jm, ™m, Ji, m ), which in turn is replaced by o(J;,m,J, 7). The
level density p(Jy) should then be replaced by p(J;) which is the level
density in the residual nucleus. However, the states populated in the
residual nucleus have low excitation energies so that the expression

p(J¢) may not be valid, We must therefore make assumptions about the
levels in question. The results of the calculation are shown in Figs 8 and 9
for vibrational nuclei [9] and rotational nuclei [3], respectively, with
appropriate assumptions, The predicted values agree well with the ob-
served gamma intensities, This implies that the reaction mechanism can
be fairly well interpreted by means of the statistical model. The consider-
ation of the relative yield of gamma rays has proved to be a powerful tool
for assignment of phonon transitions in the vibrational region and of ground-
band transitions in the deformed region. This fact in turn enables us to
locate the phonon states and the members of the ground band. Other im-
portant information on the spin value of the states can be obtained from the
excitation curves of the relative yield on'the associated gamma-rays. The
excitation of high spin states is more favourable with higher bombarding
energy than that for low spin states, With this information, we can deter-
mine the 4° member of the two-phonon triplet [9]. A similar theoretical
framework can be made for alpha-induced reactions.
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3.2. Angular distribution [10]

Angular distribution functions of gamma-rays from reactions illustrated
in Fig.6 can be expressed. as

W(G)“ZayP,,(cos 0) ' (5)

v

where P, is the Legendre polynomial of order v, The angular distribution
of the gamma ray J>J' can be calculated with the following a, value:

ay(J»J-)=kzz 23+ 1),y 1T, (5,)

Jeip
YI (a7 T)o ()T, | /Z P(IT; (E, )
Smin, Tmin,
X z L (nyJm 30Ty, (Enz)/i T
ijnz I in,
X By, (Jr = H)F, (3, J) (6)
where
n, (3,30 = @i+ 1Er+0 o T civ b - HWEITT G v ) (7)
F, (331.9) = 2i+ )23+ 1)} (Y T eivi 1 - )W (35T v I (8)
1,GII) =lEj+ e+t )”” W@JII3svi) 9)
and
Bv(Jf"J):Z 1T Totis % Jin) (10)
Jg—>] i=0

The coefficient By (J—~ J) for the effect of the cascade contributions is
summed over all the de-excitation processes from the state Jf to the
state J through the transitions Jf =Jy~>J 1> Jo~ 0. Jj > Jig o Jy > dpy =,
and j; is the multipole order of the gamma transition from the state J;
to the state J;,;. Here, as is allowed in the statistical continuum theory,
the number of compound states and intermediate states is assumed to be
so large that all the interference terms from the states of different spin
and parity, and from different partial waves of the incident protons and
the emitted neutrons, cancel
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In the intra ground band transitions, namely, J;=>Jjy =J; > j=J;~> 2,
the last term B F, reduces to

i=n-1

By(J > HF,(GJI', I)= ] 133 3¢ -9)FL (3,30 =Fy(3 1, 3¢) (11)
i=0

where we use the relation between the Racah coefficients

—y = . . . -l = .. . .

W@EITI vI-)WI+j I+ I35 viy=(2I+1)" W(EjJ+j I+ vJ) (12)
Therefore, we obtain

2,(3=31)=) ay(dr -, (13)
it C
where the quantity a'y (Jf > J) is the coefficient of the angular distribution
of the transition Jy—~J without including the effect of the cascade contri-
bution from the higher state, and is obtained by setting B,=1. Finally,
we obtain the angular distribution function W(8) for intra ground band
transitions J » J-2 as follows: '

W()=1+A,P,(cos8)+A,P,(cos9) (14)
with
: N
A (J~J-2)=a,(J>T-2)/ay(J>J-2)= Z e} Al (I~1-2) (15)

I=J

where we consider the series of the ground band 0+, 2+, 4, vees N* and
p' = ay (I*I-2)/a°(J-> J-2). For conversion electrons, W(9) is given by

W(e)=1+b2A2P2(COSQ)+b4A4P4(COS@) (16)
where the quantity b, is the particle parameter. A typical example of the
calculation for the ground band up to N =8 spin with excitation enérgies
E; = 20I(I+1)keV is reproduced in Fig.10 [10].

In the vibrational region, we can easily verify the following equations:
a, (12+_> 10+) =a, (14+ N 12+) +ay(22+_’ 12+) +a,y (12+_> 10+) amn
and

A, (2100 =g A (M1 g A (2020 4 0 A (12700, (18)

where p (I-1') =ay (I~ 1')/ay(*2*~20%) and the 227~’2" transition is assumed
to be of pure E2 character and the relation for the special case J,=J =]

RI+HWEIILvINZYWI, I, T3 v )

= W33y Ip; v 3) (19)
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is used. Here we take into account the cascade contributions to the *2*
state only from the two-phonon 14* and 22* states The results calcu-
lated on the assumption of the residual states 0 gt , “2" and 4" are
plotted as a function of the target spin in Fig.11 (10 and compared with
the experimental one. The agreement is satisfactory.

4, TYPICAL EXAMPLES

In this section I describe several typical examples of reaction electron-
and gamma-spectroscopy in connection with the experimental trend of
excited level systems in even-even nuclei,

4,1, Deformed region

Many workers [3-8] have studied the excited level systems of even-even
deformed nuclei with reaction electron- and gamma-spectroscopy since
the work of Morinaga and Gugelot [2]. Especially, Stephens et al, (7] used
heavy-ion nuclear reactions to produce high spin states in a compound
nucleus, taking advantage of the fact that a heavy ion brings large orbital
angular momentum into the target. They observed de-excitation of the
ground band up to spin 20 with a single wedge-gap electron spectrometer,
The highest observed spin value in the band will increase with use of a
heavier ion. A test of the presence of the top of the ground band suggested
by Mottelson and Valatin [20] will be performed in the very near future.
The rotational spacings of high spin states provide important information-
about the nuclear shape in highly excited states. This type of spectroscopy
also has proved a good method for obtaining the beta and gamma bands
1n deformed nuclei. As typical examples, level systems of 16§Sm and
ssEr investigated by the Copenhagen group are shown in Fig.12 [4] and
Fig.13 [21]). Recently, level systems in Gd isotopes were investigated
with (@, xn) reactions on Sm 1sotopes [22] The results are presented in
Fig.14. ' T

4.2, Transition region

This method was also applied to nuclei in the transition region. It
turned out that °°Sm and 12Gd.[6] and Os and Pt [5] have a level
sequence just like the ground band in the deformed region. Recently,
we measured conversion electrons from *¥Nd (e, 2n)!9%Sm, °Sm(e, 2n)
152Gd and '%3Eu(p, 2n)1%2 Gd reactions and the low-lying levels in 150Sm
- and 1%°Gd were obtained as shown in Fig.15 [23]. A beta-like band (quasi-
beta band) corresponding to the beta band in the deformed nuclei appears in
these nuclei and the interband transitions between the levels with the same
spin valué have a large E0 component just as in the case of deformed
nuclei [21]. In Pt isotopes we have a level sequence 2%, 3*, 4* which may
correspond to the gamma band in the deformed nuclei. The gamma-like
band was termed a quasi-gamma band.
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4.3. Vibrational nuclei

Low-lying excited states in vibrational nuclei have been investigated
mainly at INS by means of reaction electron- and gamma-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 determined by the excitation curve and the
electron angular distribution., Betigeri and Morinaga [11] showed a
presence of a band system similar to the ground state rotational band in
Te and Xe isotopes, as presented in Fig.16. Recently we performed
reaction electron spectroscopy in case of the *°La(p, 2n) and ¥1Pr(p, 2n)
reactions [24], The preliminarily proposed level systems for both nuclides
are presented in Fig.17. They closely resemble each other and the relative
yields and the angular distributions for the corresponding transitions for
both nuclei are also similar, as shown in Figs 18 and 19. Though the

level systems are very tentative, a beta-like band and a gamma-like band
seem to exist in vibrational nuclei,
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FIG.16. Observed energy levels in (a) even Te and (b) even Xe isotopes. Levels indicated by lines are
the ones observed in the experiments of Ref. [11].



SPECTROSCOPY 73

6+ 3092
1295.2
%" 3188
[ 5 2271
5 1357.0(6) : ] S
. 2+ 2035 ] ar2.5 3 20538
932.7(1.4) AT 1
72390.2)\ & !
57_ 2?2! B aise .y { 1797 563.2
P2 42086 i e 225 ] v
390721 303.0(2.2) N ” \ae56
s67.00.5)\ ~— e /&7 o+ 1416 |
g -
5c* |48l 2t | 1545 1025.9 1274.0 [ o
1040.9(13.6} 2448 644.6
689.7 . l3?7
2+
%2 790.4 e
1481.3 1415.8
790.4(26.5) 7712
0‘ 0+
140
138
58C€g0 eoNdgo
(a) (b)

FIG.17. Tentative low-lying excited level systems of (a) '**Ce and (b) '®Nd.

° For 140ng

a o * For '38¢ce
@ 1.0
S

o.5}- e
w
>
3 )
o 3
ot P

L ]
(-]
0.05+

2.4 6 7T 5
| | | | |

0 2 a4 4 4

FIG.18. Relative yields of intra quasi-ground band transitions and 7~ — 4% and 5” > 4" wransitions,

4.4, Concludin‘g remark

The results described above prove that reaction electron- and gamma-
spectroscopy is a powerful tool for studying the low-lying excited levels
of nuclei in all nuclear regions. The remarkable feature that the ground
band, the beta and the gamma band appearing in deformed nuclei persist
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in nuclei in the transition and vibrational regions as quasi-ground, quasi-
beta and quasi-gamma bands, has been discussed in detail by the present
author [25].
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FI1G.19. Angular distributions of K conversion electrons,

(a) Black: 303.4-keV 7" - 4% transition in !*Ce
Whites 418,8-keV 7"~ 4% transition in **Nd

(b) 323.3-keV transition in 13¥Ce

(c) Black: 790,4-keV 2% 0" transition in ‘**Ce
White: 771,2-keV 2¥ > 07 transition in 40Nd

(d) Blacks 1040.9-keV 4™~ 2% rransition in  ***Ce
White: 1025,9~keV 4%~ 2" transition in 1*Nd

5. PROTON CAPTURE GAMMA EXPERIMENT

This type of experiment with nuclei in the s-d shell was extensively
performed by the Utrecht group [26]. Important physical meanings of a
special case were recently stressed by the author [27]. They are associ-
ated with the observation of de-exciting gamma rays from isobaric ana-
logue states produced by proton capture reactions. The main advantage
of this experiment lies in the fact that the analogue states are of very
simple nature easily amenable to theoretical interpretation. Another ad-
vantage is that the information on the low-lying states can be derived from
measurements of gamma-rays only in the highest energy region, and clear
data can be obtained free from the contributions due to other gamma-rays,
even in the case in which the reaction has a small cross-section. Though
the gamma-rays in question have, in general, a rather high energy, of the
order of 10 MeV, the advent of large-size lithium-drifted germanium de-
tectors makes it feasible to carry out this kind of experiment. It is worth
mentioning that the angular distribution of gamma-rays can provide in-
formation on the radiation character, With this procedure, we can deduce
the relative B(E2) and B(M1) values of the gamma components of the iso-
baric analogue state. The fact that a small Van de Graaf machine with
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several MeV is sufficient to do this type of experiment due to large Q(p, v)
values is an attractive feature for investigators in developing countries.
Among various applications of this procedure to the study of nuclear
structure, two simple cases will be discussed.

M1
M1
M1

J 2

2.

0«

FIG,20, ~Energy scheme of proton capture reactions where reaction proceeds via an isobaric analogue state.’
Ep, stands for the Coulomb displacement energy. Relationship between allowed beta transitions of the G~T
type and Ml gamma transitions are illustrated.

5.1. Allowed beta transition of G-T type

Studies of nuclear beta decay have provided.a large amount of infor-
mation about the low-lying excited levels because the transition probability
depends sensitively on the wave-functions of the levels in question. On the
other hand, it is known that a proton with an appropriate energy can pro-
duce in the compound nucleus an isobaric analogue state which can corre-
spond to the parent nucleus of beta transition. Since allowed beta tran-
sitions of the G-T type from 1* states to the ground, to the one-phonon
state and to the two-phonon states in vibrational nuclei are successively
hindered (28], it is very interesting to know about B(M1) of M1 transitions
from the analogue states to the corresponding excited states, because the
transition matrix elements of beta and magnetic transitions closely re-
semble each other. The physical situation is schematically illustrated in
Fig.20, Hindrance phenomena correlate closely to the phonon character
of the relevant levels. You can see the merit of this kind of experiment
from the following example. - The spin and parity of %Mn are 3* and the
1" state is 111 keV above this ground level so that we cannot study the
relative matrix element of G-T type beta decay to the ground state and to
the first 2* state of the ¥ Fe daughter nucleus. Then, we may excite the
1* state isobaric analogue to the 1' state in question by the **Mn(p, 7)56Fe
reaction with 1.415 MeV protons [29] and observe M1 transitions from this
state to relevant states in *°Fe,

It is also recently observed that the beta transition to the first excited
0" state is not hindered, Analogous reasoning leads us to expect that the
M1 transition to the excited 0" state might 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 very
small, in contrast to the enormous reduction factor in beta decay. Thus
such an experimental method might be a powerful technique for finding
the so-called 'missing' 0" member of the two-phonon triplet in the
vibrational region.

5.2, Core coupling

The idea of core coupling is one of the most important models in recent
nuclear structure theory as Mottelson discussed at the Tokyo Conference
on Nuclear Structure {30]. It may present a sensitive test for the anhar-
monicity of nuclear vibration, The core coupling of a 2* phonon with a
particle in the j orbit produces 2j+1 (j<2) or 5 (j>2) members. Such
studies have been done with Coulomb excitation experiments, inelastic
scatiering experiments, etc, These experiments require stable isotopes
as targets. Consequently, a systematic trend over a wide range of isotopes
cannot be obtained. The excitation level systems of copper isotopes are
cons1dered as examples of this model, but they have only two stable isotopes,
namely 8Cuand %cu, However, if we excite an isobaric analogue state
and study the gamma-rays from this state, we can extend the systematics
to unstable isotopes For example, the low-lying excited state in 61Cu can
be studied by 0N1(p 'y) lCu reaction, The experimental situation can be
seen in Fig.21,

6. PROSPECTS OF FUTURE DEVELOPMENT OF REACTION ELECTRON-
AND GAMMA-SPECTROSCOPY

In this section I shall comment on several points of future development
of this type of experimental technique.

6.1, Direct reactions

Reaction electron- and gamma-spectroscopy can be applied to direct
reactions with medium and heavy nuclei. Though the cross-section for this
type of reaction is one order smaller than that for- the compound reaction,
the electron lines from the levels populated in Cd(p, p'v) have been ob-
served (9] (see Fig.22). This type of experiment will provide a hopeful
research field in the near future, Measurements of gamma rays and of in-
elastically scattered particles are complements each of the other.

6.2, Heavy ion reactions

Heavy ion reactions with heavier and more energetic projectiles can
be used to give considerably greater linear and angular momentum to the
compound system. The former efféct may produce a Doppler effect of
gamma rays large enough to enable us to measure the lifetimes of the
associated levels, and the latter effect would make it possible to observe
de-exciting transitions from very high spin members of the ground band.
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Another interest in heavier ions lies in the accessibility to regions of the
periodic table that cannot easily be reached with lighter ions. Recently,
124 11205y (40A r, 4n)180-156Ey ang 128-122 7 (40 Ar, 4n)164-158 Yh were reported,
as studies of level systems in the 88-, 90- and 92-neutron number isotopes
of Er and Yb [31].
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FIG.21, Enexgy scheme for 6"Ni(p, 7)61Cu reaction, Gamma rays excite core-coupling states in “cu.
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6.3. Timing method

Isomeric states populated by nuclear reactions have been studied by
beam-chopping techniques [32]. Recently, Yamazaki and Ewan succeeded
in observing nanosecond isomeric states produced in (particle, xn) re- -
actions, with the use of natural beam bunches from the cyclotron which give
a zero point signal for the time scale [33]. The time distribution of the
gamma-rays was studied with Ge(Li) gamma-ray detectors. Two dimen-
sional time spectra are shown in Fig.23. They observed many isomeric
states with this method [34]. The investigations proceeded for studying
time-differential angular distribution of gamma-rays by making use of
nuclear alignment of the levels populated in (particle, xn) reactions. This
will provide information on the nuclear moments of high spin states.
Preliminary experiments were performed in the Pb(e, xn)Po reactions [35].
This type of experiment will afford a powerful tool for investigating nuclear
structure in the near future.

6.4. Stopping electron

Finally, I would like to mention a special feature of reaction electron
spectroscopy. We noticed an electron continuum coming from the target
in the study of (p, xn) reactions with 55-MeV protons from the Tokyo
Cyclotron., These electrons contributed to the background of the electron
spectra together with the continuum gamma-ray background. The contri-
bution of electrons was separated from that of gamma-rays by analysing
the energy of pulses from a Si(Li) detector with a multichannel analyser.
The detectors were placed at the focal points in the M-RACE spectrometer,
The response curves of each detector were calibrated with various radio-
active sources placed at the target position. The differential cross-section
is shown in Fig.24. A surprisingly large anisotropy was observed [36].
Though the phenomenon must be associated with an atomic origin, such as
a type of stopping electron [37], further experiments are in progress to see
to what extent it contains interesting physical meanings.

Finally, I shall conclude by saying that this sort of spectroscopy will
be refined by means of larger Ge(Li) gamma detectors and coincidence
techniques, together with on-line data processing systems with electronic
computers, and will provide precise information on the genetic relations
and branching ratio of the transitions. Wé can therefore expect that a
great deal of information on levels in the 1 -3 MeV excitation energy
region will be accumulated to the extent that we shall be enabled to make
a more crucial test for various nuclear models.
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DISCUSSION
G. ALAGA: I should like to ask: (1) whether you think there is one

single nucleus which you would consider as an example of a nice vibrational
state in the tin region and whether one can say that the vibration pattern is
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established; (2) whether in different regions considered one finds certain
similarities of the vibration structure and whether one finds also some dif-
ferences which might be certainly attributed to different configurations.

M. SAKAI: I don't think there exists a good vibrational nucleus in the
tin isotopes, because the tin isotopes are single closed shell nuclei.

Certainly, there are certain groups of nuclei which seem to have the
vibrational structure in different regions. For instance, the Se-Kr region,
Pd-Cd region, Te-Xe region and Pt-Hg region. But if you carefully
examine the level structure, youmay notice some difference. The fact that
0" states seem to appear at a rather high excitation energy in the Pt-Hg
region is a typical one. I think you are right that the difference might be
attributed to different configurations,

G. ALAGA: 1 didn't mean the single closed shell; I just wanted to ask
you which of the nuclei you would say is closest to the vibration pattern.

M. SAKAI: I am sorry I can't answer your question. Several Cd
isotopes might be closest to the vibrational pattern, but I am not sure at
all,

G. ALAGA: I was asking these questions because I would like to hear
an unbiased view from an experimental physicist. To develop theories of
vibrational states it is probably very hard to start from the beginning so one
certainly has to have some kind of leaning on the experiments in order to
find the proper approximations or correct some of the descriptions one
already has, That's why I was asking which would seem to you the most
reliable experimental evidence since I wanted to know whether one has
enough data for a complete interpretation.

G.E. BROWN: It has seemed to me for some time now, that Bohr and
Mottelson have sold us a Bill of Sale but have deluded us for many years
because they proposed, with a liquid drop model, on the basis of paramet-
rising, that they have 0, 2 and 4 triplet. One hardly ever sees all three
and when one does usually the transition probabilities don't follow very
well from the vibrational picture and then if one looks higher up in the
spectrum the other levels don't follow very much at all, as they would
from the vibrational spectra, With respect to vibrations of deformed nuclei
the gamma degree of freedom is present also in SU(3) — no wonder that
the gamma degree shows up quite generally. However, referring to the
beta vibrations one always returns to a couple of the samarium isotopes
which are very special and just at the point where nuclei go from spherical
to deformed. Otherwise there are practically no good beta vibrations.
Therefore it seems to me that there is probably something wrong with the
whole model and that it is really time that we stopped just patching it up
and talking in the same old language, but we really have to try to solve the
many-body problem here,

J.O. RASMUSSEN: I would agree too that one has to be rather careful
these days in talking about nuclear shape vibrations and that one must base
one's use of this model on the deeper understanding from microscopic
treatments along the lines of random phase approximation and Tamm-
Dancoff and such as Soloviev and others have used, It would seem to me
that these microscopic calculations would tell us that there are still
certain regions where the concept of a beta vibration is a proper one.
Indeed in the region of gadolinium and samarium a lot of the collective
electric quadrupole strengths gather on the lowest zero-plus state from a
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microscopic calculation and therefore in that region it may be useful to
talk about beta-vibrational states. In the centre of the region around
erbjum the calculations both of Soloviev and Sheline indicated that the beta-
vibrational strength rises high as fractured among many zero-plus groups
and that there one must be very guarded about using it. We have the calcu-
lations of Kumar and Banerjee which have seemedto be useful especially in
the region of osmium and the region of samarium and perhaps that was a
careful or a fortuitous choice of nuclei; it is probably at the edges of the
region of deformation where this concept of beta and gamma vibration may
still apply to single, lowest-lying excited states.

G.E. BROWN: People always come back to the samarium and gadolinium
isotopes when they talk about beta vibrations. The whole concept doesn't
seem terribly useful to me if it is so special, I think this is an important
example of where the hydrodynamical way of looking at things really doesn't
work. The particular degree of freedom is fractured through most of the
nuclei and probably indicates the usefulness of microscopic calculations.

G. ALAGA: I agree with Brown about quadrupole vibrations or so-
called vibrational states, but I am still suspicious that one does not have
sufficient experimental evidence to prove or to disprove the slightly dis-
torted vibrational structure, because sometimes the key evidence is lacking
and that is what I wanted to hear from Professor Sakai. I would just like to
mention another point. I think that the case of weak-coupling of nickel
wasn't picked quite properly — probably the weak—coupling was much better
in the case of bismuth, because the quadrupole strength usually doesn't
have more than 60%, if so much, of the total quadrupole strength. So it is
always a case of intermediate coupling and the mixtures in nickel are much
higher than for instance in bismuth. In bismuth one has such a weak-
coupling situation. Unfortunately you see it's a very unique example —
we try to go through the periodic table and find another case where this
would apply and it turns out that all the.states are very hlgh up and it
simply does not work.

R.K. SHELINE: I should like to speak br1efly about beta-vibration
K =0" states in deformed nuclei. As one looks more carefully it turns out
that more and more of these states are being observed. Brown has mentioned
the neodynium, gadolinium and samarium regions but also there are very
low-lying K = 0° bands in '® Dy, 60Dy and 162Dy.. There are very low-
lying K = 0" states in ytterbium 168, in thorium 228, 'in thorium 230, in
280y, in?23%2U, and in 234U. In part the difficulty is that experimentally it
is very difficult to populate a state with K = 0" which lies of the order of
one MeV above the ground state. As our experimental information gets
more complete, I think also the systematics will become more obvious.
There is however the difficulty that there are other kihds of K = 0 vibrations,
namely the pairing vibration which tends to complicate this picture.

M. SAKAI: Today is a crucial time in that we have to revise the
traditional nuclear theories because many experimental pieces of evidence
are someétimes contradictory to the nuclear model of the Copenhagen
School. :

This is why I have mentloned in my talk that we have now very good
experimental techniques to investigate the levels at rather high excitation -
energy which might present test cases for the nuclear models. I mean the
levels at the energy region of the three-phonon state in the framework of
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the vibrational model and of the two-phonon state of the gamma- band and the
beta band in the framework of the vibrational model. The conception of

the quasi-bands introduced in my paper can also be examined now by means
of this sophisticated experimental method.

J.0. RASMUSSEN: I would follow the comments of Sheline to say that
one of the most stimulating examples of a large number of excited 0*
states is the work of Gromov and his group at Dubna who found, I think,
five different excited 0" states in erbium 164, the E0/E2 varying quite
strongly. This has provided quite a challenge for the theorists; I think
there is some theoretical work here at Dubna that has shown the possi-
bilities of bringing the microscopic theory towards an understanding of
this work, but I think that the study here in such case as the spin-one or
spin-zero nuclei beta-decay is uniquely valuable in discovering these
multipole and large numbers of 0" excited states.

G.E. BROWN: 'The real question is whether the gamma-ray transition
probablhtles follow from the beta vibration model or not. You can find .
0' states in many nuclei because 0 is as good an angular momentum as
any. ButI am just afraid that people haven't seen the excited 4" state in

160,
) A.B. MIGDAL: Considering the quadrupole-quadrupole in nuclei, of
course you are missing some kind of vibration, e.g. a vibration which has
the symmetry 0*. If you consider the local interaction, and this has been
done recently, you obtain in all spherical nuclei the 0% vibration which is
not the two-phonon vibration, but one-phonon 0* vibration at the right
place. Only near the double magic nuclei have you not got such a vibration.
The same thing might also be valid in deformed nuclei.

G.E. BROWN: The question is whether this is a vibration or not, I
know that in tin isotopes, for ‘example, which are good examples of
spherical nuclei, at least in ground and low excited states, if you take a
picture of several quasi-particles and diagonalize it as best you can, you
find a 0" excited state which, in fact, comes down somewhat in energy.

You could call it to some extent collective. The real questions'are: Is a
band built up on top of this 0" state and are the gamma-ray transition proba-
bilities such as would be predicted by shape vibration, which means that-
they are highly collective and that the band has certain regularities?

A.B. MIGDAL: Of course they are not the shape vibration and the’ 2%
states. They are vibrational because of the rearrangement of density which
has the symmetry of the second Legendre polynomials. We can calculate
directly the change in density which is due to the 2" excitations. This
change shows that it is-only rearrangement of the density inside the
nucleus. . : :

V.F. WEISSKOPF: Is the vibrational spectrum built up in that way or
not? Is there a vibrational spectrum, one quantum, two quantum, three
quantum?

A.B. MIGDAL: When you consider the first state, you can calculate
the density matrix which corresponds to this transition; this density matrix
vibrates with the same frequency and has a symmetry of second Legendre.
polynomials and is not on the surface of the nucleus; it is inside the
nucleus.

V.F. WEISSKOPF: Then it is not important where the vibration is but
that it is a vibration; why does Brown then deny that it is a vibration?
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G.E. BROWN: It is a funny situation where theories are assumed to
be correct until proved wrong. I thought that people had to establish
theories. This is not in answer so much to Professor Migdal but in
relation to my earlier statement that I think that Bohr and Mottelson have
sold us something because they tell us that there is shape vibration and
everybody assumes that it is so and when they see things in experiments
they fit them in although it is quite clear that the evidence is pretty
sporadic and usually the transition probabilities don't follow this model,

A.B. MIGDAL: If you want to know something you should calculate a
density matrix, Calculating the density matrix you see in what place of
the nucleus you really have the rearrangement of the density. But of
course you can consider only the change in quadrupole moments and not
look inside the nucleus and you obtain more or less the same relations.

G.E. BROWN: I am essentially in agreement because if I were to do
the same problem I would use very much the same methods. I would talk
about it in a different way and tell a different philosophy, but when it came
down to doing things it would be very much the same. One simply has to
put the particles in and diagonalize the many-particle problem as well as
one can, My point is only that if one does this, as Soloviev and collabo-
rators have been trying to do with other types of forces, then the system-
atics of the beta vibration come out in only a few cases and if that is so,
it is a very special thing, Why do we then talk about it as if it is something
which we can use to classify excitations in practically all nuclei? So I
don't think that we have a real argument; we have philosophical arguments,
but not practical ones.

A.B. MIGDAL: Practically, there ig a full system of equations from
which you can obtain the results, and physically the result is that it is
some inside vibration.

M. SAKAI: The experimental results now are still so poor that we
could not seriously answer whether the beta band exists at all, We will
have to be more patient and wait for new experimental data.

G. ALAGA: A question for Professor Migdal: when one discusses
the surface vibrations of surface modes and density modes, how can one
tell the difference between the two? Of course the difference exists in
calculation, but where can one prove it experimentally? What data should
be considered to prove or to show that it is actually density vibrations of
the rearrangement as you say and not a surface vibration?

A.B. MIGDAL: When considering transitions in atoms you never ask
this question. It is quite obvious that if you consider some kind of col-
lective vibrations, i.e. some bound states built up from the quasiparticle
and the quasihole, this is just the same problem as in an atom. For
instance, considering the quadrupole moments in excited states you will
of course obtain entirely wrong results if you consider such rough pictures
as shape vibration. Recently we have shown that from the realistic picture
you really obtain the right value of quadrupole moments in excited states.
That gives an answer to your question because the quadrupole moment in
excited states shows you in which place the rearrangements actually take
place.

G.E. BROWN: Don't the monopole moments of excited states show you
even more directly?



SPECTROSCOPY 85

A .B. MIGDAL: You can show that the monopole moments ~ I mean
the change in r? — in excited states have a very small effet. So they are
difficult to measure,

G.E. BROWN: Well, there have been measurements with y-mesic
X-rays. These give a direct measurement. Now preliminary measure-
ments certainly in tungsten isotopes seem to show that the excited 2"
states have a smaller r.m.s. radius than the ground state. This is very
hard to understand with a shape vibration,

A.B. MIGDAL: It is easier of course to obtain the monopole moment
than quadrupole moments.
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Abstract

THEORETICAL PROBLEMS IN NUCLEAR STRUCTURE, Problems concerning the nucleon-nucleon
interaction, interactions off-the-energy shell, and the use of effective interactions in calculation of nuclear
spectra are discussed,

1. INTRODUCTION

I do not propose to give a justification here for doing theoretical nuclear
physics. I work in this field because there are many interesting problems.
History judges what is useful and what is not; the greatness of influence
of a scientist is unfortunately often measured by how long he can hold
history back.

Atomic physics was first more or less abandoned for the then frontier —
nuclear physics. Only recently have people returned, to find an astonishing
richness of new phenomena. .Only recently have resonances been seen in
electron scattering from hydrogen. Such resonances are nicely described in
formalisms invented for the description of nuclear reactions, Absorption
of photons, the measurements of which were made possible through greatly
improved experimental techniques, show collective, plasma-type effects.
To explain these one has to go beyond the Hartree-Fock description, once
thought to be the "end all" of atoms.

Many theorists left nuclear physics years ago for particle physics,
Most nuclear phenomena thought to be understood at that time appear to us
in quite a different light today., Many new and important effects have been
discovered., Who could have previewed the Mossbauer effect?

Cross-fertilization of different fields of physics stimulates the overall
development, Not only the original meson was predicted from nucleon-
nucleon forces, but vector mesons were foreseen as the origin of the short-
ranged spin-orbit force, some time before they were found experimentally,
The SU(6) theory of particles was a direct extension of the Wigner supermul-~
tiplet theory. In GeV proton-proton scattering, people have rediscovered
compound-elastic scattering. Nucleons at high energies appear more and
more like composite systems, and techniques invented for nuclear problems
are often employed, although they are usually given fancy new names.

The world of nature is a unity and its explanation must embody this.

I intend, therefore, to cover especially those points which either relate
nuclear physics to other parts of physics, or where one can give a more
or less firm description of phenomena, starting from definite physical
assumptions which can be tested.
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2, THE NUCLEON-NUCLEON FORCE

The nucleon-nucleon force is the most basic of nuclear ingredients,
although this is generally forgotten, as theorists gravitate more and more
towards working with complex spectra and complex situations.

Let's face it. Particle physicists simply are not going to calculate
the nucleon-nucleon force from meson theory, It's hard work, They would
rather conjecture away in areas where they think that they can produce
results by pure thought. On the other hand, couplings of the 7,4 and vector
mesons to nucleons become better and better known. Schwinger, Weinberg
and others are busy manufacturing Lagrangians and sets of rules for using
them in perturbation theory, so that the results satisfy the tested require-
ments of PCAC, chiral invariance, etc. It seems to me that these
Lagrangians and these rules could also be used to calculate the nucleon-
nucleon forces from meson theory much better than has been calculated
in the past.

1 2 3

FIG.1. Origin of the three-body force. The cross-hatched area represents an N*, a nucleon-antinucleon
pair, etc.

[

FIG.2. The middle part of the three-body force, which can be viewed as the scattering of a virtual pion
on the nucleon.

3. NUCLEI AS SOFT PION FACTORIES

This brings me to my next topic, and that concerns nuclei as a source
of soft pions, Pions travelling back and forth in the nucleus are virtual,
Since they are emitted by low-energy nucleons, they usually are of low energy,
and have a relatively small momentum; that is, they are soft.

Such soft pions enter into the three-body force, for example., As shown
in F'ig. 1, this can be envisaged as arising from a pion emitted by nucleon 1,
which takes nucleon 2 to some excited state, this nucleon de-exciting by a
pion carrying on to 3.
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In lowest order, the momenta of the pion are qo ¥ u"z/M, 'c_l”|~u , with
h =c =1. For practical purposes, go = 0, since it is so small,

The middle part of the three-body force, shown in Fig.2, can be
considered as the scattering of a virtual pion of momentum qo = 0, || ~u
off the nucleon. Atler, Hamilton and Weinberg have shown that at q, = 0,
d| = 0, the isospin symmetric scattering amplitude must vanish. Extra-
polation away from this point must be smooth and the amplitude slowly
varying, or it would be impossible to understand the successes of soft-pion
physics.

Now, I want to illustrate an important point by this. Soft pion develop-
ments following from current algebra, PCAC, etc. make statements about
scattering amplitudes off-the-mass shell (qo = 0, IEI [= 0 implies zero pion
mass), Particle physicists then have to make arguments that these pre-
dictions extrapolate back smoothly into meaningful predictions for particles
on-the-mass shell. In nuclei, the amplitudes are already off-the-mass
shell, although in general somewhat further off than the point for which
the prediction is made. Still, quantities generally extrapolate more smoothly
in this latter direction than in the direction back to the mass shell.

Thus, study of two-and-three-body forces in nuclei is intimately coupled
with soft-pion theory, and nuclei are copious sources of soft pions.

4, EFFECTIVE FORCES IN NUCLEI

Knowing the nucleon-nucleon force in free space, the next problem is
deriving the effective nucleon-nucleon force in nuclei from it,

Let me say first of all that the nucleon-nucleon force is not really
very well known, even empirically, Neutron-proton scattering experiments
are simply not accurate enough nor numerous enough to pin it down well.
However, we have various potentials which reproduce several hundred data
fairly well,

Given a nucleon-nucleon force, empirical or theoretical, then the
problem of deriving the effective force in nuclei is one of doing the many-
body problem properly for finite systems, I believe that this can be done,
as I shall discuss it in the symposium later, but many aspects of this have
still to be tested and tied up.

I believe furthermore that one can make a Landau theory of nuclear
matter, in which the various parameters are calculated from the nucleon-
nucleon force, In fact, Sven Olaf Backman is doing that in Copenhagen,
and it looks reasonably successful. If this can be done, then it gives
important clues as to how to make microscopic theories of other Fermi
liquids, such as liquid 3He.

5. SPECTRA

Given effective forces, we can try to calculate spectra. In the s, d-shell,
for example, one diagonalizes the interaction in all states that can be formed
by distributing n particles among the 1d;,,, 2s3/p and 1dssp orbitals (see
Fig.3). Here there are a very large number of possible states, and
Elliot's SU(3) has been a big help.
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In order to check models, such as keeping only the SU(3) states of
highest weight, that is, the most deformed states, one does need, it seems
to me, more or less exact diagonalizations of rather large problems,
However, brute force methods, even with the most modern computers,
won't take one very far in this respect., One needs, also, rather high-
powered group theoretical techniques. Arima and collaborators in Japan,
which is hardly foremost in computer availability to academic people, have
probably come furthest in this respect, although Edith Halbert and colla-
borators atOak Ridge have diagonalized up to 6 particles in the s, d-shell,

If one doesn't have a high-speed computer, one shouldn't despair., Such
exact diagonalizations can explain only part of the spectra. One knows that
in 180, for example, highly deformed states obtained by lifting particles
out of the p-shell mix in important ways into the low-lying spectra. The
first excited state in 160 at 6.06 MeV seems to be mainly composed of
four particles and four holes (see Fig. 4).
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FIG.3. Typical configuration of 6 particles in the s, d-shell.
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FIG.4. Schematic representation of the excited state in !0 as four particles and four holes in a Nilsson
diagram.

6. ISOBARIC ANALOGUE STUDIES

Let me jump now to a topic that seems to be far away from those above,
but which hasn't been sufficiently covered thus far, The isobaric analogue
states give us compound states of known structure, often at high excitation
energies. Utilizing these through their decay, for example, we can determine
components of wave-functions rather precisely. Recent work in the 208Pb
region has given us rather accurate checks on calculations and on our use
of many-body theory in finite systems,

7. DISCUSSION

Where does this leave us? Well, I think it leaves us at a point where
it is unlikely that studies of deformed nuclei in the rare-earth region on
actinides will tell us much with respect to fundamental laws.
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Fission is fagcinating, and its practical application overwhelming.
With Professor Flerov, I am tickled by the prospect of making superheavy
nuclei. But I believe that the study of fission will tell us mainly about
fission, and that not much will be more widely applicable.

What I am really saying is that, while it is a legitimate activity of
nuclear theorists to understand and describe nuclear phenomena in terms
of models, they should not lose sight of fundamentals. I believe that
most nuclear theorists have, and that is why they are becoming isolated
from other theorists, This is a great pity, because we have much to learn
from each other. ‘ . ‘

I make no apology for not outlining what I consider to be important
experiments, Although I consider close contact with experiment essential
for any theorist, for ours is by and large an empirical subject, we should
also not forget that we are trying to discover the laws of nature, and not
only play houseboys for the experimentalists.

DISCUSSION

A.B. MIGDAL: It is very useful to divide the problem of the nucleus
into two parts. One is to introduce some constants; you should, however,
be sure that these are really constants and not variables. Knowing these
constants from experiments, you can solve the second problem - how to
calculate these constants. from some three-body forces. I should say that
this second problem is very important but not so interesting as it seems
from the first view; and there are very many difficulties. First of all
you know the forces only on the mass shell and in the nucleus you should
know them off the mass shell. Secondly, the three-body forces really
exist, but you cannot calculate them. In my opinion you should first of
all work out a theory for SHe and 3H. After you have produced a good
theory for these light nuclei with three-body forces, I shall believe in the
application of these forces in more complex problems. To check some
principles, you should first of all take the most simple system, Only
in one sense is the nucleus a good object for theoretical exercises — the
many-body problem — and of course it is interesting to check the applica-
tions of many-body theories to the nucleus. But for checking the fundamental
principles the nucleus is not a good object. Therefore, in my opinion, the
second problem - the calculation of the constants - is a very important
but not a principal one,

G.E. BROWN: I would say that we are learning more about behaviour
of interactions off the energy shell. This is connected with the developments
of current algebra and PCAC, etc,

A,B, MIGDAL: For this you should do some experiments, For
instance, consider some problems connected with the interaction of deuteron
with light, and obtain some information about interaction off the mass shell.
Of course, such experiments can be done.

G.E. BROWN: The current algebra does now make statements about the
behaviour of amplitudes off the mass shell and this cannot be directly
tested., But other predictions of current algebra can be tested and models
consistent with current algebra can be made for extrapolation off the mass
shell. The second point is that one has other models for going off the mass
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shell, namely one has various nucleon-nucleon forces and one can just
mechanically take them off the mass shell. In none of these models does
going off the mass shell produce very large ambiguity. One would have
to think of quite pathological models in order to make large differences
and I don't believe that this is a strong objection. The third point that I
would make is that I also don't believe that one would find out from nuclear
spectra very many fundamental things about the nucleon-nucleon force.
The situation is really just too complicated in nuclei and one needs to -
look in nucleon-nucleon collisions, which is a much simpler situation.
But I believe that if we are working as nuclear physicists we ought to be
able to derive, in a straightforward and didactic way, the quantities that
we are dealing with from more fundamental principles. 1 would feel un-
comfortable in working and fitting parameters all my life,

A, B, MIGDAL: Why not check this approach in the more simple
examples?

G.E. BROWN: The example has been checked to some extent through the
calculations of Blatt and collaborators, They do not obtain too good
a check, because they miss the binding energy by about 13 MeV but that is
only 2% of the potential energy and so it shows that they are able to calculate
the potential energy of this system to within 3% or 4%. Presumably, with
better nucleon-nucleon forces they may be able to do this.

But let me first of all say that the system of 3He, if you want to do
all this, is not very elementary. With more particles it really becomes
a many-body problem in which the Pauli principle simplifies many phenomena.

V.F, WEISSKOPF': I believe that the discrepancy between Brown and
Migdal is a very positive element because there is no contradiction between
the statements. Why shouldn't Migdal go on working in this field, which
I think is very good and interesting, and, at the same time, Brown and
his collaborators and the Copenhagen group iry to calculate these constants
which you are using, This is all very good; it would be deplorable if this
conference ended with the fact that one approach had been decided to be
wrong and the other approach right.

However, I would like to ask Brown a question, I am sort of old-
fashioned and I haven't followed the latest developments. Is it really true
that we know the nuclear forces so well that we -can attempt such calculations?
I thought that one still didn't know whether the nuclear forces are velocity-
dependent or not, whether they are local or not, whether one can express a
nuclear force by a potential or not —~ these difficulties would actually affect
your kind of calculation very thoroughly but of course would not affect the
Migdal kind. To my mind this makes the Brown calculation more important
because it may be that the further calculations, such as those of Blatt,
and, as you say, perhaps the easier calculations in many-body problems,
may help to decide how we should represent nuclear forces.

G.E., BROWN: I would not like to call you old-fashioned. But, the
point that I was trying to make is that there have been a lot of developments
in particle physics, e.g. by Schwinger and Weinberg, who tell you that if
you want to calculate meson-nucleon scattering, you should take a Lagrangian
and use simply the perturbation theory. If you should do that for pion~-
nucleon scattering, why shouldn't you do it for nucleon-nucleon scattering?

On the other hand, I wouldn't like the discussion to turn this way between
Professor Migdal and myself, because we are much more in agreement
than we are in disagreement. The main controversial point that I wanted
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to express was that we will find out much about fundamental physics from
complex spectra and I think we will, by studying the rare earth region, find
out much about the rare earths, but I do not think that we'll find out much
about physics.

I.N. MIKHAILOV: Some very simple calculations on the properties of
the effective force for nuclear structure models has also been done at Dubna,
Our philosophy was that Migdal's theory is not too different from the

Hartree-Fock or random-phase approximation. In these approximations

it is fairly clear what should be called by an effective force and which other
quantities or parameters can be connected with the effective force. We
started by trying to connect properties of the effective force with the pro-
perties of the nuclear self-consistent potential. We tried to analyse the
connection between our estimate of the force and the calculations done by
Professor Brown. These kinds of renormalization were taken into account
inour first approximations. We feel that not all the important renormali-
zation processes which come through the short range part of the reaction
matrix were taken into account,

V.G. SOLOVIEV: I believe that the theory of the nucleus should not be
reduced to atwo-body problem. The,interaction of two nucleons as
completely as we may describe it is much poorer than the nuclear many-
body problem.

Nuclear physics is therefore developing in two directions., To understand
the structure of the nucleus we must on the one hand try to study and investi-
gate very complex spectra and to use as high excitation energies as possible.
The second process should be the investigation of as many nuclei as possible,
the investigation of heavy nuclei, investigations as remote as possible from
the stability region, etc. Investigating, for example, the deformed nuclei
in the rare earth region, we get the impression that these approximations
and models are only suitable for these particular nuclei and give us very
few fundamental things. I do not think that this is so, I think that investi-
gations of deformed nuclei increase our knowledge of the nuclear many-
body problem, and thus help us to form better theories., To a certain extent
the different models that we use have a tendency to become unified at some
time. There must be different approaches and there must be different direc-
tions in our investigations, and it seems to me that a very interesting direc-
tion is the approach that Professor Migdal has proposed. Of course this
is not the only correct approach.

Ya. A, SMORODINSKY: It would be very nice to make the nuclear
matter theory form the first principles. We have to know for the interaction
of two nucleons not only the scattering amplitude, but the wave function,

i.e. the properties of the system at the short distances. This is why we
need the potential and why we cannot use only the scattering data in the
high-energy region, We know from the high-energy scattering that the
potential between two nucleons is very cumbersome. It consists of at least
five different terms and nobody until now has succeeded in putting down

the potential which described really all kinds of polarization phenomena. If
you confine yourself only to the scattering you can write the potential but it
is not unique, It is possible to construct a lot of potentials with the same
scattering properties, If you include the polarization phenomena nobody
can give a real potential which gives a good description of all the known
phenomena., From the calculations of 3H and 2He made by Simonov and
others it was clear that the behaviour of the potential at the very short
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distances is not well known, and that the properties are very sensitive
to the potential behaviour in the origin of the co-ordinates. That means
that we don't have now a good basis for building the nuclear matter theory
for the first principles and the only way today is to work out some semi-
phenomenological theory,

G.E. BROWN: I would like to comment on Professor Smorodinsky's
remarks. Professor Smorodinsky is an expert on the two-body problem,
especially proton-proton scattering, It seems to me, if I may say so, that
you have a defeatist attitude, namely when one wants to solve a problem,
you think of all the difficulties you might encounter rather than going ahead
and trying to work at the problem and seeing what you can do with it.

There are many examples where when one has worked at the problem it
has turned out to be very simple, or much simpler than it seemed to be
at first. Of course, you may say that I am naive and simple-minded, But
let me bring up a recent example. One of the most striking successes of
the last two years is Weinberg's formula for the scattering of the low-energy
pions by nucleons and by nuclei. The conclusions of Weinberg's work on
soft pions are, as far as the isospin antisymmetric amplitude is concerned,
that the low-energy pion-nucleus scattering is given by the exchange of an
S-meson ’ :

A

\
\
z

Thus, doing the simplest thing one can imagine, one obtains the pion-nucleon
scattering. The soft-pion rules tell one that processes such as

where, for example, a nucleon-antinucleon pair is involved, should not be
added in, Part of the time, the p-meson is a nucleon-antinucleon pair, and
this would involve double counting,

We then have a simple recipe for calculating the isospin-antisymmetric
contribution to the three-body force in the triton. Namely, we consider

the process
/’- ~Nr”
1 2 3

This is why I say that we should use what we are learning from high-
energy physics and from particle physics to tell us about how to do things
in nuclear physics.  In this particular example, we see that all the difficulties
you might have thought up to stop people from doing the simplest thing, are
not applicable. )

Of course, I don't mean to say that the problems of complex spectra are
not valid ones to work with and that there's not a great richness of physical
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phenomena., What bothers me is that nuclear theorists have gravitated
almost completely towards these areas and that very few are concerned
any more 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
else unless we do them, the reason being that it's just too hard work, and
my feeling is that high-energy physicists don't like to do this kind of hard
work., .

D.H. WILKINSON: I am extremely happy to see this intimate relation-
ship between high-energy physics and nuclear structure. At the same time,
I would like to invite Professor Brown to become useful again, He ex-
plained that he was no longer prepared to be the houseboy of experimentalists
and I think he deserves a sabbatical for a short time, but I would like to
invite him to be useful again and tell us how in fact we can reassure our-
selves that these sorts of things are really going on.

I have seen a conserved vector current; I have never seen a partially
conserved axial vector current. I would like to know whether it is possible
to go and find one, This is a fundamental theory, -which has model aspects
to it, and I would very much like to know what sorts of experiments it is
possible to do, that will bear as directly as possible on this theory.

I should now like to ask another question: what sorts of experiments
might be useful in getting direct information about these very important
off-energy-shell effects, in particular whether nuclear bremsstrahlung
experiments are likely to give information of direct relevance in the condi-
tions which are of importance in nuclei, If so, what sorts of energies should
we be involved with and, most important of all, with what accuracy would
such measurements have to be made? This is moving into another plan of
nuclear structure physics where one is having to do experiments of a
greater subtlety, Technically they are very difficult and one does not want
to do these experiments unless they are going to produce data of as direct
relevance as possible to these very 1mportant 1ssues that have been discussed
here.

G.E. BROWN: I would say it is not strange that you have never seen
a partially conserved axial current because this would, of course, imply
a pion of zero mass. For the three-body force, the point is that one is
very close to the part where the axial current is conserved and that's why
the amplitude vanishes, exactly at the point where it is conserved, namely
off the energy shell, One can't check things at just that point, one has
to extrapolate back to the physical region in order to check such things as
this pion scattering,

I think Professor Wilkinson has, however, brought up a very important
area that I forgot about in my paper, namely the bremsstrahlung, This
gives us, in principle, important information about the nucleon-nucleon force
off the energy shell, The problem is that the photon doesn't carry a lot
of momentum; at least in the recent experiments rather soft photons have
been used so that the information is not very far off the energy shell,

And in using this information, once people have learned how to calculate
things correctly, practically all of the known nucleon-nucleon potentials
give results which are so close to each other that within experimental
errors one cannot distinguish between them.

If one can do experiments with photons of higher energy to carry one
further off the energy shell this will give very important information, and
I believe these experiments are now being attempted. Professor Wilkinson
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also in his paper mentioned the connection between the radiative capture
and non-radiative capture, Now, using the PCAC theory one can make
this connection with the proviso that the extrapolation in the pion mass is
smooth.

" The other thing that one can check is in more complicated phenomena
where one has the problems of complex nuclei and would not expect a simple
formula to hold such as Weinberg wrote down. One can check just how large
the contributions from excited states and from anomalous thresholds are.
There are relatively few places in particle physics where one can really
check the importance of anomalous thresholds.

D.H. WILKINSON: I don't find Professor Brown's reply very comforting
for two reasons. One is that I know that I can't have pions of zero mass
but I can deal with simple systems where the predictions of PCAC might
be checked rather more directly, I am thinking particularly of problems
like the predictions that PCAC must make about the renormalization of the
axial vector contribution to beta decay and where one might hope by, as
Blin-Stoyle has done, comparing a pion production amplitude in nucleon-
nucleon collison with the tritium beta decay, to make an absolute prediction
of the renormalization of the axial vector contribution, That I would regard
as at least a partial check of PCAC.

I was hoping to have suggestions about simple situations where PCAC
might make a verifiable prediction similar to the predictions that were
made by the conserved vector current.

However, and this brings me to my second point, one must always
be sceptical if the predictions made by a conservation theorem or symmetry
property are very similar to the ones that one would have made in any case.

I could refer now to Professor Brown's reference to the correspondence
between muon capture and radiative pion capture. It is perfectly true that
PCAC makes predictions about the relationship between these two processes
but it is also true that they are the same predictions as one makes by
conventional means, without regard for PCAC, PCAC merely removes some
of the approximations that are made in the conventional predictions. It does
not change the predictions themselves. So there again those experiments
which are now in progress and seem to be going in the direction that one
expects from PCAC do not seem to constitute a very sharp test of the hy-
pothesis.

One presumably wants more accurate experiments., The history of the
conserved vector current, of course, is somewhat similar. One does make
rather closely similar predictions to those of CVC by other methods and
one's confidence in CVC comes about because the predictions that it makes
are very close to what we find in experimental facts.

Now, are the predictions of PCAC as exact as the predictions of CVC?
I presume they are not, because in problems like renormalization of the_akial
vector coupling constant one does assume pion dominance and so on, It
does not seem to me, as an experimentalist, to be as exact a working theory
as CVC and so the predictions that it makes cannot, I presume, themselves
be exact in the same sense as those of CVC. And when one remembers that
the predictions are not very dissimilar from those that one would have made by
conventional methods I merely emphasize my anxiety in using this approach
to make predictions about very complicated systems where we cannot
possibly hope to verify them.
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G.E. BROWN: I think you missed my main point and that is not that
PCAC often gives the same predictions as naive approaches, and therefore
one can justify naive approaches to such as Professor Smorodinsky. [ am
not really asking you to check these questions on complex phenomena, I
think they should be checked on simple phenomena, probably primarily by
particle physicists.
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Abstract

USE OF MASS SPECTROMETRY IN SOME PROBLEMS OF NUCLEAR PHYSICS, AND RELATED
APPLICATIONS OF THIS TECHNIQUE. The paper discusses present-day work in the fields of nuclear
physics and nuclear astrophysics, and points to future developments,

This paper aims to show how a certain number of regions of interest
in nuclear physics can be investigated in laboratories with relatively
small budgets, if they work in collaboration with larger centres equipped
with accelerators or reactors. The authors would also like to give an
example of the application of nuclear physics - to astrophysics, since,
apart from the interest of such applications in themselves, they open up
great prospects for nuclear physics. Mass spectrometry has proved
itself to be an important tool in this field, and some of the work under-
taken.in Orsay is presented here (see, for example, Ref.[1]).

The main objectives of the studies can be summarized briefly in
three categories: :

A. Study of the mechanism of reactions where energieshigher than
100 MeV are deposited into the target nucleus by incoming
particles. .

B. Study of the properties of nuclei far from stability:

: - their existence compared to predictions of mass formulae;
- their mass and decay schemes compared to existing nuclear
models.

C. Study of specific nuclear reactions which are.considered to
occur at the surface of stars and in interstellar space or on
meteoritic matter. .

Information needed to solve these questions includes not only forma-
tion cross-section of the reaction products and their identification but
also their energy and spatial distribution, the effect of varying energy
of incoming particles, etc. Mass spectroscopic investigations have been
essentially limited to the first point. _

In summarizing some experiments carried out in recent years the
authors find three groups in respect to the technique involved:

(1') The mass spectrometer used is idéntical with those used in other '
fields but the methods for sample preparation are generally
different.

99
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(2) The measurements performed constitute a new application of a
recently developed type of mass spectrometer.

(3) The mass spectrometer is designed to operate directly in the
beam of the accelerator; isotope production and analysis are
simultaneous.

A common feature in all cases is the fact that very minute amounts
of nuclear reaction products are formed due to the small reaction cross-
section (millibarns), the low fluxes of particles and the limited avail-
ability of machine time. Thus, experiments have been generally limited
to the two groups of elements for which mass spectroscopy has achieved
the highest sensitivity (noble gases and alkalis). One important point,
however, is that with mass spectroscopy we can study stable isotopes;
and, in this case, the limiting factor is often the contamination by
natural elements; thus, very elaborate handling techniques and ultra
pure elements must be used.

A. STUDY OF THE MECHANISM OF REACTIONS AT HIGH ENERGY

A.l. Measurement of nuclear reaction cross-sections
leading to the production of rare gases

Few experiments have been made in this field since the first ex-
periments in 1954 and 1958, but motivations have still remained the
study of nuclear reaction mechanisms and the interpretation of the data
collected in meteoritic studies.

In the last case the aim is to compare experimental cross-sections
with predictions based on spallation statistics, the object being to compare
the isotopic spectra of rare gases found in meteorites that have been
bombarded by high-energy cosmic rays with the pure spallation spectra
of elements which are considered to be the main cosmic ray targets in
these meteorites.

New experiments at Berkeley have recently given the spallation
yields of Xe isotopes from barium targets irradiated by 730 MeV protons.

Both the above-mentioned motivations have led Schaeffer and collea-
gues in Brookhaven [2] to undertake a large program for the measurement
of all rare gases at 3 and 29 GeV in targets ranging from copper to
uranium. The type of high-sensitivity mass spectrometer employed, as
well as the extraction and purification methods of rare gases used, are
those utilized in meteoritic studies. The extreme sensitivity of the
method appears when considering that a five-minute bombardment
(3 X 10%® protons) in the Berkeley synchrocyclotron was sufficient to
obtain a xenon spectrum. Experiments similar to these were carried
out in 1962 at 540 MeV (CERN).

A.2. Measurements performed with the surface ionization technique
(mostly reaction mechanism studies)

The surface ionization technique has been used in a much greater
number of experiments. It has evolved from a classical method in
which alkali elements were first chemically separated from the target
and then introduced into the ion source of the mass spectrometer.
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Several methods based on vacuum distillation of the reaction pro-
ducts from a more or less refractory target have allowed measurement
of the production cross-sections of various alkali isotopes in high-energy
nuclear reactions.

In the first, the oven technique, a small, very carefully cleaned
oven contains the irradiated sample; immediately above it is the mass
spectrometer filament cooled with liquid nitrogen.

The nuclear reaction products are thus transferred to mass spectro-
meter filaments during short successive distillation sequences. Isotopic
ratios are measured on samples of the order of 10~12 g and in some
cases smaller than 107 g, and absolute cross-section is obtained by
normalization with respect to some radiochemically determined isotope[3].

Thus Nguyen Long Den studied the production cross-section of
22Na, 28Na, “#Na in Al at 150 MeV and made an extensive study of the
(p, 3p xn) reaction on 13913 and (p, 5p xn) on 41py which led to the pro-
duction of cesium isotopes. These reactions, in which a-particles are
emitted, give some information on the presence of a-particle clusters
at the surface of the nuclei studied. Gradsztajn, Epherre, Klapisch,
and Yiou succeeded in measuring the production cross-sections of the stable
lithium isotopes in *2C in a broad range of energies (50 MeV - 25 GeV)
using the oven method and, with a somewhat different method, extended
the same study to a 100 target [1,4].
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" FIG.1. Evolution of the "Li/®Li ratio as a function of time and temperature in the filament method.

While still making use of surface ionization, a method specific to
high-energy nuclear reactions has been developed, which consists of
irradiating the mass spectrometer filaments directly. Although these
are very thin compared to a usual target, their bombardment inside the
ring by the circulating beam of the accelerator leads to a high produc-
tion rate. This is because the energy lost by the GeV protons in the
filament is so small that the protons traverse the target a great many
times before being lost. During the isotopic analysis the surface con-
tamination is evaporated at relatively low temperature while the reaction
products, which have first to diffuse out to the surface, appear athigher
temperature. The evolution of the isotopic ratio of the lithium emitted
from a Ta filament has been studied (Fig.1).
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It should be noted that, despite the fact that the sample is practically
exhausted at the end of the analysis, there is no evidence for isotopic
discrimination: the 7Li/6 Li ratio is constant. This has been verified in
several experiments and can be understood in terms of diffusion by sub-
stitution at practically infinite dilution. Relative and absolute cross-
sections have been obtained by this method for the production of lithium
isotopes in Pt, Ta, Rh at 19 and 30 GeV as well as for %°Na and 2°Na
production in Pt at 30 GeV. ) ‘

The very slow rate at which the isotopes of interest diffuse out of
the irradiated filaments makes it essential, however, to use an electron
multiplier and pulse-counting techniques.

focussing lens

protons

FIG.2. Schematic representation of the mass spectrometer (on-line) operating in the beam of an
accelerator.

B. MASS SPECTROMETERS OPERATING DIRECTLY IN THE EXTERNAL
BEAM OF AN ACCELERATOR (Nuclear structure and reaction
mechanism studies) : :

The need to study the evolution of the nuclear properties of isotopes
when they are further away from the valley of stability has motivated the
investigation of new techniques which would be capable of accomplishing
in a very short time the chemical and isotopic separations required.

Several projects are being developed at present among electro-
magnetic isotope separator groups and some experiments have already
been performed on base or volatile elements with a target connected to
the ion source of the separator through a more or less extended gas
line. However, we shall restrict our topic to the experiments per-
formed with mass spectrometers.

In the method developed at Orsay [5] the ion source of the mass
spectrometer is directly bombarded by the protoh beam. One relies on
diffusion in solids at high temperatures to extract rapidly the reaction
products from the target, and on surface ionization to perform both a
good chemical separation and at the same time a very efficient ioniza-
tion of the alkalies. Recently the same method has been applied to .
negative halogen ions. _

A schematic r‘,ep'i"esentation of the experimental set-up is shown in
Fig.2. A high-energy proton beam traverses the ion source which is at
a normal potential of 3000 V and simultaneously heated to 1500 to 1800°C;
after deflection, the ions are measured by a high-gain electron multiplier
used in the pulse-counting mode.
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The source principle is as follows: a succession of thin foils of the
element under study and of thin graphite slabs are enclosed in a cylindrical
metal foil heated by Joule effects. Under high-energy proton bombardment
the nuclear reaction products récoil with relatively high energies out of
the metal target and are.stopped in the graphite, which has been calculated
to be thick enough. In the hot graphite (1500 - 1800°C) these products
diffuse out rapidly and the work function of graphite is high enough so
that only alkali elements have a large probability of leaving as positive
ions.
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FIG.3. Li mass spectrum ol_)tain'eagfrom 150 MeV proton bombardment of a carbon target ion source.
Pl

The choice of graphite as a diffusing agent has been made both be-
cause of its crystallographic structure (large inter-laminar distance)
and its refractory properties. Targets are usually composed of 25 such
foils and slabs, separated from each other by thin graphite spacers so
as to reduce the extraction time. of the ions.

At this pomt we shall show the'Li'mass spectrum obtamed w1th the
first and simplest of these target ion sources made of pure carbon slabs
0.1 mm thick. One sees clearly not only the stable €Li and 7Li but also
8 (0.8 sec) and °Li (0.17 sec), each isotope being recorded for the
same length of time at a proton energy of 150 MeV (Fig.3).

Typical diffusion curveg obtained in this way at 1500°C are shown
in Fig.4. They correspond to the diffusion in graphite of %Na recoils
from an iridium target, and 8Rb and 129Cs from a thorium target, all
bombarded by 10 GeV protons. :

The parameters affecting the diffusion time are numerous and 1t
is not possible to . examine them here.
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FIG.4. Variation of the number of atoms leaving the ion source of the mass spectrometer as a function
of time after interruption of the high-energy proton beam (diffusion curves). The #Na is produced in Ir
and diffusing out of carbon. The #¥Rb and 12Cs are produced in Th and diffusing out of carbon at the
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FIG.5. Mass spectrum of the rubidium isotopes formed in 150 MeV fission of uranium,

Cross-section measurements of spallation, fission and fragmentation

reactions at high energies
Within the last two years three instruments of the type just described
have been built and operated on-line with various accelerators. A great

advantage of these small machines (radii of curvature 15, 22 and 30 cm)
is that they can be mounted and operated in the home laboratory and then
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transported easily to the various accelerators where and when high-
energy protons are available: the experiments we shall mention have thus
been performed at Orsay (150 MeV), Saclay (3 GeV), and CERN (10-25 GeV).

Experiments at 150 MeV

Figure 5 shows a mass spectrum of the isotopes of rubidium obtained
by Amarel et al. [6], who bombarded a uranium-carbon target at 150 MeV.

One sees here all the isotopes of rubidium from mass 83 to mass 98.
The last three, 96, 97 and 98, were not known before this experiment
and have radioactive half-lives shorter than 1 sec. A similar spectrum
has been obtained of the Cs isotopes formed in the same experiment.

ag T T T T T T T T T T T
mb I Cross-sections Cs (.EE; ]
U (Prsomev-1) ZN

[ =« Friedlander et al.
—— Orsay

160" U S T S Y S S G S S

1286 130 132 136 136 138 W0 W2 Wb,

FIG.6. Production cross-sections of Cs isotopes from high-energy fission of uranium.

A comparison of the cross-sections obtained with this method
(150 MeV) and the results of Friedlander et al. obtained at 100 and
200 MeV by chemical separation followed by isotopic analysis is shown
in Fig.6 for the isotopes of Cs formed in a uranium target. The agree-
ment is excellent. The order of magnitude of the smallest cross-section
which it is possible to measure is about 20 ub.
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Experiments at 10 GeV

The extreme pressure existing on the use of very high energy ac-
celerators demands the most efficient possible use of such beams when
they become available. Thus in a series of experiments performed at
10 GeV two mass spectrometers were simultaneously put on line with
the fast-extracted proton beam of the CERN P.S.

The first is a 30 cm radius instrument used for the heavy fragments
and the second (15 cm) for the lighter ones. Ion sources are inter-
changeable and 17 of them, corresponding to targets ranging from
carbon to uranium, -were studied in a ten-day run. Besides obtaining
many new fragmentation cross-sections, which will be useful in the
interpretation of reaction mechanisms, several new isotopes have been
found which are close to the predicted limit of particle-stability. The
very short diffusion times of the reaction products in the ion sourcewhich
wehave indicated previously are such that the limiting factor for the de-
tection of new isotopes is not their short half-life but their small produc-
tion cross-section.

The present limitation of this technique to the study of alkali elements
is not as serious as it would appear. Indeed the reaction products in
heavy targets are spread out over the entire table of the elements and
a regular sampling in the region of Li, Na, K, Rb, Cs, as well as Fr,
gives a very broad spectrum of information. Moreover, the use of other
ionization techniques should enlarge the scope of mass spectrometry
quite substantially in this field.

Half-life measurements and study of the radiations emitted by the
collected isotopes

In the experiments just described, the total amount of target material
was of the order of 20 to 30 mg. Increasing this to 0.5 g, as was done
with uranium at 150 MeV, yields separated isotopic beams which are
intense enough for it to become possible to study the 8- and y-rays
emitted by the radioactive nuclides.

In fact, the very short time which elapses between production and
collection (and which includes an effective chemical separation) makes
this method superior to the radiochemical ones for short-lived species.

The instrument is essentially the same as the ones mentioned
previously (22 cm radius, 3 kV acceleration) except for the collector
end. There a simple electrostatic deflector has been set behind the
collector slit so that the isotopic beams can be either switched towards
an electron multiplier for'mass spectrum récording and selection, or
left to drift straight on to a thin metal strip behind which can be placed
a 8~ or y-ray detector or even a neutron counter (Fig.7). In a recent
improvement the beam has been post-accelerated to 10 kV and a 5-m-long
pipe and a set of electrical quadrupole lenses have been used to move the
final collecting point into a well-shielded cave. :

From theoretical considerations this region of the heavy Rb and Cs
isotopes had been predicted to contain some delayed neutiron precursors.
Therefore a series of experiments has been carried out in which a .
neutron counter was placed at the final collector in the shielded cave
where neutron background was negligible. Neutron emission has been
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detected at the rubidium masses 93, 94, 95, 96 and 97, and at the
cesium masses 142, 143 and 144, thus doubling the number of identified
delayed neutron precursors known.

magnet
electron multiplier / ” = \\ source optics
‘\\ oven
= lelectrostatic deflector \
aluminium strip

thin window
/_-ammw- pump and trap'—.\

FIG.7. Diagram of the on-line mass spectrometer used by Amarel et al. for the study of the 8- and
y-rays and neutrons emitted by the short-lived isotopes of Rb and Cs.
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C. STUDY OF SPECIFIC NUCLEAR REACTIONS IN CONNECTION WITH
ASTROPHYSICS

To the nuclear physicist Li, Be or B have no characteristics which
should single them out particularly. On the other hand their abundance
in nature is very anomalously low compareéd to their neighbours He, C,
Nand O (107 to 10'8) and this problem has long been recognized as
meaning that a special process had to be at the origin of the nucleo-
synthesis of these elements. :

In 1955 Fowler et al. [7] suggested that spallation reactions on
heavier elements such as C, N and O, could be responsible for the pro-
duction of Be at the surface of some stars; and in 1962 Fowler, Greenstein
and Hoyle [8] published a very complete model of the nucleosynthesis of
the light elements in the solar system which was based both on astro-
physical and nuclear considerations. Since the latter depended heavily
on spallation cross-sections which were not known experimentally at
the time, a series of experiments using mass spectrometric techniques
were undertaken and the results led Gradsztajn to propose a model of
the nucleosynthesis of Li, Be and B which is different from the Fowler,
Greenstein and Hoyle (FGH) model in some fundamental aspects.

Thus the problem was to study in the laboratory the nuclear reaction
leading to the .production of the various isotopes of Li, Be and B both
stable and radioactive: - :

Li6, 7

Be 7,9, 10 ' on 12C, 14N, 10
B 10, 11 ,
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and to compare the ratios 7Li/SLi, 1B/%B with the equivalent measured
in natural settings such as the earth or the meteorites.

Method

Use was made of a Nier-type mass spectrometer equipped with a
high-gain electron multiplier detector for pulse counting of the ions.

The ion source was of special type. Be and B in contrast to Li
cannot be efficiently ionized by the mass spectrometer thermionic ion
source. Thus a very sensitive sputtering ion source was used, of the
Castaing and Slodzian type. This new arrangement allows at the present
time analysis of the 10~ to 10~12 g of Be and B produced by the spalla-
tion of 12C and %0 in a few uA-hour proton bombardment. This represents
an improvement of several orders of magnitude in the detection of Be and
B. The spallation products are extracted from the irradiated targets and
deposited on the metallic sample plate, which is bombarded by the primary
ion beam.

Figure 8 represents the apparatus, with its primary ion source
yielding a focused beam impinging on the sample plate from which secon-
dary ions are emitted. This secondary ion beam is accelerated to 1000V,
focused by a 3-element lens, and directed towards the magnetic analyser.
The isotopic beams at the collector are measured by an electron multiplier.
For the sake of simplicity the ion gun is essentially composed of a tan-
talum furnace, emitting Cs™ ions by surface ionization, and of a focusing
lens. The cross-section of the 2000 eV ion beam is about 2 mm? and its
density at the sample plate is 10~° A/mn? .

. Cs furnace
focussing
lenses
valve P4 ion gun HV 3kV
primary ion beam (¢4
i
S -
somple plate
(+1000 V)
lens aperture
#=0.5mm

multiplier

FIG.8. lon-sputtering mass spectrometer.

Figure 9 shows the mass spectrum obtained without any deposit on a
clean sample plate and Fig.10 the overall sensitivity (mass-spectrum
corresponding to a water sample containing 10732 g enriched 1°B and
1.3 X 10722 g enriched ©Li.)

At this point, it must be stressed that the efficiency of the sputtering
process varies very significantly from one element to another: under
our experimental conditions, a solution containing equal amounts of TLi,
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9Be and !B will give rise to peaks with relative heights approximately
equal to 80 : 1 : 0.1, but this is much more satisfactory than what therm-
ionic emission would lead to.
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FIG.9. Mass spectrum obtained without any deposit on a clean sample plate.
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FIG.10. Sensitivity as determined from a water sample enriched in !1°B and SLi.

The oxygen targets consisted of 30 g of very pure water contained in
a platinum vessel 2 ¢cm in diameter and 7 cm long. Proton irradiations
were performed in external beams at 155 MeV (Orsay), 600 MeV and
19 GeV {(CERN). After bombardment, 10 g fractions were concentrated
to 100 mg which were then deposited on the metallic sample plate of the
ion source, evaporated to dryness and analysed.

After many unsuccessful attempts involving various methods of pre-
paration, water containing less than 10°2 g/g of either lithium or
beryllium and lessthan10711 g/g of boron was prepared by fractional
crystallization. '
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The water samples were handled in an argon atmosphere. While no
contamination with natural beryllium could ever be detected during a
complete manipulation, contamination with natural boron usually reached

1071 g/g. Contamination with lithium was of the order of 10712 g/g.

As a consequence, the proton flux in our experiments was always
such that the amount of boron produced by spallation would be several
times greater than that due to contamination.
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FIG.11., Typical spectrum of irradiated water,

F1G.12. Contribution of various isotopes to the peaks shown in Fig,11.

Isotopic ratio measurements

A typical spectrum obtained after a 20-hour bombardment is shown
on Fig.11, while Fig.12 represents schematically the contribution of
the isotopes of Li, Be and B to the different peaks. That neither mass 8
nor mass 9 is present in unirradiated water samples containing only
lithium and boron was already apparent from Fig.10.

The presence of a mass 8 peak in irradiated water samples is due
to a peculiarity of beryllium which we have accounted for. -
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(1) Determination of the "Lif Li ratio

As we have pointed out earlier, lithium ions are emitted approximately
80 times more efficiently than beryllium ions from equal amounts of the
elements. Hence, the contribution of "Be to the peak at mass 7 is only
about 1% of the contribution of "Li and we have taken the ratio "Li/6 Li
to be that of the ion currents at these two mass values except for this
small correction of the mass 7 peak which we base on the height of the
mass 8 peak.

(2) Determination of the 9Be/’Be ratio

Two possibilities exist of obtaining this ratio: one consists in relying
on the BeH/Be value to deduce from the mass 8 peak the height of the
peak at mass 7 due to "Be and comparing it to the peak at mass 9 due
only to Be. The other method is based on the possibility of eliminating
selectively the lithium from the deposit made on the sample plate by
the water sample. As this last method turned out to be easily performed,
we preferred it. Thus after having deposited on the sample plate the
100 mg of irradiated water, and having dried and analysed it, we added
a 10 mg drop of very pure water, which easily dissolved the lithium
present and only a small fraction of the beryllium, and was then pipetted
out. ’ k

In this way, the lithium contribution to mass 7 is reduced to lessthan
5% of the peak helght and this can be checked and corrected by the cor-
responding residual ®Li peak at mass 6. The ratio 9Be/7Be is thus glven
by the ratio of the ion currents at masses’ 9and 7.

(3) Determination of 10Be/9Be and 11 B/1°B ratios

We shall not relate here the method but suggest reference to Yiou
et al. (see Ref. [1]). The final results at different proton energies are
presented in Table I.

The most important results wh1ch we shall use are 7L1/6 Li and
11B/1°B ratios (which will include the TLi arising from the decay of
"Be (54 d) and in the case of 0B and B include the contribution of e
(20 sec) and !C (20 min)).

The values indicated in Ta‘ble II are derived from those of Table I
but include the estimated effects of the presence of 12C and N in the
"'target" as well as a proton energy spectrum such as measured in solar
flares. B '

We note from it that the spallation value for 1'B/10B includes the
natural value of 4 while the Li isotopic ratio is definitely far from it.
Hence, we differ from the FGH model in that no flux of neutrons is re-
quired to explain the natural isotopic ratio but rather suggest that the
nucleosynthesis of Li, Be and B may have occurred at the surface of
the contracting sun.

" This picture is similar to that suggested for Tauri stars. Li and B
would be produced in ratio$ such that "Li/8Li = 2.5, 1B/0B ~4, but
because of convective mixing at the surface the light elements would be
brought down near the base of the convective zone where thermonuclear
{(p,a) reactions occur which burn 6Li at a rate approximately 100 times
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TABLE I. RESULTS OBTAINED FROM PROTON BOMBARDMENTS OF
AN 180 TARGET
Isotopic ratios, and absolute cross-sections in mb

Energy "Li/5Li| *Be/'Be | 1%Be/*Be | 1B/1B TLi §Li 9Be 10Be up log
0.85 0,82 0.21 2.3 85| 10| 1.7] 035 25| 11
155 MeV 6,09 | 20.04 | 0,05 +04|225(+2|s05]z02 |+8|]z3s
0,37 0.24 2.1 18| 2.4] o6 | 25| 12
-
600 Mev 10,1 0,05 s0.6) 2 | i 5 (412504 (21255
15 Gev 0.34 0.29 <2.9 2.2 | o.64
€ £0.08 | 0,08 +1.1 | £0.5

that of 7Li while neither Be nor B are affected. Hence the natural iso-
topic ratios 7Li/8Li = 12.3 and 11 B/10B = 4.0 can be accounted for.

We should like to mention only briefly some other interesting
results.

(2) ItiswellknownthatifLi, Beand B have a low universal abundance
they are quite abundant in cosmic rays. It is generally assumed that
the spallation of medium and heavy cosmic-ray nuclei colliding with
interstellar matter (which is supposed to be essentially H) is entirely
responsible for their production. Beck and Yiou {9] using the new
measurement of spallation cross-section have calculated that the amount
of matter traversed is 5.5 g/cm?.

(b) The results have shown the ratio of cross-sections of 1°Be/? Be
in %0 to be about 0.25 from 150 MeV to 19 GeV. The low value of this
ratio will make it quite difficult to use the abundance of °Be (lifetime
1.7 X 108 years) to determine the cosmic ray's transit time from the
source to the earth.

(¢) The comparison of the cross-section ratios:
Li/Be = (8Li + 7Li)/("Be + ? Be + 0Be) ~ 2.5 (Table Ij with the value
Li/Be = 2.2 measured in the cosmic radiations [9] shows very clearly
that "Be is stable in high-energy cosmic rays. This, associated with
the work of Lawrence and Levinger who calculated that 7Be at
1 GeV/nucleon will not capture or lose an electron in less thanseveral
tens of g/cm? of hydrogen, means that the "Be nucleus has been produced
naked from a mother nucleus itself naked.

CONCLUSION

The experiments performed in the last few years by mass spectro-
metry indicate clearly that this technique is now adapting quite readily
to the problems which arise in the fields of nuclear physics as well as
in nuclear astrophysics where data on isotope production at sub-nanogramme
levels are required.
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TABLE 1I. VALUES DERIVED FROM TABLE I BUT INCLUDING THE
ESTIMATED EFFECTS OF 2C AND ¥N IN THE "TARGET" AS WELL
AS THE PROTON ENERGY SPECTRUM

Spallation Earth and Meteorites
TLi/8 Li 2.5+ 1 12.5
11 g/10g 5 2 4
Li/Be 25 £10 : :;g . EIE\A))
B/Li 2 1 . 0.2

New interest in cosmic rays, recent discoveries or hypotheses in
astrophysics (quasars, neutron stars, etc.), where we think nuclear
reactions play an important role, open certairily a field for new developments.

We believe also that several laboratories which have no large equip-
ment in nuclear physics can make definite contributions in such fields.
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DISCUSSION

A, HRYNKIEWICZ: Iwould like to mention the application of a mass
separator for implantation of radioactive nuclei in ferromagnetic foils
for magnetic moment measurements in a very short lifetime range. Very
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high magnetic fields of the order of several hundred kilogauss or even a
few megagauss permit measurement of dipole magnetic moment in a
picosecond range. The implantation technique with a mass separator
has many advantages when compared with alloy formation or withthermo-
diffusion. It gives well-defined and reproducible magnetic fields and it
can be used for very short-lived isotopes as products from nuclear re-
action where a mass separator is used on line with an accelerator. And
what is important here is that this method works very well for rare
earth isotopes, which are very interesting from the nuclear structure
point of view, and for these isotopes the thermo-diffusion method or
alloy formationdonotwork at all. We don't see any internal magnetic
field acting on rare earth nuclei when the conventional methods are
applied.

V.F. WEISSKOPF: 1Idid not completely understand how far the meas-
urements are in agreement or disagreement with the Hoyle-Fowler theory
of spallation production of the light elements.

J. TEILLAC: There is a big disagreement.

J.0. RASMUSSEN: I would like to ask whether you think that the
rapid diffusion out of the graphite is a consequence of radiation damage
or the recoils going in.

J. TEILLAC: We don't know exactly. But lithium diffuses very
rapidly in graphite because the lattice is very large. For the other ion
the diffusion is a little longer but I don't really know why there is this
difference and why it is so rapid.
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Abstract

INTERMEDIATE STRUCTURE EFFECTS IN NEUTRON-INDUCED FISSION CROSS-SECTIONS. The
author discusses the intermediate structure in the fission cross-sections, in relation to the spontaneously fissioning
isomers.

In 1964 Flerov and Polikanov discovered the existence of certain trans-
uranic isotopes which decayed by spontaneous fission with anomalously
short half-lives, many orders of magnitude shorter than seemed possible
on the basis of nuclear systematics. The anomalously short half-lives were
ascribed to the existence of isomeric states, and since then several of these
isomers have been identified and their properties studied at Dubna and in
Copenhagen by Bjgrnholm and others.

These isomeric states were identified as belonging to isotopes of
americium; they have half-lives of the order of milliseconds, and their
principal mode of decay is spontaneous fission, The energies of the isomeric
states have been found to be around 2 or 3 MeV above the ground state
so that it is remarkable that they should not decay by gamma emission,
Analysis of the shapes of the yield curves for formation of the isomers shows
that their spins are nothigh, < 74, so that high multipolarity of all electro-
magnetic transitions cannot explain their stability against radiative decay.

Strutinsky has’offered an explanation of the stability of these states. He
considered the effect of the shell structure of the deformed nucleus on the
liquid drop calculations of the potential energy of deformation of these
heavy nuclei., Minima in the shell correction term occur where there are
gaps in the single particle level structure near the Fermi energy of the
system. For spherical nuclei these minima are most pronounced at the
magic numbers, but the important property of the Nilsson diagram em=
phasized by Strutinsky is that other gaps occur at non-zero deformations,
and such gaps recur with increasing deformation for a given nucleon number,.
Thus the calculations show that more than one minimum can occur in the
potential energy of deformation of a nucleus and such a secondary minimum
is expected to be strongly pronounced in the transuranic nuclei.

This secondary minimum provides a possible explanation of the spon-
taneously fissioning isomers. Such an isomer would be the lowest vibratio-
nal state in the secondary minimum. Its probability of decay by spontaneous
fission would be enhanced, while decay by radiation would be inhibited
because of its small amplitude in the normal minimum.

The existence of such a secondary minimum in the potential energy
curve has been used by Weigmann, and more completely by Lynn, to explain
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some very interesting experimental results in the sub-threshold neutron-
induced fission cross-sections of several nuclei. Very simply, one can
postulate that two sets of levels can be built up for such a heavy nucleus.
The first set (class I) are built on the normal ground state — the lowest
vibrational state in the normal minimum, while the second set {(class II)
are built upon the lowest state in the second minimum (Fig. 1).

vy

EXCITED
COMPOUND
NUCLEUS

GROUND ™ ’7
STATE

FIG.1, Curve showing the two sets of levels.

When these states lie below the first maximum of the potential curve,
they will be weakly coupled due to tunnelling through the barrier, the
coupling being weaker the lower are the states. The class II states will
have much larger fission widths than the normal class I compound nuclear
states since only the second maximum in the potential will hinder fission
in this case, Thus we would expect the compound nucleus (class I) states
to exhibit very small fission widths except when they are in the vicinity of
class II states with which they can mix, In other words, we expect to see
well separated groups of compound states which exhibit relatively strong
fission, and gaps between them where little or no fission occurs, This
is exactly what has been observed experimentally.

Figure 2 shows the case of 23’Np where the phenomenon was first
observed by Paya et al. at Saclay. The upper part shows the reduced
neutron widths of the resonances over the energy range 0-100 eV while the
lower curve shows the fission cross-section, It will be noted that little or
no fission occurs above 50 eV or below 25 eV, Several such groups were
observed in the cross-section, although only the first was fully resolved.

Figure 3 shows the data of Weigmann and Schmid from Geel, on the
cross-section for neutron-induced fission of 24%Pu. These were the data
which caused Weigmann and Lynn to postulate on the origin of this effect.
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Here several groups of fissioning resonances are clearly seen, the spacing
of the class II levels being ~ 700 eV compared with 13 eV for the class I
resonances. )

Figure 4 shows the results of James and Rae at Harwell on the fission
cross-section of 234U, Here a strong group is seen below 1 keV which is
well resolved, and higher-energy unresolved groups occur at about 8 keV
and 14 keV, ‘
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FIG.5. Results for 2!Am

An estimate of the energy of the lowest -state in the second potential
minimum can be made from the ratio of observed spacing of the class II
and class I states, using a level density formula such as that of Lang and
LeCouteur, This calculation gives for 238Np 2.3 MeV, for %41Pu 1,9 MeV
and for 235U 2,4 MeV, ;

A particularly interesting case is the fission cross-section of 2¢1Am,
shown in Fig.5. These data are taken from the nuclear explosion measure-
ments of Seeger et al. and show a series of peaks in the cross-section with
a mean spacing of about 1 keV., If these are assumed to correspond to
class II states, then a level-density calculation gives aun energy for the
class II minimum of 2.8 MeV. This agrees remarkably well with the energy
estimated by Flerov et al. for the spontaneously fissioning isomeric state -
in 2%2Am of 2,9 +0.4 MeV,
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Thus it seems that the connection between the -intermediate structure
in the fission cross-sections and the spontaneously fissioning isomers is
clearly established, and these phenomena suggest that the study of these
and related problems in nuclear fission will be a fruitful field for future
research.

DISCUSSION

V.G. SOLOVIEV: I would like to point out that Strutinsky's second
minimum met a certain sceptical attitude from the very beginning. We
are namely extrapolating the fairly large deformations and this minimum
is based on the discharge of single-particle levels. However, a number
of calculations, including those by Strutinsky, Pashkevich, and others, have
shown that the second minimum is stable enough with respect to the change
of the parameter, in the case of the Nillson, Saxon-Woods potentials, Apart
from this, one might have feared that this mimimum does not exist. It
may be caused by gamma deformation. For strongly deformed nuclei,
there is no minimum because through the gamma you have a direct transition
to the basic minimum. Itturnsout that the gamma deformation decreases
the barrrier, but the second mimimum remains, On the other hand, it
remains as some sort of fluctuation at the level of the average field for
a fairly narrow region of the nuclei, such as in the region of uranium,
plutonium and curium.. Therefore, it would be very interesting to try, in
an experimental way, to expand the area observed for these spontaneously
fissioning isomers both to the heavier elements and to the area of the
lighter elements.,. '

J. TEILLAC: Are there any studies about the connection of the
phenomenon of fission of deformed nuclei and fission of oblate nuclei?

At what stage are neutron and gamma rays emitted? Further, is the fission
of very ionized atoms the same as for atoms not ionized?

V.F. WEISSKOPF: I would say that the ionization should not have any
influence on the fission, but I am not sure whether I am right. The second
question: I believe that the gamma rays are emitted not by the deformed
nucleus but by the fission products, in a state of very high excitation, and
they may be polarized because there is a preferred direction in the fission
process.,

J. TEILLAC: It would be interesting to investigate this field.

R.K. SHELINE: I think Professor Teillac was referring to the possible
competition between fission and gamma rays. You have two alternative
processes. One is spontaneous fission and the other is a gamma transition
back to the first minimum.

V.F. WEISSKOPF: That is something else, of course,

- J.O. RASMUSSEN: Does the very nice explanation of Dr. Rae also
explain why particularly the odd nuclei exhibit the millisecond isomerism,
if the double minimum is a very general phenomenon in this region?

E.R. RAE: The double minimum appears to be quite general because,
of the nuclei of which I showed the cross-sections, two were odd and two
were even. I think that-the reason for not observing the spontaneously
fissioning isomers in other cases may be partly because fission may not
always be the most probable mode for decay. Lynn has calculated that the
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lifetime for one of these cases is probably comparable for fission and for radiation,
and it might be thatin some cases radiation wins and therefore one doesn't
see the fission., This is one possible explanation. Another one may just

be that the lifetimes are too short to be observed. We have looked actually
for uranium isotopes for lifetimes between a few nanoseconds and several
seconds and have failed to see any fission but we intend to try to look for
gamma-rays with the germanium protector. Also, the effect on the spectra
of captured gamma-rays in the resonance region for heavy nuclei may be
affected by the presence of the second minimum in that the gamma-ray
spectrum would be quite different for decay of Class II states as compared
with decay of Class I.

A.B, MIGDAL: I should like to show another example supporting the
second minimum. Let us consider the transition to the deformed state in
samarium. Adding only two neutrons, we obtain a very deformed nucleus.
So we have here a kind of transition of the first order. Landau, analysing
the phase transitions, showed that the only possibility of obtaining the first
order transition is the curve with two minima. I think that from samarium
one could be sure that there are two minima,

I.S. SHAPIRO: Modern nuclear physics is developed by proposing a
-model and then by testing this model by experiment. The main problem
here is how to check the model experimentally. The situation in nuclear
physics is such that we have different models, sometimes direct opposites,
which try to explain the same experimental situations. What I would like
to emphasize is that when we propose a model we must enumerate the crucial
experiments which give us the possibility of distinguishing between different
models. This is not really easy; it is a theoretical problem. When we say
that we have now very many experimental data, we must remember that
sometimes we get many experimental data which are not crucial for testing
different models. When you ask about the crucial experiments then it is
very significant and very important what kind of theoretical formulation you
use to express the same theoretical idea. I will give some examples: the
first one is rather far from the theme of this session but it is very well
known. I mean the fine structure of positronium. If you take into account °
that the positron and electron can virtually annihilate and then reannihilate,
then this virtual process gives rise to an exchange interaction between the
positron and electron and this gives a shift of the levels of the positron.
When you use quantum electrodynamics you obtain this effect automatically.
You can also calculate this effect in the framework of wave-function
formalism, introducing a charge variable and antisymmetrizing the wave-
function of the system. It is, however, clear that when you use the quantum
field formalism you obtain this effect automatically and you also obtain the
possibility of predicting large numbers of experiments which suggest the
hypothesis that the positron and electron are the same particle differing only
by the charge. When you work with the wave-functions you must, in each
case, invent new ideas to propose experiments. In this narrow field of
fine-structure positronium these approaches give identical results, Let
us now take another problem. What is the direct nuclear reaction? The
main question in this field is whether the so-called processes are really
direct or whether they are produced by a coherent action of many nuclei.

It is not clear now, despite the fact that we get many experimental results,
whether we can distinguish between such possibilities and we have to ask
ourselves what are the crucial experiments for such tests.
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The diagram method of nuclear reaction recently proposed gives a forma-
lismn which shows what are the crucial experiments to choose between these
two possibilities - between coherent production of final particle and
the direct approach. Many experiments that have been done are not
crucial in this sense., In my opinion this is one of the examples which show
that to obtain an adequate theoretical method for the physical features which
form the basis of the model is an extremely important question., For these
reasons I think that it is very important now to discuss between physicists
who work actively in certain fields of nuclear physics, what is the most
adequate method. One should remember that the number of theoretical
physicists is now enormously large, When I started, for example, our
Institute had two or three theoreticians and now we have three theoretical
departments,

I want to make one further remark about the general position of nuclear
physics. I agree with Professor Weisskopf that nuclear physics is different
both from atomic physics and from the study of microscopic bodies. In
this sense nuclear studies belong to the fundamental studies of physics.

When asking for money for nuclear physics from a man who occupies a
high position in industry, you should not answer his question, "what is the
purpose of studying nuclear physics''? by saying "I want to know what
nucleons are,'" The right answer will be that you will study the nucleus
and then we can produce the isotopes and the isotopes will help you to
produce bicycles or shoes and so on,

The same approach should be used to the physicist who has a high
position in elementary particle physics, when asking him to give you
some money for studying the high-energy system, the mechanism of high-
energy nuclear reaction. If he asks you ''for what purposes'’, the wrong
answer will be "I am interested inthe mechanism of the nuclear reaction
of high energy''. The right answer will be ""because I will study the inter-
action of elementary particles with the non-hydrogen targets only''.

Ya., A, SMORODINSKY: I would like to make a short remark about
direct interaction. In order to make a theory you have to know the
amplitude of the scattering of nucleons by nucleons. In the case of the
three-particle problem people have done a lot in reconstructing the ampli-
tude from the experimental data; they have to perform a large number of
different experiments, called the complete set of experiments, which include
the measurement of polarization, correlation, and so on. In the case of
two particles inside the nucleus, it is impossible to perform such kinds of
experiments. But there is one example in which it is possible, and it must
be done. It is a collision of the nucleon with nuclei; for example, the 2p
reaction. Here we can prove that it is direct interaction, That is, we
have a particle and we have two particles after reaction and we check by
known means that it is in fact a direct interaction, But in this case we have
to measure the correlation of polarization, the rotation of polarization and
only in that case is it possible to reconstruct the amplitude in which 3 n's
are free and 1 n is inside the nucleus. That means it is possible to measure
the amplitude close to the surface of the nucleus, It will be an intermediate
region between the free particle and the Migdal theory. It is very important
to learn this amplitude, partly because Migdal says it is possible to build
a theory of how the interaction between the two nucleons changes from the
free interaction to the interaction inside the nucleus., An intermediate
experiment must be done and I would like to ask experimentalists if it is
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really possible to perform the measurement of the complete set of experi-
ments on existing accelerators.

I.S. SHAPIRO: I would like to stress that one should be very careful
in interpreting the data on direct nuclear reactions and by using them for
the determination of constants. which determine the structure of a nucleus.
First of all we should be sure that the assumed mechanism of the direct
process virtually takes place, One should, for this purpose, perform a
set of experiments, indicated by the diagram theory of direct reactions.
Unfortunately at the present time there are only a few such experiments
( reaction 6Li (7%, 2p)4He, investigated in CERN, and the process 12C
(7, 7p) 11B, investigated at the Institute of Theoretical and Experimental
Physics in Moscow). In most cases the conclusions about the mechanism
of a direct reaction are made with clearly insufficient data and this may
lead, and actually does lead, to rough errors (the examples just mentioned
above confirm this).

D.H. WILKINSON: I don't want to answer Professor Smorodinsky's
question directly but I would like to make what I hope is a relevant comment,
and that is on the general difference between knowledge and influence., I
think more and more one has to go to high-energy experiments really to
know things.) I think that one can perhaps make an influential answer to
Professors Shapiro and Smorodinsky on the question of direction interactions,
at least of a particular kind. One is used to thinking of direct interactions
as processes in which the particles enter the nucleus, interact immediately
and come out again, and as Professor Shapiro has said, it would be difficult
to demonstrate this directly, and Professor Smorodinsky has called for
a complete set of experiments to do it. However, one can do direct inter-
actions without going into the nucleus and in that case I think one can infer
that they are direct, even though one cannot demonstrate it. I am referring
now to stripping reactions below the Coulomb barrier. In this case one can
infer from the energy dependence of the cross-section that the proton in
the (d, p)reactionhas not been anywhere near the nucleus, The strippingprocess
has taken place quite a long way from what we normally call the surface of
the nucleus so I would say the agreement between the dependence of the
cross-section on energy and what we calculate from the reaction mechanism,
allows us to infer that indeed it is direct and does not involve a collective
type of process.







FORUM ON SELECTED TOPICS
IN NUCLEAR STRUCTURE

V.F. WEISSKOPF: We are now coming to the more general questions
about the future of nuclear physics. - The remarks I made earlier were just
to open up the subject, and I shall now ask various members of the Panel to
make their remarks.

J.0O. RASMUSSEN: I should like to start by commenting on the signifi-
cance of electron accelerator machines in nuclear physics. Owing to the
somewhat unusual sorts of specialization the photon-nuclear and electron-
scattering nuclear physicists, at least in the United States, have a rather
separate tradition compared with others of us studying nuclear structure.
From our side, we have a very great interest in the possibility by electron
scattering of obtaining information in heavier nuclei of higher multipole
moments or even monopole moments of excitation. It was, I think, from
electron scattering at Stanford that one had the first ideas about the collec-
tivity of modes as high as 24 or 2° pole. The high-energy scattering with
wavelengths short compared with nuclear dimensions can give us higher
moments of the multipole excitation than would be measured by radiated
lifetimes where the proton wavelengths are long compared with nuclear
dimensions.

I would like now to move to something rather more general, and then
finally address myself to some of the practical questions of how one gets
governments or businessmen or high-energy physicists to lend or give us
money. Nuclear structure studies and nuclear structure theory in the rare-
earth region of the deformed nuclei have generally come in for criticisms
as being the sort of thing that is not likely to yield fundamental information.
I think it is natural to rise to the defence of some of the theoretical and ex-
perimental studies in the region of the deformed nuclei, and perhaps I base
my defence onthe point that the nucleus is a good object for many-body theory
and that something from our studies of many-body nuclear theory in the
nucleus can be carried back to solid-state studies and to other fields that
also use many-body theory. One of the great advantages of the rare-earth
region of the deformed nuclei is that the shell model works better here than
anywhere except perhaps one nucleon away from a double-magic nucleus
The coupling schemes become relatively simpler when the degeneracies
of orbitals in a spherical well are broken up and one has essentially only
the two-fold Kramers degeneracy left. The deformed region has been par-
ticularly suitable in studying superfluid phenomena for applying the Bogolyubov
transformation, and is perhaps most analogous to the metallic state one has
essentially in this region - a rather uniform level density. In recent investi-
gations we have found differences betweenthe nucleus and the superconducting
situation in a metal. The phase transition between the normal and super-
fluid state is not at all a short-phase transition.

If we take properly into account the conservation of particle numbers,
quite unimportant for the large solid-state system, we find this phase tran-
sition to be a very gradual one. Perhaps these studies of the broadening
of a phase transition with extremely small systems may be useful in other
fields. The rotational branching patterns that are given by various tran-
sition processes in the deformed nuclei, contain a wealth of detailed infor-
mation, details of the nucleon wave functions that are often hard to obtain in
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other nuclear regions. We are at present looking at the pairing phenomenon
for fission saddle shapes; some experiments, some angular distributions
and fissions, indicate that perhaps the gap is twiceaslargefor saddle shapes
around plutonium-240 and in the region of polonium the gaps may be three
or four times as large, and this has raised some very interesting questions.
It has made one think deeper about where the origin of the pairing inter-
action arises and that perhaps there are renormalization effects on the
effective pairing interaction.

Finally, let me make a few remarks on this general philosophical
question and practical question of why nuclear structure studies should be
supported. Professor Weisskopf's analysis pointing out that our field lies
between the intensive and the extensive connections is one that we should .
very much bear in mind. We must guard against pointing out how we can
build better bicycles, though the temptation is there with governments. I
think an automatic defence is that society should give significant support
to creative intellectual activity of which this field is an outstanding example
and that we must direct ourselves to the fundamental problems in these
undergrounds of creative and intellectual activity. I think also that we have
a defence in the important connections with other fields.

We have found our contacts in governments responsive to arguments
that we are making greater efforts to co-operate with one another to see
that the new or-old facilities that we have are available not just to one or
two men for their ideas but also to people in universities without nuclear
facilities in the region. We must see in a period when not everyone will
be able to build his own accelerator that we must look to ways for better
co-operation, to temper the narrow competitive spirit that has often per- .
vaded science. . ' :

D.H. WILKINSON: I would begin with at least a different narrow ho-
rizon, not that I think that what Professor Rasmussen has said is not abso-
lutely right, but rather to present a complementary view. I feel myself
that the question of science and what we consider to be worth doing is very
much a matter of personal taste and perhaps we don't have the right as -
nuclear physicists to judge our own field. I think I can illustrate what I
am saying in an extreme way by referring to Professor Weisskopf's classi-
fication of intensive and extensive sciences, the intensive ones being those
that are self-sufficient by definition of creating new ways of thought or
finding new attitudes which do not yet.connect up with others, and the ex-
tensive sciences either feeding into other sciences or coming out of them
or feeding into practical applications or perhaps coming out of them. If
you ask workers in the intensive sciences for their view - at least the
completely dedicated workers - they would say that their science is proper
science, It is a science in which they are having to use their feelings; a
science in which one is shaping the science through the nature of the human
being. We cannot find more out about nature than we are capable of under-
standing and to a certain degree this perhaps means we are forming nature
in our own image. So the workers in the intensive, as opposed to the ex-
tensive sciences, would perhaps say that theirs is an instinct science and
the others are extinct sciences. That is of course an extreme point of view,

Now I come back to what I have already said, namely that I don't be-
lieve that we, in a certain sense, have the right to make a judgment about
our own science because even if we decide that we have understood it all
and that it no longer is a satisfactory activity for us, then surely there will
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be others for whom it is a satisfactory activity and for whom it is more an
instinect as opposed to an extinct science. There is a serious point in this
and that is that I feel that we should as it were make proper preparations
recognizing this point that I have just made for handing on in due course.
We know that it is very bad if one imperialist nation pulls out from colonial
territories without making proper adequate preparations for the smooth
transfer of power. I think we should do the same. We are becoming an
extensive science. We are already having significant contacts with other
sciences and I think this should perhaps be positively encouraged. I am
not taking a pessimistic view here - I am not saying that our science is
still not satisfying to us; it obviously is or we wouldn't be sitting around
discussing it now. But I do feel that the closer the contacts that we can
breed with what at the moment appear to be rather separate disciplines,
the better. And I would say this goes both ways. I believe that we should,
as I have already said, cultivate our connections with the high-energy
physicists 'as well as cultivating connections the other way with such people
as chemists and biologists. We can certainly benefit by strengthening our
ties with high-energy people and they I feel can benefit too. There should
be a serious attempt to introduce nuclear structure physicists into high-
eriergy teams, not with any specific purpose of immediate benefit, but
rather as a longer-term investment. The opportunity often has been lost,
when a high-energy experiment has been carried out simply replacing

the hydrogen target by a gadolinium target or something of that sort, of
learning something of great use for nuclear structure physics with a very
small percentage increase in the amount of running time. We are, of
course, already in close contact with other disciplines that to some degree
have come out of our own. We are in close contact with the solid-state
disciplines, with biological and medical science, in obvious ways including
relatively exotic and long-term ones such as the use of negative-charged
elementary particles for local therapy, a possible approach to treatment
of cancer, and so on. I think there is another respect in which nuclear
physics can be useful. This remark applies also to high-energy physics
and that is that occasionally, not very infrequently, we do seem to have

a reason for applying a new technology on a largeé scale. I am thinking of
two things in particular now: superconductivity and superfluidity. It is
quite likely that in the long run large cryogenic superconducting devices

- will have industrial application. At the moment, industry has no excuse
for putting millions of dollars into very large superconducting magnets.
But nuclear physicists do and out of the experience of such work will come
a demonstration of the feasibility or otherwise of applying these techniques
on a very much bigger industrial scale. In other words, through nuclear
physies one does occasionally have a reason for applying a technique on a
semi-industrial scale. Superfluidity has not, so far, been applied in this
way although there is the sensational application from Stanford University
for a superconducting linear accelerator which will get rid of its energy
by being totally immersed in superfluid helium, which has a heat transport
of the order of 1000 times better than copper.

The final question is whether one should stay in and continue to press
for nuclear structure physics. It depends on the size of the country. It
may well be right for larger countries to put more of an effort into other
sciences, perhaps high-energy physics, if we are sticking to the context
of the nucleus, but at the same time it may be right for the smaller, less
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fortunately endowed countries to put a much bigger proportion of effort into
nuclear structure work. That may well be their method of remaining in
touch with the frontier of science.

I have tried, in these remarks, to present this complementary point
of view to Dr. Rasmussen's, namely that we should deliberately look out-
side our own field, not because we feel that it is becoming dry and that we
might wish to leave it, but because fields do develop {while tastes remain
rather constant) and a given type of person with a given type of taste may
well move from one field to another. In doing so he should recognize that
others very probably will want to come into his own and he should take every
opportunity of encouraging them to do so.

G. ALAGA: 1 should like to say a few words on the problem of nuclear
physics as I see it from a developing country. It is probably fair to say that
the time of the qualitative work in nuclear physics has gone and as Professor
Brown and others have pointed out it seems we are facing a period when actu-
ally hard work has to come. If one looks at these qualitative problems one
can see that every year a few more minor qualitative problems arise and
are solved. This certainly cannot keep busy all the existing nuclear physi-
cists. I think that one has to face up to the more difficult problems and try
to find the correlations between certain data and events and then also try
to find new approaches in order to get approximate solutions to the many-
body problems. Those who are making new approaches should try to state
their results in a much simpler and clearer way and then should try to make
comparisons with the results of other research workers; one could then see
clearly the similarities and differences between two different approaches.

In this respect I think the organization of topical conferences might be ex-
tremely useful because more detailed discussions could be done at such
conferences and one could make more comparisons of the data to find out
the differences and the similarities.

A few additional words on experiments. I am not an experimentalist and
therefore am not qualified to say much about this, but I have on a few oc-
casions analysed completely wrong experiments and I am probably not the
only one. When the theorists do a certain piece of work they should of course
state as clearly as possible really what they have shown and what they have
proved. The same should apply to the experimentalists; they should try to
say what the experiment has really established and analyse the experiment as
far as possible and not publish the wrong data many times; they should try to
find out also the systematic and other errors. It is probably very useful to
have a combined experimental treatment so that one gets evidence from
different sides and one can thus establish the behaviour of the individual
nuclei, the excited state, and so on, and also the properties as one moves
along the number of the changing nucleons. This would probably help greatly
in deciding which of the theoretical approaches has to be adopted and which
one is the most promising.

Inmy opinionthetheoretical physicists are often convinced of - Iwouldn't
say wrong - but not quite correct theories, and in this way they discourage
the experimental physicists from doing certaininvestigations, andvice versa,
the experimental physicists also sometimes think that some of the data are
already established and thus they discourage the pushing on of the theory in
a certain direction.

G.N. FLEROV:. I should like to dwell on one particular question which
we have discussed in the Soviet.Union. It is not quite clear yet but I would
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like to draw your attention to it. I remember that when I was young and
worked in the Physical Technical Institute under Academician Ioffe there was
a whole school of experimentors studying secondary electron emission. We
studied various metals, we had different coefficients from different experi-
mentalists and it turned out later on that in these years, using the oil pumps,
we had studied not the secondary emission of metals, but the secondary e-
mission of oil films covering the metals, and the coefficient depends rather
on the oil than on the metal surface. Those who were engaged in it know
that the work of all those years was not valid at all. It seems to me that

we have a similar situation in nuclear physics. I think that more than half
the work, and in particular the experimental work, has been incorrect, that
sometimes the experimental technique has not been sufficiently developed
for the particular experiments and sometimes there were some very in-
correct ideas. A young person who wants to acquaint himself with a given
problem will have to go back to what has been done before, and nobody, of
course, in papers, records that work done was not very successful. It is
very good training for young people to find out the mistakes that the older
workers have made and this will give them a very solid basis for later on.

In Dzelepov's tables on spectroscopy the spectra that we have performed
since the year 1965 are included. Again I think this is wrong. Sometimes
we omit some very important fundamental work. Therefore I think we should
think about how we look backwards and make assessments to evaluate the-
work that has been done in the past. For example, for nuclear tables being
established in the United States of America with all the references we

should have all the data with a correct assessment; there are qualified
people who could do this, and it would help us greatly inh our further work.
How this should be carried out in practice I do not know, but I think some
work ought to be done in this direction.

V.G. SOLOVIEV:, I agree with the statements that have been made in
the discussion by Professors Weisskopf, Rasmussen and others. I can't
quite agree with the statement by Professor Flerov. I hope as a physicist
that we are getting objective information on nuclear structure, but perhaps
not always very clear or not absolutely accurate. I still hope that the ex-
perimentalists are measuring the nuclear properties and not something else.
I should like to stress that it appears very important for the development of
nuclear physics to have a very wide front of research and investigations., I
believe that this is also true for the theory of the nucleus.

I should like to say a few words concerning the problem connected with
the fundamental importance of nuclear physics. The importance of nuclear
physics investigations would be considerably decreased if it were possible
to describe all properties of the nucleus on the basis of nucleon-nucleon
interactions. I believe this -would be a very effective direction if we wanted
to explain the properties of complex nuclear systems from elementary inter-
actions and principles. 1 think, however, that the nucleon-nucleon inter-
action gives us only limited information on the forces involved and such a
many-body system as the nucleus could give us complementary information.
When we analyse the nucleon-nucleon potential then we see that even in the
perturbation theory we cannot reduce all graphs to the nucleon-nucleon po-
tential, Dealing with the three-body system we understand that the concept
of potential is only relative. Having four bodies it seems that the difficul-
ties are almost insurmountable and it is probably very important in this .
connection that we investigate a complex nucleus. Essentially we are giving
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up the idea of the primary nucleon-nucleon interaction. Investigating a com-
plex system we are looking at lowly-excited states and we are limited to a
small degree of freedom, and we build a model which will make it possible
to understand to some extent the structure of the nucleus. The most im-
portant thing is that the fundamental results are the results of the proper-
ties of symmetries, spherical symmetries or the axial symmetries in de-
formed nuclei.

A good example of this is when we have multipole-multipole interaction,
and a surface A interaction produces exactly the same results, although the
radial dependence of the interaction is rather different.

In the future development of nuclear physics a very great role will be
played by hypernuclei. Perhaps very shortly nuclear physics will develop
into some kind of hypernuclear spectroscopy.

A.H. WAPSTRA: There is one point that I have not yet heard in this
discussion about the possibilities of nuclear physics and about the arguments
that we can use, let us be honest, to get money. This one point has to do
with the education of new physicists. It has been said in the Netherlands by
Professor Kasimir, who is Director of the Philips laboratories, that some
of the best physicists he got came from nuclear physics. They are no longer
working in nuclear physics as such - they are working in branches like solid-
state physics or electronics or computer techniques but he was of the opinion
that in nuclear physics the high quality of the education was such as would
only with difficulty have been obtained in any other branch of physics. This
is an example of nuclear physics moving in the direction of an 'extensive!'
subject, in Professor Weisskopf's terminology.

I have personally also found out that there is the posslblhty in the other
direction. Under my direction there is at the moment a group working in
CERN on the scattering of negative kaons on polarized protons, and of this
group of four physicists three have come from nuclear physics. We should
make these facts known when arguing about the usefulness of nuclear physics.

V.F. WEISSKOPF': It is certainly a very important fact that nuclear
physics is probably one of the best training grounds of all fields. -

We have, in our discussion, avoided certain dangers. In science one
must always be careful not to plan too much and not to plan too little. Some
planning is usually necessary and each researcher himself must make a
choice between one experiment and another; even the limitation of time
forces us to make such a choice, not to speak of the limitation of financial
support. Onthe other hand it must be very dangerous todotoo much planning.
One of the great strengths of science is the individual initiative - the indi-
vidual independence of the research workers. Each scientist must decide
for himself what he thinks to be important and if such judgment is different
in all the groups the better. That makes for scientific progress. In fact
I am a little worried about the large number of international meetings which
prevents the different nationalities from developing in their own special
fashion. It might perhaps be better for science if we had fewer meetings,
not only because we lose so much time but also because we would work a
little more independently from each other. Probably on the whole the ad-
vantage of having a lot of communication outweighs the disadvantages if we
are strong enough characters to do what we want to do ourselves and not
listen too much to what other people say. I think this discussion has shown
that we do have such strong characters, and all the better,
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PROBLEMS OF THE DEVELOPMENT OF NUCLEAR PHYSICS IN SMALL COUNTRIES (AS EXEMPLIFIED
BY CZECHOSLOVAKIA). The author treats of Czechoslovakia as typical of the smaller European industrial
countries, summarizes the country's difficulties in keeping abreast of nuclear physics developments, and suggests
ways in which the smaller countries can play their part in the development of nuclear physics.

It is to some extent risky to look for common and general features
that would characterize a number of countries in such a narrow sphere
as the development of nuclear physics. I shall take it for granted that such
features do exist in small European countries, This assumption is based
on the fact that small European countries have a common history and similar
geographical as well as cultural conditions. As far as nuclear physics itself
is concerned, it is, of course, necessary to exclude a few countries, such as
Denmark, on account of their great tradition, All I can hope for is that
everything that I say will at least concern Czechoslovakia,

It is therefore perhaps of interest for countries of the same size, similar
history and the same hopes to mention here the paths that the development of
nuclear physics has taken and is still taking and, in passing, to indicate ways
in which it may develop in the future.

I shall start by giving some general information about Czechoslovakia,
since it is important for the understanding of nuclear physics in the country.

Czechoslovakia has long been an industrial country. At first glance this
fact would seem favourable for the development of natural sciences, among
which one includes physics. This really was true in some scientific disci-
plines, namely those on which industrial production was directly dependent.
However, people managing industry and working as qualified engineers and
technicians often think of physics, especially classical physics, more as some
abstract study which is, of course, necessary for the good basic training of
a qualified engineer, but which is, for a man concerned with economic pro-
blems, too broad and theoretical an activity, and on which it is not worth-
while spending too much time and more money than necessary. Why this is
the case can best be explained by taking nuclear physics as an example.

Nuclear physics began to be known to the public towards the end of the
Second World War, in connection with the atomic and hydrogen bombs. In
spite of, and possibly just because of this,- nuclear physics as a new and im-
portant scientific branch did not find any response amongst the Czechoslovak
public,
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Moreover, the high costs mentioned in the world press as necessary for
the preparation of nuclear weapons also had a negative influence, The situa-
tion began to change when it was gradually realized that the useful exploita-
tion of nuclear energy in the form of electrical energy was possible. This
was the period following the first International Conference-on the Peaceful
Uses of Atomic Energy held in Geneva in 1955, and when the first nuclear
power plants were being put into operation. At that time much information
became widely accessible, showing the resulis of a long period of work by
large nuclear physics groups in a number of countries. For people thinking
of using nuclear energy for industrial purposes this fact was overlooked
since their time was fully taken up by organizational, technical and techno-
logical problems., Nuclear physics was rather an unpleasant obstacle,
diverting attention and exhausting means, Only that part of applied nuclear
physics was appreciated which was directly connected with the construction
of reactors, i.e, today's reactor physics. Actually, the situation amongst
nuclear physicists was just the opposite: they were attracted by basic re-
search in nuclear physics. - The primary and literally historical merits of
nuclear physics in the field of the use of nuclear energy were lost or unrecog-
nized; only a moral debt was repaid to nuclear physics, and then often on
the advice of more experienced and far-seeing friends from abroad. When
defending the needs of adequate research in nuclear physics it was necessary
to use such arguments as elementary terms, and in fact existing technical
realities currently uséd today in reactor techniques and in the nuclear power
industry would not have been possible without precise and exacting research
in nuclear physics. These are roughly the reasons why, in certain situations,
even the high industrial standard of a country does not act as a stimulus to
the development of scientific work in some branches such as nuclear physics,
but rather in the opposite sense. It is thus the duty of each civilized country
to participate in this field according to its means.

There are a number of other reasons for the unfavourable forces working
against the development of some of the exact sciences, Czechoslovak cultural
tradition is rich in the sphere of the arts and some of the humanities, It is
closely connected with efforts for national revival and independence. This
tradition arises more easily as it is less conditioned by material means and
perhaps also is not so ambitious as far as material and personal conditions
are concerned, At the same time, however, society subconsciously regards
culture as concerning only the arts and humanities and this attitude does not
create good conditions for the development of other sciences.

Under these circumstances the only possibility of ensuring the develop-
ment of such a science as nuclear physics is by the existence or creation of
scientific institutions supported both materially and morally by the state,
Such institutions may manage the majority of all scientific institutes of dif-
ferent types in the country., They must, however, be directed by scientists,
as only in this way can an adequate and mutually balanced development of
different scientific fields be achieved, naturally under the condition that
their management is democratic and that in the sphere of intellectual activity
they are independent of the state,

With such an arrangement for controlling the development of science,
the basic problem is how to determine the adequate development of individual
scientific branches in the given country and how to distribute funds so that
the development of science as a whole is balanced. This problem is impor-
tant not only in small countries but also for the great powers, as is demon-
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strated in the excellent paper by Weinberg, ''Criteria for scientific choice' [1].
The problem for small countries is more difficult in that they must maintain
certain contacts with big science and at the same time cultivate some scien-
tific branches which due to their high costs either are or represent for them
big science. Low-energy nuclear physics has unfortunately been forced into
this position even if — in my opinion — it is in fact not big science at present.
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FIG.1. Distribution of scientific and technical workers of the Czechoslovak Academy of Sciences according
to individual scientific disciplines in 1967.

In spite of various good theoretical efforts the problem of an adequate
and balanced development of different scientific disciplines in our country
has been solved in a simple way. The Czechoslovak Academy of Sciences,
established in 1952, was to take charge of this development so that it would
correspond to the requirements of modern society. Support was given
primarily to those disciplines which had the greatest tradition, or whose re-
presentatives held more important positions. as experts and socially, or which
had groups of young, enterprising and enthusiastic scientific workers. The.
first two factors had about the same weight or were dependent upon each.
other, the third was of smaller influence, These initial conditions were
followed by a more or less equal development, with some exceptions. Such
an exception was the more intensive development of nuclear sciences after
1955 that was instigated by Soviet physicists. The same positive role in
high-energy physics was played by the foundation of the Joint Institute for
Nuclear Research.in Dubna in 1956; after that high-energy physics began
to develop more rapidly for a few years. The present situation is shown in
Fig. 1, where we see the number of people [2] working in.individual scien-
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tific disciplines in the Czechoslovak Academy of Sciences in 1967. A similar
picture is obtained when we take into consideration all people working in
these branches on the basis of the so-called State Plan of Basic Research,

not only in the Academy but also in other institutions (universities, industry,
etc.). The absolute number of all workers is about twice as high and the
share of the last three sciences increases: in agricultural sciences to 7. 3%,
in medical sciences to 22. 5% and in social sciences to 23.6% [3]. The share
of physics, unfortunately, thus decreases from 9, 8% to 5.7%. The distribu-
tion of physical sciences in the spectrum of physical branches is plotted in
Fig.2. Here, there is no perceptible difference when one includes all people
working according to the State Plan of Basic Research but the absolute
number of workers is increased by about 80 persons only. Considering that
the above-mentioned numbers of workers partially include also technical

and assistant staff, whose number is higher in physical disciplines, the situa-
tion is not very favourable, :

Elem
particles’” 1%, 485 Solid state

persons physics 53%.

FIG.2. Distribution of scientific and technical workers of the Czechoslovak Academy of Sciences according
to individual physical disciplines in 1967,

The basic equipment employed in Czechoslovakia in the Nuclear Research
Institute, - which determines the profile ‘of work in nuclear physics, corres-
ponds to the average level of the 1950s. It is as follows: a classical cyclo-
tron, accelerating protons to 6,7 MeV, a reactor having an output of 4 MW,
a linear accelerator of the Van de Graaff type designed for 5 MV, and a few
magnetic beta spectrometers. In recent years, this equipment has been
complemented by a helium liquefier, a multiangular magnetic analyser of
nuclear reaction products, solenoids for strong magnetic fields, and a GIER
computer, These instruments make it possible to work in some spheres of
nuclear beta- and gamma-spectroscopy, oriented nuclei studies, neutron
physics and nuclear reactions. For such studies to have an adequately high
standard and rate of progress, they require good recording and detection
devices, and evaluating facilities such as semiconductor detectors, multi-
channel analysers, control panel computers; of these, we have some multi-
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channel analysers of acceptable quality and top-level germanium detectors.
Unfortunately, these instruments — asistrue of electronics as a whole — are
being developed more rapidly than the basic equipment of nuclear physics,
and because of their complexity they are becoming more and more expensive,
Thus it is often questioned whether it is worthwhile for small countries to
work in nuclear physics at all. One solution offers itself: to work in theo-
retical physics only where the main activity is ideas — which cost nothing.
This solution cannot be accepted either, Theoretical physics today requires
computing equipment of high quality for the interpretation of experimental
data and this — like the instruments — is also very expensive. And finally,
this solution only increases technical retardation or even technical back-
wardness and thus makes the small countries unfavourably dependent
culturally,

The pessimistic tone of the foregoing reflections concerning the develop-
ment of nuclear physics in small countries may be dispelled by the conviction
already expressed, that low-energy physics is quite accessible for small
countries. As for the future, it is important to find a form of development
which will lead or keep it on a high expert level and thus remove the above-
mentioned doubts. First, it is necessary to choose a certain trend which
would comply with this requirement,

A promising discipline of low-energy physics is the field of nuclear
reactions, by means of which it is possible to construct a large number of
nuclear states and thus to study the manifold properties of atomic nuclei.
Evidence of this is given by the discovery of analogue states of nuclei and
the amount of information being obtained by the investigation of the inelastic
scattering of particles in nuclei and by reaction with the transfer of particles
(stripping, pick-up). Here, one can start out from classical nuclear spec-
troscopy which, in small countries, has been relatively the most developed.
Sources of necessary particles with small energy spread in a beam are
offered today by linear tandem accelerators, Unfortunately, these accel-
erators are not yet available in socialist countries and, moreover, the energy
of the accelerated particles is rather limited from above. Therefore, great
attention is being paid to the progress of cyclic accelerators with variable
energy of accelerated particles., The upper limit of energies of accelerated
particles is continually rising, reaching about 100 MeV for protons; at the
same time, it is not impossible to construct a cyclic accelerator which
would reach the same energy spread in the beam as the tandem accelerator,
i,e. AE/E =~ 107 for protons, with a rather strong intensity of particles
in the beam,

A great obstacle in the way of obtaining such an accelerator may again
be its price. However, this problem might be most easily solved for
Czechoslovakia if the Joint Institute for Nuclear Research, which is also
engaged in low-energy physics and of which Czechoslovakia is a member,
were to be equipped with such a device. If the interests of individual members
of the Institute are respected, it would be best if such an accelerator were
located in one of the national centres of nuclear physics and as close as
possible to individual national centres. If this suggestion could not be real-
ized for some reason, I am of the opinion that a few small neighbouring
countries could collaborate and buy the accelerator and operate it together.
After all, this solution seems to have the best prospects for the future.
Building up and concentrating all the unique instruments in one place even-
tually results in an excessively complicated administrative problem in that

I}



138 TRLIFAJ

place, and serves to isolate national centres from the devices and hence, to
a certain extent, preserve the countries' backwardness. In low-energy
physics it may be perhaps more advantageous to build up national centres
with the participation of neighbouring countries so that each would gradually
have a certain unique device, thereby complementing each other, Experience
from the 1950s speaks in favour of such a procedure since in a number of
countries at that time-national centres came into being simultaneously with
nearly the same equipment, Although the significance of the foundation of
such centres for individual countries has for the time being been rather
underestimated, on the other hand the centres were obliged for some time

to engage in the same physical problems and thus their common effectiveness
decreased,

In my comments I could have discussed other branches of nuclear physics,
for example I could have talked about the great importance being given to the
construction and investigation of oriented systems. However, in treating of
the future of nuclear physics in Czechoslovakia, I chose to mention only
nuclear reactions, or rather, the accelerator.. I did so on purpose. This is
because the question of having the necessary basic equipment and instruments
is the decisive factor for the future of research in nuclear physics. The
number of people working in nuclear physics is roughly sufficient; we count
on it increasing by about 3% per annum in the coming years, In the sphere
of personnel matters, -there is one problem which may be common to small
countries and that is the exchange of workers among various. institutes and
institutions inside.the country. With few institutes and few applied nuclear
physics posts in industry, the possibilities for interchange of workers in
this field is very limited. .

Reflections on the development of nuclear physics in small countries
can hardly be concluded by definitive statements since nuclear physics must
be considered in context with other sciences and with the life of society in
general in such countries. In addition, it is closely related to the develop-
ment of nuclear physics in the large countries. In concluding, I should
especially like to draw your attention to this fact-and at the same time ask
the large countries to be more aware of and to have more understanding for
the development problems of nuclear physics in small countries,
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ROLE OF INTERNATIONAL SCIENTIFIC CENTRES IN PROMOTING NUCLEAR RESEARCH IN
DEVELOPING COUNTRIES. Econoinically underdeveloped countries are primarily interested in research
work which will yield an immediate economic effect. However, such work can be successful only if
based on a sound theoretical scientific foundation, and this cannot be attained without developing funda=
mental research. For the developing countries, nuclear physics, with the rich promise attending the use
of its results, is one of the most desirable branches of fundamental research. The development of theo-
retical physics is of importance too since it contributes greatly to raising the level of experimentation
and university and secondary school teaching. Scientific research, however, particularly in nuclear
physics, comes up against great difficulties in underdeveloped countries, e.g. limited finances, a weak
technological infrastructure, shortage of qualified scientists, and a low level of tfaining. The problemn
of making progress in nuclear physics in developing countries may partially be solved by participation in
international research centres. This possibility is discussed on the basis of experience obtained by the
Joint Nuclear Research Centre at:Dubna, .

I should like to deal with certain features demonstrating the important
role played by international scientific centres in contributing to the pro-
gress of science in different countries, particularly in the so-called de-
veloping nations., I shall be dealing mainly with the Joint Institute for
Nuclear Research but I think that those examples and situations which I
mean to talk about can be related more or less to other international
organizations of the same kind.

2

THE NEED FOR FUNDAMENTAL RESEARCH
IN ECONOMICALLY BACKWARD COUNTRIES

Economically backward countries are primarily interested in develop-
ing such research work as will yield an immediate economic effect, the
fields chosen for applied research often being largely determined by the
particular historical development of the state in question. However, such
research can only be fruitful if it is based on firm theoretical scientific
foundations, and these cannot be attained without developing fundamental
research,

The need for fundamental research even in developing countries, is
not doubted by anyone. Professor C.F. Powell has stated in this con-
nection: ""A country not engaged in any branch of advanced science runs
the risk of remaining outside the mainstream of human development with
all the serious consequences for its intellectual life and its productive
force which that implies"
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For developing countries one of the most desirable fields of funda-
mental research is nuclear physics, given the rich promise attending the
use of its results,

The development of theoretical physics likewise plays an important
part and makes a major contribution to raising the level of experimental
work and university and secondary school teaching.

DIFFICULTIES IN ECONOMICALLY RETARDED COUNTRIES

Scientific research work, particularly in nuclear physics, runs up
against great difficulties in underdeveloped countries. In our time
enormous financial resources and the efforts of a large team of scientists,
engineers and technicians are needed in order to carry out scientific re-
search, but the limited financial capacity and comparatively weak technical
infrastructure of underdeveloped countries prevents them from buying ex-
pensive modern scientific equipment or, a fortiori, building it themselves,

" The lack of qualified staff and the inadequate level of training is also
a serious handicap. Even if a certain number of quite well qualified spe-
cialists is available, the absence of an experimental basis and other favour-
able conditions for scientific work leads to their departure for other fields
of science and industry, i.e, their de-qualification and, in certain coun-
tries, to a "brain drain'. Other difficulties present themselves too, such
as the absence of technical skill and experience in research work and in
the selection of the problems to be tackled.

Unfortunately it often goes beyond the capacity of the country itself
to solve all the problems involved in developing nuclear physics., There-
fore it becomes necessary for such countries to discover a way out and
to bring about more favourable conditions for research work in as short
a time as possible, I would like to refer to the great support given by
the International Atomic Energy Agency to developing countries, particu-
larly in training and raising the qualifications of specialists from these
countries, in organizing scientific conferences, and in the exchange and
supply of scientific information.

The moral duty of the leading developed countries is to give every
stimulus to the development of scientific research in technically retarded
nations, Furthermore, advanced countries should give both intellectual
and material help to developing countries, Such help can take many forms,
one of them being multilateral international scientific co-operation, for
example in international research centres,

JOINT INSTITUTE FOR NUCLEAR RESEARCH

The Joint Institute for Nuclear Research is one such centre, founded
in March 1956 on the basis of an agreement between the governments of
a number of socialist countries. The Institute's objectives, as stated in
its Charter, are: )

"- to provide for theoretical and experimental research in the field
of nuclear physics to be carried out jointly by scientists from
Member States of the Institute;
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- to contribute to the development of nuclear physics in Member
States of the Institute by the exchange of experience and the re-
sults of theoretical and experimental research;

- to maintain relations with interested national and international
research and other organizations with a view to developing nuclear
physics and seeking new ways for the peaceful application of
atomic energy;

- to contribute to the overall development of the creative abilities
of research workers in Member States of the Institute."

The area covered by research carried out at the Joint Institute is quite
wide, It comprises many different kinds of investigations undertaken in
modern theoretical physics and many different kinds of experimental work
involved in studying the atomic nucleus and elementary particles. In this
way, the subject matter of the theoretical and experimental research work
performed at the JINR meets the needs of a large body of physicists from
Member States. While, in the field of high-energy physics, research work
is carried out mainly at Dubna, in co-operation with groups of scientists
from Member States, in nuclear physics more of the work is done in the
individual Member States, though this work in turn is closely linked to
the work done at the laboratories of the Joint Institute. The Institute,
to a certain degree, co-ordinates nu_clear research in Member States,
for example by organizing conferences and meetings of scientists from
different countries. .

These efforts towards co-operation and collaboration arise from the
fact that in our time science has to be organized on an international basis
and can only be carried through by teamwork; this, I think, is felt every-
where, including the Member States of our JINR.

The participation of physicists from countries such as Mongolia in
the JINR gives them access to such installations and facilities as the pro-
ton synchrotron, synchrocyclotron, the multiple-charge ion accelerator,
the IBR pulsed reactor, and bubble chambers, It is self-evident that this
is the only possible way for countries with limited economic potential to
join in "big-league' science, Giant modern accelerators or large bubble
chambers, computers and automatic instrumentation are difficult to set
up, even with the joint efforts of several small countries,

TRAINING OF SPECIALISTS

If the development of science is a basic problem for international or-
ganizations like the JINR the training of specialists is no less an important
result of their activities. The education and intellectual maturation of
scientists is a sine qua non for the further successful progress of science
and therefore the appearance of a great and talented scientist is of no less
significance than the setting up of an experimental installation.

Along with well-known figures in the scientific world, the Member
Countries send to Dubna their young specialists to work alongside more
experienced colleagues and acquire the habit of independent work; on re-
turning to their countries after a few years, these younger men show
themselves capable of heading scientific teams there,
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While posted to Dubna, scientists from Member Countries have
written 40 doctoral and 255 M. Sc. theses,

By now more than 700 scientists, about 200 engmeers and 150 auxi-
liary technical workers from Member Countries of the Institute outside
the USSR have worked at the JINR and improved their qualifications,

Many examples could be given of how individual scientists gained
international prominence by the work of the Institute,

No description of Dubna's importance in the training of specialists
would be complete without mentioning the fellowship scheme established
by our Institute. Fellowships have been established at the JINR for theo-
retical physicists, experimental physicists and scientists in other fields,
mainly for developing countries not Members of the Institute. A number
of physicists have already made use of this opportunity., The governing
body of the Institute has placed three fellowships at the disposal of the
International Atomic Energy Agency, and at its recommendation physicists
have been coming to us from developing countries like Pakistan, the UAR
and Yugoslavia.

JOINT PROJECTS

Research projects carried out both at Dubna and in the research la-
boratories of Member Countries, using the same experimental material,
are known as ''joint projects'. The number of these projects is growing
all the time and they occupy a major part of the Institute's scientific
program. For terms of comparison two figures can be cited: in 1962,

32 such projects were carried out, but by 1967 this figure had grown to
203. This indicates the widening links of the Institute's laboratories
with scientific organizations in Member Countries.

Those who carry out and direct many of the joint projects in the dif-
ferent countries are those very scientists who were trained at Dubna and
there acquired the necessary skills and knowledge.

A number of countries owe it to Dubna that they have been able to
establish their first high-energy physics laboratories, like the one in
Bulgaria at the Institute of Physics of the Bulgarian Academy of Sciences,
one at the Institute of Physics of the Mongolian Academy of Sciences, and
others in other countries. At the same time joint projects assist in the
execution of the JINR's own scientific program and attract more scientists
to work on these problems,

SCIENTIFIC CONFERENCES AND MEETINGS -

I should like to, make some mention of yet another activity of the JINR
contributing to the development of science in Member Countries. This is
the convening of scientific meetings on topical problems in science and
methodology. In an attempt to meet the desire on the part of scientists
from Member Countries to develop their links and joint activities further,
to exchange information and decide where further work is needed, the
JINR holds a large number of scientific conferences and meetings an-
nually. Naturally it is easier to organize such meetings in international
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centres like Dubna than in any one single country. Twelve to fifteen con-
ferences are organized at Dubna annually. For a country like Mongolia,
where science is only in its developing stage, these conferences are very
useful, One of the forms taken by them is the international seminars
organized by the JINR on a systematic basis. Furthermore, our Institute
organizes each year about ten sessions of different committees like the
ones on the use of bubble chambers, photo-emulsion, nuclear physics
and neutron physics, which enable the efforts of Member Countries in any
given branch of scientific research to be co-ordinated.

Experience has shown that short-term visits by scientists from
Member Countries to Dubna to discuss results of joint work and visits
of JINR scientists to Member Countries for advice and assistance are of
very great importance for the development of institutes in the different
countries, The number of such visits rises annually. For example, 307
specialists from Member Countries visited Dubna in 1967, whilst 252 JINR
scientists visited Member Countries.

CONCLUSIONS

The experience acquired in the more than ten years since JINR was
founded is indicative not only as an example of international scientific
co-operation but also as a form of effective assistance and co-operation
on the part of advanced countries in the interests of scientific research at
small institutes and in developing countries,

International scientific centres of the Dubna type make it possible for
scientists from developing countries to work fruitfully in the widest possible
variety of branches of nuclear physics, as well as contributing to the develop-
ment of scientific research in such countries. It would be useful here to
recall the many statements made by our scientists, paying tribute to the
importance of the JINR in the development of physics in their own countries.
A number of scientists have even said that without Dubna certain countries
might be faced by the problem of the "brain drain",

The scientific conferences organized by the centre permit the exchange
of information and the maintenance of co-operative relations between the
scientific centres in our different countries, and in addition to this enable
different branches of research work to be co-ordinated.

Joint projects undertaken by the JINR and scientific centres in the dif-
ferent countries make it possible for the latter to widen their programs
significantly and undertake more sophisticated research, and also contri-
bute to the establishment of new laboratories in the individual countries.

All this shows the effectiveness of the JINR and reflects the dynamic cha-
racter of the principles on which it was established.
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CONTRIBUTION TO THE PROPOSAL FOR THE FORMATION OF REGIONAL CENTRES FOR NUCLEAR
PHYSICS IN THE DEVELOPING COUNTRIES. The paper discusses the development of nuclear physics in
developing countries, pointing out the difficulties of research in the future, A proposal for the formation of
regional centres is put forward, Arguments justifying the formation of these regional centres are presented
together with the suggestion that UNESCO and IAEA act as sponsors and financial supporters of the regional
centres, The institutes in the developing countries could serve as a basis for such centres. Countries which
are qualified and interested in having and using the facilities of the regional centres should also participate
in the financing of them.

INTRODUCTION

It is well known that the study of nuclear physics in most of the develop-
ing countries was initiated with the prospect of peaceful or non-peaceful uses
of atomic energy.! In this way, nuclear physics occupied the central position
in the development of physics, and an urgent need was felt to train physicists
and equip laboratories. Atomic energy commissions were created and
they directed their efforts towards this end. During a period of about
20 years of relatively intense financing (compared to the possibilities now
at hand) and training of nuclear physicists, some equipment, experience,
and staff could be gathered inthe research centres of the developing countries.

It is well known and has been reported many times! that in the course
of the development of nuclear physics, the developing countries had to face
many difficulties in obtaining funds for equipment and the training of staff.
Often, this was made even more difficult, by the lack of tradition and by
the rigid rules for creating and operating the new institutions. Most of
_the time, the new institutions were independent bodies under the auspices
of the national atomic energy commissions.

The 'official' interest in the further development of nuclear physics
in most of the developing countries has ceased to a large extent. This is
reflected in the reduction of the finances made available for research in
nuclear physics. The atomic energy commissions have been losing a lot
of their prestige. Having inmindthe general trend of development, it seems
extremely improbable that the situation will be greatly improved inthe future.

1 See Proceedings of the Fifteenth Pugwash Conference on Science and World Affairs, Addis Ababa,
1965 - 1966.
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At this stage, we would like to raise the question whether or not it is
worthwile to continue research in nuclear physics in developing countries.
We feel that the answer to this question should be positive and would like to
give some hints on how to solve the problem. We suggest, as a serious
possibility for the developing countries (probably the only one), to consider
the old idea of forming 'regional institutes' and thus unifying efforts and
financial means in pursuing nuclear physics research.

HISTORICAL DEVELOPMENT AND PRESENT STATE AND ROLE OF
NUCLEAR PHYSICS IN DEVELOPING COUNTRIES

As has just been said, in most of the developing countries nuclear
physics underwent a somewhat unnatural and forced development. Its signi-
ficance for the economic situation and the security of the developing countries
was overestimated and nuclear physics very often was identified with 'nuclear
power'. Early in its development, inadequate and not very promising
'machines' were often built or purchased, partly as a result of lack of funds
and lack of judgement. It had often only been realized afterwards that ad-
ditional equipment and trained staff at all levels would be needed. More
or less systematic training programs were adopted, the training mainly
being done in countries having the tradition and facilities for research in
nuclear physics. Leaving the problem of the brain drain aside for the
moment, we turn to the problem of the newly trained physicists who returned
to their home countries. Most of the time, these physicists were still junior
(according to the standards of the developed countries), and on returning
home they often had to play the role of senior nuclear physicists, either
fully or in part. They had to transplant or initiate some new problematics
under very unfavourable conditions, and at the same time they had to help
educate the younger people. Many of these physicists were successful. As
a result, we have, in some developing countries nowadays, a situation where
the number of nuclear physicists ranges between 25% and 60% of the total
number of physicists engaged in research work. Next to research work,
most of these nuclear physicists are actively engaged in teaching on the
graduate and postgraduate levels, provided either of them exists. Nuclear
physics has also influenced and, to some extent, stimulated the development
of some new techniques in the developing countries. It has also greatly con-
tributed to the establishment of scientific criteria and the creation of the
research atmosphere. It has often provided a nucleus for the development
of the neighbouring fields of physics.

What are the existing facilities for research in nuclear physics in the
developing countries? Usually we find Cockcroft-Walton accelerators (up
to 2 MeV), small cyclotrons (14 MeV), betatrons (30 MeV), small Van de
Graaffs (2 MeV), and experimental reactors. And then we are at the end
of the list. The instrumentation is usually old-fashioned (non-automatic)
requiring many hours of stand-by. The existing spectrometers, coincidence
equipment, etc. are generally old-fashioned standard instruments, not com-
bined with other equipment necessary nowadays for more complete and con-
clusive investigations. The existing computers are usually small and there-
fore not suited for more elaborate calculations. Summarizing the situation,
it is fair to say that the developing countries are duplicating and even tripli-
cating their efforts and are actually in mutual competition with limited means
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for a very difficult part of nuclear physics research.. With technological ad-
vance, increasing costs and rising prices, it seems that the continuation of
the old 'policy' would eventually lead to a 'die away' of nuclear physics in
developing countriest The question arises whether or not to go ahead.

TO DO OR NOT TO DO NUCLEAR PHYSICS RESEARCH
IN DEVELOPING COUNTRIES?

The question of discontinuing nuclear physics research in the developing
countries brings up several other questions. ‘ )

What is one to do with nuclear physicists? There are several possible
answers. One could suggest to them that they make a change and occupy
themselves with other research work, or that they stop research altogether.
Both these suggestions are dangerous for the developing countries. The best
nuclear physicists would probably not agree to change their field and would
seek solutions by themselves in the developed countries. Thus, they would
be lost for the developing countries, hoth as nuclear physicists and as
teachers. Moreover, they would take away with them part of the scientific
atmosphere which is already so difficult to create. Probably some of the
less successful nuclear physicists would be willing to change their field and
there is noreal hope thatthey would be ableto createthenucleus of a success-
ful new study. It is always best to start with the promising young people who
areattractedtothatfield, orto attractthose workinginclosely relatedfields.

There are opportunities for nuclear physicists from the developing
countries to use the facilities of the large centres for nuclear research.
This is, of course, an excellent chance for senior scientists from the de-
veloping countries to get acquainted from time to time with the newest
achievements and developments in nuclear physics at the highest level.
These large centres may also provide excellent opportunities for a few
younger nuclear physicists to get some training.

The idea of discontinuing research in nuclear physics in the developing
countries would not only have bad consequences for nuclear physics itself,
but also for teaching at the universities and for the entire scientific activi-
ties of the developing countries where nuclear physics plays a major role.
To use only the facilities of the large centres which are few and distant, and
not have any scientific research facilities at home would again keep nuclear
physicists away from the developing countries. So nuclear physics research
cannot be discontinued. The question is, how to organize it.

HOW TO ORGANIZE PHYSICS RESEARCH
IN THE DEVELOPING COUNTRIES?

The existence of the 'large centres' is, of course, a condition which
seems to be necessary for the development of the entire nuclear physics
program, and at the same time entirely or partly solves the problems of the
countries where the centres are located. These centres play an extremely
important role in the development of nuclear physics in the countries collabo-
rating with them, but they do not solve the problem of nuclear physics re-
search in the developing countries. Their existence is essential for the
furtherance of nuclear physics research in developing countries, but alone
is not enough.



148 ALAGA

In trying to solve this problera, we have to look for some additional
'intermediate structure' which we would like to call 'regional centres!. The
idea of regional centres is an old one that has been brought up on several
occasions, both nationally and internationally, but so far it has not attracted
enough attention. The main idea and aim of the formation and location of the
regional centres should be the successful conclusion of some particular ac-
tivity in nuclear physics research in a given place, and should have as a pre-
requisite the prospect of obtaining new experimental facilities and the promise
of efficient collaboration. The regional centres should, asarule, belocated
in cities that have universities, so that the local university staff could also
contribute to the formation of the critical size of the centre. Thus, the
organization of the regional centres would, in some cases, just mean an ex-
tension of the existing facilities, and only in rarer cases, the building-up of
completely new facilities,

To illustrate the idea of the regional centres, let us discuss a possible
model. Such regional centres do not exist, so we cannot take an existing
example and discuss it. With the existing equipment none of the research
institutes in the developing countries can be transformed into a regional
centre. The required condition for transforming a successful institute in
one of the developing countries into a regional centre, is the creation of new
experimental facilities. Just for the sake of argu’ment, let us consider some
of the real possibilities. It it were possible to acquire a 50 MeV cyclotron,
a tandem or a similar machine, provide it with the proper instrumentation
and locate it so that it could be used efficiently by several centres, this would
provide the basis for a regional centre. This regional centre would, in the
place where it is located, offer the opportunity for continued research in
certain fields of nuclear physics and also encourage co-operation with the
other centres on anequalbasis. The advantage of the regional centres should
be that the idea should lead to the creation of more regional centres andthus
we would have the opportunity of doing a given type of research at relatively
low cost in the developing countries. In addition, the problems of travelling
would be reduced considerably and, in the most favourable cases, travelling
would be simply commutation. The regional centres would certainly reduce
the brain drain from the developing countries and create opportunities for
returning, even for those who have been away for a longer period. Last but
not least, the regional centre would contribute considerably to the promotion
of mutual understanding.

PROBLEM OF FINANCE

A very rough estimate of the costs for such a regional centre over a
period of 10 years would be approximately 10 million US dollars. Who
would be the 'patron' of these centres and who would participate in the fi-
nancing of such projects?

The regional centres in the developing countries, as proposed, are
considered to be open international institutions. Therefore, it would be
appropriate for them to belong to the specialized agencies of the United
Nations, such as UNESCO in Paris and the IAEA in Vienna.

The funds should, in the most part, come from these agencies and
contributions should be made by those countries which are interested in
participating in and using the facilities of the regional centres.
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We are aware that this is partly an appeal to the developed countries
to help bring the regional centres into existence, because the former con-
tribute the greater part of the funds of the United Nations. On the other
hand, it is at the same time an appeal to the developing countries to find
a way to collaborating in creating the regional centres.

The developed countries should be interested in supporting the advance
of the developing countries, who in their turn should be interested in further-
ing research intheir own countries. Sowehopethattheidea of regionalcentres
may attract some attention both in the developing and developed countries.

In presenting these views, I have used data on the developing countries
assembled by Messrs. Mladjenovié and Slaus as well as information gained
in conversations with colleagues from bothdeveloped and developing countries,
to all of whom I should like to express my sincere thanks.







‘GENERAL DISCUSSION

V.F. WEISSKOPF': In discussing the ideas presented in the three
previous papers, I think we should open up the problem in its entirety,
and the problem is of course very wide.

First of all, we ought to make it quite clear why nuclear physics is
important for developing countries. It is an attractive field for young
scientists, but it would be wrong for a developing country to pursue a very
specialized field of nuclear physics, and at the same time have no physics
of another type. It is important that nuclear physics be interwoven with
the rest of physics.

Another point that we should take up is what kind of nuclear physics
should be done in a developing country. This is an important subject.

The physics which is done should be interesting physics. Repetition of
things that are done better somewhere else would be very undesirable.

In my opinion, nuclear structure physics is much better in this respect than,
for example, high-energy physics. There are still, and will continue to be,
a lot of fields in nuclear structure physics which can be done and can be
done excellently with relatively modest means and small laboratories. I
emphasize the excellence because we all know it makes no sense to do
physics which is not excellently done.

Let me mention a few points to stimulate discussion about this subject.
The introduction of the lithium-germanium detector has opened a wide field
in nuclear structure that has not yet been exploited. For example, there
are many beta/gamma-ray coincidence measurements which can be done
relatively cheaply with radioactive sources. Professor Sakai is involved in
this kind of measurement. Here is a broad field of important, essential
studies that lies before us. Nuclear spectroscopy is full of this kind of
problem, such as special transitions, which require not much in the way
of means but a lot of patience.

Let me emphasize another point. The interface between nuclear physics
and solid-state physics is especially important for small laboratories for
two reasons. First, certain techniques can be used with relatively modest
means. I am thinking here of nuclear techniques to investigate the electro-
magnetic field in solids, magnetic field distribution, electric multipoles,
and other. fruitful applications of nuclear physics to the solid state. Second,
it establishes just that element which is so necessary in a young country,
namely the teaching not of nuclear physics, but of physics. It is especially
important for the younger countries that the students do not become spe-
cialists, but really physicists in a broader sense, and for this, I believe,
these researches are ideal,

Now, we must also consider another type of question: What kind of
organization gives the best support to this kind of work? There is the
question of central institution versus regional institution, and also of what
kind of regional institution. :

I believe that whenever a co-operative institute has been started it has
been a greater success than expected. We should remember this. You
see, when CERN started people were very sceptical and it turned out to be
a great success; when Dubna started people were very sceptical and it was
a great success.  So 1 do believe that we have been traditionally pessimistic
about scientific collaboration. The reason is probably that international
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collaboration is usually very difficult, but let's not forget that we scientists
are more gifted in this direction than the rest of humanity. And this is a
gift which is so important not only from the scientific point of view, but
from the human point of view, and we should go to the utmost in this respect.

I am glad not only that the big international institutes have been mentioned,
but also that Professor Alaga has presented new ways of reglonal collabo-
ration which have not yet really been tried.

Finally, I would like to reply to one remark of Professor Sodnom. I
understand very well that conferences are extremely important for the
physicists of the developing countries. However, I do believe that here
also we must try to look for better forms of conferences. Usually, the
younger physicists have very little contact and feel very lost. I think
seminars and summer schools are probably much more fruitful, not only
for education but also for the exchange of ideas. There is a need, however,
to be more systematic in planning summer schools and seminars.

Exchange of scientists is also important. And this exchange should go
both ways. Not only should people from, let us say, Mongolia come for
some time to CERN, but I think we should also have people from the so-
called developed countries spend more than just an hour or so in Ulan Bator,
for example.

H. NIEWODNICZANSKI: I want to limit myself now to this question of
developing countries and how to support research work in physics. In many
countries there are young physicists who are getting their training by
spending time in, say, such institutes as Dubna or in the United States,
England, Sweden, France and so on. But after returning there is no true
possibility of continuing their work. So this idea of regional centres is
very important, :

Of course, it would be unwise to build a new institute. It would be
better to start with an existing and developing institute which will be sup-
ported by the country where it is, by three or four neighbouring countries,
and also by an international organization such as the JAEA or UNESCO.
This will create the possibility of establishing a more modern laboratory
with, say, a’larger accelerator equipped with additional important appa-
ratus such as computers. Probably this would be the easiest and quickest
way to help those countries to develop research.

L. AGNEW: I could comment on this question of organization of inter-
national projects and centres. First let us distinguish between centres and
projects. A centre implies a large capital investment: buildings, equip-
ment, staff, and certainly a long period of activity. An international project
can be a single experiment or a continuing series of experiments at some
existing institute. For example, scientists from three or four countries
could collaborate with equipment and men to conduct research at a major
facility such as a research reactor or an accelerator.

Regional centres are very difficult to start. They require an enormous
effort on the part of the organizers, who will have to convince the authori-
ties, whose budgets are already stretched, thatitisanimportant undertaking.

The International Atomic Energy Agency has set forth the conditions
under which it will help to establish an international centre. First of all,
the request should come from a group of governments because the Agency
does not normally supply the initiative for such a thing. The proposal must
state why the centre is needed and how it is to meet both the training and
research needs. The proposal should include the value of the centre for the
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technical, scientific and economic development of the region, and it also
has to include what the needs of the region are for manpower to be trained
at the centre. The request would have to specify what support, both financial
and 'in kind', the participating governments would propose. The pro-
posal should state the intention of the participating governments concerning
their assumption of full responsibility both financial and technical for the
centre after the Agency's financial support has been concluded. A centre
in which the Agency could take an instrumental role in beginning, and which
would have some planned future release of the Agency from support, would
be the kind we would be interested in, In addition to funds, the support
would be assistance in the form of supplying experts, visiting professors,
equipment and fellowships to help young men to come from other countries
and work at the centre,

Thus a mechanism does exist for creating a centre with the Agency's
help. The Director General of the Agency, with the help of the staff, would
evaluate a request from a group of governments and then make a proposal
to the IAEA Board of Governors. - The Board of Governors would take action
about establishing assistance for a centre. The money that would be pro-
vided, if such a programme could be implemented, would come ultimately
from the United Nations Development Programme, at our request, or from
the Agency's own budget. .

Mr. U.L. Goswami, IAEA Deputy Director General in charge of
Technical Assistance, has authorized the following statement: 'For various
reasons I would suggest that you make it very clear fo the Panel that the
probability of continuing financial support by the Agency for regional centres
is not great, and that even if a group of countries in a region were to sub-
mit a proposal for a centre which is entirely valid and justified from a
technical viewpoint, the task of finding the necessary resources for the
Agency's financial support would still present acute difficulties.!'

Now, there are additional minor ways in which the Agency helps
research in developing countries. We have seminars and study groups
from time to time in various regions of the world. We have some research
co-ordination projects, in which, for example, we sponsor a meeting
between research people who are working on related aspects of the same
problem, and who need to talk to each other to exchange ideas on how to
proceed. Also the Agency can help with the exchange of equipment, for
example the loan of some complicated device from one research reactor
to another, Finally, the Agency can help with the procurement of special
materials, for example uranium or plutonium targets for specific experi-
ments, which in some countries are very hard to obtain, The Agency has
ways of obtaining them from the advanced countries.

J. TEILLAC: I agree with Professor Weisskopf that it is necessary to
do excellent physics. Regional centres as envisaged by Professor Alaga
would certainly be a good thing not only for developing countries like
Yugoslavia, which already has a physics program, but also for countries
which have practically no physics. Probably a laboratory should be
developed around a particular technique, and I give as examples nuclear
astrophysics, nuclear chemistry, nuclear methods in solid state. But it
is necessary to have a very good physicist who works well in the particular
field.

K.F. ALEXANDER: Modern industry is more and more based on
science, big science. All the countries with only a small amount of
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industrial development have to manage a technical revolution, and that is
not possible without big science. And here nuclear physics can play a very
essential role, Not only via the direct feed-back as in nuclear energy or
solid-state physics, but perhaps even more in the sense of indirect
influence. For big science, you simply have to use industrial installations
and computers, both on- and off-line. You have to form research teams,
and you need international co-operation. Here the role of the centres for
nuclear research can be very helpful. This can lead to the extensive
connections (in the sense which was defined by Professor Weisskopf), which
have to play the leading role in conducting the technical revolution in the
smaller developed countries.

G.N. FLEROV: For a number of years, I was the scientific leader
of a large institute of nuclear geophysics, and I would like to point out that
care must be taken in developing the applications of nuclear physics. After
the first chain reactor, people in many countries began to set up centres for
nuclear reactors. A great amount of work was also devoted to certain
applications, such as how to determine the amount of liquid in a vessel by
remote measurements,

With the evolution that has taken place in experimental methods, there
are now many worthwhile applications of nuclear physics. In small
countries, there are specific applications which are linked, for example,
with the geographical situation, the situation of science, or other factors.
In such countries one could solve specific tasks: there are countries which
suffer from a lack of water, other countries have too much water, some
countries suffer from earthquakes, etc. It strikes me that science and
the applications of science should aim at particular tasks based on an ana-
lysis of the country and its future economic activity.

May I point out a few research aims. Electrical power first of all,
which is of course necessary; it is also necessary to find mineral ores
and water, Uranium makes it possible to get energy, and this is a very
good exchange equivalent. Then there is oil, and then a number of elements
which the technologists are using more and more these days.

Now, as regards an international centre, the natural grouping of
countries automatically leads to the fact that they have in general the same
geological and biological features, and then the tasks could be based on an
analysis of the countries' needs. I have sometimes heard statements that
one has to start by dealing with pure physics for a problem, and then put
the problems of methods. I would say that it's the other way round. Work
in the applied field unleashes the sympathy which we are missing at the
moment, and in this way we will get the money which also is lacking. So
we need both the money and the sympathy; both have to be won. ButI
would like to end on an optimistic note: my feeling is that we can in fact
find ways to proceed.

V.F. WEISSKOPF: Professor Flerov has brought up a very important
point. There is always the problem of pure and applied sciences. In the
large countries this problem is perhaps not so serious because it adjusts
itself almost automatically. For example, in the United States and in
Western Europe the ratio of expenditures for applied science to basic
science is 10 to 1, and I suppose this will be similar in the Soviet Union.

It is of course very difficult to define these numbers because it is difficult
to define what is applied and what is pure, but we have a qualitative
impression.
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Professor Flerov has pointed out that the developing countries face
very definite and important technical problems such as water supply, power
supply, and agricultural problems. These problems must be solved. If
one presses too much for pure nuclear physics, one endangers somehow the
supply of money, activity and talent to the applied tasks. On the other
hand, if you have too little basic science you run into danger in the training
of new scientists and the ability to exploit new ideas, and you sacrifice the
future for the present. Of course, the present is perhaps more important
for developing countries than for developed countries, and this makes a
difficulty. One could for example take the radical view and say that basic
science as we understand it here should not be introduced at all into new
countries because there are more important and immediate tasks to do.

It is a very popular point of view and I don't believe that it is right. On the
other hand, one often makes the mistake of introducing very sophisticated
sciences of basic nature into a country that doesn't even have the more
elementary science which is necessary for its own development technically
and intellectually. Since this is an important matter, I would invite other
people's opinion on it. .

G. ALAGA: According to the conclusions of other meetings that have
tackled this problem, the gap between the science and the application in
most of the developing countries is so large that the developing country
actually has very little use for the science. So it doesn't really matter
what kind of science it develops because neither nuclear physics nor solid-
state physics nor any other kind of science has immediate impact. Of
course this is a hard problem to solve and I don't think it can be solved
just by making a jump - one has to start somewhere, and in the developing
countries the situation is not everywhere the same.

The main point of my proposal for regional centres is concentrated on
those countries where research has already been started. Usually it started
on a not very well organized or planned basis; perhaps it started on a broad
base, and then, as in biology, the selection principle worked. In some
fields progress is quicker and more able people are attracted, while other
fields lag behind. And my proposal was to pick those fields where some
progress has been made in developing countries and try to locate the
regional centres there, It is to be expected that those people who have been
successful in achieving some progress in a difficult situation would be able
to tackle the new equipment successfully.

Regarding the open problem of what to start and how, in the past the
people were often sent abroad and tried to transplant the problematics from
those places, But they have very little chance to compete with a greatly
superior centre. I think that the scientists in developing countries have
to be able to do independent science and not to be tutored from a distance.

F. JANOUCH: We are discussing here perhaps three main problems:
where to do the nuclear physics, what to do in the nuclear physics, and how
to get money for it. All of us who work in nuclear physics feel the negative
attitude of weariness with which our governments and general patrons face
our demands which are not always in proportion to our national budgets. At
present therefore it is important to have convincing arguments to justify the
further development of nuclear physics.

Perhaps it would be worthwhile 1o collect a wider panel of people in
order to discuss what are the most promising and most important trends in
nuclear physics, and to create some kind of guide book for young men in
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nuclear physics. But the arguments which are important for us and for the
people who are doing the research are perhaps not entirely convincing for
the people who have the power and duty to distribute money among the
different scientists. Perhaps not enough stress has been laid on the
influence of nuclear physics on the development of other branches of
science. Apart from random and fundamental discoveries which can ac-
company research on the structure of the nucleus, nuclear physics in the
broad sense has profoundly influenced other sciences and technology by its
methods, the organization of its research and its instruments, and, if by
nothing else, it has earned the right to exist.

Apart from the weariness that our patrons feel at our growing finan-
cial demands, we also feel a different kind of weariness from information.
Thousands of journals, hundreds of thousands of preprints, and dozens of
scores of conferences make our information system chaotic. Development
is so fast that we are printing now information which is out of date, and
therefore pre-prints and personal contacts are becoming important sources
of information. It is paradoxical that in the second half of the 20th century
we are getting back to the beginning of the circle, to the idyllic times when
at the beginning of the development of our science people exchanged their
results and scientific news in personal letters., But what I think is bad in
this situation is that there is a large number of physicists, especially from
small national centres, who are more or less excluded from this circle of
information. I think that physicists, as they have many times in the past
when organizing international centres and other types of co-operation, should
try to do some pioneering work in the creation of some sort of system of
preprints. In the same way, as Professor Weisskopf has already mentioned,
I think it is proper that physicists should address themselves to the task of
better planning for conferences, summer schools, and other meetings.
Perhaps the most promising prospect is offered by the European Physical
Society, which is trying now to bring this scheme into some order.

J.O. RASMUSSEN: I would like to second the remarks of Professor
Weisskopf that a particularly rich area in which to seek unique kinds of new
research would be interfaces between nuclear science and other branches
of physics or other major disciplines. And as many of us have stresseqd, the
modern solid-state detectors, the uranium and lithium detector and so on,
open up all sorts of possibilities for research with very modest investment.
For example, we know very well of the excellent research in Professor
Trlifaj's laboratory in Prague where low-temperature physics is studied in
juxtaposition with nuclear work. I think the competition from the developed
nations is surprisingly thin in some of these areas, since there is very
little concentrated work in low-temperature nuclear alignment within the
United States and within other developed countries.

With our nuclear methods we have the capability of producing very
highly ionized and unusual atomic species, and now we have new ways of
investigating these interfaces with atomic physics. As touched on by
Professor Teillac, the interface with astronomy or cosmology is an im-
portant area. I recall a conference a couple of years ago where we heard
discussion of some of the first work on X-ray astronomy. It was carried
out by sending rockets up a few minutes in the upper atmosphere to observe
X-rays, The report was given at a nuclear physics conference, and we were
somewhat astounded that with all the expense of rocket flight, the nuclear
instrumentation was Geiger counters; much more information could have
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been gathered with the instrumentation we developed in nuclear structure.
The suggestion was made to have some pulse height analysis from solid-
state detectors. Such research has since been done, yielding information
about the temperatures of some of the unusual X-ray emitting sources. In
this field some countries may have a unique advantage: for example,
astronomers in the southern hemisphere willbe the only ones able to observe
certain regions of the heavens. Some ofthe modernX-ray astronomy rocket
soundings have had to have direct wire hook-ups, with astronomers in the
southern hemisphere observing the optical intensity fluctuation of the stellar
objects at the same time as the rocket flights were carried out.

Turning to another separate discipline, the germanium detector has
a tremendously increased possibility of analytical measurement and there
are many applications to archaeology. Some of the most underdeveloped
countries may possess absolutely unique resources in terms of archaeologi-
cal objects. - The analysis, the interconnection, the establishment of trade
patterns in ancient Africa, and so on, canbe studied by using the new nuclear
detection techniques. But they cannot be done by people without some
nuclear sophistication and training - some knowledge of what a decay
scheme is. It will be people who develop knowledge in both areas, and I
feel often it will be people who received nuclear training, who will move
into the interface areas.

In concluding my remarks, I would like to agree with Professor
Weisskopf that we should really push for a longer-term exchange of younger
people and not confine ourselves to the brief contacts of visits and conferen-
ces., We try through our limited private resources, and the all too limited
university fellowships, to support the exchange students. The research
support is usually no problem, but there are sometimes obstacles in ob-
taining governmental money for salaries. I think it would benefit us if we
had more information about IAEA fellowship policies - what restrictions
there are on particular countries, the amount of the stipends, and whether
they support only the one-way exchange from a developing country to a de-
veloped centre, or vice versa,

R.B. LEACHMAN: I would like to speak about regional centres, based
on my own personal experience at the Kansas State University, which is in
a region of the United States that is quite far from laboratories and uni-
versities that are centres of excellence. We are installing a new laboratory
equipped with the type of facilities that Dr. Alaga spoke about, namely, a
tandem Van de Graaff and some smaller ones. Under the present economic
situation in the United States, there is very limited money and there is a
desire for regional participation,

We realize that we should utilize this new facility as a regional facility,
and we ask what sort of nuclear physics we should do and how it should be
done, We find that it is difficult with the present technology to undertake
nuclear physics spectroscopy or nuclear structure. It's difficult in two
respects: one of them is that using accelerators for spectroscopy involves
rather sustained running periods. Under these conditions, the scientists -
professors or students — are away for long periods, and the home institu-
tion does not have the benefit of actually having the person doing the work
there. Another factor is that, because of financial restrictions, itis difficult
to acquire the type of equipment, such as on-line computers and large
sophisticated reaction spectrometers, that is needed to be on a competitive
scale with the large well-established institutions.
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Bearing these things in mind, we are indeed turning to other applica-
tions of nuclear techniques in our own establishment which we look on as
somewhat of a regional centre. We intend to have a considerable emphasis
on implantation work, which has the advantage of initially simpler equip-
ment, and has the further advantage that students and professors can take
specimens back to their home institutions where they can engage in very
worthwhile studies with rather simple equipment. Another field is that of
in-beam spectroscopy. Here, particles from accelerators are put through
foils and the optical excitations are studied for their astrophysical im-
portance. Although the advantages for home study are not as great, it is
possible of course to take home the exposed films and to study the spectra.
Finally I should mention the field of radiation biology, which can be simi-
larly exploited in regional centres in a way that will give the greatest
benefit to the home institutions.

D.H. WILKINSON: If nuclear physics is being done in countries which
do not have a strong technologica], and therefore strong academic, base,
then frustration can arise very easily. One obvious way is to get as much
outside help as possible. We have heard that the Agency does have an
expert consultant service, I understand that the government of a developing
country could ask the Agency to send out an expert to teach on solid-state
physics, or counter technique, or something of that sort. This is admir-
able, and perhaps that service should be much more widely known.

But there is another kind of problem, one that I think could perhaps
be handled much more on the lines of a 'medical service' for equipment
that breaks down. I do know laboratories in the rather remoter and
smaller countries that have been literally held up for weeks or months
trying themselves to put something right, that someone who is really very
familiar with the matter could have done in a day or two or even an hour or
two. I wonder whether the Agency could not consider setting up an emer-
gency service in which technical experts would be on call in the same way
as a doctor is on call. Perhaps in theory as well as in experiment and
technology, although I was of course thinking more of vacuum pumps and
electronics and the things that can plague a laboratory. It's obvious that as
far as accelerators are concerned, remote countries should only go in for
the sort of accelerator which is backed up by this kind of service. But it
is not so readily available for smaller matters, such as electronics and
vacuum pumps, or integrals and matrix elements. I think it is quite wrong
to say that genius is bred on adversity. I think Mozart did a grave dis-
service to nuclear physics by writing such good music under such bad
conditions, but even Mozart did not have to spend half his life tuning his
piano. Of course lute players did spend half their lives tuning their lute,
and we know what happened to the lute.

G. ALAGA: I would suggest, if it is the feeling of the panel, that a
short conclusion should be made about possibilities and prospects of
organizing nuclear physics in developing countries: it should be brought
through the Agency to the attention of the governments, and also to the
attention of the physicists in the developing countries. I would not be
scared by the fact that at the moment there is no money available; I would
prefer to take Professor Weisskopf's view that always at the beginning it's
hard. A few minutes ago I learned that Rumania is acquiring a tandem
Van de Graaff. Maybe some other places will be also in the position to do
something and to offer a starting point for regional institutes.



RECOMMENDATIONS OF THE PANEL

The Panel stressed the importance of nuclear physics research not
only as a viable fundamental field of science, but also as providing a base
for nuclear technology, for gaining experience of a wide range of other
modern technologies, and for iraining scientists.

Recognizing the difficulties faced by smaller institutes and developing
countries, the Panel recommends that the Agency communicate with the
Member States and appropriate international organizations, urging them
to make efforts to ensure the continued strength of nuclear physics re-
search programs.

In particular the Panel recommends that the Agency give full support,
and, if possible, initiate action towards the establishment of Regional
Centres providing the means for the pursuit of research and training in
the field of low-energy nuclear physics.
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