
SECTOR-FOCUSED CYCLOTRONS FOR NUCLEAR PHYSICS 

RESEARCH 

A. Zucker 

Oak Ridge National Laboratory (*l 

Ever s ince  the discovery of the nuoleus by a s c a t t e r i n g  experiment, high- 

energy c o l l i s i o n s  and nuclear reaot ions  have been successful ly  employed to ge t  

information about nuclear propert ies.  Nuclear s i z e  and densi ty ,  nuclear de fo rmt ion ,  

the energy l eve l s  of l i g h t  nucle i  and the l eve l  d e n s i t i e s  of heavier ones, the mech- 

anism of nuclear reaot ions ,  and the behavior of individual  nucleons and c l u s t e r s ,  a l l  

these a re  exaaples of the kind of information t h a t  can be obtained with high-energy 

p a r t i c l e s .  A v a r i e t y  of ingenious acce le ra to r s  were invented f o r  t h i s  purpose, with 

energy c a p a b i l i t i e s  from a few tenths of an MeV to  tens of GeV. This large  dynamic 

range of 10' is no t  everywhere dense; some energy regions were touched only l i g h t l y  

i n  the  r a c e  t o  the top. 

We w i l l  concern ourselves here with research programs made poss ible  by the new 

sector-f ocused cyclotrons i n  the 20-100 MeV range. Accelerators i n  t h i s  c l a s s  have 

maximum proton energies between 30 and 80 MeV, and they can acce le ra te  o the r  p a r t i c l e s  

such a s  deuterons, a-par t ic les ,  and heavy ions  (N, 0, and perhaps Ar) t o  commensurate 

energies. Most of them have an adjus table  magnetic f i e l d  and RF system which rmakes 

them variable-energy maohines. The reg ion  which they cover is j u s t  beyond the reach 

of f ixed-frequency cyclotrons or  modern tandem e l e c t r o s t a t i c  accelera tors ,  and well  

belcnr the meson threshold. 

What makes t h i s  region a t t r a c t i v e ?  Between 20 and l00 MeV the e f f e c t  of the 

Coulomb b a r r i e r  diminishes i n  importanoe, and many energet ic  threshold r e s t r i c  t ions  

of des i rable  r eac t ions  a r e  l i f t e d .  P r a c t i c a l l y  l i m i t l e s s  p o s s i b i l i t i e s  open up: 

pickup of nucleons o r  o lus te r s ,  s t r ipp ing ,  t r a n s f e r  of severa l  nucleons from one ion t o  

another, the emission of several  p a r t i c l e s  i n  the same reac t ion ,  e t c .  On the other  

hand, the energy is  sti l l  l m  enough s o  t h a t  one can hope t o  get  excel lent  energy 

reso lu t ion  i n  the inaident  beam without g rea t  d i f f i c u l t y ,  a matter of g rea t  importance, 

and one whioh beooms increasingly worrisome a s  we go from 100 to  1000 MeV. 

For nuclear physics research between 20 and 100 MeV sector-focused cyclotrons 

have the following des i rable  charac te r i s t i c s :  

1. High i n t e n s i t y  and duty oycle 

2. Variable energy 

3. Choice of p a r t i c l e  

(*) Operated f o r  the USAEC .by Union Carbide Corporation. 
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To t h i s  should be added a c h a r a c t e r i s t i c  they do n o t  possess  -- good energy 

r e s o l u t i o n ,  which must be g r a f t e d  onto t he  a c c e l e r a t o r  i n  t he  form of h igh- reso lu t ion  

magnetic ana lys i s .  This  i s  u s u a l l y  done a t  the expense of beam i n t e n s i t y .  

With t h i s  t o o l  we now look f o r  t h e  c r u c i a l  experiments  t o  be  performed i n  nuc lear  

physics ,  and f i n d  none. Indeed, i f  we look f o r  a nuc l ea r  theory  we f i n d  only  a very  

inadequate  one, i n  terms of the  pro tons  and neutrons which a o n s t i t u t e  t he  nuc leus  and 

t he  f o r c e s  between them. I n s t e a d  we a r e  f aced  w i th  a number of nuc lear  models, each 

of which i s  succes s fu l  i n  i t s  own domain, and the  o p t i m i s t i c  view t h a t  w i th  enough 

accu ra t e  experimental d a t a  t h e  va r ious  models w i l l  coa lesce  and t h a t  a s a t i s f a c t o r y  

nuc lear  theory  w i l l  emerge. Aotually, t he  s i t u a t i o n  is not s o  bleak;  i n  t h e i r  own 

f i e l d s  the models a r e  q u i t e  good, and must i n s i g h t  has been gained s ince  one of t he  

e a r l y  models l i kened  the nuc leus  t o  a  drop of water. I n c i d e n t a l l y ,  even a p i c t u r e  

t h i s  crude can  exp l a in  why U*" f i s s i o n s  when i t  absorbs  a slow neutron and u2" does 

not.  

Di rec  t Nuclear React ions 

The d i r e c t  r e a c t i o n  is l i k e l y  t o  be the most popular  f i e l d  of s tudy f o r  AVF 

cyc lo t rons  i n  t h e  immediate fu tu r e .  Here we dea l  with s t r i p p i n g  r e a c t i o n s  such as 

(d,  p ) ,  (d, n ) ,  ( ~ e ' ,  d )  and t h e i r  inverse ,  t he  pickup r e a c t i o n s  (p, d ) ,  (p, t ) ,  

(d ,  L i b  ), e t c .  I n  such r e a c t i o n s  the  incoming p a r t i c l e  i s  considered t o  i n t e r a c t  

wi th  only one or  two p a r t i c l e s  ( o r  ho l e s )  i n  the t a r g e t  nucleus,  whi le  the r e s t  of 

the nucleus a c t s  a s  a s p e c t a t o r  and i n f luences  the  r e a c t i o n  i n  a q u a s i - e l a s t i c  way. 

A v e r y  succes s fu l  d e s c r i p t i o n  of d i r e c t  r e a c t i o n s  has been achieved i n  the  last few 

years  by means of the distorted-wave Rorn approximation. The matr ix element T, f o r  

a  s t r i p p i n g  r e a c t i o n  A(d, p)B is  

where t h e  X 'S  a r e  distorted-wave func t i ons  of the  i n c i d e n t  deu te ron  and t he  f i n a l  

proton,  and t h e  nuc lear  s t r u c t u r e  information is  obta ined  from the  r e l a t i o n s  between 

@(A) and @ ( B ) .  The proton and deuteron r e l a t i v e  motions a r e  descr ibed  by o p t i c a l  

model wave func t ions .  

Recause the  DIYBA theory d e s c r i b e s  the d i r e c t  i n t e r a c t i o n  mechanism c o r r e c t l y ,  

we can e x t r a c t  nuc lear  s t r u c t u r e  information from the  experimental  r e s u l t s .  This  means 

t h a t ,  i n  s h e l l  model language, one can ob t a in  quantum numbers of t he  nucleons i n  t he  

va lence  s h e l l  of the nucleus, similar t o  t he  de te rmina t ion  of e l e c t r o n  quantum numbers 

i n  an atom which a r e  deduced from an a n a l y s i s  of i t s  spectrum. Many people t h ink  

t h a t  the c o l l e c t i o n  of nuc l ea r  spec t roscopic  da t a  is the most important  t a sk  f o r  t he  

p h y s i c i s t  today, and a  very  l a r g e  sector-focused cyc lo t ron  i n s t a l l a t i o n ,  at the  

Un ive r s i t y  of Michigan, w i l l  be p r i m a r i l y  devoted t o  t h i s  kind of research.  

The DWBA theory makes u se  of the nua l ea r  o p t i c a l  model t o  de sc r ibe  the  motion 

of the i nc iden t  and outgoing p a r t i c l e s  i n  a d i r e c t  r eac t i on .  According t o  t h e  o p t i c a l  
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model t h e  nuc leus  can be represen ted  as a complex p o t e n t i a l  whose depth  and r a d i a l  

e x t e n t  a r e  de f ined  by about  f i v e  a d j u s t a b l e  parameters.  To determine these  para- 

meters  we measure angular  d i s t r i b u t i o n s  of p a r t i c l e s  s c a t t e r e d  e l a s t i c a l l y  from a  

nucleus,  and t o  ga in  i n s i g h t  i n t o  t h e  model t h i s  must be done w i th  va r ious  p a r t i c l e s  

a t  many energ ies .  I t  is  probably c ~ r r e c t  t o  s ay  t h a t  a l a r g e  AVP cyc lo t ron  

i n s t a l l a t i o n  could be kept  busy f o r  many yea r s  j u s t  measuring e l a s t i c  s c a t t e r i n g  of 

va r ious  p a r t i c  l e e  t o  high p r e c i  s ion ,  and thus  determining o p t i c a l  parameters.  Nuclear 

p h y s i c i s t s  would applaud such a venture ,  a l though i t  is  not l i k e l y  t o  m a t e r i a l i z e  

because i t  i s  cons idered  such d u l l  work, and is d i f f i c u l t  a t  the same time. 

P o l a r i z a t i o n  and t o t a l  r e a c t i o n  c ross -sec t ion  measurements a l s o  supply e s s e n t i a l  d a t a  

f o r  t h e  o p t i c a l  model. 

For the  s tudy  of d i r e c t  i n t e r a c t i o n s  we need ve ry  p r e c i s e l y  de f ined  i nc iden t  

ene rg i e s  of t h e  p r o j e c t i l e ,  p r e f e r a b l y  of the  order  of 10 keV, and a d e t e c t i o n  system 

which can  i d e n t i f y  and measure the energy of t he  product  p a r t i c l e .  I n  add i t i on ,  i t  

i s  becoming i n c r e a s i n g l y  important  t o  measure the d i r e c t i o n  of any y-rays which may 

be emi t ted  i n  the r eac t i on .  To t h i s  end i t  is  d e s i r a b l e  t o  have as low a  background 

as pos s ib l e  i n  the room where t he  r e a c t i o n  is t ak ing  p l ace ,  and a long duty cycle .  

Var iab le  energy i s  n o t  a prime n e c e s s i t y  f o r  these  r e a c t i o n s ,  b u t  t he  a v a i l a b i l i t y  

of va r ious  p r o j e c t i l e s  is a d e f i n i t e  advantage, s i n c e  one can  s tudy  p a i r s  of inverse  

r e a c t i o n s  such as (d,  p )  and (p, d )  o r  (He3, p )  and (p, HeJ). 

The s tudy  of d i r e c t  r e a c t i o n s  i s  a  good example of t h e  interdependence of 

nuc l ea r  models. The DIYBA theory is needed t o  g e t  shell-model in format ion  about 

nuc l ea r  s t r u c t r e ,  bu t  DWBA i n  tu rn  needs o p t i c a l  model parameters.  The hope i s  t h a t  

i n  the f u t u r e  t h e  s h e l l  model i t s e l f  can  be used t o  d e r i v e  the  parameters  of the  

o p t i c a l  model. 

C o l l e c t i v e  and S t a t i s t i c a l  Models 

Another succes s fu l  d e s c r i p t i o n  of the nucleus is t h e  c o l l e c t i v e  model. I n  p lace  

of the  shell-model o r b i t a l  p i c t u r e ,  t he  nucleus now i s  endowed w i t h  r o t a t i o n a l  and 

v i b r a t i o n a l  deg re s s  of freedom, analogous no t  t o  the atom b u t  t o  t h e  molecule. Band 

s t r u c t u r e  is pos tu l a t ed  and, indeed, observed i n  many heavier  nuc l e i .  Def onnat ion 

from s p h e r i c i t y  becomes a n  important  nuc l ea r  p roper ty ,  and i s  we l l  descr ibed  by the  

c o l l e c t i v e  model. A t  p r e s e n t  t h e  b e s t  way of s t udy ing  t h i s  model i s  by i n e l a s t i c  

s c a t t e r i n g ,  and e s p e c i a l l y  Coulomb exc i t a t i on .  I n  the l a t t e r  i t  i s  the Coulomb f i e l d  

of the pa s s ing  p r o j e c t i l e  which causes  the t a r g e t  nucleus to  become exc i t ed ;  i n  t he  

ca se  of even-even n u c l e i  we g e t  t he  c h a r a c t e r i s t i c  t r a n s i t i o n s  t o  t h e  members of t he  

r o t a t i o n a l  band 2+, 4+, 6' . . . . . . , and s t a t e s  a s  high as 10' have been observed wi th  

heavy-ion Coulomb exc i t a t i on .  A h igh  nuc lear  charge  of the p r o j e c t i l e  enhances the  

t r a n s i t i o n  p r o b a b i l i t y  f o r  Coulomb e x c i t a t i o n ,  while  a t  the  same t ime the  l a rge  

e l e c  t r o s t a t i a  p o t e n t i a l  b a r r i e r  d imin ishes  the confus ing  consequences of nuclear-f o rce  

i n t e r a a t i o n s  between t he  nuc l e i .  I n  Coulomb exc i  t a t i o n  t he  i n t e r a c t i o n  i s  
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electromagnetic  and c a n  be c a l c u l a t e d  wi th  high prec is ion .  The experimental r e s u l t s  

then y i e l d  pure nuolear  s t r u c t u r e  information. I n  t h i s  way remarkable i n s i g h t  i n t o  

c o l l e c t i v e  a spec t s  of t he  nucleus has  been gained. 

Experimentally, f o r  Coulomb e x c i t a t i o n  one does not need very  good energy 

d e f i n i t i o n .  On the  o ther  hand, low background i n  t he  experiment a r e a  i s  imperative, 

as is  a long duty  cycle.  A v a r i e t y  of heavy ions  as p r o j e c t i l e s  is most d e s i r a b l e ;  

i t  would be worthwhile to  have a  beam of i r o n  nuc l e i  of s eve ra l  hundred MeV f o r  t h i s  

purpose. With such ions ,  f o r  example, one could  s tudy  Coulomb e x c i t e d  f i s s i o n  of 

heavy nuole i ,  and otherwise add t o  ou r  knowledge of photonuclear  processes.  

The s h e l l  model and the  c o l l e c t i v e  model a r e  u se fu l  f o r  the  ground s t a t e  and low 

l y i n g  s t a t e s  of nuole i ,  e spec i a l l y  i f  pa i r i ng  fo rces ,  d i s t o r t e d  p o t e n t i a l s ,  and o t h e r  

ref inements  a re  introduced.  The o p t i c a l  model too is  a  very  successfu l  p o t e n t i a l  

r e p r e s e n t a t i o n  of t he  nucleus as a whole. The s t r u c t u r e  of nuole i  a t  very  high 

e x c i t a t i o n ,  above 10 t o  20 MeV, however, r e q u i r e s  y e t  another  p i c t u r e ,  the s t a t i s t i c a l  

mode l. 

What concerns u s  here is the  spacing of nuolear  energy l e v e l s ,  how t h i s  v a r i e s  

from one nucleus t o  another ,  what func t ion  of the e x c i t a t i o n  energy i t  i s ,  and how i t  

depends on the l e v e l  spin. S t a t ed  simply, the  experiments involve measuring energy 

d i s t r i b u t i o n s  and angular  d i s t r i b u t i o n s  of p a r t i c l e s  emi t ted  i n  a compound nucleus 

r eac t ion .  I n  add i t i on ,  one can measure t o t a l  c ross -sec t ions  and r a t i o s  of isomeric 

s t a t e s  i n  r e s idua l  nuclei .  The AVF cyc lo t ron  is p a r t i c u l a r l y  u se fu l  here because of 

the  f l e x i b i l i t y  i n  p a r t i c l e  energy and species. Thus, one can produce the same 

compound nuc l e i  a t  the same e x c i t a t i o n  i n  two d i f f e r e n t  r eac t ions ,  where the only 

d i s t i ngu i sh ing  c h a r a c t e r i s t i c  is the amount of angular  momentum involved. For example, 

i f  we make the compound nucleus ~ g ' "  a t  44 MeV e x c i t a t i o n  wi th  oxygen o r  n i t rogen  

bombardment of o r  zr9' r e spec t ive ly ,  the maximum angular  momentum w i l l  be 4 = 15 6 

f o r  oxygen and 8 = 10 i f o r  ni t rogen.  This  i s  c a l c u l a t e d  f o r  a sharp cu to f f  nuolear  

model, and is  only approximately co r r ec t .  However, t he  q u a l i t a t i v e  d i f f e r ence  is 

c e r t a i n l y  co r r ec t ,  and i l l u s t r a t e s  t he  p o i n t  t h a t  one can ob ta in  a 5@ change i n  

angular  momentum simply by swi tch ing  p a r t i c l e s .  

New techniques have been developed i n  t h e  p a s t  yea r  which permit  the d i r e c t  

measurement of l i f e t i m e s  of nuclear  r eac t ions .  I n  p a r t i c u l a r ,  the l i f e t i m e  of com- 

pound nucleus r eac t ions ,  of t he  order  of 10'20 sec  a t  h igh  energ ies  of e x c i t a t i o n ,  is  

be ing  succes s fu l ly  pursued. The a b i l i t y  t o  produce compound systems i n  many d i f f e r e n t  

ways, possessing d i f f e r e n t  m o u n t s  of angular  momentum, should provide f e r t i l e  ground 

f o r  i n v e s t i g a t i o n s  of t h i s  so r t .  

Experiments dea l ing  wi th  t h e  s t a t i s t i c a l  model r e q u i r e  p r e c i s e  information about  

t h a t  f r a c t i o n  of the r e a c t i o n  under s tudy  which proceeds by a compound nucleus 

mechanism a s  opposed t o  d i r e c t  processes.  With heavy ions  as p r o j e c t i l e s  i t  is  

f r equen t ly  easy  t o  make t h i s  d i s t i n c t i o n ,  s i nce  the emission of one o r  two p a r t i c l e s  
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i s  not  l i k e l y  t o  r e s u l t  from any simple d i r e c t  process. 

With some exceptions,  t h e  beams r equ i r ed  f o r  s t a t i s t i c a l  model work do n o t  

have spec t acu la r  energy r e s o l u t i o n ,  bu t  v a r i a b l e  energy and a wide choice of p a r t i c l e s  

a r e  e s sen  tial. 

C lus t e r s ,  Heavy Ions, e t c .  

So much f o r  the  more orthodox l i n e s  of nuc lear  r e sea rch  which w i l l  probably 

c o n s t i t u t e  the major p a r t  of the  AVF cyc lo t ron  programs. I t  i s  a l s o  l i k e l y  t o  

provide the bulk of the information sought by t h e o r i s t s  who cons t ruc t  nuc lear  models. 

Nuclear problems, however, can be c a s t  i n  many d i f f e r e n t  ways. For example, 

t h e r e  is  now inc reas ing  i n t e r e s t  i n  the so-ca l led  c l u s t e r  model. I n  t h i s  p i c t u r e  

nuc l e i  c o n s i s t  of a s t a b l e  co re  surrounded by c l u s t e r s  of deuterons,  t r i t o n s ,  a- 

p a r t i c l e s ,  e t c .  Various experiments i n d i c a t e  the  presence of such s t r u c t u r e .  Per-  

haps the most f r u i t f u l  l i n e  of research  t o  pursue i n  t h i s  connect ion i s  the s tudy  of 

c o r r e l a t i o n s  i n  t h r ee -pa r t i c l e  reac t ions .  For example, (p, pm), ( a  , 2a) ,  and o t h e r  

s i m i l a r  r e ao t ions  must be i nves t iga t ed  i n  d e t a i l .  Thus i f ,  say  (p,  p t )  has a much 

l a r g e r  c ross -sec t ion  than (p, p  ~ e ' )  we have reasonably convincing evidence t h a t  the 

nucleus con ta in s  a t r i t o n  c l u s t e r  and no ~ e '  c l u s t e r .  Further ,  i f  the c o r r e l a t i o n  of 

the  outgoing proton and t r i t o n  i n d i c a t e s  t h a t  we a r e  d e a l i n g  wi th  a s o r t  of quas i -  

e l a s t i c  s c a t t e r i n g ,  we have a d d i t i o n a l  cor robora t ion  of t he  c l u s t e r  s t ruc tu re .  

Cor re l a t i on  experiments a r e  very  time consuming. Here the  high beam i n t e n s i t y ,  and 

as long a d u t y  cyc le  as can be managed, a r e  of the g r e a t e s t  importance. On h i s  p a r t  

the experimenter w i l l  have t o  provide f a s t  c i r c u i t r y  and mult iparameter  a n a l y s i s  t o  

take advantage of the  f u l l  c a p a b i l i t i e s  of the machine. 

The nuc lear  sur face  i s  a l s o  r ece iv ing  inc reas ing  a t t e n t i o n  cu r r en t ly .  Almost 

a l l  the techniques ava i l ab l e  shed some l i g h t  on t h i s  problem: s c a t t e r i n g ,  po l a r i za t i on ,  

d i r e c t  i n t e r a c t i o n s ,  e  to .  One s p e c i a l i z e d  f i e l d  worth mentioning i n  t h i s  connect ion is 

the s tudy  of nucleon-transf e r  reao  t ions  between complex nucle i .  A 1  though the 

experiments a r e  d i f  f i c u l t ,  they have a l ready  shown t h a t  neutron reduced widths can be 

e x t r a c t e d  from the  r e s u l t s  by means of a semi-classical  t r a n s f e r  theory due t o  Bre i t .  

I t  w a s  a common no t ion  among p h y s i c i s t s  t h a t  good energy r e s o l u t i o n  is n o t  

r equ i r ed  a t  energ ies  above 20 MeV. After  a l l ,  so t h e  argument ran,  a t  these  energ ies ,  

l e v e l s  overlap,  d i r e c t  i n t e r a c t i o n s  predominate, and s i n c e  they take a s h o r t  time 

t h e r e  can be no dramatic changes i n  c ros s - sec t ions  over r eg ions  smal le r  than  a few 

MeV. This  is wrong f o r  two reasons: 1 )  good energy d e f i n i t i o n  is  requi red  t o  r e so lve  

l e v e l s  i n  d i r e c t  i n t e r a c t i o n  experiments, and 2 )  i t  has  been demonstrated t h a t  c ross -  

s e o t i o n s  f l u c t u a t e  s t r o n g l y  a t  e x c i t a t i o n s  of 30 NeV, w i t h  a c h a r a c t e r i s t i c  width of 

about  100 keV (Fig. 1). 

The ever-present  nucleon-nucleon i n t e r a c t i o n  w i l l  undoubtedly form an important  

p o r t i o n  of AVF-cyclotron research.  The p o l a r i z a t i o n ,  spin-spin c o r r e l a t i o n ,  and 

similar parameters f o r  p,p and n,p s c a t t e r i n g  must be measured t o  h igh  prec is ion .  
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o ' ~  BOMBARDING ENERGY (MeV) 

EXCITATION ENERGY OF COMPOUND NUCLEUS (MeV) 

Fig. 1. Excitation functions f o r  a -part ic le  groups from the react ion  c"(o", a ) ~ ~ " .  The e x c i t a t i o n  i n  the 
compound nucleus ~ i ' '  i s  about 30 hleV. 

For the n-n i n t e r a c t i o n ,  complicated experiments depending on f i n a l - s t a t e  i n t e r a c t i o n s  

a r e  needed; e.g., d(n, 2n)p, t ( d ,  2 n ) ~ e " .  

I t  i s  pos s ib l e  t o  cont inue i n  t h i s  v e i n  and o u t l i n e  experiments i n  a l l  f i e l d s  of 

n uc l ea r  physics.  I n s t ea d  we t u r n  now t o  work a c t u a l l y  i n  p rogress ,  though only i n  i t s  

e a r l i e s t  s t age s ,  on two AVF cy c lo t rons  which f a l l  i n t o  t h e  20-100 NeV region.  

Some e a r l y  r e s u l t s  from the  Serke ley  88-Inch Cyclotron were communicated by 

B.G. Harvey, and concern the measurement of e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  of 
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65 MeV a p a r t i c l e s  from C ,  N,  and 0. P a r t i c u l a r l y ,  i n  t he  oi6 case  13 i n e l a s t i c  

l e v e l s  have been i d e n t i f i e d .  The mechanism appa ren t ly  is the promotion of s i n g l e  

nucleons from the  p s h e l l  t o  the h igher  s h e l l s ,  and t h e  r e s u l t s  seem t o  be i n  

e x c e l l e n t  agreement wi th  the p r e d i c t i o n s  of the s h e l l  model. There is apparent ly  no 

evidence f o r  the promotion of c l u s t e p s  of nucleons by (a ,  a ' )  r eac t ions .  The beam 

c h a r a c t e r i s t i c s  f o r  t h i s  experiment a r e  a s  follows. Energy r e s o l u t i o n  a f t e r  a n a l y s i s  
0 

is l40  keV f u l l  width a t  half maximum, the  f u l l  angular  convergence of beam is 0.2 , 
t he  beam is 0.5" high and .08" i n  the  r a d i a l  d i r e c t i o n ,  i t s  i n t e n s i t y  i s  - 0.5 pA bu t  

s eve ra l  microamperes a r e  obtainable.  

A t  UCLA the i n t e r n a l  beam produces 38 MeV neutrons,  which i n  t u r n  a r e  co l l ima ted  

f o r  s c a t t e r i n g  experiments about  7 meters  from the  cyc lo t ron .  I f  one may e x t r a p o l a t e  

p re sen t  information,  a  20 pA c i r c u l a t i n g  beam w i l l  r e s u l t  i n  - 6 X 106 neutrons/sec- 

cm2 i n  t he  experiment area. The new sector-focused cyc lo t rons  i n  t h e  20 to  100 hleV 

reg ion  promise g r e a t  things.  Now the  t o o l s  have been provided, i t  is  up t o  t he  

experimental  and t h e o r e t i c a l  p h y s i c i s t s  to  use them to  b e s t  advantage. 

TENG : I t  i S not c l e a r  to me how one goes from t h e s e  nuc lear  models t o  the f i n a l  
nuc l ea r  theory,  based on f i r s t  p r i n c i p l e s  you t a lked  about. Even assuming t h a t  we have 
a l l  t h e  nuc lear - leve l  assignments and a l l  the model pa rane t e r s  of the o p t i c a l ,  
c o l l e c t i v e ,  and s t a t i s t i c a l  models, where do we go from the re?  

ZUCKER : There i s  an a t tempt  i n  t h i s  d i r e c t i o n ,  a  r a t h e r  succes s fu l  a t tempt  i n  some 
ways, the  Rruckner theory which t r i e s  t o  c o n s t r u c t  a  nucleus from pro tons  and neutrons.  
Unfortunately,  a t  t he  p r e s e n t  time the  Bruckner theory i s  good f o r  an i n f i n i t e  
nuc leus ,  and t h a t  i s  not ve ry  r e a l i s t i c  s i n c e  the  s u r f a c e  of the nucleus is, i n  many 
cases ,  most of i t ;  But t h a t  kind of theory i s  what i s  needed, and the re  a r e  people 
working on it.  I m not  su re  t h a t  t h i s  i s  r e a l l y  t he  approach t h a t  w i l l  eventua l ly  
y i e l d  the  answer, bu t  T th ink  t h i s  i s  the approach which w i l l  be taken i n  the next  few 
years ,  u n t i l  the  next  development happens. 

SCHhlIDT : You seem to sugges t  t h a t  it may be wise f o r  one p a r t i c u l a r  group t o  
concen t r a t e  on a  machine which would be designed f o r  a  p a r t i c u l a r  type of work. 

ZUCKER : I d i d n ' t  r e a l l y  mean a machine, I meant a  group of p h y s i c i s t s .  A machine 
i n  i t s e l f  i s  nothing,  i t  i s  the  people who work on i t  t h a t  count.  J th ink  i f  some 
group could  be persuaded t o  s tudy  t h e  o p t i c a l  model i n  g r e a t  d e t a i l  and very  p a i n f u l l y ,  
i t  would be ve ry  valuable.  

JONKW : I would l i k e  t o  ask i f  you could  d i s c u s s  the  p rospec t s  of doing time-of- 
f l i g h t  work wi th  an  AVF Cyclotron,  e.g., neut rons  i n  the energy range 15-20 MeV. 

ZUCKER : To do t h i s  k ind  of work one has t o  throw away some t h i n g  l i k e  9 out  of every 
10 RF pulses .  Then t ime-of-f l ight  work becomes f e a s i b l e ,  s i n c e  the  pu l se  width i s  
approximately 2 ns. F l i g h t  pa ths  of some meters  a r e  necessary. 

STAFFORD : Could we pursue t h i s  a l i t t l e  b i t  f u r t h e r ?  wha t ' s  the length  of your 
neutron bunch? 

ZUCKER : Well I r e a l l y  d o n ' t  know what kind of RF length  you can  g e t  w i th  these  
machines. One r epo r t ed  yes t e rday  w a s  r a t h e r  long, something l i k e  25 ns. There is, 
however, no reason  why you shou ldn ' t  be ab l e  t o  g e t  2 ns  bunches, but  25 ns is too  
long  f o r  t h i s  k ind  of work. From the  r e p o r t s  of t h e  phase s l i p  yes te rday  i t  would 
seem t o  me r a t h e r  obvious t h a t  you could ge t  much l e s s  than 90' phase acceptance. 
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STAFFORD : I think i t ' s  worth po in t ing  o u t  t h a t  the  l i n e a r  a c c e l e r a t o r  can do q u i t e  
cons iderably  b e t t e r  t han  tha t ,  j u s t  because of the  inhe ren t  time s t r u c t u r e  i n  t h e  
machine; you can expect  neutron b u r s t s  w i t h  a r e s o l u t i o n  of say 0.5 ns, o r  perhaps 
s l i g h t l y  more. 

LIND : We have observed neutron b u r s t s  which have a time width of 3 ns. You d i d  no t  
mention the problem of t he  discrepancy between theory and experiment t h a t  has a r i s e n  
i n  connect ion  w i t h  the  (p, a) pol .a r iza t ion  work t h a t  came ou t  of the Minesota r e s u l t s  
a t  30 MeV, I be l ieve ,  and the whole ques t ion  of nuclear-nucleon i n t e r a c t i o n s ?  

ZUCKER : I think i t ' s  a l i t t l e  e a r l y  to  s ay  anyth ing  about t h a t  because the phase- 
s h i f t  c a l c u l a t i o n s  should be good. I f  t h e  discrepancy r e a l l y  e x i s t s ,  I j u s t  r e a l l y  
don t know where t o  go, o r  what the t h e o r i s t s  w i l l  invent  t o  g e t  ou t  of the hole. 
 he^' l1 invent  something. 

STAFFORD : That discrepancy c e r t a i n l y  e x i s t s .  l t l s  been conf irmed up t o  50 MeV wi th  
p-helium p o l a r i z a t i o n  measurements. 

TICKLE : I n  your d i scuss ion  of Coulomb e x c i t a t i o n  you mentioned t h a t  a good r e s o l u t i o n  
is  not  necessary. I might p o i n t  ou t  t h a t  i t  can be he lp fu l  because the re  i s  another  
way you c a n  do the experiment, and that is  look a t  t h e  i n e l a s t i c  p a r t i c l e s .  So, i f  you 
have good r e s o l u t i o n  you can look a t  the  e l a s t i c  group p l u s  the  i n e l a s t i c  groups and 
by comparison of the two g e t  the c ross-sec t ions  f o r  t he  Coulomb e x c i t a t i o n  d i r e c t l y .  

ZUCKER : Surely,  but  t h a t  is use fu l  only f o r  we l l  separa ted  s t a t e s .  However, t he  b i g  
push i s  i n  the h igher  l eve l s ,  mul t ip le  exc i t a t ion ;  t h e r e  you g e t  i n t o  something l i k e  
20 o r  30 kV. Also i t  i s  important t o  know j u s t  how caseades proceed. A s  f a r  as I 
know, it is b e t t e r  t o  do conversion spectrometry on gamma r a y s  and g e t  high r e s o l u t i o n  
t h a t  way, at the c o s t  of i n t e n s i t y .  Not too much i s  being done by i n e l a s t i c  s c a t t e r i n g  

.* f o r  t h a t  reason. 

SCHhfIDT : One cannot have "poor" r e s o l u t i o n  and a t  t h e  same time s a t i s f y  o the r  
requirements  of an otherwise "poor" r e s o l u t i o n  experiment, as f o r  example reduct ion  
of background r a d i a t i o n  from slits,  e t c .  

ZUCKER : you're  q u i t e  r i g h t .  
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