
IEEE TRANSACTIONS ON NUCLEAR SCIENCE August 

RESEARCH WITH AVF CYCLOTRONS I N  THE USA* 
Inv i ted  P a p e r  

Oak Ridge National  Laboratory, Oak Ridge, Tennessee 

I n  the  past  s e v e r a l  years  many i n t e r e s t i n g  
experiments have been performed with AVF 
cyc lo t rons .  I n  the  b r i e f  period of time a l l o t t e d  
t o  me i t  i s  only possible  t o  d i scuss  a  small 
f r a c t i o n  of them. 

Of the broad range of experiments performed 
I thought i t  might be of i n t e r e s t  t o  review some 
of the a p p l i c a t i o n s  t o  nuclear  r e a c t i o n  mechanisms 
and nuclear  spectroscopy. 

An important c l a s s  of experiments a r e  the  
s c a t t e r i n g  of var ious  p r o j e c t i l e s  from n u c l e i .  
These experiments a r e  i n t e r e s t i n g  f o r  a  v a r i e t y  
of reasons:  1) The e l a s t i c  s c a t t e r i n g ,  e s p e c i a l l y  
of nucleons, gives some measure of the  g ross  
p roper t i es  of the nucleus,  f o r  example i t s  s i z e  
and i t s  shape; 2 )  Another aspec t  of the  e l a s t i c  
s c a t t e r i n g  i s  t h a t  i t  g ives  information about 
the average i n t e r a c t i o n  of the  p r o j e c t i l e  with 
the nucleus;  and 3)  Modern r e a c t i o n  t h e o r i e s ,  i n  
one sense or  ano ther ,  requ i re  knowledge of the  
e l a s t i c  s c a t t e r i n g .  

The problem i s  exceedingly complicated - 
the nucleus i s  made up of a  c o l l e c t i o n  of protons 
and neutrons and,  i n  p r i n c i p l e ,  one should 
consider  the  i n t e r a c t i o n  of the  p r o j e c t i l e  with 
each of these t a r g e t  nucleons. 

For tuna te ly ,  t o  a  good approximation, i t  
i s  possible  t o  reduce t h i s  many body problem t o  
a  two body problem i n  which the  complicated sum 
of i n t e r a c t i o n s  i s  replaced by an e f f e c t i v e  two- 
body p o t e n t i a l  between t a r g e t  and p r o j e c t i l e .  
Since the nucleus, and sometimes the p r o j e c t i l e ,  
i s  not an i n e r t  ob jec t  t h i s  p o t e n t i a l  has an 
imaginary par t  t o  account f o r  the  var ious  
e x c i t a t i o n s  and r e a c t i o n s  which the  system can 
undergo. Thus p a r t i c l e s  a r e  removed from the  
inc iden t  beam and t h i s  has a  profound e f f e c t  on 
t h e  e l a s t i c  s c a t t e r i n g .  

The model t o  which I am r e f e r r i n g  i s ,  of 
course,  the  o p t i c a l  model. It has proven t o  be 
qu i te  a  good approximation f o r  the  e l a s t i c  s c a t -  
t e r i n g  of almost every p r o j e c t i l e  used i n  nuclear  
physics ,  and i n  a  d i f f e r e n t  but r e l a t e d  form it 
has been appl ied t o  the  p r o j e c t i l e s  of high 
energy physics ,  the  pions and kaons, and a t  t h e  
o ther  end of the  energy s c a l e ,  t o  the  s c a t t e r i n g  
of slow e l e c t r o n s  from n e u t r a l  atoms. 

The model i s  d i f f i c u l t  t o  j u s t i f y ,  from 
f i r s t  p r i n c i p l e s ,  except f o r  the s c a t t e r i n g  of 
f a i r l y  high energy nucleons. For the same 
reasons the form of the  o p t i c a l  p o t e n t i a l  i s  not 

wel l  def ined .  Fundamental theory g ives ,  a t  b e s t ,  
only a , h i n t .  One can t u r n  the problem around and 
s tudy t h e  s c a t t e r i n g  i n  terms of a  phenomenological 
p o t e n t i a l  with parameters d i c t a t e d  by f i t t i n g  t o  
experiment. Careful  perusal  of these  parameters 
then give some idea of the  physical  processes .  

It i s  usefu l  t o  extend these s t u d i e s  t o  t h e  
; a r t i c l e s  and energ ies  spanned by the  AVF cyclo- 
t rons  f o r  many reasons.  Several  of these a r e :  
1 )  The o p t i c a l  p o t e n t i a l  i s  energy dependent, i n  
par t  because of the energy dependence of the  non- 
e l a s t i c  processes;  2) The s c a t t e r i n g  a t  low 
energ ies  i s  i n s e n s i t i v e  t o  d e t a i l s  of the  poten- 
t i a l .  This i s  e a s i l y  understood i f  one r e a l i z e s  
t h a t  t h e  wave length o f ,  say,  a  10-MeV proton i s  
l a r g e r  than most n u c l e i  bombarded; and, 3) I n  
connection with various r e a c t i o n  s t u d i e s  c a r r i e d  
out a t  t h e  same energy. 

I n  t h i s  v e i n  a  group a t  Oak Ridge c o n s i s t i n g  
of L .  N.  Blumberg, E .  E .  Gross, A. Van der Woude, 
and A. Zucker have measured p o l a r i z a t i o n s  and 
d i f f e r e n t i a l  c r o s s  s e c t i o n s  of e l a s t i c a l l y  
s c a t t e r e d  protons a t  a  bombarding energy a t  40 
MeV. The t a r g e t s  considered ranged from 12c t o  
208pb so  t h a t  the mass dependence of the o p t i c a l  
p o t e n t i a l  could be s t u d i e d .  

The f i r s t  s l i d e  shows t h e  d i f f e r e n t i a l  c r o s s  
s e c t i o n  da ta  and the  o p t i c a l  model attempt t o  
descr ibe  it .  The f i t s  shown i n  t h i s  s l i d e  a r e  
the  r e s u l t s  of fo rc ing  the model parameters t o  
vary smoothly with t a r g e t  mass. I n  genera l ,  the 
agreement i s  good though not p e r f e c t .  On the 
next s l i d e  a r e  shown the measured po la r iza t ions  
and the  o p t i c a l  model f i t s  t o  the  d a t a .  A 
s t r i k i n g  f e a t u r e  of the  measurements i s  the  f a c t  
t h a t  back angle p o l a r i z a t i o n s  a r e  predominantly 
pos i t ive  f o r  the l i g h t  n u c l e i .  As you go t o  
heavier  t a r g e t s  t h i s  f e a t u r e  g radua l ly  goes away 
u n t i l  a t  Pb t h e  p o l a r i z a t i o n  p a t t e r n  o s c i l l a t e s  
about a  zero mean. 

These f e a t u r e s  place severe and r a t h e r  
i n t e r e s t i n g  r e s t r i c t i o n s  on the  o p t i c a l  model 
parameters which f i t  the d a t a .  

The shape of the  r e a l  p o t e n t i a l  fol lows,  i n  
some sense ,  the d e n s i t y  d i s t r i b u t i o n  of the  
nucleus.  That i s ,  a t  small  d i s t a n c e s ,  t h e r e  is  a  
g r e a t  d e a l  of nuc lear  matter  while a t  l a rge  
d i s tances  t h e  p o t e n t i a l  f a l l s  smoothly t o  zero - 
r e f l e c t i n g  the  f a c t  t h a t  there  i s  some probabi l i ty  
f o r  nucleons t o  e x i s t  f a r  from the  cen te r  of the  
nucleus . 
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The shape of t h e  imaginary p o t e n t i a l  i s  
not a s  simply descr ibed .  It i s  p ropor t iona l  t o  
the  nuclear  d e n s i t y  d i s t r i b u t i o n  but a l s o  depends 
on the  p r o b a b i l i t y  t h a t  a  r e a c t i o n  can take p lace .  
Deep wi th in  nuclear  matter  nucleons a r e  t i g h t l y  
bound and i t  takes  a  g r e a t  dea l  of energy t o  
i n i t i a t e  a  r e a c t i o n .  For low proton (10-17 MeV) 
energ ies ,  t h i s  i s  improbable and the  imaginary 
p o t e n t i a l  i s  peaked a t  the nuclear  s u r f a c e .  At 
the energy of the Oak Ridge experiments t h i s  
s i t u a t i o n  has changed and i t  i s  necessary t h a t  
t h e r e  be some absorp t ion  i n  the  body of t h e  
nucleus a s  wel l  a s  i n  the nuclear  s u r f a c e .  

Another f e a t u r e  of the p o t e n t i a l  i s  t h a t  
the  spin-dependent i n t e r a c t i o n  i s  centered 
somewhat wi th in  the body of the nucleus.  I t s  pre- 
c i s e  pos i t ion  and shape, however, a r e  not known. 
The reasons f o r  t h i s  a r e  not c l e a r l y  understood 
al though more fundamental cons idera t ions  a t  high 
energy i n d i c a t e  t h a t  it i s  p laus ib le .  

There a r e  o t h e r ,  e s o t e r i c ,  f e a t u r e s  of 
t h i s  p o t e n t i a l  which d i s t i n g u i s h  i t  from the 
p o t e n t i a l s  found f o r  protons a t  lower e n e r g i e s .  
Among these  a r e  the f a c t  t h a t  the c e n t r a l  r e a l  
wel l  r a d i u s  parameter i s  smaller  while  the  f a l l  
o f f  d i s tance  i s  l a r g e r .  

Clear ly ,  the re  i s  need f o r  more measurements 
both a t  d i f f e r e n t  energ ies  and on more t a r g e t s .  
It goes without  saying t h a t  p o l a r i z a t i o n  measure- 
ments a r e  a  u s e f u l ,  indeed necessary,  ad jun t  t o  
d i f f e r e n t i a l  c ross  s e c t i o n  experiments. Measure - 
ments of the  t o t a l  r e a c t i o n  c ross  s e c t i o n  would 
a l s o  a i d  i n  pinpoint ing the  parameters of the  
p o t e n t i a l  . 

Let me t u r n  now t o  the e l a s t i c  s c a t t e r i n g  
of more complex p r o j e c t i l e s .  The fundamental 
theory f o r  the  s c a t t e r i n g  of p r o j e c t i l e s  with 
i n t e r n a l  s t r u c t u r e  i s  i n  very poor shape. I n  
f a c t ,  i t  hardly e x i s t s  a t  a l l .  One depends 
almost e n t i r e l y  on a  phenomenological theory 
whose j u s t i f i c a t i o n  r e s t s  mainly on i t s  success  
and t h e  smoothness of i t s  parameters wi th  energy 
and t a r g e t  mass. 

For a  p a r t i c u l a r  example, l e t  me choose the 
3 ~ e  ion.  This  p r o j e c t i l e  i s  of g r e a t  importance 
i n  nuclear  physics s ince  i t s  use allows the  s tudy 
of proton s i n g l e  p a r t i c l e  and hole s t a t e s  i n  the  
same way t h a t  t h e  deuteron s t r i p p i n g  and pickup 
r e a c t i o n s  give information about s i n g l e  neutron 
s t a t e s .  

The 3 ~ e  ion i s  doubly charged and r e l a t i v e l y  
easy t o  break up, s ince  it  takes only 5 .49  MeV 
t o  remove a  proton. This  l a t t e r  f a c t  suggests  
t h a t  the  3 ~ e  ion should be s t r o n g l y  absorbed a t  
the  nuclear  sur face  and indeed the  o p t i c a l  model 
r e f l e c t s  t h i s  i n  i t s  parameters. The charac te r -  
i s t i c  p o t e n t i a l  has an absorp t ive  w e l l  which i s  
much weaker than,  and extends much f u r t h e r  than 
the r e a l  w e l l .  The success  of t h e  o p t i c a l  
p o t e n t i a l  f o r  3 ~ e  ions is  i l l u s t r a t e d  on the  next 
s l i d e  which shows the  d a t a  and o p t i c a l  model f i t  

f o r  43.7-MeV 'H, i o n s  s c a t t e r e d  f r o m  Y a n d  '2r. 
The d a t a  i s  from the Univers i ty  of Colorado and 
was taken by Gibson, Kraushaar, Rickey, and 
Ridley.  The smooth f a l l  o f f  of the  d i f f e r e n t i a l  
c r o s s  s e c t i o n  wi th  angle i s  a  c h a r a c t e r i s t i c  of 
s t r o n g l y  absorbed p r o j e c t i l e s  even though the  
energy i s  wel l  above t h e  c l a s s i c a l  Coulomb 
b a r r i e r .  

That the model works wel l  over a  range of 
energy i s  i l l u s t r a t e d  on the  next  s l i d e  which 
shows d a t a  and f i t s  t o  the  s c a t t e r i n g  of 3He ions 
from 5 8 ~ i  a t  energ ies  from 22  + 44 MeV. These 
f i t s  were achieved by al lowing only the depths 
of the  r e a l  and imaginary wel l s  t o  vary with 
energy a s  shown on the  next  s l i d e .  

The p o t e n t i a l s  found thus  f a r  have not 
included a  spin-dependent i n t e r a c t i o n  although 
the 3 ~ e  ion  has an i n t r i n s i c  s p i n .  The spin-  
dependence must await d e t a i l e d  measurements of 
p o l a r i z a t i o n  and c o n s i s t e n t  analyses i n  connection 
wi th  the  d i f f e r e n t i a l  c r o s s  s e c t i o n .  Such 
measurements a r e  planned a t  a  number of labora-  
t o r i e s ,  Oak Ridge and Colorado, and some 
experiments have a l ready  been c a r r i e d  out  a t  
Birmingham. 

Again, d a t a  i s  needed over a  wide range of 
energy and t a r g e t  n u c l e i .  

Another, r e l a t e d ,  t o p i c  i s  i n e l a s t i c  s c a t -  
t e r i n g .  The goals  of these  experiments and 
t h e o r i e s  a r e  very ambit ious.  I n  p r i n c i p l e ,  i t  
should be poss ib le  t o  l e a r n  a  g r e a t  dea l  about 
nuclear  s t r u c t u r e  - the d e t a i l e d  composition of 
nuclear  s t a t e s  - and t h e  e f f e c t i v e  i n t e r a c t i o n  
between t h e  p r o j e c t i l e  and a  t a r g e t  nucleon. The 
theory f o r  such a  microscopic approach is  only 
now being developed, and i s ,  i n  any case ,  beyond 
the  scope of t h i s  review. Again,we a r e  fo r tuna te  
i n  t h a t  an a l t e r n a t i v e  macroscopic theory has 
been developed f o r  a  c e r t a i n  c l a s s  of exc i ted  
s t a t e s  - the  c o l l e c t i v e  s t a t e s .  This  theory i s  
c l o s e l y  r e l a t e d  t o  the  o p t i c a l  model theory  f o r  
e l a s t i c  s c a t t e r i n g .  B r i e f l y ,  the  c o l l e c t i v e  
model of nucldar  s t r u c t u r e  assumes t h a t  e i t h e r  
a  nucleus i s  permanently deformed, o r  e a s i l y  
deformable. It i s  then reasonable t o  assume 
t h a t  t h e  i n t e r a c t i o n  between such a  nucleus and 
a  p r o j e c t i l e  i s  r e l a t e d  t o  the  d e n s i t y  d i s t r i -  
bu t ion  of t h e  nucleus,  i . e . ,  the  o p t i c a l  model 
p o t e n t i a l  i s  deformed. I f  the r e a c t i o n  happens 
f a s t  enough s o  t h a t  the  exc i ted  nucleus i s  not 
de-exci ted by the  p r o j e c t i l e ,  i t  i s  e a s i l y  
demonstrated t h a t  only the  s p h e r i c a l  p a r t  of the 
p o t e n t i a l  c o n t r i b u t e s  t o  e l a s t i c  s c a t t e r i n g ,  s ince  
there  is  no angular  momentum change, while the  
nuclear  e x c i t a t i o n  a r i s e s  from the  a s p h e r i c a l  
p a r t .  The measured i n e l a s t i c  s c a t t e r i n g  then 
gives some idea of how deformed the  permanently 
deformed nucleus i s ,  o r ,  f o r  t h e  v i b r a t i n g  
nucleus,  how easy  i t  i s  t o  s e t  i n t o  o s c i l l a t i o n .  

This model has been used, with outs tanding 
success ,  t o  descr ibe  the i n e l a s t i c  s c a t t e r i n g  of 
protons,  neutrons,  deuterons,  3 ~ e  ions ,  a lpha 
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p a r t i c l e s ,  and even heavy ions .  A remarkable 
f e a t u r e  i s  t h a t  a l l  of these p r o j e c t i l e s  give 
e s s e n t i a l l y  t h e  same number which c h a r a c t e r i z e s  
the  exc i ted  nuclear  s t a t e .  

An example of the  success  of the theory is  
i l l u s t r a t e d  on the next s l i d e ,  which compares the  
c o l l e c t i v e  model theory  wi th  the  d a t a  f o r  the 
e x c i t a t i o n  of s t a t e s  i n  9 0 ~ r  by 44-MeV 3 ~ e  ions.  
The d a t a  again i s  from Colorado. S imi la r  s t u d i e s  
have been and a r e  being conducted a t  ORNL and a t  
Los Alamos. 

The theory seems t o  give an adequate 
r e p r e s e n t a t i o n  of the  d i f f e r e n t i a l  c ross  sec tcons .  
I n  order  t o  t e s t  it f u r t h e r  and t o  ga in  more 
i n s i g h t  i n t o  the nuclear  s t r u c t u r e  and r e a c t i o n  
mechanism, i t  i s  necessary t o  devise o ther  
measures of the  amplitudes. One such, which i s  
a  s e n s i t i v e  t e s t  of the  theory,  i s  t h e  measure- 
ment of the angular  c o r r e l a t i o n  of y-rays 
fol lowing the e x c i t a t i o n .  Another i s  t o  measure 
the  asymmetry of i n e l a s t i c a l l y  s c a t t e r e d  
polar ized protons.  

The l a t t e r  process has been measured by a  
group a t  Oak Ridge, M. P. F r i c k e ,  E. E .  Gross, 
B .  J .  Morton, and A. Zucker and analyzed by 
Fr icke  and R .  M. Drisko. The next s l i d e  shows 
the  measurements f o r  e x c i t a t i o n  of 2+ s t a t e s  i n  
28Si and 5 8 ~ i ,  and the prel iminary a n a l y s i s  of 
t h i s  d a t a .  

I n t u i t i v e l y ,  i t  might be thought t h a t  only 
the  r e a l  par t  of the  p o t e n t i a l  would be deformed. 
As can be seen from t h i s  s l i d e ,  t h i s  form of the  
theory gives a  r a t h e r  smooth asymmetry p a t t e r n  
while t h e  da ta  has much more s t r u c t u r e .  What i s  
necessary t o  give reasonable agreement with the  
d a t a  i s  t o  a l s o  al low the  imaginary and sp in-  
dependent p a r t s  of the i n t e r a c t i o n  t o  follow 
the  motion of the  v i b r a t i n g  nucleus.  Even then,  
f o r  ang les  l e s s  than 400, the  theory misrepresents  
na ture .  I should emphasize t h a t  the  t h e o r e t i c a l  
p red ic t ions  a r e  very s e n s i t i v e  t o  the  parameters 
and t h a t  the b e s t  parameters haven ' t  ye t  been 
found. However, the  f a i l u r e s  a t  forward angles  
suggest a  more fundamental gap i n  the theory,  
and t h i s  i s  being s t u d i e d .  

Let me t u r n  t o  another  t o p i c  where I th ink  
AVF cyc lo t rons  w i l l  dominate the f i e l d  f o r  
s e v e r a l  years  t o  come. This  i s  the  s tudy of 
proton hole and p a r t i c l e  s t a t e s  using the  
(d , 3 ~ e )  and ( 3 ~ e  ,d)  r e a c t i o n s ,  and neutron 
s t a t e s  i n  heavy n u c l e i  with (d ,p ) ,  (d, t )  and 
(p,d)  r e a c t i o n s .  Because of t h e  Coulomb b a r r i e r ,  
these r e a c t i o n s  a r e  d i f f i c u l t  o r  impossible t o  
s tudy with low energy machines. As you know, 
the  shape of the  angular  d i s t r i b u t i o n  of the  
outgoing p a r t i c l e  i s  a  measure of the  angular  
momentum t r a n s f e r r e d  t o  the  nucleus,  while  the  
magnitude of the  c r o s s  s e c t i o n  is  a  measure of 
t h e  s i n g l e  p a r t i c l e  o r  hole  charac te r  of the  
nuclear  s t a t e .  

An example of t h i s ,  unfor tuna te ly  not the  
bes t  one, i s  the s tudy of s t a t e s  i n  5 0 ~ i  reached 

by the  5 1 ~ ( d , 3 ~ e ) 5 0 ~ i  r e a c t i o n .  The s t a t e s  t h a t  
we s h a l l  consider  a r e  0+, 2+, 4+, and 6+ s t a t e s  
which a r e  assumed t o  be made up of two protons 
i n  f7/2 o r b i t s  ou ts ide  a  nuc lear  core wi th  ze ro  
angular  momentum. That i s ,  each of these protons 
has o r b i t a l  angular  momentum of 3 and a  t o t a l  
angular  momentum of 712 i n  u n i t s  of Planck 's  
cons tan t  divided by 2a. Since 5 1 ~  has 3  protons 
i n  f7/2 o r b i t s ,  these s t a t e s  a r e  reached by 
picking up one of them. The s h e l l  model, which 
i s  bel ieved t o  be app l icab le  here ,  p r e d i c t s  
a f t e r  dynamical f a c t o r s  a r e  removed, t h a t  the  
s t a t e s  (0 ,2 ,4 ,6 )  should be exc i ted  i n  t h e  r a t i o  
9:5:9:13. 

This  experiment has been done a t  Argonne 
with 21-MeV deuterons,  by T. H .  Braid and 
B .  Zeidman, and repeated a t  Oak Ridge by 
J.  C .  Hiebert  and E. Newman using 34-MeV 
deuterons from ORIC. 

With 21-MeV deuterons one f i n d s  t h e  raw 
spectrum shown on the  next  s l i d e .  The most 
probable t r a n s i t i o n ,  t o  the 6+ s t a t e ,  i s  weaker 
than the  t r a n s i t i o n  t o  the  ground s t a t e  (O+). 
The t r a n s i t i o n  t o  t h e  4+ s t a t e ,  which would be 
comparable t o  the c r o s s  s e c t i o n  f o r  the  0+ s t a t e ,  
i f  dynamical e f f e c t s  were unimportant,  i s  a l s o  
weak. 

With 34-MeV deuterons t h e  raw d a t a  f o r  these 
t r a n s i t i o n s  i s  c l o s e r  t o  the  r a t i o  predicted by 
the  s h e l l  model a s  shown on the  next s l i d e .  

The energy d i f f e r e n c e  i s  r e f l e c t e d  i n  the 
angular  d i s t r i b u t i o n s  a s  wel l .  The next s l i d e  
shows the  d i f f e r e n t i a l  c ross  s e c t i o n  f o r  the  
r e a c t i o n s  i n i t i a t e d  by 21-MeV deuterons.  I f  the  
simple s h e l l  model were per fec t  only I = 3  
t r a n s i t i o n s  would be allowed t o  a l l  these s t a t e s .  
This  s l i d e  i l l u s t r a t e s  a  minor breakdown i n  t h a t  
there  i s  an I = 1 t r a n s i t i o n  t o  the  2+ s t a t e .  I n  
any c a s e ,  the  t r a n s i t i o n s  t o  the 0+ and 6+ s t a t e s  
must be pure B = 3  and t h i s  s l i d e  shows t h a t  
these two angular  d i s t r i b u t i o n s  a r e  q u i t e  d i f f e r -  
e n t .  However, a t  34 MeV, t h e  shapes a r e  very 
s i m i l a r  a s  can be seen i n  the  next  s l i d e ,  and 
o r b i t a l  angular  momentum t r a n s f e r s  could be 
assigned by inspect i -on,  a l though e x t r a c t i o n  of 
magnitudes i s  s t i l l  theory  dependent. 

This  e f f e c t  w i l l  be much more important f o r  
higher  Z t a r g e t s .  

F i n a l l y ,  I s h a l l  r e p o r t  on some (d,p) and 
( d , t )  experiments done a t  the  Univers i ty  of 
Michigan by two graduate  s t u d e n t s ,  A. Po l to rak  
and G. Muelhlehner, under the  d i r e c t i o n  of 
Professor  W .  C .  Parkinson. Professor  Parkinson 
and h i s  group intend t o  i n v e s t i g a t e  n u c l e i  i n  the 
deformed region where t h e  s p e c t r a  a r e  complicated. 
As a  prel iminary t o  t h i s  work these people thought 
i t  advisab le  t o  s tudy a  heavy nucleus where the 
s t r u c t u r e  i s  wel l  known. I n  t h i s  way the  theory 
could be t e s t e d  f o r  r e l i a b i l i t y  and the s e n s i -  
t i v i t y  t o  deuteron energy s tud ied .  The l o g i c a l  
t a r g e t  i s  208pb s ince  p a r t i c l e  s t a t e s  i n  2 0 9 ~ b  
and hole s t a t e s  i n  2 0 7 ~ b  a r e  assumed t o  be pure. 
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The next  s l i d e  shows angular  d i s t r i b u t i o n s  of 
t r i t o n s  f o r  t h r e e  i n c i d e n t  deuteron energ ies .  
A t  t h e  l o w e s t  e n e r g y  Coulomb e f f e c t s  a r e  i m p o r -  
t a n t  f o r  t h e  a n g u l a r  d i s t r i b u t i o n s ,  a l though  
t h e r e  a r e  nuc lear  e f f e c t s  present  which show up 
a t  forward angles .  The angular  d i s t r i b u t i o n s  a t  
back angles  d i f f e r  s u b t l y  i n  s lope f o r  the  
var ious  l - t r a n s f e r  va lues .  A t  the  median energy, 
20.3 MeV, nuc lear  d i s t o r t i o n s  a r e  more important 
and angular  d i s t r i b u t i o n s  a r e  s h i f t e d  forward. 
At 25 MeV, t w i c e  the  energy of the  Coulomb 
b a r r i e r ,  the  angular  d i s t r i b u t i o n s  a r e  s h i f t e d  
forward even more. A t  the  l a t t e r  two energ ies ,  
angular  d i s t r i b u t i o n s  a r e  s u f f i c i e n t l y  d i f f e r e n t  
so  t h a t  perhaps, wi th  experience,  I- va lues  
could be assigned.  

Here, s i n c e  Q va lues  a r e  p o s i t i v e ,  nuclear  
e f f e c t s  s e t  i n  a t  q u i t e  low energy. The 
d i f f e r e n c e  between angular  d i s t r i b u t i o n s  f o r  
d i f f e r e n t  l - t r a n s f e r s  a r e  not  l a r g e .  Compare, 
f o r  example, t h e  d - t r a n s i t i o n s  with t h e  g- 
t r a n s i t i o n s .  This  po in t s  out the  ca re  necessary 
i n  analyzing the  d a t a .  

These r e s u l t s  a r e  encouraging and i n d i c a t e  
t h a t  meaningful spectroscopy can be done f o r  
heavy n u c l e i  . 

Of course ,  I have only touched on t h e  
experiments performed. I hope, however, t h a t  
t h i s  sampling has shown some of t h e  progress  
made and i n d i c a t e s  a r e a s  of f u t u r e  experiments. 

The t h e o r e t i c a l  p r e d i c t i o n s ,  s o l i d  l i n e s ,  
a r e  i n  reasonable agreement wi th  t h e  d a t a  both * Research sponsored by t h e  U.S. Atomic 
i n  the  predicted shape and i n  t h e  abso lu te  Energy Commission under c o n t r a c t  with the  Union 
magnitude. Carbide Corporat ion.  

Much the  same remarks can be made about ** Present  address:  Brookhaven National 
the  s t r i p p i n g  r e a c t i o n s  shown on t h e  next s l i d e .  Laboratory,  Upton, New York. 
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Fig. 1. "Averagen parameter fit.a to  40-MeV 
elastic prot.on scattering data. 

Fig. 2. "Averagew paramt.er f i t ,s  t.o 40-MeV 
e1aat.i~ polarizat.ion dat~a. 
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Fig. 3. Opt.ical model i t s  t o  t,he scattering of Q 43.7-~eV 3 ~ e  ions from 9~ and 90~r. 
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S ectrum of 3 ~ e  ions from the &i d:jHe) 30Ti reactions a t  a deuteron energy 
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Fig. 1 . Angular d i ~ t r i b u t ~ i o n s  of  t,ritons from 
t.he 20gPb(d, t) 24Pb reaction8 a s  a function 
of energy. 

Fig= Angular diatribut,ions of  prot'ons from 
the 2%b(d,p)208Pb rsact,ions aa a function of 
energy. 
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PANEL DISCUSSION 

THIRION: I would like to make two comments. 
The f i r s t  i s  connected with energy resolution 
requirements .  The a i m  i s  usually to be  able to 
separate  c lear ly  the f inal  energy levels.  That 
may  somet imes require  a resolution of one, o r  
a t  m o s t  a few, keV. I would like to emphasize 
that  magnetic analys is ,  fo r  the incident beam a s  
well  a s  for  the secondary par t ic les ,  i s  a suitable 
answer  to th is  problem. The usual  drawbacks of 
slow counting r a t e s  o r  delayed information can 
be overcome; we will  hea r  l a t e r  of some develop- 
men t s  a t  Ann Arbor  and Oak Ridge. As a n  
example, le t  m e  present  to you a spect rum of 

inelastic 24. 5-MeV proton scattering on 2 0 8 ~ b  
obtained a t  Saclay (Fig.  1). 'It was  obtained with 
a locating spa rk  chamber  20-cm long (Charpak 
type), placed along the focal plane of the second- 
a r y  analyzer.  The counting r a t e  i s  100 per  
second and the resolution i s  25 keV. Although 
this l a s t  value i s  not exceptional, i t  can probably 
be improved; the convenience and efficiency of 
the set-up i s  worth mentioning. 

The second comment concerns  the exper iments  
with polarized beams. Cyclotrons have unexpec- 
tedly been f i r s t  to use polarized ion sources .  A s  
we can deduce f r o m  the pas t  days ,  polarized 
beam cur ren t s  a s  high a s  0.01 pA can be expected 
in a ve ry  nea r  future,  one tenth of that  value 
being available now a t  Birmingham. Such pe r -  
formances  a r e  due to the exceptional ability of 
AVF cyclotrons to capture and acce le ra te  so 
much of the injected beam. An example of the 
extremely remarkable  possibil i t ies thus opened 
can be seen f r o m  what we a r e  a l ready able to 
observe with beams of 2 X log  par t ic les  pe r  sec -  
ond. Figure  2 shows the asymmet r i e s  obtained 
in inelastic scattering of 18. 5-MeV polarized 
protons,  the final  levels  being 2 t  levels  in  a l l  
cases .  The interesting fact  i s  that the curves  
exhibit l a rge  differences. A macroscopic  model  
would predict  a universal  curve.  One may  then 
conjecture that the differences a r e  due to detailed 
nuclear s t ructure ,  such a s  different shapes in  the 
f o r m  factors .  If t rue ,  that  would allow us  m o r e  
insight of the nuclear wave functions. That i s  
certainly v e r y  important;  the use  of polarized 
beams will provide us ,  I hope, detailed and essen-  
t ia l  information. 

PARKINSON: The Chairman asked m e  yesterday 
if I would say just  a few words about our  magnet  
sys tem,  and the resolution we obtain. I don't 
have any s l ides  of our  r e su l t s  to show, so I won't 
be disturbed if you say "cum grano salis .  l '  

I N E L A S T I C  POLARIZATION 

-as 
I 

I 

You m a y  recognize this sketch of our  system; i t  
was  shown a t  the L o s  Angeles conference,  see  
Fig. 1. After the cyclotron source  there  a r e  
two beam preparat ion magnets ,  a scattering 
chamber ,  and th ree  180" reaction-product 
magnet S. 

nc- 

0.- 

4%- 

1- 

All five a r e  n = 1 / 2 magnets.  Note that the sum 
of the r ad i i  of the two 11 0" (200- cm) magnets  i s  
equal to the sum of the r ad i i  of the th ree  180" 
(1 33-cm) magnets.  That i s  v e r y  important .  

7- 

F.% Ex.O.8&M.V - -  

I 
" I  

' n T  I f  ' I 

Also, we p re fe r  to ta lk  about the resolving power, 
R ,  r a the r  than the resolution. F o r  our  sys tem,  
with l - m m  sl i t s ,  this i s  8 X 103. I t  means  that  
we would have 2.5 kV energy sp read  a t  20 MeV. 
I think the resolving power i s  m o r e  significant 
than resolution because resolution depends upon 
the line shapes ,  intensit ies,  and so on. We 
p re fe r  to use  the Rayliegh cri terion.  

p E.. 8 . ~ 1  M m  

fl E..Ooo ..v 
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8=180°. n = i  r = 1 3 3 c m  

. eoch: g = 5 kevl rnm a+  40 MeV 
or 5 keV/mm for a l l  3 

= 2.5 k e V  a t  2 0  M e V  

i 

e a c h :  % = lOkeV/mm at 

I 4 0 M e V  or 5 k e V / m m  
l 
I for  both 

CYCLOTRON 
SOURCE 

Let me just make three quick comments about 
the system: f i rs t ,  the resolut ionandease of 
operation of the beam preparation system; second, 
the resolving power of the reaction products 
analysis system; and, third, a remark about the 
intensity of the beam on the target. 

It i s  possible to do excitation functions in energy 
steps of only a kilovolt o r  so, with an energy 
spread on the target of only 2 to 4 kilovolts. For  
example, a t  14. 25 MeV (I use that number only 
because there happens to be a resonance in 

p) at that poinf the resonance being some- 
thing like 4 to 6 kV wide), i t  i s  possible to run 
over this resonance in steps of about 1 kV with 
a 1. 8-kV energy spread on the target, for l -mm 
slits. I t  i s  very simple and very quick to change 
the energy in this kind of step, since it i s  only 
necessary to change the frequency of the proton 
moment for this second magnet. 

The second point about the reaction products 
analysis and the r e  solution: because the ion 
optics a re  reasonably good, and in fact match 
the beam preparation system, the resolution in 
all  practical cases, i s  determined almost entirely 
by the target. While we have not made a serious 
effort to obtain the optimum, Conzett did mention 
the 6 to 8 kV half-width of the peak in alurninum 
ground- state doublet a t  21 -MeV proton energy. 
This i s  an important point, incidentally. This 
was a half-width of something like 6 to 8 kV, and 
I want to emphasize that this was a completely 
non- uniform aluminum leaf target, which should 
contribute something like 9 to 10 kV to the total 
width. This is  not a contradiction in numbers, 
but rather it points up the question of line shape 
width and resolving power, which i s  so well 
understood, in fact, by the atomic and molecular 
spectroscopists. 

The third and final point has to do with the beam 
on the target. At full resolution, le t ' s  talk about 
104 the beam current i s  small. In our case we 
get typically anywhere from 20 to 100 nA, and 
very seldom 100 nA. This i s  actually a factor of 
10 lower than we should be able to realize with 
our present facility, but we know where this 
factor oT 10 comes from, and we hope to do some- 
thing about it. 

But my point i s  that in  spite of Tuesday's discus- 
sion, if I take Blosser 's  numbers for the current 
that you can get from a source before a space 
charge begins to set  in, then in my opinion the ion 
source really i s  the limiting factor in obtaining a 
good current  a t  high resolution. For  example, 
with a resolving power of 1 O4 this current would 
be something on the order  of a microampere. 
So that I think that really the ion source is  going 
to be the limiting thing if you want more current 
when you have high resolution. 

LIVINGOOD: I would like to comment on 
Dr. Conzett's suggestion, that one can double the 
duty factor of a cyclotron by injecting into both 
the dee and the dummy dee. I am afraid that 's a 
fallacy which has trapped many people in the past, 
including myself! If you think about it, you a r e  
only going to get one batch of particles out of the 
cyclotron per cycle. No matter how you inject 
them, either you won't get them a t  all, or they 
will add to the mixture of energy. 

In an old-fashioned synchrocyclotron which 
had an open ion source, particles could be 
accelerated into this dee or  that dee, whenever it 
i s  negative. Half a cycle later the particles 
leave this dee and head for that one, which is  
the same moment when particles a r e  leaving the 
ion source and starting for this one. So they a r e  
in time together. They may be a half a cycle 
behind, in energy one dee energy behind each 
other. In a synchrocyclotron the phase stability 
will allow them to get mixed up, and they will 
catch up in time, but they will come out with 
different energies. 

In a modern cyclotron if  one injects into both 
dees, the particles leaving for the dummy dee 
will be off center so they won't get out of the 
system a t  all. 

CONZETT: Does everybody agree? 

VOICES: Yes. 

CONZETT: I am glad I only suggested that the 
possibility be looked at! 

EISBERG: I speak with reference to a point 
Conzett made about this class of experiments, 
such a s  (p, 2p) experiments, involving the detec- 
tion of two o r  more particles in coincidence. 
Many people feel that this class of experiments in 
the 100- and ZOO-MeV range will be among the 
most fruitful experiments done on these new 
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machines. I certainly support Conzett 's state- 
ment  to the effect that duty factor i s  the really 
important experimental machine cr i ter ion for these 
experiments, because they a r e  always going to be 
accidental- coincidence limited. We hope that 
ultimately machine people will produce machines 
that do have the theoretical, realizable l imit of 
duty cycle, whatever that is. But even when that 
happens, the experiments a r e  s t i l l  going to be 
accidental limited, and experimentalists a r e  s t i l l  
going to want a month running time, and they 
sti l l  a r e  going to be running a t  a very reduced 
beam, because of the problem of accidentals. I t  
seems then that the logical thing to do, since the 
machine's beam i s  not being fully used, i s  some- 
how o r  other to split the beam into two, o r  three  
o r  more ,  separate beams. Separate bombard- 
ment a r e a s  could then be used a t  the same t ime,  
to provide really efficient use of the machine, 
and get a lot of physics done per  year.  

There was a reference made to this yesterday by 
Vogt. I t  seems very easy to do, if you a r e  
accelerating negative ions. You can perhaps get 
simultaneous beams out of different energies 
f rom the machine. If you don't want to do that, 
though, you can split external beams, negative 
ions o r  positive ions, in several  ways. 

I found recently that beam spl i t ters  had been built 
a t  the 60-inch cyclotron a t  Berkeley and a t  the 
MIT Van de Graaff, but they were never used 
because the experimentalists didn't cooperate. 
They wouldn't get together, because they didn't 
have to. Some of us a r e  feeling much more  
cooperative than we used to--because we have to! 
I really think that i t  i s  very feasible to anticipate 
scheduling one month in which there a r e  several  
low- intensity, high-duty cycle beams available 
for different bombardment a r e a s  while different 
groups do different correlation experiments at  
the same time. 

THIRION: Thank you. I think you a r e  perfectly 
right. 

BENT: Little has been said about the use  of AVF 
machines to accelerate heavy ions. Would one of 
the speakers comment on whether any of the 
groups a r e  now doing this, what the future possi-  
bilities a re ,  and how AVF cyclotrons will compete 
with large tandem Van de Graaffs for  acceleration 
of heavy ions? 

Conzett: At Berkeley a l l  machine t ime i s  essen-  
tially sold in accelerating protons, deuterons, 
helium-3, and helium-4; but on the other hand we 
a r e  in the fortunate position of having a heavy-ion 
linear accelerator.  So, in fact, nobody has  really 
come to ask  us about accelerating heavy ions. 

THIRION: This i s  not quite an answer! Would 
somebody like to answer this question about 
heavy ions? 

LIVINGSTON: I a m  sure  that AVF cyclotrons a r e  
practically a perfect vehicle for  accelerating 
heavy ions. The re  a r e  some limitations, however, 
on the heavy ions which can be conveniently ac- 
celerated. These were touched upon yesterday 
in the Omnitron talk. If you use an internal ion 
source, you a r e  limited to the species of ion which 
the ion source will put out. This, in general,  i s  
3 t ,  4+, o r  5 t  heavy ions. Of course,  a t  Oak Ridge 
we have accelerated 3 t  nitrogen very successfully 
for  a long time. 

I think that the great  in teres t  nowadays, however, 
i s  in going to very highly stripped very heavy ions, 
which the ion source of the AVF cyclotron really 
cannot produce directly. We need an  external 
system to create  the ions in a highly stripped con- 
dition and inject them into the cyclotron. This i s  
an a r e a  which real ly  should be thought about a 
goad deal, r ight now. I a m  personally quite 
interested in what i s  the best  way to get high 
currents  of these very heavy ions. My own per-  
sonal thinking i s  that maybe something other than 
the AVF cyclotron may be the best way to do it. 
The AVF cyclotron is  v e r y  good, but i t  does have 
limits. 

SUZUKI: I would like to comment on the duty 
cycle of the beam, especially on the duty cycle of 
meson beams, since the lifetime of the mesons 
a r e  about the same a s  the t ime duration of beams. 
We have very  g rea t  difficulty with time-dependent 
experiments,  f o r  example, measurement  of neu- 
tron-asymmetry following the p capture ,  lifetime 
of y in mater ia ls ,  .rr lifetime, and so on, even if 
we have very, very weak beam compared with 
meson factories,  and even if we have 50% overal l  
duty cycle a t  Carnegie Tech. Control over duty 
cycle of meson facili t ies is very  important. 

HOLMGREN: What we were talking about this 
morning in mos t  of the papers here  i s  roughly 
5% of what happens when a high-energy nucleon, 
such a s  the nucleon between l00  and 200 MeV, 
s t r ikes  a nucleus. If you look a t  the typical 
spectrum (sketching the spectrum f rom right to 
left) you find a little wiggle out he re  for  the e las-  
t ically-scattered group, and then maybe a couple 
of other little wiggles for a few inelastic- scattered 
groups, and then a large continuum. I want to 
emphasize this point of duty cycle, because the 
single-particle spectra  that you achieve can be 
obtained very  well with the high- energy-resolution 
poor duty-cycle machine. But that only tells you 
about these five o r  so little groups way out he re ,  
which i s  3 to 5% of what happens in the large con- 
tinuum that many of u s  a r e  interested in. To in- 
vestigate what happens here  you can look a t  the 
single-particle spectrum, but whatever theory 
you come up with i s  pure guesswork, and there 
a r e  a s  many guesses  a s  there a r e  theorists work- 
ing on this a rea .  

The only way to look a t  this a r e a  i s  to measure  
more  paramete rs  associated with each event. The 
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typical thing to do i s  to look a t  two particles in 
coincidence. This i s  typically an experiment 
where you put counters a t  two angles and mea- 
sure the energies of the two particles. Again 
this i s  fine; however, even that may not suffice 
to answer all  of the questions. There a r e  a few 
of us who have been doing even triple-coincidence 
experiments, looking a t  three particles. As a 
matter of fact, we just finished an experiment 
looking a t  four particles coming out of a single 
nuclear reaction, measuring all  of their energies. 

But, let me go back to these two-particle type 
coincidences. We look a t  ad experiment where 
we have an  energy E,, E2 for these two particles 
at these two angles. In this reaction al l  events 
a r e  concentrated along some sor t  of a circle,  o r  
closed line, in a two-dimentional energy spec- 
trum. Now we are  talking about beam bursts,  
which may be 5 to 10 nanoseconds in length. The 
energy range covered here i s  very wide. The 
time of flight from the target to one of these 
detectors i s  typically 5 to 15 nanoseconds. That 
means, because of the wide range of energies 
here, that normally the range of time of flights 
i s  so wide that i t  has not been practical, up to 
now, to really look a t  these things with resolving 
times better than the resolving time correspond- 
ing to the beam bursts. There was no point, 
then, in building a coincidence circuit that was 
much better than 10 o r  15 nanseconds. 

With the advent of large computers, and data- 
processing systems, i t  i s  now feasible to mea- 
sure the time relationship for every event on this 
two-dimensional energy spectrum. This means 
requiring a t  least three parameters for even the 
two-particle events, that is ,  the energies of the 
two particles and the time; possibly identifying 
the particles, which may require two more para- 
meters.  That is up to f i e  parameters.  To star t  
doing more complex experiments you can rapidly 
enlarge this. You may be measuring each of 
these parameters in something like 100 to 500 
bins. So, you see, this experiment becomes 
very complex. 

This type of experiment could not be done until 
the large data-processing systems arrived. Now, 
electronics and solid-state detectors a r e  clearly 
capable of measuring coincidences down in the 
sub-nanosecond range; i t  becomes really practi- 
cal to s ta r t  increasing the duty factor of these 
machines. Maybe 9070 d the physics, probably 90% 
of the machine time, for these higher-energy 
machines will be involved in these types of studies. 
Therefore, the value of the machine will go up in 
proportion to the duty factor. 

FOSS: Many people realize that flat-topping the 
rf i s  a good way to improve the duty cycle. All 
they need i s  a good way to flat-top the rf! 
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