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I. INTRODUCTION 

T h i s  i s  a  p r o g r e s s  r e p o r t ,  d e s c r i b i n g  t h e  accomplishments i n .  b a s i c  r e s e a r c h  

i n  n u c l e a r  p h y s i c s  c a r r i e d  o u t  by t h e  t h e o r e t i c a l  n u c l e a r  p h y s i c s  group of t h e  

Department of P h y s i c s  of The U n i v e r s i t y  of Texas a t  A u s t i n ,  d u r i n g  t h e  p e r i o d  

of January  1, 1979 t o  December 31,  1979. 

The major p a r t  of t h e  r e p o r t  i s  c o n t a i n e d  w i t h i n  s u b s e c t i o n s  A,  B, C ,  

s n d  D of S e c t i o n  11. The s u b s e c t i o n  A i s  a  cornpl'ete p r e s e n t a t i o n  of our  r e s e a r c h  

achievements  and t h e i r  s i g n i f i c a n c e .  Both work completed and work i n  p r o g r e s s  

are covered ,  t h e  coverage of t h e  l a t t e r  b e i n g  g iven  i n  somewhat more d e t a i l  t h a n  

t h a t  of t h e  former ,  I n  s u b s e c t i o n  B y  t i t l e  pages  of p a p e r s  p u b l i s h e d  d u r i n g  

t h e  y e a r  a r e  reproduced,  w h i l e  i n  s u b s e c t i o n  C ,  f i r s t  pages of p a p e r s  sub~r l i t t ed  

b u t  n o t  y e t  i n  p r i n t  are reproduced.  These papers  a r e  numbered a s  B-1 through 

B-18 and C - 1  through C-9, a c c o r d i n g  t o  t h e  o r d e r  i n  which t h e y  appear  i n  t h e s e  

two s u b s e c t i o n s .  I n  s u b s e c t i o n  D t h e r e  a r e  copied a b s t r a c t s  of t a l k s  p r e s e n t e d  

a t  APS and o t h e r  meet ings ,  

The s u b s e c t i o n  A was w r i t t e n  i n  such  a  way a s  t o  g i v e  an  overview of our  

work, i t s  i n t e r r e l a t i o n s ,  and i t s  r e l a t i o n  t o  work done by o t h e r  groups .  A s  

is  s e e n ,  a  l a r g e  v a r i e t y  of s u b j e c t s  a r e  inc luded  a s  p a r t  of our  work, and t h u s  

t h e y  are p r e s e n t e d  i n  f i v e  s e p a r a t e  p a r t s ;  ( i )  through ( v ) .  The o v e r a l l  s u b j e c t  

i n  each p a r t  can b e  found i n  t h e  l i s t  of c o n t e n t s  g iven  a t  t h e  beg inn ing  of 

t h i s  r e p o r t .  I n  t h e  p r e s e n t a t i o n s  of s u b s e c t i o n  A ,  f r e q u e n t  r e f e r e n c e  i s  made 

t o  p a p e r s  i n  s u b s e c t i o n s  B and C and a l s o  t o  many o t h e r  p a p e r s .  ,These papers 

a r e  summarized i n  t h e  l i s t  of r e f e r e n c e s  g iven  a t  t h e  end of s u b s e c t i o n  A. 





i. REACTIONS INDUCED BY LOW ENERGY LIGHT IONS 

a). Exact finite range:;DWBA calculations of two-nucleon. transfer reactions 
(Takemasa, Tamura and Udagawa) 

For the heavy-ion induced reactions, transferring one- or more nucleons, 

it is customary to perform calculations based on the exact-finite-range (EFR) 

method. This is not yet, however, the case with the light-ion induced reactions, 

-including two-nucleon transfer reactions (TNTR). This is partly because one 

rather naively believes that the zero-range (ZR) approximation works there. 

The other reason is that the EFR calculations for light-Ton induced reactions 

are surprisingly time consuming. 

We noticed, however, that the interpolation technique, introduced by Low 

2 
and ~amural and used in a computer program SATURN-MARS for heavy-ion reactions 

can be applied to the light-ion reactions as well. Takemasa, Tamura and Udagawa 
* 

thus modified the previous heavy-ion TNTR program,3 and completed a new program 

to be used for light-ion induced TNTR. With this new program, detailed analysis 

+ + + were made of 92~r(t,p)94~r reaction with E = 20 MeV, leading to the 0 , Z1, 22, 
t 

+ 
and 4. states, and also of the 208~b(p,t)206~b reactions with E = 32 and 40 MeV, 

1 P 
+ + + +  

leading to the 01, 21, 41, 61 and 7; states. These calculations were made by 

using realistic triton wave functions and a multi-configuration space for two- 

neutrons. Such calculations have become possible for the first time, because 

of the f a s t  m~. thod  we employ. 

The results4 of the calculations were compared with those of the ZR cal- 

culations, as well as with experimental data. It was found that, as far as 

angular distributions are concerned, the EFR and ZR calculations gave results 



which a r e  almost i d e n t i c a l  and ag ree  w e l l  w i th  experiment.  This  f e a t u r e  was 

found f o r  a l l  t h e  R va lues  and t h e  i n c i d e n t  ene rg i e s  considered,  and some of 

t h e  examples t h a t  demonstrate  t h i s  f a c t  a r e  shown i n  F ig .  1. 

It was f u r t h e r  found t h a t  f i n i t e - r ange  e f f e c t s  were no t  important even 

i n  p r e d i c t i n g  r e l a t i v e  magnitudes of t h e  c r o s s  s e c t i o n s  leading  t o  d i f f e r e n t  

f i n a l  s t a t e s ,  i f  t h e  i n c i d e n t  energy was r a t h e r  low. However, t h i s  ceases  t o  

be  t h e  case  f o r  r e a c t i o n s  wi th  h ighe r  i n c i d e n t  ene rg i e s .  We i n  f a r t  f ~ y n d ,  

f o r  i n s t a n c e ,  t h a t  t h e  7 c r o s s  s e c t i o n s  i n  t h e  2091?b(p,t) r e a c t i o n ,  r e l a t i v e  

+ 
t o  t h e  0  c ros s  s e c t i o n ,  d i f f e r e d  by 50% i n  t h e  ZR and EFR c a l c u l a t i o n s .  

The abso lu t e  magnitude of t h e  c r o s s  s e c t i o n s  was found t o  agree  wi th  ex- 

periment w i t h i n  a f a c t o r  of s e v e r a l ,  when t h e  EFR method i s  used. On t h e  o ther  

hand t h e  ZR c a l c u l a t i o n s  underestimated t h e  magnitudes by more than a f a c t o r  of 

10 t o  50. The a b s o l u t e  magnitude depends r a t h e r  s e n s i t i v e l y  on t h e  p o t e n t i a l  

parameters  used i n  t h e  c a l c u l a t i o n s .  Therefore ,  t h e  agreement wi th  experiment 

w i t h i n  a  f a c t o r  of s e v e r a l  may al low us t o  conclude t h a t  t h e  EFR c a l c u l a t i o n s  

can explaii'l even t h e  a b s o l u t e  magn.i. tude of t h e  cram ccc t ions .  

The computer program used f o r  t h e  E F R - D ~ A  c a l c u l a t i o n  discussed above 

w a s  then  extended s o  t h a t  EFR-CCBA (coupled-channels Rorn approximation.) ca l -  . 

c u l a t i o n s  can a l s o  b e  performed. An a p p l i c a t i o n  of t h i s  new program has then 

118 
been made t o  ana lyze  d a t a  f o r  t h e  ~ n ( ~ , t ) ~ ' ~ s n  r e a c t i o n  a t  E  = 52 MeV, 

5 
B 

6  
and t h i s  work was p u b l . i s h ~ d  very r e c e n t l y .  A vcry impnr t f i n t  aspecl  uL using 

t h e  EFR r a t h e r  than t h e  ZR method i s  seen  conspicuously i n  Fig.  2,  i n  t h a t  t h e  

d i p  a t  about 10" i n  t h e  angular  d i s t r i b u t i o n  of t h e  ground s t a t e  t r a n s i t i o n  is  

very  n i c e l y  f i t  w i t h  EFR c a l c u l a t i o n s  ( e i t h e r  DWBA o r  CCBA), bu t  no t  wi th  the  

ZR c a l c u l a t i o n s .  Note t h a t  t h e  t h e o r e t i c a l  reproduct ion  of t h i s  d i p  has been 

a  long s t and ing  problem among those  working i n  t h e  TNTR problems. 
7 



The f i t t i n g  of t h e  ground s t a t e  angular  d i s t r i b u t i o n  a lone  cannot d i sc r imi-  

n a t e  between t h e  EFR-DWBA and EFR-CCBA methods. However, w i t h  t h e  former,  t h e  

magnitude of t h e  2' c r o s s  s e c t i o n  r e l a t i v e  t o  t h g  ground s t a t e  c r o s s  s eq t ion  

i s  p red i c t ed  t oo  smal l  by about  a f a c t o r  of 3,  wh i l e .w i th  t h e  l a t t e r ,  i t  is 

too  l a r g e  by only a  f a c t o r  of 1.3. It would t hus  be  obvious t h a t  EFR-CCBA 

c a l c u l a t i o n  i s  needed, a l b e i t  t h e  need of a . f a i r l y  computat ional  t i m e ,  i n  order  

t o  f i t  t h e  d a t a  w i th  s a t i s f a c t i o n .  

b ) .  Analys i s  of a  (d,p) r e a c t i o n  t o  unbound s t a t e s  (Coker e t  a l . )  

We have made a  l a r g e  number of s t u d i e s  i n  t h e  p a s t  of ( d , p ) ,  (d,n) and 

3  
( Be,d) r e a c t i o n s  popula t ing  unbound s t a t e s  ( s e e  f o r  example Ref. 8 ) .  Recent ly ,  

Coker i n  c o l l a b o r a t i o n  w i t h  expe r imen ta l i s t s  a t  Michigan S t a t e ,  c a r r i e d  ou t  an 

11 
a n a l y s i s  of t h e  l 0 ~ e ( d Y p )  Be r e a c t i o n  a t  25 MeV i n c i d e n t  deuteron energy. The - 

+ + 
1 / 2  ground, 112- 0.32 MeV and 5 /2  1.78 MeV s t a t e s  were s t r o n g l y  populated 

and were desc r ibed  us ing  DWBA and CCBA approaches.  DWBA and CCBA w e r e  found 

t o  a g r e e  almost p e r f e c t l y ,  d e s p i t e  t h e  s t r o n g  deformation of l 0 ~ e .  The Gamow- 

8  
s t a t e  approach of Coker was used t o  e x t r a c t  spec t ro scop ic  f a c t o r s  and neutron 

decay widths of the  l e v e l s ,  which were compared t o  o t h e r  experiments and t o  

t h e  t h e o r e t i c a l  p r e d i c t i o n s  of Cohen and Kurath.  It is  on t h e  b a s i s  of our  

new expe r imen ta l  d a t a ,  and our  c a l c u l a t i o n s ,  t h a t  an assignment of 512' i s  

made f o r  t h e  1.78.MeV s t a t e  w i th  high confidence.  This  work has  been publ ished.  
9 

c )  . Pick-up-like c o n t r i b u t i o n s  t o  t h e  ( P , P ' )  c r o s s  s e c t i o n s  i n  rhe 
continuum (Tamura, Udagawa and Amakawa) 

Prev ious ly ,  w e  showed t h a t  t h e  use  of t h e  mul t i - s tep  d i r e c t  r e a c t i o n  (MSDR) 

theory  was r a t h e r  powerful i n  f i t t i n g  c r o s s  s ecc ions  u1 v a r i o u s  r enc t ionc  i n  



t h e  continuum. lo A somewhat more c a r e f u l  a n a l y s i s  made l a t e r  p a r t i c u l a r l y  f o r  

t h e  ( ~ , p ' )  p rocess  r evea l ed ,  however, t h a t  our approach needed a  f u r t h e r  im- . . 

provement. The c a l c u l a t e d  c r o s s  s e c t i o n s  turned ou t  t o  be  t oo  smal l  a t  very 

s m a l l  ang le s ,  and a t  a lmost  a l l  t h e  ang le s  f o r  t h e  t r a n s i t i o n s  corresponding 

t o  l a r g e  va lues  of E t h e  e x c i t a t i o n  energy of t h e  r e s i d u a l  nucleus.  We s h a l l  x ' 
d i s c u s s  t h e  second p o i n t  i n  t h e  naxt  ~ u b o c c t i o n  d )  . I11 tlie presen t  subsec t ion  

we s h a l l  d i s c u s s  t h e  f i rs t  p o i n t .  

I n  F ig .  3 ,  w e  show d a t a  of t h e  2 0 9 ~ i ( p , p ' )  r e a c t i o n  taken a t  E = 62 MeV. 
11 

P 

T h i s  f i g u r e  a l s o  g ives  t h e  . e a r l i e r  MSDR r e s u l t s ;  t h e  do t t ed  l i n e s  were obtained 

when only  t h e  one-step processes  were cons idered ,  while  t he ' da shed  l i n e s  were 

ob t a ined  when t h e  two-step c o n t r i b u t i o n s  were added.'' F ig .  3 shows t h a t ,  even 

w i t h  t h e  l a t t e r ,  t h e r e  remains a  l a r g e  discrepancy a t  sma l l e r  ang le s ,  t h e  d i s -  

crepancy i n c r e a s i n g  a s  E i n c r e a s e s .  With t h e  b e l i e f  t h a t  t h i s  discrepancy 
X 

could be  removed by adding c o n t r i b b t i o n s  of (p,2p) and (p,np) type processes ,  

we undertook t h e  fo l lowing  c a l c u l a t i o n s .  

The c a i c u l a t i o n  was made assuming t h a t  the above processes  can be  descr ibed  

a s  pick-up type  r e a c t i o n s  l ead ing  t o  an unbound b u t  mutual ly  a t t r a c t i n g  di-proton 

o r  proton-neutron system. For s i m p l i c i t y ,  a  zero-range (ZR) approximation was 

made, a l lowing  u s  t o  perform t h e  c a l c u l a t i n n s  i n  almost t h e  same way on whnt 

is  w e l l  known f o r  a  (p ,d)  c a l c u l a t i o n ;  t h e  only d i f f e r e n c e  was t h a t  w e  had t o  

r e e v a l u a t e  the so-ca l led  U i a c t o r s .  The c r o s s  s e c t i o n s  t hus  ob ta ined  were 
0 

added t o  t h e  p rev ious ly  c a l c u l a t e d  MSDR c r o s s  s c c t i o n s  (dashed l i n e s  i n  F ig .  3 ) ,  

and t h e  t o t a l  c r o s s  s e c t i o n s  t hus  r e s u l t e d  a r e  p l o t t e d  i n  F ig .  3 by s o l i d  l i n e s .  

It i s  seen  t h a t  t h e  s o l i d  . l i n e s  ag ree  very  w e l l  w i t h  experiment.  This  r e s u l t  

was r e p o r t e d  a t  a  conference.  
12 



To be more p r e c i s e ,  however, t h e  newly obtained pick-up type  c r o s s  s e c t i o n s  

were m u l t i p l i e d  by an  a r b i t r a r y  f a c t o r  of 2.5,  i n  ob t a in ing  t h e  s o l i d  l i n e s  i n  

Fig.  3 .  I n  o t h e r  words, t h e  c a l c u l a t e d  c r o s s  s e c t i o n s  were t oo  sma l l  by a  

f a c t o r  of 2.5,  a l though t h e i r  a n g l e  and E  dependence is  i n  good accord wi th  
X 

experiment.  It i s  q u i t e  p o s s i b l e  t h a t  t h i s  underes t imate  r e s u l t e d  from our  u se  

of t h e  ZR approximation. Had w e  used t h e  EFR method i n s t e a d ,  t h i s  problem might 

no t  have been encountered. Th i s  p o s s i b i l i t y  is  under i n v e s t i g a t i o n  i n  coopera- 

t5on wi th  Amakawa. 

d ) .  Microscopic ve r sus  c o l l e c t i v e  form f a c t o r s  i n  c a l c u l a t i n g  t h e  (p ,p ' )  
c r o s s  s e c t i o n s  i n  continuum (Leaske and' Tamura) 

I n  t h e  preceding  subsec t ion ,  we noted t h a t  t h e  MSDR results1'  tended t o  

underes t imate  somewhat t h e  c r o s s  s e c t i o n s  a t  very  l a r g e  E . A conceivable  way 
X 

t o  remove t h i s  d i f f i c u l t y  i s  t o  add t h e  c o n t r i b u t i o n s  of s t e p s  h ighe r  than t h e  

one and two which have been considered s o  f a r .  Before undertaking such an 

e l a b o r a t i o n ,  however, i t  would be  worthwhile t o  r e i n v e s t i g a t e  t h e  v a l i d i t y  of 

one of t h e  approximations made i n  Ref.  10 ,  and elsewhere,  i n  o r d e r ' t o  make t h e  

c a l c u l a t i o n s  f e a s i b l e .  It i s  . the  u se  of t h e  so-ca l led  c o l l e c t i v e  form f a c t o r s .  

I n  Ref. 10,  i t  was argued t h a t  t h e  use  of t h e  c o l l e c t i v e  f o ~ m  f a c t o r  can 

be  j u s t i f i e d ,  i n  view of t h e  f a c t  t h a t  we a r e  i n t e r e s t e d  f n  f i t t i n g  only t he  

summed ( o r  a v e r a g e d ) , c r o s s  s e c t i o n s ,  and t h i s  may,indeed be  t h e  ca se  t o  a '  

l a r g e  e x t e n t .  When t h e  d i sc repancy  i n  t h e  magnitude we a r e  faced  wi th  i s  only  

by a  f a c t o r  which i s  much less than two, however, i t  becomes meaningful t o  

make a  more s u b t l e  i n v e s t i g a t i o n  of t h i s  p o i n t .  A p o s s i b l e  approach i s  t o  

compare t h e  p r e d i c t i o n s  of t h e  c r o s s  s e c t i o n s  made by us ing  t h e  c o l l e c t i v e  

form f a c t o r ,  on t h e  one hand, a r ~ d  Lhe microscopic  form f a c t o r  on the  n t h e r .  



We (Lenski and Tamura) t h u s  took up aga in  t h e  2 0 8 ~ b ( p , p ' )  r k c t i o n ,  11 

and performed c a l c u l a t i o n s  t o  o b t a i n  mic rosc ip i c  c r o s s  s e c t i o n s  t o  e x c i t e  a 

v a r i e t y  of one-particle-one-hole ( l p l h )  s t a t e s .  I n  o rde r  t o  d e s c r i b e  t h e  r a d i a l  

p a r t s  of t he  wave f u n c t i o n s  f o r  nucleons occupying t h e  p a r t i c l e  and/or  hold 
. . 

o r b i t s ,  t h e  harmonic o s c i l l a t o r  wave func t ions  were used throughout.  The 

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  pro ton .and  t h e  t a r g e t  nucleon was 

taken  a s  Gaussian w i t h  V = -15 MeV.and t h e  range parameter p = 1 . 8  fm. The 
0 

knockout exchange c o n t r i b u t i o n s  were included by us'ing t h e  LEA method of 

Pe t rov ich ,  -- e t  a1. ,I3 which was l a t e r  t o  be a  good approximation 

f o r  t h e  208(p,p')  r e a c t i o n  ( f o r  comparatively low Ex). An imaginary form 

f a c t o r  was a l s o  taken i n t o  account i n  t h e  sense  of S a t c h l e r ' s  hybrid model. 

The choice of a s p e c i f i c  p a i r  of p a r t i c l e  and ho le  o r b i t s  dec ides  a  

Q-value, and f o r  such a  Q-value t h e  c ros s  s e c t i o n s  were a l s o  c a l c u l a t e d  by 

us ing  a  (Q-independent) c o l l e c t i v e  form f a c t o r .  A concllision drawn from these  

c a l c u l a t i o n s  was t h a t  t h e  angular  d i s t r i b u t i o n s  obta ined  wi th  the  c o l l e c t i v e  

model (CM) and t h e  microscopic model (MM) are e s s e n t i a l l y  t h e  same i r r e s p e c t i v e  

of t h e  choice of a  l p l h  p a i r ,  and thus  ,of t h e  Q-value, and a l s o  of t h e  t r ans -  

f e r r e d  angular  momentum L. Th i s  r e s u l t  i s  very r eas s ru ing  i n  t h a t  i t  j u s t i f i e s  

t h e  use  of CM i n  Ref. 10 ,  a t  l e a s t  i n  p r e d i c t i n g  c o r r e c t l y  the 1;-dependence 

of t h e  angular  d i s t r i b u t i o n s .  

The L-dependence of t h e  p red ic t ed  magnitudes of t h e  c r o s s  s e c t i o n s  do 

d i f f e r ,  however, between CM and MM, and t h i s  is  t h e  r e s u l t  we expected t o  have. 

- 1 
Take, e .g . ,  t h e  e x c i t a t i o n  of a  ( l h  ,2ggI2) s t a t e  w i th  Q=-6.91 MeV which 

9  /2 

al.lows L = 3 ,  5, 7 and 9.  Le t  us  denote by R t h e  r a t i o  of t h e  angle  i n t e g r a t e d  

CM and MM c ros s  s e c t i o n s ,  normalized i n  such a  way t h a t  R = l  f o r  t h e  lowest 



p o s s i b l e  L, i . e . ,  L  = 3 .  Our c a l c u l a t i o n  showed t h a t  R = l ,  0.57, 0.46 and 0.32 

- f o r  L = l ,  3 ,  5  and 7,  r e s p e c t i v e l y .  Th i s  means t h a t  CM underest imated ( r e l a -  

t i v e l y )  t h e  c r o s s  s e c t i o n s  corresponding t o  l a r g e r  L. A s  another  example, w e  . -1 took t h e  ( lggI2 ,  l i l l I 2 )  s t a t e  a t  Q = -18.2 MeV. We found t h a t  R = 1, 0.63, 0.61, 

0.'70 and 0.58, r e s p e c t i v e l y ,  f o r  L = 2, 4,  6 ,  8 and 10,  . r e p e a t i n g  t h e  same t r end  

a s  shown above. 

We noted above t h a t  t h e  MSDR c r o s s  s e c t i o n  was s l i g h t l y  too  smal l .  lo The 

above r e s u l t ,  which shows t h a t  we had somewhat underest imated t h e  c r o s s  s e c t i o n s  

corresponding t o  l a r g e r  L ,  may be  taken t o  provide a  way t o  remove t h i s  d i f f i -  

c u l t y .  S ince  w e  had eva lua ted  t h e  c r o s s  s e c t i o n s  coming from lower L  va lues  

mo-e accu ra t e ly ,10  i n  t h a t  t h e  sume-rule l i m i t s 1 5  were c a r e f u l l y  watched and 

spec t ro scop ic  s t r e n g t h s  der ived  microscopica l ly16  w e r e  used,  we may r e t a i n  t h e i r  

va lues  a s  they  a r e .  The above r e s u l t  then shows, t h a t  we may mul t i p ly  t h e  o l d  
- 

MSDR va lues  w i t h  l a r g e  L  by a  f a c t o r  of R-l, which is  i n  t h e  range of two, a s  

f a r  a s  t h e  above examples a r e  concerned. We a l r eady  have obtained t h e  R 

f a c t o r s  f o r  a  number of o the r  l p l h  p a i r s ,  and found t h a t  R < 1 i n  a  l a r g e  f r a c -  

t i o n  of cases.. However, t h e r e  a r e  ca se s  which g ive  R > 1 f o r  l a r g e r  L. A 

-1 
n o t a b l e  example i s  t h e  ( l f712; lk17/2)  s t a t e  a t  Q=-30.5 MeV. Here we have 

R = l ,  4.28, 14.23 and 52.25, r e s p e c t i v e l y ,  f o r  L = 5 ,  7 ,  9 and 11. Since  our 

experience1' shows, however, t h a t  t h e  two-step c o n t r i b u t i o n s  begin t o  supercede 

t h e  one-step c o n t r i b u t i o n s ,  t h e  above counter-example may no t  be  too  s e r i o u s  

a  problem. Up t o  now, t h e  r e s i d u a l  i n t e r a c t i o n  w i t h i n  t h e  nucleus was neglec ted  

i n  t h e  MM c a l c u l a t i o n s .  P r e s e n t l y ,  c a l c u l a t i o n s  a r e  i n  p repa ra t i on  i n  which 
- 

conf igu ra t i dn  mixing e f f e c t s  w i l l  b e  s t u d i e d .  The averaged f i r s t  s t e p  c o n t r i -  

- . bu t ion  of t h e  continuum c r o s s  s e c t i o n  i s  then given by a  sum of e lementary 

l p lh -c ros s  s e c ~ l u l ~ s .  W e  expect  t h a t  the averaging w i l l  wash out  t h e  above 



s t a t e d  d i f f e r e n c e s  between t h e  MM and t h e  CM c r o s s  s e c t i o n s .  A t  t h i s  s t a g e  

i t  seems t o  us  t h a t  t h e  CM and t h e  MM w i l l  g ive  w i t h i n . a  cons t an t  f a c t o r  

e s s e n t i a l l y  t h e  same r e s u l t s  f o r  t h e  continuum c r o s s  s e c t i o n .  

e . )  Analyzing power i n  t h e  continuum ( p , p l )  r e a c t i o n  (Chang, Tamura 
and Udagawa) 

1.7 ~ e c e n t l ~ ,  Saka i  e t  - a l .  measured t h e  ana lyz ing  power A i.n rear.t.inns - 

l e a d i n g  t o  t h e  continuum, induced by po la r i zed  pro ton  beam w i t h  E  = 6 5  MeV. 
P 

T a r g e t s  used were 28~i ,  5 8 ~ i  and 209~i ,  and i t  was found t h a t  A was s u r p r i s i n g l y  - 
l a r g e  even a t  l a r g e  ang le s  and a t  comparat ively l a r g e  E . 

X 

It should b e  no t ed ,  however, t h a t  t h e  s ta tement  t h a t  A was " su rp r i s ing ly"  - 

l a r g e  was based t o  a l a r g e  e x t e n t  on i n t u i t i o n .  One may expect  t h a t  t h e  c ros s  

s e c t i o n s  a t  l a r g e  a n g l e  and l a r g e  Ex a r e  sums of va r ious  complicated cont r ibu-  

t i o n s ,  and thus  t h a t  any p a r t i c u l a r  s i g n a t u r e  l i k e  - A wauld simply he washed n11t. 

We have shown, however, t h a t  t h e  ( p , p f )  continuum c r o s s  s e c t i o n s  can be  

f i t  t o  a  r a t h e r  s a t i s f a c t o r y  degree  by t h e  MSDR method.1° We (Chang, Tamura 

and Udagawa) t h u s  thought  i t  would be  worthwhile t o  s ee  t o  what e x t e n t  e s s e n t i a l l y  

t h e  same method would app ly  i n  reproducing t h e  observed - A ,  and thus  undertook 

t h e  fo l lowing  c a l c u l a t i o n .  

Tn ~ e f .  10 ,  p ro tons  w e r e  t r e a t e d  a s  s p i n l e s s  p a r t i c l e s .  I n  ob t a in ing  

nonvonishing - A, however, t h i s  s imp l i fy ing  treatme~ll. has t o  be abandoned. Thus 

a  f a i r l y  l a r g e  mod i f i ca t i on  had t o  be  made i n  t h e  computer program ORION-1.  

T h i s  a l s o  r e s u l t e d  i n  an i n c r e a s e  of t h e  computat ional  t ime (by a  f a c t o r  of 

t h r e e  o r  s o ) .  I n  o r d e r  t o  avoid be ing  faced  w i t h  a too l a r g e  number of p a r t i a l  

waves, and a l s o  w i th  t oo  l i g h t  a  t a r g e t ,  we chose 5 8 ~ i ( p , p ' )  a s  an example. I n  
- 



18  t h e  new c a l c u l a t i o n  the  o p t i c a l  p o t e n t f a l  of Menet e t  a l .  was used, a s  i n  - -- 

Ref. 10, except ,  of course ,  we now s e t  V f O .  
S 0 

The r e s u l t  of c a l c u l a t i o n  i s  compared wi th  experiment i n  Fig.  4 .  The 

dashed l i n e s  r e p r e s e n t  t h e  p red ic t ed  - A,  wi thout  making any a r t i f i c i a l  modifica- 

t i o n .  1 t . i ~  seen t h a t  they f i t  d a t a  n i c e l y  f o r  a l l  E' i . e . ,  f o r  a l l  E con- 
P ' X 

s i d e r e d ,  i n  t h e  angular  range of 30'-60". They overshoot ,  however, t he  experi-  

mental - A a t  angles  l a r g e r  than 60°. We show i n  Fig.  4  a l s o  t h e  ca l cu la t ed  A - 

t imes 113, by s o l i d  l i n e s ,  and i t  i s  seen  t h a t  they g ive  a  much b e t t e r  o v e r a l l  

f i t  t o  d a t a .  It should be  noted t h a t  t h e  experimental  A i n  t h e  8 > 60' reg ion  - - 

i s  only very weakly dependent on the  angle ,  having va lues  of zbout 15%, 10% and 

7%,  r e s p e c t i v e l y ,  f o r  E x = 1 2 - 1 6 ,  2 0 - 2 4  and 2 8 - 3 2  MeV. Since the  c a l c u l a t e d  

A was m u l t i p l i e d  by t h e  same f a c t o r  of 113, i r r e s p e c t i v e  of h' t he  above f i t  - x ' 

means t h a t  our  c a l c u l a t i o n  has  succeeded i n  p r e d i c t i n g  the  E dependence of A 
X - 

c o r r e c t l y .  

From what we d iscussed  i n  t h e  beginning of t h e  present  subsec t ion ,  i t  is  

r a t h e r  s u r p r i s i n g  t h a t  t h e  t h e o r e t i c a l  - A was i t s e l f  too l a r g e  compared with 

experiment.  Such a  r e s u l t  came about ,  because t h e  ind iv idua l  c r o s s  s e c t i o n s ,  

which. are t n  be s u m e d  t o  g ive  t h e  continuum c r o s s . s e c t i o n  and thus  t h e  A i n  

t h e  continuum, a l l  had very  s i m i l a r  and l a r g e  - A va lues ,  p a r t i c u l a r l y  a t  l a r g e  

angles .  Th i s  was t r u e  f o r  both t h e  one- and two-step c ros s  s e c t i o n s ,  and thus  

t h e  expected washing ou t  of - A did  not  t ake  p l ace .  We have no t  y e t  understood 

c l e a r l y  why A s t a y s  s o  l a r g e  even f o r  two-step processes .  Probably t h e r e  e x i s t s  - 

a  r a t h e r  simple geometr ica l  explana t ion .  

It may be  p o s s i b l e  t o  obta ing  b e t t e r  f i t  t o  d a t a ,  even without  an a r t i f i c i a l  

f a c t o r  l i k e  1 / 3 , . b y  modifying s l i g h t l y  t h e  sp in -o rb i t  i n t e r a c t i o n  i n  t h e  Menet 

e t  a l .  p o t e n t i a l .  It appears  t h a t  a s i m i l a r  need was nulired i n  a w o r l ~ ~ ~  i n  -- 

9  



which - A was measured i n  a  ( p , p l )  p rocess ,  l e ad ing ,  however, n o t  t o  t h e  continuum 

b u t  t o  (a lmost)  d i s c r e t e  s t a t e s .  

The d isc repancy  we have i n  F ig .  4  a t  9 = 20°, might a l s o - b e  removed i n  

t h i s  p rocess  a s  w e l l .  However, i t  i s  more l i k e l y  t h a t  t h e  d i sc repancy  is  due 

t o  t h e  n e g l e c t  of t h e  pick-up type  process  we d iscussed  i n  t h e  above subsec t ion  

c ) .  Note aga in  t h a t  t h i ~  process  dominates Lhe sma l l  angle  c r o s s  s e c t i o n s .  

f  .) Breakup of 3 ~ e  i n t o  d  and p  ' (Udagawa and Tamura) 

The break  up o roces se s  i n  nuc l ea r  c o l l i s i o n s  have a t t r a c t e d  a  g r e a t l y  

r ev ived  i n t e r e s t  r e c e n t l y .  E a r l i e r  s t u d i e s  of t h i s  s u b j e c t  almost exc lus ive ly  . - 
concent ra ted  on deuterons .  20y  21 More r e c e n t l y ,  however, i t  was found t h a t  n o t  

on ly  deuterons, ,  b u t  a l s o  more s t r o n g l y  bound p r o j e c t i l e s ,  l i k e  a ,  a r e  broken 

22 
up r a t h e r  e a s i l y .  Very d e t a i l e d  coincidence d a t a  were taken f o r  t h e  so-ca l led  

e l a s t i c  and i n e l a s t i c  b reak  up of 3 ~ e : 2 3  We have analyzed t h i s  d a t a , 2 4  and a 

b r i e f  summary of  t h i s  work w i l l  b e  given he re .  

W e  s t a r t  w i t h  t h e  EFR-DWBA theo ry ,  a s  formulated by Rybicki and Austern.  
2  5 

W e  view t h e  process  a s  an i n e l a s t i c  e x c i t a t i o n  of t he  p r o j e c t i l e  which may be  

c a l l e d  - a  i n t o  a  continuum. This  nucleus - a  w i l l  even tua l ly  be  broken up i n t o  

two c o n s t i t u e n t s ,  - x and - b y  say.  The DWBA ampli tude i s  then w r i t t e n  a s  a  s i x  

d imens iona l  i n t e g r a l ,  f a m i l i a r  i n  t h e  EFR-DWBA theory ;  containi-ng the  coordi- 

n a t e  r d e s c r i b i n g  t h e  p o s i t i o n  of  a  w i t h  r e s p e c t  t o  t h e  t a r g e t ,  and t h e  -a ' - 

coord ina t e  r d e s c r i b i n g  t h e  r e l a t i v e  p o s i t i o n  of 5 and b. For t h e  l a t t e r  
-xb ' 

degree  of freedom, t h e  upper l i m i t  pe rmi t ted  t o  t h e  o r b i t a l  angular  momentum 

R is v e r y  s e v e r e l y  l i m i t e d ,  because i f  R > 2, t h e  above t r a n s i t i o n  ampli tude 

becomes extremely s m a l l .  W e  can t hus  c o n s t r u c t  e a s i l y  t h e  e x p l i c i t  form of 



t h e  wave f u n c t i o n  of r degree of freedom, and thus  perform t h e  t h r e e  dimen- 
-xb 

s i o n a l  i n t e g r a l  over  r ob t a in ing  a  form f a c t o r  t o  be  used t o  d e s c r i b e  t h e  -xb ' 
i n e l a s t i c  e x c i t a t i o n  of t h e  p r o j e c t i l e  a .  To be  more p r e c i s e ,  t h i s  form f a c t o r  - 

depends on R ,  ra and E;, t h e  1 a s t . q u a n t i t y  d e s c r i b i n g  t h e  k i n e t i c  energy ( i n  

t h e  asymptot ic  reg ion)  of t h e  r e l a t i v e  motion between - x  and b .  W e  may thus  - 

w r i t e  t h e  form f a c t o r  a s  F ( E 1 . r  ). R x' a  

A g r e a t  d e a l  of s i m p l i f i c a t i o n  was then made by no t ing  t h a t  t h e  i n e l a s t i c  

p rocess  concerned is  h igh ly  p e r i p h e r a l ,  and t h u s  t h a t  i t  i s  a  good approximation 

tc. r e p l a c e  t h e  above F  i n  t h e  fo l lowing  f a c t o r i z e d  form; F  ( E 1 , r  ) = A ( E t ) f .  ( r  ) .  
R R x a  R x R a  

Or..ce t h e  f u n c t i o n a l  form of t h e  f a c t o r s  A and f  a r e  ob ta ined ,  t h e  c a l c u l a t i o n  
R R 

of t h e  breakup process  i s  reduced t o  a  f a i r l y  smal l  number of s e t s  of i n e l a s t i c  

s c a t t e r i n g  c a l c u l a t i o n s ,  which is  performed . r a the r  e a s i l y .  

We show i n  F ig .  5  p a r t  of t h e  r e s u l t s  ob ta ined .  Shown i s  t h e  t r i p l 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 ,  where 8  is  f i x e d  a t  15O, whi le  8  and Ed a r e  va r i ed .  
d  P  

(Since t h i s  i s  t h e  ca se  of an e l a s t i c  breakup, E  i s  f i x e d  once E is  given.)  
P  d  

It should be  noted t h a t  a  cons t an t  normal iza t ion  f a c t o r  of N = 2 . 9  was m u l t i p l i e d  

t o  t h e  t h e o r e t i c a l  c ros s  s e c t i o n s  i n  p re sen t ing  them by s o l i d  l i n e s  i n  t h i s  

f i g u r e .  

The agreement w i th  experiment achieved i n  F ig .  5 is  very  good. The gradual  

s h i f t  of t h e  peak va lue  of Ed, a s  1 ep 1 i s  inc reased ,  i s  w e l l  reproduced. Also 

t h e  r e l a t i v e  magnitudes of t h e  t r i p l e  c r o s s  s e c t i o n s  agree  very w e l l  w i th  ex- 

- periment f o r  each v a l u e  of 8  . Thi s  means t h a t ,  s i n c e  t h e  above f a c t o r  N = 2 . 9  
P  

was used independent of ep,  our  theory a l s o  f i t s  t h e  angular  d i s t r i b u t i o n  of 

t h e  c r o s s  s e c t i o n  wi th  r e s p e c t  t o  8 ( f o r  a  f i x e d  Od). 
P  

I n  t h e  s tudy  made s o  f a r ,  we confined our i n t e r e s t  t o  t h e  e l a s t i c  breakup 

process .  However, t h e  d a t a  of ~ e ' f .  23 i l ~ c l u d c  those of i n e l s ~ t i c  breakup, and 



i t s  a n a l y s i s  would a l s o  be  very  i n t e r e s t i n g .  The technique developed i n  the  

p r e s e n t  work can  be extended f a i r l y  e a s i l y  t o  t h i s  new a n a l y s i s .  We f i r s t  

d e s c r i b e  t h e  i n e l a s t i c  s c a t t e r i n g  t o  an exc i t ed  s t a t e  i n  t h e  t a r g e t ,  and then 

cont inue  t h e  c a l c u l a t i o n  t o  desc r ibe  the breakup t h a t  fol lows.  The new calcu- 

l a t i o n  i s  thus  c e r t a i n l y  more involved,  bu t  i t  i s  f e a s i b l e .  

g.)  Adiaba t ic  t rea tment  o f  t h e  deuteron. break-up -- a possible examination 
of i t s  v a l i d i t y  (Amakawa -- e t  a l . )  

T h e  a d i a b a t i c  t rea tment  of t h e  break-up e f f e c t  on s t r i p p i n g z 6  and e l a s t i c  

s c a t t e r i n g 2 6 y 2 7  of deuterons  has  been shown t o  l ead  t o  a good f i t  t o  some of 

t h e  d a t a  of r e a c t i o n s  induced by deuterons.  It seems t o  u s ,  however, t h a t  some- 

what more gene ra l  i n v e s t i g a t i o n s  a r e  needed concerning t h e  v a l i d i t y  of t h i s  

approximate t rea tment .  Th i s  may be made by comparing r e s u l t s  of c a l c u l a t i o n s  

made wi th  and wi thout  t he  a d i a b a t i c  t rea tment .  We s h a l l  make such a comparison 

by t ak ing  a simple three-body model, because r e s u l t s  wi th  t h i s  model and wi th  

more accu ra t e  three-body t rea tment  and/or  coupled-channel c a l c u l a t i o n s  a r e  

a v a i l a b l e .  28,29 

The model c o n s i s t s  of a proton and a neutron,  wi th  a r e l a t i v e  coord ina te  

+- 
r ,  moving .around an  i n f i n i t e l y  heavy nucleus,  t he  cen te r  of mass of p and n 

-+ 
from t h e  nucleus be ing  measured by R .  The Hamiltonian of t h i s  system may be 

+, + -+ -P 
w r i t t e n  a s  H = s + V ( r , R )  +Hr. Here V(r,R) simply denotes  sum of i n t e r a c t i o n s  

V between p and t h e  nuc leus ,  and V n ,  between nand  t h e  nucleus.  
P ' 

The a d i a b a t i c  approximation i s  t o  simply r ep lace  H r ,  t h e  Hamiltonian t o  

d e s c r i b e  t h e  r e l a t i v e  motion between p and n ,  by - E ~ ,  t h e  b inding  energy of 

-+ +- -+ 
deuteron.  Then t h e  Hamiltonian depends on 'r only through t h e  p o t e n t i a l  V(r,R),  

' -f 

and thus  t h e  corresponding Schrodinger equat ion  can be considered a s  t h a t  of R ,  



+ 
t h e  coo rd ina t e  r be ing  t r e a t e d  only a s  a  parameter.  We can thus  s o l v e  t h i s  

+ + 
equat ion  f o r  each va lue  of r ,  ob ta in ing  t h e  s c a t t e r i n g  ampli tudes T ( r ) .  Once 

T(?) i s  ob ta ined ,  t h e  deuteron  e l a s t i c  and break-up ampli tudes can be  ob ta ined  

2 + +  

= I * +  + + 
and Tdd = I  l ~ ~ ( r ) I  T ( r ) d r  and Tgd % ( r ) T ( r ) @ d ( r ) d r  where Od and Q a r e ,  

r e s p e c t i v e l y ,  t h e  wave f u n c t i o n s  of t h e  deuteron  and t h e  p - n  continuum s t a t e s  

+ 
wi th  momentum k.  

The three-body c a l c u l a t i o n  by Aus t e r n ,  Vincent and ~ a r r e l l ~ ~  i s  a v a i l a b l e  

a t  E ( = E + E ~ )  = 22.9 MeV wi th  t h e  Gaussian p o t e n t i a l  f o r  V and Vn. F ig .  6  
.. d P  

shows t h e  e l a s t i c  par t ia l -wave S-matrix e lements  of Austern -- e t  a l . ,  i l l u s t r a t e d  

by open circl.es, those  c a l c u l a t e d  by t h e  a d i a b a t i c  approximation (-1 and 

those  by t h e  Watanabe model ( - - 0 - - ) .  One s e e s  t h a t  t h e  a d i a b a t i c  t rea tment  

removes t h e  t r o u b l e  which t h e  Watanabe model had f o r  lower p a r t i a l  waves. The 

break-up c r o s s  s e c t i o n s  a (k) t o  p - n  continuum s t a t e s  w i t h  momentum k  a r e  b  

c a l c u l a t e d  i n  t h e  a d i a b a t i c  approximation and a r e  compared i n  F ig .  7 w i th  those 

c a l c u l a t e d  from t h e  t abu la t ed  ampli tudes of Ref.  28. Closeness of t h e  two 

r e s u l t s  i s  r a t h e r  a s s u r i n g  a l b e i t  is  somewhat s u r p r i s i n g .  The average  e x c i t a t i o n  

energy,  Eav7 def ined  by cav = I dkckob (k)  / dkab (k) is  found t o  be  about 4 .3  Mev. I 
The i n v e r s e  of t h e  c o l l i s i o n  t i m e  (v/R) i n  t h i s  case  i s  ahoi.lt 8 MeV, and the  

r a t i o  (4.318 = 0.5) g ives  a  crude i d e a  of t h e  v a l i d i t y  of t h e  a d i a b a t i c  

t rea tment .  

Coupled-channel c a l c u l a t i o n s  app l i ed  t o  e s s e n t i a l l y  t h e  same three-body 

model a s  i n  Ref. 28 were performed a t  E = 4 0 ,  60 and 80 MeV, by t h e  method of d  

- .  
~ i s h i o k a  -- e t  a1. 29 The c a l c u l a t e d  par t ia l -wave S-matrix elements a t  E d  = 40 MeV 

a r e  compared i n  F ig .  8  w i th  t hose  ob ta ined  based on t h e  a d i a b a t i c  t rea tment  and 

on t h e  Watanabe model. The agreement between t h e  . r e s u l t s  of t h e  coupled- 



channel and t h e  a d i a b a t i c  ca lcu la t ions  is  q u i t e  good, ind ica t ing  t h a t  the  

a d i a b a t i c  treatment becomes more r e l i a b l e  a t  t h i s  high energy, a s  expected. 

We a l s o  found t h a t  b e t t e r  agreement was obtained a t  s t i l l  higher energies;  

E d = 6 0  and 80 MeV. It thus  seems t h a t  t h e  ad iaba t i c  treatment has a  r a the r  

wide range of v a l i d i t y .  This  work has been done i n  col labora t ion  with A. Mori, 

H. Nishioka, S. Yamaji and K. Yazaki. 



h 

ii. HEAVY I O N  INDUCED REACTIONS 

a . )  Pa rame t r i za t i on  of over lap  i n t e g r a l s  (Udagawa, Tamura and P r i c e )  

During t h e  p a s t  y e a r ,  a s  i n  two preceding y e a r s ,  w e  were r a t h e r  h e a v i l y  

involved i n  MSDR (mul t i - s tep  d i r e c t  r e a c t i o n )  ana lyses  of a  v a r i e t y  of continuum 

s p e c t r a  i n  r e a c t i o n s  induced by r e l a t i v e l y - l i g h t  heavy ions.  A s  we have remarked 
, . 

i n  a  number of e a r l i e r  occasions,  our  MSDR c a l c u l a t i o n  became p r a c t i c a b l e  because 

we were a b l e  t o ' e x p r e s s ,  among oth.er t h i n g s ,  t h e  over lap  i n t e g r a l s  of DWBA by 

an a n a l y t i c  f u n c t i o n  wi th  a  few parameters.  I n  our e a r l i e r  p u b l i c a t i o n s ,  however, 

we d i d  n o t  have oppor tun i ty  t o  exp la in  i n  d e t a i l  how t h i s  pa rame t r i za t i on  was 

done, and how f a i t h f u l l y  t h e  parametr ized over lap  i n t e g r a l s  reproduced t h e i r  

o r i g i n a l  DWBA va lues .  I n  order  t o  f i l l  t h i s  gap, we worked out  i n  g r e a t  d e t a i l  

t h e  pa rame t r i za t i on  f o r  t h e  c a s e  of a 1 0 0 ~ o  ( 1 4 ~ , 1 2 ~ )  r e a c t i o n ,  3 0 y  31 and explained 

3  2  
i t  i n  a  r e c e n t  paper.  Here we s h a l l  summarize b r i e f l y  what w a s  done i n  t h i s  

paper.  

The one-step DWBA over lap  i n t e g r a l ,  1") , depends, among o the r  t h i n g s ,  on 

t h e  o r b i t a l  angular  momenta Ra and R of t h e  p a r t i a l  waves i n  t h e  i n c i d e n t  and b  

e x i t  channels ,  nn t h e  r e a c t i o n  Q-value and on t h e  t r a n s f e r r e d  o r b i t a l  angular  

momentum, R. For t r a n s f e r  r e a c t i o n s ,  they f u r t h e r  depend on R and R 2 ,  t h e  
1 

o r b i t a l  angular  momenta which t h e  t r a n s f e r r e d  p a r t i c l e  has  wi th  r e s p e c t  t o  t h e  

rest of t h e  donor and r e c i p i e n t  nuc leus ,  r e spec t ive ly .  Our procedure is  t o  

express  1") a s  a c c u r a t e l y  a s  p o s s i b l e  by an a n a l y t i c  func t ion  which has  t h e  

Q-value and the above angular  momentum quantum numbers a s  v a r i a b l e s .  

I n  Ref. 32, we found t h a t  1") can be  expressed a s  a  product of 4 f a c t o r s .  

T W ~  of them have gauss ian  forms, r ep re sen t ing  t h e  w e l l  known R-window e f f e c t s .  

The t h i r d  f a c t o r ,  which i s  a l s o  w e l l  known, is  a  phase f a c t u i  o r i g i n a t i n g  from 



t h e  two-dis tor ted waves involved,  and expresses  t h e  o p t i c s  of t h e  beam. The 

f o u r t h  f a c t o r ,  which we c a l l e d  No, had no t  been i n v e s t i g a t e d  very  c a r e f u l l y  i n  

any e a r l i e r  pub l i ca t ion .  We thus  concen t r a t e  on t h i s  f a c t o r .  

F i r s t  of a l l ,  we found t h a t  N is almost Q-independent. This  impl ies  t h a t  
0 

t h e  Q-dependence of t h e  magnitude of 1") i s  e n t i r e l y  taken c a r e  of by t h e  two 

window f a c t o r s .  The N f a c t o r  w a s  found, however, t o  have a  r a t h e r  s u b t l e  
0 

dependence on t h e  angular  momenta involved. Its dependence on R is  t h e  most 

J-mpo~canr,  pa rencu la r ly  because i t  desc r ibes  e f f e c t s  such a s  r e c o i l .  

The N w i t h  t h e  non-normal p a r i t y .  R ,  o f t e n  r e f e r r e d  t o  a s  t h e  r e c o i l  term, 
0 

hs very  sma l l  f o r  s m a l l  R . However, i t s  magnitude r e l a t i v e  t o  N of t h e  no- 
a  0 

r e c u i l . t e r m  ( f . e .  t h e  term wi th  a  normal p a r i t y  II) i nc reases  wi th  t h e  inc reas ing  

Ra,  becoming comparable a t  a  c e r t a i n  va lue  of Ra. This  Ra-dependence of t h e  

r e l a t i v e  magnitudes of t h e  r e c o i l  t o  no- recoi l  terms desc r ibes ,  of course,  t h e  

w e l l  known energy dependence of t h e  r e c o i l  e f f e c t s .  No depends a l s o  on o the r  

angular  momenta invo lved ,  p a r t i c u l a r l y  on Rd = I,,, - R a l  It w a s  found t h a t  the 

d e t a i l s  of t h i s  R dependence va r i ed  according t o  t h e  va lue  of R ,  p a r t i c u l a r l y  >:. d 

whether i t  was of normal of non-normal p a r i t y .  It was shown i n  Ref. 32, t h a t  

we were a b l e  t o  t r a c e  the  o r i g i n  of such s u b t l e  behavior ,  by looking very  

c l o s e l y  a t  t h e  way t h e  EPR form f a c t o r s  a r e  cons t ruc ted  f o r  d i f f e r e n t  R va lues .  

Once t h e  parametr ized form of t h e  over lap  i n t e g r a l s  i s  thus  obta ined ,  i t  

becomes .poss ib le  t o  express  i n  a n a l y t i c  forms a l s o  the  cross secti-0n.s and 

oth.er q u a n t i t i e s ,  such a s  p o l a r i z a t i o n s  of t h e  r e a c t i o n  products .  This  was 

a l r e a d y  d iscussed  -kn l a s t  y e a r ' s  p rogress  r e p o r t ;  s e e  a l s o  Ref. 31. I n  our  

r e c e n t  pub l i ca t fons ,  s i m i l a r l y  s imple  express ions  were a l s o  der ived  t o  desc r ibe  

t h e  c r o s s  s e c t i o n s  and angular  c o r r e l a t i o n s  of t h e  breakup processes ;  s e e  below. 

These express ions  a r e  ve ry  u s e f u l ,  no t  only i n  f a c i l i t a t i n g  t h e  numerical 



c a l c u l a t i o n s ,  bu t  a l s o  i n  ob ta in ing  good phys i ca l  i n s i g h t  i n t o  t h e  mechanisms 

of t h e  r e a c t i o n .  

We. a l s o  confirmed t h a t  t h e s e  s i m p l i f i e d  express ions  do reproduce very w e l l  

t h e  exac t  r e s u l t s .  I n  Fig.  9, we compare t h e  c ros s  s e c t i o n s  obtained by us ing  

t h e  approximate formula ( f u l l  l i n e )  and t h e  exac t  express ions  ( c i r c l e s ) .  The 

good agreement obta ined  amply j u s t i f i e s  our  use of t h i s  s i m p l i f i e d  formulas.  

b . )  T rans fe r  r e a c t i o n s  l ead ing  t o  po la r i zed  1 2 ~  (Udagawa and Tamura) 

E a r l i e r ,  
3  1 

succeeded i n  expla in ing  t h e  po la r i za t ion30  of 128 produced 

i n  t h e  1 0 0 ~ o ( 1 4 ~ , 1 2 ~ ) 1 0 2 ~ u  r e a c t i o n  wi th  inc iden t  energy E = 90 MeV. More 
l a b  

r e c e n t l y ,  s i m i l a r  d a t a  were taken by I s h i h a r a ' e t  . --- - a l .  a t  Texas A&M f o r  t he  

2 3 2 ~ h ( 1 3 ~ , 1 2 ~ )  2 3 3 ~ a  and l g 7 ~ u ( 1 9 ~  ,128) 204~i  r s a c t i o n s .  33 ~ a l c u l a t i o n s  were . 
thus  made f o r  t h e s e  r e a c t i o n s ,  fo l lowing  t h e  same method a s  Ref. 31. I n  t hese  

c a l c u l a t i o n s ,  we t r e a t e d  both r e a c t i o n s  a s  one-step .p rocesses ,  t r a n s f e r r i n g  

one and seven nucleons,  r e s p e c t i v e l y ,  and then used t h e  spec t roscop ic  d e n s i t i e s ,  

('), ob ta ined  based on t h e  s h e l l  model. I n  Fig.  10 ,  we summarize r e s u l t s  of-' 
Ps 

such c a l c u l a t i o n s ,  31933 toge the r  wi th  d a t a .  The f i g u r e  inc ludes  both t h e  c ros s  

s e c t i o n s  CI and t h e  po1,ar izat ions P. 

We f i r s t  no t e  i n  Fig.  10 t h a t  t h e  measured P has a  common c h a r a c t e r i s t i c  

f e a t u r e  a s  a  func t ion  of t h e  outgoing energy Eb of l2I3. ' I t  has  comparatively . 

l a r g e  p o s i t i v e  va lues  f o r  t h e  h ighes t  Eb, and then decreases  monotonically a s  

E decreases ,  u n t i l  i t  hecomes z e r o . a t  an E  where t h e  0 reaches i t s  peak Galue. 
b  L ' 

For s t i l l  sma l l e r  E P becomes s l i g h t l y  nega t ive  and s t a y s  almost cons t an t .  
b  ' 

Our c a l c u l a t i o n s  reproduce very w e l l  t h i s  observed f e a t u r e ,  p a r t i c u l a r l y  i n  

t h e  h ighe r  E,, p a r t  of t h e  s p e c t r a .  



A s  was d i scussed  i n  Ref. 31, our  t h e o r e t i c a l  P can be  w r i t t e n  as a sum of 

two terms, P and P2, where P2 s p e c i f i c a l l y  desc r ibes  con t r ibu t ions  from the  
1 

i n t e r f e r e n c e  between t r a n s i t i o n  ampli tudes of succes s ive  R values .  Thus, 

c l e a r l y ,  P2 is  e n t i r e l y  due t o  t h e  r e c o i l  e f f e c t ,  and i n  t h i s  sense  has  a  

genuinely quantum mechanical o r i g i n .  Corresponding i n t e r f e r e n c e  e f f e c t s  never 

t a k e  p l a c e  i n  t h e  c r o s s  s e c t i o n ,  and thus  t h e  information concerning t h e  

p o l a r i z a t i o n  provides  u s  w i t h  a  unique t e s t  of our  theory .  

We p l o t  i n  F ig .  1 1  r n n t r t t r v t i o n s  from P and P2 separately. A s  setlll, 
1 1 

i s  nega t ive  d e f i n i t e .  wh i l e  P i s  p n s i t i x r e  d e f i n i t e .  Tho vclluc of P2 i s  2 

p a r t i c u l a r l y  l a r g e  a t  t h e  h ighe r  Eb. It i s  thus  seen  t h a t  P dominates a t  
2  

' h ighe r  E making P p o s i t i v e  the re .  b ' 
It i s  a l s o  i n t e r e s t i n g  t o  examine t h e  dependence of P on t h e  i n c i d e n t  

energy E . A s  i s  w e l l  known, t h e  r e c o i l  e f f e c t ,  because of which P i s  non- 
a  2  

van i sh ing ,  becomes more important wi th  inc reas ing  E . Therefore,  i t  is  expected 
a  

t h a t  t h e  observed P w i l l  i nc rease  wi th  inc reas ing  E . An examination of t h i s  
a  

energy dependence was made, and t h e  r e s u l t s  a r e  shown i n  Fi.g. 1 2 ,  where t h e  P ..-, 

1.4 i 2  
a t  t h e  h ighes t  E of t h e  ( N ,  B) r e a c t i o n  is  p l o t t e d  a s  a  func t ion  of E 

b e f f  

(=E -V V be ing  t h e  h e i g h t  of t h e  Coulomb b a r r i e r ) .  a c '  c  
30'34 So f a r  t h e r e  a r e  

a v a i l a b l e  only t h r e e  (14N,128) d a t a  w i th  d i f f e r e n t  E and/or  d i f f e r e n t  t a r g e t s .  
a 

Y e t ,  one s e e s  c l e a r l y  t h a t  t h e  observed P indeed inc reases  (approximately 

l i l ~ e d ~ l ~ )  w l L 1 1  Increased E e f f '  a s  was expected. 

The above success  i n  exp la in ing  the  behavior  of t h e  observed P seems t o  

convince us  t h a t  t h e  h ighe r  E p a r t  of t h e  s p e c t r a  a r e  indeed due t o  t h e  onc- 
b 

s t e p  d i r e c t  r e a c t i o n s .  Th i s  conclusion may no t  be  too s u r p r i s i n g  a s  regards  

r e a c t i o n s  l i k e  (13c, 128) and (141, 128) , i n  which a  very smal l  number of nucleons 

a r e  t r a n s f e r r e d .  'It i s  however, somewhat s u r p r i s i n g  t o  f i n d  t h a t  t h e  same is  



t r u e ,  a s  seen i n  Fig.  10 ,  even i n  r e a c t i o n s  l i k e  ( l 9 ~ , l 2 B )  , i n  which seven 

nucleons a r e  t r a n s f e r r e d .  I n  t h i s  regard ,  i t  may be worthwhile t o  p o i n t  out 

t h a t  t h e r e  a r e  o t h e r  types of measurements which i n d i c a t e  t h e  presence of 

(one-step l i k e )  d i r e c t  r e a c t i o n s ,  y e t  t r a n s f e r r i n g  more than  t e n  nucleons. A 

no tab le  example of such processes  i s  what i s  c a l l e d  "massive t r a n s f e r .  ,135 

Thus, a f t e r  a l l ,  a  t r a n s f e r  .of a  l a r g e  number of nucleons i n  d i r e c t  r e a c t i o n  

processes  appears  ' t o  t ake  p l ace  r a t h e r  commonly, and not  excep t iona l ly .  

The t h e o r e t i c a l  p r e d i c t i o n  presented by so. l id  l i n e s  i n  Fig.  10 begins  t o  

d i sag ree  wi th  experiment a s  we move t o  lower E reg ions .  To be noted i n  
b  

p a r t i c u l a r  i s  t h e  f a c t  t h a t  t h e  E a t  which t h e  c a l c u l a t e d  and experimental  
b  ' 

u s t a r t s  t o  d i s a g r e e ,  s h i f t s  toward h igher  va lues ,  a s  t h e  number of t h e  t r ans -  

f e r r e d  nucleons inc reases .  This  i s  no t  i n c o n s i s t e n t  wi th  our  p i c t u r e  t h a t  t h e  

m u l t i s t e p  c o n t r i b u t i o n s ,  which we have t o t a l l y  ignored s o  f a r ,  w i l l  become 

important  a t  t h e  h ighe r  Eb the.  l a r g e r  i s  t h e  number of nucleons t r a n s f e r r e d .  

F i n a l l y ,  we p o i n t  ou t  t h a t  t h e  h igher  E p a r t  of t h e  s p e c t r a ,  which remains b  

unexplained by t h e  one-step c a l c u l a t i o n ,  seems t o  be r e l a t e d  t o  t h e  so-cal led 

deep i n e l a s t i c  events .  We f e e l  i t  i s  t h e  case  because t h e  spectrum observed 

f o r  t h e  above ( 1 9 ~ , 1 2 ~ )  r e a c t i o n  a t  a  l a r g e r  angle  (8  > 50'). where the  deep 

i n e l a s t i c  events  a r e  be l ieved  t o  dominate, has  a  shape very s i m i l a r  t o  what 

was l e f t  unexplained a t  8=25O (being represented  by a  dashed curve i n  Fig.  1 0 ) .  

c . )  Alpha-transfer  r e a c t i o n s  and t h e i r  competi t ion wi th  breakup processes  
(Udaeawa and Tamura) 

It has  long been considered t h a t  t h e  breakup of a  p r o j e c t i l e  is  one of t h e  

t y p i c a l  examples of p e r i p h e r a l  p rocesses ,  and may c o n t r i b u t e  important ly t o  t h e  

continuum s p e c t r a  of r e a c t i o n s  induced both by l i g h t  and heavy ions .  This  is 



indeed t h e  case ,  and very  r e c e n t l y  many experimental  evidence has  been accumulated. 

I n  o r d e r  t o  ana lyze  such d a t a ,  w e  developed a  very s imple,  y e t  r a t h e r  accu ra t e  

method, and i t  was o u t l i n e d  i n  subsec t ion  i - d .  

A s  w a s  d i scussed  t h e r e  a l r eady ,  we view t h e  breakup a s  an i n e l a s t i c  exc i t a -  

t i o n  of a  p r o j e c t i l e  - a ,  c o n s i s t i n g  of - b and - x which are i n i t i a l l y  bound toge the r ,  

i n t o  a continuum s t a t e  which may be w r i t t e n  a s  a '  = b  +x. The r e s u l t a n t  t r a n s i -  

t i o n  ampli tude i s  then w r i t t e n  as a  coherent  sum of products  of two f a c t o r s ,  

t h e  spec t roscop ic  ampli tude,  AR,  and t h e  DWBA t r a n s i t i o n  ampli tude,  BRm. The 

A f a c t o r  desc r ibes  t h e  s t r e n g t h  of t h e  t r a n s i t i o n  a - t a t  = b  + x  whi le  does 
R -- - - - Rm 

t h e  t r a n s f e r  of t h e  energy from t h e  r e l a t i v e  motion between - a  and t h e  t a r g e t  t o  

t h a t  - b and - x, J?, being  t h e  t r a n s f e r r e d  angular  momentum. The above mentioned 

sum i s  taken coherent ly  over  A .  It i s  t h e  A f a c t o r  t h a t  dec ides  t he  ways with 
2- 

which d i f f e r e n t  p r o j e c t i l e s  a r e  broken up. 

The A depends on many phys i ca l  q u a n t i t i e s  t h a t  t h e  p r o j e c t i l e  is  descr ibed  
9. 

by. They a r e ,  e .g . ,  t h e  b inding  energy B ( t h e  k i n e t i c  energy Ex) and the  o r b i t a l  

angu la r  momentum R (R ) of t h e  i n i t i a l  bound ( f i n a l  continuum) s t a t e  u rher  than. .. 2 x  

R .  It has  been' thought f o r  a long time t h a t  t h e  B-depetldence is  t h e  most i m -  

2 6 
p o r t a n t  and thus  t h a t  p r o j e c t i l e s  wi th  smal l  B y  l i k e  H and L i  would most 

e a s i l y  break  up. We found, however, t h a t  t h e  dependence on R-, R2- and Ex was 

a l s o  very  important .  

F i r s t  of  a l l  w e  emphasize t h a t  A decrcaoco q u i t e  r a p i d l y  wi th  increased R 

R. Th i s  was d iscussed  i n  d e t a i l  i n  our previous s t u d i e s .  2 4 y  36 Because of t h i s  

f a c t ,  i t  i s  q u i t e  s a f e  t o  ignore  c o n t r i b u t i o n s  from R beyond 2. (Usually the  

R = O  c o n t r i b u t i o n  dominates.) When considered a s  a  func t ion  of E  AR has  a  
x , 

s t r o n g . p e a k  a t  E around t h e  energy equal  t o  t h e  he igh t  of t h e  Coulomb b a r r i e r  
X 

between - b and - x. This  he igh t  i s  i n  t h e  2 t o  4 MeV range f o r  l i g h t  heavy-ion 



p r o j e c t i l e s .  This  means t h a t  t h e  breakup proceeds wi th  very smal l  E i . e . ,  
x 

by t r a n s f e r r i n g  a very  sma l l  amount of energy i n t o  t h e  r e l a t i v e  motion between 

x and b.  One important  consequence of t h i s  f a c t  i s  t h a t  t he  va lue  of Rx must 

a l s o  remain small .  Indeed, we have found t h a t  t h e  process  is  usua l ly  dominated 

by t h e  R = O  component, i . e . ,  by t h e  s-wave. 2.4,36 
X 

The above R- and dx-dependence of At  l e ads  t o  an  i n t e r e s t i n g  p r o j e c t i l e  

dependence of t h e  breakup. Let u s  compare t h e  breakup of 2 0 ~ e  and 1 4 N  i n t o  

a + 160 and a + 'OB, r e s p e c t i v e l y .  A s  i s  w e l l  kkown, t h e  dominant component of 

.a  i n  t h e  2 0 ~ e  and 1 4 N  ground s t a t e s  a r e ,  ' r e s p e c t i v e l y ,  i n  t h e  s and g s t a t e s ,  

i . e . ,  R 2 = 0  and 4. I n  o rde r  t o  e x c i t e  t h e s e  a i n t o  t h e  s s t a t e ,  i . e . ,  R x = O  

we must have R = 0 and R = 4, r e spec t ive ly .  Since,  a s  we remarked, I A ~  I << I A ~  1 ,  
14 

i t  i s  evident  t h a t  t h e  breakup of N is  much more suppressed as  compared wi th  

t h a t  of 'ONe. We s h a l l  show soon t h a t  a very  c l e a r  evidence f o r  t h e  breakup 

of 2 0 ~ e  was found , b u t  no t  . f o r  1 4 N .  The B-dependence a l s o  works unfavorably 

t o  t h e  breakup of 1 4 N .  I n  1 4 N ,  B = 11.6 MeV, whi le  B = 4.7 MeV i n  'ONe. 

So f a r  we have d iscussed  only t h e  AQ f a c t o r .  The @4m f a c t o r  g ives  r i s e  

t o  an  i m p o r t a n t ' e f f e c t  a s  w e l l .  It i s  reduced s t r o n g l y  when t h e  Q-value i s  

l a r g e .  Reca l l  t h a t  t h e  breakup i s  dominated by t h e  R = O  con t r ibu t ion .  The 

R = 0 process  is ,  however, poorly Q-matched f o r  l a r g e  1 Q 1 , reducing t h e  c ros s  

s ec t ion .  However, t h e  Q-mismatch decreases  w i th  inc reas ing  inc iden t  energy. 

Therefore,  even i f  t h e  breakup i s  too  weak t o  b e  observed a t  low ene rg ie s ,  i t  

may be observed a t  h ighe r  ene rg i e s .  Some evidence of t h i s  energy dependence 

w i l l  b e  d iscussed  s h o r t l y .  

2 0 
A very  c l e a r  evidence of t h e  Ne breakup was found r e c e n t l y  by an  experi-  - 

ment by Nagatani -- e t  a l . ,  37-39 who observed i n c l u s i v e  s p e c t r a  of r e a c t i o n s ,  

1 3  9 . 40 20 
4 0 ~ a (  C,  Be), C ~ ( ' ~ N , ~ ~ B )  and 4 0 ~ a (  N ~ , ? o )  w i th  t h e  i n c i d e n t  ene rg i e s  nf 



149 MeV, 153 MeV and 262 MeV, r e s p e c t i v e l y .  It was found t h a t  a t  very  forward 

2 0 a n g l e s ,  say 5' - 8', t h e  observed c r o s s  s e c t i b n s  f o r  t h e  ( Ne,160) r e a c t i o n  a r e  

l a r g e r  by an  o r d e r  of magnitude compared wi th  ' those f o r  t h e  o t h e r  two r e a c t i o n s .  

It should a l s o  be remarked t h a t  t h e  c r o s s  s e c t i o n s  of t h e  (20~e ,160)  r e a c t i o n  

d e c r e a s e s  very  r a p i d l y  a s  the.  ang le  i s  increased ,  making t h e  (20~e,160)  c ros s  

s e c t i o n  a b o u t ' t h e  same a s  t hose  of t h e  o t h e r  two a t  l a r g e r  angles .  

It was also found t h a t  t h e  t h e o r e t i c a l  c ros s  s e c t i o n s  obpaincd by assuminff 

3 7 a one-seep &- t ransfer  process  expiained very  w e l l  t h e  observed c.ross s e c t i o n  

20 1 G  
of t h e  ( 1 3 c , ' ~ e )  and ( 1 4 ~ , 1 0 g )  , b u t  no t  of t h e  ( Ne, 0) r eac t ions .  From th i s ;  

i t  w a s  concluded t h a t  t h e r e  was i n  f a c t  some o t h e r  mechanism c o n t r i b u t i n g  t o  

16 
t h e  ( 2 0 ~ e ,  0)  r e a c t i o n ,  presumably the  breakup of 2 0 ~ e .  This  i dea  was f u r t h e r  

supported by t h e  f a c t  t h a t  t h e  p o s i t i o n  of t h e  peak i n  t h e  s p e c t r a  l i e  a t  about 

415 of t h e  i n c i d e n t  energy. 

Having t h i s  evidence i n  mind, we performed l l u ~ ~ l e r i c a l  c a l c u l a r i o n s  of t h e  

t r a n s f e r  and breakup . processes3b . and the  r e s u l t s  a r e  presented i n  Fig. 1 3 .  Ax 

seen ,  t h e  c a l c u l a t i o n  reproduces t h e  ohserved d a t a  very well.. Note t .hn t  t b c  . 

exper imenta l  peak c r o s s  s e c t i o n s  i n c r e a s e  by about a  f a c t o r  of 2  t o  3 a s  t he  

i n c i d e n t  energy i n c r e a s e s  from 149 t o  262 MeV, and our  c a l c u l a t i o n  reproduces 

t h i s  as we l l .  Th i s  is evidence of  t h e  energy dependence we d iscussed  above. 

A f a c t  t o  b e  noted h e r e  is  t h a t  we have introduced an a r b i t r a r y  normaliza- 

t i o n  f a c t o r  of 1 .6  i n  t h e  breakup c r o s s  s e c t i o n s  i n  n h t a i n i n g  t h e  f i t  i n  F i g .  

13.  A s  w i l l  be  shown below, t h e  i n c l u s i v e  d a t a  seems t o  con ta in  not  only t h e  

e las t ic  breakup, b u t  a l s o  t h e  i n e l a s t i c  breakup con t r ibu t ions .  The above 

no rma l i za t ion  f a c t o r  may be  i n t e r p r e t e d  t o  t ake  i n t o  account t h e  l a t t e r .  

A f u r t h e r  i n s i g h t  i n t o  t h e  process  may be obta ined  by measuring co inc ident  

d a t a ,  and such an  experiment was a l s o  done by Nagatani e t  We p re sen t  i n  



Fig.  14 t h e  r e s u l t  of t h e  measurement and t h e  corresponding t h e o r e t i c a l  predic-  

t i o n s ,  kh ich  a r e  seen' t o  f i t  t he '  d a t a  very  w e l l .  A remarkable f e a t u r e  seen i n  

t h e  measured angular  c o r r e l a t i o n  curve i s  t h a t  t h e  width i s  extremely narrow; 

about 5". Such a  narrow width has  never been observed i n  t h e  angular  c o r r e l a t i o n  

d a t a  taken i n  1 4 N  induced r e a c t i ~ n s , ~ ~ ? ~ '  t i& t y p i c a l  width observed being about 

20". Th i s  f a c t  p re sen t s  an i n d i r e c t  support  of our previous convic t ion  t h a t  1 4 N  

i s  ve ry  u n l i k e l y  t o  break  up;at l eas t  for those energies (E<210MeV) s tud ied  so  f a r .  

Probably, 160 is  one of t h e  b e s t  candida tes  f o r  breakup o the r  than 'ONe. 

Indeed, t h e  160 breakup y i e l d s  have been observed by a ~ e r k e l e ~  group42 wi th  

16 E( 0) = 310 MeV. Nagatani -- e t  a1. 39 a l s o  performed a  s i m i l a r  experiment f i nd ing  

' t h a t  t h e  breakup begins t o  t a k e  p l ace  a t  ~ ( ~ ~ 0 )  around 200 MeV f o r  a  5 8 ~ i  t a r g e t .  

Th i s  i s  another  evidence of the energy-dependence of t h e  breakup. 

Summarizing, we have seen  t h e  presence of t h e  p r o j e c t i l e -  and energy- 

dependencies of t h e  breakup, and t h a t  they can be understood very w e l l  i n  terms 

of t h e  p re sen t  theory.  The theory i s  found t o  desc r ibe  very w e l l  a l s o  the  angular  

c o r r e l a t i o n  da t a .  Our t h e o r e t i c a l  t reatment  has  s o  f a r  been confined t o  t h e  ~', 

e l a s t i c  breakup. A coinc ident  measurement, 39 however, revea led  t h a t  t h e r e  a r e  

s i z a b l e  c o n t r i b u t i o n s  form t h e  i n e l a s t i c  breakup. To d e a l  wi th  i n e l a s t i c  

breakup processes ,  we have t o  extend t h e  p re sen t  theory ,  b u t  i t  w i l l  be  done 

wi thout  much d i f f i c u l t y .  

d  .) ~ i g h e r - s t e p  d i r e c t  r e a c t i o n  ana lyses  (Udagawa p r i c e  and ~ a m u r a )  

A s  was d iscussed  i n  subsec t ion  a)' t h e  c a l c u l a t i o n s  t h a t  inc lude  only t h e  

one-step c o n t r i b u t i o n s  f a i l  t o  exp la in  t h e  so-ca l led  deep i n e l a s t i c  component 

of t h e  spectrum. It would then  be n a t u r a l  t o  i n v e s t i g a t e  whether t h e s e  deep 



i n e l a s t i c  components can be  a t t r i b u t e d  t o  t h e  c o n t r i b u t i o n s  -from higher-s tep 

20 12 processes .  We s tud ied43  as an example of t h e  two-step process  t h e  2 7 ~ 1 (  Ne, C) 

4  4  r e a c t i o n  a t  E = I 2 0  MeV. The calcu'latkon was made by f i r s t  f i t t i n g  t h e  
l a b  

20 d a t a  of t h e  2 7 ~ 1 (  Ne, 160) r e a c t i o n ,  assuming t h e r e  a  one-step a - t ransf  e r  

mechanism. Th i s  f i t t i n g  f i x e d  s e v e r a l  parameters  involved i n  t h e  c a l c u l a t i o n .  

Then t h e  two-step c a l c u l a t i o n  f o r  t h e  ( 2 0 ~ e , 1 2 ~ )  r e a c t i o n  was made without  

i n t roduc ing  any a d d i t i o n a l  parameter.  The r e s u l t s  of t hese  c a l c u l a t i o n s  are 

shorn i n  F i g .  15 and a r e  conlpared w i t h  experiment.  

It i s  seen  t h a t  t h e  o v e r a l l  q u a l i t a t i v e  agreement of t h e  c a l c u l a t e d  r e s u l t s  

w i t h  experiments i s  good. However, q u a n t i t a t i v e l y  t h e  ca l cu la t ed  c r o s s  s e c t i o n s  

" a r e  too  small by about  a  f a c t o r  of 2 ,  t h e  discrepancy inc reas ing  as the  energy 

.12 
of t h e  outgoing C i n c r e a s e s .  I n  F ig .  15 t h e r e  a r e  a l s o  p l o t t e d  t h e  d i f f e r e n c e  

( d o t t e d  l i n e )  between t h e  c a l c u l a t e d  and experimental  cross s e c t i o n s .  One 

n o t a b l e  f e a t u r e  seen  is t h a t  t h e  p o s i t i o n  of t h e  peak of t h e  do t t ed  l i n e  appears  

12 
a t  a  s l i g h t l y  h ighe r  E( C) than t h a t  of t h e  c a l c u l a t e d  two-step c r o s s  s e c t i o n .  

It might be possible tn ascr ibe t h i s  unexplained p a r t  of t h e  spectrum eo rhe 

8  
one-step d i r e c t  Be t r a n s f e r . '  Such an i n v e s t i g a t i o n  w i l l  be  done i n  t h e  f u t u r e .  

I n  order  t o  s tudy  f u r t h e r  t h e  e f f e c t s  of t h e  mul t i - s tep  processes ,  we took . . 

16 
lip a l . s ~  the i n e l a s t i c  s c a t t e r i n g  of 0 by 5 8 ~ i  a t  t h e  i n c i d e n t  energy of 

E lab  
= 100 M ~ V . ~ ~  The spectrum a t  35' is  shown i n  Fig.  1 6 ( a ) .  It is  seen t h a t  

t h e r e  a r e  two humps a t  E = 0 - 1 5  and 15  - 4 0  MeV reg ions ,  where E  is  t h e  exc i -  
X X 

5aNi t a t i o n  energy of . These two humps a r e  normally a sc r lbed  t o  Lhe quasi-  

e l a s t i c  and d e e p - i n e l a s t i c  processes ,  r e s p e c t i v e l y .  

I n  a d d i t i o n  t o  c r o s s  s e c t i o n s ,  measurement was a l s o  made45 of t h e  c i r c u l a r  

58Ni* 
p o l a r i z a t i o n  of y-rays emi t ted  from t h e  r e s i d u a l  nuc leus ,  . The y-ray 

c i r c u l a r  p o l a r i z a t i o n  a l lows  one t o  e x t r a c t  t h e  p o l a r i z a t i o n  PN, of 58~i*, and 



i t  was found t h a t  a t  t h e  160'  ene rg i e s  correspond t o  t h e  f i r s t  and 'second humps, 

r e s p e c t i v e l y ,  P was nega t ive  and p o s i t i v e .  This . imp1i .e~ '  t h a t  t h e  q u a s i - e l a s t i c  
-N 

and deep - ine l a s t i c  components a r e  a s s o c i a t e d  wi th  the .  processes  coming from t h e  

nea r  s i d e  ( p o s i t i v e  d e f l e c t i o n )  and t h e  f a r  s i d e  (negat ive  d e f l e c t i o n )  processes .  

The measured P a r e  reproduced ' in  F ig .  16 (b ) .  
N 

I n  o rde r  t o  f a c i l i t a t e  t h e  est . imation of cont ' r ibu t ions  from t h e  two-step, 

a s  w e l l  a s  t h e  one-step processes  t o  t h e  c r o s s  s e c t i o n ,  0 ,  and t o  P we - f i r s t  
N ' 

i n v e s t i g a t e d  the '  p o s s i b i l i t y  of paramet r iz ing  t h e  over lap  i n t e g r a l ,  I ( ~ ) ,  of 

t h e  two-step processes .  We found t h a t  I ( ~ )  was a l s o  cha rac t e r i zed  by windows 

s i m i l a r  t o  t hose  of 1"). The windows i n  I ( 2 )  were found, however, t o  be  some- 

"hat l e s s  c h a r a c t e r i s t i c  than  they were i n  I(1' i n  t h a t  t h e  shape of t h e  windows : 

were d i s t o r t e d  r a t h e r  s t r o n g l y  from t h e  s imple gauss ian  form, and a l s o  t h a t  t he  

va lues  of some of t h e  window parameters dependend i n  a  complicated f a sh ion  on 

t h e  o t h e r  parameters involved,  making i t  very  d i f f i c u l t  t o  express  a n a l y t i c a l l y  

t h e  former i n  terms of t h e  l a t t e r .  Also some parameters were very s e n s i t i v e  

t o  t h e  o the r  parameters  involved i n  t h e  c a l c u l a t i o n s ,  p a r t i c u l a r l y  t o  t h e  

imaginary p a r t  o f  t h e  o p t i c a l  p o t e n t i a l ,  which is  no t  very  w e l l  known f o r  t h e  

channels  involv ing  h igh ly  exc i t ed  nuc lea r  s t a t e s .  Therefore ,  i t  was unavoidable 

t h a t  t h e  parametr ized amplitudes d id  not  always reproduce f a i t h f u l l y  t he  exact  

two-step DWBA ampli tudes.  

Never the less ,  we t r i e d  t o  f i x  t h e  parameters i n  a  way very s i m i l a r  t o  what 

we d i d  f o r  I ( ~ ) .  Important f e a t u r e s  of t h e  r e s u i t s  obtained may be summarized 

a s  fo l lows:  i )  The va lues  of t he  d e f l e c t i o n  angles  Y (i) ( i  = 1 and 2, respec- 

t i v e l y ,  f o r  t h e  one- and two-step process)  were d e f i n i t e l y  p o s i t i v e  and nega t ive  

f o r  i = 1 and 2, r e s p e c t i v e l y .  The magnitudes of Y ( ~ )  depend only very  s l i g h t l y  

(1) 
011 the Q-values, making i t  acccp tab le  t o  se t  Y = 10' and v ( ~ ) =  -200 f o r  a l l  



t h e  Q-values involved.  i i )  The Q-dependence of t h e  c e n t e r s  of t h e  windows of 

i s  nea r ly  t h e  same a s  t h a t  of 1 ' l ) .  Thus f o r  both I") and we can 

use  t i 0 )  = 0.6Q and 8'0) = 48 + 0.69. i i i )  The most poorly determined parameters 
b  

a r e  t h e  widths of t h e  c e n t e r s  f o r  T ' ~ ) ,  which a r e  somewhere between 5  and 10.  

Those f o r  1"') a r e ,  however, r a t h e r  w e l l  determined t o  be about 5 .  The widths 

of t h e  two-step process  is  thus  l a r g e r  than  those  of t h e  one-step. 

The c a l c u l a t i o n s  of a and P were then performed by us ing  t h e  spec t roscopic  
N 

d e n s i t i e s  ( i . e . ,  t h e  d e n s i t i e s  of t h e  de fo rma t i . 0~  s t r e n g t h s ,  o r  t h e  response 

16 
f u n c t i o n s )  c a l c u l a t e d  by Liu-Brown. The o rb i t a l .  a.nglll a r  mnm~,ntiim trannf ~r 

of R = 0 - 8 were considered i n  t h e  c a l c u l a t i o n s .  I n  Ref.  16 ,  such c a l c u l a t i o n s  

were made f o r  only up t o  R = 4 .  Those f o r  11. = 5 - 8 were thus cal cul.ated by us ing  

45 
a  s imple  model of t h e  mul t ipo le  f o r c e s .  S l i g h t  modi f ica t ions  were introduced 

t o  t hus  o b t a i n  spec t roscop ic  d e n s i t i e s  s o  a s  t o  improve t h e  f i t  t o  experimental  0. 

The t h e o r e t i c a l  one- and two-step c r o s s  s e c t i o n s  a r e  p l o t t e d  i n  Fig.  .17(a),  

s e p a r a t e l y  by d o t t e d  l i n e s .  A s  seen ,  t h e  one-step con t r ibu t ions  exp la in  very 

w e l l  t h e  observed f i r s t  hump a t  t h e  lower e x c i t a t i o n  energy, E - 0 - 1 5  MeV. 
X 

A s  w i l l  b e  d iscussed  s h o r t l y ,  t h e  one-step c o n t r i b u t i o n  a l s o  exp la ins  very  we l l  

t h e  observed PN at  t h i s  reg ion  of Ex.  The two-step c o n t r i b u t i o n ,  however, is  

n o t  s u f f i c i e n t  t o  e x p l a i n  t h e  r e s t  of t h e  spectrum, i n  p a r t i c u l a r  t h e  spectrum 

under t h e  second hump. This  discrepancy may i n d i c a t e  t h a t  t h e  c o n t r i b u t i o n s  

of s t i l l  h ighe r  o rde r  processes  have t o  be taken i n t o  account .  I n  o rde r  t o  

make a c r u d e . e s t i m a t e  of such h ighe r  o rde r  c o n t r i b u t i o n s ,  c a l c u l a t i o n s  of t he  

t h i r d  o rde r  processes  were made by assuming t h a t  I = a  , where t h e  cons tan t  

a was f i x e d  s o  t h a t  t h e  r e s u l t a n t  t o t a l  spectrum agreed wi th  t h e  d a t a  a t  20'. - 

The c a l c u l a t e d  t o t a l  c r o s s  s e c t i o n s  a t  359 a r e  then p l o t t e d  i n  F ig .  16(a)  by a  

f u l l  l i n e .  A s  seen ,  t h e  o v e r a l l  agreement w i th  t h e  d a t a  i s  now very  good. The 



assumed v a l u e  of - a ,  however, i s  somewhat t o o  l a r g e  a s  compared w i t h  t h a t  expec ted  

from a s i m p l e  e x t r a p o l a t i o n  o f  t h e  o v e r l a p  i n t e g r a l .  P r o b a b l y ,  t h i s  e f f i e c t i v e l y  

i n c l u d e s  t h e  f o u r t h  and h i g h e r  o r d e r  p r o c e s s e s .  I n  F i g . l G ( b ) ,  we a l s o  i n c l u d e  

t h e  f i n a l  c a l c u l a t e d  P  by a  f u l l  l i n e .  The agreement i s  s e e n  t o  b e  v e r y  good. 
N 

  here are a few othcir p a p e r s  e i t h e r  p u b l i s h e d  o r  s u b m i t t e d  d u r i n g  t h e  

p a s t  y e a r .  They i n c l u d e  the summary t a l k 4 7 a  a t  t h e  I n t e r n a t i o n a l  Conference on 

" ~ y n a r n i c a l  P r o p e r t i e s  o f  Heavy-Ion Reac t ions" ,  h e i d  a t  Johannesburg,  August ,  

47b 
1978, a  l e c t u r e  n o t e  a t  t h e  pos t -confe rence  School  a l s o  at  Johannesburg , an  

i n v i t e d  paper  p r e s e n t e d 4 7 C  a t  t h e  ~ n t e r n a f i o n a l  Workshop on "React ion Models 

f o r  Continuous S p e c t r a  o'f L i g h t  P a r t i c l e s " ,  Bad Honnef , November, 1978, and 

47d 
f:!-nally an  i n v i t e d  paper  p r e s e n t e d  a t  t h e  1n t . e rna t i ona lSympos iumon  Continuum 

S p e c t r a  o f  Heavy I o n  R e a c t i o n s ,  San Antonio ,  December, 1979. We o r g a n i z e d  t h i s  

l a s t  Symposium o u r s e l v e s ,  i n  c o l l a b o t a t i o n  w i t h  t h e  e x p e r i m e n t a l  group a t  t h e  

Cycl.otron I n s t i t u t e ,  Texas A&M U n i v e r s i t y .  

Two p a p e r s  were  p u b l i s h e d  i n  Computer. P h y s i c s  C o m ~ u n i c a t i o n s ,  t h e  one 
48a 

d e a l i n g  w i t h  Coulomb wave f u n c t i o n s  w i t h  complex a n g u l a r  momenta, t h e  o t h e r  
4  8b 

w i t h  a  new method of c o n s t r u c t i n g  form f a c t o r s  f o r  EFR-DWBA c a l c u l a t i o n s .  

Another paper  d e a l i n g  w i t h  t h e  c a l c u l a t i o n  o f  t h e  Regge p o l e s  w i l l  b e  p u b l i s h e d '  

48c 
s h o r t l y  . F i n a l l y ,  a paper  which d e a l e d  w i t h  a  problem of  d i s s i p a t i o n  i n  t h e  .' 

4  9 
t ime-dependent H a r t r e e  Fock c a l c u l a t i o n s  was a l s o  p u b l i s h e d  r e c e n t l y  , 



iii. MEDIUM ENERGY PHYSICS 

* 
(W.R. Coker ) 

a .  ) Pre l iminary  

S ince  1976 we have been very  a c t i v e l y  engaged i n  a  c o l l a b o r a t i v e  program of 

exper imenta l  and t h e o r e t i c a l  r e sea rch  i n  medium energy nuclear  phys ics ,  p r inc i - ,  

p a l l y  t h e  s tudy  of s c a t t e r i n g  and r e a c t i o n s  of 800 MeV pro tons  on nuc le i .  Our 

t h e o r e t i c a l  e f f o r t s  , a c t u a l l y  began about a  year.  before  our experimental  program, 

riaking use  of 1 GeV pro ton  e l a s t i c  s c a t t e r i n g  d a t a  f o r  a  v a r i e t y  of t a r g e t  n u c l e i ,  

ob ta ined  a t  Saclay and Gatchina. 

From t h e  very  beginning of our  r e sea rch  program, we have he ld  very  f i rmly  

t o  t h e  pragmatic philosophy t h a t  hard r e s u l t s  a r e  of primary importance, and 

can only evolve from p r e c i s e ,  r e l i a b l e  experimental  d a t a  and s o p h i s t i c a t e d ,  

state-of-the-art.theoretica1 analyses .  A s  w i l l  be  apparent  from what fol lows,  

i n  our  s t u d i e s  t o  d a t e  experiment and theory have merged t o  play complementary 

and ve ry  c l o s e l y  l i nked  r o l e s .  Our program has provided t h e  nuc lear  phys ics  .- 

community wi th  a  l a r g e  quan t i t y  of accu ra t e  d a t a  on e l a s t i c  s c a t t e r i n g  of 

0.8 GeV pro tons  on a  wide range of t a r g e t  n u c l e i ,  a s  w e l l  a s  t h e  r e s u l t s  of 

t h e o r e t i c a l  ana lyses  aimed a t  l e a r n i n g  a s  much a s  poss ib l e  concerning the  
, . 

mat t e r  d e n s i t y  d i s t r i b u t i o n s  of t h e  va r ious  t a r g e t  nuc le i .  To d a t e  about a 

dozen papers  have appeared i n  p r i n t  p re sen t ing  t h e  da t a  and t h e  r e s u l t s  of 

t h e  ana lyses .  
50-63 

* 
Most of t h e  r e sea rch  descr ibed  h e r e  was c a r r i e d  ou t  i n  c o l l a b o r a t i o n  wi th  

Assoc. Prof .  G. W. Hoffmann and D r .  L. Ray, whose r e sea rch  i s  c u r r e n t l y  
supported by DOE c o n t r a c t  EY-76-S-05-5224, Task B. This  co l l abo ra t ion  
i s  expected t o  cont inue.  



The original motivation given in the 1960's fordoing proton elastic and 

* inelastic scattering experiments at intermediate energies was that the theoretical 

approaches which could be employed to deduce nuclear.structure information from 

the data were thought to be free from various ambiguities which plague studies 

at incident proton energies of 300 MeV or less. The standard argument went that 

at medium energies the impulse approximation is expected to work well. As a 

result, one could begin from the free nucleon-nucleon scattering phenomenology 

and derive microscopic optical potentials or distorted wave impulse approximation 

(DWIA) transition matrix elements that would very directly describe Proton 

elastic and inelastic scattering in terms of nucleon densities and moments of 

, ' the target nuclei. Furthermore, the incident momentum at proton kinetic energies 

of about 1 GeV is large enough that the spatial resolution afforded by the 

available momentum transfer range would .be sufficient to extract fairly detailed - 
information concerning the radial shape of the nuclear matter density distribu- 

tions involved in the scattering and reactions. It was even asserted frequently 

in the literature that information could be obtained regarding the positional 

or momentum correlations of pairs of nucleons in nuclei, and a'vast amount of 

theoretical effort was devoted to deriving formal expressions for contributions 

of various kinematic and dynamic nucleon-nucleon correlations to the predicted 

cross sections. 

It is.not too great an exaggeration to say that up until'new data from 

Saclay and Gatchina appeared medium energy physics was essentially a'dataiess 

field, and many of the problems in related theoretical work could be traced 

back to this disconnection from reality. As we began to analyze these new 

data theoretically, however, we saw that the problems of the field were far 

from over. First, the nucleon-nucleon phenomenology itself is in a sad staCe 



a t  t h e s e  ene rg i e s .  Second, i t  became apparent  t h a t  s e r i o u s  r e l i a b i l i t y  problems 

s t i l l  e x i s t e d  even wi th  t h e  new 1 GeV proton-nucleus e l a s t i c  s c a t t e r i n g  da ta .  

Th i s  exper ience  provided va luab le  guidance t o  our experimental  e f f o r t ,  s i n c e  i t  

demonstrated c l e a r l y  how c e r t a i n  e r r o r s  i n  s c a t t e r i n g  ang le  de te rmina t ion  o r  

a b s o l u t e  c ros s  s e c t i o n  c a l i b r a t i o n  could completely e r a s e  the  s u b t l e  nuc lear  

s t r u c t u r e  e f f e c t s  which one i s  i n t e r e s t e d  i n  l ea rn ing  more about through a n a l y s i s  

of such da t a .  

I n  many ways, t h e  r e s u l t s  of e x i s t i n g  t h e o r e t i c a l  ana lyses  of such d a t a  

documented i n  t h e  l i t e r a t u r e  were' almost a s  d i s t u r b i n g  a s  t h e  apparent  un re l i -  

a b i l i t y  of t h e  d a t a  i t s e l f .  Tremendous e f f o r t s  were focussed on the  r e l a t i v e l y  

minor c o n t r i b u t i o n s  t o  t h e  s c a t t e r i n g . p r o c e s s  from nucleon-nucleon c o r r e l a t i o n s ,  

b u t  t h e  overwhelmingly important  f i r s t - o r d e r ,  dens i ty - r e l a t ed  con t r ibu t ions  were 

handled i n  ways t h a t  were absurd ly  crude and which we found i n  our own c a l c u l a t i o n s  
a 

t o  be q u i t e  incapable  of desc r ib ing  t h e  experimental  d a t a  more than q u a l i t a t i v e l y .  

We hoped t o  avoid both t h e  experimental  and t h e o r e t i c a l  e r r o r s  we had 

encountered i n  e a r l i e r  work. A f a i r l y  massive experimental  e f f o r t  was mwunted 

a t  t h e  High Resolu t ion  Spectrometer f a c i l i t y  of t h e  Cl in ton  P. Anderson Meson 

Phys ics  f a c i l i t y  i n  Los Alamos, t o  provide medium energy proton e l a s t i c  sca t -  

t e r i n g  c r o s s  s e c t i o n s  of unprecedented r e l i a b i l i t y  and range of momentum t r a n s f e r .  

E l a s t i c  angular  d i s t r i b u t i o n s  and ana lyz ing  powers were obtained a t  LAMPF f o r  

800 MeV po la r i zed  pro ton  e l a s t i c  s c a t t e r i n g  from the target  n u c l e i  12c. 
40,42,44,48ca 46,48,50Ti 54pe, 58,64Ni 9OZr , 116,124Sn and 208pb 50-64 All 

Y Y 9 

of t h e s e  d a t a  have now been reduced t o  f i n a l  form and made a v a i l a b l e  t o  t h e  

nuc lea r  phys ics  community i n  t a b b l a t  ions.  

A s  was expla ined  i n  d e t a i l  i n  l a s t  y e a r ' s  annual  r e p o r t  and elsewhere, we 

intended t o  have from t h e  beginning a  reasonably u n i f i e d  t rea tment  of e l a s t k c  

30 



and i n e l a s t i c  s c a t t e r i n g  and' ana lyz ing  power, i n  terms of a  microscopic 

. d e s c r i p t i o n  of . the  nucleon-nucleon i n t e r a c t i o n  p o t e n t i a l .  65 Because of t h e  

reasons a l s o  g iven  i n  l a s t  y e a r ' s  annual  r e p o r t ,  we avoided t h e  use  of a  mult iple-  

6 6 s c a t t e r i n g  d i f f r a c t i o n  theory i n  ob ta in ing  c r o s s  s e c t i o n s ,  r e l y i n g  in s t ead  

i n s o f a r  a s  was p o s s i b l e  on t h e  equation-of-motion techniques developed by 

Feshbach and h i s  c o l l a b o r a t o r s .  65y67 A no tab le  advantage of t h e  use  of t h e  

l a t t e r  i s  t h a t  i t  can be reduced d i r e c t l y  t o  corresponding low-energy forms, 

p e ~ m i t t i n g  one t o  make use  of va r ious  e s t a b l i s h e d  nuc lear  phenomenologies a t  

68 
inEermediate ene rg i e s .  We a l s o  no te  t h a t  we took s p e c i a l  c a r e  i n  de r iv ing  

s p i n  a n d  charge dependent. p a r t  of t he  nucleon-nucleus o p t i c a l  p o t e n t i a l  
69,70 

based. on t h e  KMT approach. 6 5  

When our pre l iminary  ana lyses  50-52 were found t u  be vary pr imis ing ,  and 

t o  g ive  d e n s i t i e s  i n  s u r p r i s i n g l y  c l o s e  agreement wi th  Hartree-Fock p r e d i c t i o n s ,  

we completely r ed id  t h e  ana lyses ,  cons t ruc t ing  an approximately model-independent 

neut ron  d e n s i t y ,  and making a  very  c a r e f u l  and thorough s tudy of experimental  

and t h e o r e t i c a l  sources  of e r r o r  and unce r t a in ty  i n  t h e  ana lys is .56  The r e s u l t i n g  

u n c e r t a i n t i e s  amounted t o  - +0.07 fm i n  the  r o o t  mean square neutron r a d i u s ;  a s  

f a r  a s  t h e  r a d i a l  neut ron  d e n s i t i e s  were concerned, t h e  e r r o r  envelopes became 

s i g n f f i c a n t  i n  width only w e l l  w i t h i n  the  nuc lea r  i n t e r i o r .  This  encouraged 

us t o  i nc rease  t h e  s o p h i s t i c a t i o n  of our ana lyses  s t i l l  f u r t h e r .  62 We included 

t h e  (very t i n y )  e f f e c t s  of center-of-mass, P a u l i  and dynamical nucleon-nucleon 

c o r r e l a t i o n s  w l t h i n  t h e  nucleus,  and e lec t romagnet ic  co r r ec t ions  t o  t h e  proton 

d e n s i t y  a r i s i n g  from t h e  e l e c t r i c  and magnetic form f a c t o r s  of t h e  neutron and 

t h e  magnetic form f a c t o r  of t he  proton--which tended nea r ly  t o  completely 

cance l  t h e  c o r r e l a t i o n  e f f e c t s .  These c o r r e c t i o n s  reduced t h e  e r r o r  u l t i m a t e l y  

t o  about - +0.05 fm In the rms neutruri radii, of which about - +Q.03 f v  arfses from 



6  2  u n c e r t a i n t i e s  i n  t h e  f r e e  nucleon-nucleon amplitudes.  Fu r the r  s i g n i f i c a n t  

r educ t ion  i n  t h e  u n c e r t a i n t i e s  is n o t  p r a c t i c a l  u n t i l  t h e  experimental  s i t u a t i o n  

i n  medium energy nucleon-nucleon 'physics  changes d r a s t i c a l l y .  With a l l  sources  

of e r r o r  taken i n t o  account ,  t h e  agreement between t h e  deduced neut ron  mat te r  

d e n s i t i e s  and t h e  corresponding d e n s i t i e s  p red ic t ed  by Hartree-Fock formalisms 

is  extremely impress ive ,  and h a s  provided much of t h e  mot iva t ion  f o r  our f u r t h e r  

work i n  t h i s  a r e a ,  both experimental  and t h e o r e t i c a l .  See F igs .  17-21. 

Our in el as ti,^ sr.at,te.rinp, sti.adiss, both c~rpcriracntal  aild ~ l ~ r o r e L l c a 1 ,  have 

concent ra ted  s o  Ear on low-lying co:l.:l r . r . t i ve  s t a t e s  of eve11-evcn nuc le i .  A s  a 

r e s u l t ,  we have used t h e  DWBA ( a s  opposed t o  t h e  so-cal led DWIA) and t h e  coupled 

' 

channels  app roach - - fo r  t h e  f i r s t  time. a.t medium ene rg ie s ,  s o  f a r  as we know. 
6 8 

I n  t h e  t h e o r e t i c a l  ana lyses ,  t h e  i n e l a s t i c  ana lyz ing  power d a t a  which have become 

a v a i l a b l e  from t h e  LAMPF HRS proton 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  survey wi th  

p o l a r i z e d  pro ton  beams have played an important  r o l e .  58764 1n our  c o l l e c t i v e  

DWBA form f a c t o r s ,  i f  one begins w i th  t h e  microscopic KMT proton-nucleus o p t i c a l  

p o t e n t i a l ,  one au toma t i ca l ly  genera tes  a  so-cal led "Ful l  Thomas form" f o r  t h e  , 

s p i n - o r b i t  c o n t r i b u t i o n  t o  t h e  i n e l a s t i c  t r a n s i t i o n  mat r ix  element. G4  This  

a d d i t i o n a l  term, u s u a l l y  neglec ted  i n  low energy i n e l a s t i c  proton s c a t t e r i n g  

ana lyses ,  i s  important  a t  medium energy i n  g iv ing  t h e  i n e l a s t i c  angular  d i s t r i -  

b u t i o n s  t h e  proper  s l o p e ,  and t h e  i n e l a s t i c  analyzing powers t h e  proper  shapes. 

I n  two r e c c n t  papers ,  we have er~~phasized both the  experimental  and t h e o r e t i c a l  

importance of t h i s  "deformed sp in-orb i t "  term i n  t h e  i n e l a s t i c  form f a c t o r .  
58,64 

I n  t h e  coupled channels  framework w e  have s tud ied  i n e l a s t i c  t r a n s i t i o n s  

t o  v a r i o u s  h igh ly  c o l l e c t i v e  s t a t e s  of '*c and 2 4 ~ g ,  and shown t h a t  t h e  va r ious  

p a t h s  by which t h e  r e a c t i o n s  can occur  have d i s t i n c t  p a r t i a l  angular  d i s t r i b u t i o n s ,  

a l lowing  one t o  determine t h e  deformation parameters f o r  t h e  va r ious  c o l l e c t i v e  

32 



nuc lea r  shapes f a r  more a c c u r a t e l y  than  has  h i t h e r t o  been p o s s i b l e  i n  pro ton  

and 4 ~ e  s c a t t e r i n g  s t u d i e s  a t  25 t o  100 MeV. 55 ' 63  ~ i i a l l ~  non-symmetric nuc l ea r  

shapes were p a r t i c u l a r l y  important  i n  accounring f o r  t h e  shapes and magnitudes 
- 

of t h e  i n e l a s t i c  angular  d i s t r i b u t i o n s  f o r  popula t ion  of v a r i o u s  members of t h e  

gamma-vibrational band i n  2 4 ~ g .  63 See F ig .  22. , 

Some o t h e r  experimental  u se r  groups a t  W F  have focussed much ; f fo r t  on 

ob ta fn ing  d a t a  f o r  p ro ton  i n e l a s t i c  s c a t t e r i n g  t o  p a r t i c l e - h o l e  s t a t e s ,  and 

some usab le  d a t a  now e x i s t  f o r  s e v e r a l  n u c l e i .  However, t h e  microscopic  DWBA 

approach used f o r  such t r a n s i t i o n s  a t  low energy i s  n o t o r i o u s i y  u n s a t i s f a c t o r y ,  

and t h e r e  i s  no reason t o  expect  t h a t  i t s  DWTA form w i l l  work any b e t t e r  a t  

800 MeV--in f a c t  some pre l iminary  s t u d i e s  i n d i c a t e  t h a t  i f  anything i t  works 

worse than  a t  low ene rg i e s .  Therefore  we don ' t  s e e  a  g r e a t  dea1,of hope t h a t  

t h e s e  d a t a  f o r  weak i n e l a s t i c  t r a n s i t i o n s  w i l l  b e  a b l e  t o  provide t h e  s o r t  of 

r e l a t i v e l y  c l ean  nuc l ea r  s t r u c t u r e  in format ion  we have been a b l e  t o  e x t r a c t  

from t h e  e l a s t i c  s c a t t e r i n g  and from t h e  i n e l a s t i c  s c a t t e r i n g  t o  s t r o n g l y  

c o l l e c t i v e  s t a t e s .  . 
-. 

W e  now t u r n  t o  a  d i s c u s s i o n  of t h e  work publ ished during'  1979, and a  b r i e f  

d e s c r i p t i o n  'of work i n  progres . .  

b . )  U n c e r t a i n t i e s  i n  neut ron  d e n s i t i e s  determined  fro^ an approximately 
model-independent a n a l y s i s  of 0 .8  GeV po la r i zed  pro ton  s c a t t e r i n g  
from n u c l e i  

Th i s  work was d i scussed  i n  some d e t a i l  i n  l a s t  y e a r ' s  progress. r e p o r t  and 

w i l l  be  mentioned only b r i e f l y  here .  56' 62 The f i r s t  o rde r ,  spin-dependent 

microscopic  JOlT o p t i c a l  p o t e n t i a l  was used t o  s tudy  800 MeV po l a r i zed  proton 

e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n  and ana lyz ing  power d a t a  f o r  t a r g e t  n u c l e i  



58~i ,  " ~ r ,  ' 1 2 4 ~ n  and 2 0 8 ~ b .  Approximately model-inpependent t a r g e t  

neut ron  d e n s i t y  d i s t r i b u t i o n s  were cons t ruc ted  i n  o rde r  t o  i n v e s t i g a t e  t h e  

u n c e r t a i n t i e s  i n  t h e  deduced neutron d e n s i t i e s  r e s u l t i n g  from t h e  s t a t i s t i c a l  

e r r o r  of the  exper imenta l  d a t a  and t h e  f i n i t e  range 'of momentum t r a n s f e r  i n  

t h e  experimental  angu la r  d i s t r i b u t i o n s .  Numerous o t h e r  experimental  and 

t h e o r e t i c a l  sou rces  of e r r o r  and u n c e r t a i n t y  were considered i n  ob ta in ing  a  

r e a l i s t i c  e s t ima te  of t h e  t o t a l  e r r o r  i n  t h e  deduced neutron d e n s i t y  d i s t r i b u -  

r i o a s  and t h e i r  r o o t  mean square  r a d i i .  The t y p i c a l  e r r o r  from t h e  f i r s t  o rder  

a n a l y s i s  was found t o  be - +0.07 fm. Impressive agreement was found between t h e  

deduced model-independent neut ron  ma t t e r  d e n s i t y  d i s t r i b u t i o n s  and t h e  cor re-  

sponding d e n s f t i e s  p r e d i c t e d  by Hartree-Fock approaches, a s  seen i n  F igs .  17-2". 

( I n  f u r t h e r  work,62 an ex tens ion  of t h a t  j u s t  desc r ibed ,  t h e  few important 

second-order t e r m s  were included a s  w e l l  a s  equa l ly  smal l  e lec t romagnet ic  

c o r r e c t i o n s  t o  t h e  pro ton  form f a c t o r ,  reducing t h e  e r r o r  t o  +0.05 fm. Coker 

w a s  n o t  d i r e c t l y  involved i n  t h i s  l a t e r  work.) 

c ) .  E f f e c t s  of sp in -o rb i t  deformation i n  i n e l a s t i c  proton s c a t t e r i n g  
a t  0.8 GeV ( i n  c o l l a b o r a t i o n  wi th  experimental  groups from ~ u t ~ e r s ,  
UCLA, Minnesota, Oregon and Northwestern).  . 

New d i f f e r e n t i a l  c r o s s  s e c t i o n  and ,ana lyz ing  power d a t a  f o r  0.8 GeV 

p d l a r i z e d  pro tons  i n c i d e n t  on 12c, y 1 2 4 ~ n ,  popula t ing  t h e  f  i r s c  2' exc i t ed  

state, were obta ined  by t h e  Univers i ty  of Texas experimental  group i n  co l labora-  

t i o n  w i t h  those  l i s t e d  above. These d a t a  were analyzed t h e o r e t i c a l l y  i n  terms 

of t h e  DWBA us ing  c o l l e c t i v e  form f a c t o r s  which included sp in -o rb i t  con t r ibu t ions .  

It w a s  found t h a t  a  reasonable  d e s c r i p t i o n  of t h e  ana lyz ing  power d a t a  could be 

o b t a i n e d i n t h i s w a y ,  a l though of course  thebreakdown o f t h e D W B A a t b a c k w a r d  . 



angles  ( g r e a t e r  than 15' i n  t h e  c.m.) f o r  12c was no t ab l e  (and w e l l  understood) .  

Without t h e  deformed. s p i n  o r b i t  t e r m  i t  was no t  p o s s i b l e  t o  d e s c r i b e  t h e  

58,64 i n e l a s t i c  ana lyz ing  power d a t a ,  even q u a l i t a t i v e l y .  

d . )  E l a s t i c  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  and ana lyz ing  powers f o r  po l a r i zed  

pro tons  i n c i d e n t  on 40*42y44948Ca a t  0 .8  GeV ( i n  c o l l a b o r a t i o n  w i t h  
exper imenta l  groups from UCLA, LAMPF, Rutgers ,  Minnesota, Northwestern,  
Oregon and Pennsylvania) 

A s  an ex t ens ion  of o u r o r i g i n a l  e l a s t i c  s c a t t e r i n g  survey ,  d a t a  f o r  t h e  

calcium i s o t o p e s  were analyzed us ing  t h e  f i r s t - o r d e r  KMT approach.61 Very good 

f i t s  were ob ta ined  t o  t h e  e l a s t i c  c r o s s  s e c t i o n s  and ana lyz ing  powers; neu t ron  

d e n s i t y  d i s t r i b u t i o n s  and neut ron  a n d ' p r o t o n  r m s  r a d i i  were ob ta ined  from t h e  

ana lyses .  See F ig .  23. The d i f f e r e n c e  between t h e  neut ron  and pro ton  r m s  r a d i i  

f o r  each i s o t o p e  could be compared t o  r e s u l t s  of a  l a r g e  number of independent 

experiments ,  i nc lud ing  o t h e r  medium energy and low energy pro ton  s c a t t e r i n g  

d a t a ,  4 ~ e  s c a t t e r i n g  d a t a ,  Coulomb e x c i t a t i o n  s t u d i e s ,  p ion i c  atom d a t a ,  pion 

e l a s t i c  s c a t t e r i n g  and pion t o t a l  c r o s s  s e c t i o n  d a t a .  Consider ing t h e  r a t h e r  

d i f f e r e n t  ranges  of experimental  and t h e o r e t i c a l  e r r o r  i n  t h e  va r ious  methods 

o t  determining t h e  r m s  r a d i u s  d i i - te rences ,  gene ra l l y  good agreement was found 

between our  va lues  and those  r e s u l t i n g  from o t h e r  approaches.  There was a l s o  

good agreement w i th  Hartree-Fock p r e d i c t i o n s .  See F ig .  17. However, whell- 

model p r e d i c t i o n s  gave r e s u l t s  much too  l a r g e  and a t tempts  t o  e s t i m a t e  such 

d i f f e r e n c e s  us ing  Coulomb energy sys t ema t i c s  g ive  r e s u l t s  much too  sma l l ,  com- 

pared t o  a l l  t h e  o t h e r  approaches,  f o r  t h e s e  i so topes .  



e . )  A coupled-channels a n a l y s i s  of pro ton  i n e l a s t i c  s c a t t e r i n g  t o  t h e  
24 

gamma-vibrat i o n a l  band i n  Mg 

A s  t h i s  work w a s  n o t  d i scussed  i n  l a s t  y e a r ' s  p rogress  r e s p o r t ,  i t  w i l l  

be presented  i n  more d e t a i l  h e r e  than  the'  p rev ious ly  d iscussed  work. 

I n  t h e  even-even deformed n u c l e i ,  t h e  f i r s t  s e v e r a l  exc i t ed  s t a t e s  can be 

2 l a s s i f i e d  as belonging e i t h e r  t o  t h e  ground s t a t e  r o t a t i o n a l  band, o r  t h e  t h e  

24 (3- and y -v ib ra t iona l  band sequences.  For t h e  s p e c i f i c  ca se  of Kg, a  number 

4 
of ana lyses  have .been  made of proton and He i n e l a s t i c  s c a t t e r i n g  d a t a ,  employing 

t h e  c o l l e c t i v e  r o t a t i o n a l  model and t h e  coupled-channels formalism. While t h e s e  

ana lyses  have.met w i th  cons iderable  success ,  t h e r e  have a l s o  been s i g n i f i c a n t  

' + 
f a i l u r e s .  Calcu la ted  angular  d i s t r i b u t i o n s  f o r  t h e  2+, 1.37 MeV and t h e  4 , 

+ 
4.12 MeV members of t h e  ground s t a t e  r o t a t i o n a l  band, a s  w e l l  a s  t h e  z 2 ,  4.24 

24 
MeV "band-head" of t h e  y -v ib ra t iona l  band i n  Mg, ag ree  q u i t e  w e l l  i n  shape 

and magnitude wi th  t h e  measured c r o s s  s e c t i o n s  and confirm t h e  a p p l i c a b i l i t y  

of t h e  s imple r o t a t i o n a l ' m o d e l  t o  t h i s  nucleus.  On t h e  o the r  hand, very  d r , a s t i c  
. . .  .- .- + 

disagreement  between p r e d i c t i o n s  and d a t a  i s  found f o r  t he  8.12 MeV 6 s t a t e ,  

assumed a member of t h e  ground s t a t e  r o t a t i o n a l  band, a s  w e l l  a s  f o r  t h e  5.2 

+ + 
MeV 3+, t h e  6.01 MeV 42 and t h e  7.8 MeV 5 s t a t e s ,  assumed t o  be members of 

t h e  y -v ib ra t iona l  band. 
7  1 

However, i f  one has  recourse  t o  a  a p h e r i c a l l y  symmetric d e s c r i p t i o n  of 

2 11 
Mg and t h e  o rd ina ry  one-step d i s t o r t e d  wave Born approximation ( D W M )  h R  one 

+ 
can o b t a i n  a  good f i t  t o  t h e  i n e l a s t i c  s c a t t e r i n g  d a t a  f o r  t h e  6.01 MeV 42 

+ 
s t a t e .  A t  800 MeV, f o r  i n s t a n c e ,  t h e  DWBA f i t  t o  t h e  42 s t a t e  is  good a t  

f o n j a r d  ang le s  al though i t  becomes out  of phase wi th  t h e  d a t a  a t  t h e  back 

ang le s .  Th i s  f a c t  s u p p l i e s  t h e  c lue  t o  what may be wrong wi th  t h e  coupled- 

channels  c a l c u l a t i o n s .  Previous  d e s c r i p t i o n s  of t h e  i n t r i n s i c  nuc lear  



v i b r a t i o n s  about a deformed equ i l i b r ium shape have been r e s t r i c t e d  i n  such a  

+ 
way a s  t o  r u l e  ou t  a  d i r e c t  t r a n s i t i o n  from t h e  ground s t a t e  t o  t h e  4  s t a t e ,  2  

by al lowing ( i n  t h e  n o t a t i o n  of ~ o h r ~ ~ )  only (Y;2 +Y; - 2) v i b r a t i o n s .  ~ a ~ i b  

and   lair^^ have previous ly  argued t h a t  t h e r e  e x i s t s  a  l a r g e  A R =  4 a s  w e l l  as 

2  4  
AR=2 t r a n s i t i o n  s t r e n g t h  i n  Mg, based on a pa r t i c l e -ho le  d e s c r i p t i o n  of t h e  - 

+ 
42 s t a t e .  The s imp les t  way t o  take  i n t o  account d i r e c t  AR=4 pa ths  is  t o  inc lude  

i n  t h e  coupling p o t e n t i a l  such terms a s  (Y' +Yi-2). The coupled-channels 
4  2  

formalism of ~ a m u r a ~ ~  was.  thus  extended t o  al low a  d i r e c t  coupl ing of t h e  

+ 
ground s t a t e  and t h e  4 2 . s t a t e  i n  t h e  y-v ibra t iona l  band. 

. . 
I n  an  i n v e s t i g a t i o n  of t h e  e f f e c t  of t h e  a d d i t i o n a l  a42(Yi2 + Y i  - 2) 

v i b r a t i o n a l  mode, t h e  va lues  of a42 a s  w e l l  a s  o the r  deformation parameters 

were v a r i e d  f r e e l y  t o  o b t a i n  t h e  b e s t  d e s c r i p t i o n  of t h e  800 MeV (p ,p1 )  cross 

s e c t i o n s  f o r  t h e  s t a t e s  of t h e  ground s ' t a t e  r o t a t i o n a l  band and of t h e  y- 

v i b r a t i o n a l  band. These same i n t r i n s i c  deformations and v i b r a t i o n a l  mode 

s t r e n g t h s  were then  used . i n  corresponding coupled-channels c a l c u l a t i o n s  f o r  

t h e  20.3 and 40'MeV ( p , p l )  d a t a .  Resu l t s  a t  t hese  t h r e e  ene rg i e s  a r e  summarized :. 
' ._ 

on Fig.  22. 

The d e s c r i p t i o n  of t h e  y -v ib ra t iona l  band, whi le  v a s t l y  improved, i s  no t  

p e r f e c t .  The 800 MeV c a l c u l a t i o n s  w i t h  a42 nonzero s l i g h t l y  overes t imate  t h e  

+ + 
magnitudes of t h e  22 and 4  s t a t e s  a t  t h e  l a r g e r  ang le s ,  p r e d i c t  too deep a  

2  
+ 

minimum near  24" f o r  t h e  3  s t a t e , ,  and cont inue t o  f a i l  t o  reproduce t h e  

+ 
angular  d i s t r i b u t i o n  of t h e  5 s t a t e .  A s  t hese  d i sc repanc ie s  a r e  r a t h e r  s a l l ,  

compared t o  t h e  br ig i r ln l  discrepant$ removed by t h e  inc lus ion  of t h e  a q 2 ( y I 2  + Y i  - 2)  

terms, they could w e l l  r e s u l t  from a  complex i n t e r p l a y  between s e v e r a l  l e s s  

important  processes  omit ted i n  t he  p re sen t  c a l c u l a t i o n s .  These inc lude  addi- 

t i o n a l  terms of t h e  a ( Y '  + Y 1  ) form, s p i n - f l i p  processes, couplings t o  2  A2 1-2 



o t h e r  bands, o r  even inadequacies  of t h e  s imple  macroscopic c o l l e c t i v e  

r o t a t i o n a l  model. 

We f i n a l l y  n o t e  t h a t  t o l e r a b l y  good. f i t s  a r e  a l s o  obtained a t  a l l  ene rg i e s  

+ 
f o r  t h e  3  , 5.2  MeV s t a t e ,  from which one can q u a l i t a t i v e l y  e s t ima te  t h e  

i m p o r t a n c e . o f . s p i n - f l i p  c o n t r i b u t i o n s  t o  t h e  i n e l a s t i c  c ros s  s e c t i o n  f o r  t h a t  

s t a t e  t o  b e  a  d iminish ing  func t ion  of i n c i d e n t  proton energy, and q u i t e  small  

a t  800 MeV. 

f . )  E l a s t i c  pro ton  s c a t t e r i n g  . . a t  h tgh  momentum t r a n s f e r s  

Recent ly,  t h e  800 MeV p + 2 0 8 ~ b  proton e l a s t i c  s c a t t e r i n g  d a t a  have &en 

extended t o  a c e n t e r  of mass ang le  of 42.5"  ( c r o s s  s e c t i o n )  [31° (analyzing 

power)].  I n  t h i s  i n t e r v a l ,  t h e  c r o s s  s e c t i o n  d a t a  decrease  i n  magnitude b y . a  

f a c t o r  of 10 b i l l i o n .  These new d a t a  a r e  c o n s i s t e n t  wi th ,  bu t  q u a n t i t a t i v e l y  

s u p e r i o r  t o ,  t h e  o l d e r  d a t a ,  possess ing  s u p e r i o r  s t a t i s t i c a l  accuracy i n  t h e  

r e g i o n  of o v e r l a p - - t y p i c a l l y  l e s s  than 1% f o r  angles  l e s s  than 20'. 2% frnm 

22 t o  3UU, and adequate  ou t  t n  t h e  l a r g e s t  angles .  I n  t h e  t h e o r e t i c a l  a n a l y s i s  

we were mainly i n t e r e s t e d  a t  f i r s t  i n  s ee ing  whether t h e  l a r g e r  range of 

momentum t r a n s f e r  would a f f e c t  t h e  e r r o r  envelopes of the  neut tnn d e n s i t y  

d i s t r i b u t i o n s ,  o r  t h e  va lue  obta ined  f o r  t h e  neut.ron r m s  r a d i u s .  W e  found 

t h a t  w i t h i n  experimental  e r r o r  l i m i t s  t h e r e  i s  s a t i s f a c t o r y  agreement, Eee 

Fig .  21. Huwever, i n  rhe microscopic KMT c a l c u l a t i o n s ,  a  cur ious  a r t i f a c t  

appeared: an a c c i d e n t a l  c a n c e l l a t i o n  between t h e  nuc lea r  and Coulomb s c a t t e r i n g  

ampl i tudes  a t  about 35 " .  See Fig.  2 4 .  This  c a l l e d  i n t o  questinn. i n  our minds 

( n o t  f o r  t h e  f i r s t  time) t h e  cur ious  t rea tment  of t h e  Coulomb i n t e r a c t i o n  i n  

medium energy p r o t o n ' e l a s t i c  s c a t t e r i n g  c a l c u l a t i o n s .  Up u n t i l  a  few y e a r s  



ago i t  was g e n e r a l l y  neglec ted  t o t a l l y  i n  c a l c u l a t i o n s  presen ted  i n  t h e . l i t e r a t u r e ;  

. i n  formal  workouts of t h e  KMT theory  i t  i s  l a r g e l y  ignored.  A s  descr ibed  e l s e -  

where, we have included a  r e a l i s t i c  Coulomb i n t e r a c t i o n  from t h e  beginning.  

( I n  i n v e s t i g a t i n g  t h e  o r i g i n  of t h e  c a n c e l l a t i o n ,  one has  t o  s tudy  v a r i o u s  s u b t l e  

higher-order  c o r r e c t i o n s  t o  t h e  Coulomb t e r m  t h a t  a r i s e  i n  a  KMT formalism be- 

cause t h e  s c a t t e r i n g  problem so lved  i s  f o r  a  nucleus wi th  one less nucleon than  

t h e  a c t u a l  t a r g e t  nucleus.  Th i s  work has  mainly been c a r r i e d  ou t  by L.  Ray, i n  

c o l l a b o r a t i o n  w i t h  P ro f .  R.  Tha le r  of Case Western Un ive r s i t y . )  

Hpwever, t h e r e  a r e  o t h e r  problems n o t  d i r e c t l y  r e l a t e d  t o  t h e  t rea tment  of 

t h e  Coulomb i n t e r a c t i o n ,  which show up a t  t h e  l a r g e r  momentum t r a n s f e r s .  l?or 

i n s t a n c e ,  t h e  p red i c t ed  d i f f r a c t i o n  p a t t e r n  g e t s  i n c r e a s i n g l y  ou t  of phase wi th  

t h e  exper imenta l  one p a s t  30". No change i n  nuc l ea r  d e n s i t i e s ,  e t . c . ,  can r e p a i r  

t h i s  d i sc repancy  wi thout  de s t roy ing  t h e  agreement a t  smal le r  angles .  I n  t r y i n g  

t o  guess t h e  source  of t h i s  d i sc repancy ,  one i s  faced  wi th  t h e  problem t h a t  a  

l a r g e  number of approximations a r e  made i n  t h e  convent iona l  microscopic  KMT 

c a l c u l a t i o n ,  which a f f e c t  t h e  o p t i c a l  p o t e n t i a l  i n  f i r s t  o rde r  a t  h igh  momentum 

t r a n s f e r .  Among t h e s e  a r e  t h e  impulse approximation i t s e l f ,  s i n c e  a  much h igher  

momentum can be  t r a n s f e r r e d  between t h e  incoming nucleon and t h e  t a r g e t  nucleus 

t han  between two f r e e  nucleons.  Other approximations t h a t  should perhaps be 

c o r r e c t e d  i nc lude  n e g l e c t  of Fermi motion of t a r g e t  nuc leons ,  n e g l e c t  of t h e  

t o t a l  momentum dependence of t h e  f r e e  nucleon-nucleon ampli tudes,  neg l ec t  of 

o f f - s h e l l  e f f e c t s  i n  t h e  nucleon-nucelon amplut ides ,  n e g l e c t  of P a u l i  b locking  

i n  t h e  target .  nuc leus ,  n e g l e c t  of coupl ing  between the s p i n  of t h c i n c o m i n g  

nucleon and t h e  angu la r  momentum of nucleons i n  t h e  nuc leus ,  and s o  on. 70 A l l  

of t h e s e  approximations a r e  c l e a r l y  f a i r l y  good a t  800 MeV,  and i t  is l i k e l y  

t h a t  removing each of Lhen~ w i l l  r e q u i r e  immense work and have e s s e n t i a l l y  no 



e f f e c t o n  t h e  p red ic t ed  angu la r  d i s t r i b u t i o n  a t  l a r g e  momentum t r a n s f e r s .  .. o r  

worse, t h a t  t h e  v a r i o u s  e f f e c t s  w i l l  tend t o  cancel .  We a r e  t r y i n g  t o  t h i n k  of 
. . .  . .  . 

ways t h a t  experiment can g ive  theory a  c l u e  a s  t o  which d i r e c t i o n s  a r e  worth 

pursu ing  i n  t h e  immediate fu tu re .  

It i s  worth rnent.ioning t h a t  an dbvious f i r s t  o rder  c o r r e c t i o n  t h a t  is 

r a r e l y  even thought o f ,  much l e s s  mentioned i n  t h i s  con tex t ,  i s  t h a t  t h e  kinematic  

t r ans fo rma t ions  used to. r e l a t e  t h e  f r e e  nucleon-nucleon ampli tudes t o  the proton- 

nuc leus  r e f e r e n c e  frame a r e  v a l i d  only f o r  z e r o  momentum t r a n s f e r !  '' I n  s h o r t ,  

i n  a sk ing  t h e  ' ques t ion  of how t o  make r e l i a b l e  KMT microscopic c a l c u l a t i o n s  £o r  

p ro ton  nucleus s c a t t e r i n g  a t  l a r g e  momentum t r a n s f e r ,  we a r e  opening a Pandora . ' ~  

box and i t  would be  r a s h  t o  p r e d i c t  what w i l l  emerge. 

g . )  T o t a l  r e a c t i o n  c r o s s  s e c t i o n s  f o r  0.8 GeV pro tons  on n u c l e i  

There a r e  approved proposa ls  f o r  HRS at.LAMPF t o  meas.ure p + n u c l e u s  t o t a l  , 

r e a c t f o n  c r o s s  s e c t i o n s ;  t h e  ac.tua.1 d a t a  should m a t e r i a l i z e  w i th in  the comlng 

yea r .  I n  t h e  microscopic r e a c t i o n  t h e o r i e s  used t o  genera te  t h e  o p t i c a l  poten- 

t i a l s  we have used a t  medium energy, t h e  absorp t ion  i s  generated d i r e c t l y  from 

t h e  e m p i r i c a l  t o t a l  nucleon-nucleon c r o s s  s e c t i o n s ,  using t he  f a m i l i a r  o p t i c a l  + 

theorem. I f  t h e r e  a r e  f a i r l y  important  absorp t ion  'mechanisms w i t h i n  t h e  nucleus 

f o r  800 MeV i n c i d e n t  p ro tons  t h a t  do not  involve d i r e c t  c o l l i s i o n  between t h e  

i n c i d e n t  pro ton  and a  s i n g l e  t a r g e t  nucleon i n  t h e  f i r s t  s t e p ,  i t  would be 

expected t h a t  t h e  t h e o r i e s  p r e d i c t  t h e  a b s o r p t i o i ~  I n c o r r e c t l y ,  and t h e r e f o r e  

w i l l  p r e d i c t  t h e  t o t a l  proton-nucleus r e a c t i o n  c ros s  s e c t i o n s  i n c o r r e c t l y .  

We have t h e r e f o r e  made t h e o r e t i c a l  p r e d i c t i o n s  of t hese  c r o s s  s e c t i o n s  i n  

advance of t h e  experiments,  i n  o rde r  t o  provide a  s t r i n g e n t  . . t e s t  of . the  commonly 



used t h e o r e t i c a l  formalism of p .+nucleus  s c a t t e r i n g  at medium ene rg ie s .  We do 

no t  a n t i c i p a t e  any s e r i o u s  d i sc repanc ie s ,  because a l l  our experience t o  d a t e  

i n d i c a t e s  t h a t  t h e  abso rp t ion  i s  very  w e i l  p r e d i c t e d '  (perhaps t o  95% confidence 

l e v e l )  by t h e  s imple impulse approximation t h a t  i s  t h e  b a s i s  of t h e  convent iona l  

KMT approach. Therefore t h i s  e f f o r t  i s  more a  s e r v i c e  t o  t h e  expe r imen ta l i s t s  

than  a  genuine t h e o r e t i c a l  i n v e s t i g a t i o n .  Only i f  i n t e r e s t i n g  d i sc repanc ie s  

show up w i l l  t h e s e  c a l c u l a t i o n s  be  pursued any f u r t h e r .  See F ig .  25. 

( I n  a  r e l a t e d  p r o j e c t ,  L. Ray computed proton-nucleus t o t a l  and r e a c t i o n  

c r o s s  s e c t i o n s  f o r  12c, 160, 27~1, 5 6 ~ e ,  Cu, Ge, 1 2 7 ~  and 2 0 8 ~ b  from 100 t o  

2200 MeV. The c a l c u l a t i o n s  were based on t h e  Kerman, McManus and Thaler  fo r -  

malism, t h e  impulse approximation and l o c a l  o p t i c a l  p o t e n t i a l s  wi th  P a u l i ,  s h o r t  

range dynamical and center-of-mass c o r r e l a t i o n s  included.  The proton-nucleus 

s c a t t e r i n g  ampli tudes were obtained from phase s h i f t  s o l u t i o n s  o r  d i r e c t l y  from 

t h e  publ i shed  N-N d a t a .  The proton and neut ron  d e n s i t i e s  were obtained from 

e l e c t r o n  and pro ton  s c a t t e r i n g  r e s u l t s  o r  from Hartree-Fock p red ic t ions . )  

h . )  I s o t o p i c  d i f f e r e n c e s  i n  neut ron  ma t t e r  d e n s i t i e s  due t o  s i n g l e  neut rons  

I n  t h e  most r e c e n t  proton-nucleus e l a s t i c  s c a t t e r i n g  d a t a  a t  800 MeV from 

HRS, a  s t a t i s t i c a l  e r r o r  of l e s s  than  1% has  been achieved, whi le  t h e  r e l a t i v e  

normal iza t ion  from run  t o , r u n  can be f ixed  t o  5 . 5 % .  This  makes p o s s i b l e  an 

experiment,  and accompanying t h e o r e t i c a l  a n a l y s i s ,  wi th  some novel  f e a t u r e s .  

Our exper imenta l  c o l l a b o r a t o r s  in tend  t o  propose, a t  our urging,  an experiment 

t o  compare pro ton  e l a s t i c  s c a t t e r i n g  from and "2, t a r g e t s  of very  p r e c i s e l y  

known th feness .  If t h e  t a r g e t  th ickness  unce r t a in ty  is  on t h e  o rde r  of 1 t o  2%, 

b u t  no t  g r e a t e r ,  i t  w i l l  s t i l l  be t h e  dominant source  of e r r o r  i n  t h e  express ion  



A rough t h e o r e t i c a l  p r e d i c t i o n  of t h e  d i f f e r e n c e s  between t h e  9 0 ~ r  and 

angu la r  d i s t r i b u t i o n s ,  due t o  t h e  e x t r a  neutron i n  "zr, g ives  a  very  d i s t i n c t i v e  

and r a p i d l y  o s c i l l a t i n g  (per iod  about 5') c r o s s  s e c t i o n  d i f f e r e n c e  func t ion  ,' 

which has  an envelope w i t h  a  s l o p e  of about a p'ercent per  degree,  so. t h a t  by 20° 

t h e  d i f f e r e n c e s  a r e  approaching 20%. It t h e r e f o r e  appears  t o  us t h a t  i f  we 

e m p i r i c a l l y  a d j u s t  t h e  neut ron  d e n s i t i e s  f o r  and "2, a s  they appear w i t h i n  

t h e  most s o p h i s t i c a t e d  KMT mic.roscopic a n a l y s i s  w e  a r e  a b l e  t o  do by t h e  time 

t h e  d a t a  a r e .  a v a i l a b l e ,  we w i l l  b e  a b l e  t o  a s c e r t a i n  by f i t t i n g  t o  t h e  experi-  

mental d a t a  a f a i r l y  informat ive  cu rve .  f o r  t h e  d i f f e r e n c e  between 91~r  and 9 0 ~ r  

neu t ron  d e n s i t i e s .  It w i i l  b e  i n t e r e s t i n g  t o  s e e ,  f o r  i n s t ance ,  how c l o s e l y  

t h i s  d i f f e r e n c e  resembles t h e  p r e d i c t i o n  of t h e  simple s h e l l  model f o r  t h e  

va lence  neut ron .  I f  r e s u l t s  a r e  promising,.  i t  may be p o s s i b l e  t o  push t h i s  

s o r t  of comparison f u r t h e r ,  a long  t h e  l i n e s  a l r eady  explored succes s fu l ly  f o r  

nuc lea r  e lec t romagnet ic  form f a c t o r s  v i a  e l e c t r o n  s c a t t e r i n g .  

I) D i f f r a c t i o n  model f o r  medium ene rg ie s?  

One ques t ion  which has  been r a i s e d  s e v e r a l  t imes by our  experimental  

c o l l a b o r a t o r s  i s  whether o r  no t  t h e r e  i s  a s imple o p t i c a l  d i f f r a c t i o n  model 

which one could apply  t o  t h e  800 MeV proton-nucleus e l a s t i c  sr.a.t,teri.ng rla.ta 

i n  o r d e r  t o  ."read o f f "  t h e  nuc lea r  ma t t e r  r ad ius .  A s  a  mat te r  of f a c t ,  the 

s i m p l e s t  p o s s i b l e  "black disk" approximation f o r  t h e  s c a t t e r i n g  ampli tude,  

name 3.y 

g ives  an e x c e l l e n t  reproduct ion  of t h e  p o s i t i o n s  of t h e  minima i n  t h e  experi-  

mental angu la r  d i s t r i b u t i o n s ,  a l though of course i t  does no t  provide even a  



q u a l i t a t i v e  reproduct ion  of t h e  a c t u a l  angular  d i s t r i b u t i o n .  It is  a l s o  not  

e n t i r e l y  c l e a r  how t h e  s t r o n g  absorp t ion  r a d i u s . R  i s  r e l a t e d  t o  t h e  a c t u a l  

nuc lea r  ma t t e r  r a d i u s ,  a  p r i o r i .  General ly  one f i n d s  R is  roughly 1.2 fm, 

making t h i s  an  e x c e l l e n t  s imple  homework problem f o r  nuc lea r  phys ics  courses ,  

bu t  no t  t e r r i b l y  u s e f u l  f o r  q u a n t i t a t i v e  work. 

We t h e r e f o r e . t r i e d  s e v e r a l  o t h e r ,  more s o p h i s t i c a t e d  d i f f r a c t i o n  models, 

which included Coulomb s c a t t e r i n g  and a  complex index of r e f r a c t i o n  w i t h i n  

nuc lea r  ma t t e r .  The most a t t r a c t i v e  of th.ese was t h e  model proposed by Er icson ,  75 

i n  which t h e  S-matrix i s  p a r a m e t r i z e d . d i r e c t l y  a s  a  Woods-Saxon form i n  angular  

momentum space ,  namely ( f o r  s p i n l e s s  p a r t i c l e s )  

where Ro, p ,  and A a r e  parameters.  This  approach can e a s i l y  be genera l ized  t o  

inc lude  s p i n  and t o  p r e d i c t  both c r o s s  s e c t i o n s  and p o l a r i z a t i o n s .  However, 

wh i l e  one f i n d s  t h a t  one can ob ta in  an e s s e n t i a l l y  p e r f e c t  f i t  t o  t h e  800 MeV 

po la r i zed  pro ton  e l a s t i c  s c a t t e r i n g  angular  d i s t r i b u t i o n s  and ana lyz ing  powers , .  

us ing  t h i s  approach, i t  does not  appear p o s s i b l e  t o  e x t r a c t  a  s t r o n g  absorp t ion  

radlus from t h e  parameters  i n  a  c o n s i s t e n t  way. For s p i n l e s s  p a r t i c l e s ,  R=:Ro/k . 

agrees  f a i r l y  w e l l  w i th  t h e  va lue  obtained from t h e  b lack  d i s k  model, bu t  f o r  

t h e  r e a l i s t i c  spin-112 case  i t  has  not  been p o s s i b l e  s o  f a r  t o  f i n d  a  p l a u s i b l e ,  

unambiguous o r  empi r i ca l ly  j u s t i f i a b l e  way t o  r e l a t e  t h e  nuc lear  mat te r  r a d i u s  

t o  t h e  f i t t i n g  parameters  of any s imple d i f f r a c t i o n  model t h a t  i nc ludes  s p i n  

e f f e c t s .  We.have, dur ing  the course of t h e  i n v e s t i g a t i o n ,  learned  a g r e a t  d e a l  
* 

about t h e  u n i t a r i t y  of t h e  S-matrices p red ic t ed  by t h e  KMT approach ( s e e  Sect ion 

iii ( f ) ) ,  n o t  a l l  of i t  good news by any means. 



i v .  NUCLEAR COLLECTIVE MOTIONS 

(Weeks and Tamura) 

u s i n g  t h e  boson expansion technique ,  76 Tamura and Weeks, have been desc r ib ing  

t h e  low-lying p o s i t i v e  p a r i t y  s t a t e s  of even-even n u c l e i  i n  t h e  mass range 

A = 70 - 200. Resu l t s  f o r  Sm appeared r ecen t ly77  and t h e  r e s u l t s  f o r  Ru-Pd 7  8  

a s  w e l l  a s  f o r  0s-Pt 79y  80 isotopes havc been ccmpleLsd. 

The Ru-Pd lsuropes Bfe b a s i c a l l y  mi ld ly  deformed n u c l e i  which a r e  expected 

c rude ly  t o  have a  pure phonon na tu re .  I n  o t h e r  words, equal  spac ing  between, 

+ 
ze ro  phonon ground s t a t e ,  one phonon 2  s t a t e ,  two phonon t r i p l e t  s t a t e s  (0+,2+, 

+ + + + + +  
4 1, t h r e e  phonon q u i n t e t  s t a t e s  (0  ,2  , 3  ,4 ,6 ) and s o  on. The c a l c u l a t i o n s  

f o r  9 8 - 1 0 4 ~ ~  and 102-110~d can be found i n  F igs .  26 and 27. We no te  t h e  e x c e l l e n t  

+ 
p r e d i c t i o n  of t h e  3 s t a t e  lowering o u t  of t h e  q u i n t e t  a s  mass i n c r e a s e s  a s  w e l l  

a s  t h e  f i t  t o  t h e  ground band and t h e  o rde r ing  of t h e  two phonon t r i p l e t  s t a t e s .  

Magnetic d i p o l e ,  e l e c t r i c  quadrupole moment and B(E2)'s were a l s n  ca l cu la t ed  

and v e r y  good agreement wi th  t h e  d a t a  was obta ined .  
7 8 

A s  we l eave  t h e  r a r e  e a r t h  reg ion  where t h e  n u c l e i  a r e  w e l l  deformed p r o l a t e ,  

and s imul taneous ly  approach t h e  N=126 and Z = 8 2  closed s h e l l s ,  t h e  nuc lear  shape 

should beuome s p h e r i c a l .  The 0s-Pt i so topes  a f f o r d  an e x c e l l e n t  oppor tuni ty  t o  

s tudy  t h e  c h a r a c t e r i s t i c s  of t h i s  t r a n s i t i o n .  Our microscopic c a l c u l a t i o n s  

enab le  u s  t o  w i tnes s  t h e  competi t ion between t h e  o b l a t e  na t i l re  of t h e  few 

proton  h o l e s  and t h e  vary ing  n a t u r e  of t h e  d i f f e r e n t  numbers of neutron ho le s .  

186-1940s and 
I n  Fig.  28 t h e  ground, and gamma band p r e d i c t i o n s  f o r  - 

188-198~t a r e  presented.80 The lowering of t h e  gamma band and then i t s  i n c r e a s e  

a s  mass i nc reases  is  w e l l  descr ibed .  The ground band s t a t e s  a r e  a l s o  n i c e l y  

p red ic t ed .  



Our r e s u l t s  f o r  t h e  0s-Pt reg ion  have a  s imple i n t e r p r e t a t i o n  i n  terms of 

thegamma uns t ab le  model of Wi le t s  and ~ e a n . ~ l  This  model r e q u i r e s  no deformation 

and' l a r g e  anharmonicity.  I n  boson n o t a t i o n  such a  requirement demands t h e  la rge-  

ness  of terms which push .up  ( N ,  v = N - 2 )  components of wavefunctions r e l a t i v e  t o  

(N, v  = N), where N i s  th'e number of bosons and v  i s  . the number of bo'sons no t  

. coupled pa i rwise  t o  zero  angular  momentum. The microscopic c a l c u l a t i o n s  bear  

t h i s  ou t  and r e s u l t  i n  a  decay scheme a s  shown i n  Fig.  29 which is  a  schematic , 

i l l u s t r a t i o n  f o r  a nucleus such a s  l g2 - lg6p t .  The major boson component f o r  

each wavefunction i s l i s t e d .  Since t h e  E2 ope ra to r  is  l i n e a r  (dominantly) i n  

t h e  number of bosons, one can eas i ly .unde r s t and  t h e  s a l i e n t  f e a t u r e s  of t h e  

decay p a t t e r n ,  which agrees  wi th  experiment f o r  t hese  n u c l e i .  Note t h a t  t h e  

4 p r e f e r s  t o  decay t o  t h e  2  o r  more s i g n i f i c a n t l y  t o  t h e  4 much more s t rong ly  
Y Y g  

than t o  t h e  3  which i s  a g a i n s t  what one would a n t i c i p a t e .  Also t h e  second * Y + + 
e x c i t e d  0  s t a t e  (0 ) decays t o  t h e  f i r s t  2+ s t a t e  a s  opposed t o  3 188-190~s where 
' + 
O3 decays dominantly t o  t h e  2  s t a t e  due t o  t h e  l a r g e r  deformation. The 

Y 

appearance of t h e  0 '  -2 ; -2 '  sequence which decay a s  shown i s  a l s o  a  consequence 2  

of t h e  gamma uns t ab le  l i k e  n a t u r e .  

I n  F ig .  30 we p re sen t  p o t e n t i a l  s u r f a c e s  f o r  t h i s  reg ion  and no te  t h e  

t r a n s i t i o n  from p r o l a t e ' o s ,  t o  o b l a t e  P t  w i th  both  y = O O  and y  = 60" ( t h e  r i g h t  

and l e f t  hand s i d e s  of t h e  p o t e n t i a l  p l o t  r e spec t ive ly )  having i n  most cases  

comparable w e l l  depths.  The o v e r a l l  l o s s  of anharmonici t iy  is  a p p a r e n t . f o r  

both i so topes  a s  mass i nc reases .  This  r e s u l t s  i n  a  p o t e n t i a l  f o r  lg8pt  where 

t h e  p r o l a t e  w e l l  h a s  disappeared.  Thus l g 8 p t  should not be expected t o  have 

a  tendency t o  execute o s c i l l a t i o n s  which des t roy  a x i a l  symmetry (gamma v i b r a t i o n s )  

- a s  r e a d i l y  a s  i n  l g 6 p t .  This  i s  seen  both experimental lye2 and t h e o r e t i c a l l y  

i n  our  c a l c u l a t i o n s .  
80 



A l l  ou r  energy s p e c t r a  were obta ined  us ing  two parameters ( f  and g2) 2  

which r ep resen t  t h e  s t r e n g t h s  of our  r e s i d u a l  microscopic i n t e r a c t i o n s  (quadru- 

p o l e  p a r t i c l e - h o l e  and quadrupole p a i r i n g ) .  These dimensionless  numbers a r e  

e s t ima ted  t o  have t h e  va lues  f 2  = 1 . 0  and g2 = 0 . 8  f o r  a l l  n u c l e i  which a r e  

c o l l e c t i v e .  I n  F ig .  3 1  a  p l o t  of f 2  ( c ros ses )  and g2 (dots )  ve r sus  A i s  given. - 

We s e e  t h a t  they a r e  q u i t e  c o n s i s t e n t  over a  mneo range of 1,00 l~uc leons .  This  

cons i s t ency  occurs  because nf rhe microscopic n a t u r e  s f  the c a l c u l a r i o n s .  Onc 

t h i n g  which we have no t i ced  i s  t h a t  t h e  g  parameter i s  f a i r l y  s e n s i t i v e  t o  2  

t h e  number of s i n g l e  p a r t i c l e  o r b i t s  considered i n  t h e  c a l c t ~ l a t i o n .  Thus f o r  

0s-Pt where many o r b i t s  were considered g2 was reduced somewhat. 

I n  F ig .  32,  we summarize our quadrupole moment c a l c u l a t i o n s  f o r  t h e  f i r s t  

+ 
2  s t a t e s  a s  w e l l  as ' for  experiment.  Smooth l i n e s  collrlect t h e  t h e o r e t i c a l  
1 

p o i n t s  f o r  t h e  Ru-Pd, Sm, and 0s-Pt i so topes .  Experimental Q2 and t h e i r  e r r o r  

ba r s  f o r  t h e s e  n u c l e i  a r e  represented  by v e r t i c a l  do t t ed  l i n e s .  

For Ru-Pd, w e  no te  t h a t  no t  a  g r e a t  d e a l  of t r a n s i t i o n  is  tak ing  p l ace  

and t h e  t h e o r e t i c a l  and experimental  p o i n t s  a r e  p r e t t y  w e l l  l o c a l i z e d .  These 

nuc le i .wh ich  a r e  a l l  mi ld ly  p r o l a t e  a r e  w e l l  descr ibed  by our method. 

The 14' 1 5 4 ~ ~  i s o t o p e s  a r e  a  d i f f e r e n t  s t o r y .  These i so topes  have been 

known f o r  a  long t ime t o  span a  t r a n s i t i o n  from t h e  s p h e r i c a l - l i k e  1 4 8 ~ m  to 

t h e  w e l l  deformed p r o l a t e  1 5 4 ~ m  wi th  150y152~m being t y p i c a l  examples nf so- 

c a l l e d  t r a i l s i ~ l u ~ l a l  nuc le i .  Uur energy l e v e l s  and, a s  seen  i n  F ig .  32, our 

quadrupole moments a r e  p red ic t ed  very we l l .  

The 0s-Pt r eg ion  is  even more i n t e r e s t i n g .  A s  mass i nc reases  i n  O s ,  we 

f i n d  t h a t  deformation i s  l o s t ,  a s  t h e  p r o l a t e  n a t u r e  of t h e  many neutron ho le s  

is reduced. Never the less ,  a l l  t h e  0 s  i so topes  a r e  p red ic t ed  t o  be p r o l a t e  and 

f o r  186-192~s our r e s u l t s  ag ree  almost p e r f e c t l y  wi th  experiment.  For P t ,  



188-190pt however, t h e  nuc lea r  shape i s  p red ic t ed  t o  change from p r o l a t e  f o r  

t o  o b l a t e  f o r  192-198~t, and what 's  more s u r p r i s i n g  i s  t h e  f a c t  t h a t  t h e  quadru- 

po le  moment is i n c r e a s i n g  a s  mass i nc reases .  This  of course can be understood 

a s  be ing  due t o  t h e  gradual ly  d e c r e a s i n g . p r o l a t e  n a t u r e  of t h e  neutron ho le s  a s  

194-198 mass inc reases .  Only f o r  P t  i s  experiment known and we agree  very  n i c e l y  

al though i n  we may have' too  smal l  a  p r e d i c t i o n .  Nevertheless ,  t h e  experi-  

mental 0s-Pt t r a n s i t i o n  from p r o l a t e  t o  o b l a t e  is c l e a r l y  reproduced. 

Having now a  f a i r l y  good d e s c r i p t i o n  of c o l l e c t i v e  s t a t e s  we may cons ider  

t h e  e x c i t a t i o n  and coupling of nonco l l ec t ive  modes s o  a s  t o  extend t h e  scope 

+ of our  work. I n  t h i s  regard  we a r e  looking a t  t h e  0  s t a t e s  i n  t h e  Ge reg ion .  83 

Here we p lan  t o  couple t h e  p a i r i n g  v i b r a t i o n a l  s o l u t i o n  t o  t h e  c o l l e c t i v e  

s o l u t i o n s  t o  reproduce ene rg i e s  and two nucleon t r a n s f e r  data. '  We s o l v e  t h e  

RPAequat ions f o r  t h e  p a i r i n g  i n t e r a c t i o n  and f i n d  t h a t  t h e  0' s t a t e s  s o  obta ined  

a r e  or thogonal  t o  t h e . s p u r i o u s  s t a t e  and t h a t  t h e  c o l l e c t i v e  p a i r i n g  v i b r a t i o n s  

f o r  7 0 - 7 2 ~ e  l i e  s l i g h t l y  below 2A. Choosing a  cons tan t  G and s i n g l e  p a r t i c l e  

+ 
ene rg ie s  taken from Ref.  84, our  agreement w i th  t h e  experimental  0  s t a t e s  i s  

very  good, a s  seen  i n  F ig .  33. The coupling t o  t h e  pure ly  c o l l e c t i v e  s t a t e s  is  

+ 
needed t o  push t h e  0 energy s t i l l  lower i n  

70-72Ge . The experimental  0' i n  

7 4  
Ge i s  probably a  c o l l e c t i v e  s t a t e  and should come out  of t h e  r e g u l a r  boson 

expansion c a l c u l a t i o n s .  

85 
Pre l iminary  work a t tempt ing  t o  desc r ibe  t h e  backbending phenomena by 

coupling previous ly  t runca ted  h igher  energy q u a s i p a r t i c l e  p a i r  modes t o  t h e  

c o l l e c t i v e  spectrum has  a l s o  been begun. I n  Fig.  34 we show t h e  r e s u l t s  of t he  

coupling of ( i  ) L  t o  t h e  c o l l e c t i v e  quadrupole s p e c t r a  and i t s  
1312 1=2;4.. .12 

comparison t o  experiment.  We s e e  t h a t  t h e  microscopica l ly  der ived coupling 

which used t h e  same s t r e n g t h  a s  i n  the col lecLive  c a l c u l a t i o n  and hcncc 



involved no parameters ,  i s  a  l i t t l e  too  s t rong .  This  r e s u l t  is  somewhat 

encouraging and more d e t a i l e d  ana lyses  w i l l  be  forthcoming. 

F i n a l l y  a  b e t t e r  understanding of t h e  boson expansion procedure which 

enab le s  t h e  c a l c u l a t i o n s  t o  b e  done has  been pu t  f o r t h .  86 I n  a d d i t i o n ,  t h e  

l i m i t a t i o n s  and domain of v a l i d i t y  of t h e  c a l c u l a t i o n  has  been drawn out .  I n  

t h i s  work, the understanding of t h e  P a u l i  p r i n c i p l e  preserv ing  terms i n  t h e  

Ccrllstrucrion of t h e  boson represeet;ati .on nf t h e  r o l l e c t i v a  fermion opera tor  

h a s  been given.  The r e s u l t s  a r e  t h a t  t h e  boson s e r i e s  rnnvesges with l i t t l e  

v i o l a t i o n  of t h e  P a u l i  p r i n c i p l e  when t h e  fermion ope ra to r  con ta ins  many quasi-  

p a . r t i c l e  p a i r  components w i t h  i n d i v i d u a l l y  smal l  ampl.itudes. I n  t h a t  case  and 

when t h e  phys i ca l  n a t u r e  of t h e  problem j u s t i f i e s  t h e  ansa t z  t h a t  t h e  s t r u c t u r e  

of many s t a t e s  may be  thought of a s  a r i s i n g  from mul t ip l e  e x c i t a t i o n s  of t h i s  

c o l l e c t i v e  mode th.en t h e  boson expansion can be expected t o  work q u i t e  n i c e l y .  

Our succes s  f o r  a  l a r g e  number of n u c l e i  shows t h a t  t h i s  assumption i s  v a l i d  

f o r  t h e  low energy s ta . tes ,  P w n  i n  n u s l o i  t h a t  l i c  f a i r l y  ilirsr LU c lus rd  shells. 
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EXACT FINITE RANGE CALCULATIONS O F  1.IGHT-ION lNDLlCED 
. fWO-NEUTRON TRANSFER REACTIONS 

'1.. 'I'AKI<MASA '. T. TAM URA i t n ~  T. tJI)A(i.AWA 

I)ty~ctv~~~rc~tr/ (!/ I'111~sic.s ". l:fri~:c,r.si~!. 01' li..vrrs, .4tr.v1i1r. li..vtr.s 78Y7/.? 

.Abstract: t s ; ~ c t  I'inite-r;~ngc (EFK) distortcci-w:~ve Born ;~pproximntion c;~lcul;ttions \rrere perl'ornied Isor 
lipllt-ion induced two-~~cut ron  tr:tnsli.r reactions, by using a tcchniyuc to c;tlcul;~tc the Corm Lietor> 
ri11hc.r f;~st. l'lic t~sc 01' this method ~ n ; ~ d e  il. possihlc to carry o t t ~  c;~lculations even when rc;~listic 
I~glit-ion wave I ' I I I ~ C L ~ C I ~ S  and millti-conligur;ttivnal twt>-nctltrt>n wave fi~nctions were used ant1 
I;trpc tra~isrcrrcd ;ingul;tr momcnl;t were considcrcd. I t  was found t l~a t ,  at lower honibarding 
cncrgics, the prcc1ictit)ns ol' tlic Iil.'K and zero-range calculations ngrce \'cry closely hoth in angulilr 
d~btrihutions and rcl;~tivc m;~gnituilcs of thc cross scc~ions. tl!ougli they dill;.r signilicanlly in 
ahsolute magnitude. .As the honibarding energy incre;lscs, the discrcpancy helwcen the predicted 
;rhsolutr n iagni t~~dc  hecomes still larger. ;ind noticeahlc differences arc seen even in relative cross 
scct i t~l~s.  For ; ~ l l  1111. c~~crg ics  c ~ l t s i ~ i c ~ ~ c d ,  tlic II.'It c ;~Ic~~l :~ t i~)ns  predicted the ;~hsolutc ni;~gniti~iics 111' 

~ I I C  cspcr~nlc~il i~l  crosb scclions 10 \vitlii~i ;I klctor 01' ~ever:~I ~tnits. 

1. Introduction 

As is well k n o w n ,  t w o - n u c l e o n  t r i l n s f e r  reactions o f f e r  ;I usel'ul t o o l  l o  e x t r a c t  

in fc ) r rna t ion  on c e r t a i n  i m p o r t a n t  a s p e c t s  of nuclear s t r u c t u r e .  and it g rc i i t  Jc;ll ol' 
work h a s  heen r e p o r t e d  in t h c  p a s t .  t i i s t o r i c a l l y .  l i g h t - i o n  i n d u c e d  r e a c t i o n s  w c r c  

i n v e s t i g a t e d  f irs t .  a n d  in m o s t  c a s e s ,  unalyses werc made by using t h e  d i s t o r t e d - w a v e  

Born ; ~ p p r o x i m a t i o n  ( D W H A )  w i t h  a zero-range ( Z R )  a p p r o x i m a t i o n .  Thc w o r k  w i t h  

h e a v y  ions t h e n  li)llowed,' whcrc t h e  use ol'.a ZR a p p r o x i m a t i o n  was e v i d e n t l y  

m e a n i n g l e s s ,  and analyses c o n s i s t e n t l y  used e x a c t  f i n i t e - r a n g e  ( E F R )  D W H . 4 .  

a l r h o u g l i  a I I U - ~ r c c r i l  i ~ ~ i p r o x i r n i ~ t i o n  wily ul:io used occa!;ionally. 

In s p i t e  of t h e  fact t h a t  t h e  m i ~ j o r i t y  o l ' i i r i a lyses  of l i g h t - i o n  induced t w o - n u c l e o n  

transl 'er  r e a c t i o n s  used ZR-DWBA, a l i m i t e d  number of EFR-DWBA c a l c u l a t i o n s  

have in Pact bee? r e p o r t e d  I - ' ) .  H o w e v e r ,  l n o s t  of t h e s e  c a l c u l a t i o n s  5 - H )  were 
based on s o m e w h a t  o v e r s i ~ n p l i f i e d  forms for t h e  wave f u n c t i o n  of l i g h t  ions ( s u c h  its 

I and a) and for t h e  i n t e r a c t i o n  t h a t  causes t h e  t r a n s f e r .  O t h e r s  I-') used morc 
r e a l i s t i c  forms for t h c  l i g h t - i o n  w a v i  f u n c t i o n  and t h e  i ~ i t c r i ~ c t i o n ,  h u t  assumed a 
single c o n t i g u r a t i o n  to dcscribe t h e  m o t i o n  o f  t h e  t w o  nilclcons in t h e  t i i rget  or 
r r s i ~ i ~ ~ i t l  n i ~ c l c i .  except for Ciises '. ') in which t h e  t r a n s k r r e d  angular m o m e n t u m  

On leave liom Department ol' Physics, Un~versit) ol'S;~ga. Saga 810. J:lpan. 
" Supported in part by the 1IS Dep;~rtment of tnergy. 
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T .  TAKI'MASA I .  T. TAMIII tA and T .  UDAGAWA 
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I:.s;~ct finite-range c~ . )~~p lc J -c l~an~~cI  I l t ) r ~ i  approsi~~l:~tion calcul:~tions, using :I 111irroscol)ic I ' o r l l ~  I';~ctor, \verc pcrformcd 
!'qr 111c " 8 ~ t ~ ( 1 ) ,  1) ' I 6 ~ n  rcaclioll. i;ood ;igrcelncllt with cspcri~ncnt was o l ~ ~ : ~ i ~ ~ c t l .  I ~ o t l ~  ill  tlic s11:11lc of tllc angulur distri- 
I~ut io t~s  and the relative ~nagnitudcs 01' the cross scctiuns. Corrcspondil~p res111ts usillg ;I xcro-r;IIIgc ; I I ) ~ ) ~ U S ~ I I I P ~ ~ O I ~  were 
f 'o~~nd t o  ;lgrcc ~ n u c l ~  Inore poorly witi i  cspcrilncnt. 

A n u m b e r  o f  c o i ~ p l c i l - c l ~ a r ~ ~ i e l  13ortt a p p r o x i ~ ~ ~ a t i o n  
(CCR!,) calculations,  pes fo r~ned  for Iigl.tt-ion-inducetl 
two-r~cutro t i  transfer reactions, sliowed tha t  the  effects 
o f  it~cliscct t ra~ls i t ions  via irielastic processes arc o f  i ~ n -  
post;ltlce fo r  b o t h  spl~esical  vibsariorlal 1.1  ,3- 1 ;tntl llc- 
1)sn1ctl  nuclei [3,41. Ilowcv.cs. all t l ~ c  ('C'BA calcula- 
t ions  repor ted  so  far used t l ~ c ,  zero-s;tnge (ZR)  apl>soxi- 
r ~ ~ a t i o n .  -illis is d u e  mainly t o  the l o t ~ g  con~pi t t ; r t ion;~l  
tinic seqirired when full finite-range ( F I I )  c ;~lcula t ions  
are  carried o u t  ,in a stsaiglitl~i)sw;~sd I I I ~ I I I I C S .  111 h c t ,  
these does  n o t  exist  any k ~ ~ o w n  p r u o f j ~ t s t i Q i n g  the  
usc o f  the  ZR approximat ion.  

R c c c t ~ t l y  we  developed a m e t l ~ o d  to c o ~ ~ s t r u c t  
ra ther  fast F R  form factors for  use i r ~  J i s tor ted-wave 
B1.m approximat ion (DWBA) calculations,  I'or (p,  1) 
a t ~ d / o r  ( t ,  p)  reactions [S j  . T h c  t l ~ c t l ~ o d  utilizes an in- 
tcrpolation technique, wl i ic l~  wrts originally tlevclopcd 
L)r  11c;lvy-ion-induccd tratisfcs reactions 161 . This  
t c c l ~ ~ ~ i q i ~ e  ;~IIowciI 11s t o  speed 1111 t l ~ c  ca lc t~la t ions  by 
li I'actc.)~. o r  15.. 110. witlloul loss 01 riccded accuracy 
in tlic rcsultant cross section 15 1 . Ilccausc o f  tltis in- 
creased speed,  i t  is now practical t o  perfort11 exact  fin- 
ite-range ( E F R )  ('CBA calculations. T h c  ~ t ~ r p o s e  o f  
tlie present paper  is t o  report  OI I  tile first result o f  
such calculations,  with tllc 1 1 8 ~ t i ( l > ,  t )  reaction 
a t  I:',, = 5 2  MeV 171 taken as.;t11 csarnple .  Wc sllow the  

sigt~ificancc of' using the  ITR-(1C:BA n ~ e t l i o d  by cotn- 
~ ) a ~ . i n g  its rcsults wit11 those obt;lined wit11 the  ZR- 
(1CBA method .  

As i l l  scl'. 151, t11e interaction resl>onsihle for caus- 
ing the  t r a n s k r  wits taken ;IS tlic S ~ I I I I  o l ' two-body in- 
teractions betwetti  t l ~ c  incitlcnt ~>l.otnrI ; I I I ~  cach o f  tile 
transli.rred ~ ~ c u t r o n s :  

and 

= ~/ i~ ,  e x p [ - ~ ~ ( ~ ) ( r  - r ( . ) l ,  i r r > i C  . 

I.lcrc P,, ( P I  ) is the  spin-singlet (triplet) projection oper- 
a tor .  This  p o t c ~ ~ t i a l  and the parallictcrs involved are 
tllosc oi"i'ang and I.ier11do11 181 (TI I ) .  T l l i ~ s  rc = 0 . 4 5  
~ I I I ,  v:) = 277.07 MeV, 1';' = 54'1.26 McV, K~ = 2.2 I I 
f ~ n - . I  , and K I = 1 . 7 3 5  t ' n ~ . - l  . T h e  trito11 wave function 
used in ou r . (p .  t) calculation was  obta ined b y  a varia- 
tional calculation,  also discussed by TI-I. ( I n  tlie fullow- 
ing we  s l~a l l  s i ; i ~ ~ l ~  refer t o  t he  "TI1 triton", tnealiing 
the combined use ot' t l ~ i s  tr i ton wave I'unction and the  
potential  o f  cqs.  (1)--(3).) 

On leave from Dcpart~ncn~ 01' I~hysizs. S:~g;t U~iivcrsity. Saga Below we ; ~ l s o  p re se l~ t  results obta ined by assuni- 

840, Japan. ing gaussian I ' o r l ~ ~ s  for  b o t l ~  the  t r i t o t ~  wave function 
Supp~~r t cd  in part by thc US Atomic I(ncrgy Co~nmission. and the  interaction potential .  (We shall simply refer 
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STUDY OF T H E  "'Be(d, p)"Be REACTION A T  25 MeV ' 
. H. ZWIEGLINSKI  t t ,  W. HENENSON and R. G .  H. ROBERTSON 

(:~~c.lorrotr I.tr/~orcrlo,:, cr~rtl /)c,/~rrr.lt?~rrtr c!/'P/r,~'.sic.s. Miclri~lrr~t .Srcrlc, Ut1it1c~rsi1.1~. b:tr.~/ Ltur.shrg. Afic./~ignt~ 48824 

and 

W. R. COKER * 
Dc,/itrrrr~tc,~rr (!/'Ph~.sics. Urrit~rrsi~j. 1!/' Tt,.vtrs (11 Alr.sritr, Atrsrin, Ti~.vus 78712 

Keceived I 8 July 1978 

(Revised 25 Scptc~~~her  1978) 

.i\bstrarl: I 'hc d is~r ihu~ ion o f  the single-neutron strcng~h up to ;In excitation energy E, = 7.0 MeV in 
IIW~,,,. .IS : t~~vcstigatecl with the "'lIc(d, p) '  ' ljc rc;~c~ion at 4, = 25 MeV. The 1 ' . g.s., 1 - ,  0.320 MeV 

and 1.785 McV states arc futtt~d l o  he excited with significant streng~l~.  The angular distribution for 
the 1.785 MeV state is typified by an orbit;~l angulxr rnolllrlituln translkr I,, = 2. This together 
with other ;ivailuhlc data i~ id ica~e that its spin is J "  = (3)'. The spectroscopic factors for these three 
states are compared to the shell-model calculations o f  Teeters and Kurath and of Cohen and 
Ktlrath. 

NUCLEAR REACTIONS I0Be(d. p). E = 25 MeV; measured o(ft): dedu&d spectroscopic 
I'aclorb. Rcaclo~.-~.u~i,Jucr.d "'11s target. 

4 

1. Introduction 

Due to the work of Kurath and collaborators I-*), shell-model wave functions 
are presently available for both positive and negative parity states in A = I I and 
A = 13 nuclci. Thc wave functions for the negri!ivc parity states were obtained by 
Cohen and Kuralh ' )  in 1965. An inlporlant step on  the way to the wave filnctions 
for thc positive parity states was the derivation ') of a particle-hole interaction which 
iscapable of reproducing the A-dependence of the2st- 1dt splitting in the I I A S 17 
nuclei. The ordering of the Id t  and 2st orbits changes with decreasing mass in this 
mass range, with the 2s, orbit lying lower in energy below mass number A = 15. 
This particle-hole interaction was subsequently used by Teeters and Kurath ') to 
calculate the wave functions for the positive parity states in the A = I I and A = 13 
nuc!ei: A full vector space compatible with the (Is)'(] p)"" iind ( I  s ) ~ ( I  p)*- '(2s. Id) 

' Work supported by the US National Science Found;~~ion under Cirirnt NO. PHY 78-01684. 
" 0 1 1  Ic;~vc from thc Instilute o f  Nuclear Kese:trch. W;~rs;~w. 1'ol;llld. 
* Kcsearcl~ supported in p;trt by the IJS Dep;~rt~ncnt o f  I t~ergy .  
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Prevalence of Direct-Reaction Mechanism in a Deeply Inelastic Reaction, ' 9 7 ~ ~ ( 1 9 ~ , ' 2 ~ )  

M. ~ s h i h a r a , (  a) T.  ~ h i m o d a , ( ~ )  H. Frohl ich , (~)  H. ~<ami t subo , (~ )  and K. Nagatani 
Cyclotron Institute, Texas A & M Uwhlersity., College Station. Texas 77843 

and 

T. Udagawa and T. Tamura 
Depnrt~nent of Plzysics . Ihliversity ~f Texas. Atistin. Texas 78712 

(Ilcceived 1 February 1979) 

Continuum cross sections and spin polarizations of 1 2 ~  produced in the reaction 
1 s 7 ~ ~ ( 1 9 ~ , 1 2 ~ )  induced by 186-MeV I9F were measured. The observed data were repro- 
duced very well in  terms of a distorted-wave Born-approximation theory, indicating that 
this reaction transferring a many M ocvcn nuc1eoii.i; ~ ~ r u c e e d s  as a direct process. 

Recent measurement1 of the spin pn!arization 
nf t h q  ejectile "B produced in t h e  r t a ~ l i u 1 1  
100Mo('4N,12~j added a new dimension to the un- 
derstanding of the mechan i s~~ i  of heavy-ion reac- 
tions leading to continuum excited states.  The po- 
larization (P) measured a s  a function of the ener- 
gy (E,) of 12B revealed a unique feature character- 
ized by a la rge  positive P at the highest E,, fol- 
lowed by a rapid decrease to negative values of P 
with decreasing E,. It was recognized2 that such 
behavior of P is completely opposite to the pre- 
diction made by a classical n~acroscopic model 
based on the frictional force.3 A theoretical anal- 
y s i s4  using an exact-finite-range distorted-wave 
Born approximation (EFR-DWI3A) achieved a suc-  
cessful fit to the data and provided a quantitative 
explanation. Two ingredients inherent in the EFR-  
DM D A  were c~.ucial In reproducing the experi- 
~liental observation: 'I'he t ransverse recoil effect 
yields la rge  positive P values for high E , ;  the I -  
window effect causes the decrease of P towards 
lower E,. This theoretical finding suggests t.hat 
such behavior of P may generally be considered 
a s  a " s ig~~a lu re"  of a one-step direct reaction. 
We recently studied a one-proton transfer  reac-  
tion 232Th(13C, 12B) to corroborate this argument, 
and found that the observed P indeed exhibited 
the s ame  behavior.' 

Tile study was then extended in order  to see  
whether the direct-reaction mechanism persis ts  
even in reactions involving n~uch  la rger  mass,  
charge, and energy transfers .  The reaction 
1 9 7 ~ ~ ( ' 9 F ,  "B) at 186 MeV was chosen a s  an ex- 
ample of such a deeply inelastic. reaction. Sur- 
prisingly enough, the same'feature was found to 
prevail in this reaction. The discussion below i s  
concerned with this unexpected result. 

The experimental procedure was s imilar  to that 
of the previous study1; several  improvements, 
however, were  made to cope with complexities in- 

volvcd in the '"-induced reaction. 'i'he spin polar- 
izatioil of lCB i s  determined fro,m the asymmetry 
of the fi rays  in the decay c\f 12B(g.s.) to 12C(g.s.), 
measuring the intensities in the directions of 0" 
and 180" with respect to the polarization axis 
[defined parallel to the (z,xE,) axis]. The 190- 
MeV l9P* beam from the Texas A&M cyclotron 
was used to bombard a gold target of 5.6 nlg/cm2 
thickness placed at 45" to the beam (the effective 
incident energy i s  estimated to be 186 MeV a s  a 
resul t  of the energy'loss in the target). The beam 
was pulsed with 40-ms duration and 130-ms rep- 
etition period; the p rays  were counted during 
the beam-off intervals. The 12B ejectiles scat- 
tered at the laboratory angle 25" were implanted 
into a platinum stopper foil which was placed 
in the vertical extcrnal nlagnetic field. An alu- 
minum energy-degrading foll ,  whnse thirkness 
was varied, was inserted to select the 12B enerby 
bin. The p rays from the stopper foil were detect- 
ed with a pair of threefold plastic counter tele- 
scopes placed above and below the stupper. To 
compensate for  possible asymmetry in the count- 
ing efficiencies of the two telescopes, the spin 
orientation of the implanted 12B was externally r e -  
versed in every second counting period using the 
NMR technique of the fast adiabatic method. For 
each thickness of the absorber the mea.snrpment 
was made both with a 15-pm and with a 5 - ~ r n  plat- 
inum stopper. This, in turn, provided the cor- 
rection for the deplar izat ion effect due to the 
hyperfine interaction. 

In the present reaction, the presence of a large 
number of background 0 emit ters  was noted in an 
independent measurement of charged-particle 
spectra  using solid-state counter telescopes. Tak- 
ing advantage of the large decay energy of 12B, 
the low-energy threshold of p rays  was s e t  high, 
typically a t  6 MeV, to eliminate a strong contri- 
bution from 'OF a s  well a s  other Background. The 
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Breakup processes in heavy-ion induced reactions 

T. Udagawa and T. Tamura 
Deparrment of Pltysics, Universily of Texas. Austin. Texos 78712 

T. Shimoda,* H. Frohlich,' M. Ishihara,: and K .  Nagatani 
Cyclotrot~ It~rriru!e. Texas A & M Univerriry, College Stutiot~, Texas 77843 

(Received 29 May 1979) 

Cross sections for breakup of   ON^ into ''0 and a during scattering from "Ca were cal'culated in terms of 
the distorted wave Born approximation. The inclusive IbO cross section observed in the '°Ca('ONe. 'PO) 
reaction was then found to he fitted very well by the sum of this breakup contribution and that of the a- 
transfer reaction calculated in our previous work. 

NUCLEAR REACTIONS 4 0 ~ a ( 2 0 ~ e , 1  %)) brcakup reactions, culculated t12n/tlR dE; 
E C O N ~ )  = 149-2ti2klcV, direct reaction ~ncchnnism for 11c;lvy-ion re:~ction. 1 

In  a recent publication,' we reported on mea- 
surements of co~ltinuum cross  sections of a- 
t ransfer (like) reactions with a ""Ca target, in- 
duced by " ~ e ,  "IN, and lSC ions with incident en- 
ergies. I : , , , ,  respectively, equal to 262, 153, and 
149 MeV. The continuunl spectra were taken at  
sever:ll angles between U,,, = 5' -20", and the r e -  
sults  were a n a l y ~ e d  in t e rms  of llie dislorted 
wave 1301-11 npl~roxitnation (DWUA) assu'n~ing' that 
i11e rcaclion proccctlcd a s  a one-step tr-transfer 
process.  It was found' t l~at  the c:alculation rc-  
produced very well tlie experimental spectra at  
all angles for two of tlre three reactions, i.e., for 
("IN, '"B) and (''C, "Be) reactions. 011 the other 
hand, for the ('"Ne, "0) reaction, it was found 
that, although we were able to fit very well the 
experimental spectra at  U,, ,2 16", the theoretical 
c ross  sections becaine progressively too small 
compared with experiment, a s  ti,,, was decreased. 
A very similar situation was again experienced 
.in the analysis of more recent data taken at  
I:ldb ("'Nc) = 149 MeV. 

The purpose of the present art icle i s  to discuss 
ways this discrepancy can be removed, i.e., to 
explain the part of the exl~erimental  c ross  sections 
that were left ~tnexpl-plninetl within the framework 
of the DWBA calculations reported in Ref. 1. This 
ullexplaincd part of the c ross  ~ o c t i o n  has two dis- 
tinct features,, a s  can be seen in Fig. 1 of Ref. 1 
[;l.nrl hy the dnt t~r l  r t ~ r v e s  i n  Fig. 2(aI of the pres- 
ent work]. The first  i s  that it is forward peaked, 
a s  we already rclnarked above. The second i s  
that the c r o s s  section, seen a s  a function of 
ll,J,,(lWO), i s  peaked a t  205 MeV, which is of 
KI3, ( ' " ~ e ) ,  i.e., just the kinetic,energy which the 
''0 cluster  had in the incident '"Ne ion. These 
Lwo features indieate that the excess Croat; sec-  
tion can be explained a s  the c ross  sectioll a s -  

sociated with the breakup of the incident 'ONe. We 
shall show below that sucli a supposition can in- 
deed be proved correct .  

To our knowledge not many calculations of the 
breakup c ross  section have been done for heavy- 
ion induced reactions. In the regime of light-ion 
induced reacliot~s,  Iiowever, it has been one of the 
classic problc~its, ;~rld a I I L I I I I ~ ~ I -  of investigations 
I1;tve i n  fact 1)ccn rcl~ortcd,  see ,  e.g., a recent 
review 1)y 13;tu1 ; t ~ i t l  'Prnul nlarll~.' Consider, a s  an 
cxaniple, the DWUA trenttlient of deuteron break- 
up, the anll)litude beill< (described it1 the post 

E', (MeV) 

1:IC. 1. Culculc~tcdA,(fi&) V~IUOY for 1-70-2 as  a func- 
tion of E b. 
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Alpha-transfer reactions (2F~e,'"), ( 1 4 ~ , 1 n ~ ) ,  and ("c, ' ~ e )  on a target were stu- 
died at 262, 153, and 149 MeV, respectively. Analysis in terms of the direction-reaction 
theory reproduced the observed continuum spectra and angular distributions well, except 
for the cross section of the reaction ( 2 0 ~ e , 1 6 ~ )  at small angles, which is attributed to a 
projectile breakup process. 

Heavy-ion reactions with bombarding energies target should impose a stringent test on the theo- 
well above the Coulomb barrier  generally pro- retical analysis. 
duce continuum spectra. One of the intriguing The experiments were carried out using 262- 
feetures in such reactions i s  the appearance of MeV 2 0 ~ e e + ,  153-MeV 141V4+, and 149-MeV l3C+ 
enhanced cross sections at  ejectile energies con- beams from the Texas A&M cyclotron on a self- 
siderably lower than the incident energy; that i s ,  supporting natural calcium target of 1.0-mg/cma 
the p-ocess involves a large energy transfer. thickness. Outgoing particles were detected using 
The surprising appearance of the deeply inelastic solid-state counter1 telescopes. Some of the ener- 
process has lead to various theoretical attempts gy spectra a re  shown in Fig. I ,  and the angular 
introducing a variety of concepts, such a s  fric- distributions of the energy-integrated cross sec- 
tional forces, mass and energy transport, and tions a re  displayed in Fig. 2. Several observa- 
so forth.' tions can be made from these spectra. Each 

Recently, however, a quantum mechanical treat- shows a continuum spectrum and, within the sta- 
ment using the direct-reaction model, which has tistics, no discrete peaks a re  observed. In the 
been routinely applied to analyses for discrete reactions (I4N, 'OB) and (13c, ' ~ e ) ,  the angular de- 
spectra, was extended to analyze data with con- pendence of the spectral shapes i s  weak. On the 
tinuum spectra.'-" If this method can demonstrate other hand, at small angles the spectra of the re- 
a wide range of applicability, especially for reac- action (2O~e,"0) show an extra hump in the high- 
tions of a deeply inelastic nature, it will provide energy region; this disappears at large angles. 
a new theoretical approach f o r  understanding the This difference i s  more conspicuous in the angu- 
heavy-ion reaction. It should also be pointed out lar  distribution of the reaction (2°~e,'eO) which 
that the application of the direct-reaction theory, has a steeper slope in forward angles a s  com- 
which i s  coupled to a microscopic description of pared with the other two reactions. Remarkably, 
the nuclear structure, may open up the possibility the magnitude of the forward-angle cross section 
of using the heavy-ion reaction in the study of nu- of the reaction (20~e, '60)  is much larger than 
clear structure in the continuum region, such a s  those of the other reactions. 
the extraction of the spectroscopic density of Theoretical cross  sections were calculated by 
mulhnucleon states with very high spins in high using an exact-finite-range (EFR) distorted-wave 
excitation regions of the residual nuclei. The Born-approximation (DWBA) method, assuming 
choice of the present a-transfer reactions was direct a -transfer processes leading to many over- 
made for specific reasons. lapping continuum states. The details of the meth- 

The projectiles " ~ e ,  14N, and 13C a r e  known to od have already been ex~lained"~; several salient 
have large a-transfer spect:oscopic amplitudes. points a r e  noted below. The continuum cross sec- 
In addition, the angular momentum (La) of the tion is given a s  a sum cif products of the EFR- 
cluster relative to the core in  ON^, 13C, and I4N DWBA cross sections and the a-spectroscopic 
is dominantly 0, 2, and 4, respectively. As dis- densities in the same residual nuclei of 44Ti, 
cussed later, the difference in the La values re- where the sum is taken over the spins of the final 
sults in a subtle difference in the spectral shape. states. In the EFR-DWBA calculation, the over- 
Therefore, a simultaneous study of the a-trans- lap integrals a r e  expressed in an analytic form, 
fe r  reactions with these projectiles on the same which includes the quantum numbers and the Q 
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A multi-stcp direct reaction tllcory, whic l~  is conlpletrly quanturn nlcchanical, is applied to analy~e the deep inelastic 
cross scclions of tllc  O ON^, 160) and  O ON^, I 2 C )  re;lctions. Possible cstcnsion of this metl~od to lnorc conlplicntcd cases is 
also discussctl. 

One of  the most interesting suhjects in heavy-ion 
induced reactions is to clarify thc ~ ~ l e c l l a n i s ~ n  of the 
so-called deep inelastic collisions, i.e., processes in 
wl~ich a large amount of  energy is transferred from 
relative to intrinsic degrees of freedom, ol'ten being ac- 
companied by a large Inass and cllarge transfer be- 
tween the colliding partners [I ] .  Actually, however, 
similar processes do take place in light-ion induced 
reactions, and we showed recently that such processes 
can be exp1aine.d nicely in terms of the multi-step di- 
rect reaction (MSDR) theory (21. 

In the present article, we attempt to  extend the ap- 
plication of  the MSDIi theory to  I~eavy-ion induced 
reactions. We take as specific exarnples the ( 2 0 ~ e ,  
1 6 0 )  an'd ( 2 0 ~ e ,  12c)  reactions, induced by 120 MeV 
2 0 ~ e  impinging upon 2 7 ~ 1  131. We are interested in 
seeing whether we can fit the data by assuming that 
the ( 2 0 ~ e ,  1 6 0 )  reaction proceeds primarily as a one- 
step a-transfer reaction, while ( 2 0 ~ e ,  I 2 c )  proceeds 
as a reaction in which two a-particles are transferred 
successively . 

In the MSDK theory [ 2 ] ,  the continuous spectra 
are described in terms of ' the it11 Born cross sections 
a( ; )  and of appropriate spectroscopic densities p. Thus 

' Work supported in part  by the U.S. Departn~ent of Energy. 

the contribution from the one-step ( a  + A + h + B) pro- 
cess may be written as 

(Note that, as in ref. [ 2 ] ,  we assume that the target 
has spin 0'. Througllou t the pleserlt article we use the 
notation of ref. [4 j  .) Both and p depend on the 
transferred angular n lo~nentu~l i  I (which equals the final 
state spin 11,) and on El i ,  which is the excitation ener- 
gy of the residual nucleus B. This i:': is related to  the 
reaction Q-value, Q, hy E:';; = Qg -- Q = Qg :.. (Eb - E,), 
Qg being the Q-value for thc grourld state transition. 

The correspondi~~g two-step (A  +:I + C + c -* B + b) 
contribution may be written as 

X 0\:&(0+ + ICE; + (II I2)IB E h )  (2) 

X p(1, E::)p(12Ei - E:).  

It is understood in a\:{,, that an angular momentum li 
is transferred in the itli step, and t l ~ a t  IB = l1 +I2 .  At 
the end of the first step, i.e., in the intermediate state, 
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If I am to  su~nmarize  this Conference in one word, I would 
say 1 hat it has been a great 'success', and I heartily con- 
gratulate Profes'sor Sellschop and his colleagues of the 
C r g ~ n i z i n g  Committee for their achievements. The Confe- 
rence has attracted a large number of delegates from rniiny 
countries. and the material presented during tlie past three 
days  has been very dense and of higli quality. I an1 sure that 
part o f  the attraction was supplied by tlie animals in the 
Kruger National Park, but their contribution cannot have 
heen that significant. All of us have come to do  good 
physics, and it has been done. I hope this summary turns 
out t o  be sufficiently good to keep up with the high standard 
of papers presented so Sar. I hope the glass of sherry I 
just had can help me to acl~ieve tllis. 

This Conference opened, very reasonably, with a paper 
by Greiner. t l c  was supposed to give an  'overview of the 
field', but what he actually did was to  talk exclusively of his 
own work. I arn not complaining about tliis, lio\vrvcr. 
because Greiner lias worked in so  many subjects ol'lieavy- 
ion physics, that to talk exclusively of his own work is not 
too ditTerent from talking about the overview of this field. 

Greiner talked about a number of subjects, starting with 
the application of the two-centre shell model calculation to 
predict fission asymmetry. He and his co-workers have 
been working on this subject in the past few years, and thus 
the idea is not necessarily new. They have succeeded 
recently, however, in overcoming a theoretical difXculty in 
applying this method to cases with very large mass 
asymmetry. As a consequence, they managed to produce a 
mass asymmetry curve which has in it Vour peaks, rather 
than two (or sometimes one), as had been the case earlier. 
Greiner then remarked that Epperson of Duke indeed found 
experimentally such a mass asymmetry curve with four 
peaks, although Wilhelmy commented that Epperson's 
result is not yet completely free from controversy among 
experimentalists in this field. 

Concerning the mass asymmetry in fission, an  extremely 
interesting contribution was made by Wilhelmy, who talked 
about spontaneous fission of very heavy actinides, in par- 
ticular 2s8.2'9Fm . Th e surprising discovery made was that, 
while lighter elements 2s J~2sb~2s7F  m all favour asymmetric 
fission, this feature is abruptly changed by adding just one 
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more neutron: tlie cle~lients " " " V ~ ~ n  suddenly begin to 
favour sym~netric fission. It is also remarkable that the 
synirnetric peak in tlie fission ol' "'Fm is extremely narrow. 
Wilhelmy furtlit~r noted the fnct that the average kinetic 
energy release (I'KIS) in [lie fission ol'"'~'s"Fm is about 240 
MeV, meaning ;in :~l)rupt incrci~se of T K E  in going from 
lighter to heavier F I ~  elements. 2s"~'5".'s'Fm all had T K E  of 
about 200 MeV. 

Nix summarized beautifully the present status of the 
game of either finding in nature or  creating in the laboratory 
the super-heavy elements (SHE). This is a story of the 
struggle of a number of people over the past twelve years, 
which has not yet been awarded by success. Perhaps 
because of  this experimental failure. Nix's talk was largely 
theoretical. 

Several groups of theoreticians who carried out exten- 
sive culculatiolis have been i~lvulved, with the hope of 
coming up with suggestions to  cxperinienta!igts as to where 
and how to look tbr SHE, and such efforts are still being 
made. As an outsider to this field, I was a little surprised to  
hear that so  mgny theoretical uncertainties still exist, 
although it is clear that this is tlie case largely because the 
calculations have to be made by extrapolating to the S H E  
region knowledge well tested only for lighter elements. 

In spite ol'tlie above theoretical discrepancies, however, it 
appears that everybody agrees with tlie presence of a sea of 
instability between the island of SHE and the actinide 
region, ,so that i t  is very unlikely that S H E  were formed by 
the r process. Nix therefore stressed the use of  heavy-ion 
reactions to create SHE. He suggested three possibilities; 
fusion-lission, compound processes anti transfer reactions. 
The best experimental emorts made so far came up with the 
upper liniit of 10 '' cm? for the cross section for creating 
SHE,  if we talk about S H E  tliat live longer than a day or so. 
Nix thus stressed tlie importance of looking for S H E  of' 
much shorter lifespan. In tlie extreme situation, the lil'e-time 
may he a s  short as the nuclear Fansit time, which means 
that one might try to seek SHE created in the form of a 
resoriallce. 

Concerning the possible presence of S H E  in nature, 
Molzahn reported on efforts to understand the origin of 
some of the giant Ilalos. I-lis group located several big halos 
in Cordierite from Hrazil, and measured n and fission 
activities. They observed no high-energy a-particles, nor 
spontaneous fission, casting doubt about tlie responsibility 
of the high-energy n-particles (by 2 14 MeV) suspected in 
early work of this lield. Molzahn also talked about measur- 
ing fission in meteorite Allende, for which Flerov had 
reported the presence of unknown fission activity. Molzahn 
indeed observed lission-like events, by taking coincidence of 
fission fragments and associated neutrons. He wanted, how- 
ever. to defer making a definite conclusion until a confir- 
mation of fission is made by scanning the mica plates on 
which tlie samples were deposited. In general his tone 
sounded rather pessimistic about finding S H E  in nature. 

Boleu presented an interesting piece of theoretical 
information, discussing the energy surface, a s  a function of 
the deformation parameter E ,  for nuclei way away from the 
stability line. In fact an  example considered was 266U (as 
well a s  242U). According to Boleu, this nucleus 266U has 
thre.: maxima in the energy surface, compared to two in 
2421J. 1 am wondering whether he can predict a similar 
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A b s t r a c t  

A p p l i c a t i o n  of  d i r e c t  r e a c t i o n  t h e o r i e s  i n  t h e  p a s t  h a s  been l i m i t e d  t o  

r e a c t i o n s  w i t h  d i . s c r e t e  f i n a l . s t a t e s .  I n  t h e s e  l e c t u r e  n o t e s ,  we show t h a t  

t h e  a p p l i c a t i o n s  ciln b e  ex tended  t o  d a t a  w i t h  c o n t i n u o u s  s p e c t r a  a s  w e l l .  EX- ' .  

arnples o f  a n a l y s e s  of d a t a  of  r e a c t i o n s  induced  by both  l i g h t -  and heavy-ions 

a r e  d i s c u s s e d .  T h e  l a t t e r  a p p l i c a t i o n  i s  l i m i t e d  s o  f a r  t o  examples w i t h  com- 

p a r a t i v e l y  l i g h t  heavy- ions .  Tlre Scope n f  i t s  e x t e n s i o n  t o  c a s e s  w i t h  h e a v i e r  

p r o j e c t i l e s  is  a l s o  disc:ussed .. 

I n v i t e d  l e c t u r e  d e l i v e r e d  a t  t h e  Pos t - con fe rence  School  - 
"Tupica l  Yliemes 111 Heavy-ion S c a r r e f l o g " ,  ar: r h e  . . 

U n i v e r s i t y  o f  t h e  K i t w a t e r s r a n d ,  Johannesburg ,  
' 9 ' -  11 i\uguSt, 1978 
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I t  is  my u n d e r s t a n d i n g  t h a t  t h e s e  p roceed ings  a r e  t o  b e  p u b l i s h e d  as a  

c o l l e c t i o n  of  memoranda, l a r g e l y  i n t ended  f o r  t h e  u se  of t h e  p a r t i c i p a n t s  of 

t h s  Symposium, r a t h e r  t h a n  t h e  u s e  of  t h e  g e n e r a l  p u b l i c .  I t h u s  f e e l  i t  

a p p r o p r i a t e  t o  p r e s e n t  i n  t h i s  n o t e  o n l y  t h e  b a s i c  i d e a s  of o u r  work, and t h e  

1-9 r e s u l t s  o b t a i n e d .  Most of  t h e  c o n t e n t s  of t h e  p r e s e n t  n o t e  have  been pub l i shed  . 
T h i s  n o t e  w i l l  s e r v e  a s  a  g u i d e  f o r  t h e  r e a d e r  t o  s e e  where t o  f i n d  more d e t a i l ,  

i f  n e c e s s a r y .  

Our group a t  A u s t i n ,  i n c l u d i n g  most n o t a b l y  Takeshi. Udagawa, worked i n  

t h e  p a s t ,  a s  d i d  many o t h e r  groups ,  on a n a l y z i n g  a  number of r e a c t i o n  d a t a  

l e a d i n g  t o  d i s c r e t e  f i n a l  s t a t e s ,  i.nduced bo th  by l i g h t  and heavy i o n s .  E i t h e r  

s i n g l e - s t e p  (SS)  o r  m u l t i - s t e p  (MS) d i r e c t  r e a c t i o n  (DR) t h e o r y  w a s . u s e d ,  

depend ing  on the need .  A c o n c l u s i o n  w e  a r r i v e d  a t ,  t h rough  t h i s  e x p e r i e n c e ,  

was t h a t  t h e  DR t h e o r y  works v e r y  w e l l  i n  g e n e r a l .  

I f  t h e  e x c i t a t i o n  ene rgy  E of t he ,  r e s i d u a l  n u c l e u s  exceeds  a  c r i t i c a l  
X 

v a l u e  E which i s  a  few MeV, t h e  f i n a l  s t a t e s  g e t  ve ry  c l o s e  t o g e t h e r  o r  
c r i t  ' 

b e g i n  t o  o v e r l a p ,  and t h e  c o r r e s p o n d i n g  spec t rum becomes con t inuous .  However, 

i n  t h e  r e a c t i o n s  w i t h  c o n t i n u o u s  s p e c t r a  of o u r  i n t e r e s t ,  t h e  i n c i d e n t  energy  

is  much h i g h e r  t h a n  E . T h e r e f o r e ,  i t  i s  r a t h e r  u n l i k e l y  t h a t  t h e  r e a c t i o n  
c r i t  

mechanism changes  a b r u p t l y ,  when E moves t h rough  E . I n  o t h e r  words, i t  
I( c r i t  

seems more n a t u r a l  t han  n o t  t o  e x p e c t  t h a t  t h e  MSDR theo ry  ( i n c l u d i n g  SSDR 

t h e o r y  a s  i t s  l i m i t ) ,  which works w e l l  i n  t h e  d i s c r e t e  r e g i o n ,  a l s o  works w e l l  

i n  t h e  continuum r e g i o n .  T h i s  i s  t h e  p o i n t  of view w e  t a k e .  

*Supported i n  p a r t  by t h e  U.S. Department o f  Energy. 
- 84 -' 
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wave i'unction. Coulomb, complex Couloml). potential. 

* On Ic;~vc from Uepiirtmcnt o f  Physics, University o f  Saga, 
Saga 840, Japi~n. 

*' Supported in  part by the U.S: Dc'lrartmcnt of Energy. 

asymptotic expi~nsion, phase shift, logarithm o f  con~plcs 
g:irnnla funcrioil 

iVatitre of physical probletn 
l ' l le  s~~brout inc ('COULhI calculates rcgular and irregular 
C:oulornb functions and t l ~c i r  dcrivativcs associatrd'with corn: 
plcs angular Inu1ncnt;i. This prr1gr;lln Inay tllus be uscd, for 
cx;~~nplc, in Ioc;~lin$ Rcxgc 11c1lcs tl1:11 ;Il)pe;ir in  ~ t o ~ n i ~ .  ; I I I~ 

t~uclc;~r scattcr i~~g ~ ) r t ) l ) l c ~ ~ ~ s  I I I. 

Mellrod of solrtriotr 
'l'llc ca lcu l ;~ t iu~~ utilizes the ;isyn~l)totic cso;insion method of  
1:rGbcrg 12 ) .  W l l c ~ ~  t l ~ e  asy~nptotic. ~ ~ ~ J ; I I I S ~ ~ I I  docs not give a 
satistuctory result ;it a dcsircd p ,  a larger v;ilue i s  chosen I'or P 

and l l ~ c  d i f f e r c~~ t i ; ~ l  equation is ~ t i l vcd  inward I'or the irregular 
solution. Then t l ~ c  rnctl~od ot' Wills ( 3  ( is used to obtain t l ~ c  
regular solution. 'Tl~c c t ~ r ~ ~ l ) l c s  C u u l o ~ ~ ~ h  1)llase shift is obt;~incd 
I)y using a s l i l ) r o ~ ~ l i ~ ~ e  \vllic.l~ L~;IICIII;IICJ tlic l ~ g ; ~ r i ~ l ~ n ~  01 tllc 
~;IIIIIII;I I 'unct io~~ I'or co~nplcs arputl)cnt. 

Resrricfiotts ori !he cotnp1exit.v oj'rlre probletrl 
Sul)ro~~t inc CCO.IILA1 can I1e used ior real values p and rl iind 
lor  C~IIII[),CA ( ; i s  1 ~ ~ 1 1  ;IS real) at1p11ar t ~ ~ ~ t ~ ~ c i i t u n i  1 11131 u l i s f y  
t l ~ c  cc~nditiun 1,2 << p ;~ntl (112 << p. I.vrn w l ~ c n  this condi- 
t ion is nut fult'illctl, t l ~ c  progr;lln III;IY Oe used tvitll S~IIIC\VII~I' 
reduced ;rccuracy. 

7:vpical rrrntring ritfre 
T l ~ e  ev~iluation (11. regular and irregular Coulon~b wave func- 
tions and their dcrivativcs I'or ;I given value o f  I takes about 
0.3 s o f  the C0C 6600 cwnputcr. 
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EXACT FINITE RANGE DWBA FORM FACTOR FOR HEAVY-ION INDUCED NUCLEAR REACTIONS 

T. 'T'AMUKA, T. UDAGAWA ant1 K.E.  WOOD 
Deparrtrrr~rt o f  Wr.vsir:s '. I/tri~~t.rsi(,* oj"tc.vas, Artsritl, 7X 78712. USA 

H. AMAKAWA 
L'jclotrotr I.ahoratory, rlre I~rsrI'rrtle o f  PI1 ysical utld Clrernicol Reseurc-11, Il'ako-shi, .Yuirn~!!o, 351 Jopotr 

Receivctl 17 March 1979 

ADAPTATION SUMMARY 

'l:ir/e o f  @ d a / ~ ~ a f i ~ l l :  SATURN-2-1:OR-EI':R-DWSA Orlrer peripherals urcd: card reader, line printer 

Nuttlber o f  cards required ro effect adaprarion (inclltding 
dircscti~~e rards) : 8 69 

,I'rogrutn ohruitrahle frotn: CPC: I'rogram Library, Q~tecn's 
University ol' Ilcltist, N. 1rrl;lnd (see application l b r ~ ~ i  ill this CardprrtlcllBrg code: CI'c 

Merlrod o f  solrrriotr 

Rrfirer~ce ro ori~blol  program: Calculation ol' t l ~ c  fqrnl Tactor involves a four-fold integral, 

Car. No. : A R P A ;  Y'irle: SA'I'URN-I-V:OR-EFR-D\VBA; thougll it can norn~ally be reduced to a S U I I I  of single-fold 

h'cf. in CPC: 8 ( 197 4) 349  integrals. Wllen 111e original p r o g r ; ~ ~ ~ ~  is used for cases with 
large angular 1no111eni1111l transi'cr t l ~ c  st1111 results in ;I w e r e  
ca t rco l l a~ i~~n  b c l w e u ~ ~  S U I I I I I I ~ I I ~ S ,  ~llakllrg  he resuits Inaccu- 

Authors o f  origI't~al program: T .  Taniura and K.S. Low rate. Tile prcscnt progr;lm uscs a nrw coord ina~e  system in 

llCh speed store required: 39 872  words 

* Supported in part by the  U.S. Department of Energy. 

. - 
p e i . f u ~ ~ ~ ~ i ~ ~ #  t11r :~bovc integral and ~ n a k e s  i t  possible to avoid 
the di~ficul ty.  
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Dissipation in time-dependent Hartree-Fock calculations 

Kit~Keung Kan* and Taro Tamura 
Deparrmenr of Physics. Uni~rersiry of Texas. Ausrin. Texas 78712 

(Received 6 October 1978; revised manuscript received 5 Jmuary 1979) 

Dissipation is studied in a one-dimensional time-dependent Hartree-Fock systern which simulates the 
capture of a slow neutron by a ~lucleus. I t  is shown that this tin~e-tlcpendcn~ bl;~rtree-Fock s y s t c ~ ~ ~  is unahle 
t i )  approach thernlodyl~nmic equilibriuni a ~ ~ d  that t!ie tinie of tla~t~pil~g 01' a collective v i l > r ; i t i o ~ ~ ,  i~~duced by 
the capture, is much lol~ger t11il11 the relaxatio~~ time of realistic nuclear collcctivc. motio~~. 'The ll~ssipatio~~ ill  

this time-depmdmt Ilartree-Fock system is further con~parrd wit11 prctlictioris of various o ~ ~ c - h d y  
dissipation theories. 

[NUCLEAR REACTIONS time-dependent ilartree-Fock calculation, slow neu- 
tron capture, one-body dissipation. 1 

Many calculat ions f o r  heavy-ion col l is ion which 
employ the time-dependent Har t ree -Fock  (TDHF) 
theory have been  per formed s ince  the pioneering 
work of Bonche, Koonin, and Negele.' In sp i te  of 
many in te res t ing  r e s u l t s  obtained by such  large-  
s c a l e  nutnerical  calculations, '  the validity of this  
approxiniation r e m a i n s ,  to  a l a r g e  extent ,  an 
open question. T h e r e f o r e ,  at this  s tage  a theoret-  
ical  considerat ion o r  a numer ica l  calculation 
which may shed s o m e  light on the question of the 
validity o r  the l imitat ion of the TDI1F theory could 
bc useful.  With th i s  in  mind, we repor t  in the 
present a r t i c l e  on a TDHF calculat ion performed 
f o r  a relat ively s imple  p rob lem.  i .e. ,  the cap ture  
of a slow neutron by a nucleus. We concentrate  
o u r  in te res t  on the diss ipat ion aspect  of this  s y s -  
Lem. 

If we neglect the coupling of the nucleus with the 
radiat ion field, the e x c e s s  energy of the captured 
neutron will gradually be  s h a r e d  with o ther  nucle- 
ons  'tltrough par t i c le  col l is ions,  and the s y s t e n ~  
will gradual ly tend t o  thcrntodynamic cquilil)riunt 
and bccome a conipound nuclcus. T h e  relaxat ion 
tinie f o r  this  equi l ibr ium may be given a s  
rCN = l / l : , .  where  CN s t a n d s  f o r  cotnl)ound nucle- 
us .  I i s  the mcan  f r e e  path of the c a l ~ t u r c d  neutron 
inside tlic nucleus. and 11, i s  the F c r n i i  velocity. 
Using3 1 -  5.2 fni and I: ,= 0.27 (. we obtain 
re, - 20 fni/c: e 0 . 7  x 10'" s. T h i s  relaxat ion tinic 
niny. bc  t&cn a s  a s tandard n lcasure  %ainst which 
the diss ipat ion t ime  der ived  by a TIIHF calcula-  
{ion c a n  be  compared .  

Once !.he diss ipat ion in T D H F  i s  known, one i s  
naturally Icd to  anotlicr question: How does  this  
diss ipat ion c o m p a r e  with the prcdict ion of the one- 
I , d y  c l i s s i l> l i l i~1 ' i  t l ~ e o l ; i e s ? " ' ~  Since TDHF i s  a 
t)ne-body systeni .  a sat isfactory one-body d i ss i -  

pation theory ought to  reproduce  the TDHF resu l t .  
Hence, by extract ing the diss ipat ion f r o m  our  
TDHF calculation, we may tes t  the validity of the 
TDHF approxitnation itself and, a t  the s a m e  tinie, 
l e s t  the tlicories of one-body dissipat ion.  T h i s  is 
what we intend to do In tlre p resen t  a r t i c le .  

In describing by TDHF the cap ture  of a slow 
neutron by a nucleus of A nucleons, we make the 
following assumptions:  (a)  Before cap ture ,  nu- 
c l e u s  A i s  rcpresen ted  by a s t a t i c  Hai-tree-Fock 
(HF) s t a t e  of the A -par t i c le  systeni ;  (b) the s t a t e  
of A i s  not affected when the neutron i s  brought 
n e a r  t o  it; :~nd (c)  thc tieutroti i s  captured in a 
b w c l y  bound orbi tal  of l l ~ e  s ta t i c  H F  potential of 
A .  l o n e  lnity think of. e .g . .  d i r e c t  ca1)ture of a 
neutron via  a (c l ,p)  react ion.]  T h e  s y s t e m  a f t e r  
the neutron is captured i s  then approximated by a 
TDHF s y s t e m  whose initial dctcrni inant  cons i s t s  
of the A + 1 orb i ta l s  in the s ta l i c  H F  potential of 
the A-par t i c le  s y s t e m .  

Immediately a l t e r  the instant of cap ture ,  the 
TDHF potential i s  deter~iiinecl by A + 1 orb i ta l s  and 
will  differ  f r o m  the or iginal  s ta t i c  IIF potential.  
T h i s  abrupt change of tlic potential,  in the s p i r i t  
of TDIIF i s  a one-body approximation to the in- 
teract ion of the captured neutron with the o ther  
nucleons in the nucleus. Because of th i s  change 
in the potential? the o rb i ta l s  a r e  no longer eigen- 
s t a t e s ,  and thc col 'responding energ ies  of the p a r -  
t i c lcs  can vary aniong themselves.  We then ask  
whether  the energy dis tr ibut ion of th i s  sys tem can  
al)p~.oach t l ~ a l  of a Fern i i  g a s  of f ini te  t empera-  
t u r e  and, if  i t  can,  over  what t ime  s c a l e ?  

In  o r d e r  to ol)tain the  energy dis tr ibut ion of the 
. s y s t e m ,  we projcct  the TI>lfF s ingle-part ic le  
s t a t e s  onto a s e t  of s ta t ionary s t a t e s .  FOP COn- 
vcnicnce, we choose the original s ta t i c  H F  single-  
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Uncertainties in neutron densities determined from analysis of 0.8 GeV polarized 
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(Received 11 July 1978) 

The first order, spindependeni microscopic proton-nucleus optical potelitial 01 K e m ~ ,  Mcivianus, and 'Tl~alet 
is used to analyze 800 MeV polarized proton elastic differenti;d cross section and analyzing power data for 
torget riuclei swi. ""%r. l'b.l'.'Sn. and '1U81'l). Al)proxrtlialely nlodc'l-iiirlr'jrci\tIt:i\r Inrgi!r Ili!uIron tlcrrsily ilist~i- 
butions are constructell in order to investigate the ut~certaillty in the deducrtl rieutron densities resulting from 
the statistical error and the lit~itc range of tllonlelltuln t r ~ n s f ~ r  i n  the experir~~ental angular tlislributions. 
Numerous other experimental and theoretical sources of error and uncertait~ty are considered to obtain a realis- 
tic esti~nate of the total error in the deduced neutron de~~sitics and their root-rnean-square radii. The typical 
error in the root-mean-square radii is found to be t0.07 In). lrllpressive~qualitalive agreement is found between 
the deduced neutron Illarrer densities and the correspondil~g ilensitirs prcdicletl by Hartrec-Fock ~'alculations. 

0.8 GeV; targets S B ~ i ,  
Kerman, McManus, and 
e r r o r  analysis; neutron 

' .radii. 1 
L INTRODUCTION 

T h e  nuc lear  rad ius  and the shape  of t h e  nuclear  
m a t t e r  density dis t r ibut ion have received contin- 
ued study throughout the  his tory of nuc lear  phys- 
ics .  R e f e r e n c e s  1-21 a re  s o m e  of the  m o r e  re- 
cen t  w o r k s  on these  topics .  A m a j o r  goal  of much 
of th i s  wofk  h a s  been t o  obtain e m p i r i c a l  mat te r  
dens i t i es  unambiguously enough t o  p e r m i t  meaning- 
ful c o m p a r i s o n s  with p r e d i c t i o ~ l s  of the she l l  'mod- 
e lz2  or v a r i q u s  self-consis tent  -field  model^^^-^' of 
nuclei. 

~ x p e r i m e n t s " ' ~ i t h  e l e c t r o n s  and muons 'have p r o -  
vided d a t a  f r o m  which the nuc lear  c h a r g e  density 
h a s  been rel iably de te rmined  f o r  s tab le  nuclei 
th roughju t  the table  of nuclides.'-z General ly ,  . . 

t h e r e  i s  good qual i ta t ive a g r e e m e n t  between the 
exper imenta l  c h a r g e  dens i t i es  and those  predicted 
by Har t ree -Fock  calculations. '  

. Unambiguous neutron densi ty dis t r ibut ions are  
much h a r d e r  to  obtain. E x p e r i n ~ e n t a l  d a t a  f rom 
which one c a n  a t tempt  to  deduce these  dens i t i es  

. . 

necessar i ly  involve the  hadron-nucleus interac - 
tion; thus, sca t te r ing  experiments  with beams  of 

protons,  4He, and pions are used t o  provide the 
da ta  for theoret ical  interpretation. Unfortunately, . 

a model -independent descript ion of the  interact ion 
and reaction mechanism i s  l a ~ k i n g . " ' ' ~ ~ ' ~ * ~  Also, 
a c o r r e c t  relat ivis t ical ly  invariant equation of mo- 
tion i s  not a ~ a i l a b l e . ' ~ ~ - ~ '  Because of these uncer -  
ta int ies ,  the  neutron dis tr ibut ions deduced using 
different  project i les  and/or  different methods of 
ana lys i s  are  son is t imes  for~nd to substantially d i s -  
~ g r e e . ' ~ * ' ~ * ' ~  Varma and Zaniick offer a brief c r i -  

tique of th i s  ~ i t u a . l i o n . ' ~  
T h e  purpose of th i s  paper  is to presen t  a Lhor- 

ough investigation of the s o u r c e s  of uncertainty in 
the deduced neutron dens i t i es  found f r o m  ana lys i s  
of 0.8 GeV polarized proton elast ic .different ia1 
c r o s s  sect ion and analyzing power da ta  for ta rge t  
nuclei '"Ni, ' O Z ~ ,  116*124Sn, and 2 0 8 ~ b .  Experimen- 
t a l  e r r o r s ,  the.oretica1 models ,  and assumptions,  
as well as various sys temat ic  errors are consid-  
e red .  T h i s  work of fe rs  a more detailed explana- 
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New differential cross section and analyzing-power data for 800-MeVppoI+ 1 2 ~ , 1 1 6 1  124.% tn- 
elastic scattering to the first 2+ states are presented. A distorted-wave Born-approximation 
'analysis which utilizes collective form factors and includes deformation of the spin-orbit po- 
tential i s  shown to provide a reasonable description of the analyzing-pwer data. 

Distorted-wave Born-approximation (DWBA)' 
acalyses of some of the available medium-energy 
(- 1 GeV) proton-nucleus inelastic differential 
cross-section data were found gener:~lly to give 
good overall agreement for both shapes and mag- 
nitudes of the c ro s s  sections, using spi t i - indepet l-  
tle>ll collective form factors and deformation 
lengths consistent with averages of results of 

many low-energy  determination^.'-^ A recent in- 
vestigation%f the sensitivity of the calculations 
to a spin-orbit contribution to  the macroscopic 
collective form factor suggested considerable 
sensitivity of the predicted analyzing powers to 
deformation of the spin-orbit potential, but un- 
fortunately, no inelastic analyzing-power data 
were available for comparison with the predic- 
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Differential croEs ~ o c t i w ~  ;ind ?nalyzing I,o\vcrr for the bli~ctic s~:i~tterinp ul' 800 MrV po!nri71.1! 1lr11tnns fr~\nr 
4 0 * 4 2 ' 4 4 - ' 4 R ~ 3  are rcporteil. A first-order, sl,in-tlel,endknt KXI'I' optical potential an~~lysis is prcsrt~ted iron1 which the rms 
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retical predictions is given. 
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Coupled-channels analysis of proton inelastic scattering to the y-vibrational band in 2 4 ~ g  
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Rsul t s  are presented of coupled-channels analyses of proton inelastic scattering data for the nucleus "Mg. 
il l  which the 2'. 4.24 MeV, 3 ', 5.2 MeV. 4;, 6.01 MeV, and 5 "(?), 7.8 MeV states of the y-vibrational 
band are excited, at incident proton energies of 20.3, 40, and HOO MeV. Previolls coupled-channels analyses 
of proton and a particle ir~elastic scattering data for these states in 14Mg have completely failed to account 
for the shapes and nl;~gnitudes of the 3 ' ,  4:, and 5 '  inelastic cross sections. In the present analysis, the 
inclusion of an ;itlditio~~al ~luclcar vihrationill rnultipole which perli~its a direct t tansi t io~~ front the ground 
st;tte to the 4:, 6.01 MeV state is show11 to provide a t r m ~ e ~ l d ~ ) u s  it~~provelt~ent in the theoretical description 
of the inelastic cross s r c t i o ~ ~ s  of all the nle~nbers of the y-vibrational band, at each of the three incident 
proton c~tcrgies considcrrd. .l'l~e same nuclear structure parameters are used at all three incident energies, 
itlong with phenorn~riologicaI optical potentials specific to each energy. The new results for the 3'.  5.2 MeV 
S131C also shed light o ~ ~ . t h e  energy dependence of the direct spin-flip mechanism in proton inelastic scattering. 

INCLk:AII RI:,ZCTIONS ''M~ ( p , p l ) ,  E , = 2 0 . : { ,  4 0 ,  : ~ n d  800 MeV; c o u p l d - c h m -  
n c l s  :tn:llysis; dulbrmecl-vibrntio~lnl ~ n o d c l ;  coupling ~ ) n r n m e t c r s .  

Vibrational states in deformed nuclei have at-  
tracted considerable attention fro111 nuclear physi- 
c is ts  for many years ,  with a number of studies 
of various kinds having been made in the s-11 shell 
and in the r a r e  earth and actinide regions."13 In 
t l ~ e  even-even 'deformed nuclei, for instance, the 
f irst  several  excited states,  can be classified a s  
belonging either to the ground state rotational 
band, o r  to the ,j- and y-vibration:~l band se -  
quences . '~ '~  Generally, these excited s ta tes  have 
been investigated through'the inelastic scattering 
of ei ther protons2-'or a particles1'-" from the 
nuclei of interest. In the majority of these investi- 
gations, an effort was made to describe the inelast- 
ic scattering.data in ternls of m;lcroscopic collec- 
tive models of deformed nuclei1" nt~d a coupled- 
channels reaction theory formalism, a s  developed, 
for e.xample, by ~ a n 1 u r a . l ~  

For the specific case of "Mg, a number of anal- 
yses  have been made of inelastic scattering d a b ,  
employing the collective rotational model and the 
coupled-channels fo rn~a l i sm.~-~*" '  While these 
analyses have met with considerable success,  
there have a lso  been significant failures. Cal- 
culated angular distributions for the 2', 1.37 MeV 
and the 4', 4.12 MeV members of the ground state 

rotational band, a s  well a s  the 2;, 4.24 MeV "band- 
headu of the y-vibrational band in 24Mg, agree quite 
well in shape and magnitude with the measured 
c ross  sections and confirm the applicability of the 
simple rotational model to this nucleus. On the 
other hand, very drastic disagreement between 
predictions and data is found for the 8.12 MeV 6' 
state,  assumed a member of the ground state 
rotational band, a s  well a s  for the 5.2 MeV 3', the 
6.01 MeV 4;, and the 7.8 MeV 5' states,  assumed 
to be members of the y-vibrational band.2--8*'0 In 
this paper we will be particularly concerned with 
these latter discrepancies and their extirpation. 
The 7.8 MeV state i s  not definitely known to be 
a 5' (Ref. 16) but, following Blanpied el a/.,' it 
will be assumed to be in what follows. 

The nature of the failure of previous coupled- 
channels  prediction^'-^^^* for the angular distribu- 
tions of the 3*, 4;, and 5' members of the y-vibra- 
tional band of 2 ' 1 ~ g  can be sunlmarized a s  follows: 
Magnitude predictions a r e  too small  by one or  two 
orders  of magnitude, and the predicted shapes 
bear little resemblance to the data, often having 
slopes of the wrong algebraic sign. The drastic 
failure to predict the observed strength of the in- 
elastic c ross  sections i s  common to both proton 
and cu particle inelastic scatteringa.10 and i s  not 
affected by inclusion o r  exclusion of spin-flip 
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Sixth-order boson expansion calculations applied to samarium isotopes 

T. Tamura  and K .  Weeks 
Dcpurrtnenr of Physics. Uniuersiry of 7'exos. Ausrin, 7k.tu.s 78 712 

T .  Kishimoto* 
Cyclorron Insrirure. Texas A&M Uniuersiry. College Slurion. 'fixes 77843 

(Received 26 October 1978) 

In previous publications we reported on calculations based on the boson expansion. method. and showed 
that good overall fits can obtained to levels of a number of collective nuclei chosen over a wide range of 
the periodic table. In the present paper we concentrate on Sm isotopes and ohrain much improved results. 
the fils to.experiment being 'very good in all cases. In achieving this, the calculations arc nude by first 
~cnioving a few crrors cotnmitted it1 the previouc work and also by including all rermr r ~ p  to sixth order in 
the klamiltonian. In addiiion'to calculating ene;gy levels, B ( E 2 )  values, and quadrupole tnonlents as i n  our 
previous work. we also calculated isomer shifts and spectroscopic amplitudes Ibr two-nucleon transfer 
F ~ Q C ~ ~ O P ~ .  

cnlc~~I:~Lion of cncrky 
shills, ~wo-t~ucleon tr:tns- 

fcr s l r c t r o s c o ~ ~ i c  nrnplitudcs, h s o n  exp:lnsion. I 
In thc  pas t  few y e a r s ,  two of u s  (T.K. an? T . T . )  

have been engaged in desc r ib ing  11ucle:lr col lec t ive  
mo t ions  in t e r m s  of a boson exl)ansion technique. 
A pape r '  which dealt  with the  forrnu1;ction ( h e r e  
ca l led  I )  w a s  published s o m e  t i m e  ago. .The second 
p a p e r  ( h e r e  called 11) which deal t  with addit ional 
formula t ion ,  a s  well  a s  n u m e r i c ; ~ l  calcula!ior~s,  
w a s  published recently: ( l t e f e rences  to a n u m b e r  
of e a r l i e r  pub!ications made by o t h e r  au tho r s  can  
b e  fou~ld  in t h e s e  two papers . )  In t h i s  second pa- 
p e r ,  about t en  nuclei w e r e  chosen o v e r  a wide 
r ange  of the  per iodic  table ,  and it w a s  shown that  
o u r  ca lcula t ions  succes s fu l ly  reproduced impor tant  
c h a r a c t e r i s t i c  f e a t u r e s  of a l l  t he  nuclei  cons idered .  

T h e s e  ca lcula t ions  w e r e  nevc r thc l e s s  made to 
s e r v e  p r i m a r i l y  a s  a gene ra l  su rvey  of the  appli-  
cabi l i ty  of o u r  boson-expansion method. T h e r c -  
fore ,  l i t t le  ef for t  w a s  expended to obta in  fu r the r  
improved f i t s  to  d a t a  fo r  individual nuclei  o r  iso- 
topes .  Encouraged by the  s u c c e s s  achieved in 11, 
we have  s i n c e  bocn engaged in pe r fo rming  improved 
ca l cu l :~ t ions ,  and t o  r epo r t  on the r e s u l t s  obtained 
s o  f a r  f o r  S m  i so topes  i s  the  pu rpose  of the  p re sen t  
pape r .  T h e  S m  isotopes  w e r e  chosen because  of 
the  expe r imen ta l  fac t  that a t rans i t ion  f rom sphe r -  
i ca l  to rotational c h a r a c t e r  t a k e s  p lace  in going 
f r o m  14"Sm to.'"Sm. Because  of t h i s ,  the Sm iso- 
topes  have been used as a n  example  by a n u m b e r  of 
a u t h o r s  in t h e  pas t  to t e s t  va r ious  t h e o r i e s  of nu- 

c l e a r  col lec t ive  m o t i o n ~ . ' - ~  
111 Sec. 11 we, very  br ief ly ,  s u m m a r i z e  the  form-  

ulation give11 in I : I I I ~  11 and used in the p r e s e n t  ca l -  
culations.  T h e  r e s u l t s  of the new c:~lculations a r e  
given in Sec.  111. A s  will be r emarked  it1 Sec.  11, 
a few e r r o r s  were  c o m n ~ i t t e d  in I an3  11 which have 
now been co r r ec t ed .  Also  the c a l c ~ ~ l a t i o n  w a s  r e -  
s t r i c t ed  in 11 to  fourth o r d e r ,  but it has  now been 
extctlded fully to s ix th  o r d e r .  I t  will be evident 
fronr 6ec.  I11 tllnt t hcac  modific:~tionc nllow us to 
get much be t t e r  : ~ g r c e m e n t  of the obtained r e s u l t s  
with expe r imen t  than was  poss ib le  in 11. I t  will  a l -  
s o  be  seen  in Secs .  I1 and 111. that  the p re sen t  work 
h a s  been cxtcndcd beyond that  of 1 and 11, in tha t  it 
now includes c :~lcula t ions  of i s o m e r  shi f t s  and of 
spec t roscop ic  ampl i tudes  for  two-nuclcon, t r a n s f e r  
r eac t ions .  T h e  r e s u l t s  obtained fo r  these  quant i t ies  
a l so  n a r e e  r a t h e r  wel l  with exper iment .  DISCUS- 
s ion  of the 'present  work i s  given in Sec.  1V. 

I! I IRIFF SIIMMARY 01: 170RCIULATION 

T h e  Hamiltollian tha t  we t ake  a s  o u r  s t a r t i n g  
point i s  given ;IS a s u m  of :I s ingle-p:~r t ic le  Ham- 
iltonian, a par t ic le-  hole type qu:~drul~ole-quad-  
rupole in terac t ion ,  and a pa i r ing  i t l teraction of both 
monopole and quadrupole types.'.' Tak ing  f i r s t  t he  
s ingle-par t ic le  Hamiltonian ;und the  monopole-type 
pa i r ing  in terac t ion ,  t he  Bogoliubov t r ans fo rma t ion  
i s  made, s o  tha t  the  or ig inal ,  shel l -model  type 
s ing le -pa r t i c l e  s y s t e m  i s  replaced by a s y s t e m  of 
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BREAK-LIP OF STRONGLY ABSORPTIVE PROJECTILES 

-- A p p l i c a t i o n  t o  (h ,dp)  K e a c t i o n  -- 

T. Udagawa and T. Tamura 

Department o f  P h y s i c s ,  U n i v e r s i t y  o f  Texas 

A u s t i n ,  Texas 78712, U. S..A. 

ABSTRACT 

The w e l l  known DWRA formula  f o r  break-up p r o c e s s e s  was f i r s t  

s i m p l i f i e d  by i n t r o d u c i n g  s e v e r a l  a p p r o x i m a t i o n s ,  a l l  of which 

a r e  b e l i e v e d  j u s t i f i e d  f o r  s t r o n g l y - a b s o r p t i v e  h igh-energy 

p r o j e c t i l e s .  T h i s  made t h e  t h e o r y  v e r y  t r a n s p a r e n t  and t h e  

ens 'uing numer ica l  c a l c u l a t i o n s  r a t h e r  e a s y  t o  perform.  T h i s  

new f o r m u l a ,  which was a p p l i e d  e a r l i e r  w i t h  s u c c e s s  t o  t h e  

break-up of 2 0 ~ e ,  is a p p l i e d  i n  t h e  p r e s e n t  work t o  t h a t  o f  
> 

3 He, a g a i n  w i t h  success.  

REACTION Di.storted-Wave Born approx imat ion ;  Break-up 

of s t r o n g l y  a b s o r p t i v e  p r o j e c t i l e s ; 5 1 ~ ( 3 ~ e , d p )  r e a c -  

3 3 
d a / d ~ d R d n ;  E( He)=90 MeV. 



PARAMETRIZATION OF EFR-DWBA OVERLAP 1NTEGRAL.FOR REACTIONS INDUCED BY 

HEAVY IONS 

T. Udagawa, T. Tamura and D. Price 

Department of Physics, University of Texas, Austin, Texas 78712 

ABSTKACT 

In a few recent publications, which utilized exact-finite-range , 

distorted wave Born approximation,.we successfully fit continuum 

spectra observed in a variety of heavy-ion induced reactions. 

In making it feasible to carry out numerical calculations involved, 

we found the use of properly parametrized transition amplitudes 

was very powerful and almost indispensable. In the present article, 

the method of this parametrization is explained in detail. 

~ U C L E A R  REACTIONS ~i stbrted-wave Born approx i  mat ion; 1 1 e x a c t - f i n i  te - range  form fac to rs ;  pa rame t r i za t i on  o f  1 
i n t e g r a l s ;  r e c o i  1 e f f e c t s ;  heavy- ion r e a c t i o n s ;  1 



. . 

T. Udagawa and T. Tamura 
Department o£ P h y s i c s , . U n i v e r s i t y  of Texas 
Aus t in ,  Texas 78712 

We f i r s t  d ' iscuss  t h e  b a s i c  concept ,  based on which t h e  
mul t i - s tep  d i r e c t  r e a c t i o n  (MSDR) theory  became app l i -  
c ab l e  t o  d e s c r i b e  t h e  continuum s p e c t r a  i n  nuc l ea r  reac-  
t i o n s .  We then  show t h a t ,  i n  applying t h e  MSDR theory  
t o  heavy-ion r e a c t i o n s  i n  p a r t i c u l a r ,  an important  
t e c h n i c a l  development was made. It was t o  paramet r ize ,  
i . e . ,  t o  exp re s s  i n  terms of an a n a l y t i c  f u n c t i o n ,  t h e  
ove r l ap  i n t e g r a l s  appear ing  i n  t h e  DWBA theory ,  t h e  
b u i l d i n g  b lock  of t h e  MSDR theory .  We show how t h i s  
f u n c t i o n  looks  l i k e ,  and how c l o s e l y  i t  reproduces t h e  
va lues  of t h e  o r i g i n a l  ove r l ap  i n t e g r a l s .  It w i l l  
lurther.be shown t h a t ,  i n  many circumustances,  t h e  above 
f u n c t i o n a l  form al lows one t o  exp re s s  a n a l y t i c a l l y  even 
t h e  f i n a l  forms of c r o s s  s e c t i o n s  and o t h e r  r e l a t e d  
q u a n t i t i e s ,  l i k e  p o l a r i z a t i o n .  Resu l t s  of c a l c u l a t i o n s ,  
made by us ing  thus  cons t ruc t ed  t h e o r e t i c a l  framework, 
w i l l  then  b e  presen ted .  We f i r s t  d i s c u s s  t h e  one-step 
t r a n s f e r  p roces se s ,  wi th  a  p a r t i c u l a r  emphasis of des- 
c r i b i n g  t h e  p o l a r i z a t i o n  of I ~ B ,  t h a t  comes ou t  a s  an 
e j e c t i l e .  T rans fe r  of a l p h a - p a r t i c l e s  i s  then  d i scus sed ,  
cons ider ing  a t  t h e  same time i t s  competi t ion w i th  t h e  
break-up processes .  Reasons f o r  why some p r o j e c t i l e  
b reaks  up so  e a s i l y ,  wh i l e  t h e  o t h e r s  do n o t ,  w i l l  be 
expla ined  i n  a  very  t r a n s p a r e n t  manner. We f i n a l l y  
cons ider  processes  i n  which h igher -s tep  processes  seem 
t o  be playing"a s i g n i f i c a n t  r o l e .  A no tab l e  ex mple i s  
t h e  very  deep i n e l a s t i c  s c a t t e r i n g  of 160 by '&i. It 
w i l l  b e  shown $hat  t h e  spectrum of 160 and t h e  p o l a r i -  
z a t i o n  of 5 8 ~ i  a r e  expla ined  very  c o n s i s t e n t l y  t h i s  
way. 

I. INTRODUCTION 

It is  a l r e a d y ' a  decade s i n c e  t h e  deep - ine l a s t i c  pheno- 
mena w e r e  f i r s t  d i scovered  i n  heavy-ion induced r e a c t i o n s .  
A huge amount of experimental  d a t a  have been accumulated 
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K. Weeks and T.'"Tama.ra 

Department o f  Physics 

U n i v e r s i t y  o f  Texas, Aust in,  Texas 78712 
I .  

ABSTRACT 

We have app l ied  t h e  boson expansion method t o  descr ibe t h e  low 

l y i n g  p o s i t i v e  p a r i t y  s ta tes  o f  even-even Ru and Pd isotopes. Energy 

l e v e l s , .  B(E2)'s, branching r a t i o s ,  and magnetic d ipo le  and e l e c t r i c  , 

quadrupol e moments have been ca l  c u l  ated and are  i n  good agreement 

w i t h  experiment. I n  p a r t i c u l a r ,  t h e  lower ing  o f  t he  3f s t a t e  energy 

i n  t h i s  mass reg ion  can be understood w i t h  our method. Th is  i s  i n  - 

c o n t r a s t  t o  some o f  the  parameterized theo r ies  such as IBA which f a i l  

i n  t h i s  respect.  

r NUCLEAR STRUCTURE 04Ru , O2-' Opd , energy 1 eve1 s , 1 
1 B(E2) 's,  branching r a t i o s ,  magnetic moments, s t a t i c  

quadrupol e moments, Boson Expansion. 



~ e s c r i p t i o n  o f  C o l l e c t i v e  S ta tes  i n  ''O0s and l g 6 p t  i n  terms o f  

t h e  Boson ~ x ~ a n s i o n  Theory 

K .  J. Weeks and T. Tamara 

Department o f  Phys ics,  U n i v e r s i t , ~  of  Texas, Aus t i n ,  T ~ x a s  75712 

ABSTRACT 

It i s  shown t h a t  t h e  boson expansion t h e o r y  can desc-ribe ve ry  w e l l  

va r i ous  f e a t u r e s  o f  n u c l e i  t h e  0s-Pt  r eg ion .  I n  p a r t i c u l a r  i t  

f i t s  t h e  s i g n  and magnitude o f  t h e  s t a t i c  quadrupole moment o f  t h e  

2; s t a t e ,  where t h e  O(6) t heo ry  encounters d i f f i c u l t i e s .  



BOSON EXPANSION DESCRIPTION OF COLLECTIVE STATES 

I N  OSMIUM AND PLATINUM ISOTOPES 

K. J .  Weeks and T. Tamura 

Department o f  P h y s i c s ,  U n i v e r s i t y  o f  Texas ,  A u s t i n ,  Texas 78712 

A b s t r a c t  

The boson expans ion  t h e o r y ,  based on which s u c c e s s f u l  

e x p l a n a t i o n s  were  made e a r l i e r  o f  c o l l e c t i v e  p r o p e r t i e s  

o f  Ru, Pd,  Sm and o t h e r  i s o t o p e s ,  i s  a p p l i e d  h e r e  t o  

t h e  0 s  and P t  i s o t o p e s .  These n u c l e i  a r e  c h a r a c t e r i z e d  by 

t h e  f a c t  t h a t  t h e i r  energy s p e c t r a  and t h e  E2 t r a n s i t i o n s  
J 

embody i n  themse lves  a  v e r y  s t r o n g  y -uns tab le  n a t u r e ,  

+ 
y e t  making t h e  quadrupole  moment Q(2 ) have very  1 

l a r g e  v a l u e s ,  b e i n g  n e g a t i v e  i n  0 s  and p o s i t i v e  i n  

P t  i s o t o p e s .  It i s  shown t h a t  a l l  t h e s e  p r o p e r t i e s  

are e x p l a i n e d  by t h e  boson expans ion  t h e o r y  i n  a  v e r y  

n a t u r a l  manncr. 

~ C L E S R  STRUCTURE 
186-1940s 188-198 

, P t ,  energy 1 
l e v e l s ,  B(E2)'a, branch ing  r a t i o e ,  magnet ic  

moments, s t a t i c  quadrupo le  moments, boson 

t h e o r y .  



F. J. W. Hahne* and T. Tamura 

Department of P h y s i c s ,  U n i v e r s i t y  o f  Texas 

A u s t i n ,  Texas '78712 

ABSTRACT 

A comparison between t h e  f i n i t e  ~ ~ s o n - t ~ ~ e  and t h e  i n f i n i t e  ~ o l s t e i n - ~ r i k a k o f f - .  

t y p e  boson expans ion  is  p r e s e n t e d ,  c o n s i d e r i n g  b o t h  p a r t i c l e - h o l e  and p a i r i n g  

t y p e  e x c i t a t i o n s .  The s i g n i f i c a n c e  of t r u n c a t i n g  t o  t h e  t r u e l y  c o l l e c t i v e  

b r a n c h e s  is emphasized,  and t h e  convergence of t h e  Hols te in-Pr imakoff  expansion 

i s  d i s c u s s e d .  It is  shown t h a t  i n  b o t h  expans ions  t h e r e  i s  no need t o  c o n s t r u c t  

p h y s i c a l  b a s i s  s t a t e s .  Complete e q u i v a l e n c e  between t h e  two t y p e s  of expans ion  

i s  e x h i b i t e d  by t r e a t i n g  t h e s e  e x c i t a t i o n s  w i t h i n  models which a r e  schemat ic  

b u t  n o t  t o t a l l y  u n r e a l i s t i c .  



REMARKS ON THE USE OF THE BOSON EXPANSION THEORY FOR THE 

DESCRIPTION OF COLLECTIVE NUCLEI 

K. J. Weeks and T. Tamura 

Department o f  'Physi cs , Uni v e r s i  ty  o f  Texas, A u s t i n  , Texas 7871 2 

A b s t r a c t  

A c l e a r  .unders tanding o f  how t o  c o n s t r u c t  t h e  boson expansion 

o f  a c o l l e c t i v e  f e rm ion  p a i r  o p e r a t o r  i s  g iven .  The c r i t e r i a  

f o r  t h e  appl  i cab i .1  i t y  o f  t h e  procedure i s  a1 so d iscussed.  

F o l l o w i n g  t h i s  p r e s c r i p t i o n ,  t h e  Paul i - p r i n c i p l e  v i o l a t i o n  

i s  made n e g l i g i b l e  f o r  t h e  low l y i n g  s t a t e s  o f  c o l l e c t i v e  

n u c l e i  . 

STRUCTURE Boson expansion; C r i t e r i a  f o r  t r u n -  

and convergence; c o l l e c t i v e  mot ions .  I 
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EB2 Coincidence neasurenent of Di rec t  Break-u& f o r  t h e  
Reaction of 40~a( '%e,  1%) a t  El&, - 260 MeV. E. T-8 

T. SHIMOM, T. YAUAYA, N. TAXMASHI, ~d K. WATIJII ,  
Toxas AW u.*, T. UDACAWAM~ T. TWRA, U. Tern.**--We 

have been studying a - t ransfer - l ike  heavy-ion reac t ions  
t o  t h o  continuum and could e w l a i n  s u c c e s s f u l l  t h e  d a t a  3 by onr-step a - t r a n s f e r  c a l c u l a t i o n ,  while i n  (  ON^, 
r e a c t i o n  t h e   lou us snorqy s p e c t r a  were a b 8 e m d  a t  
fo-d angles. The specula t ion  of t h e  d i r e c t  p m j e c -  

• t i l e  breakup was made f o r  t h i s  a n o & ~ l y . ~  To a s c e r t a i n  

this f e a t u r e ,  160-a correlation measurement has been 
' done. ~ e s u l t e  obtained are1 (1) enerqy c o r r e l a t i o n a  shor  

e t rong  enhancement along t h e  locue of  throe-body 
Q value  - 0. (2)  angular  c o r r e l a t i o n  shows s t rongly  for -  
ward peaking t o  t h e  beam axis .  These r e s u l t s  support tqe  
p r o j e c t i l e  breakup i n t e r p r e t a i o n  f o r  continuum spec t ra .  
A s  f o r  smaller  y i e l d s  i n  l a r g e  negative p value region,  
they a r e  a t t r i b u t e d  t o  t h e  eequent ia l  a-decay from highly 
e x c i t e d  res idua l  nuc le i  i n  t h e  t r a n s f e r  reac t ion .  For 
t h i s  region a n a l y s i s  is now i n  progress.  
11Phya. Rev. L e t t .  42, 1518 (1979). 
2)T. Shinloda e t  a l . ,  Bull .  Am. Phys. Soc. 24, 14 (1979). 
31T. Udaqwa e t  a l . ,  t h i s  meeting. 

Supported i n  p a r t  by t h e  National Science Foundation. 
**Supported i n  p a r t  by t h e  U.S. Department of  Energy. 
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Anomalous Energy Spectra i n  thf  Alpha Transfer  
kcaction IL%e, l%) .  T. SHIMODA, Ii. F R ~ H L I C H ,  M. -. 
ISI~IIlAKA, and K.  NAGATANI,. Texas A S M  U. and T. UDAtAWA 
.,1'4 T. TAMURA.** U. of  Texas--We have studied1 t h e  alpha 
t r a n s f e r  reac t ions  1 ~ O ~ c . 1 ~ 1 ,  ( 1 4 ~ , 1 U ~ )  and ( 1 3 ~ . ~ 8 e l  
on J o ~ a .  The continuum energy spec t ra  observed were 
ana1yrt-d using the  exac t  f i n i t r - r a n g e  DWBA with the  a- 
sy~ectkoscopic s t r e n g t h  function extending t o  very hiqh 
e x c i t a t i o n  rcqion in  t h e  r e s i d u a l  4 4 ~ i .  The shapes 
and angular distributions of a l l  these  reac t ions  were 
simulLancously reproduced by t h e  t h r o r  a s  d i r e c t  alpha 
trqrlsfers .  However, i n  the  reac t ion  (30Ne, 160),  
a n  anomdlly was observed a s  an a d d i t i o n a l  broad peak a t  
Ltle hiqhest  energy region. Thc angular  d i s t r i b u t i o n  of  
t h a t  component shows a l s o  an anomalously s t e e p  peaking 
tx.wirrJs very forward anqlcs .  I t  i s  speculated t h a t  
such an anomally is due t o  sumewhat d i f f e r e n t  mechanism 
reflecting a d i r e c t  breakup process.  Various experi-  
mental and t h e o r e t i c a l  at tempts a r e  being made to 
c l a r i f y  t h e  anomally. 
Ill. Fr8hlich e t  a l . ,  Bull .  Am. Phys. SOC. 2, 941 

(1978). 
*Supported i n  pac t  by t h e  ~ i t i o n a l  Science Foundation. 
**Supported i n  p a r t  by t h e  U, S. Department of Energy. 

Systematic Study of  Spin-Polarisat ion i n  Heavy-Ion 
Transfer  Reactionsl M .  ISHIHARA, T. SHIMOM, H. PRL)HLICH 
and K .  NACATANI*, Texas A&M U . ,  T. UDACRWA and T. T-*, 
U. o f  Texas--Using t h e  meaeurmentm of t h e  S - w t r Y  -- 
of l:!ll, wm have ~ n v c e t i ~ a t t ~ d ~  the  nyi11 p o l a r i z a t i o n  In  
t h e  reac t ions  2 3 2 ~ h  'c, 12t3), 2 2 2 ~ h ( 1 4 ~ ,  lZB) and 
1 9 7 ~ u ( 1 9 ~ , 1 2 ~ 1  a t  inc ident  energ ies  of about 10 MeV/ 
nucleon. ?'ha s p i n  r ~ l a r i z a t i o n s  demonstrate q u i t e  
s i m i l a r  pat terns8 a t  t h e  h ighes t  energy ends the  p o l a r i -  
za t ion  shovs l a r g e  p o s i t i v e  valueo ( i n  Madison conven- 
t i o n ) ,  then it decreases rap id ly  towards low energy 
regions c ross ing  the  nu l l  p o l a r i z a t i o n s  a t  around t h e  
energ ies  of the  optimum Q-values. Analyses were made 
using a f u l l  quantum mechanical t reatment i n  terms of  
t h e  DWBA' model, which well  explained the p o l a r i z a t i o h s  
toge ther  with t h e  c ross  sec t ions  i n  the  h ighes t  energy ' 

regions.  However, t h e  t h e o r e t i c a l  f i t o  devia te6  from 
t h e  experimental r e s u l t s  i n  the  low energy regions.  
Detai led study to extelld the  understanding is explored. 
*supported i n  p a r t  by the  National Science Foundation. 
*supported i n  p u t  by U. S. Department of Energy. 
h. I s h i b r a  e t  a l . ,  Bull. Am. Phys. Soc. z, 941 

(1978) . 
tr. Udagawa and T. Tamura, Bull. Rm. Phys. Soc. 

23, 947 (1978). - 
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Background of ( p , p ' )  Spec t r a  i n  the  QGK Energy Region 

T. Udagawa and T.  Tamura, Un ive r s i t y  of Texas 

I t  i s  w e l l  known t h a t ,  when the  QGR is e x c i t e d  by an in-  

e l a s t i c  s c a t t e r i n g  of hadrons,  t h e  r e sonan t  p a r t  of t h e  spec- 

trum i s  seen  a s  a small bump superimposed upon a huge back- 

ground. Because an  a r b i t r a r i n e s s  i e  involved i n  s u b t r a c t i n g  

t h i s  background, t h e  c r o s s  s e c t i o n  e x c i t i n g  QGR can be  ex t r ac -  

t ed  on ly  t o  w i t h i n  an  e r r o r  o f ,  s ay ,  20-302. Thus, a l t hough  i t  
1 

vas shown , f o r  t h e  (p ,p ' )  c a s e ,  t h a t  t h e  magnitude and t h e  

shape of this bump can be accounted f u r ,  i f  i n  a d d i t i o n  t o  t h e  

%=2 (QGR) c o n t r i b u t i o n ,  t hose  of k=0, 1 and 4 a r e  taken  i n t o  

account ,  i t  i s  des , i r ab l e  t o  have a b e t t e r  unders tanding  of t h e  

o r i g i n  of t h e  background. T h i s  may be achieved i f  one knows 

how t o  e x p l a i n  t h e  continuum s p e c t r a ,  which cer t a i r ~ l y  extends 

i n t o  r eg ions  way beyond t h e  QGR energy.  Such was, i n  f a c t ,  

w i t h  f a i r  bu t  n o t  complete succes s ,  i n  t h a t  t h e  

p red i c t ed  c r o s s  s e c t i o n s ,  cons ide r ing  up t o  two-step process-  - 
esJ,  were somewhat t o o  smal l  compared wi th  experiment ,  and 

a l s o  t h a t  t h e  t heo ry  f a i l ed  t o  e x p l a i n  a sharp  ri.sc nf t he  
4 

d i f f e r e n t i a l  c r o s s  s e c t i o n  a t  ve ry  sma l l  ang le s .  A p o s s i b l e  

way t o  remuvt!  par^ o f )  t h e s e  d i f f i c u l e l e s  may be t o  t a k e  i n t o  

account  t h e  c o n t r i b u t i o n s  of (p,Zp) and (p,pn) t ype  p roces se s .  

Most simply t h e s e  p roces se s  may be t r e a t e d  a s  pick-up process-  

, e s  t o  form a d i -pro ton  o r  an unbound deuteron .  Zero-range DWBA 

C a l c u l a t i o n s  made so f a r  show that: a sharp forward peak does 

emerge t h i s  way. The obta ined  magnitude is,  however, t oo  sma l l  

by a f a c t o r  of about two. I t  is our  b e l i e f , t h a t  t he  use  of an  

exac t-f i n i t e - r ange  DWHA method wnr~lr l  rrmrrvp t h i  n 1 a n t  rl j,f f j - 
c u l t y ,  and such work is  underway. 

I. F . E . ~ e r t r a n d  and D.C.Kocker, Phys .  Rev. C 13, 2241 (1976). 
2. G.F. Ber t sch  and S. F .Tsa i ,  Phys. Rep. - 18C, 1 2 5  (1975). 
3. T.Tamura e t  a l . .  Phys. L e t t ,  66B, 109(1977);78B,189(1978). 
4 .  F.E.Bertrand and R.W.Peelle, Phys. Rev. C - 8.. 1045 (1973).  
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POLARIZATION OF 1 2 B  PRODUCED AND H I G H  SPIN STATES POPULATED IN DEEPLY 

INELASTIC HEAVY-ION REACTIONS 

M. I s h i h a r a ,  T. Shimoda, H. ~ r ' d l i c h ,  H. Kamitsub;d and K.  'Naganani 
* 

Cyclotron I n s t i t u t e ,  Texas AGM Un ive r s i t y ,  College S t a t i o n ,  Texas 77843 

T. Udagawa.and T. Tamura 
* * 

Department of  Physics  , Unive r s i ty  of  Texas, Aust in,  Texas 77812 

ABSTRACT 

The p o l a r i z a t i o n  P  was measured of12B produced i n  deeply i n e l a s t i c  heavy-ion 

13  12 19 12 
r e a c t i o n s  such a s  2 3 2 ~ h (  C ,  B) , l o o ~ o ( 1 4 ~ ,  12B) and l g 7 ~ u (  F ,  8 ) .  In 

a l l  t h e s e  r e a c t i o n s ,  t h e  measured P exh ib i t ed  a  common f e a t u r e ,  seen a s  a  

func t ion  o f  t h e  k i n e t i c  energy E o f  1 2 B ;  it i s  l a r g e  and p o s i t i v e  a t  t h e  
b  

h ighes t  energy E and i s  follo.wed by a  r ap id  decrease  t o  nega t ive  va lues  b  ' 
with decreas ing  E b  ' 

We found t h a t  t h i s  behaviour i s  well  expla ined  i n  terms 

of a simple d i r e c t  r e a c t i o n  mechanism. Two important  . i ng red ien t s  i nhe ren t  

t o  the  EFR-DWBA theo ry ,  i . e i  t h e , t r a n s v e r s e  r e c o i l  and t h e  %-window a r e  

p l ay ing  t h e  c r u c i a l  r o l e ,  i n  t h a t  t h e  former produces l a r g e  p o s i t i v e  va lues  
. . 

of P f o r  h igher  Eb ,  while  t h e  l a t t e r  causes  t h e  decrease  of P  towards lower 

Eb.  
The presence of t h e  O-window f u r t h e r  sugges ts  a  p r e f e r e n t i a l  popula t ion  

of very  high sp in  s t a t e s  i n  t h e  r e s i d u a l  nuc leus ,  and we can e x t r a c t  t h e  

( r e l a t i v e )  p r o b a b i l i t y  o f  popula t ing  t h e s e  s t a t e s .  

* 
Supported i n  p a r t  by t h e  National  Science Foundation. 

* * 
Supported i n  parL Ly Llle U.3. Department of Energy. 
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20 b'IIYSICAL INTERPRETATION OF f.'UKW:WITION SPEmRA 4 0 ~ a ( 2 0 ~ C . 1 6 h )  : INEIJIS'L'IC EXCITKTTON OF Ne INTO THE CONTINUUM 

E .  Takada ,  N .  T a k a h a s h i ,  1'. ~ h i m o d i .  'T. 'famayo,, and K .  Naqa tan ib  

C y c l o t r o r ~  I n s t i t u t e ,  Texas  A & H  U n i v e r s i t y .  C o l l e g e  Sta t . ion.  Texas  77843 

The s h a p e s  o f  t h e  160 e h e r g y  spectra and 

a ~ l y l r l a r  c o r r e l a t i o n ,  wh ich  a r e  o b t a i n e d  f rom our 

c o r . r e 1 a t i o 1 1  measurement  i n  t h e  r e a c t i o n  

4 0 ~ a  tZONe ,16U~)  a t  259 MeV i n c i d e n t  e n e r g y , '  . a r e  

w e l l  l e p r o d u c e d  by t h e  DWBA c a l c u l a t i o n s  b a s e d  on  
2 

t h e  d i r e c t  b r e a k u p  p r o c e s s .  T h i s  p r o c e s s  is i n t e r -  

p r e t e d  a s  t h e  i n e l a s t i c  s c a t t e r i n g  o f  2 0 ~ e  i n t o  t h e  

con:inuum. The r c s u l t a  o f  t h e  t h e o r e t i c a l  c a l c u l a -  . 

t i o n 6  i n c l u d u  t h e  f o l l w i n g  f e a t u r e s :  1) S p e c t r o -  

s c o p i c  s t r g n q t h  f ~ r  t h e  i n n l n ~ r i c  <>xcieat . ion of 2 0 ~ e  

h a s  a s h a r p  peak a r o u n d  e x c i t a t i o n  e n e r q y  E (Ns)  - 
A 

'3 HcV a n d ,  )~t<:r luminant ly ,  a t  t = 0. 2 )  Angula r  

~ l i k l  I I L J ! I L ~ U I I  0 1  ' "~ l i*  p e a k s  a t  fo rward  a n g l e s .  

' i 'nus, i t  is i n s t r u c t i v e  t.o . i ~ ~ s p c c t  t h e  two- 

- ~ l m e 1 1 S l ~ ~ n i 1 1  s p e c t r a  i n  r e l a t i 0 1 1  tc; t i  (Nu) and t h e  

s<:at.ta:: lllq ~ I I ~ I L ~  o f   ON^ (INe, w~i ic l l  Z r - c  ~ ; I O W I  from 

t.!lc t , t , i .atlve cner.gy betwden the. o b s c r v c d  "0 a ~ d  , t  

));11! I L ' ! ~ \ S ,  .r11&1 1 l u ~ n  t h e i r  cer1tc1.-st-mas:: mo t ion ,  

I ~ .s l ' .u :Li \ .c ly .  F1q. 1 qi.vr:s a :;t.ht.rnat i,: ~ l i o g r a m  o f  

Lilt. ~ l i . ~ - d i x ~ , ~ ~ l s i o r l ~ l  s p c c t t a  ~ I I J  s!%\ws t l i ~ .  loci a l o n g  

L1.c. 12-v.llucs I t r ~ i m  Llle t I1 rc s i~o l . i  o f  2 " ~ , ! ) ,  E (Ne) 

: :  : . I t  1s . ~ l l t i c i [ ~ s t ~ ' d  t h . 3 ~  tili* r e s u l c i n q  
?I,. 

s;v.\ . t l .!  shor:ld d e m o n s t r a t e  s t r o n g  c r o s s  r e c t i o n  a t  

1 1 1 t .  u)lt  lmum c o n d i t i o n  o f  t h e s e  thrcc  p a r a m e t e r s :  

. 1 ,  N ' I .  a n d  f o r w a l d  11 . I.'i'l. 2,3 shows 
X !+* 

Ll:r* 1 .~c .11~ uf b t N e  and Ex(Ne)  f o r  Q = 0 ,  which e x p l i -  

c.1 t l  y ~ ~ ~ t l l c s t a s  t h e  k i n e m a t i c  c o l ~ d i ~ i o n  f o r  t h i s  

. ,n ;  .!..,I c o n f i g u r a t i u n .  Figs . .  2b a n d  2 c  s h w  t h e  

uLsi-cved s p ~ c L r a  p r o j e c t e d  o n t o  E (Ne)-  and BNe-axis,  

~ e s p a c ~ l v t t l y .  In F i g .  Zb o n e  c a n  s c e  t h e  s h a r p  

: ~ ~ , . ~ . ~ a s c  o f  c r o s s  s u c t i o n s  a s  I.: IN,.; d e c r e a s e s  and i s  

<..I* . , f f  by k lncmaLi~ . f i .  f o r  a q i v e n  E ( N r ) ,  t h e  k i n e -  

1l;at I c ~ l  ;url.l~ L ion yrovidc.s two a n y l r s  (one  f o w a r r l  

: U I L ~  . i ; ~ h t h c r  backward w i t h  r e s p e c t  t o  t h e  0 - 5.6O. 
Ne 

L I I . ~ I . . . , : ~ . . ~  by t h e  das11ud l i n e  ill F l g .  2 a )  . F i g u r e  I c  

, l  ,..+l.Ly shows ;r domillant c o n t r i h u l . i o n  from t h e  fo rward  

-. s i d e .  These  f e a t u r e s  a r e  a l s o  see11 i n  t h e  o t h e r  
Ilu 

, t r i yu la r  c o n f  i q u r a t i o n s .  
dn 

h s  TIJ I  L I I ~  u x c i t a r i e R ' b i  tRB t a r g e t  Ca, t h e  Q- 

,:.,: W I  11 d l  r e%. t  l  y show E (Ca)  , p r c v i d c d  160 and 

x ; . ~ r i  !.:leu dl-c Ln t h e i r  g round  s t a t e s .  . In P i g .  1 o f  

kt. l  . 1 . ,111: ita!11' is  c ~ r ~ ~ e t i t r a t , $ d  1.0 s m a l l - y  r e g i o n ,  

. ,:III : :,nil I I ~  t l ~ i ~ t  tile p r o c e s s  mj1111y ~ .o r r c , sponde  t o  

.!I .... I breakul , .  v l t h o u t  c x c i  t i n q  "'k'a. 

'l 'llrne u b ~ e r - v e J  f e a t u l - e s  c d n a l s t t : n t l y  a g r e e  w i t h  

t i l e  p r r d l c t l o l i  o f  t h e  DWI3A c a l i . u l . ~ L i o n  f o r  t h e  p ro -  

j e c t . ~ l e  b r e a k u p  p l o c e s s .  

FI *3TNUTE AND I(EF'EKEN('ES 

' S , ~ ~ > ~ , o r t e d  i n  p a r t  by t h e  Nati.111.11 Jc ia .ncc  Founda t ion .  

I .  E .  Takada .  T. Shlmoda. T. Yamaya, N .  T a k a h a s h i ,  

K. N a g a t a n i ,  T. Udagawa, and T. Tamura, c o n t r i -  

b u t i o n  t o  t h i s  symposium. 

2 .  T. Ildagawa, T. Tamura, T. Shimoda, Y. P r B h l i c h ,  

M. r s h i h a r a ,  and  K .  u a g a t a n i ,  . t o  be p u b l i s h e d  i n  

Phys. Rev. C. 

IUU 
E 16, (MeV) 

i y .  1 Sr.h*.matic two-dimcnslonal  spcc t rum w i t h  l o c i  

d l ~ v r q  t!lc 0-va1uc.s ( t l ~ i c k  s o l i d  l i n e s ) ,  E (Nc) 

t.ia:;\r*+d I i l ~ c s )  , dntl ( INe  ( d o t t e d  1 i n e s )  . Dash- 

d o t t e d  l i n e  i n d i c a l c s  mlrlimum E ( ~ e )  p o i n t s  f o r  

v a r i o u s  Q-va lues .  l l ~ t c h e d  a r c a  is rabqion c u t  off  
by dc . t e~ ; t~ l r . s .  A ni-!!+:[nafi6 sne(:l rllm i~ sk+!t.rh~wI 

on Q = 0 .  

F i g .  2 ( a )  UNe-Ex(Nc.) d i ay ram f o r  t h e  Q = 0 l o c u s  

i n  F i g .  1 .  (1) V . . . I < I H  p r o j e c t e d  on E (Ne) a x i s .  

( c l  Y i c l d s  p r o j e c t e r l  on BNe a x i s .  
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I., , M A T  I(W ~ A S " ~ ~ ~ . N T S  1 N 'OCa '''Q~, ) "',',I I(l,:AI"T ION 

I:. 'l ' .~k.~.la, 'r .  ShisDda, T. Yamaye, N .  Takahash i .  and K .  Nagatani*  

CYclotroll  I n s t i t u t e ,  Texas  A6n U n i v e r s i t y ,  Co l l eqe  S t a t i o n ,  Texas 77843 

T. Udsgaua and T. T u u r a * .  

P h y s i c s  Depar tment ,  U n i v e r s i t y  o f  Texas ,  A u s t i n ,  l 'cxas 78712 

Alpiaa- t ransfer  r e a c t i o n s ,  such  a s  ( 1 4 ~ , 1 0 g )  and 

I : ' c , ~ B ~ I ,  l e a d i n g  to  cont inuum r e g i o n s  have r e c e n t l y  

b:ctrn s t u d i e d .  ' The e x p e r i m e n t a l  r e s u l t s  were  w e l l ,  

u.xlllairleJ by a t h e o r e t i c a l  model based  on t h e  d i r e c t  

t I a n s i e r  scheme. In  t h e  ( ' ' ~ e , ~ ~ o )  r e a c t i o n ,  hou- 

e v e r ,  an  e x t r a  component o f  h i g h  ene rgy  160 was 

... b s e r v r d  i n  v e r y  fo rward  a n g l e s ,  and t h e  e x i s t e n c e  o f  

t l ~ e  d i r e c t  p r o j e c t i l e  b reakup  p r o c e s s  was sugges t ed .  

111 f a c t ,  a t h e o r e t i c a l  a n a l y s i s  o f  a d i r e c t  breakup 

f l w i n q  t h e  i n e l a s t i c  e x c i t a t i o n  o f  2 0 ~ e  e x p l a i n s  

t11e e.xt1.1 component obse rved  i n  susll  i n c l u s i v e  energy 

:;lwi:trn of  1 6 ~ . . 2  

I 1  , , t -. 1 
eo ra I;O 140 IN) I& :!& i;d 240 

E," (MeV1 

F i g .  1 Two-dLmnsions1 s l w c t r a  i n  l a h o r a t o r y  syStc!m. 

In t11.Jcr t o  s h s t a n t i . t t e  t hes t .  ob: iorvat ions  S o l i d  l  i nc  indicates (I - 0 locus 

. I I IJ  \ ~ ~ ~ . i a ! r s t . ~ n d  t h e  w c l ~ . u ~ i s m  mo~'t' C . O I I C ~ I I S ~ V ~  l y ,  wo 

)s. :.is,r~ccd c o r r e l a t r o n  w a s u r e m c n t s  o f  IGt>-a i n  t h e  

r# . Jc t  i on  " ~ a  tZ0Ne, 16~Io )  a t  259 Me\: bombarding energy.  
160 Spectra 

'lVo s u l i d - s t a t e  d e t e c t o r  Lzlescop,!.: wur.:. used 

I.,, o L t a i n  lG0-a c o i n c i d e n c e  s p e c t r a .  In  F i g .  1, an 
160 

-*xmn)~ le  o f  two J i ~ n r ~ ~ s i u ~ ~ a l  s p e c t r a  w i t h  t h e  

c o u n t e r  st 'I* and t h e  3 c o u n t e r  a t  -go ( n e g a t i v e  ang le  

~ t t < I ~ i d L u : s  o l t pos i t e  s i d e  o f  t h e  bc'un a x i s )  is shovn. 

A: S.:CII, tilt': y i e l d s  a r e  c o n c e n t r a t e d  a long  t h e  Q - 0 

I L I ~ , :  (.: m?.lsuros t h e  @-value from t h e  n - t h r e s h o l d  in 
. . ,  

N..) ,  which co r re sponds  t o  t h e  t r a n s i t i o n  w i t h o u t  
.? 0 

a . x t . ~ t  lnq '''sJ, t h u s  implying t h e  d i r e c t  Ne breakup 

; . I  .?cvs:: p r e s e n t l y  cons ide red .  The cncrqy s p e c t r a  

;,roj~:ctc,f t o  t h e  160-eltergy a x i s  i t  v a r i o u s  a n g u l a r  

( : , ~ : ~ i i q u r a t i o n s  a r e  s h a m  i n  Fig .  2.  In  a d d i t i o n ,  t h e  

lGO s i ~ ~ g l e  s p e c t r a  a r e  d i s p l a y e d  on t h e  t o p  f o r  

<.onq,.>ris\,n. A s  t h e  s t r o n g  peak obse rved  

. , t  t h e  h iqh  ene rgy  r e g i o n  o f  t h c  lGi, s i n g l e  s p e c t r a  

( I . ,  i l~ i teed correspond t o  t h c  peak s ~ . e n  i n  t h e  c o i n c i -  

J,:nie s p x t r o  which is a t t r i b u t e d  t o  t h e  b reakup  

s .  Tht: s p c . r t r e l  Rll.l[k??: elid t 111.i r cro:;s sections, 

c l , . ~ t  i s  a11 t h e  obse rved  r o s u l t s ,  a r c  q u a n t i t a t i v e l y  

reproduced by t h e  t h e o ~ e t i c a l  a n a l y s i s ,  which w i l l  

:at.. ~ i ~ s c u s s e d .  
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