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Cross  sect ions  for inelas t ic  sca t t e r ing  of 45 MeV a par t ic les  f rom 140Ce and 208pb have been m e a s -  
ured for angles as smal l  as 8 °. Coulomb exci tat ion has been found to be a s ignif icant  contr ibutor  to the 
c ross  sect ions  for excitat ion of 2 + and 3- levels .  

T h e  e f f e c t  of C o u l o m b  e x c i t a t i o n  on  i n e l a s t i c  
s c a t t e r i n g  i s  m o s t  p r o n o u n c e d  at  s m a l l  a n g l e s .  
B e c a u s e  of the  l a r g e  n u m b e r  of p a r t i a l  w a v e s  
n e c e s s a r y  to p e r f o r m  the  DWBA a n a l y s i s  of s m a l l -  
a n g l e  d a t a ,  t h i s  e f f e c t  h a s  no t  b e e n  c a r e f u l l y  e x -  
a m i n e d .  R e c e n t  e x p a n s i o n  of the  d i s t o r t e d  wave  
code  D W U C K  [1] to i n c l u d e  102 p a r t i a l  w a v e s  h a s  
m a d e  i t  p o s s i b l e  to a n a l y s e  a t  s m a l l  a n g l e s  the  
i n e l a s t i c  s c a t t e r i n g  of 45 MeV a p a r t i c l e s  f r o m  
140Ce and  2 0 8 p b .  

T h e  45 MeV a - p a r t i c l e  b e a m  f r o m  the  U n i v e r -  
s i t y  of M i c h i g a n  c y c l o t r o n  w a s  t r a n s p o r t e d  to the  
s c a t t e r i n g  c h a m b e r  t h r o u g h  two b e a m  p r e p a r a t i o n  
m a g n e t s  w h i c h  h a v e  a n  i n t e r m e d i a t e  f o c u s ;  t h i s  
a r r a n g e m e n t  p r o v i d e d  a w e l l - f o c u s e d ,  w e l l - r e -  
s o l v e d  b e a m  on the  t a r g e t  w i t hou t  the  u s e  of s l i t s  
in  the  s c a t t e r i n g  c h a m b e r ,  t h u s  g r e a t l y  r e d u c i n g  
the  b a c k g r o u n d  a t  s m a l l  a n g l e s .  T h e  s c a t t e r e d  
p a r t i c l e s  w e r e  m a g n e t i c a l l y  a n a l y s e d  and  d e t e c t e d  
e i t h e r  in  n u c l e a r  e m u l s i o n s  o r  w i th  a p o s i t i o n  s e n -  
s i t i v e  d e t e c t o r .  T h e  2 0 8 p b  t a r g e t  ( e n r i c h e d  to 
99.3%) w a s  800 p g / c m  2 t h i c k  and  the  t h i c k n e s s e s  
of the  n a t u r a l  c e r i u m  t a r g e t s  (88.5% 140Ce) 
r a n g e d  f r o m  300 to 1000 # g / c m  2. T h e  1.66 MeV 
3-  l e v e l  in  the  i m p u r i t y  142Ce w a s  no t  c l e a r l y  
r e s o l v e d  f r o m  the  s t r o n g e r  g r o u p  c o r r e s p o n d i n g  
to the  1.597 MeV 2 + l e v e l  in  140Ce.  F r o m  a h i g h -  
r e s o l u t i o n  s p e c t r u m  i t  w as  d e t e r m i n e d  t h a t  the  
i n t e n s i t y  of t he  3 -  l e v e l  in  142Ce w a s  14% of the  
i n t e n s i t y  of the  2 .464 MeV 3"  l e v e l  in  140Ce.  If 
one  a s s u m e s  t h a t  t he  two 3 -  a n g u l a r  d i s t r i b u t i o n s  
a r e  i d e n t i c a l ,  t he  i n t e n s i t y  of t he  2 + l e v e l  in  
140Ce c a n  be  s e p a r a t e d  f r o m  t h a t  of t he  cl  o s e -  
l y ing  3 -  1 e v e l  in  142Ce.  

T h e  D W B A  c a l c u l a t i o n s  f o r  the  i n e l a s t i c  s c a t -  

* Work supported in par t  by the U.S. Atomic Energy 
Commiss ion.  

t e r i n g  a s s u m e d  a c o l l e c t i v e  m o d e l  f o r  the  n u c l e a r  
p a r t  of the  i n t e r a c t i o n  [2]. A s i x - p a r a m e t e r  op -  
t i c a l  p o t e n t i a l  w a s  u s e d  f o r  140Ce and  the  f o r m  
f a c t o r  f o r  i n e l a s t i c  s c a t t e r i n g  w a s  c a l c u l a t e d  
wi th  e q u a l  d e f o r m a t i o n  l e n g t h s  f l jR  f o r  r e a l  and  
i m a g i n a r y  w e l l s .  C o u l o m b  e x c i t a t i o n  w a s  i n -  
c l u d e d  as  in  r e f .  [2]. 

T h e  a d e q u a c y  of 102 p a r t i a l  w a v e s  w a s  t e s t e d  
by e x a m i n i n g  the  c o n v e r g e n c e  of the  p r e d i c t e d  
c r o s s  s e c t i o n  a s  the  n u m b e r  of p a r t i a l  w a v e s  w a s  
v a r i e d .  F ig .  1 s h o w s  how the  c r o s s  s e c t i o n  p r e -  
d i c t e d  fo r  e x c i t a t i o n  of the  2 + s t a t e  in  140Ce d e -  
p e n d s  on the  n u m b e r  of p a r t i a l  w a v e s .  A l t h o u g h  

"", /i 
L , i I 

~o 2'0 • 

I00 

? 

,oi 

I 140 Ce(tl,al) 
Q=-1.6 MeV 
. j7=2"  

- -  Lma== IOI 
~,. Lmo~ =91 

.... Lmaj=71 
i .__ LN==51 

, i 
, ,' i i, ! 

' i ', ~ 

t 
i 

i 

IO" 15" 

Fig. 1. DWBA calculat ions,  including Coulomb exc i t a -  
t ion, for a t r ans i t ion  to the f i r s t  2 + level in 140Ce. 
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the  c a l c u l a t i o n  h a s  not  ye t  fu l ly  c o n v e r g e d  fo r  
102 p a r t i a l  w a v e s ,  the  d i f f e r e n c e  b e t w e e n  92 and  
102 p a r t i a l  w a v e s  i s  s m a l l  and  l i t t l e  c h a n g e  in 
the  p r e d i c t e d  c r o s s  s e c t i o n  i s  e x p e c t e d  f o r  i n -  
c r e a s e d  n u m b e r s  of p a r t i a l  w a v e s .  T h e  c a l c u l a -  
t i o n s  fo r  the  3-  l e v e l s  in  140Ce and  2 0 8 p b  w e r e  
found to c o n v e r g e  f o r  a l l  a n g l e s  w h e r e  c r o s s  s e c -  
t i on  m e a s u r e m e n t s  w e r e  m a d e  and  the  p r e d i c t i o n s  
a r e  e x p e c t e d  to be  a c c u r a t e .  

The  r e s u l t s  of t h i s  e x p e r i m e n t  fo r  the  s t r o n g  
2 + and  3 -  e x c i t a t i o n s  of 140Ce a r e  s h o w n  in  fig.  
2. T h e  m a i n  e f f ec t  of C o u l o m b  e x c i t a t i o n  on the  
3 -  l e v e l  i s  to d e e p e n  the  m i n i m u m  at  18 ° . T h i s  
p r e d i c t i o n  i s  s e e n  to c o n f o r m  qu i t e  we l l  to the  
e x p e r i m e n t a l  da ta .  The  i n t e r f e r e n c e  b e t w e e n  
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Fig.  2. Angt f la r  d i s t r i bu t i ons  f o r  e las t i c  and ine las t i c  
sca t te r i ng  f r o m  t40Ce. Ind icated e r r o r s  a re  due to 
both s ta t i s t i cs  and background sub t rac t ion .  The same 
values of  ~jR w e r e  used f o r  ca lcu la t ions w i th  and 
without Coulomb excitation. The optical potential  used 
to fit the e las t ic  sca t t e r ing  was 

U(r) = -V(eX+ i) -I - iW(e x' + i) -I, 
x = ( r - r o  A1/3  ) / a , x '  = ( r - r ' o A 1 / 3 ) / a .  
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Fig. 3. The angular dis t r ibut ion for the excitation of 
the 2.615 MeV level in 208pb. Indicated e r r o r s  are  due 
to both s ta t i s t ics  and background subtract ion.  The same 
normal iza t ion was us~J for calculat ions with and wi th-  

out Coulomb excitation. 

n u c l e a r  and  C o u l o m b  i n t e r a c t i o n s  i s  m u c h  m o r e  
p r o n o u n c e d  fo r  e x c i t a t i o n  of the  2 + l e v e l .  T h e  
s h a p e  of the  p r e d i c t e d  c r o s s  s e c t i o n  be low 30 ° i s  
g r e a t l y  a l t e r e d  by the  i n c l u s i o n  of C o u l o m b  e x c i -  
t a t i o n  and  the  DWBA p r e d i c t i o n  i s  in  qu i t e  good 
a g r e e m e n t  wi th  the  e x p e r i m e n t a l  da t a .  A l so  of 
i n t e r e s t  i s  the  d i f f e r e n c e  b e t w e e n  the  m a g n i t u d e s  
of the  p r e d i c t e d  c r o s s  s e c t i o n s  a t  l a r g e r  a n g l e s  
w h e r e  the  s h a p e s  a r e  q u a l i t a t i v e l y  s i m i l a r ;  h e n c e  
f a i l u r e  to a c c o u n t  f o r  C o u l o m b  e x c i t a t i o n  wi l l  
a l t e r  the  d e d u c e d  v a l u e s  of d e f o r m a t i o n  l e n g t h s .  
S ince  the  f o r m  f a c t o r  f o r  C o u l o m b  e x c i t a t i o n  
f a l l s  off a s  r - J - 1  , the  e f f e c t s  of C o u l o m b  e x c i -  
t a t i o n  on  4 + and  5-  s t a t e s  in  the  s p e c t r u m  w e r e  
too s m a l l  to be o b s e r v e d  e x p e r i m e n t a l l y .  

T h e  r e s u l t s  f o r  e x c i t a t i o n  of the  2 .615 MeV 3-  
l e v e l  in  2 0 8 p b  a r e  shown  in  fig.  3. T h e  o p t i c a l  
p a r a m e t e r s  f o r  2 0 8 p b  w e r e  t h o s e  of the  V =114.3  
MeV f a m i l y  of r e f .  [3]. M e a s u r e m e n t s  at  42 MeV 
and  43 MeV w h i c h  v e r i f y  the  p r e s e n c e  of the  deep  
m i n i m u m  at  25 ° h a v e  p r e v i o u s l y  b e e n  p e r f o r m e d  
[3,4] .  T h e  p r e s e n t  e x p e r i m e n t  e x t e n d s  the  d a t a  
to 12 ° and  s h o w s  t h a t  C o u l o m b  e x c i t a t i o n  a l t e r s  
the  c r o s s  s e c t i o n  fo r  the  3 -  s t a t e  in  2 0 8 p b  m o r e  
s t r o n g l y  t h a n  fo r  the  3 -  s t a t e  in  140Ce.  Aga in  
no t e  t h a t  o m i s s i o n  of C o u l o m b  e x c i t a t i o n  a l t e r s  
the  d e d u c e d  v a l u e  of the  d e f o r m a t i o n  l eng th .  

In c o n c l u s i o n ,  we h a v e  s h o w n  t h a t  the  e f f e c t s  
of C o u l o m b  e x c i t a t i o n  a r e  i m p o r t a n t  e v e n  w h e n  
the  a - p a r t i c l e  e n e r g y  i s  we l l  a b o v e  the  C o u l o m b  

48 



Volume 32B, number 1 P H Y S I C S  L E T T E R S  25 May 1970 

b a r r i e r .  C ou lom b  e x c i t a t i o n  not only a l t e r s  the 
s h a p e  of the  c r o s s  s e c t i o n  at  s m a l l  a n g l e s ,  but 
m a y  a l s o  change  the m a g n i t u d e  of the  p r e d i c t e d  
c r o s s  s e c t i o n  at l a r g e r  a n g l e s .  In the c a s e s  c o n -  
s i d e r e d ,  i n t e r f e r e n c e  b e t w e e n  n u c l e a r  and 
C o u l o m b  p r o c e s s e s  s e e m s  wel l  d e s c r i b e d  by the  
DWBA f o r m a l i s m .  

RCf C~C?ICCS 
[1] P. D. Kunz, University of Colorado, unpublished. 
[2] R. H. Bassel ,  G.R. Satehler,  R. M. Drisko and 

E.Ros t ,  Phys. Rev. 128 (1962) 2693. 
[3] G. R. Satehler,  H.W. Broek and J. L. Yntema, Phys. 

Let ters  16 (1965) 52. 
[4] J. Alster ,  D. L. Hendrie and R. J. Peterson,  

Cyclotron P rog res s  Report ,  University of 
Washington (1964). 

49 


