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Energy and angular  d i s t r i b u t i o n s  of charged 

p a r t i c l e s  produced i n  c o l l i s i o n s  of 95-MeV 6 ~ i  wi th  

5 6 ~ e ,  9 0 ~ r ,  and lg7Au have been inves t iga ted .  The 

r e s u l t s  can be compared with s i m i l a r  da t a  obtained 

wi th  heavier  and with l i g h t e r  ions ,  i n  o rde r  t o  

s ee  how the  d i s t r i b u t i o n  of non-fusion r eac t ion  

s t r eng th  evolves wi th  changing p r o j e c t i l e  mass. 

A five-element s i l i con -de t ec to r  te lescope  ( f ront -  

counter  th ickness  = 12 pm, t o t a l  depth = 12 mm) a l -  

lowed i d e n t i f i c a t i o n  of products  wi th  l 5 Z & 15 

over t he  e n t i r e  energy range of i n t e r e s t ,  and i n  ad- 

d i t i o n  of t he  high-Z, high-energy (up t o  % 90 MeV) 

f i s s i o n  fragments from 6 ~ i  + lg7Au. Representat ive 

two-dimensional s p e c t r a  (Etotal vs .  AE) a r e  shown i n  

Fig. 1. In  the  spectrum shown f o r  6 ~ i  + lg7Au the  AE1 

gain  has  been reduced s u f f i c i e n t l y  t o  i l l u s t r a t e  

the  clean separa t ion  of  t he  f i s s i o n  fragments from a l l  

o t h e r  r eac t ion  products .  Typical  total-energy s p e c t r a  

f o r  Z = 1 and Z = 2 products  a r e  shown i n  Fig .  2.  I n  

Fig.  3 we show angular  d i s t r i b u t i o n s  of  var ious  

r eac t ion  products  from 6 ~ i  + over t he  angular  

range f o r  which the  d a t a  have been reduced t o  da te .  

Reduction of da t a  f o r  9 0 ~ r  a t  l a r g e r  angles,  and f o r  

t he  o the r  t a r g e t s ,  is s t i l l  i n  progress.  

The energy s p e c t r a  f o r  Z = 1 and Z = 2 (Fig. 2 )  

show evidence of compound-nucleus evaporat ion ( the  

low-energy p and a peaks),  of fragmentation of  t he  

6Li (beam-velocity peaks f o r  p, d, and a), and of 

pre-equil ibrium emission (most c l e a r l y  seen i n  t h e  

proton spectrum " t a i l "  above 20 MeV). Although 

the  prominence of t he  beam-velocity peaks c l e a r l y  

r e f l e c t s  t he  l oose ly  bound a-d o r  a-p-n s t r u c t u r e  

of 6 ~ i  ( the  3 ~ e - t  conf igura t ion  being much more 

t i g h t l y  bound) , i t  i s  n o t  y e t  c l e a r  how much o f 

t h i s  s t r e n g t h  corresponds t o  e s s e n t i a l l y  two-body 

f i n a l  s t a t e s ,  a s  opposed t o  d i r e c t  multi-body break- 

up -- t h i s  quest ion is the  sub jec t  of f u r t h e r  in-  

ves t i ga t ion  (experiment #43). 

The energy s p e c t r a  f o r  6,7Li and 7 ~ e  products  

(not shown) e x h i b i t  f e a t u r e s  expected f o r  s imple 

d i r e c t  reac t ions :  t he  s t r e n g t h  is  overwhelmingly 

concentrated a t  low e x c i t a t i o n  energies  (Ex 10  MeV) 

i n  r e l a t i v e l y  few, s t rong ly  exc i t ed  s t a t e s .  These 

spec t r a  a l l  e x h i b i t  a f l a t  bu t  very weak t a i l  ex- 

tending t o  low energies .  Products  heavier  than 7 ~ e  

a r e  produced q u i t e  weakly, predominantly a t  low 

energies  (Elab = 15-30 MeV), and perhaps i n  p a r t  

from s l i g h t  oxygen o r  carbon contamination of t he  

t a r g e t s .  The angular  d i s t r i b u t i o n s  shown f o r  t he  

heavy products  i n  Fig. 3a correspond t o  summation 

of a l l  events  with outgoing energies  above (B-10 

MeV), where B i s  t h e  ca l cu l a t ed  Coulomb b a r r i e r  f o r  

a two-body e x i t  channel. 

There is some c o r r e l a t i o n  between t h e  energy 

of t he  de tec ted  p a r t i c l e s  and the  s teepness  of t he  

forward peak i n  t he  corresponding angular  d i s t r i -  

bution,  s i m i l a r  t o  e f f e c t s  seen  wi th  heavier  pro- 

j e c t i l e s .  Thus, t h e  most sha rp ly  forward-peaked 

d i s t r i b u t i o n s  i n  Fig. 3a correspond t o  t he  channels 

dominated by i n e l a s t i c  s c a t t e r i n g  o r  single-nucleon 



Fig.  1. Representat ive two-dimensional s p e c t r a  obtained wi th  t he  five-element charged-part icle telescope.  
The l e f t  ha l f  of each p l o t  shows Etotal vs. (AE1 + AE2) f o r  only those p a r t i c l e s  which progress a t  
l e a s t  a s  f a r  a s  t he  t h i r d  de t ec to r  i n  t he  s t ack ;  t he  r i g h t  half-plane shows Etotal vs. AE1 f o r  
those p a r t i c l e s  which s top  i n  the  f i r s t  o r  second de tec tor .  The AE1 gain i n  (b) has  been reduced 
by a f a c t o r  of % 4 r e l a t i v e  t o  (a) i n  order  t o  d i sp l ay  the  f i s s i o n  fragments de tec ted  f o r  
6 ~ i  + 1 9 7 ~ ~ .  The v e r t i c a l  (counts) s c a l e  i s  logari thmic.  
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Fig.  2 .  Typical  total-energy s p e c t r a  obtained f o r  
Z = 1 and Z = 2 products f o r  6Li + 90Zr. 

t r a n s f e r  t o  low-lying s t a t e s .  This c o r r e l a t i o n  is 

a l s o  seen i n  Fig.  3b, where t h e  angular  d i s t r i b u t i o n s  

f o r  i nc lus ive  a-production a r e  observed to  remain 

sharply  forward-peaked over t he  e n t i r e  e x t e n t  of 

t he  beam-velocity peak, but  then t o  f l a t  ten  grad- 

u a l l y  i n  the  region in termedia te  between the  beam- 

v e l o c i t y  and evaporat ion peaks. The s t r e n g t h  i n  

t h i s  " t r ans i t i on"  region of t h e  a-spectrum cannot 

be explained simply by the  over lap  of t h e  two pro- 

minent peaks, and a r i s e s  presumably from reac t ions  

of time s c a l e  in termedia te  between the  d i r e c t  and 

compound-nucleus mechanisms respons ib le  f o r  t he  

peaks. 

The angular  d i s t r i b u t i o n  of t he  f i s s i o n  frag- 

ments from 6 ~ i  + lg7Au is symmetric about Bcm = 90°, 

i n d i c a t i v e  of equi l ibr ium f i s s i o n ,  wi th  a smal l  

devia t ion  from iso t ropy ( i . e . ,  from d o / d ~  a l / s inecm) .  

The measured t o t a l  f i s s i o n  cross  s e c t i o n  i s  a f i s s  = 

(219 + 20)mb. This r e s u l t  is  cons i s t en t  with t h e  

range of pos s ib l e  predic ted  f i s s i o n  cross  s ec t ions  

(using codes ALICE~ and MB-II~, and ro ta t ing- l iquid-  

drop model f i s s ion  barriers) only i f  the great ma- 

j o r i t y  of p a r t i a l  waves p a r t i c i p a t i n g  i n  r eac t ions  

l ead  t o  compound-nucleus formation. (The graz ing  

R-value f o r  95-MeV 6 ~ i  + l97Au - 50 5). An in-  

t ens ive  s tudy of t he  d i s t r i b u t i o n  of s t r e n g t h  among 

a l l  decay modes of high-spin compound n u c l e i  formed 

i n  fus ion  of 6 ~ i  with heavy rare-ear th  t a r g e t  n u c l e i  

w i l l  be undertaken i n  a f u t u r e  experiment. 

The r e s u l t s  of  t h i s  experiment analyzed t o  da t e  

al low t h e  fol lowing conclusions.  (1) We see  no 

evidence f o r  s i g n i f i c a n t  c l u s t e r i n g  of s t r e n g t h  

nea r  t h e  exit-channel  Coulomb-repulsion energies  
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Fig. 3. a)  Energy-integrated angular  d i s t r i b u t i o n s  f o r  various charged-part icle products  from 6 ~ i  + 9 0 ~ r .  
Smooth curves drawn through t h e  measurements a r e  shown, with t he  a c t u a l  d a t a  indica ted  f o r  a few 
rep re sen ta t i ve  channels. (b) Evolution of t he  measured angular  d i s t r i b u t i o n s  f o r  i nc lus ive  
a-production i n  6Li + gozr, a s  a funct ion  of t he  equiva lent  e x c i t a t i o n  energy (Ex) which would 
be associa ted  wi th  a two-body e x i t  channel. 



(except ,  o f  course,  i n  t he  evaporat ion peaks) ; 

thus,  "deeply i n e l a s  t i c "  processes,  ak in  t o  those 

observed f o r  heavier  p r o j e c t i l e s  a t  comparable 

energies  per  nucleon, do n o t  seem important here .  

This observation is  cons i s t en t  w i th  t he  suggest ion 

from e l a s t i c  s c a t t e r i n g  r e s u l t s 3  t h a t  t he re  is  a 

t r a n s i t i o n  i n  t he  na tu re  of  t he  absorption mecha- 

nisms between 6 ~ i  and 12c p r o j e c t i l e s .  (2) There 

i s ,  f o r  a l l  t h r ee  t a r g e t  n u c l e i ,  a  s i z e a b l e  t o t a l  

d i r ec t - r eac t ion  cross  s ec t ion  (Q 0.5-1 ba rn ) ,  

which is  dominated by "breakup-like" processes 

c h a r a c t e r i s t i c  o f  t h e  l oose ly  bound i n t e r n a l  

s t r u c t u r e  of  6 ~ i .  (3) The only s i g n i f i c a n t  

s t r e n g t h  observed f o r  processes in termedia te  

between d i r e c t  and compound-nucleus mechanisms is  

i n  t he  Z = l  and Z=2 spec t r a ,  e. g.,  t he  " t r ans i t i on"  

region of t he  a-spectrum. It is no t  y e t  c l e a r  i f  

t h i s  s t r eng th  i n  t he  a-spectrum is inf luenced by 

the  presence of loose ly  bound a ' s  i n  t he  p r o j e c t i l e ,  

o r  i f  i t  is  more genera l ly  c h a r a c t e r i s t i c  of t he  

pre-equil ibrium decay of h ighly  exc i t ed  composite 

sys  terns. 
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