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The mechanism of 6 ~ i  induced r eac t ions  on 

5 4 ~ e  and 5 6 ~ e  t a r g e t s  is present ly  being s tudied  

by in-beam and o f f - l i ne  gamma counting techniques. 

Figure 1 presents  t he  d i s t r i b u t i o n  of t h e  cross  

s ec t ions  determined mainly in-beam f o r  84 MeV 

bombarding energy on a 5 6 ~ e  t a rge t .  These 

cross  s ec t ions  a r e  obtained by summing the  ab- 

s o l u t e  i n t e n s i t i e s  of gamma t r a n s i t i o n s  leading  

t o  the  ground s t a t e  (o r  low exci ted  s t a t e s  i n  

some cases)  a s  measured i n  90' c lo se  geometry. 

The experimental technique is analogous t o  

t h a t  described i n  Reference 1. The absolu te  

gamma ray  i n t e n s i t i e s  a r e  believed t o  be  accura te  

t o  about 2 30%. The r e l a t i v e  i n t e n s i t i e s  have 

much smaller  e r r o r s  f o r  s t rong o r  medium inten- 

s i t y  and well-resolved peaks. Measurements 

have a l s o  been made a t  55, 65, 77, 91 and 99 MeV 

l i t h ium bombarding energy wi th  5 6 ~ e  t a r g e t s .  

I n  t h e  case of nuc l e i  which a r e  produced with 

cross  s ec t ions  h igher  than about 20 mb, not  only 

t h e  most i n t ense  ground s t a t e  t r a n s i t i o n s  a r e  ob- 

served,  but a l s o  whole cascades have been i d e n t i f i e d  

i n  some cases up t o  s t a t e s  having sp ins  I - Iground 

= 8bl The observed r eac t ion  cross  s ec t ion  is dis -  

t r i bu t ed  among 30 f i n a l  products but  a l a r g e  f r a c t i o n  

of i t  i s  concentrated on products ly ing  c lo se  t o  

the  t a rge t .  Although t h i s  behavior is  t o  be expected 

i n  t h i s  mass region f o r  6 ~ i  induced reac t ions  of 

60-100 MeV from t h e  pure evaporat ion p i c tu re2 )  we 

present  l a t e r  add i t i ona l  measurements which show 

t h a t  d i r e c t  r eac t ions  cont r ibute  s u b s t a n t i a l l y  t o  

t he  t o t a l  r eac t ion  cross  sec t ion .  
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Figure 1. Dis t r i bu t ion  of t he  cross  

24 sec t ion  on f i n a l  products  i n  t he  re- 
ac t ion  6 ~ i  + 5 6 ~ e  a t  84 MeV bombarding 
energy. uoted cross  s ec t ions  f o r  

23 5 5 ~ o  and were obtained by the  
r a d i o a c t i v i t y  measurements, o the r  ones 

26 2 8 were determined in-beam. 



The in-beam observed cross  s ec t ions  amount 

t o  1020 mb a t  84 MeV bombarding energy and 

account only f o r  55% of t he  r eac t ion  cross  sec- 

t i o n  est imated i n  terms of t he  o p t i c a l  model2). 

For nuc l e i  c lo se  t o  t he  t a r g e t  t he  cross  s ec t ions  

determined o f f - l i ne  f o r  t he  r ad ioac t ive  products  

a r e  1 .8  times h igher  than observed in-beam 

(mean value f o r  5 8 ~ o ,  5 7 ~ o ,  5 6 ~ o  and 54Mn). 

This d i f f e r ence  cannot be  accounted f o r  by sys- 

tematic e r r o r s  i n  t he  absolu te  c ross  s ec t ion  

determination and ind i ca t e s  t h a t  i n  t he  i n t e r -  

6 ac t ion  of  L i  w i th  5 6 ~ e  the  r eac t ion  products  

a r e  o f t en  formed i n  t h e i r  ground s t a t e s  o r  

mul t ip le  low sp in ,  h ighly  exci ted  s t a t e s .  

I n  order  t o  ga ther  more information on 

the  r eac t ion  mechanism, t h e  measurements of t h e  

r e c o i l  ranges of  t he  r eac t ion  products  have 

been undertaken. Those measurements a r e  s t i l l  

i n  progress bu t  t he  information obtained till 

now has  proven t o  be  very h e l p f u l  i n  t he  analy- 

sis of t he  r eac t ion  mechanism. 

The i n t e g r a l  r e c o i l  ranges have been 

measured a t  55, 65 and 84 MeV 6 ~ i  bombarding 

energies  using 4 mg/cm2 5 4 ~ e  and 5 6 ~ e  t a r g e t s  

and 2 mg/cm2 kapton ca tchers .  The d i f f e r e n t i a l  

ranges were measured a t  84 MeV using a 0.4 

mg/cm2 5 6 ~ e  t a r g e t  followed by f i v e  0.2 mg/cm2 

A 1  ca tchers  and one 2 mg/cm2 s ty rene  ca tcher .  

The ana lys i s  of  t h e  experimental d a t a  follows 

c lo se ly  t he  previous works i n  t h i s  f i e ld3 ) .  

For both t a r g e t s  s tudied  one observes a 

c l e a r  c o r r e l a t i o n  between the  measured ranges 

and the  pos i t i on  i n  t h e  nuclear  cha r t  of  t he  f i n a l  

product wi th  respect  t o  t he  t a rge t .  The product 

n u c l e i  l y ing  c lo se  t o  t he  t a r g e t  i n  genera l  e x h i b i t  

much s h o r t e r  ranges than those  l y i n g  f a r  from it. 

This c o r r e l a t i o n  seems t o  be more pronounced f o r  

lower bombarding energies .  

The d i s t r i b u t i o n s  of ranges f o r  coba l t  and 

manganese i so topes  is  exhib i ted  i n  F igure  2 .  Table 1 

summarizes t he  prel iminary range d a t a  f o r  a l l  measured 

products  a t  84 MeV bombarding energy f o r  5 6 ~ e  t a r g e t s .  

Rela t ive ly  small  r e c o i l  ranges and a broad o r  

f l a t  d i s t r i b u t i o n  of t h e  d i f f e r e n t i a l  ranges f o r  

product n u c l e i  l y ing  c lose  t o  t he  t a r g e t  a s  w e l l  a s  

t h e  d i f f e r ences  i n  t he  in-beam and r a d i o a c t i v i t y  

determined c ros s  s ec t ions  imply t h a t  d i r e c t  t r a n s f e r  

of one o r  a few nucleons con t r ibu t e s  s u b s t a n t i a l l y  

. t o  t h e  production of t he se  nuc l e i .  I n  p a r t i c u l a r  

Figure 2. D i s t r i bu t ions  of ranges f o r  6 ~ i  + 5 6 ~ e  
r eac t ion  products  a t  84 MeV bombarding energy. 



Table 1. Summary of t he  r e c o i l  range d a t a  f o r  t he  
r eac t ion  6 ~ i  + 5 6 ~ e  a t  84 MeV bombarding energy 

R Ro Rm P 
Reaction I n t e g r a l  Range Average Range Median Range St raggl ing  Ro/RCN 
Product i n  i n  i n  Parameter 

Fe (a)  mg/cm2 ~l (b) mg/cm2 A1 (b) mg/cm2 (c> 

a )  Quoted e r r o r s  inc lude  the  counting s t a t i s t i c  and est imated t a r g e t  th ickness  e r r o r  

b )  See Reference 7 f o r  de f in i t i on .  

c)  Inf luence  of  p a r t i c l e  evaporat ion and s t r agg l ing  on the  computed RCN is  not  taken i n t o  
account. RCN is ca lcula ted  from Reference 4 data .  

t he  occurrence of t h e  ( 6 ~ i ,  7 ~ e )  r eac t ion  was par t ic le -uns table  s t a t e s  would be missed by t h i s  

unambiguously i d e n t i f i e d  by de t ec t ing  the  7 ~ e  method) of t he  energy averaged (from 84 MeV t o  Coulomb 

a c t i v i t y  i n  a t h i ck  Fe t a rge t .  I n  t h i s  experiment b a r r i e r )  c ross  s ec t ion  f o r  t h e  reac t ion  @ ~ i , ~ ~ e )  is 

a 10 mg/cm2 n a t u r a l  Fe t a r g e t  backed by a 250 determined i n  t h i s  experiment t o  be equal  t o  4.5 mb. 

mg/cm2 th i ck  t a r g e t  prepared from t h e  same materi- A t  84 MeV f o r  a l l  r eac t ion  products  (even those 

a 1  was i r r a d i a t e d  by 84 MeV 6 ~ i  beam. The 7 ~ e  exh ib i t i ng  t h e  symmetric d i f f e r e n t i a l  range d i s t r i -  

a c t i v i t y  was de tec ted  only i n  t he  t h i cke r  f o i l ,  bu t ion)  t he  measured range i n  A1 is  smal ler  than t h a t  

i nd i ca t ing  t h a t  ene rge t i c  ' ~ e  n u c l e i  were formed expected 4 ,  i f  t he  f u l l  bombarding p a r t i c l e  momentum 

and emitted i n  a forward d i r e c t i o n  i n  t h i s  re- were t r ans fe red  t o  t he  compound system. This f a c t  

ac t ion .  A lower l i m i t  ( s ince  ' ~ e *  l e f t  i n  i nd i ca t e s  t h a t  a pre-equilibrium p a r t i c l e  emission 



a f t e r  t he  absorption of t he  e n t i r e  6 ~ i  p a r t i c l e  by 

the  t a r g e t  nucleus may be of some importance. The 

reac t ion  products  which show symmetric range dis-  

t r i b u t i o n  have s t r a g g l i n g  parameter p much higher  

than was observed i n  r eac t ions  induced by heavier  

ions  i n  t h i s  mass region 5 ) .  This may be ind i ca t ing6 )  

t h a t  alpha p a r t i c l e  emission p lays  a s i g n i f i c a n t l y  

l a r g e r  r o l e  i n  6 ~ i  induced reac t ions .  
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