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Studies of  gamma-ray spec t r a  accompanying Table 1. Cross s ec t ions  f o r  producing f i n a l  nuc l e i  
fol lowing bombardment of var ious  i so top ic  n i c k e l  

t he  i n t e r a c t i o n  of medium energy t a r g e t s  wi th  protons i n  80-164 MeV range. 

protons3-6 and complex p r o j e c t i l e s 7 )  wi th  nuc l e i  

have demonstrated the  p o t e n t i a l  e f f ec t ivenes s  of 

t h i s  method i n  studying such reac t ions .  Experi- 

ments were t he re fo re  undertaken i n  which gamma 

ray  spec t r a  were measured a t  a number of i nc iden t  

proton energies  between 80 and 164 MeV wi th  a 

range of medium mass t a rge t s .  

The gamma rays following the  proton bombard- 

ment of 1-5 mg per  cm2 th i ck  i s o  topical ly-enriched 

t a r g e t s  of 58~i,  6 0 ~ i ,  62~i ,  64~i ,  5 4 ~ e ,  5 6 ~ e ,  

5 9 ~ 0  and 4 8 ~ i  were de tec ted  with an o v e r a l l  reso- 

l u t i o n  of 3 keV. Data were taken on and between 

beam b u r s t s  using a 10% Ge(Li) de t ec to r  placed 

a t  90' t o  t he  i nc iden t  beam d i r ec t ion .  Dead-time 

was monitored by recording pulses  from a pu l se r ,  

t r iggered  by the  current  i n t e g r a t o r ,  i n  t h e  

Footnotes t o  Table 1. 

sec t ions  f o r  each case a r e  i n  mb. 

b~amma rays of 5 5 ~ 0  were ou t s ide  t h e  dynamic 
range of  de tec t ion .  

CThese c ros s  s ec t ions  a r e  r e l a t i v e l y  more 
uncertain.  

dThe cross  s ec t ions  given i n  parenthes is  
a r e  those determined by the  r a d i o a c t i v i t y  
method. These measurements a l s o  revealed 
the production of Copper i so topes  (62-60) 
with a c ros s  s ec t ion  of 14, 7 and 2 mb and 
of 4 8 ~ c ,  47Sc, 46Sc wi th  a cross  s e c t i o n  of 
0.1, 0.2 and 1.0 mb, respect ive ly .  



y-spectrum. Count r a t e  e f f e c t s  were i nves t iga t ed  

by a l t e r i n g  the  beam i n t e n s i t y  and the  de t ec to r  

loca t ion .  E f f ec t s  of  timing ga t e s  were determined 

by comparing t h e  measurements wi th  and without  

t he  coincidence requirements. These and o the r  

checks indica ted  t h a t  sys temat ic  e r r o r s  i n  abso- 

l u t e  c ross  s ec t ions  f o r  i nd iv idua l  gamma l i n e s  

were l e s s  than 10%. Some measurements were a l s o  

made a t  125O; no s i g n i f i c a n t  angular  e f f e c t s  

were found. For most t a r g e t s  measurements were 

made a t  100 and 136 MeV, bu t  f o r  5&Ni and 6 2 ~ i  

measurements were a l s o  made a t  80 and 164 MeV. 

For 6 2 ~ i  t a r g e t s  of f-beam y-ray measurements 

were performed t o  determine t h e  t o t a l  production 

cross  s ec t ion  of  n u c l e i  wi th  l i f e t i m e s  l a r g e r  

than about an hour. Typically,  in-beam y- 

spec t r a  wi th  adequate s t a t i s t i c s  were obtained 

i n  about an hour using 112 na of  beam on t a rge t .  

Production cross  s ec t ions  based upon s t rong  (a 2 

30 mb) y - l ines  a r e  accura te  t o  about + 15%, wi th  

t h i s  uncer ta in ty  r i s i n g  t o  ' ~ 5 0 %  f o r  those  based 

upon the  weakest (a = 2 mb) l i n e s .  The produc- 

t i o n  c ros s  s ec t ions  were determined by iden t i -  

fy ing  the  observed y-rays wi th  t h e  known gamma 

t r a n s i t i o n s  among the  low ly ing  s t a t e s .  At l e a s t  

two t r a n s i t i o n s ,  w i th in  1 keV i n  energy t o  t h e  

known t r a n s i t i o n  energies  and inc luding  one t o  

t he  ground s t a t e ,  were requi red  f o r  p o s i t i v e  

i d e n t i f i c a t i o n  of  any nucleus. I n  some cases a s  

many a s  6-8 t r a n s i t i o n s  were observed. 

Production c ros s  s ec t ions  f o r  f i n a l  n u c l e i  

f o r  58~i,  60~i,  6 2 ~ i  ind  6 4 ~ i  a t  136 MeV and f o r  
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Figure 1. The pos i t i on  of t h e  c ros s  s e c t i o n  weighted 
cent ro ids  of  t h e  n u c l e i  produced of a given Z p l o t t e d  
a s  a funct ion  of  t h e  neutron number N f o r  t he  fou r  N i  
t a r g e t s .  The zigzag l i n e  r ep re sen t s  t h e  abundance 
weighted s t a b i l i t y  l i n e  based upon n a t u r a l l y  occurr ing  
i so topes  of var ious  nuclear  spec ies .  

t h e  58~i  t a r g e t  a t  80, 100 and 164 MeV a r e  given i n  

Table 1. The cross  s ec t ions  f o r  5 8~ i  (and 5 6 ~ e )  a t  

100 MeV a r e  about a f a c t o r  of  t h r e e  l a r g e r  than those  

reported by Chang e t  a1. , 4 )  although r e l a t i v e  c ros s  

s ec t ions  a r e  i n  good agreement. Considering the  

precaut ions  taken i n  t h e  present  work t o  determine 

abso lu t e  c ross  s ec t ions ,  t h e  f a c t  t h a t  a l a r g e  f r a c t i o n  

of t h e  t o t a l  r eac t ion  cross  s e c t i o n  is accounted f o r  

( see  below), and the  consistency of t he se  d a t a  wi th  

those  taken a t  200 MeV, i t  i s  f e l t  t h a t  t he  p re sen t  

c ros s  s ec t ions  a r e  co r r ec t  t o  t he  quoted accuracy. 



r a d i o a c t i v i t y  measurements were confined t o  two ener- 

g i e s ,  only in-beam cross  s ec t ions  a r e  used f o r  t he  

r e s t  of t he  discussion.  

(b) The p a t t e r n  of nucleons removed is  such a s  

t o  populate r e s i d u a l  n u c l e i  near  t he  l i n e  of s t a b i l i t y .  

This e f f e c t  is i l l u s t r a t e d  i n  Figure 1 where cent ro ids  

of t he  d i s t r i b u t i o n s  f o r  each Z a r e  p lo t t ed  a s  a 

funct ion  of  t h e  neutron number N f o r  t he  four  N i  

I I I I I t a rge t s .  

- 
(c)  The cross  s ec t ions  f o r  nuclear  spec ies  

5 -  
which a r e  one o r  two protons removed from the  compound 

system usual ly  decrease wi th  energy, while f o r  those 

which a r e  four  o r  more protons removed the  cross  

s ec t ions  tend t o  increase  with increas ing  energy. a J  3- 
W O  

(d) The average number of nucleons removed, " 
Go *iO <A*>, from the  t a r g e t  increases  wi th  energy i n  t h i s  

PROTON ENERGY - MeV energy range (Figure 2) wi th  an approximate s lope  

Figure 2. The average number of nucleons removed, of 0.015 nucleon p e r  MeV. No s i g n i f i c a n t  dependence 
<AA>, versus t he  proton energy f o r  5 8~ i  (A) and 
6 2 ~ i  t a r g e t s  0. The magnitudes of <AA> a t  a on t a r g e t  mass is observed f o r  <AA>, which has  t he  
given energy and t rends  wi th  energy a r e  s i m i l a r  
f o r  t he  o ther  t a r g e t s  inves t iga ted .  The 200 MeV above energy dependence f o r  a l l  t a r g e t s  s tudied .  The 
poin ts  a r e  from reference  3. 

value of 4.2 repor ted  f o r  200 MeV is  below t h a t  ob- 

The main f ea tu re s  of t he  cross  s ec t ions  a r e  ta ined  by ex t r apo la t ing  the  above t rend,  bu t  t h i s  

l i s t e d  below. The da t a  taken with a l l  t a r g e t s  discrepancy may be  due t o  t he  200 MeV work f a i l i n g  t o  

support  t he se  observations.  de t ec t  n u c l e i  formed by removing many nucleons from 

(a)  With in-beam measurements 50-70% of t he  t he  t a r g e t  which a r e  produced wi th  r e l a t i v e l y  smaller  

r eac t ion  cross  s ec t ion  a s  est imated i n  terms of c ross  s ec t ions .  

t he  o p t i c a l  model is observed. Radioact iv i ty  (e )  The d i f f e r ence  i n  t he  average number of 

measurements, which inc lude  d i r e c t  populat ion of neutrons and protons removed, <AN>-<AZ>, i s  found t o  

t he  ground s t a t e s  and d i r e c t  feeding t o  i t  from increase  with t he  i sosp in  of  t h e  t a r g e t  a t  about t he  

h igher  ly ing  s t a t e s  (missed i n  t he  in-beam r a t e  of 0.63 per  u n i t  of t a r g e t  i sospin .  This behav- 

measurements) , account f o r  an add i t i ona l  15-20% i o r  is  nea r ly  independent of the  bombarding energy 

of t h e  r eac t ion  cross  sec t ion .  Since the  i n  t h e  80-200 MeV range. 



The nucleon-nucleus i n t e r a c t i o n  is envisaged 

a s  f i r s t  proceeding through a pre-equilibrium 

phase i n  which the  inc ident  nucleon s c a t t e r s  o f f  

t he  t a r g e t  nucleons wi th  t he  s t ruck  nucleon and 

the  inc ident  nucleon undergoing f u r t h e r  sca t -  

t e r ings  o r  escaping from the  nucleus. A t  t h e  

end of t h i s  phase t h e  r e s idua l  nucleus de-excites 

through the  evaporat ion process. From the  present  

da t a  an es t imate  of t h e  number of nucleons emitted.  

i n  t he  pre-equil ibrium phase can be made. The 

s i t u a t i o n  is most t ransparent  i n  the  case  of 

6 4 ~ i  a s  he re  a l a r g e  f r a c t i o n  of t he  observed 

cross  s ec t ion ,  70% a t  100 MeV and 60% a t  136 MeV, 

goes i n t o  producing l i g h t e r  n i c k e l  i so topes  

(Table 1) .  Therefore, about h a l f  of t he  time 

only one proton is a b l e  t o  escape from the  6 4 ~ i  

plus  i nc iden t  proton system. Noting t h a t  neutrons 

and protons should behave s i m i l a r l y  i n  t he  pre- 

equil ibrium phase, emission of one f a s t  neutron 

is a l s o  q u i t e  l i ke ly .  Thus, f o r  6 4 ~ i  i n  60-70% 

of t he  cases only one o r  two f a s t  nucleons appear 

t o  be  emi t ted ,  leaving  the  r e s i d u a l  n u c l e i  of 

6 4 ~ u ,  %i, and 6 3 ~ i  i n  a broad range of excita-  

t i o n  from which t h e  evaporat ion subsequently 

d r ives  t h e  production towards t h e  l i g h t e r  n i c k e l  

i so topes  l y ing  near  t he  l i n e  of s t a b i l i t y .  The 

rapid  convergence towards t h e  l i n e  of  s t a b i l i t y  

observed f o r  a l l  cases (Figure 1 )  i nd i ca t e s  t h a t  

f o r  a l l  t a r g e t s  i nves t iga t ed  he re  t h e  number of 

pre-equilibrium nucleons emitted is small .  

Rela t ive ly  slow inc rease  of <AA> with energy, 

0.016 nucleons per  MeV i n  con t r a s t  t o  0 .1  nucleons 

per  MeV expected f o r  t h e  evaporat ion phase8) a lone ,  

implies t h a t  over t he  energy range s tud ied  most of 

t he  inc ident  energy is  taken away by t h e  f a s t  nucleons. 

The decrease wi th  energy of c ross  s e c t i o n  observed 

f o r  nuc l e i  one o r  two protons removed from the  com- 

pound system implies t h a t  t he  average number of f a s t  

(pre-equilibrium) nucleons emitted inc rease  somewhat 

wi th  i nc reas ing  bombarding energy. 

Rela t ive ly  l a r g e  cross  s ec t ions  w i th  which ' l a '  

(2n2p) removed n u c l e i  a r e  produced wi th  58~ i  and 6 2 ~ i  

t a r g e t s  (12% and 11% of the  t o t a l  observed cross  

s ec t ion ,  respect ive ly)  a r e  be l ieved t o  be a conse- 

quence of t he  f a c t  t h a t  f o r  t he se  t a r g e t s  t h e  ' l a '  

nuc l e i  l i e  c lo se  t o  t he  l i n e  of s t a b i l i t y .  I n  con- 

t r a s t ,  f o r  6 2 ~ i  and 6 4 ~ i  the  ' l a '  removed n u c l e i  l i e  

r e l a t i v e l y  f a r  from t h e  l i n e  of  s t a b i l i t y  and there-  

f o r e  t he  production cross  s e c t i o n  f o r  t he se  n u c l e i  

is small. The v a r i a t i o n s  i n  t he  production cross  

s e c t i o n  of two o r  more a-removed n u c l e i  wi th  t h e  

t a r g e t  can s i m i l a r l y  be understood. 

The da t a  reported on h e r e  considerably exceeds 

t he  sum of a l l  previous measurements of t h i s  kind. 

It is  g r a t i f y i n g  t h a t  from t h i s  body of d a t a  a 

number of  d e t a i l s  of t he  r eac t ion  mechanism have 

become apparent. 
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