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ABSTRACT 

Exper imental  e x c i t a t i o n  f u n c t i o n s  have been 

measured by rad iochemica l  means f o r  a number of r e a c t i o n s  

68 proceeding through t h e  compound nuc l eus  Ge . The t a r g e t -  

4 '' 56 a,nd o ~ ~ + C ~ ~ ~  l ead ing  p r o j e c t i l e  pa , i r s  were: He +Zn64, C +Fe , 
t o  t h e  fo l l owing  r e a c t i o n s :  ( a , ~ ) ,  ( x , p ) ,  ( x , n ) ,  ( x , p n ) ,  

and ( x , 2 n ) .  R e c o i l  ranges  were measured f o r  p roduc ts  of 

t h e  a lpha- induced r ea , c t i ons  i n  o rde r  t o  determine those  

rea,c t i o n s  which proceeded by compound nuc leus  fo rmat ion  

11 and decay.  It has  been found t h a t  t h e  independence hypothes i s"  

i s  v e r i f i e d  f o r  r e a c t i o n s  induced by d i f f e r e n t  t a r g e t -  

p r o j e c t i l e  p a i r s  b u t  proceeding through compound n u c l e i  

of n e a r l y  equa,l angu la r  momentum. 

E x c i t a t i o n  f u n c t i o n s  ha.ve been ca l cu l a , t ed  w i t h  

t h e  SFU IBM System, 360/40 computer v i a  t h e  s t a t i s t i c a l  

t h e o r y  of nuclea,r  rea,c t i o n s  axcording t o  a formalism 

c o n t a i n i n g  t h e  e x p l i c i t  dependence of n u c l e a r  emiss ion 

p r o b a b i l i t i e s  on angu1a.r momentum. P r o b a b i l i t i e s  f o r  

y - ray  emiss ion were c a l c u l a t e d  axcording t o  t h e  s i n g l e -  

p a r t i c l e  model coupled w i t h  enhancement f u n c t i o n s  chosen 

t o  r e f l e c t  exper imenta , l ly  observed c o l l e c t i v e  e f f e c t s .  

Agreement between experiment and ca l cu l a . t i ons  
64 4 

was found t o  be good f o r  t h e  Zn +He e x c i t a t i o n  f u n c t i o n s .  

The "h igh  energy t a i l s "  of t h e  e x c i t a t i o n  f u n c t i o n s  were 

found t o  be accounted f o r  by e f f e c t s  of y - ray  compet i t ion  wi th  

p a r t i c l e  emiss ion  when t h e  l a t t e r  w a s  su rp re s sed  by angu la r  



momentum effects. Agreement in the Fe 56+~12 case was 

found to be very encouraging, considering the complexity 

of the target-projectile system and attendant theoretical 

difficulties . 



- iv-  

RESUME 

Les f o n c t i o n s  d l e x c i t a . t i o n  exp6r imenta les  on t  
I C 

e t e  mesurdes pa.r l e s  moyens radiochimiques  pour p l u s i e u r s  

r&a ,c t i ons  q u i  a n t  l i e u  cornrne r d s u l t a , t  de la, forma,tion du 

68 noyau compos6 Ge . Les pas i res  de p r o j e c t i l e - c i b l e s  

4 6 ta . ient  : He - ! - ~ n ~ ~ ,  c ' * + F ~ ~ ~ ,  e t  016+Cr5* q u i  p rodu i sen t  

e t  ( x ,  2 n ) .  On a, mesur6 l e s  d i s t a n c e s  dla,tomes recu lamts  

pour l e s  p r o d u i t  s  3es  rGa,c t i ons  alpha,- i n d u i t e s  pour 

ddterminer  c e s  r d a c t i o n s  q u i  on t  rGsu l t6  de l a  fo rmat ion  

e t  de la, d&composi t ion de noya,ux compos6s. On a, v g r i f i ;  

11 1' hypothkse d ind6penda,nce7' pour l e s  r6a.c t i ons ,  i n d u i t e s  

pa.r de d i f f d r e n t e s  pa , i res  de p r o j e c t i l e - c i b l e s ,  ma,is q u i  

r 6 s u l t e n t  de vloyaux compos6s dl;, peu prks la, m2me 

qua,nt i t  6 de mouvernent angula, i r e  . 
On s e s t  s e r v i  de 1' o r d i n a t e u r  SFIJ IBM ~ y s t i r n e  

360/40 pour c a l c u l e r  l e s  fonc t i o n s  d e x c i t a t i o n  pax moyen 

de l a  t h 6 o r i e  s t a , t i s t i q u e  de r d a c t i o n s  nuc lda , i res  e t  

s e l o n  l e  formalisme,  q u i  c o n t i e n t  L a  d&penda,nce e x p l i c i t e ,  

de s  p r o b a , b i l i t i & s  d l d m i s s i o n  n u c l d a i r e ,  du quamtitd de 

mouvement a n g u l a i r e .  On a ca , lculd  l e s  p r o b a b i l i t & s  

P 
d f 6 m i s s i o n  de rayons y s e l o n  l e  modele a  une s e u l e  

p a r t  i c u l e  en  conjonc t i o n  aver  l e s  fonc t i a n s  d laugmenta,t ion,  

q u i  o n t  d t 6  c h o i s i e s  pour ddmontrer l e s  ~ f f e t s  c o l l e c t i f s  

observgs  par  de d i f f g r e n t s  exp6r imen ta t eu r s .  



L1accord entre llexpdrience actuelle et les 

calculs pour les fonctions dlexcitation ~ n ~ ~ + ~ e ~ ,  Etait 

bon. On pourrait expliquer la persistance de grandes 

valeurs pour la section efficace aux ha,utes dnergies pax 

les effets de la concurrence entre les rayons Y et 

l1 &vaporat ion de part icules quamd celle- la, fut supprim&e 

par les effets de quantit& de mouvement angulaire. Llaccord 

a,u cas de Fe 56+~12 &tait trss encourageant, si l1on tient 
\ 

compte de la complexit6 du systeme de projectile-cibles et 

des difficultds th60riques. 
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I .  INTRODUCTION 

A .  Nuclear Reac t ion  Mechanisms 

1. Compound Nucleus React ions  

The term nuc l ea r  r e a c t i o n  i s  a p p l i e d  t o  a v a r i e t y  

o f  p roces se s  i n v o l v i n g  t h e  c o l l i s i o n s  o f  nucleons  o r  groups 

of.  nuc leons .  

One of  t h e  s i m p l e s t  t ypes  o f  nuc l ea r  r e a c t i o n  

i s  t h e  i n t e r a c t i o n  o f  a neu t ron  w i t h  a t a r g e t  nuc l eus .  

E a r l y  workers1', measuring t h e  v a r i a t i o n  of  neu t ron  r e a c t i o n  

c r o s s - s e c t i o n s  , o v e r  s m a l l  bombarding energy ranges ,  found 

l a r g e  f l u c u a t i o n s  ( termed " r e sonances" ) ,  t h e  widths  ('0.1 eV) 

of which a r e  s m a l l  compared t o  t h e  spac ing  (1 - 103 eV) 
2. 

between them. Bethe a t t empted  t o  e x p l a i n  neu t ron  r e a c t i o n s  

i n  terms of  a p o t e n t i a l - w e l l  model, bu t  was unable  t o  account 

f o r  t h e  narrowness of  t h e  resonances .  The p o s t u l a t e  t h a t  t h e  

resonances  corresponded t o  many-par t i c le  ~ x c j t c t i  s t a l e s  of' 

t h e  p roduc t  nucleus  r a t h e r  t han  v i r t n a l  : : i n g l p - p a r t i c l e  

s t a t e s  o f  a neu t ron  i n  a nuc l ea r  pol c n i  i n 1  we1 1 1 cc3 'LO i hc 

conc lus ion  by ~ o h r 3 .  and by B r i ? i t  and ~ i f p t r " ' .  h a  I incoming 

neu t ron  r a p i d l y  sha red  itc eris.r7gy ~ d , i  t!) t P t  n , : r  i txon:: o f  i h.7 

t a r g e t  nucleu;  t o  form a " c ~ n p o l x ~ d  n ~ , c l i ~ ~  I '  . 
In c l a o s j c a l  terms, !'ok r 4; ' l ~ a l ' :  (1 f h r >  

r e a c t i o n  a s  a two-step procpss  i n  which t h c  bombarding 

energy i s  f i r s t  d i s t r i b u t e d  among a l l  of  t h e  nucleons  

t o  form a  me ta s t ab l e  s t a t e  which may then  decay i n  a  

number of  ways. 



The e x c i t a t i o n  energy,  if r e c o n c e n t r a t e d  on a nucleon o r  

group o f  nucleons nea r  t h e  s u r f a c e  o f  t h e  nuc leus  as a 

r e s u l t  of random nucleon-nucleon c o l l i s i o n s  may supply  

enough energy t o  e j e c t  t h e  p a r t i c l e  o r  p a r t i c l e s  i n  

ques t i on ,  o r  t h e  compound nucleus  cou ld  de -exc i t e  by t h e  

emiss ion of  gamma r a y s .  I n  t h e  c a s e  o f  h ighe r  mass nuc l ide s ,  

d e - e x c i t a t i o n  cou ld  a l s o  occur by d i v i s i o n  of  t h e  compound 

nucleus  i n t o  two fragments o f  n e a r l y  equa l  mass, a process  

c a l l e d  f i s s i o n .  

Bohr concluded t h a t  t h e  compound nuc leus  l i f e t i m e  

must be long  compared t o  nuc l ea r  r e l a x a t i o n  t imes3 . ,  

b u t  t h e  v a l i d i t y  of t h e  model has been found t o  ex tend  

t o  s h o r t - l i v e d  r e a c t i o n  sys tems5. .  The two s t e p s ,  compound 

nuc leus  fo rmat ion  and decay, were assumed t o  be independent ;  

t h a t  i s ,  t h e  decay of a compound nuc leus  would depend only  

on t h e  c o n s t a n t s  o f  motion of t h a t  p a r t i c u l a r  compound 

nuc leus ,  no t  on how it  was formed. This  i s  t h e  s o - c a l l e d  

independence hypo thes i s ;  one consequence of  i t  i s  t h a t  t h e  

p r o b a b i l i t y  f o r  a g iven  r e a c t i o n  may be f a c t o r e d  i n t o  two 

p a r t s ,  one cor responding  t o  t h e  fo rmat ion  p r o b a b i l i t y  

( t h e  c r o s s - s e c t i o n  f o r  c a p t u r e  o f  t h e  

and a second t o  t h e  decay p r o b a b i l i t y  

incoming p a r t i c l e )  

as fo l lows:  

The q u a n t i t y  i n  squa re  b r a c k e t s  ( t h e  branching r a t i o )  i s  

t h e  q u o t i e n t  o f  t h e  p r o b a b i l i t y  f o r  d-e-exci- ta t ion v i a  t h e  

rea.cJi,ion channel  " b "  ( i e . ,  t,o form a  p a r t i c u l a r  r e s i d u a l  



nucleus and particle with a given kinetic energy) and the 

probability sum over all possible exit channels. 

The principle of detailed balance must hold for 

compound nucleus reactions, that is, the reaction system 

must be symmetric with respect to the exchange of entrance 

and exit channels. Thus, 

Where Xa and Xb are the reduced De Broglie wave lengths of 

the system in the entrance and exit channels6*7*. 

2. Direct Interactions 

A necessary condition in compound nucleus reactions 

is that energy equilibration be achieved after the 

incoming particle enters the target nucleus. However, a 

second group of reactions proceeds via a quite different 

Kechanism in which much less than complete projectile 

momentum is transferred to the compound nucleus. These 

processes are called "direct interactions". In one form, 

for instance, the incoming particle may enter the target 

nucleus, excite a small number of nucleons to bound 

excited or unbound states and retain enough energy to leave 

the nucleus. 

Another well characterised form of direct inter- 

action is the Oppenheimer-Phillips reaction8*. This 

reaction involves the interaction of a deuteron with a 

nucleus resulting in the absorption by the nucleus of a 



neu t ron  t o  popu la t e  s i n g l e  p a r t i c l e  neu t ron  s t a t e s  

accompanied by t h e  e m i t t i n g  of a h igh  energy p r o t o n  ( w i t h  

t h e  p ro ton  energy perhaps  exceeding t h e  i n i t i a l  deu te ron  

ene rgy ) .  

Compound nuc leus  r e a c t i o n s  and d i r e c t  i n t e r -  

a c t i o n s  may be thought  of  a s  two oppos i t e  extreme 

mechanisms f o r  low energy nuc lea r  r e a c t i o n s .  A p a r t i c u l a r  

r e a c t i o n  may proceed by an i n t e r m e d i a t e  mechanism wi th  

more c h a r a c t e r i s t i c s  of  one extreme t h a n  t h e  o t h e r .  

3. Experimental  D i s t i n c t i o n  of  Reac t ion  Mechanisms 

The predominant mechanism may o f t e n  be deduced 

from exper imenta l  r e s u l t s .  I n  t h e  c a s e  of  a compound nucleus  

r e a c t i o n ,  t h e  c r o s s - s e c t i o n  f o r  fo rmat ion  of  a s p e c i f i c  

p roduc t  nucleus  ( s a y  by means of  an ( a , n )  r e a c t i o n )  

should  i n c r e a s e  r a p i d l y  w i th  bombarding energy u n t i l  t h e  

t h r e s h o l d  f o r  a competing r e a c t i o n  ( e . g . ,  t h e  emiss ion of  

two nucleons i n s t e a d  of  one)  i s  reached;  a t  t h i s  p o i n t  t h e  

c r o s s - s e c t i o n  f o r  t h e  ( a , n )  r e a c t i o n  w i l l  b eg in  t o  f a l l  as 

t h e  competing r e a c t i o n  c r o s s - s e c t i o n  r a p i d l y  r i s e s .  This 

fol lows from t h e  s t r o n g  dependence of t h e  e x c i t a t i o n  

energy o f  t h e  compound nucleus  on bombarding energy.  

On t h e  o t h e r  hand, t h e  incoming p a r t i c l e  i n  a 

d i r e c t  i n t e r a c t i o n  d e p o s i t s  an  e x c i t a t i o n  energy \ ~ h i , h  I s  

weakly r e l a t e d  t o  the bombarding energy, thus  ra,pid changes 

i n  t he  c r o s s - s e c t i c n  w i t h  t h e  bambarding energy due t o  t h e  

compet i t ion  desc r ibed  above would n o t  be expected.  



The s t a t i s t i c a l  model p r e d i c t s  t h a t  t h e  emiss ion 

of p a r t i c l e s  from t h e  compound nuc leus  i s  a s t o c h a s t i c  

p roces s ,  and, t h e r e f o r e ,  t h a t  a compound nuc leus  (w i th  zero  

angula r  momentum) emi t s  p a r t i c l e s  i s o t r o p i c a l l y .  

However, i f  a compound nucleus  has a non-zero angu la r  

momentum, p a r t i c l e s  w i l l  be emi t t ed  p r e f e r e n t i a l l y  i n  t h e  

e q u i t o r i a l  p l a n e .  C l a s s i c a l l y ,  t h e  compound nuc leus  may 

be thought  o f  as a f lywheel ,  e m i t t i n g  p a r t i c l e s  t a n g e n t i a l l y  

i n  i t s  p l a n e  of  r o t a t i o n .  The a x i s  o f  r o t a t i o n  i s  

pe rpend icu l a r  t o  t h e  beam d i r e c t i o n ,  hence p r e f e r e n t i a l  

emiss ion w i l l  be found a t  0' and 180' t o  t h e  beam d i r e c t i o n  

i n  t h e  center-of-mass  system, w i t h  t h e  o v e r a l l  d i s t r i b u t i o n  

symmetric about  90'. 

Most d i r e c t  i n t e r a c t i o n s ,  however, w i l l  show 

p r e f e r e n t i a l  emiss ion a t  s m a l l  ang l e s  t o  t h e  i n c i d e n t  beam 

d i r e c t i o n  as a r e s u l t  o f  t h e  f a c t  t h a t  a s u b s t a n t i a l  

f r a c t i o n  of  t h e  i n c i d e n t  p a r t i c l e  momentum i s  t r a n s f e r r e d  

d i r e c t l y  t o  t h e  e m i t t e d  p a r t i c l e s .  

The emi t t ed  p a r t i c l e  energy spectrum i n  t h e  ca se  

o f  compound nuc leus  r e a c t i o n s  i s  expected t o  be Maxwellian 

( excep t  f o r  coulomb b a r r i e r  e f f e c t s ) ,  bu t  t h e  energy 

spectrum f o r  d i r e c t  i n t e r a c t i o n s  w i l l  be more i n t e n s e  

a t  h ighe r  ene rg i e s , and  o f t e n  peaks may be r e so lved ,  corresponding 

t o  t h e  low-energy s i n g l e  p a r t i c l e  s t a t e s  which have been 

e x c i t e d  i n  t h e  t a r g e t  nuc l eus .  

The r e s i d u a l  n u c l e i  of a  nuc l ea r  r e a c t i o n  w i l l  

have more r e c o i l  energy i n  t h e  compound nuc leus  ca se ,  s i n c e  

t h e  l i n e a r  momentum of  t h e  bombarding p a r t i c l e  i s  t r a n s f e r r e d  

complete ly  t o  t h e  compound system. 



If a p r o j e c t i l e  of energy Ea and mass Aa strikes a t a r g c i  

of mass At t o  form a compound nucleus which emlts  a 

p a r t i c l e  t o  form a r e s i d u a l  nucleus with mass A, and r e c o i l  

energy Er, then,  

where C i s  a cons tan t .  Furthermore, from experiment i t  i s  

found t h a t  t h e  r e c o i l  range i n  matter  Rr = C'E, s o  t h a t  

Rr = c"E,, o r  a p l o t  of t h e  range of r e c o i l i n g  n u c l e i  

vs. t h e  bombarding energy should be a s t r a i g h t  l i n e .  

This r e s u l t  would not  be expected i n  d i r e c t  i n t e r -  

ac t ions ,  on t h e  o t h e r  hand, s i n c e  t h e  amount of  energy 

t r a n s f e r r e d  t o  r e c o i l i n g  n u c l e i  i s  weakly r e l a t e d  t o  t h e  

bombarding energy and i s  always l e s s  than  Er c a l c u l a t e d  

from equat ion (1-a). Having found p r o p o r t i o n a l i t y  between 

range and energy over a s p e c i f i c  bombarding energy region,  

one may r e s o r t  t o  t h e o r e t i c a l  range-energy re la t ionships  t o  

c a l c u l a t e  a r e c o i l  energy corresponding t o  an experimental  

range and then  compare t h e  energy with t h a t  c a l c u l a t e d  f o r  

complete momentum t r a n s f e r .  ( see  appendix I ) .  Confidence 

i n  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  i s  gained by comparing theory 

t o  experiment a t  t h e  r e a c t i o n  th resho ld  where f u l l  momentum 

t r a n s f e r  must be achieved f o r  t h e  r e a c t i o n  t o  proceed. 



B. The S t a t i s t i c a l  Model 

1. Weisskopf Evaporation Formula 

Bethe lo* ,  ~ e i s s k o ~ f ~ ~ * ,  and Weisskopf and ~win='** 

developed e a r l y  s t a t i s t i c a l  models t o  dea l  with compound 

nucleus r e a c t i o n s .  weisskopfl1 , comparing t h e  emission 'of  

nucleons by an e x c i t e d  nucleus t o  t h e  evaporat ion of 

molecules by a l i q u i d  drop (an analogy f i r s t  suggested 

by h-enke113* ), performed t h e  thermodynamic d e r i v a t i o n  

which fol lows.  If one cons iders  a  nucleus B with energy 

EB and a neutron with energy between s  and s  + ds and 
1 

v e l o c i t y  v  = ( .% )' enclosed i n  a volume R, t h e  p r o b a b i l i t y  
M 

PC pe r  u n i t  time t h a t  t h e  neutron w i l l  be captured t o  form 

nucleus A with energy between EA and EA + ds i s  given by 

where o (EA,s)  i s  t h e  mean c ross - sec t ion  f o r  t h e  c o l l i s i o n  

of t h e  neutron with nucleus B (EB = EA-EO-s) producing 

compound nucleus A (EA), and Eo i s  t h e  binding energy of 

t h e  neutron t o  nucleus B.  The p r o b a b i l i t y  f o r  t h e  r eve r se  

process  i s  obtained by d iv id ing  PC by t h e  number ( w A ( ~ ~ ) d s )  

of  s t a t e s  i n t o  which t h e  neutron can be captured and 

mul t ip ly ing  by t h e  number ( W B ( E ~ - E ~ - C ) )  of s t a t e s  i n t o  

which A(EA)  can decay. I n  t h e  volume R, t h e r e  a r e  



t r a n s l a t i o n a l  s t a t e s  which may be occupied by  t h e  n e u t r o n  

( g  i s  t h e  s p i n  degeneracy of t h e  n e u t r o n ) ,  s o  t h a t  by  

d e t a i l e d  ba l ance  

The en t ropy  o f  a nuc l eus  w i th  energy between E and E + dE 

i s  d e f i n e d  by 

Then, 

If EA B Eo and EA B E a n d & *  and w g  a r e  assumed t o  be 

i d e n t i c a l  f u n c t i o n s  ( o A ( ~ )  4 w  B ( E )  ), a Taylor  expansion on 

SB y i e l d s  

d S ~  Also  - = 1 where TA(E) i s  t h e  t empe ra tu r e  ( i n  u n i t s  o f  
TJiq 

kT) a t  which t h e  most p robab l e  energy o f  t h e  body A i s  

e q u a l  t o  E. Thus, 

Which i s  t h e  u s u a l  form of  Weisskopf ' s  e v a p o r a t i o n  formula .  



2.  The Fermi Gas Model 

L i t t l e  i s  known about t h e  d e n s i t i e s  of  l e v e l s  

i g h l y  e x c i t e d  n u c l e i ;  t h e  v a r i a t i o n  of l e v e l  d e n s i t  

energy has been de r ived  from a p p r o p r i a t e  models. 

i n  h  

w i th  

A widely  used fo rmu la t i on  may be de r ived  from t h e  Fermi 

gas model, i n  which t h e  nucleus  i s  de sc r ibed  a s  a  c o l l e c t i o n  

of degenera te  fermions enc losed  i n  a  sphere  of  r a d i u s  R .  

Under t h e s e  r e s t r i c t i o n s ,  one may use  t h e  p r i n c i p l e s  of  

s t a t i s t i c a l  thermodynamics t o  d e r i v e  a  l e v e l  d e n s i t y  f o r  

t h e  system. The number o f  s t a t e s  occupied by nucleons 

w i th  momentum l e s s  t h a n  PF ( t h e  momentum corresponding t o  

t h e  "Fermi ene rgy" )  i s  g iven  by 

A t  complete degeneracy ( i e . ,  t h e  ground s t a t e ) ,  

b 6 

Where Z and A a r e  t h e  p ro ton  and mass numbers r e s p e c t i v e l y .  

The t o t a l  k i n e t i c  energy of t h e  p ro tons  cons idered  as a  

degenera te  gas a t  a b s o l u t e  ze ro  i s  g iven  by 

protons-  - 2 
*O J'F p 2  4 np dp 

(2 m 0 2m 

( m  i s  t h e  mass of  t h e  p r o t o n )  



I f  t h e  Fermi gas i s  hea t ed  t o  a tempera ture  T ( i e . ,  t h e  

nucleus  i s  e x c i t e d ) ,  t h e  e x c i t a t i o n  energy may be r e l a t e d  

t o  t h e  t empera ture  of t h e  gas u s i n g  formulas v a l i d  f o r  a 

p e r f e c t  gas o f  fcrmions o f  h igh  degeneracy.  15' One ob ta in s  l h .  

f o r  p ro tons  

where k i s  Bol tzmants  c o n s t a n t .  S u b s t i t u t i n g  t h e  value  of 

EF c a l c u l a t e d  from t h e  PF of equa t ion  ( 4 - b ) ,  

S i m i l a r l y ,  f o r  neu t rons  

Summing the  neu t ron  and p ro ton  e n e r g i e s  

Where a i.s c a l l e d  t h e  Fermi gas c o n s t a n t .  The d e n s i t y  of  

s t a t e s  a t  a  g iven  energy i s  r e l a t e d  t o  t h e  en t ropy  of t h e  

gas by 

S = k l o g  LW. 
~ ( 0 )  



Thermodynamically, 

Equa t ing  q u a n t i t i e s  i n  equa t i ons  (5-b ) and (6-b ) 

k l o g  P E = 2  ( a k 2 ~ ) +  
~ ( 0 )  

Many c a l c u l a t i o n s  have been performed u s i n g  a 

l e v e l  d e n s i t y  o f  t h e  above form ( e q u a t i o n  ( 7 - b ) )  where 

C and a were assumed t o  be a d j u s t a b l e  pa ramete r s  which 

were v a r i e d  t o  g i v e  a b e s t  f i t  t o  expe r imen t a l  d a t a .  1 6 , U  

The Fermi gas  l e v e l  d e n s i t y  e x p r e s s i o n  must, 

however, be c o r r e c t e d  f o r  nucleon a n g u l a r  momentum p a i r i n g .  

Weisskopf and Ewingl2. sugges t ed  ad jus tment  o f  t h e  

p r e - e x p o n e n t i a l  c o n s t a n t  a s  fo l lows  : 

- - 
Codd-odd' QCeven-even and 'even-odd - 'odd-even - 2Ceven-even 

Hurwitz and 8e the18 .  concluded t h a t  i t  i s  more 

r e a l i s t i c  t o  c o n s i d e r  odd-even e f f e c t s  on l e v e l  d e n s i t i e s  

a s  a r i s i n g  from d i sp lacements  o f  t h e  g r o u n d - s t a t e  e n e r g i e s  

caused  by nuc leon  p a i r i n g .  



Thus, the energy appea r ing  i n  t h e  l e v e l  d e n s i t y  expre.~:  i o n  

must bc n ~ - a ~ - ~ r . p d  f r m  a v i r t d u a l  ground s t a t , e ,  d i s p l a - e d  

upward from t h e  t,rue grniind s t a t e  by a n  amount e q u a l  tc t l ; l  

p a i r i n g  pr~c.r gy.  For cvpn-even n u c l e i ,  t h e  pro1  or1 and 

neu t ron  p a i r  i n g  er~eu gi.ir l a a ~  i a n  a d d i  t i v ~  d i ~ p l a c e r n t r ~ t ,  

t hus ,  

6oe ~ ~ e o  and be, x 2 6,, 

Cameron has  c a l c u l a i - d  p a i r i n g  e n e r g i e s  from a  compati i  on 

o f  r e s u l t s  o f  h i s  semi -emper ica l  mass e q u a t i o n  w i t h  m e a s u r ~ d  

atomic masses.  ~ewton" '  has  t a k e n  s h e l l  e f f e c t s  i n t o  

account  by c a l c u l a t i n g  a c h a r a c t e r i s t i c  va lue  o f  - a 

f o r  each  p r o t o n  and n e u t r o n  number. 

Uos t rovsky ,  Fraerikel,  and ~ ~ i e d l a n d e r " '  h a v f ,  

c o r r e c t + ~ l  f o r  ,;hell ef' i 'etsts by i n c l u d i n g  a n  a d d i t i o n a l  

energy 3i.Lif't which i:: p o i - i t i w  j u s t  before and n e g a t i v v  

aft 6.r c l o t  i ld hel l" .  . 

sys tem i n  t'rip entra,r~f '-i  c h a n n ~ > l .  The angu l a r  momentum i s  

quant*iz?d in u n i t s  of" h ,  s o  % h a t  



The maximum v a l u e  o f  1 i s  l i m i t e d  by t h e  maximum v a l u e  o f  

t h e  impact  pa ramete r  which i s  t h e  sum o f  r a d i i  o f  t h e  

n e u t r o n  and t a r g e t  (bma, = R ) ,  and from combina t ion  o f  

e q u a t i o n s  ( 8 - b )  and ( 9 - b ) ,  

- Z 
bmax - max X 

C l a s s i c a l l y ,  one may t h i n k  o f  t h e  p r o b a b i l i t y  f o r  f o r m a t i o n  

o f  a n  i n t e r m e d i a t e  sys tem w i t h  a s p e c i f i c  a n g u l a r  momentum 

as c o r r e s p o n d i n g  t o  t h e  p r o b a b i l i t y  t h a t  t h e  n e u t r o n  w i l l  

h i t  t h e  n u c l e u s  w i t h  a v e l o c i t y  and a n  impact  pa ramete r  

c o r r e s p o n d i n g  t o  t h a t  p a r t i c u l a r  v a l u e ,  t h u s 9 .  

The t o t a l  c r o s s - s e c t i o n  i s  t h e  sum o f  t h e s e  p a r t i a l  c r o s s -  

s e c t i o n s  over  1 9. 

= nxZ( t max + 1 ) 2  



Equation ( 1 1 - b )  r ep resen t s  an upper l i m i t  f o r  or s ince ,  

i n  r e a l i t y ,  not  a l l  c o l l i s i o n s  w i l l  r e s u l t  i n  cap tu re .  

B a r r i e r  p e n e t r a t i o n  ( or  t ransmiss ion)  c o e f f i c i e n t  must 

be introduced i n t o  t h e  sum as  fol lows:  

where 

TI r 1 

I n  t h e  case of a charged p a r t i c l e  i n t e r a c t i n g  with a target,  

nucleus,  t h e  value of t h e  r e l a t i v e  momentum at  t h e  po in t  

of contac t  w i l l  be 

Where s i s  t h e  energy of charged p a r t i c l e ,  i s  t h e  

reduced mass, and t h e  coulomb b a r r i e r ,  B, i s  given by 

I n  t h i s  case,  t h e  upper l i m i t  f o r  t h e  c ross - sec t ion  may be  

shown9' t o  be 

Equation (12-b) i s  v a l i d  f o r  charged p a r t i c l e  c ross - sec t ions ,  

provided t h a t  t h e  coulombic as we l l  a s  t h e  c e n t r i f u g a l  

b a r r i e r  has been included i n  t h e  c a l c u l a t i o n  of t h e  

t ransmiss ion  c o e f f i c i e n t s .  

Equations such as (13-b) have o f t e n  been .used 

f o r  t h e  approximate c a l c u l a t i o n  of inve r se  r e a c t i o n  

c ross - sec t ions  and cap tu re  c ross - sec t ions .  35 9 



However, t h e  development o f  t h e  o p t i c a l  model ( s e c .  I - C ( 1 . ) )  

has  made p o s s i b l e  more d e t a i l e d  c a l c u l a t i o n  of t r a n s m i s s i o n  

c o e f f i c i e n t s  and s e v e r a l  o p t i c a l  model computer programs axe 

a v a i l a b l e  f o r  t h i s  purpose .  23-25. 



C .  Modern Compound Nucleus Theor ies  

1. The O p t i c a l  Model 

When c o n s i d e r i n g  t h e  i n t e r a c t i o n s  of  incoming 

p a r t i c l e s  w i t h  t a r g e t  n u c l e i ,  an  exac t  t r ea tmen t  o f  t h e  

many body problem i s  p r o h i b i t i v e l y  complicated;  many 

s i m p l i f y i n g  assumptions a r e  neces sa ry  f o r  a l l  b u t  two- 

body c a s e s .  Most t r e a t m e n t s  o f  p a r t i c l e - n u c l e u s  i n t e r -  

a c t i o n s  n e g l e c t  a l l  s t r u c t u r e  o f  t h e  nuc leus  and adopt  a model 

which w i l l  d e s c r i b e  t h e  nuc l ea r  p r o p e r t i e s  o f  i n t e r e s t .  

~ e t h e ~ '  de sc r ibed  t h e  nucleus  a s  a r e a l  p o t e n t i a l  

we l l ,  c h a r a c t e r i s e d  on ly  by i t s  r a d i u s  and dep th .  However, 

s e v e r a l  f e a t u r e s  o f  t h i s  model were found t o  be inadequa te ;  

t h e  magnitude of  p r e d i c t e d  neu t ron  c a p t u r e  c r o s s - s e c t i o n s ,  

t h e  wide spac ing  of resonances ,  and t h e  slow change of  

c r o s s - s e c t i o n s  w i t h  energy were n o t  i n  agreement w i t h  

exper imenta l  r e s u l t s .  

Compound nuc leus  t h e o r i e s ,  a lone ,  were a l s o  found 

t o  be inadequa te ,  s i n c e  no account i s  t aken  o f  d i r e c t  

i n t e r a c t i o n  c o n t r i b u t i o n s .  

The a d d i t i o n  of a n  imaginery term t o  t h e  p o t e n t i a l  

o f  t h e  w e l l  i n  Be the l s  model was found t o  extend i t s  range 

and accuracy .  Ea r ly  work by Se rbe r  26' and by Fernbach, 

Serber ,  and Taylor 270 r e s u l t e d  i n  t h e  p roposa l  t h a t  t h e  

e l a s t i c  s c a t t e r i n g  of neu t rons  be compared wi th  t h e  s c a t t e r i n g  

of a wave by a r e f r a c t i n g  and absorb ing  sphe re  of  r e f r a c t i v e  



index  

Where t h e  wave-length of  t h e  l i g h t  corresponds t o  t h e  

energy of t h e  neu t rons  ( E = h u ) .  The nuc l ea r  p o t e n t i a l  

i s  of t h e  form 

Where V i s  t h e  average s i n g l e  p a r t i c l e  r e a l  p o t e n t i a l  

d e f l e c t i n g  p a r t i c l e s  from s t r a i g h t - l i n e  motion, and W 

i s  t h e  "abso rp t ion  p o t e n t i a l "  r e p r e s e n t i n g  t h e  p a r t i c l e s  10s t 

i n  t h e  format ion of  compound n u c l e i 2 8 * .  The nuc l ea r  

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

t h e  c e n t e r s  of  t h e  i n t e r a c t i n g  bodies ,  and s p i n - o r b i t  

i n t e r a c t i o n s  must be cons idered  (except  where bo th  p a r t i c l e s  

a r e  of zero s p i n ) ,  l e a d i n g  t o  t h e  fo l lowing  form: 

Where V and W a r e  t h e  depths  of  t h e  r e a l  and imaginery 

p o t e n t i a l s ,  Vso and Wso a r e  t h e  r e a l  and imaginary s p i n - o r b i t  

p o t e n t i a l s ,  a i s  t h e  P a u l i  s p i n  ope ra to r ,  1 i s  t h e  o r b i t a l  

angula r  momentum i n  u n i t s  of  h, and f ( r )  and g ( r )  a r e  form 

f a c t o r s  .*g. 

According t o  t h e  ~ o o d s - ~ a x o n ~ O *  c o n f i g u r a t i o n  

r - R  -1 
f ( r )  = [l  + exp ( - ) ]  

a 
( c - l a )  



Where R i s  t h e  sum of  t h e  nuc l ea r  r a d i i  o f  t h e  i n t e r a c t i n g  
1 - 

p a r t i c l e s  ( R  = ro(AT3+AX3)) and - a  i s  a parameter  which 

measures t h e  r e a l  r a d i a l  d i f f u s n e s s .  

Two d i f f e r e n t  assumptions have been made about  

t h e  form f a c t o r  g ( r ) .  29 

(1. ) g(r) = f ( r )  This  assumption 

cor responds  t o  volume a b s o r p t i o n .  

( 2 . )  Su r f ace  a b s o r p t i o n .  

I n  t h e  l a t t e r  c a s e  ( a  p u r e l y  phenomenological approach)  

t h e  imaginary form f a c t o r  i s  u s u a l l y  assumed t o  be  Gaussian.  

( c - l b )  

Where b  corresponds  t o  t h e  imaginary r a d i a l  d i f f u s n e s s ,  

b u t  i s  u s u a l l y  t r e a t e d  as a n  a d j u s t a b l e  paramete r .  The 

r e a l  form f a c t o r  i s  u s u a l l y  t aken  from t h e  Woods-Saxon 

c o n f i g u r a t i o n  i n  bo th  c a s e s .  29. 

The t o t a l  p o t e n t i a l  i s  

Where t h e  f i r s t  two terms correspond t o  coulombic and 

c e n t r i f u g a l  p o t e n t i a l s .  The t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  

equa t ion  (12-b)  may be  c a l c u l a t e d  from o p t i c a l  model phase 

s h i f t s  ( b l  )3 '  



The phase  s h i f t s  b e i n g  o b t a i n e d  by s o l u t i o n  o f  t h e  

Schrod inger  e q u a t i o n :  

u s i n g  t h e  ~ ( r )  o f  e q u a t i o n  (c-1). 

Since ,  if a s p i n - o r b i t  i n t e r a c t i o n  i s  used,  t h e  

c a l c u l a t e d  t r a n s m i s s i o n  c o e f f i c i e n t s  w i l l  be a n g u l a r  

momentum dependent ,  t h e  form of  t h e  summation t o  o b t a i n  

t h e  c r o s s - s e c t i o n  w i l l  be d i c t a t e d  by t h e  way i n  which t h e  

a n g u l a r  momenta a r e  coup led .  I f  i n t e r m e d i a t e  coup l ing ,  

( s e e  appendix  11) i s  used,  t h e  a,ngula.r momentum d i s t r i b u t i o n  

o f  t h e  compound n u c l e a r  s t a t e s  i s  g i v e n  byb ' 

For c a s e s  where I = s = o, ( c - 4 )  r educes  t o  

which i s  i d e n t i c a l  i n  form t o  e q u a t i o n  (12-b)  excep t  t h a t  

oc and TI now r e f e r  t o  a s p e c i f i c  angu l a r  momentum. 

The 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  o f  e q u a t i o n  (12-b)  i s  

g i v e n  by 

00 



2.  Angular Momentum Cons idera t ions  

S ince  t h e  impact parameter i s  no t  unique i n  

nuc l ea r  r e a c t i o n s ,  compound n u c l e i  w i l l  be formed wi th  a 

d i s t r i b u t i o n  i n  angula r  momentum which i s  a f u n c t i o n  of 

t h e  n a t u r e  and energy of t h e  r e a c t i n g  system. Equation (2-b) 

which was de r ived  without  r e f e r e n c e  t o  angula r  momentum, 

may be r e w r i t t e n  t o  i nc lude  angula r  momentum e f f e c t s  as 

fol lows : 

(c -6) 

Where, f o r  c l a r i t y ,  t h e  s u b s c r i p t s  A and B have been changed 

t o  C and F, s i g n i f y i n g  "compound" and " f i n a l "  r e s p e c t i v e l y .  

The s p i n  degeneracy, g, has been r ep l aced  by i t s  equ iva l en t ,  

2sx + 1, where sx i s  t h e  s p i n  of  t h e  p a r t i c l e  x i n  t h e  

en t r ance  channel .  

The t o t a l  p r o b a b i l i t y  ~ - 2 ~ ~  f o r  emiss ion of p a r t i c l e  

x from a compound nucleus  w i t h  e x i t a t i o n  energy E and C 

angula r  momentum JC i s  t h e  p r o b a b i l i t y  given i n  equa t ion  ( c - 6 ) ,  

summed over a l l  p o s s i b l e  JF and i n t e g r a t e d  over a l l  

p o s s i b l e  ene rg i e s  of emiss ion.  

(c -7) 

The c r o s s - s e c t i o n  f o r  a p a r t i c u l a r  r e a c t i o n ,  e . g .  

X + b  - Y + x i s  g iven  by 



Where I i s  t h e  s p i n  o f  t h e  t a r g e t  nuc l eus  and t h e  sum 

over  I i n c l u d e s  a l l  p o s s i b l e  p a r t i c l e s  which may be emi t t ed  

by t h e  compound n u c l e u s .  It can be s e e n  t h a t  f a c t o r i n g  

o f  t h e  fo rma t ion  and decay p r o b a b i l i t i e s  i s  no l onge r  p o s s i b l e ,  

So t h a t  t h e  independence hypotheses  a s  p r e v i o u s l y  s t a t e d  

i s  no l onge r  v a l i d .  The independence h y p o t h e s i s  i s  v a l i d  f o r  

a p a r t i c u l a r  Jc however, s i n c e  

where 

The c a p t u r e  and i n v e r s e  c r o s s - s e c t i o n s  i n  equa t i ons  

( c - 8 )  and ( c - 6 )  may be c a l c u l a t e d  a s  i n  s e c t i o n  C - 1 .  

The l e v e l  d e n s i t y  w i l l  a l s o  be a f f e c t e d  by t h e  

i n c l u s i o n  o f  angu l a r  momentum c o n s i d e r a t i o n s .  From t h e  

g e n e r a l  t h e o r e t i c a l  grounds o f  s t a t i s t i c a l  mechanics,  

t h e  dependence o f  t h e  l e v e l  d e n s i t y  on angu l a r  momentum 

i s  expec ted  t o  be  29 

( 2 J  + 1) exp [ - ( r o t a t i o n a l  ene rgy )  
( t e m p e r a t u r e )  1 

If M i s  t h e  t o t a l  a n g u l a r  momentum p r o j e c t i o n  on a Z-axis  

and t h e  number o f  p a r t i c l e s ,  N,  i s  l a r g e ,  t h e  s t a t i s t i c a l  

c e n t r a l  l i m i t  theorem p r e d i c t s  t h a t  t h e  d i s t r i b u t i o n  o f  



M w i l l  be Gaussian 

,-. 

2 Where a = ~ < m ~ >  i s  t h e  mean square  d e v i a t i o n  of My m being 

t h e  p r o j e c t i o n  of  t h e  angula r  momentum of  a s i n g l e  p a r t i c l e .  

The p r o j e c t i o n s  of t h e  t o t a l  angula r  momentum a r e  

M = J, J-1,. . . . . , -J, and 

max 
E M  = , @,J)  

s o  t h a t  

W ( E , J )  = UI(E,M=J) - w ( E , M = J + ~ )  ( c  -10) 

Since  ~ ( E , M = J )  and ~ ( E , M = J + ~ )  may be expanded i n  a Taylor 

s e r i e s  about M = J + $-, LC4,45. 

a w  +. . . 
w(E,M=J+~) = ~ ( E , J + $ )  + $- IM=j++ 

3 
1 aw it  fo l lows ,  ( n e g l e c t i n g  terms 5 

a M j  1 M=J+h) 
from (c -10)  and ( c - 9 )  t h a t  



The d e r i v a t i o n  of equa t ion  (c -9) depends on use  

of t h e  c e n t r a l  l i m i t  theorem which r e q u i r e s  t h a t  t h e  number 

f u r t h e r  t h e o r e t i c a l  j u s t i f i c a t i o n  of  t h e  Gaussian form 

by t h e  fo l lowing  d e r i v a t i o n .  For a Fermi gas  w i th  a d e n s i t y  

of  s i n g l e  p a r t i c l e  s t a t e s  g  and t h e  fo l lowing  equa t ion  of 

s t a t e  

t h e  d e n s i t y  of  s t a t e s  i s  g iven  by 

t h a t  i s ,  t h e  r o t a t i o n a l  and thermal  ene rg i e s  a r e  thought 

of as s e p a r a t e .  S ince  33. 

and 

we o b t a i n  
2 

W ( E , M )  = w(E,0) exp [ 
2c 3 

The q u a n t i t y  C i s  t h e  moment of  i n e r t i a  i n  u n i t s  of  

I 
( c =  ?;) and i s  r e l a t e d  t o  t h e  s p i n  c u t  o f f  parameter b y  



Where t i s  t h e  thermodynamic tempera ture  r e l a t e d  t o  t h e  

"nuc lear  t empera ture ' '  3 by 

For a Fermi gas w i th  t h e  equa t ion  of  s t a t e  

47. given  by ( c -12 )  , 
/ 

1 1 1  3 - W ( E )  = W ( E , O )  = - naa-" ( E 9 t )  9 exp ( 2 a )  
1 2  

and, s u b s t i t u t i n g  i n t o  (c-ll),  

2 3  J 2 1 n 7  3  - 2  1 

~ ( E , J )  = 5- 48 a 2  (T ) ( E  + -t) 2  (2J + 1) exp [ ~ ( ~ E ) ' P ~ J ( J + ~ ) ~  
21t  

(-13) 
~ e t h e l ' '  and o t h e r s 3 5 '  have a r r i v e d  a t  s i m i l a r  forms f o r  t h e  

l e v e l  d e n s i t y .  This form i s  u n r e a l i s t i c ,  however, i n  t h a t  

i t  p r e d i c t s  t h e  same p r o p o r t i o n  of h igh  and low angula r  

momentum s t a t e s  a t  a l l  e n e r g i e s ,  when, i n  r e a l i t y ,  h ighe r  J 

s t a t e s  appear  on ly  a t  h ighe r  e n e r g i e s .  5. ~ a n ~ 3 ~ .  has  

a t t empted  t o  c o r r e c t  f o r  t h e  s u p e r f l u i - t y  of  h igh  J s t a t e s  

a t  low e n e r g i e s  by i n t r o d u c i n g  a h ighe r  o rde r  t e rm i n  M 

as fo l l ows :  

S a r a n t i t e s  and ~ a t e 3 l '  have de r ived  a l e v e l  d e n s i t y  of  t h e  

fo l lowing  form: 



where 

This exp re s s ion  r e s u l t s  i n  a  much sha rpe r  dec rease  i n  t h e  

number of  l e v e l s  j u s t  b e f o r e  t h e  h i g h e s t  va lue  o f  J al lowed 
2 

(de f ined  by E = Jma~(Jmax+l)  ), b u t  does no t  a p p r e c i a b l y  
21 

r e l i e v e  t h e  p e r s i s t a n c e  of h igh  J l e v e l s  a t  lower e n e r g i e s .  

It can be s een  t h a t  t h e  va lue  chosen f o r  I 

g r e a t l y  i n f l u e n c e s  t h e  angu la r  momentum dependence o f  t h e  

l e v e l  d e n s i t y .  More w i l l  be s a i d  about  t h e  cho ice  o f  I i n  

t h e  fo l lowing  s e c t i o n .  

3. The Superconductor Analogy 

The Fermi gas  model ( s e c .  B-2) i s  among t h e  

s i m p l e s t  o f  macroscopic models o f  t h e  nuc leus ,  s i n c e  t h e  

nucleons  a r e  assumed no t  t o  i n t e r a c t .  It i s  u n r e a l i s t i c ,  

however t o  assume t h a t  t h e  motions of  t h e  nucleons a r e  

complete ly  independent w i t h i n  a  f i n i t e  nuc l eus .  

Theor ies  developed t o  d e s c r i b e  t h e  motion of  

e l e c t r o n s  i n  meta l s  have shown t h a t  even sma l l  i n t e r a c t i o n s  

between fermions o f  a sys tem may r e s u l t  i n  changes i n  t h e  

macroscopic p r o p e r t i e s  o f  t h e  system. Bardeen, Cooper, and 

s c h r i e f f e r 3 7 '  have shown t h a t  c o r r e l a t i o n s  between p a i r s  

o f  e l e c t r o n s  a r i s e  from i n t e r a c t i o n s  w i th  l a t t i c e  v i b r a t i o n s  

i n  a c r y s t a l .  For e n e r g i e s  near  t h e  Fermi s u r f a c e ,  e l e c t r o n s  

w i t h  equa l  and oppos i t e  angula r  momenta may p a i r  t o  form 



quasi-bound s t a t e s ,  t h u s  lowering t h e  t o t a l  energy of  t h e  

system and caus ing  t h e  appearance of  a  gap i n  t h e  o r i g i n a l l y  

cont inuous  energy spectrum.  38. 

The observed energy gap i n  t h e  s p e c t r a  o f  even- 

even n u c l e i  l e d  t o  t h e  sugges t i on  by Bohr, e t .  a l .  39 

t h a t  nucleon c o r r e l a t i o n s  e x i s t  which a r e  s i m i l a r  t o  t h e  

fermion c o r r e l a t i o n s  o f  t h e  e l e c t r o n s  o f  a superconduc tor .  

The t h e o r i e s  o f  s u p e r c o n d u c t i v i t y  have been a p p l i e d  e x t e n s i v e l y  

t o  t h e  nuc l ea r  c a s e  ", '2' where l a t t i c e  i n t e r a c t i o n s  

a r e  r ep l aced  by f o r c e s  between t h e  nucleons which l e a d  t o  

angula r  momentum p a i r i n g .  The s t r e n g t h  o f  t h e  nucleon 

i n t e r a c t i o n s  a r e  pyopor t i ona l  t o  t h e  c o r r e l a t i o n  f u n c t i o n  

8. L,angG2' has shown t h a t  t h e  energy gap i s  equa l  t o  28 

i n  even-even n u c l e i  which i s  approximately  equa l  t o  2A, 

where A i s  t h e  energy d i f f e r e n c e  between t h e  ground s t a t e  

masses of  even and odd n u c l e i  c o r r e c t e d  f o r  s u r f a c e ,  coulomb, 

and symmetry e n e r g i e s .  A more d e t a i l e d  s e t  o f  c a l c u l a t i o n s  

by Vonach, e t .  a l .  93' l e d  t o  t h e  value  

For t h e  ground s t a t e ,  t h e  t h e o r i e s  o f  Bardeen, Cooper, and 

~ c h r i e f f e r ~ ~ '  g ive  a  condensa t ion  energy93. 

2 C o  = $goo = 0.97 a t c  2  



where 

It i s  assumed t h a t  28, i s  t h e  energy gap f o r  t = 0. 

"g" i s  t h e  s i n g l e  p a r t i c l e  l e v e l  d e n s i t y  of p ro tons  and 

neu t rons  f o r  a nucleus  wi thout  r e s i d u a l  i n t e r a c t i o n s .  

The q u a n t i t y  C o  decreases  wi th  energy and reaches  zero a t  

Uc, t h e  energy corresponding t o  t h e  c r i t i c a l  temperature ,  

t,, a t  which a l l  p a i r s  a r e  broken.  Above tc,  t h e  nucleus  

may be desc r ibed  a s  a Fermi gas wi th  a ground s t a t e  energy 

s h i f t e d  upward by an amount equa l  t o  t h e  condensat ion 

energy.  The c r i t i c a l  energy i s  g iven by43. 

Below Uc t h e  concept of a l e v e l  d e n s i t y  begins  t o  l o s e  

meaning, a l though  t h e o r e t i c a l  forms have been de r ived .  55,56. 

I n  t h e  nuc l ea r  ca se ,  superconductor t h e o r i e s  

have been extended t o  d e s c r i b e  changes i n  t h e  r o t a t i o n a l  

moment of i n e r t i a ,  which i s  expected t o  decrease  wi th  

energy below tc .  Belyaev 'O' and o t h e r s  39,44* have der ived  

approximate forms f o r  t h e  r o t a t i o n a l  moment of i n e r t i a  a s  

a f u n c t i o n  of  energy below t h e  c r i t i c a l  energy.  A t  h igher  

ene rg i e s ,  t h e  moment o f  i n e r t i a  i s  expected t o  be equa l  t o  

t h e  moment of  i n e r t i a  of  a r i g i d  body of  t h e  nuc lear  

dimensions.  



4. I s o b a r i c  Sp in  

S ince  t h e  p ro ton  and t h e  neu t ron  a r e  o f t e n  thought  

o f  as d i f f e r e n t  quantum s t a t e s  o f  t h e  same p a r t i c l e  

( t h e  nuc l eon ) ,  i t  i s  convenient  t o  i n t r o d u c e  a q u a n t i t y  

which s p e c i f i e s  charge s t a t e .  '5' This v a r i a b l e ,  t h e  i s o b a r i c  

1 s p i n  o r  i - s p i n ,  t a k e s  on t h e  va lues  t = +-$ and t = -2  

f o r  p ro tons  and neu t rons  r e s p e c t i v e l y .  An i s o b a r i c  s p i n  

o p e r a t o r ,  3, may be i n t roduced  which has  p r o p e r t i e s  

analagous  t o  t h e  P a u l i  s p i n  o p e r a t o r ,  o ;  i n  f a c t ,  t h e  

quantum mechanical  behavior  o f  t p a r a l l e l s  t h a t  o f  s, t h e  

o r d i n a r y  s p i n  (however, sp in-space  and i - sp in - space  a r e  

complet ly  independent ) . 
The t o t a l  i - s p i n  o f  a nuc leus  i s  '6. 

which has  Z component 

For l i g h t  n u c l e i  ( A  ,< 50), T i s  a good quantum 

2 number, b u t  as Z /A  i n c r e a s e s  o r  as t h e  neu t ron  excess  

i n c r e a s e s ,  T becomes l e s s  v a l i d ,  i n  t h e  former c a s e  

because of  coulombic e f f e c t s  on commutation p r o p e r t i e s ,  

and i n  t h e  l a t t e r  because  d i f f e r e n t  s i n g l e  p a r t i c l e  s h e l l s  

a r e  be ing  f i l l e d  by neu t rons  and p r o t o n s .  29. 



I s o b a r i c  s p i n  conse rva t ion  i s  impor tan t  i n  t h e  

r e a c t i o n s  between e lementary p a r t i c l e s  and l i g h t  n u c l e i .  

I n  t h e  s c a t t e r i n g  of deuterons  by helium, an i n t e r m e d i a t e  

system wi th  T = 0 i s  expected.  The f i r s t  t h r e e  e x c i t e d  

s t a t e s  of  Li6 a r e  t h e  fo l lowing:  7 

J = 3+ T = 0 2 - 1 9  MeV 

J =  O+ T = 1 3.57 MeV 

J = 2+ T = 0 4.52 MeV 

Resonances a r e  found corresponding t o  t h e  T = 0 s t a t e s ,  

bu t  t h e  T  = 1 s t a t e  i s  n o t  formed as a compound nuc leus .  7. 

The exac t  mass and energy r eg ions  of a p p l i c a b i l i t y  

of i s o b a r i c  s p i n  conse rva t ion  a r e  a t  p r e s e n t  undef ined,  

s i n c e  most experiments t o  d a t e  on ly  t e s t  r e l a t i v e  i s o b a r i c  

s p i n  r e l a t i o n s h i p s  between ne ighbor ing  i s o b a r s  (charge  

exchange r e a c t i o n s ) ,  and l i t t l e  in format ion  i s  a v a i l a b l e  

f o r  more complicated systems.  47. 

Stud ie s  of a lpha  p a r t i c l e s  and pro tons  emi t t ed  

from t h e  compound nuc leus  cu63 produced by a lpha  (T = 0 )  

bombardment of  (T = -512) and p ro ton  ( T  = -$) 

bombardment of  ( T  = - 2 )  have y i e l d e d  r e s u l t s ,  t h e  

anamolies i n  which have been d i scussed  i n  terms of i s o b a r i c  

s p i n  arguments 48'49' ; however, t h e s e  arguments a r e  s t i l l  

i n  t h e  format ive  s t a g e ,  and t h e  v a l i d i t y  of i s o b a r i c  s p i n  

conse rva t ion  a t  such h igh  e n e r g i e s  i s  doub t fu l .  



D .  P r e sen t  Work. 

The p r e s e n t  work i s  a  rad iochemica l  s t u d y  of 

r e a c t i o n s  p roceed ing  through t h e  compound nuc leus  Ge 68 

e x c i t e d  t o  e n e r g i e s  of' 10-50 MeV. 

Previous  s t ~ d i e s ( ~ ~ ' ~ ~ '  ) have d e a l t  w i t h  p roduc t ion  

of t h e  compound nuc leus  ~ e ~ ~  by bombardment o f  2n6' w i th  

~ e ~  ions ,  b u t  have n o t  inc luded  produc t  range measurement 

t o  determine predominant r e a c t i o n  mechanisms. D i f f e r e n t  

formalisms of  t h e  s t a t i s t i c a l  model have been employed50~21 ,53~ 31. 

w i th  v a r i e d  success  i n  d e s c r i b i n g  t h e  ma,gnitude of t h e  

observed c r o s s - s e c t i o n s  . C a l c u l a t i o n s  by ~ o r i l e ~ ~ ' ,  which 

d i d  no t  i nc lude  angu la r  momentum dependence, r e q u i r e d  

v a r i a t i o n  of  t h e  l e v e l  d e n s i t y  parameter  between 0 . 8  and 

2 . 8  M ~ v - '  t o  o b t a i n  agreement wi th  exper iment .  From t h e  

shapes and h igh  energy t a i l s  of  some of  t h e  e x c i t a t i o n  

f u n c t i o n s  P o r i l e  concluded t h a t  a s i z a b l e  d i r e c t  i n t e r a c t i o n  

c o n t r i b u t i o n  was probably  p r e s e n t  o r  t h a t  t h e  s t a t i s t i c a l  

model was no t  complete ly  a p p l i c a b l e  t o  t h i s  c a s e .  

Dostrovsky, F r i e d l a n d e r ,  and Fraenkel2' '  r e q u i r e d  

anomalously low ( a  = A/40 ) l e v e l  d e n s i t y  parameters  t o  

o b t a i n  agreement between t h e i r  non angu la r  momentum 

dependent s t a t i s t i c a l  model c a l c u l a t i o n s  and t h e  d a t a  o f  

~ o r i l e 5 O . .  

Es t e r lund  and p a t e 5 3  employed a  p r i m i t i v e  angula r  

momentum dependent formalism w i t h  a v a r i a b l e  moment of  

i n e r t i a .  I n  o rde r  t o  o b t a i n  agreement w i th  t h e  d a t a  o f  

~ o r i l e 5 O . ,  a moment o f  i n e r t i a  of  1 . 2  t imes  t h e  r i g i d  body 



va lue  was r e q u i r e d ;  t h i s  value  i s  i n  obvious c o n f l i c t  wi th  

p h y s i c a l  p o s s i b i l i t y .  

S a r a t i t e s  and used Monte Car l o  t echniques  

and an  angu la r  momentum dependent formalism i n  t h e i r  c a l c u l a t i o n s .  

For c a l c u l a t i o n s  i nvo lv ing  t h e  emiss ion of  one p a r t i c l e  by 

t h e  compound nucleus ,  e x c e l l e n t  agreement was ob ta ined  wi th  

t h e  d a t a  o f  ~ o r i l e ~ ~ .  u s i n g  a r e a l i s t i c  va lue  o f  t h e  l e v e l  

d e n s i t y  parameter  and t h e  r i g i d  body moment o f  i n e r t i a .  

For t h e  two p a r t i c l e  ca se ,  agreement was l e s s  s a t i s f a c t o r y .  

I n  l i g h t  o f  t h e  anomalies observed i n  p rev ious  s t u d i e s  

o f  t h i s  r e a c t i o n  system, a r e i n v e s t i g a t i o n  of  t h e  r e a c t i o n s  

invo lved  was under taken .  I n  o rde r  t o  d e t e c t  any major 

d i r e c t  i n t e r a c t i o n  c o n t r i b u t i o n s ,  r e c o i l  ranges  were 

measured. Also, t h e  same compound nucleus  was formed i n  

4 64 t h r e e  d i f f e r e n t  ways; namely, He bombardment of  Zn , 
52 c12 bombardment o f  ~ e 5 ~ ,  and 016 bombardment o f  C r  . 

Cross - sec t i ons  were measured a s  f u n c t i o n  of  energy f o r  

( * only  upper l i m i t s  on t h e  c r o s s - s e c t i o n s  were measurable)  



At the energies of the measurements, the average 

angular momentum of the compound nucleus is expected to 

differ in the three cases when considered at equal excitation 

energies, providing a test for the angular momentum dependence 

of the excitation functions. Also, direct interaction 

contributions are expected to differ substantially for three 

such different reaction systems. 

The isotopic spin is, however, invariant and 

plays no role for the three target projectile systems 

studied, since projectiles with zero isotopic spin are 

impinging on targets with isotopic spin -2 in all three 

cases considered. 

A Fortran IV coding of statistical model 

calculations was undertaken for an IBM system 360/40 

computer. Large memory capacities have made possible 

direct calculations and summation of reaction probabilities, 

and this method was chosen, rather than Monte Carlo 

techniques which have been used earlier 50,2 l ,  53,310 



11. Experimental Procedures 

A .  Targeks 

Thin metal  f o i l  t a r g e t s  were prepared  from t,hc 

ma te r i a l s  descr ibed i n  Table I .  Mater ia ls  enriched i n  a n  

i so tope  of i n t e r e s t  were used i n  those cases  where a c t i v i t i e s  

would be produced v ia  r e a c t i o n s  with o the r  c o n s t i t u e n t s  of 

t h e  n a t u r a l  i s o t o p i c  mixture and would i n t e r f e r e  w i t h  t h e  

radioassay  of  t h e  nuc l ide  of in t e res t , .  

1. Zinc 

Zinc t a r g e t s  were prepared by vacuum depos i t ion  

of m e t a l l i c  zinc onto t h i n  aluminum f o i l s .  The aluminum 

sur face  had t o  be p r e t r e a t e d ;  aluminum metal  which has  

been exposed t o  a i r  always has an oxide coa t ing .and  zinc 

54 w i l l  not  r e a d i l y  condense onto non-metall ic su r faces  . 
This d i f f i c u l t y  may be overcome by using high vapor 

i n t e n s i t i e s ,  but depos i t s  thus  formed a r e  granular  and uneven. 

I n  t h e  case  of zinc enriched i n  ~ n ~ ~ ,  t h i s  would have been 

e s p e c i a l l y  troublesome, s i n c e  only small amounts of  t h e  

enriched i so tope  were a v a i l i a b l e .  

It has been found54*, however, t h a t  a  t h i n  l a y e r  

(-1 i) of s i l v e r  w i l l  provide nuc lea t ing  s i t e s  f o r  zinc 

on a no'n-metallic s u r f a c e .  Therefore, t h e  aluminum f o i l s  

were p r e - t r e a t e d  by evaporat ing a  t h i n  depos i t  of s i l v e r ,  

t h e  th ickness  of  which was determined by means of a quar t z  . 
c r y s t a l  and frequency monitor, t h e  frequency of a c r y s t a l  

being p ropor t iona l  t o  t h e  mass deposi ted upon it. 
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I n  a l l  c a s e s ,  t h e  o v e r a l l  average  t h i c k n e s s  o f  t h e  s i l v e r  

d e p o s i t  was l e s s  t h a n  t h e  a tomic  r a d i u s ,  and t h e  amount 

d e p o s i t e d  was known t o  +i0%55' .  The z inc  d e p o s i t s  evapora ted  

o n t o  a f o i l  t h u s  p r e t r e a t e d  were examined by means o f  a  

microscope f i t t e d  w i t h  a  c a l i b r a t e d  eyep iece ,  and t h e  g r a i n  

s i z e  was found t o  be much l e s s  t h a n  t h e  t h i c k n e s s  o f  t h e  

d e p o s i t  i n  a l l  c a s e s .  

High p u r i t y ,  commercial ly a v a i l a b l e 5 8 ' ,  n a t u r a l  

z i nc  f o i l s  o f  .0005 i n c h  t h i c k n e s s  were used a t  h i g h e r  e n e r g i e s  

when t h e  beam energy  l o s s  i n  such  f o i l s  was l e s s  t h a n  1 

MeV. 

2 .  Enr iched  I r o n  

I r o n  f o i l s ,  e n r i c h e d  i n  ~ e ~ ~ ,  were p r epa red  by 

e l e c t r o p l a t i n g  i r o n  onto aluminium f o i l  from b a s i c  t a r t r a t e  

s o l u t i o n s .  The methods o f  Blann e t  . a1. 59' were modif ied  

by lower ing  t h e  pH t o  9.5 t o  a v o i d  r e a c t i o n  o f  t h e  b a s i c  

s o l u t i o n  w i t h  t h e  aluminium s u b s t r a t e .  A 5 cm. d iamete r  

t an t a lum d i s c  was used  as t h e  ca thode  a t  a d i s t a n c e  o f  

0 . 5  cm. from t h e  aluminium f o i l  anode.  F o i l s  were c u t  

from t h e  c e n t e r  o f  t h e  p l a t e d  a r e a  t o  avo id  v a r i a t i o n s  i n  

t h e  d e p o s i t  t h i c k n e s s  a t  t h e  edges o f  t h e  f o i l s .  

3. N a t u r a l  I r o n  and Chromium 

N a t u r a l  i r o n  and chromium f o i l s  were p r epa red  

by vacuum e v a p o r a t i o n  o n t o  aluminium f o i l  u s i n g  s t a n d a r d  

t e chn iques54 . .  



4. Uniformity  

The u n i f o r m i t y  o f  a l l  f o i l s  was checked by 

a c c u r a t e l y  weighing segments o f  t h e  f o i l  which had been 

2 c u t  w i th  a s m a l l  d i e  o f  known a r e a  ( 7 . 5 5  mm ) .  None of 

t h e  f o i l s  used f o r  bombardment had a  t h i c k n e s s  which 

v a r i e d  by more t h a n  3%. 

B. Bombardments 

1. FIe4 

Bombardments were performed a t  t h e  Brookhaven 

Na t iona l  Labora tory  60-inch Cyclot ron,  t h e  U n i v e r s i t y  of  

Washington ( ~ e a t t l e )  60- inch Cyclot ron,  and t h e  Washington 

U n i v e r s i t y  45-inch Sec tor - focused  Cyc lo t ron .  

I n c i d e n t  a l p h a - p a r t i c l e  beam e n e r g i e s  were measured 

v i a  t h e  observed ranges  i n  s t a c k s  o f  aluminium p l u s  b l u e  

ce l lophane  f o i l s .  An amount of  aluminium was used cor responding  

t o  most o f  t h e  range,  w i th  b lue  ce l lophane  used downstream 

f o r  t h e  f i n a l  few p e r c e n t .  A b r i e f  (-1 pA-sec)  passage  of  

charged p a r t i c l e s  through b l u e  ce l l ophane  causes  i o n i z a t i o n -  

induced b leach ing ,  and t h e  t h i c k n e s s  beyond which b l each ing  

no longer  occurs  corresponds  t o  t h e  range of t h e  i n c i d e n t  

beam. The energy was t h e n  c a l c u l a t e d  from t h e  p r e v i o u s l y  

measured 60. range-  energy r e l a t i o n s h i p  f o r  aluminium and 

b l u e  ce l l ophane .  



The i n c i d e n t  beam e n e r g i e s  were found t o  be:  

U .  of  Washington 60-inch Cyc lo t ron  41.6 & 0 . 5  MeV 

Brookhaven N.L. 60- inch Cyclot ron 41.0  k 0 . 3  MeV 

Washington u .45- inch Cyclot ron 25.7 & 0 .3  MeV 

The t a r g e t  c o n f i g u r a t i o n  used on t h e  U. of 

Washington 60-inch c y c l o t r o n  c o r ~ s i s t e d  o f  a water-cooled 

aluminium p l a t e  on to  which were clamped t h e  f o i l  s t a c k s  

t o  be i r r a d i a t e d .  The beam i t s e l f  was no t  w e l l  co l l ima ted ;  

t h e r e f o r e  c o l l i m a t i o n  a t  t h e  t a r g e t  was e f f e c t e d  by means of 

a t h i c k  aluminium mask clamped around t h e  edges of  t h e  f o i l  

s t a c k .  I n  most c a s e s ,  a  s p e c i a l  t a r g e t  chamber was used 

t o  avo id  ove rhea t ing  of t h e  t a r g e t  f o i l s .  This s o - c a l l e d  

" b e l l  jar" assembly, ( s e e  f i g u r e  1 . )  al lowed a flow of  

hel ium t o  pass  a c r o s s  t h e  f a c e  of  t h e  t a r g e t  s t a c k ,  b u t  

lowered t h e  i n c i d e n t  beam energy t o  37 .h  & 0 . 5  MeV. 

A s i m i l a r  t a r g e t  block was used cn  t h e  Washington 

U .  45-inch cyc lo t ron ,  b u t  no s p e c i a l  c o c l i n g  was r e q u i r e d ,  

because of  sma l l e r  beam i n t e n s i t y  and more e f f i c i e n t  water-  

c o o l i n g  of t h e  b lock .  

I n  bo th  of t h e  above ca se s ,  t h e  beam i n t e n s i t y  

was measured by means of  t h e  p r c d ~ c t i o r ~  of  zn65 i n  copper 

f o i l s .  The e x c i t a t i o n  f u n c t i o n  f o r  t h e  combined C U ~ ~  ( a ,Zn)  

~a~~ and ~ u ~ ~  ( a , p n )  ~ n ~ ~  r e a c t i o n s  was determined i n  a 

s e p a r a t e  experiment ( s e e  appendix 1 i I ) a n d  found t o  be i n  

61. agreement w i t h  t h e  r e s u l t s  of  Houck and M i l l e r  . 



The p r o j e c t i l e  energy a t  var ious  p o s i t i o n s  through 

t h e  f o i l  s t a c k  was c a l c u l a t e d  u s i n g  t h e  range-energy curves  

due t o  Atkinson and  illi is^^'. The range of  a l p h a  p a r t i c l e s  

i n  z inc  was determined r e l a t i v e  t o  aluminium by a s e r i e s  of  

b l u e  ce l l ophane  exper iments  i n  which d i f f e r e n t  p o r t i o n s  o f  

t h e  beam were i n t e r c e p t e d  by z inc  c r  aluminium degraders  

b e f o r e  e n t e r i n g  t h e  ce l l ophane  s t a c k .  From t h e  r e l a t i v e  

p o s i t i o n s  o f  t h e  s topped  beams i n  t h e  s t a c k ,  t h e  range i n  

z inc  was c a l c u l a t e d  from t h e  range d i f f e r e n c e  and beam 

energy.  

I n  t h e  Washington U n i v e r s i t y  bombardments, dur ing  

which t h e  ~ n ~ ~  (a ,y)  ~ e ~ ~  e x c i t a t i o n  f u n c t i o n  was determined,  

on ly  t h i n  f o i l s  (<2 mg/cm2) were used .  The more a c c u r a t e  

i n c i d e n t  energy determined from t h e  average  of  a n  ex t ens ive  

s e r i e s  o f  range  measurements by ~ e e d e r ~ 3 .  was used i n  

c a l c u l a t i o n s  (25.9 & 0 . 1  MeV). 

A d e t a i l e d  d e s c r i p t i o n  of t h e  Brookhaven t a r g e t  

assembly and Faraday cup used t o  monitor t h e  beam i n t e n s i t i e s  

611. i s  g iven  e lsewhere  . 
2 .  Heavy Ion (016 and c12)  

Bombardments were performed a t  t h e  Yale U n i v e r s i t y  

Heavy Ion  Linear  A c c e l e r a t o r .  The most p robable  v e l o c i t y  

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

( independent  o f  t h e  charge of  t h e  i o n s j  a s  i s  t h e  energy 

pe r  p r o j e c t i l e  mass u n i t  ( 1 0  M ~ V ) .  To i n s u r e  uniform energy,  

t h e  C!12 and 016 beams ( c o n s i s t i n g  of  charge +5 i o n s )  were 



pas sed  th rough  a n  a n a l y z i n g  magnet b e f o r e  b e i n g  brought  i n t o  

focus  i n  t h e  expe r imen t a l  a r e a .  

A t y p i c a l  one i n c h  d iamete r  t a r g e t  s t a c k  c o n s i s t e d  

of  one t a r g e t  f o i l  (-250 ilg/crn2) p receded  by a n  appropriat , .  

t h i c k n e s s  o f  beam-degrading aluminium f o i l s  and fo l lowed 
. , 

by s e v e r a l  t h i n  (-200 Mg/cmd) aluminium c a t c h e r s .  Th i s  

s t a c k  was clamped o n t o  a b r a s s  c y l i n d e r  which s l i p p e d  i n t o  

a 1$ i n c h  x 6 i n c h  Farady cup ( s e e  f i g u r e  2 ) .  The charge  

from t h e  Faraday cup was i n t e g r a t e d  by a c a l i b r a t e d  Cary 

e l e c t r o m e t e r .  The e f f i c i e n c y  o f  t h e  Faraday cup i n  r e t a i n i n g  

secondary  e l e c t r o n s  had been shown t o  be 100% under t h e  

65 i n f l u e n c e  o f  a  s t r o n g  magnetic  f i e l d  . 

The energy  o f  t h e  beam p a r t i c l e s  a t  v a r i o u s  

p o s i t i o n s  th rough  t h e  t a r g e t  s t a c k  was determined from t h e  

range-energy cu rves  o f  N o r t h c l i f f e  66 ,67.  

C .  Chemistry and R a d i a t i o n  Assay Techniques 

1. Chemical S e p a r a t i o n s  

S t anda rd  r ad iochemica l  p rocedures  68369. h,ere 

adapted5'. f o r  u s e  on a l l  t a r g e t s  i n  t h i s  work. Each 

t a r g e t  was d i s s o l v e d  i n  a  6~ - H C 1  s o l u t i o n  c o n t a i n i n g  

known amounts o f  G e ( 1 ~ )  and G a ( 1 1 1 )  c a r r i e r  p l u s  Zn, N i ,  

Co, and Mn holdback c a r r i e r s .  To i n s u r e  t h a t  t h e  germanium 

and g a l l i u m  a c t i v i t i e s  were i n  t h e  a p p r o p r i a t e  o x i d a t i o n  

s t a t e s ,  a  few drops  o f  40% H202 -01u t i ons  were added.  

Germanium a c t i v i t i e s  were s e p a r a t e d  by d i s t i l l a t i o n  

a s  GeClk from t h e  above s o l u t i o n .  The gaseous GeC14 was 



3.issolved i n  w a t e r  and t h e  germanium was p r e c i p i t a t e d  as 

GeS2 w i t h  H,S, f i l t e r e d  and mounted f o r  c c u n t i n g .  
C 

Chemical y i e l d s  were u s u a l l y  g r e a t e r  t h a n  90%. 

Fol lowing dis  t i i l a t  ion oi' t h e  germanium a c t i v i  + g, 

t h e  remain ing  s o l u t i o n  was ex t rac t , ed  w i t h  i s o p r o p y l  ethb2r 

t o  remove t h e  g a l l i u m  a c t i v i t i e s  i n t o  t h e  e t h e r  phase  as 
- 

G a C 1 4 .  The e t h e r  p h a s e  was washed s e v e r a l  t i m e s  w i t h  6~ - 

H C 1  b e f o r e  t h e  g a l l i u m  a c t i v i t y  was b a c k - e x t r a c t e d  w i t h  

water. The wa te r  s o l u t i o n  was t h e n  b u f f e r e d  t o  pH 7 . 0  

w i t h  NH - N H 4 C l  b e f o r e  a d d i t i o n  o f  a few drops  o f  s a t u r a t e d  3 
8-hydroxyqu ino l ine  s o l u t i o n  t o  p r e c i p i t a t e  t h e  g a l l i u m  

a c t i v i t y  as G ~ ( C ~ H ~ N O )  t h i s  was h e a t e d  t o  e x p e l  wa te r  
3; 

and mounted f o r  c o u n t i n g .  Chemical y i e l d s  v a r i e d  between 

35 and 70%. 

2 .  R a d i a t i o n  Assay 

66 
Ge ( 2 . 4  h o u r s )  - A 7 . 6  c m  x  7 . 6  crn ~ a r ( T 1 )  

d e t e c t o r  was employed and t h e  i n t e n s i t y  o f  t h e  3 8 1 . 4 -  

keV f u l l  ene rgy  peak was measured. E f f i c i e n c y  d a t a  due t o  

~ e a t h ~ ' .  were employed. The r e l a t i v e  gamma-ray i n t e n s i t y  

was t a k e n  as -334 i .0!+5 photons/disintegration71' . I n  

some c a s e s  t h i s  n u c l i d e  was a l lowed  t o  decay t o  i t s  

g a l l i u m  daugh te r  which was t h e n  a s s a y e d .  

3367 (19 m i n u t e s )  - Allowed t o  decay t o  ~ a ~ ~  which 

was a s s a y e d .  

~ e ~ ~  (280 d a y s )  - The 511-keV a n i h i l a t i o n  

r a d i a t i o n  from t h e  decay o f  68 - minute  ~a~~ i n  s e c u l a r  



equ i l ib r ium was assayed v i a  a  7 . 6  cm x 7 . 6  cm NaI(T1) 

d e t e c t o r .  The a n i h i l a t i o n  r a d i a t i o n  d e t e c t i o n  e f f i c i e n c y  

was c a l i b r a t e d  wi th  a  ~ a ~ ~  s t anda rd  source of known 

d i s i n t e g r a t i o n  r a t e  which was c a l i b r a t e d  by convent ional9 '  

511-511 keV gamma-ray coincidence measurements. Pos i t ron  

emission was taken t o  occur i n  87.9%72* of t h e  Ga 68 

d i s i n t e g r a t i o n s .  ( s e e  appendix IV) 

~ a ~ ~  ( 9 . 5  hour )  - A n i h i l a t i o n  r a d i a t i o n  was 

assayed v i a  7 .6  cm x 7 . 6  cm N ~ I ( T ~ )  d e t e c t o r s .  Pos i t ron  

73 emission was taken t o  occur i n  56.54% of t h e  d i s i n t e g r a t i o n s  . 
The decay of t h e  nuc l ide  was followed i n  some cases  by 

65. means of b e t a  p r o p o r t i o n a l  counters  descr ibed  elsewhere . 
~ a ~ ~  (78  hour )  - The 91.22-93.26 keV and 189.5- 

206 keV gamma-ray peaks were assayed v i a  a  7 .6  cm x 7 . 6  cm 

N ~ I ( T ~ )  d e t e c t o r .  The r e l a t i v e  gamma-ray i n t e n s i t i e s  were 

taken  a s  0.473 pho tons /d i s in t eg ra t ion  and 0.274 photons/ 

d i s i n t e g r a t i o n  r e spec t ive ly74 '  . Representa t ive  gamma-ray 

s p e c t r a  were in spec ted  f o r  impuri ty  a c t i v i t i e s  v i a  Ge(Li)  

71. d e t e c t o r s  descr ibed  elsewhere . 
A s e r i e s  of measurements of t h e  above s p e c i f i e d  

k ind  spaced i n  time was taken f o r  each sample and t h e  

r e s u l t i n g  decay curves  were sub jec ted  t o  l e a s t  squares  

a n a l y s i s  v i a  C L S ~ ~ ~ .  , t h e  Brookhaven computer program f o r  

r a d i o a c t i v e  decay a n a l y s i s .  



111 Treatment of' Data 

A .  Recoi l  Range Ca lcu la t i ons  

1. In f luence  of P a r t i c l e  Emission on Rr:co.il Rangcs 

I n  a compound nucleus  r e a c t i o n ,  t h e  energy  ER 

imparted t o  t h e  r e c o i l i n g  e x c i t e d  compound nucleus  w i l l  be 

determined by t h e  conse rva t ion  of  l i n e a r  momentum i n  t h e  

t a r g e t - p r o j e c t i l e  system. 

The subsequent  emiss ion o f  p a r t i c l e s  by t h e  

compound nucleus  (symmetric about  90' t o  t h e  beam d i r e c t i o n  

i n  c e n t e r  of  mass c o o r d i n a t e s )  w i l l  r e s u l t  i n  a d i s t r i b u t i o n  

o f  r e c o i l  e n e r g i e s  about  a n  average va lue  c l o s e  t o ,  bu t  

no t  equa l  t o ,  t h a t  of  t h e  r e c o i l i n g  compound nuc leus .  

~ l a n n ~ ~ 9 7 7 .  has c a l c u l a t e d  t h a t  t h e  emiss ion of a p r o t o n  

by a mass 59 compound nucleus  w i l l  r e s u l t  i n  no more t h a n  

a 10-15% dec rease  from t h e  r e c o i l  energy o f  t h e  compound 

nuc leus .  

I n  t h i s  work r e c o i l  ranges  were c o r r e c t e d  f o r  

e f f e c t s  o f  p a r t i c l e  emiss ion u s i n g  t h e  approximat ions  of  

Blann 76,77 , namely: 

(1) The evapora t ion  energy spectrum i s  r ep l aced  with  

a unique average energy.  

( 2 )  The evaporated p a r t i c l e  angu la r  d i s t r i b u t i o n  i s  

r ep l aced  wi th  50% of t h e  p a r t i c l e s  emi t t ed  forward and 

50% emi t t ed  backward a long  t h e  beam d i r e c t i o n .  



D e t a i l e d  c a l c u l a t i o n s  by Blann 7 6 y  77 have shown 

t h a t  t h e s e  approximat ions  produce i n  t h e  r e c o i l  ranges  of  

t h e  product  when a - p a r t i c l e s  a r e  emi t t ed  from ~i~~ a l e s s  

t han  1% e r r o r  and a  l e s s  t han  7% e r r o r  r e s p e c t i v e l y .  

I n  t h e  p r e s e n t  c a l c u l a t i o n s ,  average  ranges  were 

c o r r e c t e d  by a maximum of 16% f o r  emiss ion of two nuc leons .  

It was assumed t h a t  t h e  average neu t ron  and p r o t o n  emiss ion 

e n e r g i e s  were 3 . 2  and 6 . 5  MeV r e s p e c t i v e l y .  I n  c a l c u l a t i o n s  

of ~ l a n n ~ ~ .  a f a c t o r  o f  two change i n  t h e  assumed a,verage 

p a r t i c l e  e n e r g i e s  was found no t  t o  e f f e c t  t h e  c a l c u l a t e d  

r e c o i l  v e l o c i t i e s  by more t h a n  1.5%. 

2 .  E f f e c t s  o f  Targe t  Thickness 

P r o j e c t e d  ranges  were c a l c u l a t e d  u s i n g  t h e  

formalism desc r ibed  i n  Appendix 1-1 (namely equa t ion  1-8) 

which t a k e s  i n t o  account  t h e  v a r i a t i o n  of t h e  r e a c t i o n  

c r o s s - s e c t i o n  w i t h i n  t h e  t a r g e t  due t o  deg rada t ion  of  t h e  

beam energy.  This c o r r e c t i o n  never exceeded 35% i n  t h e  

ca se s  cons ide red .  

3 .  S c a t t e r i n g  Cor rec t i ons  

The expe r imen ta l l y  measured p r o j e c t e d  ranges  were 

conver ted  t o  t o t a l  p a t h  l e n g t h s  u s i n g  t h e  d a t a  of  Lindhard, 

S c h a r f f ,  and S ~ h i ~ t t ~ ~ ' ( s e e  Appendix 1-2).  This c o r r e c t i o n  

was normal ly  approximately  one t h i r d  o f  t h e  p r o j e c t e d  r ange .  

E f f e c t s  due t o  s c a t t e r i n g  of  r e c o i l s  a t  t h e  t a r g e t - c a t c h e r  

f o i l  i n t e r f a c e  were assumed t o  be sma l l  and were ignored .  



B. E x c i t a t i o n  Funct ion C a l c u l a t i o n s  

1. Cross S e c t i o n  Calcula.l;ions 

During t h c  bombardment, t h e  number o f  p roduc t  

n u c l e i ,  N,  p r e s e n t  a t  t ime t i s g *  : 

where R i s  t h e  r a t e  o f  format ion and X i s  t h e  decay c o n s t a n t  

o f  t h e  produc t  n u c l e i .  The r a t e  of format ion of n u c l e i  i n  a 

r e a c t i o n  w i t h  c r o s s  s e c t i o n  o, induced by I p a r t i c l e s  p e r  

u n i t  t ime impinging upon t h e  t a r g e t  (o f  s u p e r f i c i a l  atomic 

d e n s i t y  IVT) i s :  

and i f  I i s  c o n s t a n t  throughout  t h e  bombardment, 

The q u a n t i t y  o  (which i s  o f t e n ,  as a t  p r e s e n t ,  t h a t  o f  

i n t e r e s l ; )  r a y  be e x t r a c t e d  if a l l  t h e  q u a n t i k i e s  or1 tne  

r i g h t  hand s i d e  of t h e  equa t ion  a r e  known o r  measured. 

A compl ica t ion  may a r i s e  when one measures t h e  number 

o f  n u c l e i  of  a p a r t i c u l a r  s p e c i e s  t o  determine t h e  c r o s s  

s e c t i o n  f o r  a p a r t i c u l a r  r e a c t i o n .  For example, t h e  product  

67 of t h e  ~ n ~ ~ ( a , n )  r e a c t i o n ,  Ge , decays by positllon il;ii;sion 

w i t h  a 19-minute h a l f  13fe t o  a n  i s o t o p e ,  77-hour ~ a ~ 7  

which i s  also t h e  produc t  of t h e  Z K ~ ~ ( ~ ,  p )  r e a c t i o n .  t h i s  



c a s e ,  t h e  amount o f  ~a~~ produced bo th  d u r i n g  t h e  

bombardment and b e f o r e  chemical  s e p a r a t i o n  o f  t h e  ga l l i um 

f r a c t i o n  must be c a l c u l a t e d  and s u b t r a c t e d  from t h e  measured 

67 t o t a l  t o  o b t a i n  t h e  amourlt of' Ga formed d i r e c t l y  i n  t h e  

r e a c t i o n  o f  i n t e r e s t .  Th i s  c a l c u l a t i o n ,  which i s  d e s c r i b e d  

i n  d e t a i l  e l sewhere9 ' ,  was performed a l s o  f o r  t h e  

66 ~n~~ (a ,  pn)Ga r e b c t i o n  and t h e  co r r e spond ing  heavy i o n  c a s e s .  

I f  t h e  beam c u r r e n t  v a r i e s  d u r i n g  t h e  bombardment 

(as it  d i d  i n  t h e  HILAC bombardments), R w i l l  n o t  be c o n s t a n t .  

Under t h e s e  c o n d i t i o n s ,  t h e  bombardment may be d i v i d e d  i n t o  

s m a l l e r  t ime  i n t e r v a l s ,  a t i ,  d u r i n g  which t h e  r a t e  o f  

fo rmat ion ,  R i , i s  approx imate ly  c o n s t a n t .  Under t h e s e  

9 . .  c o n d i t i o n s  . 

where ti i s  t h e  t ime  a t  t h e  end o f  t h e  ith i n t e r v a l .  

2 .  E x c i t a t i o n  Energy 

I n  o r d e r  t o  compare t h e  e x c i t a t i o n  f u n c t i o n s  f o r  

v a r i o u s  t a r g e t  p r o j e c t i l e  sys tems forming t h e  compound 

68 nuc l eus  Ge , i t  i s  conven ien t  t o  conve r t  t h e  bombarding 

e n e r g i e s  i n t o  co r r e spond ing  e x c i t a t i o n  e n e r g i e s  o f  t h e  

compound n u c l e u s .  



where E* i s  t h e  e x c i t a t i o n  energy of t h e  compound nucleus ,  

Ecm i s  t h e  c e n t e r  o f  mass energy of t h e  t a r g e t  p r o j e c t i l e  

system, and EBE i s  t h e  b ind ing  energy of t h e  p r o j e c t i l e  

t o  t h e  t a r g e t .  c  i s  t h e  v e l o c i t y  of  l i g h t .  

The p r o j e c t i l e ,  t a r g e t ,  and compound nucleus  

masses ( A b ,  AT, and Acn r e s p e c t i v e l y )  were ob t a ined  from 

t h e  mass t a b l e  o f  Mattauch, et a l .  79. 

3. Coulomb B a r r i e r s  and React ion Thresholds 

Coulomb b a r r i e r  e n e r g i e s ,  V, were c a l c u l a t e d  v i a  

t h e  approximat ion of s p h e r i c a l  n u c l e i  i n  con tac t80 . ,  i .  e .  

where e  i s  t h e  charge  of  t h e  e l e c t r o n  and o t h e r  symbols 

have t h e i r  u s u a l  meaning w i t h  b  and T d e s i g n a t i n g  t h e  

bombarding p a r t i c l e  and t a r g e t  nucleus  r e s p e c t i v e l y .  

Reac t ion  t h r e s h o l d  e n e r g i e s  were c a l c u l a t e d  a s  

d i f f e r e n c e s  between t h e  compound nuc leus  a.nd p r o d u c t  nuc leus  
91 

b ind ing  e n e r g i e s  as t a b u l a t e d  by Mattanch, e t  a l .  

Because of  t h e  h igh  coul-omb b a r r i e r  f o r  t h e  C 
12  

16 and 0  r e a c t i o n  systems,  a l l  measurements were t aken  on 

t h e s e  systems a t  bombarding e n e r g i e s  f a r  above t h e  t h r e s h o l d s  

of t h e  r e a c t i o n s  s t u d i e d  ( s e e  t a b l e  11). 



TABLE I1 

Sys tern 

~ r 5 2  + 016 
56 Fe + C 

12  

~n~~ + H e  4 

Reaction 
68 Ge - ~ e ~ ~ + n  
68 67 

G e  - ( G e  +2n 
68 67 Ge - + G a  +p 

Ge68 - ~ a ~ ~ + ~ + n  

Compound Nucleus 

Ge 68 

ED1( ( McV ) 

+G .42 3 

+5.968 

+2.998 

Reaction Threshold ( M ~ v ) *  

12.180 

21.980 

7.000 

18.230 

P a r t i c l e  Bindinp Energy 

n 12.180 

68 * All energies  r e f e r  t o  e x c i t a t i o n  energies  i n  G, , 



TABLE I1 ( c o n t . )  

Compound Nucleus P a r t i c l e  Binding energy 

G a  
66 n 9.102 

P 5.078 

a 5.041 



I V  Experimental  R e s u l t s  

A .  R a d i a t i v e  Capture  

The expe r imen ta l l y  measured Zn6b (a ,  y )  Ce 68 

e x c i t a t i o n  f u n c t i o n  i s  shown i n  f i g u r e  -3. The p r e v i o u s l y  

measured d a t a  of  ~ o r i l e ~ ~ '  a r e  shown on t h e  same f i g u r e  

f o r  c o m ~ a r i s o n .  The heavy l i n e s  were drawn t o  f ' i t  t h e  d a t a  

of  t h e  p r e s e n t  work. 

Above 17 MeV no ( a , y )  c r o s s - s e c t i o n s  were measurable 

because of  t h e  i n t e r f e r i n g  ~ e ~ ~  a c t i v i t y  produced v i a  t h e  

66 ( a , 2 n )  r e a c t i o n  on Zn . 
The fou r  lowest  energy p o i n t s  g i v e  a  f a i r l y  good 

68 d e f i n i t i o n  of t h e  2n6' (a,  y )  Ge e x c i t a t i o n  f u n c t i o n .  

Di f fe rences  between t h e s e  r e s u l t s  and t h o s e  of P o r i l e  50. 

may be exp la ined  i n  terms of  d i f f e r e n t  energy r e s o l u t i o n  

i n  t h e  two s e t s  o f  exper iments .  The measurements of 

~ o r i l e ~ ~ '  were ach ieved  by degrading a f u l l  energy beam, 

of b1.0 f 0 . 5  MeV t o  energy va lues  i n  t h e  r e g i o n  of i n t e r e s t .  

The p r e s e n t  d a t a  was measured a t  ene rg i e s  r e s u l t i n g  from 

63. degrada t ion  of  a  25.9 1 0 . 1  MeV f u l l  energy beam. The 

maximum e r r o r  i n  t h e  energy values  p l o t t e d  f o r  t h e  p r e s e n t  

work i s  no t  expected t o  exceed 0 . 5  MeV, whi le  t h e  u n c e r t a i n - ~ y  

i n  t h e  energy va lues  o f  ~ o r i l e ~ ~ '  i s  expected t o  be many 

t imes  t h i s  va lue .  It can  be seen  from f i g u r e  5 t h a t  P o r i l e ' s  

c r o s s - s e c t i o n  va lue  a t  t h e  h i g h e s t  energy he-employed may 

have i nc luded  t h e  e f f e c t s  o f  i n t e r f e r i n g  a c t i v i t y  from t h e  

66 68 
Zn ( a , 2 n )  Ge r e a c t i o n ,  whi le  h i s  lowest  energy c r o s s -  

s e c t i o n  may have extended i n t o  t h e  energy r e g i o n  below t h e  



coulamb b a r r i e r  ( a,s may t h e  lawest e n e r g y  c r o s s - s e c t i o n  in 

t h i s  w3r.k a r t .  mrin!y a rnea.:,r;rfi of' i h e  unce r t a , i n i ;y  i n  de!-6*:,or 

u n c e r t a i n t y  f o r  a,ny of the po.i~f.,t;. zhown i n  f i g u r e  3 i s  n o t  

expect,ed t o  exceed  155 snt i  t,he rei.a.tiv~ unc :e r t a . i n ty  o f  ane  

6P 68 
T ~ P  Cr 5%(0ib, )Gp 2 ,  e  e x c i t a t i o n  



B. Reactions Involving the Emission of One Nucleon 

by the Compound Nucleus 

64 67 
The Zn (a,n) Ge excitation function from the 

present study is shown in figure 4, together with the data 

of porile50'. The heavy line was drawn to fit the data of 

the present work. 

Although the positions in energy of the excitation 

function peaks are in reasonable agreement for the two sets 

of measurements, the low and high energy ends differ 

considerably. Above a bombarding energy of 30.8 MeV, 

interference from the ~n~~ (a,3n) ~e~~ reaction is possible 

and may be present in the two highest energy points 

measured in this work. 

The error bars on the cross-section magnitudes 

in figure 4 are due mainly to a combination of uncertainties 

from radioactivity assay statistics and detector efficiences 

as well as uncertainties in chemical yields. The uncertainty 

in the magnitude of any of the cross-sections does not exceed 

20% and the relative uncertainty of the points is approximately 

7%. 

Ranges for the product of this reaction were 

experimentally unmeasureable directly in the present work, 

because of the low activities in the catcher foils. 

However, the long duration of bombardment for the production 

of ~a~~ by the (a,p) reaction resulted in a substantial 



amount of ~a~~ formed i n d i r e c t l y  ( through t h e  (a ,  n )  r e a c t i o n  

followed by fl+ decay) ,  s o  t h a t  t h e  ranges measured by  

determining the  f r a c t i o n  of ~a~~ i n  the  ca tche r  f o i l s  a r e  

a c t u a l l y  combined ranges f o r  t h e  products of t h e  ( a , n )  

and ( a , p )  r e a c t i o n .  These ranges a r e  presented. and discussed 

i n  t h e  fol lowing s e c t i o n .  

2. ~n~~  ( a , p )  ~a~~ 

The ~n~~  ( a , p )  

p resen t  work i s  shown i n  

~a~~ e x c i t a t i o n  funct ion  f o r  t h e  

f i g u r e  5 together  with the  d a t a  of 

~ o r i l e ~ ~ * .  It can be seen t h a t  agreement between t h e  two 

s e t s  of  d a t a  is  wi th in  experimental  e r r o r  throughout t h e  

e n t i r e  energy range of t h e  measurements. 

Sources of  e r r o r  i n  t h e  p resen t  work include 

u n c e r t a i n t i e s  i n  t h e  chemical y i e l d s ,  beam c u r r e n t s ,  t a r g e t  

th ickness ,  i n c i d e n t  and degraded p a r t i c l e  energy, and 

r a d i o a c t i v i t y  assay  s t a t i s t i c s  and e f f i c i e n c e s .  The l a t t e r  

u n c e r t a i n t i e s  account f o r  most of t h e  magnitude of t h e  e r r o r  

ba r s  on t h e  c ross - sec t ions  of f i g u r e  5. These e r r o r  ba r s  

r ep resen t  l e s s  than 20 0/, u n c e r t a i n t i e s  i n  a l l  c a s e s .  The 

r e l a t i v e  u n c e r t a i n t i e s  a r e  l e s s  than  10%. 

The combined ~n~~  ( a , n )  ~e~~  and zn6' ( a , p )  ~a~~ 

ranges a r e  a l s o  shown i n  f i g u r e  5. Within experimental  

e r r o r ,  t h e  ranges a r e  d i r e c t l y  p ropor t iona l  t o  bombarding 

energy. The ranges a t  the  h ighes t  energy has  t h e  l a r g e s t  

u n c e r t a i n t y  and may con ta in  an  apprec iable  d i r e c t  i n t e r a c t i o n  

component. 



In figure 6, the experimental ranges are shown 

plotted together with the range-energy curve calculated 

by means of the formalism of Lindhard, Scharff, and ~chidtt 78 

(see Appendix I). Agreement between the data and theory 

is within experimental error. . 
On the basis of the analysis of the range data 

for the mixed (a,n) and (a,p) products, it may be concluded 

that both of these reactions proceed primarily via the 

compound nucleus mechanism. 

3. Fe56 (clZJp) Ga67 and ~e~~ (c12,n) Ge 67 

Only the sum of the cross-sections for these two 

reactions was measurable in the present work. The cross- 

sections obtained are shown in figure 7 plotted as a 
68 function of the Ge excitation energy together with the 

67 sum of the experimentally measured zn6' (a,p) Ga and 

zn6' (a,n) Ge67 cross-sections . 
Errors in the experimentally measured cross-sections 

arise from the same sources discussed in the previous section, 

but in the present work, uncertainties in the beam 

energy and small non-constant beam currents provide the major 

sources of error. The uncertainties in the cross-section 

magnitudes are about 60%~ and the energy uncertainty is 

about fl.5 MeV. 

The cross-sections for the c12 induced reactions 

are seen to be in agreement within experimental error with 

an extrapolation of the a-induced excitation function. 



This  agreement i s  n o t  unexpected,  s i n c e  t h e  compound 

nuc leus  a n g u l a r  momenta r e s u l t i n g  from t h e  two r e a c t i o n  systclrrs 

a r e  c a l c u l a t e d  t o  be ve ry  n e a r l y  e q u a l  i n  t h i s  energy r e g i o n .  

68 I n  f i g u r e  8, t h e  ave r age  Ge angu l a r  momentum as c a l c u l a t e d  

w i t h  ABACUS-2% 23'90' i s  p l o t t e d  v s .  e x c i t a t i o n  energy 
64 4 

f o r  t h e  t h r e e  r e a c t i o n  sys tems :  Zn + He , ~ e 5 ~  + C 1 2 ,  and 

~r~~ + 016. A t  t h e  two bombarding e n e r g i e s  s t u d i e d  f o r  
12 

t h e  C c a se ,  t h e  ave r age  compound nuc l eus  a n g u l a r  momentum 

i s  expec ted  t o  d i f f e r  by l e s s  t h a n  2h from t h e  cor responding  

a l p h a  c a s e s .  It i s  n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  behav ior  

s i m i l a r  t o  t h a t  f i r s t  observed by ~ h o s h a l ~ ' .  i s  s e e n  f o r  

t h e s e  two r e a c t i o n  sys tems .  

No ranges  were measured, b u t  i t  may be assumed t h a t  

C12-induced r e a c t i o n s  r e s u l t i n g  i n  p r o d u c t s  c l o s e  t o  t h e  

mass of  t h e  compound nuc leus  proceed predominant ly  by a 

compound nuc leus  mechanism, s i n c e  a  d i r e c t  mechanism 

whereby t h e  i n c i d e n t  c12 nuc leus  impa r t s  t h e  m a j o r i t y  of  

i t s  momentum t o  one o r  two nucl.eons o f  t h e  t a r g e t  nuc leus ,  

92 .  
i s  q u i t e  improbable  . 

67 16  4. ~ x - 5 ~  (016 ,n )  Ge and ~r~~ ( 0  , p )  G a  67 

Upper l i m i t s  de termined f o r  t h e  magnitude o f  

t h e  sum of  t h e  ~r~~ (016 ,n )  ~ e ~ 7  and ~r~~ (016,p) Ga67 

c r o s s - s e c t i o n s  a r e  shown p l o t t e d  a s  a  f u n c t i o n  o f  Ge 68  

e x c i t a t i o n  energy  i n  f i g u r e  7 .  The lower energy c r o s s - s e c t i o n  

was measured a t  a n  energy  below t h e  coulomb b a r r i e r  and 

t h e  low va lue  i n d i c a t e d  by t h e  expe r imen t a l  l i m i t  i s  



expected. The higher cncrgy cross-sec t ion  i s  seen t o  be below 

t h e  value one would expect by e x t r a p o l a t i n g  t h e  a and cl* 
e x c i t a t i o n  funct ions  t o  t h i s  energy. This apparent  v i o l a t i o n  

of  t h e  independence hypothesis  i s  expected, however, s i n c e  

t h e  average angular  momentum of t h e  compound nucleus formed 
16 

by 0 bombardment of cr5* i s  lower a t  t h i s  energy than  

e i t h e r  t h e  a o r  cl* induced average angular  momentum 

(see  f i g u r e  8 ) .  E x c i t a t i o n  funct ions  f o r  system's with 

higher  angular  momenta a r e  expected9' t o  be s h i f t e d  t o  higher 

energies ,  and t h i s  is  seen t o  be c o n s i s t m t  with t h e  p resen t  

experimental  r e s u l t s .  



C .  Reac t ions  Involv ing  t h e  Emission of Two Nucleons 
by t h e  Compound Nucleus. 

1. ~ n ~ ~ ( a , 2 n ) ~ e  66 

The c ros s - sec  t i o n s  measured f o r  t h e  ~n~~  (a ,  2 n ) ~ e  66 

r e a c t i o n  a r e  shown i n  f i g u r e  9, p l o t t e d  t o g e t h e r  w i th  t h e  d a t a  

of ~ o r i l e ' ~ .  The magnitudes of t h e  l a t t e r  c r o s s - s e c t i o n s  were 

a d j u s t e d  by a f a c t o r  corresponding t o  t h e  replacement  of t h e  

66 
r a t h e r  approximate G a  p o s i t r o n  branch ing  r a t i o ,  -66% 9 3 .  

9 

56 .540/0 73* ,  now a v a i l a b l e .  The s o l i d  l i n e  i n  f i g u r e  11, was 

drawn t o  f i t  t h e  p r e s e n t  d a t a .  

The main d i sc repancy  between t h e  two s e t s  of d a t a  

e x i s t s  a t  e n e r g i e s  between t h e  t h r e sho ld  and t h e  peak of t h e  

e x c i t a t i o n  f u n c t i o n .  The p r e s e n t  d.ata a r e  expected, t o  be c o r r e c t  

t o  w i t h i n  h200/, i n  c r o s s - s e c t i o n  magnitude and w i t h i n  h0 .8  MeV 

i n  energy .  The r e l a t i v e  accuracy  of t h e  c r o s s - s e c t i o n s  i s  

expected t o  be b e t t e r  than  rt100/, . 
The r e c o i l  ranges  measured f o r  t h e  product  of t h i s  

r e a c t i o n  a r e  a l s o  shown i n  f i g u r e  9 ,  p l o t t e d  on a l i n e a r  

o r d i n a t e  s c a l e  v s  . bombarding ene rgy .  

F igu re  10, shows t h e  exper imenta l  and c a l c u l a t e d  

r e c o i l  r anges  p l o t t e d  a g a i n s t  t h e  c a l c u l a t e d  average  r e c o i l  

energy f o r  t h e  compound nuc l eus .  The s o l i d  l i n e  w a s  c a l c u l a t e d  

u s i n g  t h e  formalism of l i n d h a r d ,  S c h a r f f ,  and ~ c h i d t t ~ ~  . The 

expe r imen ta l l y  measured p r o j e c t e d  ranges  a g r e e  w e l l  w i t h i n  

exper imenta l  e r r o r  wi th  t h e  c a l c u l a t e d  p r o j e c t e d  r anges .  

Th is  a n a l y s i s  provides  s t r o n g  evidence t h a t  t h e  

66 ~n~~  (a ,  2n)Ge r e a c t i o n  proceeds predominantly v i a  t h e  compound 

nuc l e u s  mechanism. 



The c r o s s - s e c t i o n s  measured f o r  t h e  ~ n ~ ~ ( a , ~ n ) ~ a  66 

r e a c t i o n  a r e  shown i n  f i g u r e  11 p l o t t e d  t o g e t h e r  w i t h  t h e  

d a t a  of  p o r i l e 6 3 - ,  which were a g a i n  a d j u s t e d  t o  c o r r e c t  

f o r  t h e  c a l i b r a t i o n  e r r o r  a s  d e s c r i b e d  i n  t h e  p r e v i o u s  

s e c t i o n .  The s o l i d  l i n e  was drawn t o  f i t  t h e  p r e s e n t  d a t a .  

The d i s c r epancy  between t h e  two s e t s  of  d a t a  

appears  t o  be a  d i sp lacement  a l ong  t h e  energy a x i s .  The 

p r e s e n t  d a t a  c o n s i s t  o f  a  combinat ion  o f  d a t a  measured 

v i a  bombardments a t  two d i f f e r e n t  c y c l o t r o n s   rookha haven, 

and U n i v e r s i t y  o f  wash ing ton ) .  The Brookhaven exper iments  

a l s o  r e s u l t e d  i n  p o i n t s  on t h e  ~ n ~ ~  ( a , p )  ~ a ~ 7  e x c i t a t i o n  

f u n c t i o n  which agreed  w i t h  t h e  d a t a  o f  ~ o r i l e 5 ~ '  ( s e e  

s e c t i o n  I V - B - 4 ) .  The p r e s e n t  d a t a  a r e  expec ted  t o  be a c c u r a t e  

t o  w i t h i n  f20% i n  c r o s s - s e c t i o n  magnitude and w i t h i n  

f O . 8 ~ e ~  i n  energy .  The r e l a t i v e  accuracy  o f  t h e  c r o s s -  

s e c t i o n s  i s  expected t o  be b e t t e r  t h a n  &lo%. 

The r e c o i l  r anges  measured f o r  t h e  p roduc t  of  t h i s  

r e a c t i o n  a r e  a l s o  shown i n  f i g u r e  11. p l o t t e d  v s .  

bombarding energy on a l i n e a r  o r d i n a t e  s c a l e .  The two 

h i g h e s t  energy ranges  appear  t o  b reak  from t h e  l i n e a r i t y  

e s t a b l i s h e d  by t h e  lower energy p o i n t s .  

F igu re  1 2 .  shows t h e  r e c o i l  r anges  p l o t t e d  a g a i n s t  

t h e  c a l c u l a t e d  average  r e c o i l  energy o f  t h e  compound n u c l e u s .  

The s o l i d  l i n e  was c a l c u l a t e d  u s i n g  t h e  formal ism of 

Lindhard ,  Scha f f ,  and ~ c h i b t t  .78. The h i g h e r  energy d i s p a r i t y  

between t h e  c a l c u l a t e d  ranges  and expe r imen t a l  r anges  i s  

q u i t e  pronounced i n  t h i s  g raph .  



On t J l + >  basis of' t h i s  a n a l y s i s ,  i t ,  may b o  

deduced t h a t  i t  ~ n ~ ' ' ( a , ~ n )  ~a~~ r eac  t i  or) r :  prrdomirlantly 

v i a  t h e  corni~ol~ntl  n11c.lcus m~chanism a t  1owr.r ~ : n f > r g i p s  

( < 3 ? M @ V ) .  At, t r i g i ~ ~ r  c.nergi.cs, t h e  lnwcr  rang(': woilld 

i n d i c a t e  'ilr cmsrt, of' a noncompl-ete momentum t r a n s f e r  

p rocess  (a l though  t h i s  assumpti on i s  based r s s ~ n t i a l l y  

on t h e  v a l i d i t y  of  one range measurement.) 

',6 3 .  Pc (C12,2n) ~ e ~ ~  and ~ e ~ ~  ( ~ " , ~ n )  Ga 66 

'I'hp c r o s s - s e c t i o n s  measured f o r  t h e  F F . ~ ~ ( C ~ * ,  2 n ) ~ e  66 

and ~ e ~ ~ ( C l ~ , ~ n ) ~ a ~ '  r e a c t  i ons  a r e  shown p l o t  t ~ d  t o g e t h e r  

as a func t ion  o f  c'* bombarding energy i n  f i g u r e  13., t h e  

d o t t e d  and s 6 l i d  l i n e s  were drawn t o  f i t  t h e  c r o s s - s e c t i o n s  

f o r  t h e  r e s p e c t i v e  r e a c t i o n s .  

6 '4 The F ~ ~ ~ ( c ~ ~ ,  2 n ) ~ e ~ ~  and Zn (a, 2n)Ge 66 

c r o s s - s e c t i o n s  a r e  p l o t t e d  a s  a f u n c t i o n  o f  ~e~~ e x c i t a t i o n  

energy i n  f i g u r e  I%.,  wi th  t h e  d o t t e d  and s o l i d  l i n e s  drawn 

t o  f i t  t h e  two r e s p e c t i v e  e x c i t a t i o n  f u n c t i o n s .  

The lowest energy (c1*,2n) c r o s s - s e c t i o n  i s  s een  t o  be i n  

agre3ment wit.? ttl)e ( ay  <'n) e x c i t a t i o n  fun?  t ion ,  bu t ,  

un fo r tuna t e ly ,  t he  h ighe r  enp-rgy p o r t i o n  of  t h e  (a, 2n)  

e x c i t a t i o n  fu . r lc t inn  i s  not  s u f f i c i e n t , l y  wel l -def ined t o  enable  a 

12 meaningful compari:-;on w i t h  t h e  h ighe r  energy ( C  , 2n)  

c r o s s - s e c t i o n s .  

66 64 The FG?56(C12,pn)~a and Zn (a,pn)Ga 66 

68 cross-sclc tion:; a r e  shown p l o t t e d  vs .  Ge e x c i t a t i o n  

energy i n  f i g u r e  15. Although t h e  h igh  energy p o r t i o n  o f  

t h e  ( q p n )  e x c i t a t i o n  f u n c t i o n  i s  more wel l -def ined  

expe r imen ta l ly  i n  t h i s  ca se ,  some u n c e r t a i n t y  a r i s e s  



f rom t h e  a,ppa.rent p r e s e n c e  of a, non-compound n u c l e u s  r e a c t i a n  

component a,s d i s c u s s e d  i n  s e c t i o n  IV-C-2. The t r i a n g l e s  of  

f i g u r e  15. r e p r e s e n t  am u p p e r  l i m i t  t o  t h e  compound n u c l e u s  

c o n t r i b u t i . o n  t o  t h e  c r o s s - s e c t i o n .  These  u p p e r  l i m i t s  were  

d e t e r m i n e d  u s i n g  t h e  a.pproxrima.i;ion t h a , t  a l l  c a . t c h e r  a c t r i v i t y  

r e s u l t e d  f rom compound n u c l e a r  p r o c e s s e s ;  t a r g e t  f o i l  

a , c t i v i t i e s  ( and  t h e  c o r r e s p o n d i n g  c r o s s - s e c t i o n s  ) were  

c a . l c u l a t e d  w i t h  e q u a . t i o n  1-5 ( Appendix I ) u s i n g  t h e  r a n g e  

va , lues  ca . l cu l a , t ed  b y  means o f  t h e  forma, l i sm o f  L i n d h a r d ,  

S c h a . r i f ,  and ~ s h i . $ t t ~ ~ '  . Agn i n ,  t h e  l o w e s t  e n e r g y  heavy  

i o n  c r o s s - s e c t i o n  i s  s e e n  t o  b e  i n  a ,greement  w i t h  t h e  ( a , p n )  

exc i t a . t  i o n  f u n c  t i.on a.s d e f i n e d  b y  e i t h e r  t h e  mea,sured o r  

c o r r e c t e d  c r o s s - s e c t  i o n s ,  b u t  l i t - t l e  ca,n b e  i n f e r r e d  a,bout 

ag reemen t  w i t h  t h e  h i g h e r  e n e r g y  hea,vy i o n  c r o s s - s e c t i o n s .  
12 

A ~ompa,r*ison 3f t h e  a l p h a -  and  C - i n d u c e d  r e s u l t s  

Or11 y  u!,per 1 i m i t  s v e r e  mea s u r a b l e  f o r  t h e  

l i m i t : ;  a r e  p i a t t e c ?  i n  f i g u r e s  14, and.  15., r e s p e c t i v e l y .  

The decrea;:; i magni  t u d c  a f  +he::c- r o s s -  s ~ c  t i  o n s  when 

compared l o  tile c o r r c i p o n d  ina  c12- and  a- induced  e x c i t a t i o n  

f u n c t i o n s  may b~ ~ x p l a i n c d  b y  arguvrlents  a n a l a g o u s  t o  t b o s e  

u s e d  i n  s ~ c t i o n  IV-73-4. 



V . S t a t i s t i c a l  Model Calcul.ations 

A .  Formalism 

The formal j  s n r  u sed  for  the  c a l c u l a t i o n  of  roac t i o n  

cross-sect, ions i s  based on the s t a t i s t i c a l  model theory 

discussed i n  sec t ions  I - B  and I - C .  

1. P a r t i c l e  Emission 

The p r o b a b i l i t y  f o r  t r a n s i t i o n s  between nuclear  

s t a t e s  was ca lcu la ted  v ia  equation ( c-6), namely; 

Where 
2 r\ 

For non- in terac t ing  f r e e  nucleons confined 
1 

wi th in  a nucleus of r ad ius  R = r,~', t h e  Fermi gas model 

p r e d i c t s  t h e  l e v e l  dens i ty  parameter t o  be t h e  following: 35 

Experimental evidence, a s  i n t e r p r e t e d  by Langg4* i n d i c a t e s  

A -1 t h e  value a =  -MeV (cdrresponding t o  a rad ius  
8 .o 

parameter ro = 1.15 f )  which was used i n  t h i s  work. 

The energy used i n  t h e  l e v e l  dens i ty  expression 

was. cor rec ted  f o r  nucleon p a i r i n g  wi th  t h e  p a i r i n g  energies  

of cameron19*. Since ~e~~ l i e s  f a r  from s h e l l  c losure ,  no 





It was found t h a t  t h e  magnitude of t h e  assumed va lue  f o r  

I, (which determines  b )  could  be changed from .04 1, t o  

0.4 I, w i t h  an  e f f e c t  o f  on ly  a  few p e r  c e n t  on 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 .  The value  I. = . 04  I, o r  b  = 0.96 was used 

throughout  t h e  c a l c u l a t i o n s .  The c a l c u l a t i o n  r e s u l t s  

were found, however, t o  be q u i t e  s e n s i t i v e  t o  t h e  value  

chosen f o r  c ,  which c o n t r o l s  t h e  r a t e  o f  approach t o  r i g i d i t y  

w i t h  energy;  t h i s  w a s  t aken  as 3 .0  MeV, r e s u l t i n g  i n  a 

moment of  i n e r t i a  equa l  t o  93% of  t h e  r i g i d  body value  a t  

t h e  neu t ron  b ind ing  energy f o r  ~ e ~ ~  ( s e e  f i g u r e  1 6 . )  

Below a  c e r t a i n  energy (which was a l s o  t aken  a s  

3  MeV, bu t  was u n r e l a t e d  t o  t h e  above c h o i c e ) ,  t h e  l e v e l  

d e n s i t y  becomes u n r e a l i s t i c a l l y  l a r g e  when compared wi th  

e x p e r i m e n t 9 7 - , g 8  and was r e p l a c e d  wi th  an  e x t r a p o l a t i o n  t o  

zero  energy,  namely: 

Here w o  i s  t h e  " l e v e l  d e n s i t y "  a t  ze ro  energy which was 

chosen from t h e  t r e n d s  o f  expe r imen ta l l y  measured l e v e l  

d e n s i t i e s .  97 . ,98 .  

The o p t i c a l  model parameters  ( s e e  equa t ions  c -1, 

c -1-a, and c -1-b ) used i n  c a l c u l a t i n g  t r a n s m i s s i o n  c o e f i c i e n t s  

a r e  summarized i n  Table 111. Parameters f o r  p- ,n- ,  and a- 

p e n e t r a t i o n  were chosen f o r  optimum agreement w i th  t h e  

t a b u l a t i o n s  of ~ o d ~ s o n ~ ~ ' .  The parameters  f o r  t h e  C 1 2  

and 0L6 ca se s  a r e  t h o s e  sugges ted  by Vogt. 
100. 





A l l  t r a n s m i s s i o n  c o e f f i c i e n t s  were c a l c u l a t e d  

w i th  ABACUS - 2*, t h e  o p t i c a l  model program o f  ~ u e r b a c h ~ ~ '  

a s  r e v i s e d  by Donnelly 90' f o r  use  on t h e  U n i v e r s i t y  of  

B r i t i s h  Columbia IBM 7040 computer. It has been found t h a t  

t h e  coulomb wave f u n c t i o n s  used i n  ABACUS - 2 * 3  may no t  

g i v e  p roper  convergence i n  energy r eg ions  near  coulomb 

b a r r i e r s  o r  a t  low e x c i t a t i o n  e n e r g i e s .  The r e v i s i o n s  i n  

ABACUS - 2* i n c l u d e  changes i n  t h e  coulomb wave f u n c t i o n s ,  

however, and proper  convergence i s  expected 101.  
w i t h  

t h e s e  changes.  

2 .  G a m m a  Ray Emission 

The p r o b a b i l i t i e s  f o r  gamma r a y  emiss ion  were 

c a l c u l a t e d  u s i n g  t h e  formalism de r ived  from t h e  s i n g l e  

p a r t i c l e  model lo'' 29 ' a s  fo l lows  : 

where I, corresponds  t o  t h e  m u l t i p o l a r i t y  of  t h e  emi t t ed  

gamma r a y  of  energy 

The f a c t o r s  C ,  ( c y )  (which have been assumed t o  be c o n s t a n t s  

by prev ious  au tho r s  31' '96' '103-L05'were a l t e r e d  from t h e  

s i n g l e  p a r t i c l e  e s t i m a t e s  t o  t a k e  i n t o  account  expe r imen ta l l y  

observed c o l l e c t i v e  e f f e c t s  no t  p r e d i c t e d  by t h e  s i n g l e  

p a r t i c l e  model. 



Dipole gamma r a y s  show i n  a l l  n u c l e i  a broad 

a b s o r p t i o n  resonance of b - 10  MeV f u l l  width  a t  h a l f  

maximum peaked a t  about  20 M ~ V .  29' This s o - c a l l e d  g i a n t  

d i p o l e  resonance was t aken  t o  be o f  t h e   rei it-wigner4' 
form as fo l l ows :  

w i t h  

where Ed i s  t h e  energy a t  t h e  peak o f  t h e  resonance and I? 

i s  t h e  f u l l  energy width  a t  h a l f  maximum. The f a c t o r  

C z l  ( i = 1 )  i s  t aken  t o  be a c o n s t a n t  t h e  magnitude of 

which i s  determined by e m p i r i c a l  f i t t i n g  of  t h e  c a l c u l a t i o n  

r e s u l t s  t o  t h e  measured (a ,y )  e x c i t a t i o n  f u n c t i o n .  The 

hydrodynamic model p r e d i c t s  t h a t  t h e  energy of t h e  resonance 
I 82. - 

peak w i l l  vary  a s  A - 3  , and t h e  fo l lowing  form 82.  is 

c o n s i s t a n t  w i t h  exper imenta l  r e s u l t s ,  106. ,  107.  

g i v i n g  f o r  ~ e ~ ~  t h e  value  20 MeV. The resonance width  was 

chosen, c o n s i s t a n t  w i th  exper imenta l  evidence,  t o  be 5 MeV. 

It has  been found 83 t h a t  c a l c u l a t e d  c r o s s - s e c t i o n s  a r e  

" r e l a t i v e l y  i n s e n s i t i v e "  t o  v a r i a t i o n s  of  1 MeV i n  t h e  

resonance peak energy and of  2 MeV i n  t h e  resonance wid th .  

Other gamma-ray resonances  a r e  known t o  e x i s t ,  
84. ,85. 

b u t  no t  enough exper imenta l  c h a r a c t e r i z a t i o n  i s  a v a i l a b l e  



to warrant their inclusion in the present calculations. 

Many experimental electric quadrupole (E2-) 

transition intensities are found to be strongly enhanced over 

single particle estimates. 29' According to the single- 

particle model alone, one would expect the dipole gamma-ray 

3 emission rate to be lo2 to 10 times faster than the quadrupole 

gamma-ray emission rate, 102. 'lo3'but compilations of 

experimentally known reduced gamma-ray emission rates 108. 

show many E2 emission rates are 10 - 100 times faster than 
single-particle estimates. This effect has been explained 86. 

in terms of rapid de-excitation through intra-rotational band 

cascades. An attempt was made in some of the present 

calculations to reflect this behavior by introducing an 

enhancement factor into the quadrupole term for gamma 

emission as follows : 29. 

where C z l  is again taken to be a constant. The quantities 

AE correspond to level spacings at the excitation 

energy Ex. The above expression was not allowed to exceed 

the theoretical upper limit. 
88. 

For quadrupole transitions not involving a change 

of two units of angular momentum, no enhancement factor 

was used, ie. 

= C,' 



Since  t h e  p r e s e n t  c a l c u l a t i o n s  d i d  no t  i n c l u d e  p a r i t y  

c o n s i d e r a t i o n s ,  no d i s t i n c t i o n  could  be drawn between 

e l e c t r i c  quadrupole and magnetic quadrupole t r a n s i t i o n s .  

The l a t t e r  a r e  no t  expected t o  be enhanced. 

Although t h e  above form f o r  t h e  enhancement 

f a c t o r  has some t h e o r e t i c a l  grounds 29' i t  was used only  a s  a  

rough a t t emp t  t o  r e f l e c t  expe r imen ta l l y  observed e f f e c t s ,  

and i s  i n  no way t o  be cons idered  a  q u a n t a t i v e  t r ea tmen t  of  

t h e  problem. 

The f a c t o r s  C , ( c y )  f o r  z = j and r = b were 

t aken  t o  be c o n s t a n t s .  Higher mu l t i po l e s  t h a n  t h a t  

cor responding  t o  z = b were no t  cons ide red .  The c o n s t a n t s  

z 
were chosen t o  r e f l e c t  t h e  s i n g l e - p a r t i c l e  e s t i m a t e s  

f o r  each m u l t i p o l a r i t y  and, s i n c e  t h e  s i n g l e  p a r t i c l e  model 

29,84,lO2,lO3. p r e d i c t s  s m a l l e r  c o n t r i b u t i o n s  from h ighe r  mu l t i po l e s ,  

t h e s e  c o n s t a n t s  were r a t h e r  a r b i t r a r i l y  t aken  t o  decrease  

by f a c t o r s  of  t e n  f o r  each u n i t  i n c r e a s e  i n  t .  The 

magnitude of t h e  fou r  c o n s t a n t s  was s e t  by f i t t i n g  of  t h e  

c a l c u l a t e d  value  of  t h e  ( a , y )  c r o s s - s e c t i o n  t o  t h e  

expe r imen ta l l y  measured va lue .  



B. SFUSMAP - Program Logic 

The c a l c u l a t i o n  was performed v i a  d i r e c t  c a l c u l a t i o n  

and summation o f  t h e  va r i ous  t r a n s i t i o n  p r o b a b i l i t i e s ,  

a cco rd ing  t o  a p rocedure  s i m i l a r  t o  t h a t  o f  Blann.  l o g .  

The i n i t i a l  e m i t t i n g  sys tem was t a k e n  t o  be a  

compound nuc leus  w i t h  a  unique e x c i t a t i o n  energy 

(E* = Ecm + EBE) and a  d i s t r i b u t i o n  i n  a n g u l a r  momentum, 

o(Z,A,E*,J) ,  c h a r a c t e r i s t i c  of  t h e  r e a c t i o n  th rough  

which i t  was formed. 

The p o s s i b l e  modes o f  d e - e x c i t a t i o n  cons ide r ed  

were gamma, a l pha ,  p r o t o n ,  and neu t ron  emiss ion .  Arrays 

dimensioned i n  r e s i d u a l  energy and angu l a r  momentum were 

cons i de r ed  f o r  t h e  p roduc t  n u c l e i  formed by t h e s e  r e s p e c t i v e  

modes o f  d e - e x c i t a t i o n ,  namely a (Z ,A,E , J , ) ,  popu l a t ed  by 

gamma emiss ion  by t h e  compound nuc leus  ( z , A ) ;  o ( Z - 2 , ~ - 4 , E 1 ,  J '  ), 

popu l a t ed  by a l p h a  emiss ion ;  O(Z-1,A-1,E", J " ) ,  popu l a t ed  

by p r o t o n  emiss ion ;  and o ( Z , A - ~ , E " ' , J ~ ~ ~ ) ,  popu l a t ed  by 

neu t ron  emiss ion .  To conserve  computer space  t h e s e  a r r a y s  

were d i v i d e d  i n t o  b i n s  2 h  u n i t s  wide i n  angu l a r  momentum and 

2 MeV wide i n  energy .  Reducing t h e  energy wid th  t o  1 MeV 

was found t o  e f f e c t  t h e  outcome of  sample c a l c u l a t i o n s  

by l e s s  t h a n  5%. 

The i n i t i a l  angu l a r  momentum p o p u l a t i o n  of t h e  

compound nuc l eus  (o ( z ,A ,E* , J ) )  was c a l c u l a t e d  v i a  

ABACUS - 2*'' ( s e e  p r eced ing  s e c t i o n )  and r e a d  i n  a s  i n p u t  

d a t a  t o  t h e  program. The r e l a t i v e  p r o b a b i l i t i e s  f o r  

p o p u l a t i o n  o f  b i n s  i n  t h e  a r r a y s  f o r  t h e  s e v e r a l  daugh te r  



n u c l e i  were c a l c u l a t e d  f o r  each  a n g u l a r  momentum value o f  

t h e  compound n u c l e u s ,  m u l t i p l i e d  i n  t u r n  by t h e  c a p t u r e  

c r o s s - s e c t i o n  l e a d i n g  t o  each  p a r t i c u l a r  compound n u c l e u s  

a n g u l a r  momentum v a l u e ,  and summed t o  g i v e  t h e  t o t a l  

p o p u l a t i o n  c r o s s - s e c t i o n  o f  t h e  d a u g h t e r  a r r a y s  by t h e  

decay  o f  t h e  compound n u c l e u s .  Thus, f o r  n e u t r o n  e m i s s i o n ,  

The p o p u l a t i o n s  O ( Z , A - 2 , ~ ,  J ) ,  O ( Z - 1 , ~ - l , ~ ,  J ) ,  and  

o(z-1 ,A-2 ,E,J )  a r e  t h e n  c o n s i d e r e d  i n  o r d e r .  

The f o r m a t i o n  c r o s s  s e c t i o n  f o r  a p a r t i c u l a r  

n u c l e u s  i s  t a k e n  as t h e  sum o f  t h e  b i n s  i n  t h e  a r r a y  

p o p u l a t e d  by gamma e m i s s i o n  i n  t h a t  n u c l e u s .  T h i s  

a p p r o x i m a t i o n  w i l l  o v e r e s t i m a t e  t h e  f o r m a t i o n  c r o s s - s e c t i o n  

s l i g h t l y ,  s i n c e  some s t a t e s  p o p u l a t e d  by garnma e m i s s i o n  

may s t i l l  e m i - t  p a r t i c l e s ;  however, t h e  c o n t r i b u t i o n  o f  t h e s e  

s t a t e s  t o  l h e  t o t a l  c r o s s - s e c t i o n  w i l l  b e  s m a l l  (<0 .1$)  

as a r e s u l t  o f  the fact t h a t  gamma e ~ i s s i o n  i s  n o r m a l l y  

s e v e r a l  o r d e r s  qf r n a g n i t ~ d e  l e s s  p r o b a b l e  t h a n  p a r t i c l e  

e m i s s i o n  when t,he l a t t e r  i s  e n e r g e t i c a l l y  a l l o w e d .  

Thus, t h e  c r o s s - s e c t i o n  f o r  f o r m a t i o n  o f  t h e  p r o d u c t  n u c l e u s  

r e s u l t i n g  frorti e m i s s i o n  o f  two n e u t r o n s  by t h e  compound 

n u c l e u s  i s ,  



The d e - e x c i t a t i o n  process  i s  on ly  cons idered  up 

t o  and i n c l u d i n g  emiss ion of t h r e e  p a r t i c l e s .  This l i m i t a t i o n  

i s  a r e s u l t  o f  l a c k  of computer space  only ,  and t h e  

program may e a s i l y  be expanded t o  i n c l u d e  t h e  c o n s i d e r a t i o n  

of f u r t h e r  p a r t i c l e  evapora t i on .  

The ou tpu t  o f  each s e t  of  c a l c u l a t i o n s  c o n t a i n s  

t h e  popu la t i on  d i s t r i b u t i o n  f o r  each nucleus  cons idered  

both  be fo re  and a f t e r  emiss ion of one gamma-ray, a s  w e l l  

as t h e  f i n a l  fo rmat ion  c r o s s - s e c t i o n s .  A more d e t a i l e d  

d e s c r i p t i o n  of t h e  computer program i s  g iven  i n  

Appendix V .  



C .  C a l c u l a t i o n  Resu l t s  

1. General  Fea tu re s  of Ca l cu l a t ed  R e s u l t s  

Sample r e s u l t s  f o r  r e s i d u a l  n u c l e i  r e s u l t i n g  

from p a r t i c l e  emiss ion a r e  shown i n  f i g u r e s  17, 18, and 19 .  

The c a l c u l a t e d  q u a n t i t i e s  a(Z,A,E,J)  a r e  shown p l o t t e d  vs .  

E and J i n  t h e  form of contour  diagrams, wi th  succes s ive  

con tours  r e p r e s e n t i n g  f a c t o r s  of  t e n  i n  c r o s s - s e c t i o n  

magnitude. The e m i t t i n g  system i n  a l l  t h r e e  ca se s  i s  

68 Ge e x c i t e d  t o  40 MeV and wi th  2 O h  u n i t s  o f  angula r  

momentum. The v e r t i c l e  d o t t e d  l i n e  r e p r e s e n t s  t h e  angula r  

momentum of t h e  e m i t t i n g  compound nuc leus ,  and t h e  h o r i z o n t a l  

d o t t e d  l i n e  r e p r e s e n t s  t h e  e x c i t a t i o n  energy of t h e  e m i t t i n g  

nucleus  minus t h e  b ind ing  energy of t h e  emi t t ed  p a r t i c l e .  

The r e g i o n  of no s t a t e s  corresponds t o  J values  g r e a t e r  

t han  Jma, a s  de f ined  i n  s e c t i o n  V-A 

I n  f i g u r e s  17, and 18, r e p r e s e n t i n g  t h e  r e s u l t s  

of  neu t ron  and p ro ton  emiss ion r e s p e c t i v e l y ,  t h e  average 

change i n  angu la r  momentum i s  approximately  2 . 5 h  i n  

t h e  d i r e c t i o n  of lower angular  momentum. This decrease  i n  

angu la r  momentum i s  a  r e s u l t  of  t h e  g r e a t e r  a v a i l a b i l i t y  

of  l e v e l s  a t  J va lues  lower t han  2 0 h  a s  compared t o  t h e  

a v a i l a b i l i t y  a t  h ighe r  J va lues .  

F igure  19 ,  r e p r e s e n t i n g  t h e  r e s u l t s  of a lpha  

p a r t i c l e  emiss ion,  shows an average decrease  i n  angu la r  

momentum of 6 h .  Furthermore,  t h e  average change i n  angula r  

momentum i s  s een  t o  i n c r e a s e  sha rp ly  wi th  i n c r e a s i n g  a lpha  

energy.  This e f f e c t  i s  a  consequence of t h e  f a c t  t h a t  



higher  energy a l p h a  p a r t i c l e s  a r e  a b l e  t o  c a r r y  o f f  

( o r  c a r r y  i n )  many more u n i t s  o f  angu la r  momentum 

( c f .  f i g u r e  8 ) .  This same e f f e c t  i s  a l s o  seen  f o r  n e u t r o r ~ s  

and p ro tons ,  b u t  t o  a  much l e s s e r  e x t e n t  because of  t h e  

smal le r  masses of t h e s e  p a r t i c l e s .  I n  t h e  r eg ion  border ing  

t h e  r o t a t i o n a l  c u t o f f  (J'J,,,), t h e s e  t r e n d s  a r e  q u i t e  

impor tan t .  

The s t a r  i n  f i g u r e  20 r e p r e s e n t s  a  s t a t e  i n  a 

compound nucleus  and t h e  v e r t i c l e  components o f  t h e  arrows 

correspond i n  l e n g t h  t o  t h e  b ind ing  energy of an  emi t t ed  

p a r t i c l e .  For purposes o f  i l l u s t r a t i o n ,  s t a t e s  i n  t h e  

daughter  nucleus  a r e  r ep re sen t ed  on t h e  same diagram. 

The h o r i z o n t a l  and curved d o t t e d  l i n e s  r e p r e s e n t  a  displacement 

of  one b ind ing  energy from zero energy and t h e  r o t a t i o n a l  

c u t o f f ,  r e s p e c t i v e l y .  It i s  seen  t h a t  f o r  t h e  compound 

nucleus  i n  a  s t a t e  r ep re sen t ed  by  t he  s t a r ,  p a r t i c l e  emiss ions  

wi th  a  zero  o r  p o s i t i v e  change i n  t h e  nuc l ea r  angula r  mompntum 

a r e  i n h i b i t e d  ( d o t t e d  a r row) ,  bu t  t h a t  emiss ions  r e s u l t i n g  

i n  n e g a t i v e  charges  i n  t h e  nuc l ea r  angula r  momentum a r e  

al lowed ( f u l l  a r row) .  Unless t h e  change i n  angula r  

momentum i s  very l a r g e  indeed,  t h e  energy of t h e  emi t t ed  

p a r t i c l e  w i l l ,  of  n e c e s s i t y ,  be low. For low energy  particle^, 

t r ansmis s ion  c o e f f i c i e n t s  f o r  h ighe r  z values  a r e  very  

smal l ,  s o  t h a t  t h e  corresponding emiss ion p r o b a b i l i t y  w i l l  

be s m a l l .  Under t h e s e  cond i t i ons ,  gamma r a y  emiss ion i s  

expected 109.,104. t o  compete f avo rab ly  w i t h  p a r t i c l e  emiss ion .  



F i g u r e s  21  and 22 i l l u s t r a t e  a  p a r t i c u l a r  c a s e  

where p o p u l a t i o n  of s t a t e s  n e a r  t h e  r o t a t i o n a l  c u t o f f  i s  

a n  impor tan t  c o n s i d e r a t i o n .  I n  t h e  upper  r i g h t  hand 

c o r n e r  of t h e  diagram, t h e  c r o s s - s e c t i o n  ( i n  m i l l i b a r n s )  

f o r  p o p u l a t i o n  o f  a g i v e n  compound n u c l e u s  a n g u l a r  momentum 

va lue  d u r i n g  bombardment i s  shown p l o t t e d  a g a i n s t  a n g u l a r  

momentum ( i n  u n i t s  of h ) .  The c r o s s - s e c t i o n  d i s t r i b u t i o n  

i s  s e e n  t o  be peaked a t  h i g h e r  J v a l u e s  f o r  t h e  ~ e ~ ~  + c12 

c a s e  ( f i g u r e  2 1 )  t h a n  f o r  t h e  c o r r e s p o n d i n g  ~ n ~ ~  + ~ e ~  

c a s e  ( f i g u r e  2 2 ) .  The con tour  diagrams (which a r e  i d e n t i c a l  

t o  t h o s e  d e s c r i b e d  p r e v i o u s l y ,  excep t  t h a t  now t h e  c o n t o u r s  

r e p r e s e n t  t h e  sum o f  c o n t r i b u t i o n s  from each a n g u l a r  

momentum v a l u e  a l o n g  t h e  accompaning a d i s t r i b u t i o n  i n  J' 

t h e  e m i t t i n g  compound nucleus)  r e f l e c t  t h i s  a n g u l a r  momentum 

d i f f e r e n c e  even a f t e r  emiss ion  o f  two n u c l e o n s .  It can  

be  seen ,  p a r t i c u l a r l y  i n  t h e  ~ e ~ ~  and ~ a ~ ~  p r o d u c t  n u c l e i ,  

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

much more dense  i n  t h e  ~ e ? '  + c12 c a s e .  S i n c e ,  t h e r e f o r e ,  

t h e s e  two p r o d u c t  n u c l e i  have a  much h i g h e r  p r o b a b i l i t y  

f o r  gamma r a y  e m i s s i o n  i n  t h e  Fe56 + c12 c a s e ,  one would 
56 

e x p e c t  t h e  Fe ( c 1 2 , p n )  and 2 n )  r e a c t i o n  

c r o s s - s e c t i o n s  t o  be l a r g e r  a t  t h i s  ene rgy  t h a n  t h e  

c o r r e s p o n d i n g  ~ n ~ ' ( a , ~ n )  and Z'n6'(a, 2n)  c r o s s  - s e c t i o n s  

which w i l l  be d e p l e t e d  by p a r t i c l e  e m i s s i o n .  For t h e  same 

r e a s o n ,  r e a c t i o n  t h r e s h o l d s  f o r  e m i s s i o n  o f  t h r e e  nuc leons  

s h o u l d  be s h i f t e d  t o  h i g h e r  e n e r g i e s  f o r  t h e  h i g h e r  a n g u l a r  

momentum c a s e .  Corresponding s h i f t s  t o  h i g h e r  e n e r g i e s  a r e  

e x p e c t e d  f o r  e x c i t a t i o n  f u n c t i o n s  c o r r e s p o n d i n g  t o  r e a c t i o n s  

i n v o l v i n g  e v a p o r a t i o n  o f  one p a r t i c l e  by t h e  compound n u c l e u s .  



An even more pronounced case  o f  h i g h l y  popula ted  s t a t e s  

i n  t h e  v i c i n i t y  of  t h e  r o t a t i o n a l  c u t o f f  i s  s een  i n  f i g u r e  23 

f o r  t h e  system ~ x - 5 ~  + 016 a t  6 4 ~ e ~  e x c i t a t i o n .  

The e f f e c t s  of  gamma r a y  compet i t ion  w i t h  p a r t i c l e  

emiss ion a r e  w e l l  i l l u s t r a t e d  by t h e  c a l c u l a t e d  e x c i t a t i o n  

func t ions  shown i n  f i g u r e  24. 

The d i f f e r e n c e s  i n  s l o p e  between t h e  two 

e x c i t a t i o n  func t ions  belaw ~ O M ~ V  a r e  due mainly t o  

d i f f e r e n c e s  i n  t h e  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 .  Above 

~ O M ~ V ,  however, where bo th  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  

56 1 2  
change s l o h l y  w i th  energy,  t h e  s l o p e  of t h e  Fe ( C  ,pn)Ga 66 

e x c i t a t i o n  f u n c t i o n  i n c r e a s e s  i n  r e l a t i o n  t o  t h e  

66 Z n 6 4 ( a , p n ) ~ a  e x c i t a t i o n  func t ion ;  t h i s  i s  due t o  e f f e c t s  

such a s  t h a t  j u s t  de sc r ibed  fo l lowing  t h e  r a p i d l y  
12  

i n c r e a s i n g  average angula r  momentum of t h e  C + Fe 56 

system a s  compared t o  t h e  ~ e '  + 2n6$ system ( s e e  f i g u r e  8 ) .  

2. Comparisons o f  Ca l cu l a t i ons  wi th  Experiment. 

The c a l c u l a t e d  zn6'(a, y ) ~ e 6 8  e x c i t a t i o n  f u n c t i o n  

i s  shown i n  f igure  25 t o g e t h e r  wi th  t h e  p r e s e n t  exper imenta l  

d a t a .  The magnitude of  t h e  c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n  

was s e t  by adjus tment  o f  t h e  gamma s t r e n g t h  c o n s t a n t s  ( c t 7 )  
i n  formula V-A-1.  The apparen t  d i sc repancy  i n  energy i s  

p robably  due t o  inaccuracy  i n  t h e  values  used f o r  p a r t i c l e  
?0,81,110 

b ind ing  energ ies81 '  which a r e  s u b j e c t  t o  l a r g e  u n c e r t a i n t ~ e s .  

The magnitudes of t h e  gamma s t r e n g t h  c o n s t a n t s  ob ta ined  
68 

f o r  Ge from t h i s  c a l c u l a t i o n  were assumed t o  be i d e n t i c a l  

f o r  ne ighbor ing  n u c l e i .  



The c a l c u l a t e d  ~ n ~ ~ ( a , n ) ~ e ~ 7  e x c i t a t i o n  f u n c t i o n  

i s  shown i n  f i g u r e  26 p l o t t e d  t o g e t h e r  w i t h  t h e  exper imenta l  

c r o s s - s e c t i o n s .  Agreement i s  s e e n  t o  be q u i t e  good above 

20 MeV, whereas agreement  i s  poor f o r  lower energy  v a l u e s .  

Th i s  d i s p a r i t y  i s  p r o b a b l y  due t o  i n a c c u r a c y  i n  t h e  n e u t r o n  

b i n d i n g  energy  used  81' and concomi t t an t  i n a c c u r a c y  o f  t h e  

r e a c t i o n  t h r e s h o l d .  

The ~ n ~ ~ ( a , ~  )Ga67 e x c i t a t i o n  f u n c t i o n  i s  shown 

i n  f i g u r e  27. Although t h e  c r o s s - s e c t i o n  magnitudes a r e  

g e n e r a l l y  lower t h a n  t h o s e  measured, t h e  e x c i t a t i o n  f u n c t i o n  

shape  i s  s e e n  t o  r e f l e c t  t h e  shape of  t h e  e x p e r i m e n t a l  

e x c i t a t i o n  f u n c t i o n  q u i t e  w e l l .  

The ~ n ~ ~ ( a ,  2 n ) ~ e ~ ~  e x c i t a t i o n  f u n c t i o n  i s  shown 

i n  f i g u r e  28. Again t h e r e  appears  t o  be an  energy  s h i f t  

between t h e  e x p e r i m e n t a l  and c a l c u l a t e d  e x c i t a t i o n  

f u n c t i o n s  which may p r o b a b l y  be a t t r i b u t e d  t o  i n a c c u r a t e  

b i n d i n g  e n e r g i e s .  Otherwise,  b o t h  t h e  shape  and t h e  magnitude 

of t h e  c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n  r e f l e c t  t h o s e  of 

t h e  e x p e r i m e n t a l  e x c i t a t i o n  f u n c t i o n  q u i t e  w e l l .  

The c a l c u l a t e d  Z n 6 4 ( a , p n ) ~ a 6 6  e x c i t a t i o n  f u n c t i o n  

i s  shown i n  f i g u r e  29 .  The c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n  

shape  i s  s e e n  t o  c l o s e l y  reproduce  t h a t  o f  t h e  e x p e r i m e n t a l l y  

measured one, b u t ,  a s  i n  t h e  ( a , p )  c a s e ,  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  magnitudes a r e  low. Th i s  s u g g e s t s  

p o s s i b l e  i n a c c u r a c i e s  i n  t h e  c a l c u l a t e d  p r o t o n  t r a n s m i s s i o n  



c o e f f i c i e n t s ,  a l t hough  t h e  d i s p a r i t y  may be due t o  o t h e r  

causes .  

The c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n  f o r  t h e  sum 

of t h e  and ~ e 5 ~ ( ~ ~ ~ , ~ ) ~ a ~ ~  e x c i t a t i o n  

f u n c t i o n s  a r e  shown i n  f i g u r e  30 p l o t t e d  t o g e t h e r  w i th  t h e  

exper imenta l  sum c r o s s - s e c t i o n s .  There i s  a more s e r i o u s  

l a c k  of  agreement i n  t h i s  ca se .  

The c a l c u l a t e d  ~ e ~ ~  (c12, 2 n ) ~ e ~ ~  e x c i t a t i o n  func t ion  

i s  shown i n  f i g u r e  31. Agreement i s  s een  t o  be good between 

t h e  c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n  and t h e  two h ighe r  energy 

c r o s s - s e c t i o n  va lues .  The c a l c u l a t i o n  i s  s een  no t  t o  be 

i n  agreement w i th  t h e  lowest  energy c r o s s - s e c t i o n  va lue .  

This  l a c k  of agreement i s  very  l i k e l y  due t o  inaccuracy  

of t h e  coulomb b a r r i e r  as  c a l c u l a t e d  by ABACUS - 2*. 

The r i g i d  sphere  i n  c o n t a c t  approximation ( s e e  s e c t i o n  111-B) 

p r e d i c t s  a  much lower coulomb b a r r i e r  energy,  and t h i s  

p r e d i c t i o n  appears  t o  be i n  b e t t e r  agreement w i t h  exper iment .  

The c a l c u l a t e d  ~ e ~ ~  (C12 ,pn)~a66  e x c i t a t i o n  

f u n c t i o n  i s  shown i n  f i g u r e  32. Again, agreement w i t h  

experiment i s  good f o r  t h e  two h i g h e s t  energy p o i n t s ,  bu t  

poor f o r  t h e  lowest  energy p o i n t .  Again, t h e  i n a c c u r a t e  

coulomb b a r r i e r  p robably  accounts  f o r  t h i s  d i sc repancy .  

Some ambigui ty  a r i s e s  when comparing c r o s s -  

s e c t i o n  magnitudes because of  t h e  d i f f e r e n t  p r o b a b i l i t i e s  

of forming t h e  compound nucleus  f o r  d i f f e r e n t  t a r g e t  

p r o j e c t i l e  sys tems.  This  ambiguity i s  removed when one 

cons ide r s  r e a c t i o n  c r o s s - s e c t i o n  r a t i o s ,  however. 



Figure 33 shows t h e  c a l c u l a t e d  and experimental  ra t ios  of 

64 66 t h e  Zn (a,pn)Ga c ross - sec t ion  t o  tho  ~ n " ( a , 2 n ) ~ r  66 

c ross - sec t ion  as well  a s  t h e  ( C ~ * , ~ ~ ) / ( C ' ~ ,  2n) r a t i o s  

p l o t t e d  vs.  e x c i t a t i o n  energy. The discrepancy between 

t h e  ca lcu la ted  ( ~ , ~ n ) ' ( a ,  2n) r a t i o  and experiment i s  

probably t o  be a t t r i b u t e d  t o  binding energy e r r o r s .  A t  

higher energies  the  c a l c u l a t e d  and experimental  r a t i o s  

a r e  seen t o  merge wi th in  experimental  e r r o r .  The c a l c u l a t e d  

and experimental  ( ~ ~ * , ~ r $ / ( ~ ~ ~ , 2 n )  r a t i o s  a r e  seen t o  agree 

well  wi th in  experimental  e r r o r .  

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  experimental  

r a t i o s  form a continuous curve f o r  t h e  two systems. The 

coincidence of t h e  two s e t s  of d a t a  i n  t h e  region  from 

36 - ~ O M ~ V  where t h e  angular  momenta of t h e  two systems 

is  very c l o s e l y  matched ( c f .  f i g u r e  8) provides s t r o n g  

evidence t h a t  t h e  predominant mechanism f o r  both o f  t h e s e  

r eac t ions  i s  compound nucleus formation and 3ecay a n d  i s  a  

convincing v e r i f i c a t i o n  of  the  independence hypothesis .  

Since any d i r e c t  i n t e r a c t i o n  component would not  be 

expected t o  be of t h e  same magnitude f o r  two such d i f f e r i n g  

t a r g e t - p r o j e c t i l e  systems, i t  must be concluded t h a t  t h e  
s 

h ighes t  energy range measurement f o r  t h e  ~ n ~ ~ ( a ,  p n ) ~ a  
66 

r e a c t i o n  ( s e e  f i g u r e  11.) i s  probably i n  e r r o r .  



V I .  Conclusions 

It may be s t a t e d ,  on t h e  b a s i s  of t h i s  work, t h a t ,  
34,63* 

con t ra ry  t o  previous obse rva t ions  , t h e  compound nucleus 

model provides a s a t i s f a c t o r y  account of the  r e a c t i o n s  of 

a lpha  p a r t i c l e s  wi th  zne4,  This  conclusion i s  based on 

experimental  r e c o i l  range.  evidence as w e l l  as t h e  agreement 

of c a l c u l a t e d  e x c i t a t i o n  f u n c t i o n s  wi th  experiment. The 

"high energy tai ls" of t h e  measured e x c i t a t i o n  func t ions  
, ,  

may be explained i n  terms of angular  momentum e f f e c t s  and 

ganlma i a y  competi t ion wi th  p a r t i c l e  emission, r a t h e r  than 

by assuming l a r g e  d i r e c t  i n t e r a c t i o n  c o n t r i b u t i o n s  t o  the  

r e a c t i o n  mechanism. .Furthermore, a l l  calculation parameters 

employed were based on ' a v a i l a b l e  independent experimental  

evidence, r a t h e r  than adJusted t o  achieve b e s t  agreement 

between c a l c u l a t i o n  and experiment as has  been done by 
34,44,63,66; o t h e r  workers . 

'The main source of d i f f i c u l t y  i n  performing c a l c u l a t i o n s  

of e q t a t i o n  func t ions  was found, i n  t h e  present. .  work, t o  b e  

l a c k  of r e l i a b l e  o p t i c a l  'model parameters as w e l l  as u n c e r t a i n t y  

i n  p a r t  i c  l e  binding ' energ ies .  ' 

The outcome of t h e  F ~ ~ ~ + C ~ ~  c a l c u l a t i o n s  seems encouraging 

i n  l i g h t  of t h e  f a c t  t h a t  one would expect  t h e  approximations 

inheren t  i n  t h e  o p t i c a l  model t o  be an overs impl i f i ca t ion  f o r  
; - 

such a complex t a r g e t - p r o j e c t i l e  system. The success  of t h e  

s t a t i s t i c a l  model on t h i s  r e a c t i o n  system would suggest  
i 

' f u r t h e r  such experiments f o r  investigation of .angular momentum 

e f f e c t s  ( "see Appendix V I  ) . 



78. 

The t rea tment  of gamma r a y  emiss ion used i n  t h i s  work i s  

i n  obvious need of re f inement .  The s i n g l e  p a z t i c l e  es t ima . tes  

axe inadequa,te, and t h e  na,ture of c o l l e c t i v e  enhancement of 

gamma r a y  emiss ion p r o b a b i l i t i e s  i s  s t i l l  a l a r g e l y  unexplored 

f i e l d .  The r a t h e r  emper ical  approach used i n  t h i s  work was 

seen t o  be a,dequate on ly  t o  a  f i r s t  approximalt ion.  

I n  conclus ion,  i t  ma.y be s t a t e d  t h a t ,  provided one has  a  

reasonably  a c c u r a t e  knowledge of t h e  c o n s t a n t s  of motion of a  

compound nuc leus  formed by a, g iven  t a r g e t - p r o j e c t i l e  system, 

t h e  decay of t h i s  compound nuc leus  may be a,ccura, tely desc r ibed  

by the  s t a . t i s t i c a 1  model. 



TABLE IV 

64 4 Zn and He Cross-sections. 



TABLE IV (contfd) 

( ~ l l  cross-sections are expressed in millibarns) 
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TABLE V 

( A  11 ranges  a r e  expressed i n  



TABLE VI 

12 Fe56 and C Cross-sections 

(all cross-sections are expressed in millibarns) 



TABLE VII 

~r~~ and 016 Cross-sections 

16 16 E016(PIeV) E*(M~v) o(0~~,n)-ks(0 ,p) o(0 ,pn) o(016,2n) - 

<o .23 < .061 

<o .34 < ,090 

<O .33 < .088 

(all cross-sections are expressed in millibarns) 
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Appendix I 

R e c o i l  Range T h e o r i e s .  

1. Reco i l  Ramge mea.surements. 

Reco i l  ranges  may be s t u d i e d  i n  a  v a r i e t y  of 

wa,ys, ''''the s imp le s t  of which i s  t o  measure p r o j e c t e d  

ranges  a,long t h e  beam d i r e c t i o n .  For a g iven  r e a z t i o n  a , t  

a, s p e c i f i e d  energy,  t h e  observed ranges  of n u c l e i  r e c o i l i n g  

from t h e  t a r g e t  i n t o  some s topping  medium w i l l  c e n t e r  about  

an a,vera,ge va lue  R o .  Devia, t ions from t h i s  a,verage va lue ,  

c a l l e d  range s t r a g g l i n g ,  a r i s e  from a number of sources :  1 1 1 - 1 1 4  

(1. ) S t r a g g l i n g  from e f f e c t s  of t h e  n u c l e a r  r e a c t i o n ,  

i e . ,  r e s u l t a n t  v e l o c i t i e s  of ind iv idua , l  r e c o i l i n g  a,toms 

w i l l  d i f f e r  because of non-unique al l- ignment of t h e  v e l o c i t y  

v e c t o r s  nf t h e  emi t ted  p a r t i c l e s .  ( p n )  

( 2 . )  S t r a g g l i n g  i nhe ren t  i n  t h e  s topping  p r o c e s s .  ( p s )  

( 3 .  ) S t r a g g l i n g  ca,used by f i n i t e  t a r g e t  t h i cknes s ,  

i e . ,  t h e  i n d i v i d u a l  r e c o i l i n g  n u c l e i  o r ig ina , t e  from d i f f e r e n t  

dep ths  i n  t h e  t a r g e t  amd 'escape w i th  d i f f e r e n t  degrees  of 

t h e  f u l l  r ange .  (p,) 

( 4 . )  S t r a g g l i n g  caused by inhomogenei t ies  i n  t h e  

s topping  xtdium. ( p f )  

The o v e r a l l  range s t r a g g l i n g  paxaae te r  i s  t h e  r e s u l t a n t  of 

p a r a r n e t e r ~  corresponding t o  t he  a,bove combined i n  

q u a l r a  tu.r,e 

and t h e  range s t r a g g l i n g  i s  g iven  by  R,P . If t h e  d i s t r i b u t i o n  



in range values is Gaussian, then 112. 

Assuming uniform production of recoils across a layer of 

target, atoms of thickness W, the fraction of recoils 

which rema,in in the target is 111,112. 

where s is the distance from the edge of the layer to the 

point at which the recoiling atom originates and r-s is 

the distance that it travels. The integration of the a,bove 

equation leads to the following 111,112. 

where 

and 

F, may be approximated by the first term for W ZR, 

and if the thiciuness is many times the average range, 

( D - 4 )  reduces to 



If one bombards a  t h i c k  t a r g e t  backed by a  

t h i c k  c a t c h e r  f o i l ,  Fw i s  c a l c u l a b l e  from t h e  a c t i v i t i e s  

observed i n  t h e  t a r g e t  and ca, tcher f o i l s ,  

and t h e  c a l c u l a t i o n  of Ro f o l l ows .  

I n  p r a c t i c e ,  r e c o i l i n g  atoms w i l l  n o t  be produced 

un i formly  a c r o s s  t h e  t a r g e t  t h i c k n e s s .  If one assumes a  

l i n e a r  v a r i a t i o n  of c r o s s - s e c t i o n  over t h e  energy range 

corresponding t o  t h e  t a r g e t  t h i cknes s ,  i e . ,  

where oo i s  t h e  c r o s s - s e c t i o n  a t  t h e  t a rge t - ca , t che r  i n t e r f a c e  

( s = o )  and a, i s  t h e  c r o s s - s e c t i o n  a t  t h e  oppos i t e  s u r f a c e  

(s=w),  and a l l  r e c o i l i n g  i ons  a r e  a.ssumed t o  be  formed 

w i t h i n  t h e i r  range,  Ro, from the  s u r f a c e ,  then  76. 

For smal l  d i f f e r e n c e s  between a. and a, ( 1 ow-ool <a0 ) ,  

and R<<W. 76. 

tha, t  i s ,  t h e  range must, be c o r r e c t e d  by a, f a c t o r  corresponding 

t o  t h e  r a t i o  of t h e  a,vera,ge c r o s s - s e c t i o n  i n  t h e  f o i l  t o  t h e  

c ros s -  see t i o n  a.t  t h e  t a r g e t - c a t c h e r  i n t e r f a c e .  



Such t h i c k  t a r g e t ,  t h i c k  c a t c h e r ,  o r  i n t e g r a l ,  

range exper iments  p rov ide  a  simple mea,ns f o r  de te rmin ing  

ranges  if t h e  v a r i a t i o n  of c r o s s - s e c t i o n  i s  smal l  a c r o s s  

a v a i l a b l e  t a x g e t  t h i cknes se s  and t h e  d i s t r i b u t i o n  i n  

ranges  i s  known t o  be Gaussian.  If  t h e s e  c o n d i t i o n s  a r e  no t  

met, however, a d i f f e r e n t i a , l  method may be a .ppropr ia te .  

A convenient  d i f f e r e n t i a l  method f o r  measuring 

average p r o j e c t e d  ranges  i n  t h e  beam d i r e c t i o n  i s  t o  bombard 

t h i n  t a r g e t s  (w<<R,) backed by s e v e r a l  t h i n  c a t c h e r s .  

If Ft ,  t h e  f r a c t i o n  of a c t i v i t y  t h a t  pa s se s  through th i cknes s  

t, i s  p l o t t e d  on a  p r o b a b i l i t y  s c a l e  v s .  t , t h e  t va lue  

corresponding t o  Ft = d e f i n e s  R o .  The t va lue  f o r  Ft 

equa,ls 0.0787 s p e c i f i e s  Ro(l-t-/2p ) 112.  

Also, any d e v i a t i o n  from Ga,ussian d i s t r i b u t i o n  about  t h e  

average p r o j e c t e d  range may be observed d i r e c t l y  i n  t h i s  

type of exper iment .  However, one must be s tudying  a  product  

which i s  produced i n  h igh  y i e l d  and t h e  a,verage range must 

2 be r e l a , t i v e l y  l a r g e  (>200mg/cm ) i n  o r d e r  f o r  t h i s  

type of d i f f e r e n t i a l  mea.surement t c  be exper imenta , l ly  

f e a s i b l e .  

2 .  The Stopping Process .  

I n  o rde r  f o r  i n t , e rp re t a , t i on  of t h e  r e s u l t s  of 

r e c o i l  range mea,surements t o  be p o s s i b l e ,  t h e  n a t u r e  of t h e  
I 

i n t e r a c t i o n s  of r e c o i l i n g  atoms w i t h  m a t t e r  must be known. 

t h e  s topping  According t o  t h e  fo rmu la t i an  due t o  Bohr, 

p rocess  i s  dependent on t h e  v e l o c i t y  ( v )  of t he  moving atom. 



I f  v  i s  grea, ter  than the o r b i t a l  ve l -oc i t i e s  of the  e l e c t r o n s  

of the stopping atoms, stopping i s  mainly by i n t e r a c t i o n  

with these e l e c t r o n s .  If v  i s  l e s s  than the  o r b i t a l  

e l e c t r o n  ve loc i ty ,  stopping i s  by i n t e r a c t i o n  with the  

atoms a s  a whole ( e . g .  with the  c r y s t a l  l a t t i c e  of the  

stopping medium. ) I n  the  l a t t e r  case,  Bohr derived the  

fol lowing formula 'I5* f o r  Ro expressed i n  mg/cm2 and 

E i n  MeV. 

which holds when the  r e c o i l i n g  p a r t i c l e  masses a r e  much 

l a r g e r  than the stopping atomic masses ( A R  >> A ~ ) .  

I n  general ,  t he  stopping power may be represented 

(neglec t ing  channeling e f f e c t s )  a s  the  following 
116. 

The f i r s t  term corresponds t o  e l e c t r o n i c  stopping and t h e  

second t o  e l a s t i c  (atomic) s topping.  Lindhard, Scharff ,  
78. 

and S c h i a t t  (LSS) have derived a  genera l  stopping theory 

where atomic stopping was descr ibed by a Thomas-Fermi 

p o t e n t i a l  and the  p r o p o r t i o n a l i t y  constant ,  k, f o r  the  

e l e c t r o n i c  stopping term was given a s  78 



The LSS t heo ry  makes use  of d imensionless  range and energy 

parameters ,  p a.nd c , given  by 

Where N i s  t h e  number of s topping  atoms pe r  u n i t  volume, 

e  i s  t he  e l e c t r o n i c  charge,  and a. i s  t h e  f i r s t  Bohr r a d i u s  

i n  t h e  hydrogen altom. The LSS c a l c u l a t i o n s  produce a  s e t  

of p - c  curves ,  each c h a r a c t e r i s e d  by a  va lue  of k .  The 

s t r a g g l i n g ,  o r  meam square  d e v i a t i o n  from t h e  mean, i s  

g iven  by p l o t t i n g  t h e  q u a n t i t y  

v s .  s f o r  d i f f e r e n t  va lues  of k. The ra,nge a.long t h e  t o t a l  

pa th  l e n g t h  of t he  r e c o i l i n g  a,t,om i s  r e l a t e d  t o  t h e  p r o j e c t e d  

range by t,he fo l lowing  c o r r e c t i o n  f a c t o r  g lven  by LSS. 

1 R-Ro 
where p = A ~ / A ~ .  LSS have given curves  o f - -  a,nd 

P *o 
K - -1 v s .  s f o r  s e v e r a l  va,lues of k .  

Ro 
A t  low ene rg i e s  

a,lthough severa.1 ina,dequa,cj.es e x i s t  i n  t h e  t h e o r i e s  of 

111. 
LSS ,  hey ha.ve, i n  genera.1, provided agreement w i t h i n  



exper imental  e r r o r  wi th  the  type of i n t e g r a , l  and 

d i f f e r e n t i a l  ranges  measured by t h e  p rev ious ly  descr ibed  
76,77,117- 121. 

exper iments .  



Appendix I1 

Coupling  scheme^ . 
For t h e  r e a c t i o n  X+b - Y+x, t h e  t a r g e t  and p r o j e c t i l e  

4 

w i l l  have a  mutual  o r b i t a l  a n g u l a r  momentum, I ,  a s  w i l l  t h e  
-+ 

p r o d u c t s ,  1 . X and Y w i  11 have s p i n s  f and 71 and o r b i t a l  

a n g u l a r  momenta ?! and E l ,  r e s p e c t i v e l y ,  and b  and x w i l l  have 
-i 4 

s p i n s  s and s 1 ,  r e s p e c t i v e l y .  Angular  momentum must be 

conse rved ;  however, t h e  method of a d d i t i o n  of t h e s e  v e c t o r s  

depend s on t h e  type  of i n t e r a c t i o n  assumed o r  "coup l ing"  

29. s c h e m e u s e d  . 
( a )  j - j  Coupl ing .  

( b )  L-S ( R u s s e l  ~ a u n d e r s )  Coupl ing .  

( c  ) 1nte rmedia . t e  Coupl ing .  

29. The qu.a.ntity S i s  c a l l e d  t h e  cha.nnel  s p i n  . 



If the in t e rmed ia t e  coupl ing  scheme i s  u s e d ,  t h e  

d i s t r i b u t i o n  i n  angula r  momentum of i n t e r m e d i a t e  s t a t e s  

6 .  i s  g iven  by , 



Appendix 111. 

The ~ u ~ ~ ( a , ~ n ) ~ n ' ~  and ~ u ~ ~ ( a , * n ) ~ a ~ ~  R e a c t i o n s .  

The e x c i t a t i  on f u n c t i o n  f o r  t h e  product ion of 
- 

~n~~ i n  n a t u r a l  copper f o i l s  v i a ,  t h e  C u " ( a , 2 n ) ~ a ' ~  and 

6 3  Cu (a,pn)ZnG5 r e a c t i o n s  was measured by t h e  bombardment of 

J .64 mg/crn2 n a t u r a l  copper f o i l s  58* backed by t h i c k  aluminium 

c a t c h e r s  and i n t e r s p e r s e d  between aluminium degrad ing  f o i l s .  

The beam i n t e n s i t y  w a s  monitored v i a  t h e  p roduc t ion  of G a  67 

i n  z inc  C o i l s  by t h e  Zn64(a,n)Geh7 and Z n 6 4 ( a , p ) ~ a 6 7  r e a c t i o n s .  

A l l  15 minute G a 6 5  a c t i v i t y  w a s  al lowed t o  decay t o  

245 day ~ n ~ ~ .  A 7 .6  cm x 7.6 cm N ~ I  ( T I )  d e t e c t o r  was employed 

t o  monitor  t he  i n t e n s i t y  of t h e  511-kev and 1115-kev peaks .  

Eff i cency  d a t a  due t o  ~ e a t h ~ '  ' were employed . P o s i t r o n  

emiss ion w a s  t aken  t o  occur i n  51.7% 74 ' of t h e  decays and 

t h e  i n t e n s i t y  of t he  1115-kev peak was taken a s  0.49 photons/  

d i s i n t e g r a t i o n 7 4  . The d i s i n t e g r a t i o n  r a t e s  determined 

s e p e r a t e l y  from t h e  two peaks were found t o  a g r e e  w i t h i n  a  

few pe rcen t  i n  a l i  c a s e s .  

The measured e x c i t a t i o n  f u n c t i o n  i s  shown i n  

f i g u r e  34. 



Appendix I V .  

68 C h a . r a c t e r i z a t i o n  of' 280 day Ge . 
68 The a c t i v i t y  of' 280 day Ge was de termined by r a d i o a c t i v i t y  

a s s a y  o f  i t s  67 minute  daugh te r  a f t e r  s e c u l a r  e q u i l i b r i u m  

had been e s t a b l i s h e d .  Ge6' decays  by pure  e l e c t r o n  c a p t u r e ,  

and t h e r e f o r e  does  n o t  emi t  any  e a s i l y  d e t e c t a b l e  r a d i a t i o n .  

68 The r a d i a t i o n s  e m i t t e d  d u r i n g  t h e  decay  of Ga a r e  e a s i l y  

d e t e c t a b l e ,  however.  

The i d e n t i t y  of ~a~~ was e s t a b l i s h e d  by a s e r i e s  

of measurements immedia te ly  a f t e r  s e p a r a t i o n  of G e C 1 4  f rom 

t h e  d i s s o l v e d  t a r g e t  ( s e v e r a  l months a f t e r  t h e  i r r a d i a t i o n  

t o  e l i m i n a t e  s h o r t e r  l i v e d  Ge s c t i v i t i e s ) ,  fo l lowed by 

a n a l y s i s  of t h e  r a d i o a c t i v e  growth c u r v e .  F i g u r e  35 i s  

such a  c u r v e .  The c r o s s e s  d e n o t e  measured a c t i v i t y  p l o t t e d  

v e r s u s  t ime from t h e  end of t h e  s e p a r a t i o n  t o  t h e  t ime of t h e  

measurement of t h e  a c t i v i t y .  The open c i r c l e s  r e p r e s e n t  t h e  

d i f f  e r e r ~ c e  between measured a c t i v i t y  and t h e  e q u i l i b r i u m  

a c t i v i t y .  The h a l f  l i f e  was rrieasured from t h e  decay  c u r v e  

de f ined  by t h e  open c i r c l e s  i n  o r d e r  t o  e s t a b l i s h  t h e  i d e n t i t y  

of t h i s  i s o t o p e ,  and was found i n  a l l  c a s e s  t o  a g r e e  w e l l  

w i t h  t h e  v q l u e  ~ e s s u r e ~ i  i n  a n  i rrd~.p+r,deu:t  s t u d y  of t h e  

68. n u c l i d e  Ga . 
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SFUSMA P  

The F o r t r a n  VT s t a t i s t i c a l  model program, SFUSMAP, 

c o n s i s t s  of a  main program, f o u r  subprograms, and a  f u n c t i o n  

s u b r o u t i n e .  

a .  ) M A I N .  

The main program r e a d s  t h e  i n p u t  d a t a  and performs 

t h e  summations and m u l t i p l i c a t i o n s  of t h e  v a r i o u s  p r o b a b i l i t i e s  

f o r  p o p u l a t i o n s  of t h e  E-J g r i d s  c o r r e s p o n d i n g  t o  t h e  v a r i o u s  

n u c l e a r  s t a t e s .  Most of t h e  w r i t t e n  o u t p u t  from t h e  program 

i s  executed  by M A I N .  

b  . ) S u b r o u t i n e  WRITE. 

T h i s  subprogram was w r i t t e n  as  a  r e s u l t  of c o r e  

space  r e s t r i c t i o n s  on t h e  main program and i s  used t o  w r i t e  

o u t  t h e  E - J  m a t r i x  ONE. 

c  . ) S u b r o u t i n e  BRANCH. 

P r o b a b i l i t i e s  f o r  t h e  p o p u l a t i o n  of f i n a l  s t a t e s  

a r e  c a l c u l a t e d  f o r  a  s p e c i f i c  compound n u c l e u s  energy  and 

a n g u l a r  momentum by t h e  subprogram. Most of t h e  s t a t i s t i c a l  

model mat,hema t i c s  a r e  performed by t h i s  s u b r o u t i n e  which 

c a l l s  t h e  remain ing  two su5routir ;es  and t h e  f u n c t i o n  s u b r o u t i n e  

d . )  S u b r o u t i n e  FURG.  

T ransmiss ion  c o e f f i c i e n t s  (which a r e  r e a d  i n  a s  

d a t a )  a r e  i n t e r p o l a t e d  a n d  surnriled t o  g i v e  i n v e r s e  r e a c t i o n  

c r o s s - s e c t i o n s  cy tk-is s u b r o u t i n e .  



e  . ) Subrou t ine  BIND. 

Thi s  s u b r o u t i n e  r e t u r n s  a va lue  of t h e  b ind ing  

energy of a  pa r t i cu1a . r  p a . r t i c l e  f o r  a  g iven  compound n u c l e u s .  

f . )  Func t ion  ALEVEL. 

Th i s  f u n c t i o n  c a l c u l a , t e s  t h e  l e v e l  d e n s i t y  

cor responding  t o  a pa , r t i cu l a . r  E  a.nd J .  

A l i s t i n g  of SFUSMAP immedia te ly  f o l l o w s  t h i s  

d i s c u s s i o n .  The program has  been r e v i s e d  s u b s t a n t i a l l y  s i n c e  

t h i s  l i s t i n g  t o  remove programming s t e p s  which were inc luded  

t o  avoid  i nadequac i e s  i n  e a r l y  v e r s i o n s  of t h e  SFU system 

360/40 compi ler  programs.  

A t y p i c a l  i n p u t  d a t a  deck c o n s i s t s  o f :  

(1)  36 c a r d s  c o n t a i n i n g  b i n d i n g  e n e r g i e s  (punched i n  

columns 1-6) f o r  t h e  n ine  n u c l e i  su r round ing  (and i n c l u d i n g )  

t h e  compound nuc l eus  a t  lower neu t ron  and p ro ton  numbers. 

( 2 )  108 c a r d s ,  each c o n t a i n i n g  8 t r a n s m i s s i o n  c o e f f i c i e n t s  

f o r  a l p h a  p e n e t r a t i o n s  (punched i n  each  group of 10 columns) .  

Each group of f o u r  c a r d s  r e p r e s e n t s  one energy v a l u e  w i th  

each  v a l u e  s epa ra t ed  by 2 MeV. Th i s  d a t a  d e s i g n a t e s  t h e  

m a t r i x  TLA ( J , J X E )  where J and JXE s i g n i f y  a n g u l a r  momentum 

and energy r e s p e c t i v e l y .  

( 3 )  135 c a r d s ,  each c o n t a i n i n g  e i g h t  p ro ton  t an smi s s ion  

c o e f f i c i e n t s  a s  3bove.  Each group of f i v e  c a r d s  r e p r e s e n t s  

a n e  energy  v a l u e .  Th i s  d a t a  p o p u l a t e s  t n e  m a t r i x  TPL(J ,L , JXE)  

where L s i g n i f y s  orbi  t a l  a n g u l a r  momentun. 



( 4 )  135 c a r d s  conta in i  nr: neu t ron  trmsrni s s i  on c o e f f i  c j  e n t s ,  

populnt ing the  matri-x 'I'LN ( , J ,L ,JxI ; : ) .  

( 5 )  1 card con ta in ing  the  f o u r  s i n g l e - p a r t i c l e  p-,arnrr,:l 

s t r e n g t h  c o n s t a n t s  ( c ~  ' ) punched i n  t he  f i - r s t  four  groups 

of 10 columns. 

( 6 )  An e i g h t  ca rd  p a c k e t  which c o n t a i n s :  

( a )  T h e  c e n t e r  of mass energy of' t he  t a r g e t - p r o j e c t . i l e  

system (punched i n  columns 1-8). 

( b )  The b ind ing  energy of t h e  p r o j e c t i l e  and t h e  

t a r g e t  (columns 2 - 8 ) .  

( c )  5 c a r d s  con ta in ing  t h e  c a p t u r e  c r o s s - s e c t i o n s  f o r  

popu la t ion  of each J s t a t e  from J=O t o  J=39h 

f o r  t h e  energy s p e c i f i e d  by t h e  f i r s t  c a rd  

i n  t h e  packet  ( a ) .  The d a t a  i s  puched i n  each 

group of L O  channe l s .  

( d )  The angu la r  momentum va lue  above which t h e  

cap tu re  c r o s s - s e c t i o n  i s  z e r o .  

The number of d a t a  packe ts  which may be used i s  n o t  

l i m i t e d  by t h e  program. The las t  card  i n  t he  deck should 

c o n t a i n  a z e r o  punched i n  p l a c e  of t h e  energy ,  









3 3 u; 4 'Ln - z - - c s  
L W ~ c ~ ~ u W - U W . -  
- + N  ll I - + ~ + N  11 kt- 
* -  \ I c L - u  L L - Z  
Y cf L' u, 'Y L' z CC C) U: c:' L' 
e x a ~ 3 o x s ~ ~ ~ ~  







A %  L L 
7-4 u - 
- C r t r - d l -  
C Z I I  z IIL 
Z Z ~ U C C :  
3 v - v u c  





A W - 
3- C - =I-- 

0 m i r -  
m w r  - e 

4 1 3 u J a \ C  
. u z  Il W '  

I--r2iLJvu 
' - I - C ' t l -  

- L C ' + . - . I  
' L ~ Z C Y O L  
' U U U I 3 3  

I l l  Z Y Q T p  











Cr L* L- r r 
*'C. .'k .?A .'2 3 p, 
L.JXIVX.-XXX 
4.. 4- 44 Cr 
- c - ,xu 2 ;;; 4' 
w:LJJ;S;uIu, 
XCXC-XL- C 
0 "- " 3. 4 'r, a r7.. 
?'d.E.h.fiE.rXr 
-Lt-L;F.-._L-- - C* C- L- Wu-3 
1'2 <h & ;< .L -1 ,( 
WXNX~XC- 
n-0 x- mu re - c- ,\- .+'S _ "-'Z!xZYT"\C 
XCXCk:C\ t<- 

- ,:. - ,!:- .:; - ,\ it- .. L 7- u u? 
C.. C.. X 

's; A !U U * x be 
,n - - - .,:. - .I 

\:-\Ax\+-. L 
- "- 

.A 41 X 
- " 







O G O O O O O O G C  
0 0 ~ 0 0 0 0 0 0 C  



- - 
L i  
i l l  

I 
C 

r 1  - 
+ 
Cj 

3 
-4 

+ 
C7 

C" 
\ 
V 

-1 

ii 
-;t 
L L  

4 
Q 

IL 
7 
L - JJ 

Fu - 
c-. -l - 111 
N > 
a LY 
f J  - < 
L - 





1E
 T

h
T

: 
--
 

-
 -- 

0
1

7
7

 
E

T
M

A
X

=
 Z

'4
*+

2 
0

1
7

8
 

IF
( 

(E
T

h
C

-L
T

I'
A

X
I 

-L
T

 .O
.O

 
G

C
 

1
0

 
2%

) 
0
 1

-7
9 

G
3

 
TI

? 
2

5
1

 
0

1
8

0
 

2
5

3
 

E
T

W
n

=
E

T
M

A
X

 
0

1
8

1
 

2
5

1
 C

O
P

,T
IS

L
F

 



o o o c c  
O Q O O C  





0
0

3
7

 
T

L
X

=
T

L
h

(J
,L

s
 J

X
E

A
)-

(T
L

R
(J

,L
IJ

Y
E

A
)-

T
L

V
(J

,L
,J

X
F

-~
')

 
)+

ih
,T

k
- 

0
0

3
9

 
1

4
 

T
A

L
L

Y
 

=
 

T
A

L
L

Y
+

T
L

X
 

0
0
3
 9

 
5 

C
C

N
T

 I
N

lJ
 E 

C
0

4
3

 
6
 

S
IG

S
U

P
=

S
I5

S
U

?
~

+
T

A
L

L
Y

 
0

0
4

 1
 

4 
C

O
N

T
IK

V
E

 
0

0
4

2
 

S 
IG

P
A

=
S

IG
S

U
C

:*
F

b
C

T
A

 
0

0
4

3
 

G
U

 
TO

 
f! 

0
0

4
4

 
7 

S 
IG

M
A

=
O

.Q
 

0
0

4
5

 
8 

C
S
h
l
I
N
U
E
 

0
0

4
6

 
Y

E
T

C
R

Y
 

0
0

4
 7

 
-
 -
-
 - 
-
-
a
 

F
N

D
 





-164 - 

Appendix V I  . The A,''*+ ~i~~ T a r g e t - P r o j e c t i l e  System. 

Extension of t h e  s tudy  oi' t h e  compound nucleus  f;e 68 

2 i3 t o  r e a c t i o n s  induced by t h e  t a r g e t - p r o j e c t i l e  p a i r  S i  and 

*r40 would provide a t e s t  of t h e  c l l f ' r c t s  of extremely high 

angu la r  momenturn on t h e  decay of t h i s  compound nuc leus .  

The p e r t i n a n t  d a t a  f o r  t h i s  t a r g e t - p r o j e c t i l e  system 

a r e  conta ined  i n  t a b l e  V I I I .  The l a r g e  nega t ive  b ind ing  energy 

makes p o s s i b l e  t h e  ex t ens ion  of measurements t o  much lower 

68 Ge e x c i t a t i o n  e n e r g i e s  than were p o s s i b l e  f o r  n i  t h e r  t h e  

16 c12 or  0 systems.  However, t he  h igh  p r o , j e c t i l e  e n e r g i e s  

~ e c e s s a r y  t o  form t h e  compound nucleus  might p r e s e n t  a problem, 

s i n c e  r e c e n t  work l Z 2 *  has  shown t h a t  the  c r o s s - s e c t i o n  f o r  

complete f u s i o n  p roces ses  above 100 MeV dec reases  w i t h  

i n c r e a s i n g  energy of t h e  bombarding p a r t i c l e .  Attempts were 

made 122 * t o  e x p l a i n  t h i s  behavior  by c o n s i d e r i n g  a sha rp  c u t -  

off i n  t h e  s p i n  d i s t r i b u t i o n  of t h e  compound nuc leus .  C o l l i s i o n s  

which would lead t o  h ighe r  compound nucleus  s p i n s  were assumed 

t o  r e s u l t  i n s t e a d  i n  noncomplete f u s i o n  p r o c e s s e s .  

Obvious e x p e r i m e n t i a l  d i f f i c u l t i e s  would be expected 

f o r  t h i s  system ( e  .g .  low beam c u r r e n t s  and beam energy 

u n c e r t a i n t y ) ,  however t h e o r e t i c a l  problems might be even 

more formidable .  For i n s t a n c e ,  t h e  o p t i c a l  model d e s c r i p t i o n  

of n u c l e a r  i n t e r a c t i o n s  w i l l  l i k e l y  prove t o  be inadequa te  . 
f o r  a complex system such as t h i s .  A model which c o n s i d e r s  

i n t e r a , c t i o n s  w i th  two p o t e n t i a l  w e l l s  might be more a p p r o p r i a t e  



~ l s o ,  f o r  h i g h e r  a n g u l a r  momentum s t a t e s ,  f i s s i o n  

ma.y become a pred.omina.nt mode of d e - e x c i t a t i o n  f o r  t h e  compound 

nuc l .eus 123. 

The r e a c t i o n s  s t u d i e d  would b e  t h o s e  l e a d i n g  t o  

p r o d u c t s  one o r  two mass u n i t s  removed f rom t h e  compound 

n u c l e u s ,  i n  o r d e r  t o  a v o i d  r e a c t i o n s  which would proceed 

predomina ,n t ly  v i a  d i r e c t  i n t e r a c t i o n  mechanisms.  



TABLE VIII 

* L i s t e d  v a l u e s  a r e  minimum e n e r g i e s  r e q u i r e d  t o  overcome 

t h e  coulomb ba.rr i .er  . 

Element  I s o t o p e  N a t u r a l  Abundance (a toul ic  % ) 56 

Si 28 92.21 

29 4 .r(O 

50 3 .Q9 
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