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Résumé. Un essai de définition de la fusion complète est fait dans l'introduction. 
Parmi toutes les collisions profondes qui passent par un intermédiaire composite, on fait 
la distinction entre les collisions très inélastiques pour lesquelles la fusion se pro­
duit déjà, les quasi fissions où l'amortissement de l'énergie est total et la fusion 
complète pour laquelle les deux noyaux sont agglomérés pendant un temps assez long pour 
que l'intermédiaire décroisse en produits finals sans souvenir de la composition du pro­
jectile et de la cible. Cette fusion complète peut, dans certains cas, être distinguée 
de la formation du noyau composé si la desexcitation a lieu avant équilibre total dans 
tous les degrés de liberté. Une évolution continue a lieu depuis les collisions légèrement 
inélastiques jusqu'à la formation du noyau composé. 

Dans le paragraphe 2 on montre comment la mesure des sections efficaces pour la 
fusion complète entre noyaux légers à faible énergie peut permettre de définir une barrière 
d'interaction pour la fusion. Une tentative d'explication est donnée pour les oscillations 
des fonctions d'excitation pour C+ 0. Puis, à plus haute énergie, une limitation plus 
importante intervient due au moment angulaire orbital dans la voie d'entrée et le concept 
très utile de distance critique est expliqué (Galin et al.,et Bass). La détermination de 
H 1i à partir des fonctions d'excitation et l'application du code Alice sont discutées. 
On montre pourquoi la descente vers les hautes énergies des fonctions d'excitation 
(IL,xn) dépend de façon très sensible d'une certaine limite au moment angulaire. Mais 
cette limite n'est peut-être pas toujours la valeur £ pour la fusion complète car les 
hautes valeurs de J conduisent à l'émission de particules a. 

Ensuite, pour les systèmes lourds, la distinction est faite entre fission après 
fusion complète, fission de prééquilibre et quasi-fission. Le modèle de la barrière de 
fission de goutte liquide tournante est discuté. Enfin, l'hypothèse d'une limite aussi du 
côté des faibles £ est exposée, à partir des résultats expérimentaux sur le déplacement 
des fonctions d'excitation. Les autres tentatives d'explication ont échoué. 
Pour conclure, on montre combien la fusion complète dépend de la dissipation d'énergie et 
en quelque sorte d'un équilibre entre les forces coulombiennes (conservatives) et les 
forces dissipatives. 

Abstract. First, a definition of complete fusion is given. Amongst "hard" collisions 
which pass through a composite system, a distinction is made between deep inelastic 
collisions where some fusion process occurs, quasi-fission where a complete damping is 
attained, complete fusion and compound nucleus formation. Complete fusion corresponds to 
interactions where both partners are joined together a time much longer than the colli­
sion time and make an intermediate which decays into the final products without parti­
cular remembrance of the composition of projectile and target. It might differ from com­
pound nucleus formation as far as the full equilibrium before decay is not required. 
It is shown how there is a continuous evolution between smooth inelastic collisions and 
compound nucleus formation. 

An analysis is made in section 2 of the deduction of the interaction barrier for fusion 
(incomplete and complete) from cross section measurements in the cases of light and medium 
systems at low energies for which fission is a negligible process. An attempt is made to 
explain oscillations in the excitation functions for O ™ in (12C + 1 6 0 ) . 

In section 3 the limitation to complete fusion due to high orbital angular momenta and 
the very useful concept of critical distance are explained (Galin et al.,and Bass). 
The basic concept of the Alice code is discussed as well as the determination of I n 
from excitation functions. It is shown that the slope of decreasing branch of 
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(H1,xn) e x c i t a t i o n  f u n c t i o n s  on t h e  h igh  energy s i d e  depends very  s t r o n g l y  on some type  
of angu la r  momentum l i m i t .  But i t  might n o t  b e  t h e  c r i t i c a l  v a l u e  f o r  complete f u s i o n ,  
because  h igh  J popu la t ion  decays mainly by a p a r t i c l e  emiss ion.  

I n  s e c t i o n  4,  t h e  d i s t i n c t i o n  between f i s s i o n  a f t e r  complete f u s i o n ,  p reequ i l ib r ium 
f i s s i o n  and q u a s i - f i s s i o n  i s  made f o r  heavy n u c l e i .  The concept of  r o t a t i n g  l i q u i d  drop 
f i s s i o n  b a r r i e r  i s  d i scussed .  The hypo thes i s  of a  l i m i t a t i o n  t o  complete f u s i o n  from 
low R-vawes i s  exposed, a s  w e l l  a s  t h e  exper imenta l  r e s u l t s  on e x c i t a t i o n  f u n c t i o n s  
t h a t  has  been ob ta ined .  It is shown t h a t  a l l  o t h e r  exp lana t ions :  f a i l .  

As a  conc lus ion ,  it  i s  shown how complete f u s i o n  depends s t r o n g l y  on t h e  energy d i s s i -  
p a t i o n  and on t h e  ba lance  between conse rva t ive  Coulomb f o r c e s  and d i s s i p a t i v e  f o r c e s .  

- COMPLETE FUSION AND ITS LIMITATION - 

I - I n t r o d u c t i o n .  "Hard" c o l l i s i o n s ,  f u s i o n ,  

composite sys tem,  complete f u s i o n  and -- 
compound nucleus  formation. -- 

A r a t h e r  popular  joke  i n  a  number of  r ecen t  

meet ings  on heavy i o n  phys ic s  was t o  t a l k  about  

"confusion" when the  s u b j e c t  of  complete f u s i o n  

between trio complex n u c l e i  was d i scussed ,  and t h a t  

should have perhaps r e s t r a i n  me t o  accep t  t o  t r e a t  

aga in  t h i s  ques t ion .  

As o r i g i n a l l y  used,  t h e  expres s ion  "compound 

nucleus" t h a t  some a u t h o r s  c o n s i d e r  a s  equ iva len t  

t o  "complete fus ion" ,  was app1ie.d t o  a  nucleus  e x c i t  

ed by the  absorpt ' ion of a s i n g l e  nucleus  and e x c i t e d  

t o  a  s i n g l e  l e v e l , - a n d  e x i s t i n g  long enough f o r  t h e  

mode of decay t o  be independent of t h e  mode of  for-  

mation. For a  nuc leus  e x c i t e d  t o  an energy region 

where many and many l e v e l s  ove r l ap ,  t h e  t ime should  

be long enough t h a t  a  thermodynamical e q u i l i b r i u m  

should  be  a t t a i n e d .  The format ion p rocess  and t h e  

decay p rocess ,  be ing  sepa ra t ed  by the  in t e rmed ia t e  

e x i s t e n c e  of t h e  compound system, should  be indepen- 

dent  except  f o r  t h e  r e s t r i c t i o n s  imposed by t h e  con- 

s e r v a t i o n  of energy,  t o t a l  angu la r  momentum and 

p a r i t y .  The compound nucleus  should  e x h i b i t  equi-  

p a r t i t i o n  i n  t h e  occupat ion of  a l l  a c c e s s i b l e  

degrees  o f  freedom. For h igh  e x c i t a t i o n  e n e r g i e s ,  

the  q u a n t i t a t i v e  t r ea tmen t  was made through t h e  w e l l  

known Weisskopf 's  theory [l] and the  angu la r  momen- 

tum e f f e c t s  have been included i n  t h e  l e v e l  d e n s i t y  

e s t i m a t i o n  by Hauser-Feshbach t23, Er icson  [3] 

Thomas [4],  Grover [51 and many o t h e r s .  

I n  p r i n c i p l e ,  a b s o r p t i o n  of a  complex pro- 

j e c t i l e  by a  complex t a r g e t  means t h a t ,  a f t e r  a 

wh i l e ,  nucleons  from t h e  p r o j e c t i l e  l o s e  t h e i r  pre-  

v ious  c o l l e c t i v e  and i n d i v i d u a l  c h a r a c t e r i s t i c s  and 

t a k e  on new c h a r a c t e r i s t i c s  i n  a  s i n g l e  n u c l e a r  

p o t e n t i a l .  A l l  t h e  k i n e t i c  energy allowed by momen- 

tum conse rva t ion  i s  d i s t r i b u t e d  amongst a l l  acces- 

s i b l e  degrees  of  freedom. There fo re ,  i t  should  be  

r a t h e r  easy  t o  observe  such a  sys tem r e s u l t i n g  from 

complete abso rp t ion .  However t h e  problem of  t ime 

s c a l e  f o r  h i g h l y  e x c i t e d  compound n u c l e i  becomes 

predominant.  It i s  d i f f i c u l t  t o  e s t i m a t e  ve ry  accu- 

r a t e l y  t h e  l i f e  t ime of  e x c i t e d  compound n u c l e i .  

For low and medium e x c i t a t i o n  e n e r g i e s ,  and low 

angu la r  momenta, expe r imen ta l  measurements have 

been performed wi th  t h e  h e l p  of a  ve ry  b e a u t i f u l  

t echn ique  u s i n g  t h e  b lock ing  e f f e c t  i n  c r y s t a l s  [61. 

A f a i r l y  good agreement between t h e  r e s u l t s  and t h e  

p r e v i s i o n s  of  t h e  s t a t i s t i c a l  t heo ry  was found, i n  

t h e  l i f e  t ime range between 10-l6 and lo-'' s e c .  

For  h ighe r  e n e r g i e s ,  l i f e t i m e    re dictions can b e  

made accord ing  Er i c son[3 ] ' s  fo rmula t ion  i n  t h e  case  

o f  neu t ron  evapora t ion .  

The l i f e - t i m e  i s  t h e  i n v e r s e  of  t h e  neu t ron  emissicn 

p r o b a b i l i t y ,  and t h e r e f  o r e  is  p r o p o r t i o n a l  t o  t h e  

r a t i o  of  t h e  l e v e l  d e n s i t y  i n  t h e  compound nuc leus  

t o  t h e  l e v e l  d e n s i t y  i n  t h e  r e s i d u a l  nuc leus .  

Tab le  I i n d i c a t e s  some e s t i m a t e s  which I have made, 

under a  c l a s s i c a l  model of  s p i n  dependent l e v e l  

d e n s i t y  f o r m u l a t i o n .  

Table I 

Est imated l i f e  t ime  f o r  compound n u c l e i  
A = 180, a  = 22.5 M ~ v - '  

E* (MeV) 

100 
100 
50 
5 0  
30 
3 0 

t 

J(h u n i t s )  

60 
10 
60 
10 
60 
10 

t ( s e c )  
-20 
O-21 

2'10-19 

lo-20 
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Neglecting the  e f f e c t  of angular momenta, Blann [ 7 1  

has estimated t h a t  a t  e x c i t a t i o n s  g r e a t e r  than 

100 MeV, f o r  nuc le i  of A = 100, the  l i f e  time i s  

of the  order  of the re laxa t ion  time assuming a 

binary nucleon-nucleon energy t r a n s f e r  mechanism 

( 5 , secl 

The time required f o r  two A = 50 n u c l e i  t o  pass 

one nuclear  diameter was est imated around 10-~ 'sec.  

During t h a t  s h o r t  time, t h e  two complex nuc le i  a r e  

fusing. This implies t h a t  p a r t i c l e  emission may 

take place while  t h i s  shor t  fusion time, but before 

equ i l ib ra t ion .  Such precompound decay has  been e s t i -  

mated by Blann f o r  two systems : "C + '"pr and 

" ~ r  + 1 0 g ~ g  a t  various e x c i t a t i o n  energies .  

Special ly  f o r  t h e  l i g h t e s t  p r o j e c t i l e  and the  

highest  e x c i t a t i o n  energy, a  non n e g l i g i b l e  f rac -  

t i o n  of t h e  p a r t i c l e s  a r e  coming out during the  

short  fusion period, but  before equi l ibr ium ; 

although t h e  number of nucleon-nucleon c o l l i s i o n s  

taking place i s  r a t h e r  l a rge .  When more than one 

neutron o r  proton per nucleus i s  emit ted i n  a  f a s t  

process, it means t h a t  there  is  never a  complete 

compound nucleus produced. Should we c a l l  however 

such a  phenomenon Complete Fusion ? My answer w i l l  

be yes,  i f  one r e s t r i c t s  t h e  d e f i n i t i o n  as  follows : 

Complete Fusion corresponds t o  i n t e r a c t i o n s  where 

both par tners  a r e  joined toge ther  f o r  a  time longer 

than the  c o l l i s i o n  time and make an intermediate  

which decays i n t o  the  f i n a l  products without p a r t i -  

c u l a r  remembrance of t h e  composition of t h e  projec-  

t i l e  and t a r g e t .  Therefore, when one measures t h e  - 
cross  sec t ion  f o r  n u c l e i  co l lec ted  i n  t h e  forward 

d i r e c t i o n ,  with masses a  l i t t l e  smaller  than t h e  

sum (A1 + A2) of p r o j e c t i l e  + t a r g e t ,  and with f u l l  

momentum t r a n s f e r ,  i t  corresponds t o  OCF, when 

f i s s i o n  can be neglected. I f  some p a r t i c l e s  a r e  

emitted very s h o r t l y  i n  a  precompound s tage ,  then 

aCF i s  l a r g e r  than aCN, and one might make a  d i s -  

t i n c t i o n  between the  two terms. 

Another more se r ious  d i f f i c u l t y  a r i s e s  when 

the f i s s i o n  process competes i n  t h e  de-exci tat ion 

of the  compound nucleus. With l i g h t  p r o j e c t i l e s  

such a  competition becomes important only f o r  very 

heavy compound n u c l e i ,  because the  o r b i t a l  angular 

momentum cannot be very g r e a t .  But i t  i s  wel l  known 

t h a t  l a rge  o r b i t a l  angular momenta a r e  obtained 

with heavy p r o j e c t i l e s  and then a  g rea t  enhancement 

of t h e  f i s s i o n  process occurs. Consequently, com- 

pound nucleus formation i s  never observed d i r e c t l y  

as an amalgamation product,  but  two fragments a r e  

emit ted s h o r t l y .  However, t h e r e  i s  i n  p r i n c i p l e  a  

way i n  order  t o  d i s t i n g u i s h  between two f i s s i o n  

fragments issued from a compound nucleus and two 

emitted par tners  r e s u l t i n g  from an i n e l a s t i c  scat-  

t e r i n g .  It i s  based on the  momentum conservation 

law, and i t  has been proposed f o r  the  f i r s t  time by 

Sikkeland e t  a1.[81. I n  the  bombardment of uranium 

by oxygen ions,  coincidences were counted on two 

de tec tors  located a t  cor re la ted  angles i n  t h e  labo- 

r a t o r y  corresponding t o  two f i s s i o n  fragments emit- 

t ed  a t  180' i n  the  system of the  r e c o i l i n g  compound 

nucleus. The width of t h e  c o r r e l a t i o n  i s  r e l a t e d  

t o  t h e  number of neutrons emit ted by the  fragment, 

but a  c l e a r  separa t ion  could be made from f i s s i o n  

events issued from an alpha p a r t i c l e  s t r i p p i n g  

reac t ion ,  s ince  l e s s  momentum was t r a n s f e r r e d  t o  

the  uranium + alpha r e c o i l i n g  system. 

However, the re  i s  a  con t rovers ia l -d i scuss ion  

on t h i s  quest ion,  whether o r  no t  the  observat ion of 

a  f u l l  momentum t r a n s f e r  is  a  valuable c r i t e r i o n  

f o r  t r a n s i e n t  compound nucleus formation. It has 

been argued [ 9 ]  t h a t  a  "composite system" may d i s -  

i n t e g r a t e  s h o r t l y  i n t o  f i s s i o n  fragments without 

passing t h e  s tage  of a  d e f i n i t e  nucleus and then a  

f u l l  t r a n s f e r  of momentum would have occurred 

without a  f u l l  thermodynamical equi l ibr ium. How i s  

i t  poss ib le  t o  d i s t i n g u i s h  between such a  preequili- 

brium f i s s i o n  and a  "true" f i s s i o n  ? 

One of t h e  proposed evidence f o r  the  e x i s  - 
tence of an intermediate  s tage  i n  which a  random 

equil ibr ium has occurred i s  the angular  d i s t r i b u t i o n  

symmetric around 90" and following i n  the  cen t re  

of mass system a law l / s i n 0 .  It means t h a t  t h e  

intermediate  system has l ived  during a t  l e a s t  one 

r o t a t i o n a l  per iod,  so  t h a t  the  p r o b a b i l i t y  f o r  d i s -  

i n t e g r a t i o n  i n t o  two fragments per  u n i t  angle should 

be a  constant  with regard t o  0,  the  angle between 

the beam d i r e c t i o n  and the f i s s i o n  ax is .  Halpern 

and S t ru t insky  [ l o ]  and Halpern [ l l ]  have shown 

t h a t ,  when the  angular  momentum of the  compound 

nucleus J i s  much l a r g e r  than i t s  p ro jec t ion  on the 

a x i s  of symmetry of the  f i s s i o n i n g  shape, the  d i s -  

t r i b u t i o n  W ( B )  approaches l / s i n 0 .  Such a  d i s t r i b u -  

t i o n  should be observed f o r  a l l ,  heavy and l i g h t ,  

f i s s i o n  fragments. Moreover, t h e r e  i s  no s p e c i a l  

reason t o  be l ieve  t h a t  the  time f o r  a  complete 

r o t a t i o n  i s  connected t o  the time necessary f o r  a  

f u l l  e q u i l i b r a t i o n .  Probably, e q u i l i b r a t i o n  f o r  a  

number of degrees of freedom occurs before a  com- 
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p l e t e  r o t a t i o n .  

My opinion is t h a t ,  when mass and energy dis-  

t r i b u t i o n  of f i s s i o n  fragments behave j u s t  l i k e  

those r e s u l t i n g  from wel l  es tab l i shed  f i s s i o n  reac- 

t i o n s ,  i . e .  symmetric mass d i s t r i b u t i o n ,  k i n e t i c  

energy corresponding t o  Coulomb repulsion a t  t h e  

s c i s s i o n  po in t ,  e tc . . ,  and when t h e  I/sin€I angular 

d i s t r i b u t i o n  i s  observed over the e n t i r e  mass and 

Z d i s t r i b u t i o n ,  one should consider  the  phenomenon 

as passing through a t  l e a s t  t h e  s tage  of Complete 

Fusion, i f  not f u l l y  e q u i l i b r a t e d  compound nucleus. 

However we f e e l  here the  d i f f i c u l t y  f o r  making 

very s t r i c t  c l a s s e s  of phenomena. In a  heavy ion ,  

"hard" c o l l i s i o n s ,  a f t e r  the  t a r g e t  and ~ r o j e c t i l e  

touch, t h e  n u c l e i  remain i n  contact  and s t r o n g  d i s -  

s i p a t i v e  fo rces  operate .  The system has amalgamated 

i n t o  a  composite nucleus which might be compared t o  

t h e  saddle shape along the f i s s i o n  path,  although 

the  f u s i o n  path is  general ly  d i s t i n c t  from t h e  

f i s s i o n  path. Then t h e  composite system might e i t h e r  

separa te  i n t o  two fragments with s u b s t a n t i a l  mass 

t r a n s f e r  and energy re laxa t ion .  This  i s  the  w e l l  

known deep i n e l a s t i c  c o l l i s i o n  o r  quas i - f i s s ion  

process t h a t  s h a l l  be described by Galin [12 ]  and 

Moretto [13]. O r  t h e  system moves towards a  l e s s  

deformed shape and s t a t i s t i c a l  equi l ibr ium occurs. 

The w e l l  ordered energy has been d i s s i p a t e d  t o t a l l y  

i n t o  many degrees of freedom. But i f  t h e  nucleus is 

heavy enough, the  decay c o n s i s t s  of f i s s i o n  frag-  

ments. Di f fe ren t  processes a r e  sketched i n  f i g u r e  1 

which is  presented a s  a  general  in t roduc t ion  f o r  

the  t h r e e  repor t s  on complete fus ion  and D I C .  

Fig. 1 - Schematic d e s c r i p t i o n  of d i f f e r e n t  
processes occurr ing f o r  "hard" c o l l i s i o n s  
passing through a composite system. The 
time s c a l e  is r = 10-**set. 

Again, t h e r e  is a  problem of time-scale, 

which can be r e f l e c t e d  i n  t h e  angular d i s t r i b u t i o n  

s i n c e  a l l  the  system r o t a t e s .  When i n i t i a l  condi- 

t i o n s  a r e  very asymmetric ( l i g h t  p r o j e c t i l e ,  very 

heavy t a r g e t ) ,  quas i - f i s s ion  fragments e x h i b i t  a  

mass d i s t r i b u t i o n  around the  p r o j e c t i l e  and t a r g e t  

mass, although f i s s i o n  a f t e r  complete fusion shows 

a wel l  known symmetric mass d i s t r i b u t i o n .  But when 

one s t a r t s  with a  system c lose  t o  symmetry, the  

d i s t i n c t i o n  becomes impossible. And indeed i t s  

s i g n i f i c a t i o n  vanishes. The same in t imate  contact  

of amalgamation, the  same b a s i c  processes of l a rge  

l o c a l  energy d i s s i p a t i o n  occur. 

I have borrowed t o  L. Moretto and J. Sventek 

C141 a very n i c e  i l l u s t r a t i o n  (Fig.2) of t h a t  d i s -  

cuss ion. 

620MeV "Kr + '"Au 

t [in units, of 10-Psec] 

Fig. 2 - Calculat ions according Moretto and 
Sventek's d i f f u s i o n  model [ 1 4 ] .  After  a  
delay of 5 0 . 1 0 - ~ ~ s e c  symmetric d iv i s ion  
i n t o  two equal mass fragments occur. I s  
i t  "complete fusion" followed by f i s s i o n  
o r  quas i - f i s s ion  a f t e r  long re laxa t ion  
time ? 

Applying t h e i r  d i f f u s i o n  modelFhey have ca lcu la ted  

f o r  the  i n i t i a l  system 8 6 ~ r  + I g 7 ~ u ,  the probabi l i -  

t y  d i s t r i b u t i o n s  along t h e  mass-asymmetry coordina- 

t e  as  a  func t ion  of time. The continuous t rend  

between two q u a s i - f i s s i o n  fragments around Z = 79 

and Z = 36, and two equal  Z fragments around Z=58 

is  shown. I n  t h a t  respec t ,  should we c a l l  complete 

fusion what occurs a f t e r  6 0 . 1 0 ' ~ ~ s e c ,  s ince  it 

happens t o  be  roughly equal t o  one r o t a t i o n a l  

per iod f o r  R = 100 and, on t h e  f i g u r e ,  do longer  

times correspond t o  symmetric mass d i s t r i b u t i o n  ? 
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2. Large complete fusion c ross  sec t ions  near ly  equal A c l a s s i c a l  p l o t t i n g  of OCF as  a  funct ion of 

t o  the t o t a l  reac t ion  cross-sect ion.  r e s u l t s  i n  a  s t r a i g h t  l i n e ,  and i s  j u s t i f i e d  by the  

In te rac t ion  b a r r i e r  f o r  complete fusion.  following considerat ion.  

2 .  1 - Cross sec t ions  versus Energy The problem of the  i n t e r a c t i o n  b a r r i e r  f o r  

A t  low incident  energ ies ,  and a t  l e a s t  f o r  
complete fusion has been discussed and c l a r i f i e d  

the  following p r o j e c t i l e s  : 12c,  1 4 N ,  160, 2 0 ~ e ,  by Wong 1171 and the  meaning of the  d a t a  ex t rac ted  

3 2 ~ ,  4 0 ~ r ,  and 3 5 ~ ~ ,  and f o r  t a r g e t s  l i g h t e r  than 
from experimental r e s u l t s  is given i n  f i g u r e  4.  

9 0 ~ r  ( 2 7 ~ 1 ,  " ~ i ,  5 2 ~ r ,  5 8 ~ i ,  6 0 ~ i ,  6 2 ~ i ,  7 4 ~ e ,  

7 7 ~ e ,  and " ~ r )  the cross-sect ion f o r  complete 

fusion i s  approaching the t o t a l  reac t ion  c ross  - 
sec t  ion. 

The most recent measurements were made using a  

A E-E te lescope located i n  the  forward d i r e c t i o n .  

This technique is  ab le  t o  assign masses of evapora- 

t i o n  residues and there fore  t o  separa te  the com- 

p l e t e  Fusion products from other  reac t ion  products, 
v 

as f a r  as  the f i s s i o n  process is n e g l i g i b l e .  This 

is probably cor rec t  i n  the  region of i n t e r e s t  s ince 

recent ly Bisplinghoff e t  a l .  1151 have measured 

f i s s i o n  cross  sec t ions  lower than 150mb f o r  3 5 ~ 1  

induced reac t ions  a t  energies  up t o  130 MEV (cen te r  

of mass). Most of the e x c i t a t i o n  funct ions f o r  UCF 

are  s i m i l a r  t o  the  t y p i c a l  one presented on f i g u r e 3  

due t o  Scobel e t  a1.[161 

VVNUC 

Fig.  3  - Exci ta t ion  func t ions  f o r  complete 
fus ion  (evaporation residue)  c ross  sec t ions  
f o r  3 5 ~ 1  induced reac t ions  on ,two n icke l  
i so topes  (After Scobel e t  a 1  [16]) 

Fig. 4 - P o t e n t i a l  energy versus d i s tance ,  
R, between two complex n u c l e i .  Complete 
fusion occurs only when VFU, is overcome. 
AV i s  the nuclear  p o t e n t i a l  a t  the d i s -  
tance RF,, where dV/dR = 0 .  

$'';laEq i s  the  equivalent  rad ius  ob ta i -  

ned applying a  pure Coulomb repulsion.  

The nuc lear ,  Coulomb and t o t a l  p o t e n t i a l s  f o r  R = 0 

a r e  drawn a s  a  funct ion of the in te rnuc lear  separa- 

t i o n  d i s tance .  Going from the r i g h t  t o  the  l e f t ,  a t  

the  d i s tance  R caul, weak nuc lear  i n t e r a c t i o n s  should 

begin t o  occur, and the  Coulomb p o t e n t i a l  is not 

yet  decreased by the  nuclear  p o t e n t i a l .  Applying 

t h e  p a r t i a l  wave sumnation, one may express the 

t o t a l  reac t ion  c ross  sec t ion  

with the pene t ra t ion  f a c t o r  TR approximated by the 

t ransmission of an inverted parabola ( H i l l  and 

Wheeler) [IS] - 
B,-E -1 

T1 = (l*exp(2 -)I 
-=wo 

where hao i s  the  curvature of the  b a r r i e r  f o r  R = 0 

and Bc is  the  pure Coulomb b a r r i e r .  
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Then R:oupo  E-B 
uR = ~ n ( ~ + e x p ~  C, 

f'wo 
( 3 )  

i s  reduced t o  Bc 
O R = I T ~ '  (I---) 

coul (4) 
E 

when E - Bc i s  l a r g e r  than hWo. 

The fus ion  b a r r i e r  corresponds t o  a  s t ronger  

i n t e r a c t i o n  and t o  a  smaller  d i s tance  Let us 

define t h i s  b a r r i e r  V a t  t h e  top of t h e  poten- 
Fus 

t i a l  curve (dV/dR = 0 )  , a t  t h e  d i s tance  RFus 

where complete fusion can eventua l ly  take place.  

Figure 4 i l l u s t r a t e s  t h a t  t h e r e  a r e  c e r t a i n l y  

nuclear  i n t e r a c t i o n s  between R 
coul and RFus i n  the 

range where the nuc lear  p o t e n t i a l  VN i s  not  equal  

t o  zero.  They do not lead t o  fusion phenomena, 

s ince the  a t t r a c t i v e  forces a re  not  l a rge  enough. 

However, i t  i s  not  s t r i c t l y  cor rec t  t o  say t h a t  

OCF = OR . The reac t ion  cross  sec t ion  OR, as  wel l  

as Rcoul may be obtained by e l a s t i c  s c a t t e r i n g .  

Coming back t o  OCF, i t  may be expressed by t h e  coun 

t e r p a r t  of equation (4) : 

i f  a l l  fusion processes end up i n t o  complete fusion 

The nuclear  p o t e n t i a l  a t  t h e  d i s tance  F$ 
US 

i s  w r i t t e n  : 2 

VN(RFus) = V 
Z ~ Z 2 e  -- (6) 
R ~ u s  

The i n t e r s e c t  of the  curve aCF = f  ( I  /;) with 

the ord ina te  should give .rrRZFUs and the  d i s tance  

ELFus, as wel l  a s  the  i n t e r s e c t  with the  absc i ssa  

gives V Fus ' 

The most complete r e s u l t s  have been obtained 

by Scobel e t  a1.[16] with 3 5 ~ 1  ions and a r e  p l o t t e d  

on f i g u r e  5. The ex t rac ted  d i s tances  f o r  complete 

fusion a r e  s l i g h t l y  smaller  indeed t h a t  t h e  d i s -  

tances obtained from e l a s t i c  s c a t t e r i n g  measure - 

ments according t o  t h e  quar te r  point  (0 

determination : 

z1z2e2 where 1 i s  the Sommerfeld parameter - 
h v  

0010 -1 0015 0020 
E:, (MeV 

Fig.  5 - Complete fus ion  cross  sec t ions  
versus  1 / E  f o r  3 5 ~ 1  ind.yced reac t ions  
(After  Scobel e t  a1 [ 1 6 ~  ) .  

As an example i n  the reac t ion  5 8 ~ i  + 3 5 ~ 1 ,  RSc = 

11.03 fm, while  = 9 ,O  fm. I f  one expresses  the  

d i s tances  R a s  a  funct ion of a c l a s s i c a l  parameter 
R 

r = .w , then r  v a r i e s  s l i g h t l y  between 1.58 s C 

f o r  3 5 ~ 1  + 2 7 ~ 1  and 1.50 f o r  3 5 ~ 1  + l Z 4 s n ,  while  

rFus changes much more d r a s t i c a l l y  from 1.34 f o r  

3 5 ~ 1  + 5 6 ~ e  down t o  1.20 f o r  3 5 ~ 1  + " 6 ~ n .  

The missing p a r t  : (oR - uCF) i s  of t h e  order  of 

25 % of OR , a conclusion which c o n t r a d i c t s  t h e  

f i r s t  asumption made by Gutbrod e t  a l .  1193 t h a t  

t h e  measurement of aCF could be taken a s  a  determi- 

na t ion  of OR . The d i f fe rence  i s  assumed t o  go i n t o  

i n e l a s t i c  and d i r e c t  t r a n s f e r  reac t ions .  

An i n t e r e s t i n g  point  i s  the  threshold energy 

f o r  both complete fus ion  and t o t a l  reac t ion  c ross  

sec t ion .  In  o ther  words, what a r e  t h e  f i r s t  chan- 

n e l s  open when the  Coulomb b a r r i e r  i s  overcome ? 

There a r e  not many p r e c i s e  r e s u l t s  comparing t h e  

thresholds of quas i -e las t i c  t r a n s f e r  reac t ions  and 

complete fusion.  F i r s t  of a l l ,  when VFus and Bcoul 

a r e  very c lose  because the  nuclear  p o t e n t i a l  i s  

shallow a t  REUs, then 

%us E-vFUs RFus) 
'CF /OR=(K) (F)8(k- C O U ~  (8) 

- 
and both thresholds a r e  a t  the  same value.  

But f o r  heav ie r  systems where (VF - BC = AV) is  

s i g n i f i c a n t l y  l a r g e ,  one should f i n d  a  d i f fe rence  

between the  two th resholds ,  although t h e  r a t i o  

OCF/OR should become smaller  than (RFUs / RCoul)' 

a t  higher  energies .  This has been observed indeed 

f o r  the  systems 12c + ' 5 2 ~ m ,  "0 + I5ONd and 
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"0 + ' " * ~ d  s t u d i e d  by I s h i h a r a  e t  a1.[20]. Also, a  

gap of around 10 MEV has  been observed [21] i n  t h e  
1.5 

i n t e r a c t i o n  1 4 ~  + 2 0 9 ~ i ,  between 1 proton t r a n s f e r  

l ead ing  t o  2 1 0 ~ o  and complete f u s i o n  l ead ing  t o  an 

evaporat ion re s idue  i s sued  from ' " ~ h .  - 
9 0 E 2 l ,4  

L 

2.2. Express ion of t h e  b a r r i e r  f o r  complete 

fus ion .  

1.3 
Coming back now t o  r e l a t i o n  [ 5 I ,  t h e  e x t r a c -  

t i o n  of exper imental  va lues  of V has  been com- 
Fus 

pared wi th  c a l c u l a t e d  p o t e n t i a l s  

For example, t h e  energy d e n s i t y  formalism has  been 

app l i ed  by NgB e t  a l .  [22] t o  c a l c u l a t e  t h e  n u c l e a r  

p o t e n t i a l  V (R) i n  t h e  sudden approximation making 
N 

use of n u c l e a r  d e n s i t y  d i s t r i b u t i o n s  taken from 

Hartree-Fock Ca lcu la t ions .  It con ta ins  no a d d i t i o n a l  

parameters.  VFus i s  obta ined by applying 

From R t h e  parameter r 1 /3  1 / 3  
Fus ' F u s = $ u ~ / ( ~ ]  +A2 ) 

has been deduced. It decreases  monotonical ly  when 

2122 i n c r e a s e s ,  s i n c e  t h e  nuc lea r  c o n t r i b u t i o n  has  

t o  be  l a r g e r  i n  o rde r  t o  compensate t h e  Coulomb 

repu l s ion .  I n  f i g u r e  6 ,  a r e  shown Ngo's c a l c u l a t e d  

values  [22] f o r  r a s  a  func t ion  of Z1Z2/(A,+A2) 
£us 

and a l s o  exper imental  p o i n t s  deduced from Scobel 

e t  a l .  r e c e n t  d a t a  1161. 

Although t h e  agreement wi th  exper imental  d a t a  was 

f a i r l y  good i n  t h e  case  of Ar, S ,  Cu and K r  projec-  

t i l e s ,  t h e r e  a r e  d i s c r e p e n c i e s  wi th  C 1  induced 

f u s i o n  c r o s s  s e c t i o n s  and a l s o  t h e  v a r i a t i o n  from 

one i so tope  t o  t h e  o t h e r  i s  no t  reproduced. 

The model o f  Krappe and Nix 1231 is  based on t h e  

l i q u i d e  drop model wi th  an improvement t o  account 

f o r  t h e  f i n i t e  range of nuc lea r  i n t e r a c t i o n .  There  

a r e  t h r e e  parameters ,  t h e  range a ,  of t h e  n u c l e a r  

p o t e n t i a l ,  a d j u s t e d  t o  1.4 fm, t h e  equ iva len t  s h a r p  

r ad ius  parameter ,  ad jus ted  t o  1.16 fm and a  d i s t ance  

d  between equ iva len t  shhrp  s u r f a c e s ,  which desc r ibes  

the  over l ap  f o  t h e  two n u c l e a r  m a t t e r  d e n s i t i e s  and 

t h e r e f o r e  d  dec reases  when atomic number i n c r e a s e s .  

F ig .  6 - P l o t  of rFus ( c a l c u l a t e d  by NgC e t  
a1 C221, v e r s u s  ( z ~ z ~ / ( A : / ~ + A ~ / ~ ) ) .  The f u l l  
curve r e p r e s e n t s  t h e  average behavior .  Dark 
p o i n t s  a r e  deduced from Scobel e t  a l ' s  ex- 
per imental  c r o s s  s e c t i o n s  1161. 

The f u s i o n  b a r r i e r  i s  w r i t t e n  
z 1  z2e2  

v~u,' r (A1 '3+A:/3j +a+d (10) 
0  1 

I n  o r d e r  t o  f i t  t h e  exper imental  va lues  of 

Scobel  e t  a l ,  d  was ad jus ted  between 1.6 fm f o r  
3SC1 + 2 7  A 1  and 0.75 fm f o r  3 5 ~ 1  + l Z 4 s n .  

This i n d i c a t e s  t h a t  t h e  n u c l e a r  d e n s i t y  ove r l ap  a t  

the  f u s i o n  po in t  s lowly i n c r e a s e s  w i t h  i n c r e a s i n g  

mass number. It i s  about 0.X5 u n i t s  of t h e  s a t u r a -  

t i o n  d e n s i t y  f o r  2 7 ~ 1  and 0.27 u n i t s  f o r  '16sn.  

2.3. Unexpected e x c i t a t i o n  f u n c t i o n s .  

O s c i l l a t i o n s  i n  oCF = f  (E) 

Before t o  f i n i s h  wi th  t h i s  s e c t i o n ,  I should 

l i k e  t o  come back on t h e  monotonic r a i s e  of e x c i t a -  

t i o n  func t ions  shown i n  f i g u r e  4 which I have quoted 

a s  a  t y p i c a l  example. A n  another  b e a u t i f u l  example 

i s  p resen ted  a t  t h i s  Conference by Eyal [24],  f o r  

12c + 180, where C.F. c ross  s e c t i o n  has  been mea- 

su red  wi th  an i n t e r e s t i n g  technique based on t h e  

evaporated neu t ron  count ing ( s e e  a l s o  Eyal e t  a l .  

[251).  
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Nevertheless, the re  a r e  a  number of cases  126,271, 

namely 160 + 12c, and 12c + 12c,  where the  exc i ta -  

t ion  funct ions f o r  complete fus ion  exhib i t  o s c i l l a -  

t ions  shown i n  f i g u r e  7, while (180 + 12c) , 
("F + 12c) and ("N + 12c) have s t r u c t u r e l e s s  

curves. Therefore the  o s c i l l a t i o n s  cannot be a t t r i -  

bued t o  some enhancements i n  OR f o r  each successive 

resonat ing p a r t i a l  wave. The o r i g i n  of t h i s  unex - 
pected f e a t u r e  i s  not  wel l  explained. In the case 

of 12c + 12c, one of t h e  main de-exci tat ion channel 

in  the decay of the  Compound Nucleus 2 Y ~ g  ends i n t o  

160. The e x c i t a t i o n  funct ion f o r  A = 16 follows the 

same o s c i l l a t i o n s  as  the  t o t a l  CF cross  sec t ion  [26] 

Fig. 7 - a) Exc i ta t ion  func t ion  f o r  complete 
fusion i n  the systems (180+12c) ( A f ~ e r  r e f .  
27). A t  low energ ies ,  a c ~  versus  l / E  f o l -  
lows a  s t r a i g h t  a s  predicted by equat ion(5)  
At higher  energ ies  the c r i t i c a l  d i s tance  
f o r  complete fus ion  r u l e s  t h e  cross  s e c t i o n  
ca lcu la t ion  according equat ion (13), with 
Vcr = -14 MeV and rcr = 1.01 fm. 

b) Exc i ta t ion  func t ion  i n  the system 
(160+12c) where o s c i l l a t i o n s  a r e  shown ( re f  
2 7 ) .  The curve I was ca lcu la ted  according 
Glas and Mosel's model [371. 

A poss ib le  explanat ion might be t h a t  Yrast s t a t e s  

a r e  reached i r r e g u l a r l y  when the  e x c i t a t i o n  energy 

i s  increased so  t h a t  the  p roper t i es  of these Yrast 

s t a t e s  may induce f l u c t u a t i o n  - l i k e  s t r u c t u r e s ,  

appearing mainly i n  nuc le i  l i k e  "Mg and 2 8 ~ i ,  as 

sketched i n  f igure  8, and not  i n  3 0 ~ i  o r  2%1. It is 

understandable t h a t  when the  e x c i t a t i o n  energy i s  

high enough t o  reach a  bunch of Yrast  s t a t e s ,  the re  

oR, the h ighes t  !L values which should p a r t i c i p a t e  

t o  t h e  c ross  s e c t i o n  as  (2R+1)., do not con t r ibu te  

t o  uCF, s ince  t h e r e  a r e  ye t  no new bunch of s t a t e s  

ava i lab le  i n  the  compound system. This i s  a  very 

i n t e r e s t i n g  open quest ion and I am sure  it w i l l  be 

discussed a t  t h i s  Conference. 

Fig.  8 - Schematic i l l u s t r a t i o n  of the  e f f e c t  
of i r r e g u l a r i t i e s  i n  the Yrast l i n e  on the 
v a r i a t i o n  of the  complete fus ion  c ross  sec- 
t i o n  versus e x c i t a t i o n  energy E~ (See t e x t ) .  

3. Limitat ions f o r  Complete Fusion i n  l i g h t  and 

medium nuc le i .  The concept of " c r i t i c a l  d j  stance" 

3.1 - Results  on Evaporation Residue Cross - 
Sect ions - 

The preceding r e s u l t s ,  where UCF approaches o 
R' 

have been obtained only i n  c e r t a i n  p a r t i c u l a r  condi- 

t i o n s  and do not  represent  a t  a l l  the general  fea-  

t u r e  of heavy ion reac t ions .  The experimental o b s e r  

va t ion  t h a t  the  evaporation residue c ross  sec t ion  

OER as wel l  as  oCF = oER + Ofiss ,  was much smaller ,  

has suggested, on the  b a s i s  of p a r t i a l  wave summa- 

t i o n ,  t h a t  t h e r e  i s  a  maximum o r b i t a l  angular momen- 

tum i n  the entrance channel beyond which compound 

nucleus formation i s  i n h i b i t e d  [283. A minimum mass 

overlap,  corresponding t o  a  minimum impact parameter 

should be reached before complete fus ion  occurs. 

The sub jec t  has  been discussed a t  many occasions 

and I s h a l l  r e f e r  t o  the  numerous reviews on the  

sub jec t  [29-30-313. Also ,  a  compilation of avai lable  

'ER 
values i s  given i n  a  recent  repor t  [321. 

is an enhancement of the  cross  sec t ion .  However, a  

f u r t h e r  increase of E diminishes uCF because, 

although there  a r e  more p a r t i a l  waves involved i n  
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For most of the  d a t a  obtained with 1 2 C ,  1 4 ~ ,  

160, 2 0 ~ e ,  3 2 ~  and 3 5 ~ 1  p r o j e c t i l e s  on l i g h t  and 

medium mass t a r g e t s ,  the f i s s i o n  c ross  sec t ion  was 

small o r  negl igeable,  so  t h a t  oER i s  equivalent  t o  

o 
CF' 

In  t h i s  r e p o r t ,  we s h a l l  focuse mainly on more 

recent  r e s u l t s  and show t h a t ,  except f o r  perhaps 

one o r  two s p e c i a l  cases ,  the na ture  of the  l imi ta -  

t i o n  can be understood i n  term of t h e  c r i t i c a l  d i s -  

tance concept [33] , as described e'i ther by the 

Bass' model [34] o r  by the  energy densi ty nuclear  

p o t e n t i a l  ca lcu la t ions  made by Ng6 e t  a1 122-351. 

3.2 - C r i t i c a l  d i s tance  f o r  complete fusion - 

Let us only remind t h a t  t h e  complete fusion 

cross  sec t ion  i s  r e l a t e d  t o  t h e  c r i t i c a l  angular 

momentum by t h e  r e l a t i o n  

uCF=f12 ( lc r+ l )  (11) 

expressing the  summation of p a r t i a l  waves up t o  a 

l imi t ing  value !L -k. The f i r s t  statement we make i s  
c r  

t h a t ,  f o r  a given system, t h e r e  i s  a l i n e a r  depen- 

dence between k2 and t h e  k i n e t i c  energy i n  the  c r  
entrance channel, a s  shown i n  f igure  9. 

Fig. 9 - Plot  of 0 / r k 2  versus energy f o r  
reac t ions  12C+58$F (e), 1 2 ~ + 4 8 ~ i  (0) and 
1 6 0 + 2 7 ~ 1  (A). The s t r a i g h t  l i n e s  correspond 
t o  expression ( I  1 )  i n  the t e x t .  (Ref. C321 . 

I n  1974, a t  the  Heidelberg Conference [36!, I have 

shown t h a t  one can assoc ia te  a d i s tance  a t  the  con- 

t a c t  point  f o r  fus ion ,  Rcr ,  t o  the corresponding 

impact parameter b and one deduces, exac t ly  as  c r  
f o r  the  t o t a l  reac t ion  cross  sec t ion ,  

where p i s  the reduced mass, and Vcr i s  the  poten- 

t i a l  a t  t h e  d i s tance  R . Hence, the  cross  s e c t i o n  
c r  

f o r  complete fusion i s  equal t o  

Such a formulation has been proposed a t  the  same 

time by Glas and Mosel [37], who have shown t h a t  ' it 

corresponds t o  t h e  asymptotic form a t  high energ ies  

a more general  expression.  On the  low energy s i d e ,  

one ob ta ins  expression [ 4 ]  oR = T R ~  
Bc caul( 1 - 7)  ' 
E 

With t h e  help of expression [13], one can deduce 

from a p l o t  of experimental values of oCF versus 

l / E ,  the  c r i t i c a l  radius R and t h e  c r i t i c a l  poten- 
c r  

t i a l  Vcr .  These values may be compared with theore- 

t i c a l  ca lcu la t ions  f o r  the  p o t e n t i a l  a t  t h e  d i s tan-  

ce where complete fus ion  occurs. 

Let us  now describe very b r i e f l y  b a s i c  ideas f o r  

the t h e o r e t i c a l  est imations.  The problem is t o  re- 

l a t e  t h e  repu ls ive  e f f e c t  of t h e  angular momentum 

as expressed i n  the  c e n t r i f u g a l  p o t e n t i a l  t o  the 

d i s tance  between the  two cen te rs  a t  which i t  oper- 

a t e s .  The p o s s i b i l i t y  f o r  a l a rge  number of i n t r i n -  

s i c  e x c i t a t i o n s  ending up i n t o  a compound nucleus 

formation depends on two c o n f l i c t i n g  tendencies : 

a t t r a c t i ~ h  by nuclear  forces which a re  more and 

more e f f i c i e n t  when the  d i s tance  diminishes ; 

c e n t r i f u g a l  forces which prevent t h e  two n u c l e i  t o  

fuse i n t o  a s i n g l e  composite system and t o  move 

towards a spher ica l  shape. A schematical one dimen- 

s i o n a l  represen ta t ion  which might never the less  be 

usefu l  i s  t o  consider  a p o t e n t i a l  energy as  a func- 

t i o n  of the  d i s tance  between t h e  two cen te rs  l i k e  

i n  molecular physics ,  and t o  keep a l l  degrees of 

freedom frozen,  except t h e  r e l a t i v e  motion. The 

p o t e n t i a l  energy reserves the  s t r u c t u r e  of each 

nucleus during the  con tac t .  Such al'sudden approxi- 

mation" has received a j u s t i f i c a t i o n  by Segl ie  e t  

a1.1381, based on the  exis tence of a s t r s n g  f r i c  - 
t i o n  i n  t h e  entrance channel.  Of course, when t h e  

c r i t i c a l  d i s tance ,  i . e . ,  a s u f f i c i e n t  overlap of 

nuclear  d e n s i t i e s ,  i s  reached, one should unfreeze 

o t h e i  degrees of freedom and abandon the  two body 

p o t e n t i a l  i n  order  t o  proceed t o  an a t t r a c t i v e  
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poten t ia l  well represent ing the  compound nucleus. 

A t  t h e  "point of no return",  the  two nuc le i  s t i c k  

together  due t o  t h e  l o s s  of energy l a r g e  enough t o  

e s t a b l i s h  a  common nuc lear  s t r u c t u r e .  

The Coulomb p o t e n t i a l  f o r  r < R1 + Rp is ca lcu la ted  

according vcq ('zl+z2'2 - - 3- krn (14) 

(R;+Ri)113 Rl R2 

where k and n a r e  adjusted i n  order  t o  f i t  

z ~ z Z ~ ~  
V=-  f o r  r =  RI + RZ . - 

a(a+i)fi2 
The c e n t r i f u g a l  p o t e n t i a l  i s  taken as - , 

2 u r 2  

but the  moment of i n e r t i a  should be changed i n t o  

a  l a r g e r  value than pr2 a t  t h e  s t i c k i n g  point  when 

the e n t i r e  system r o t a t e s .  

The nuc lear  p o t e n t i a l  was ca lcu la ted  f i r s t  by Galin 

e t  a l .  1331 using the  energy densi ty formalism. 

More sophistacated ca lcu la t ions  were made by NgB 

[22] using Hartree-Foch BCS d e n s i t i e s .  Ngz e t  a l .  

[35] have shown t h a t  they can w r i t e  the  p o t e n t i a l  

as the product of a  "universal  function" and of a  

geometrical f a c t o r ,  connected with the  proximity 

theorem of Randrup, Swiatecki and Tsang C391. 

The c r i t i c a l  p o t e n t i a l  V i s  obtained f o r  c r  
Q = O , f r o m V  - 

(R) - Vcoul + VN 
a t  the  d i s tance  R 

c r '  

From the  analys+.s of a  g rea t  number of experimental 

r e s u l t s ,  a  c r i t i c a l  rad ius  parameter 

rcr = R , , / ( A ~ ' ~ +  *:I3) 

was deduced and was found equal t o  1 2 0.07 fm. 

An i n t e r e s t i n g  observat ion i s  t h a t  a t  such a  dis-  

tance,  the  p o t e n t i a l  V(R) = V caul + VN f o r  R = 0 

shows  early always i t s  minimum'value, so  t h a t  

V = V might be d i r e c t l y  ex t rac ted  when 

-= dV 0 as  shown on f i g u r e  10. 
dR 

Fig.  10 - Calculated o t e n t i a l  energy curves 
f o r  the  system (Ni+P2C) a t  various, Rh ya- 
lues  ( r e f .  [33j. Experimental c r i t i c a l  R 
values were obtained a t  var ious energies  
by Namboodiri e t  a1 [&I ] .  The c r i t i c a l  
p o t e n t i a l  i s  shown, c lose  t o  the bottom of 
the nuclear  p o t e n t i a l ,  a t  Rcr = ( z ~ z ~ / A ~ / ~  
+ A ~ ~ / ~ ) ,  i . e .  f o r  rcr = 1 fm. 

Ngij [40] has found t h a t  V and the  product 2122 
c r 

a r e  r e l a t e d  empir ical ly  by a  near ly  l i n e a r  expres- 

s ion  t h a t  may be very usefu l .  

For r = 1.0 fm, and Z1Z2 < 1000 
c r  

Vcr = (0.124275 2122 - 17.6) MEV 

and f o r  2122 2 1000, V = (0.11705 2122- 6.9) MEV 
C r 

The model of Bass 1341 i s  t h e  s implest  a n a l y t i c a l  

expression of a  s e r i e s  of one dimensional models 

formulated f o r  spher ica l  n u c l e i  based on t h e  l i q u i d  

drop concept. He has used a  nuclear  p o t e n t i a l  

insp i red  by t h e  Krappe and i x ' s  approach C231, 
113 l b d  

VN(R) = 
asAl A2 r-R12) (15) 

exp (- 7 - 
K 12 

where R1p i s  t h e  c h a r a c t e r i s t i c  d i s tance  f o r  fusion 

between the  two centers  analogous t o  the  c r i t i c a l  

d i s tance  R . It is taken a s  r (Al + Ap ) 
c r  c r  

with r = 1.07 fm, R12 i s  e s s e n t i a l l y  equal  t o  
c r  

t h e  sum of the  h a l f  dens i ty  r a d i i .  

Then kc: (o r  DCF /TX') 

i s  obtained by solving the equation 
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(where d t h e  d i f fuseness  parameter is  equal  t o  

1.35 fm and as, t h e  sur face  energy constant=17 MEV) 

In t h i s  concept,  t h e  two d e n s i t i e s  a r e  allowed t o  

undergo gradual deformation. Although i t  i s  not com- 

p l e t e l y  an ad iaba t ic  process ,  i t  d i f f e r s  from the  

energy densi ty formalism by rearrangement e f f e c t s  

as the  two n u c l e i  overlap and then t h e r e  i s  a  deeper 

p o t e n t i a l  Well. 

According t o  Bass, complete fusion should not be 
dV possible  when -?\ s t a y s  always negat ive,  i - e . ,  when 
d 

the p o t e n t i a l  a t  R12 cesses t o  be a t t r a c t i v e .  This 

occurs when t h e  c e n t r i f u g a l  p o t e n t i a l  i s  too  high 

precisely a t  an energy given by : 

The f a c t o r  f comes from the asumption t h a t  the  

angular momentum decreases a t  the  point  of contact  

i n  a  model of Complete S t ick ing  and r i g i d  r o t a t i o n  

a s  a  whole. Then, applying Huygens theorem f o r  t h e  

moment of i n e r t i a ,  

714 f o r  equal masses. 

In t h i s  model k2 increases l i n e a r l y  with the  ener- 
c r  

gy up t o  a  s a t u r a t i o n  value a t  which it becomes 

constant .  

Such a  r e s t r i c t i o n  does not apply t o  the c r i t i c a l  

d i s tance  and c r i t i c a l  p o t e n t i a l  model. I n  such model 

there  i s  n o n e c e s s i t y  f o r  a  well  i n  t h e  p o t e n t i a l  

curve f o r  complete fusion,  s ince  it i s  based on a  

sudden approximation hypothesis .  The only c r i t e r ium 

t o  be f u l f i l l e d  i s  t h a t  the  i n t e r s e c t  between the  

k i n e t i c  energy l i n e  and the  p o t e n t i a l  curve a t  a  

given R value,  should occur a t  a  d i s tance  c l o s e r  

than R I f  so ,  a  fusion zone is reached where the  
c r '  

two body descr ip t ion  should be abandonned and there  

i s  an i r r e v e r s i b l e  d r i f t  towards a  s i n g l e  p o t e n t i a l  

wel l .  

Both models f i t  remarkabely well  the  experimen- 

t a l  r e s u l t s  on csCF as  f a r  as  t h e  energy does not 

exceed the s a t u r a t i o n  value ca lcu la ted  by Bass. 

This i s  shown i n  f i g u r e  I 1  ex t rac ted  from a recent  

publ icat ion of Namboodiri e t  a1. [41], where Bass's 

ca lcu la t ions  and a  number of experimental d a t a  a r e  

compared. 

50 100 150 200 250 
EXCITATION ENERGY, MeV 

Fig. 1 1  - Comparison of experimental and 
ca lcu la ted  c r i t i c a l  R values made by 
Namboodiri e t  a1 [41i.  Calculat ions a r e  
made according Bass' model i 34J  with 
"saturat ion".  
S t a r s  correspond t o  the  c r i t i c a l  d i s tance ' s  
model [33] ca lcu la t ion  a t  the highest  ener- 
g i e s  (see t e x t ) .  
Aster isks a r e  t h e  new d a t a  by Scobel e t  a1 
j16-j. 

A number of new p o i n t s  have been added, mainly on 

the systems 3 5 ~ 1  + 2 7 ~ 1 ,  3 5 ~ 1  + " ~ i ,  3 5 ~ 1  + 6 2 ~ i ,  

3 5 ~ 1  + 'Ozr, 3 5 ~ 1  + l16sn  and 3 5 ~ 1  + 12'sn recen t ly  

s tudied by Scobel e t  a l .  [ I61 a t  energ ies  high 

enough t o  induce a  s t rong  d i f fe rence  between a 
CF 

and o 
R '  

The treatment of the  same systems by t h e  c r i t i c a l  

d i s tance  of approach and a  cor rec t  de te rmin ,a t ion  

of Vcr gives an even b e t t e r  agreement, as  i t  has 

been shown i n  a  recent  report  [32] f o r  most of the  

ava i lab le  da ta ,  and as  i t  appears i n  the following 

t a b l e  f o r  the  35 '~1 induced reac t ions .  

Table I1 
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Recently, Namboodiri e t  a l .  [41] have made experi- 

ments with 262 MEV ni t rogen ions on 2 7 ~ 1 ,  Ge and 

N i  t a r g e t  nuc le i .  Energies i n  the  cen te r  of mass 

exceed t h e  s a t u r a t i o n  value of t h e  Bass model 

expressed i n  1171. Complete fusion cross  s e c t i o n  

measurements ind ica te  t h a t  t h e  predicted sa tura -  

t i o n  angular momenta a r e  exceeded and there fore  

the r a t i o  5 of l i m i t i n g  values becomes higher  
Lcalc 

than 1 ,  a s  shown on f i g u r e  12. 

b a r r i e r s  of a r o t a t i n g  l i q u i d  drop. I s h a l l  d i scuss  

l a t e r  on a b i t  more the  conclusions of t h i s  concept 

and of i t s  incorporat ion i n t o  t h e  evaporation code 

ALICE. Let us remind f o r  the  moment t h a t ,  s t a r t i n g  

with the computation of Cohen P l a s i l  and Swiatecki 

[431 on the  lowering of f i s s i o n  b a r r i e r s  Bf by the  

c e n t r i f u g a l  e f f e c t ,  Blann and P l a s i l  admit t h a t  

when B (J) disappears ,  the  corresponding angular  f 
momentum is t h e  c r i t i c a l  value i n  the  entrance 

channel. 

Fig.  12 - P l o t  of u/*x2 = k g r  in_h2 u n i t s  
versus cen te r  of mass energy, E .  Squares : 
experimental r e s u l t s  f o r  1 2 ~ + 6 3 ~ u .  
Ci rc les  : experiments f o r  1 4 N + ~ i .  
Calculated values a re  ind ica ted  f o r  
t h r e e  models : Bass 041 , Ng8 [40J, and 
ALICE code [42]. Notice the  s a t u r a t i o n  
e f f e c t  i n  Bass' model i s  not  followed. 

The authors have admitted t h a t  above the  satu- 

r a t i o n  energy, the l i m i t i n g  angular  momentum may 

be ca lcu la ted  whithout taking account of the  satu- 

r a t i o n  and then t h e r e  i s  a good f i t  with experimen- 

t a l  data .  However such a procedure is  not  e n t i r e l y  

j u s t i f i e d  i n  t h e  frame of a l i q u i d  drop model where 

the fus ion  condit ions should indeed be connected 

Namboodiri e t  a l .  have shown t h a t  the production of 

non-f iss ioning compound n u c l e i  corresponds t o  angu- 

l a r  momenta which exceed t h e  c r i t i c a l  l i m i t  us ing 

the l i q u i d  drop model. Furthermore, although the  

ALICE code p r e d i c t s  l a r g e  cross  sec t ions  f o r  syme-  

t r i c  f i s s i o n ,  they were not  observed. Therefore, the  

B (J) = 0 concept does not appear t o  provide an f 
appropriate  descr ip t ion  of the  mechanism l i m i t i n g  

OER a t  l e a s t  i n  compound systems l i g h t e r  than 7 2 ~ r .  

Expressions [43 and [I31 a r e  t h e  two asymptotic 

forms of a more general  expression of oCF , connect- 

ed with two d i s tances  f o r  fusion,  the  f i r s t  one 

c lose  t o  the  b a r r i e r  RFus where the  d i f fe rence  

between aCF and aR i.s only due t o  the  t a i l  of 

nuc lear  matter ,  and the  second due t o  dynamical 

e f f e c t s  and expresssed a s  R = 1.0 (A:/)+ ~ $ ) f m .  c r  

Therefore, t h e  p resen ta t ion  of UCF versus I / i  

should e x h i b i t  two s t r a i g h t  l i n e s .  This  i s  i l l u s -  

t r a t e d  very n i c e l y  i n  t h r e e  f igures .  

For l i g h t  systems, the f i r s t  of these  f igures  (fig.7) 

has already be showned [271 f o r  ( I 2 c  + "0). 

A second one is due t o  Lee e t  a l .  1441 f o r  the  

system 1 4 ~  + I 2 C  ( f i g .  13). 

The t h i r d  one i l l u s t r a t e s  [45] a much heavier  

system ( 4 0 ~ r  + lZ1sb) ( f i g .  14). 

with a p o t e n t i a l  wel l .  

On t h e  contrary,  the energy densi ty model s t i U .  
100 50 30 20 10 E(ab (MeV' 
-7 

shows an exce l len t  agreement with the  new experimen- 

t a l  data .  The d i f fe rence  a t  high energy between the 

previs ions of both model is shown on f i g u r e  12 which 

has been drawn f o r  "C + 6 - 3 ~ ~  and 1 4 ~  + " ~ i ,  two 
0.0 005 010 015 

systems t h a t  present  near ly  t h e  same ca lcu la ted  gem( hieVj1 
fea tures .  

Another aspect  which i s  r a i s e d  by these new Fig.  13 - Plo t  of acF versus 116 f o r  the 
system 1 4 ~ + 1 2 ~ ,  by Lee e t  a1 [44]. Expe- 

r e s u l t s  [41] from Natowitzls group i s  t h e  comparison r imental  po in t s  a t  low energ ies  a r e  due 

with t h e  ca lcu la t ions  of P l a s i l  and Blann [421 t o  Volant e t  a1 [461. 

based on the  angular momentum dependent f i s s i o n  
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does not give the same c r i t i c a l  angular momentum. 
1 1 1 However, f o r  l i g h t  systems l i k e  " M ~ ,  t h i s  might 

not be e n t i r e l y  t r u e .  In t h a t  respec t ,  one should 

Fig.  14 - Plo t  of ocF versus I I E  f o r  the 
system 4 0 ~ r + 1 2 1 ~ b ,  by Gauvin e t  a1 [45\ j .  
o corresponds t o  complete fus ion  without 
c i i t i c a l  value l i m i t a t i o n .  V1 i s  the po- 
t e n t i a l  a t  dV/dR = 0 f o r  R = 0 .  o  cor- 

2 
responds t o  expression (13) and Vcr = 90 
MeV and rcr = 0.98 fm. 

Vcr and Rcr could be ex t rac ted  and were compared t o  

Ngo's ca lcu la ted  values i n  t a b l e  111. The agreement 

was good f o r  Argon induced reac t ions  and a l s o  f o r  

the  system 12c + "0. Although the system ( l 2 C + l 4 ~ )  

should i n d i c a t e  a  negat ive V because of the  low 
C r  

Coulomb p o t e n t i a l ,  the experimental curve gives 

Vcr = 0 ,  and the c r i t i c a l  radius is a l s o  much 

higher  than expected. This  is an unexplained d i s -  

agreement, although one may suggest,  as  i t  has been 

done by Volant e t  a l .  E461 t h a t  the l i m i t  i s ,  f o r  

t h a t  p a r t i c u l a r  case ,  not ru led  by t h e  entrance 

channel dynamics, but is  given by t h e  compound 

nucleus * = A 1  Yrast l e v e l s .  

Table I11 

Comparison of experimental and ca lcu la ted  V _ -  

Concerning t h i s  l a s t  po in t ,  it has been demon- 

s t r a t e d  many times t h a t  f o r  medium and heavy n u c l e i  

System 

1 2 ~ + 1 a ~  

4OAr+I21 Sb 

12c + 1 4 N  

the  l i m i t a t i o n  is  not due t o  the  p roper t i es  of the  

rcr(fm) 

1.01 

0.98 

1.2 

Vcr(MeV) 

- 14 

+ 9 0  

0 

compound nucleus,  mainly t o  t h e  exis tence of Yrast 

l e e .  Crucia1,experiments have shown 1471 t h a t  

VCr.calc 

a t  1 fm 

- 11.6 

+ 96 

- 12.4 

making the  same compound nucleus a t  the  same exci- 

t a t i o n  energy but  through d i f f e r e n t  combinations 

a l s o  mention a  new r e s u l t  [481  obtained by comparing 

t h e  systems (160 + 6 3 ~ ~ )  and (34S + "SC) which lead 

t o  the same 7 9 ~ b  compound nucleus,  ind ica t ing  t h a t ,  

i n  a  range of energies  well  above the i n t e r a c t i o n  

b a r r i e r ,  one can deduce from e x c i t a t i o n  funct ions 

the  same c r i t i c a l  angular  momentum. However the way 

t h e  r e s u l t s  have been ex t rac ted  was not the measure- 

ment of complete fus ion  cross  s e c t i o n s ,  and i t  is  

worthwhile t o  spent some time on t h i s  i n t e r e s t i n g  

method and t o  discuss  i t s  v a l i d i t y .  

3.3. Determination of 1 fi from the  shape of 
C r 

e x c i t a t i o n  funct ions f o r  f i n a l  res idua l  

nuc le i .  Spin dependent evaporation calcu- 

l a t i o n s .  

The f a c t  t h a t  heavy ions introduce la rge  angu- 

l a r  momenta i n  the compound nuc le i  has a  profound 

e f f e c t  on e x c i t a t i o n  funct ions.  I f  one considers a  

reac t ion  i n  which x  articles a r e  emitted, f o r  

example 4 neutrons,  the corresponding f i n a l  residual  

nucleus i s  produced i n  a  c e r t a i n  range of exc i ta t ion  

energies .  The very la rge  angular momentum population 

broadens t h e  range f o r  a  given e x c i t a t i o n  funct ion.  

I f  the  compound nucleus shares  a  l a r g e  angular mo- 

mentum, an important f r a c t i o n  of the  energy i s  

d i ss ipa ted  by gamma rays ,  p a r t i c u l a r l y  when the 

Yrast l i n e  region i s  a t t a i n e d .  Therefore a  given 

e x c i t a t i o n  energy w i l l  "evaporate" a  smaller  number 

of p a r t i c l e s  than f o r  a  low angular momentum com- 

pound nucleus. Moreover, the emitted p a r t i c l e s  have 

a  broader k i n e t i c  energy spectrum, and then a  l a r g e r  

average k i n e t i c  energy, and the  r e s u l t  w i l l  reduce 

the  number of emitted p a r t i c u l e s  f o r  a  given exci- 

t a t i o n  energy. The e x c i t a t i o n  funct ion f o r  a  given 

product i s  a  sum of e x c i t a t i o n  funct ions f o r  forma- 

t i o n  of t h i s  product from compound nuc le i  of d i f f e -  

r e n t  angular momenta. Since i n  p r i n c i p l e ,  a l l  the  

angular momentum population e x i s t s  from J = 0 u n t i l  

some maximum l i m i t ,  t he  threshold of the  e x c i t a t i o n  

funct ion is a t  the  same energy as  f o r  reac t ions  

induced by l i g h t  p a r t i c l e s .  But the  maximum cross  

sec t ion  i s  s h i f t e d  a t  higher  energy. Such an e f f e c t  

has been ca lcu la ted  q u a n t i t a t i v e l y  by Kammuri e t a l .  

[491  i n  1963 ; i n  a  comparison of the  reac t ions  
62  

6 5 ~ u ( p , 3 n )  '' Zn and " v ( 1 4 ~ , 3 n )  Zn which pro- 
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ceed near ly  through the  same compound nucleus 

( 6 6 ~ n  o r  6 5 ~ n ) .  The maximum cross  s e c t i o n  i s  

10 MeV higher  f o r  t h e  ' 4 ~  induced reac t ion  than 

f o r  the p  induced reac t ion .  Most experiments have 

shown such r e s u l t s  i n  accord with these expecta- 

t ions .  For neutron-evaporation reac t ions  induced 

by protons and alpha p a r t i c l e s ,  t h e  e x c i t a t i o n  

funct ions have a  f u l l  width a t  half-maximum of the  

order of 10-15 MeV. There a r e  many examples of t h a t  

number and a  few of them a r e  quoted here i n  t h e  

region of medium masses. The reac t ion  ' 6 9 ~ m ( p , 3 n )  

has an e x c i t a t i o n  funct ion [501 with FWHM = 10 MeV. 

For the  reac t ion  ' 3 3 ~ s ( p , 3 n )  ' 3 1 ~ a ,  the  e x c i t a t i o n  

funct ion [51] has a  FWHM of 12 MeV ; while react ions 

induced by 160,  ON^ and ' O A ~  i n  the  same 

region compound nuc le i  produce FWHM values between 

20 and 45 MeV, as  shown on f i g u r e  15. 

Fig.  15 - Exci ta t ion  funct ions f o r  5 neutrons 
emitted by a compound nucleus l S 8 ~ r  produced 
by proton, 160 and 4 0 ~ r  p r o j e c t i l e s .  Experi- 
mental po in t s  a r e  shown f o r  the ( 4 0 ~ r , 5 n )  
reac t ion .  

The idea t h a t  a  q u a n t i t a t i v e  ana lys i s  of the  width 

and p a r t i c u l a r l y  a  good reproduction of the  s lope  

on t h e  high energy s i d e  of the  e x c i t a t i o n  funct ion 

could be used i n  o rder  t o  es t imate  the J populat ion,  

was f i r s t  introduced i n  1974 a t  t h e  Enrico Fermi 

School [52] . Figure 16 ex t rac ted  from these lectures  

shows an example of reproduction of experimental 

points  by imposing anwupper l i m i t  f o r  the  reac t ion  

" * ~ n ( A r , 5 n ) ' ~ ~ ~ ? .  The f i r s t  attempt was based on 

the crude asumption t h a t  t h e  e x c i t a t i o n  energy may 
w 

be divided i n t o  i n t r i n s i c  and r o t a t i o n a l  energ ies ,  

and the  r o t a t i o n a l  energy evaluated as  

i s  assumed t o  be unavai lable  f o r  p a r t i c l e  emission. 

Then the l e v e l  densi ty:  

and the c l a s s i c a l  s t a t i s t i c a l  evaporation theory 

can be appl ied.  Since t h a t  f i r s t  t r i a l ,  a  more 

sophis t i ca ted  code has become ava i lab le ,  made by 

Blann and P l a s i l  [42] and named ALICE. This code i s  

very widely used f o r  p red ic t ing  evaporation residue 

c ross  sec t ions  and i s  indeed extremely usefu l  f o r  

crude est imations.  

However, i t  should be reca l led  t h a t  expressing the  

l e v e l  densi ty f o r  s t a t e s  of spin J a t  e x c i t a t i o n  

energy E:: as t h e  l e v e l  dens i ty  f o r  a l l  s t a t e s  a t  

an e x c i t a t i o n  energy lowered by the  quant i ty  

J* k2/ 2 qrig comes from a  number of crude approxi- 

mations : 

i )  a  Gaussian d i s t r i b u t i o n  of angular momentum pro- 

j e c t i o n s ,  

i i )  the Fermigas model, 

i i i )  and an expansion t o  the  f i r s t  o rder  of exponcu- 

t i a l  terms i n  the  expression of q (E::,J). 

F ig .  16 - Calculat ion of the e x c i t a t i o n  func- 
t i o n  f o r  the reac t ion  l18sn(Ar,5n) : 

@ without sp in  @ with J  population up 
t o  .Th = , &) with a  c r i t i c a l  value 
J = 50, anza@ with Jcr  varying from 72 
t o  80 (r52.761) 

J' fi2 EM ( J )  = - 
r o t  

"rig 
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For a  number of n u c l e i ,  the  l e v e l  dens i ty  on the  

r i g h t  s i d e  of the  well  known plane ( E 2 : , 3 ) ,  i n  the  

v i c i n i t y  of the  Yrast l ine , ,might  be q u i t e  d i f f e -  

ren t  from the  l e v e l  densi ty on the l e f t  s ide ,c lose  

t o  J = 0, even a t  lower E:: values.  This  i s  wel l  

demonstrated by a  more elaborated c a l c u l a t i o n  made 

by Fleury e t  a l .  [531 with a  cor rec t  evaluat ion of 

l e v e l  d e n s i t i e s  f o r  some p a r t i c u l a r  n u c l e i .  

Figure 17 taken from these authors shows very 

c l e a r l y  t h a t  a emission i s  the main decay process  

f r ~ m ~ ~ ~ Z ' t  exc i ted  a t  60 MeVwith 60 < J  < 70, 

while a t  E:: = 30 MeV and J = 0 ( E:: - Erot (~=60) ) ,  

neutron emission dominates e n t i r e l y .  On t h e  contra- 

ry, the  method might be appl icable  t o  a  nucleus 

l i k e  ' 3 ~ e  where neutron emission dominates over 

a l l  the  J population a t  e x c i t a t i o n  energies  higher  

than 30 MeV. 

( a )  ( b )  

* 
Fig. 17 - Contour p l o t s  i n  the plane E 

versus ~ 6 ,  f o r  the compound nuc le i  1 8 8 ~ t ,  
9 4 ~ d  and ' l 3 ~ e ,  according t o  ca lcu la t ions  
made by Delagrange e t  a1 [531:a) L i f e  time, 
b ) ,  C) and d) p r o b a b i l i t i e s  higher than 0.5 
f o r  emission of neutrons,  protons,  a p a r t i -  
c l e s  and y r a d i a t i o n .  

Another point  i n  the  Alice code i s  r e l a t e d  t o  

the  use of the r o t a t i n g  l i q u i d  drop f i s s i o n  b a r r i e r ,  

f o r  est imating the  l i m i t i n g  value of t h e  complete 

fusion c ross  sec t ion ,  but  we s h a l l  discuss  it l a t e r  

on. 

Now, coming back t o  the  ana lys i s  of an exci ta-  

t i o n  funct ion f o r  a  res idua l  nucleus produced a f t e r  

only neutron emission, we want t o  s t r e s s  t h a t  the 

l i m i t i n g  value of J deduced from the app l ica t ion  of 

the code Alice might not represent  t h e  ac tua l  c r i t i -  

c a l  value f o r  complete fusion . Taking the  example 

of 9 4 ~ d  i n  Fleury's p i c t u r e ,  it would correspond 

only t o  t h a t  range of J where neutron and proton 

emission dominates, while  compound n u c l e i  with 

higher  J decay exc lus ive ly  a f t e r  a decay and r e s i -  

dual  n u c l e i  f o r  t h a t  zone a r e  a t  l e a s t  2  Z u n i t s  

lower than t h e  compound system ( o r  4 Z u n i t s  lower 

i f  two a a r e  emit ted i n  cascade). Therefore one 

should be very caut ious about t h e  conclusions, i f  

only one category of e x c i t a t i o n  funct ions have been 

s tud ied ,  a s  it has been the  case f o r  the  system 

7 9 ~ b ,  by Langevin e t  a1.[481. On t h e  o ther  hand, 

the e x c i t a t i o n  funct ion i s  very s e n s i t i v e  t o  the  

l imi t ing  J value,  and t h e  method i s  indeed more 

prec i se  t h a t  c ross  s e c t i o n  measurements, a s  shown 

on f i g u r e  18. Then i t  i s  a  very usefu l  one. 

E,, (MeV) 

E, (MeV) 

Fig. 18 - Determinations of lcr values on the 
systems 3 L t ~ + 4 5 ~ c  by Langevin e t  a1 [48] . 
Exci ta t ion  func t ions  correspond t o  the  
fol lowing e x c i t a t i o n  channels : a) 2pn 
and Znp, b) 2p,np and 2n, c) cm and 2p3n, 
d)  3np, 2p2n and 3pn. The lines. correspond 
t o  the  code ALICE (so l id  l i n e s  - . a l l  p a r t i a l  
waves, dashed l i n e s  - indi'cated LCr  values.). 

The b e s t  would be t o  check t h a t  the  l i m i t  i s  the  

same f o r  (H1,xn) and f o r  (HI, axn) e x c i t a t i o n  func- 

t i o n s ,  o r  t o  v e r i f y  t h a t  the  t o t a l  evaporation r e s i -  

due c ross  s e c t i o n  i s  i n  agreement with I. deduced 
c r  

from e x c i t a t i o n  funct ions.  In my opinion, t h e r e  is  

no s p e c i a l  reason f o r  the moment t o  be l ieve  t h a t  

a p a r t i c l e s  a r e  emitted 1481 in  a  d i r e c t  process 

before complete fusion of 3 ' ~  and 4 5 ~ ~ ,  and evacuate 
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a certain amount of angular momentum i n  order  t o  They have been obtained a t  d i f f e r e n t  cen te r  of mass 

leave a nucleus w i t h  a lower J value,  as fa r  as  t h e  bombarding energies  and t h e  comparison i s  not e n t i -  

decreasing branch of an (H1,axn) reac t ion  has not r e l y  s a t i s f y i n g -  However, f i g u r e  20, due t o  Gauvin 

been y e t  analysed. e t  a l .  [54] shows' t h a t  the  cross  s e c t i o n  i s  no very 

dependent on energy, although oER / OR decreases 

r a t h e r  d r a s t i c a l l y ,  as  one should expect i f  the  
4. Limitat ion t o  Complete fus'ion f o r  heavy and 

h ighes t  R waves cont r ibu te  t o  o ther  processes than 
very heavy n u c l e i .  I s  t h e r e  a  d i s t i n c t i o n  

compound nucleus formation. 
between f i s s i o n  a f t e r  complete fusion and pre- 

equi l ibr ium f i s s i o n  o r  quas i - f i s s ion  ? 

When we move t o  composite systems above the  - 
D 
E - 

r a r e  e a r t h  region, and t o  massive p r o j e c t i l e s  b r i n g  1500 
b 

ing la rge  o r b i t a l  angular momenta, f i s s i o n  process 

becomes indeed an important con t r ibu tor  t o  the de- 
1000 

cay of a  r o t a t i n g  compound nucleus. Then t h e  cross  

sec t ion  f o r  evaporation residues decreases very 

rapidly a s  the product 2122 increases .  In o rder  t o  5 00 

obta in  bCF, one should measure both oER and Of iss .  

One d i f f i c u l t y  i s  t o  define s p e c i f i c a l l y  f i s s i o n  

events coming from a t r u l y  exc i ted  compound nucleus 

and we have already mentioned t h i s  problem i n  the  

introduct ion.  

As a  mat te r  of f a c t ,  the  evaporation residue 

cross sec t ion  diminishes i n  the  b e n e f i t  of two pro-. 

cesses ,  the f i r s t  being f i s s i o n  competition i n  t h e  

de-exci tat ion of t h e  compound nucleus,  the  second 

being Deep i n e l a s t i c  o r  quas i - f i s s ion  phenomena 

which involve a  l a rge  proport ion of inc iden t  R waves 

when both energy and o r b i t a l  angular  momenta in- 

crease.  Let us p resen t ,  i n  f i g u r e  1 9 ,  some recent  
2122 r e s u l t s  a s  a  funct ion of - which i s  s i m i l a r  t o  
Al+Az 

the f i s s i l i t y  parameter 22 . 
A 

Fig.  19 - Cross sec t ion  f o r  evaporation r e s i -  
dues as  a  funct ion of  the parameter Z1Z2/ 
(A1+A2) i n  argcn induced reac t ions  on N i  , 
Sb, Ag and Dy L4,54, copper induced reac- 
t ions  on N i  and Ag, chromium o_n i r o n  [ 5 4 ] ,  
and krypton on Cu, Z r  and Ag 1551. 

Fig.  20 - Cross sec t ions  f o r  evaporation r e s i -  
dues i n  the  reac t ion  ( 4 0 ~ r + ~ b ) .  
Dark po in t s  : experimental r e s u l t s  [45]. 
Open c i r c l e s  : oCF = crER+ofiss. 
u E ~  ca lcu la ted  has been obtained with the 
ALICE code. 
The dashed curve with Bf = 0 i s  the calcula-  
t ed  OCF using the r o t a t i n g  l i q u i d  drop f i s -  
s ion  b a r r i e r  as  a  l i m i t  f o r  icrk. 

4.1 - Fiss ion  reac t ions  induced by heavy ions 

i n  the  mass region 100-200. 

There is  a  general  agreement t h a t  a l l  f i s s i o n  

fragments observed i n  carbon o r  oxygen induced re-  

ac t ions  on t a r g e t s  i n  the  r a r e  e a r t h  region o r i g i -  

n a t e  from the  f i s s i o n  of de-exciting compound nuclei .  

The f i s s i o n  cross  sec t ions  i n  t h a t  region i s  a  

r e l a t i v e l y  small f r a c t i o n  of t h e  t o t a l  reac t ion  

cross  sec t ion  and angular c o r r e l a t i o n  experiments 

have shown t h a t  f u l l  momentum t r a n s f e r  has occured. 

I n  add i t ion ,  fragment k i n e t i c  energ ies  (Viola and 

Sikkeland 1561) ( P l a s i l  e t  a1 [571) and mass d i s t r i -  

but ions have been measured and in te rpre ted  i n  term 

of the  de-exci tat ion process  of f u l l y  equ i l ib ra ted  

compound nuc le i .  Furthermore, angular d i s t r i b u t i o n s  

measured f o r  f i s s i o n s  of r a r e  e a r t h  compound n u c l e i  

behave l i k e  ] / s i n e  i n  the  cen te r  of mass system, 

ind ica t ing  t h a t  t h e  composite system has survived 

s u f f i c i e n t l y  long t o  undergo one o r  more f u l l  rota-  
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t i o n s   o or don e t  a1 [581) (Zebelman e t  a1 [47] ) .  

The I/sinO shape can be q u a l i t a t i v e l y  understood i f  

one reminds t h a t  when the  deformation leading t o  

f i s s i o n  occurs along an a x i s  i n  t h e  r o t a t i o n a l  plane 

the dumbbell configurat ion r o t a t e s  about a perpen- 

d i c u l a r  ax i s  and s p l i t t i n g  i s  highly favoured. By 

in tegra t ing  d i f f e r e n t i a l  cross  sec t ions  over the  

I/sinO angular d i s t r i b u t i o n ,  cross  sec t ions  f o r  

heavy ion induced f i s s i o n  have been obtained. For 

example, Sikkeland [50] found t h a t ,  i n  the  reac t ion  

2 2 ~ e  + l S 9 ~ b ,  the  compound nucleus 181Re has a pro- 

b a b i l i t y  f o r  f i s s ionning  of only 2 . 1 0 ~ ~  a t  an exci- 

t a t i o n  energy of 60 MeV while i t  increases u n t i l  

near ly  80 % a t  120 MeV. More recen t ly ,  Zebelman e t  

a1 [471 have found a f i s s i o n  cross  s e c t i o n  of around 

100 mb i n  t h e  reac t ion  ( 2 0 ~ e  + 150Nd) a t  107 MeV of 

e x c i t a t i o n  energy while f o r  the  same compound nu- 

cleus 170yb, a t  t h e  same e x c i t a t i o n  energy, the 

reac t ion  "C + 1 5 8 ~ d  y i e l d s  only a few mb of fission. 

The e f f e c t  of angular momentum on t h e  f i s s i o n  proba- 

b i l i t y  has been extensively described by P l a s i l  a t  

the Nashvil le  Conference [ 9 ] .  Let us remind t h a t  the 

competition between neutron emission and f i s s i o n  can 

be exprnssed crudely as  

S* -BfR)  r "Irf= C exp(- t (19) 

where S i s  the  neutron binding energy, t the  nu- 

c l e a r  temperature and BfR t h e  r o t a t i n g  l i q u i d  drop 

b a r r i e r  defined as  

B f R  = Bf - (ERo - ERs) 

where Bf i s  the f i s s i o n  b a r r i e r ,  ERo - ERs the  d i f -  

ference i n  r o t a t i o n a l  energ ies  i n  the  spher ica l  

form ERo and a t  the  saddle point  E 
R s  ' 

For very heavy t a r g e t s  ( A  > 200), the  t o t a l i t y  

of the  compound nuc le i  undergoes f iss ion. ,  s ince B 
f 

i s  already lower than 15 MeV and ZfR can e a s i l y  

decrease a t  a value lower than Sn, even f o r  medium 

Jl values.  Therefore, the  complete fusion cross  sec- 

t i o n  should be  very c lose  t o  t h e  f i s s i o n  cross  sec- 

t i o n  and Sikkeland has proposed t o  ob ta in  aCF by the  

measurement of the  f i s s i o n  fragment cross  sec t ion  

i n  the case of 160 + 9 3 8 ~  and  ON^ + 2 3 8 ~ .  The f i r s t  

care  t h a t  should be taken i s  of course t o  insure  

t h a t  f i s s i o n  fragments a r e  not  o r ig ina ted  from an 

exci ted nucleus i n  the v i c i n i t y  of uranium issued 

from a t r a n s f e r  reac t ion .  This has been checked 

(Sikkeland e t  a l .  E81) by f i x i n g  one d e t e c t o r  and 

varying the  angle of a second de tec tor .  Counting the  

fragments i n  coincidences, a peak was obtained a t  a 

kinematic angle t h a t  corresponds t o  f u l l  momentum 

t r a n s f e r .  A second peak o r  a shoulder was observed 

i n  t h e  angular c o r r e l a t i o n ,  cons i s ten t  with momen- 

tum t rans fe r red  by ' ~ e  ions.  It was assumed t h a t  

the  main peak was due t o  the f i s s i o n  of the com- 

pound nucleus.  I n  the  reac t ion   ON^ + 2 3 8 ~ ,  the 

composite system was 2 5 8 ~ o ,  and it has been argued 

t h a t  a l l  degrees of freedom were perhaps not ent i re-  

l y  e q u i l i b r a t e d  before f i s s i o n  took place.  However, 

it seems very d i f f i c u l t  t o  d i s t inguish  a pre-equi- 

l ibr ium f i s s i o n  from a compound nucleus f i s s i o n .  

If the  composite nucleus has time t o  e q u i l i b r a t e  

i n  a l l  degrees of freedom t h a t  determine charge and 

mass d i s t r ibu t ion ' s  an i n t r i n s i c  e x c i t a t i o n  energy, 

then we should observe a l l  the  c h a r a c t e r i s t i c s  of 

normal f i s s i o n .  As a matter  o f -  f a c t ,  t h e r e  i s  pro- 

bably a continuous t r a n s i t i o n  between d i r e c t  

" f i s s ion"  where masses a r e  not ye t  equ i l ib ra ted  and 

where the  mass d i s t r i b u t i o n  i s  s t i l l  keeping the  

memory of the  entrance channel, and a t o t a l l y  equi- 

l i b r a t e d  phenomenon where a l l  degrees of freedom 

have been involved i n  the s t a t i s t i c a l  e q u i l i b r a t i o n  

process .  For the moment, a s  f a r  a s  angular momenta 

a r  lower than 100 k, and compound nuc le i  a r e  known 

t o  be bound, i t  seems reasonable t o  be l ieve  t h a t  

complete fusion c ross  sec t ions  have been cor rec t ly  

measured up t o  compound nuc le i  l i k e  2 5 B ~ o . ~ a b l e  I V  

gives c ross  sec t ions  and the deduced R c r  va lues ,  

when f i s s i o n  cross  sec t ions  a r e  included. 

4.2. Dis t inc t ion  between f i s s i o n  a f t e r  complete 

fusPon and "direct  f i s s i o n "  induced by 

medium mass p r o j e c t i l e s .  

For argon induced reac t ions ,  l a r g e  o r b i t a l  

angular momenta a r e  obtained even a t  moderate kine- 

t i c  energies  and B f R  i s  so much lowered t h a t  the  

f i s s i o n  c ross  s e c t i o n  is not negl igeable a s  i t  was 

shown 1601 i n  the  reac t ion  (Ar + Sb). For systems 

having mass numbers l e s s  than about 100, it i s  

predicted t h a t  the  fragment mass d i s t r i b u t i o n  i s  no 

longer peaked a t  symmetric d i v i s i o n  (Businaro - 
Gallone [62]) and i t  becomes near ly  impossible, i f  

it i s  s o ,  t o  d i s t inguish  between f i s s i o n  and deep 

i n e l a s t i c  t r a n s f e r  reac t ions .  Therefore the c ross  

sec t ions  f o r  evaporation residues which have been 

measured a r e  c a t a i n l y  lower than OCF, but  we don't 

know of what amount exact ly.  
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The second point  concerning A r  induced reac- 

t i o n s  i s  r e l a t i v e  t o  very heavy nuc le i .  Since very 

l a r g e  angular momenta a r e  brought t o  t h e  composite 

system, and a l s o  s ince  such a  composite system i n  

some cases i s  not a t  a l l  known, t h e  quest ions r a i s -  

ed previously on the  problem of "d i rec t  f i s s i o n "  

aga ins t  " f u l l  e q u i l i b r a t e d  f i s s i o n "  become indeed 

se r ious .  

However, t h e  reac t ion  A r  + Au has been s tud ied  

with a  g rea t  d e t a i l  of ca re ,  a t  1.2 time t h e  barr ier .  

F i r s t ,  i t  has been shown by Tamain e t  a1.[601 

t h a t  a  l a r g e  number of fragments present  a  symmetric 

mass d i s t r i b u t i o n  around (A1+A2) 12. 

Second, Ouichaoui e t  a l .  [63] a t  t h i s  Confe- 

rence show on f i g u r e  21 t h a t  there  i s  a  wel ldefined 

d i f fe rence  between t h i s  mass d i s t r i b u t i o n  and t h e  

l i g h t  quasi-f iss ion fragments. 

much sma1,ler time (around 10-~ ' sec  .) . I n  my opinion 

these r e s u l t s  a r e  a  good demonstration t h a t  t h e  f i s -  

s ion  b a r r i e r  concept i s  valuable i n  the  e x i t  channel 

along the  path t o  f i s s i o n ,  but  should not be used as  

a  c r i t e r i o n  f o r  the l i m i t  f o r  complete fusion i n  t h e  

entrance channel because , the c o l l i s i o n  follows ano- 

t h e r  path.  

One might s t i l l  argue t h a t  there  i s  not a  f u l l  

e q u i l i b r a t i o n  i n  t h e  compound nucleus. Nevertheless 

one i s  e n t i t l e d  t o  c a l l  the  phenomenon complete 

fusion,  as  i n  t a b l e  I V .  (See following page) 

The r e s u l t  is  c e r t a i n l y  very d i f f e r e n t  from the  ob- 

se rva t ion  made wi th 'heav ie r  ions l i k e  6 3 ~ ~  and " ~ r ,  

which c o n s i s t s  of f i s s ion- l ike  fragments f o r  the  

k i n e t i c  energy, while the  mass d i s t r i b u t i o n  i s  not  

a t  a l l  symmetric around h a l f  mass of t h e  composite 

system and s t i l l  r e f l e c t s  the p ro j ' ec t i l e  and t a r g e t  

masses. Here we move t o  a  wel l  def ined non-compound 

Ar + AU ( 2 2 d ~ e v )  f i s s i o n  phenomenon and t h e  d i s t i n c t i o n  seems r a t h e r  

el = 56" cl-ear between complete fus ion  and f i s s i o n a s  observed 

with A r  ions and a  f a s t e r  process s h o r t e r  i n  time 

f l s ~ m  after than one revolut ion t h a t  has been c a l l e d  "quasi - 
MMte fuwn 

f i s s ion"  (Hanappe e t  a l .  [72) ) . 

Fig.  21 - Mass d i s t r i b u t i o n  f o r  the fragments 
produced i n  the  reac t ion  4 0 ~ r + 1 9 7 ~ u  a t  220 MeV. 
There i s  a  very c l e a r  d i s t i n c t i o n  between 
quas i - f i s s ion  or deep i n e l a s t i c  l i g h t  f rag-  
ments around A = 40,,and f i s s i o n  fragments 
1631. 

Third, the  angular  d i s t r i b u t i o n  has been stud& 

ed by c o l l e c t i n g  emitted fragments on catcher  f o i l s  

and counting X rays (Lucas e t  a1.[64]).  It has been 

shown t h a t  a l l  elements between Z = 40 and Z = 65 

( t h e  compound nucleus i s  Z = 97) exh ib i t  an angular 
do d i s t r i b u t i o n  i n  I / s in8  ( - = c s t ) ,  while elements 
d  e 

with 70 < Z < 83 present  a peak around 8 = 120°, 
cm 

a  d i s t r i b u t i o n  q u i t e  i n  agreement with a  quasi  - 
f i s s i o n  o r  D I C  process. 

The conclusion i s  t h a t  more than 50 % of the 

cross  sec t ion  c.orrespond t o  complete fusion nuc le i  

which l i v e  a  time longer than the  r o t a t i o n  period 
2 1 

(10- sec . ) ,  even though these n u c l e i  have no f i s -  

s ion  b a r r i e r .  The composite system which ends up 

i n t o  s t rongly  damped products (quasi-f iss ion)  l i v e  

4.3 - Limitat ion t o  Complete Fusion Contribu- 

t i o n  from low !L waves. 

Very heavy P r o j e c t i l e s .  

For p r o j e c t i l e s  heav ie r  than A = 40, p resen t ly ,  

Fe, Cu and K r  ions, a  number of experimental resu l t s  

ind ica te  c l e a r l y  t h a t  an addi t iona l  l i m i t a t i o n  

occurs f o r  complete fus ion  and lowers UER as  wel l  

a s  u There a re  mainly two ca tegor ies  of r e s u l t s  
f i s s '  

concerning the  i n t e r a c t i o n  of very heavy ions with 

complex n u c l e i .  

The f i r s t  experimental evidence f o r  negl igeable 

complete fus ion  followed by f u l l  momentum f i s s i o n  

was given [70] on the  acce le ra tor  ALICE. In  d i s  - 
agreement with the  announcement made by Oganessyan 

[71] t h a t  a  wide mass d i s t r i b u t i o n  of  f i s s i o n  frag-  

ments were observed i n  t h e  bombardment of Ta by K r  

ions ,  it was demonstrated t h a t  i n  t h e  i n t e r a c t i o n  

of 500 MeV Krypton ions with 2 3 8 ~  and ' 0 9 1 3 i  n u c l e i ,  

no symmetric f i s s i o n  issued from a  compound nucleus 

was observable and an upper l i m i t  of 30 mb was indi- 

cated. Furthermore, l a r g e  cross  s e c t i o n s  f o r  symme- 

t r i c  f i s s i o n s  following f u l l  momentum t r a n s f e r  were 
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Tab le  TV 

Complete fus ion  c r o s s  s e c t i o n s  ( o  
ER + ' f iss) 

measured i n  the  reac t ion  ('OAr + 2 3 8 ~ )  while t h e  

c ross  sec t ion  was very low f o r  ( 8 4 ~ r  + 1 8 6 ~ ) a l t h ~ u g h  

Z1+ Z 2  = 110 i s  obtained f o r  both composite system. 

I t  is  known, now a  day, t h a t ,  ins tead  of leading 

t o  complete fus ion ,  even low II waves cont r ibu te  t o  

a  very s t r i k i n g  process which was named "quasi - 
f i s s ion"  [72] and has t h e  same c h a r a c t e r i s t i c s  a s  

the  Deep i n e l a s t i c  c o l l i s i o n s  t h a t  s h a l l  be des- 

cr ibed i n  d e t a i l  by J.Galin [I21 and L.Moretto [13], 

a t  t h i s  Conference. It has been confirmed i n  

Berkeley [73] by radiochemical ana lys i s  t h a t  t h e  

wide mass d i s t r i b u t i o n  announced by the  Dubna Group 

did not correspond t o  a  symmetric f i s s i o n .  

Between Argon induced reac t ions  and Krypton indu- 

ced reac t ions ,  an i n t e r e s t i n g  intermediate  s i tua-  

t i o n  has been s tudied by P6ter  e t  a l .  [741 with 

copper p r o j e c t i l e s .  Bombarding Au a t  an energy very 

close t o  the  b a r r i e r  ( I .  1 i), the  amount of f i s s i o n  

following complete fusion i s  very small,  and near ly  

a l l  t h e  cross  sec t ions  go i n t o  deep i n e l a s t i c  col- 

l i s i o n s ,  amongst which 55 % correspond t o  quasi - 

P r o j e c t i l e  

O A K  
"Ar 
"OAK 

' OAr 
'OAK 

3 2 ~  

OAr 
II  

n 

ONe 
"OAr 

11 

12c 

'1 6 0  

 ON^ 
" OAT 

' OAK 

I+ OAK 

1 

f i s s i o n  events  ( t o t a l l y  relaxed) and 50 % t o  par- 

t i a l l y  damped processes .  A t  a  higher  energy ( I . 4 B )  

a  number of events can be i n t e r p r e t e d  a s  symmetric 

f i s s i o n  following complete fus ion ,  and the cross  

s e c t i o n  i s  of t h e  order  of 100 mb. These r e s u l t  

s h o ~  t h a t  t h e r e  i s  a  g r e a t  d i f f i c u l t y  f o r  complete 

fusion,  even i n  head-on c o l l i s i o n s ,  and one has t o  

increase  t h e  energy wel l  above t h e  i n t e r a c t i o n  

b a r r i e r  i n  order  t o  begin t o  i n i t i a t e  t h i s  process .  

The second s e t  of r e s u l t s  showing how com- 

p l e t e  fus ion  becomes d i f f i c u l t  with very heavy pro- 

j e c t i l e s  (A > 40) concerns a  d e t a i l e d  study of 

evaporation residue formation as a r e s u l t  of " ' ~ r  

compound nucleus decay, and a  comparison of t h e  

r e s u l t s  when d i f f e r e n t  combinations of p r o j e c t i l e s  

and t a r g e t s  were used, namely : 

(160 + 1 4 2 ~ d ) ,  ('OAr + " ' ~ n ) ,  + " ~ e )  and 

( 6 3 ~ ~  + 9 6 ~ r ) ,  t h e  l a s t  one giving a  s l i g h t l y  

d i f f e r e n t  compound systern,159~m. 

Ref 

65 
65 
54 
19 
19 
69 
54 
54 
5 4 
47 
60 
60 
6 6 
67 
67 
6 7 
6 0 
60 
68 
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7 7 ~ e  
' ? ~ e  
" ~ e  

l o 9 A g  
' 0 9 ~ g  
l l S I n  

121sb 
11 

11 

150Nd 
1 6 5 ~ o  

11 

1 9 7 ~ ~  
2 3 8 ~  

2 3 E 2  

2 3 8 ~  

2 3 8 "  

2 3 E U  

2 3 8 ~  

CN 

" ? ~ e  
" 7 ~ e  
' l 4 s n  
lb9Tb 
l k 9 ~ b  
147Tb 
161Tm 

11 

" 

I7Oyb 

11 

2 0 g A t  

2 5 0 ~ f  
25%m 
2 5 8 ~ ~  

2 7 8 1 1 ~  
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2 7 8 1 1 ~  

- 
E 

(MeV) 

95 
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81 
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92 
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95 
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82 
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600 
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80 
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1350 
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89 
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73 
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Compound n u c l e i  were formed wi thou t  ambiguity 

s i n c e  evapora t ion  r e s i d u e s  were recognized 175-763 

There  was c e r t a i n l y  a  f r a c t i o n  of  t h e  complete fu- 

s i o n  c r o s s  s e c t i o n  t h a t  undergoes f i s s i o n ,  b u t  we 

s h a l l  focuse  ou r  a t t e n t i o n  on e x c i t a t i o n  func t ions  

of r e s i d u a l  n u c l e i  r e s u l t i n g  from (Kr,xn) o r  

(Cu,xn) r e a c t i o n s ,  i . e .  ob ta ined  a s  decay p roduc t s  

a f t e r  t h e  evapora t ion  of  x  = 3 ,  4 ,  5 ,  6  neu t rons .  

L e t  u s  t a k e  t h e  c r o s s  s e c t i o n  f o r  l S 3 E r  which 

r e s u l t s  from t h e  compound nuc leus  "'Er a f t e r  eva- 

p o r a t i o n  of 5  neu t rons  (F igure  22) .  

1 I I I I I - 

- 

- - - - - - 
- 
- 
- 

- - - 
- - - 
- 
- 
- 

Fig.  22 - E x c i t a t i o n  f u n c t i o n s  f o r  (HI,Sn) 
r e a c t i o n s  p a s s i n g  through t h e  same compound 
nuc leus  1 5 8 ~ r  ( l S 9 ~ m  f o r  6 3 ~ u  p r o j e c t i l e s ) .  
The s h i f t  bgtween 160 and 8 4 ~ r  i s  c l e a r l y  
seen  [75-761. 

The t h r e s h o l d  was observed a t  an  e x c i t a t i o n  energy 

15 MeV above t h e  t h r e s h o l d  ob ta ined  f o r  t h e  same 

d e - e x c i t a t i o n  p rocess  (5  neu t rons  from lS8Er )  bu t  

when t h e  p r o j e c t i l e  was 1 6 0  and t h e  t a r g e t  l b 2 ~ d .  

A t h i r d  system passes  through t h e  same compound 

nuc leus  ("Ar + " ' ~ n )  and whereas t h e r e  i s  a  sma l l  

s h i f t  towards h i g h e r  e n e r g i e s  when going from 160 

t o  ''Ar, t h e  s h i f t  is very  l a r g e  between Argon 

induced 5n r e a c t i o n  and Krypton induced 5n r eac -  

t i o n .  The same t h i n g  was observed f o r  x  = 6 and 

x  = 4. The a b s o l u t e  magnitude of  t h e  c r o s s  s e c t i o n s  

was s m a l l e r  about  a f a c t o r  two i n  t h e  case  of  Kr 

and t h e  e x c i t a t i o n  f u n c t i o n  was n o t  on ly  s h i f t e d  

b u t  a l s o  narrower ,  a s  shown on f i g u r e  22. 

How t o  e x p l a i n  t h e s e  unexpected r e s u l t s  ? 

I n  p r i n c i p l e ,  a l l  (HI,5n) e x c i t a t i o n  f u n c t i o n s  

should  s t a r t  a t  t h e  same e x c i t a t i o n  energy whatever 

i s  t h e  heavy i o n  s i n c e  t h e  t h r e s h o l d  corresponds  t o  

t h e  sum of b ind ing  e n e r g i e s  f o r  5  s u c c e s s i v e  neu - 
t r o n s  e m i t t e d  from l S 8 E r .  Th i s  is  indeed,  observed 

when comparing (C,5n), (0 ,5n ) ,  (Ne,5n) r e a c t i o n s .  

The low e x c i t a t i o n  energy p a r t  o f  t h e  cu rve  should  

b e  a t t r i b u e d  t o  t h e  low angu la r  momentum popula t ion,  

s i n c e  a l l  t h e  a v a i l a b l e  energy has  t o  be talcen f o r  

t h e  evapora t ion  of 5  neu t rons .  I f  some energy was 

d i s s i p a t e d  by gamma rays  a s  i t  i s  when t h e  compound 

nuc leus  s h a r e s  a  l a r g e  ~ k ,  t h e r e  would n o t  be  

enough energy l e f t  f o r  e m i t t i n g  5 neu t rons  and t h e  

r e s u l t i n g  nuc leus  would b e  l S 4 E r .  I n  p r i n c i p l e ,  

on ly  t h e  maximum of  the  e x c i t a t i o n  f u n c t i o n  and t h e  

descen t  on t h e  h igh  energy s i d e  should  be  s h i f t e d  

towards h i g h e r  va lues  and t h e  FWHM should  be  i n  - 

c reased  by t h e  e f f e c t  of l a r g e  J i n  t h e  angu la r  

momentum popu la t ion .  A q u a n t i t a t i v e  t r ea tmen t  L761, 

s i m i l a r  t o  t h e  code A l i c e ,  on t h e  same b a s i s  a s  

was exp la ined  i n  s e c t i o n  3.3, h a s  been made i n  

o r d e r  t o  f i t  e x c i t a t i o n  f u n c t i o n s .  For oxygen i n  - 
duced r e a c t i o n s ,  all a v a i l a b l e  J va lues  were t aken .  

For Argon p r o j e c t i l e s ,  a  cut -off  was necessa ry  on 

t h e  h i g h J  s i d e ,  i n  agreement wi th  t h e  measurement 

o f  OCF, which n e c e s s i t e s  a  c r i t i c a l  v a l u e  around 

R ~ $ - ~  80 h. We have a l r e a d y  d i scussed  t h a t  p o i n t .  

F ig .  23 - Attempt t o  f i t  k ryp ton  induced 
e x c i t a t i o n  f u n c t i o n  7 4 ~ e ( ~ r , 5 n )  lS3Er ,  
by assuming c r i t i c a l  angu la r  momenta 
bo th  i n  t h e  lower s i d e  and i n  t h e  upper 
s i d e  [76]. 
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But f o r  t h e  Krypton case, t h e  important s h i f t  i m -  

p l i e s  n e c e s s a r i l y  a  lower l i m i t  i n  the  J population, 

?valuated around 50. ( see  f i g u r e  23). 

The same cut-off should take place i n  order  t o  des- 

c r i b e  the  reac t ions  (Kr,4n) and (Kr,Gn) and a  value 

s l i g h t l y  smaller  was found 1771 f o r  the  reac t ion  

9 6 ~ r ( 6 3 ~ u , 5 n ) ' 5 4 ~ m  (Jcr around 35). 

The same kind of energy s h i f t  was a l s o  observed re-  

cen t ly  [78] when comparing t h e  e x c i t a t i o n  funct ions 

f o r  polonium isotopes issued from t h e  compound nu- 

cleus 2 0 0 ~ o  a f t e r  i t s  formation e i t h e r  by 8 6 ~ r + 1 1 4 ~ d  

o r  by ' O A ~ + ' ~ ~ D ~ .  In  both cases ,  f i s s i o n  competition 

i s  very s t rong  and high R waves cont r ibu te  e n t i r e l y  

t o  f i s s i o n ,  so  t h e  R window f o r  complete fus ion  be- 

comes much narrower f o r  Krypton p r o j e c t i l e s  than 

f o r  A r  p r o j e c t i l e s  and c ross  sec t ions  f o r  evapora- 

t i o n  residues a r e  smaller .  

Such an hypothesis  t h a t  low R waves do not  con- 

t r i b u t e  t o  complete fus ion  f o r  p a r t n e r s  involving a  

l a r g e  2122 product and there fore  a  high Coulomb po- 

t e n t i a l ,  was made [29], i n  order  t o  explain t h e  lack 

of events i n  t h e  low energy s i d e  of e x c i t a t i o n  func- 

t i o n s  as  wel l  a s  t h e  very low complete fusion c ross  

s e c t i o n  i n  c o l l i s i o n s  between very heavy n u c l e i .  

It i s  cons i s ten t  with the  idea t h a t  t angent ia l  f r i c -  

t i o n  occuring along a  l a rge  l o s s  of o r b i t a l  angular  

momentum i s  necessary t o  allow a deeper pene t ra t ion  

of highly charged p r o j e c t i l e s  i n t o  heavy t a r g e t s ,  

and subsequently t o  allow complete fusion.  Although 

t h i s  is  s t i l l  an hypothesis ,  we a r r i v e  t o  the con- 

c lus ion  t h a t  complete fus ion  between complex nuc le i  

can occur only with r a t h e r  unexpected r e s t r i c t i v e  

condit ions,  mainly a  c e r t a i n  window i n  t h e  R wave 

populat ion,  a s  schematical ly  shown on f i g u r e  24. 

Perhaps we should mention t h a t  we have t r i e d  

t o  f i n d  out o ther  explanat ions.  For example, i f  a  

high energy neutron was emit ted i n  a  preevaporation 

s tage ,  t h e r e  would be l e s s  e x c i t a t i o n  energy avai l -  

ab le ,  and the  e x c i t a t i o n  funct ion should be s h i f t e d  

towards higher  values. But t h e  preevaporation pro- 

cess  occurs much more e a s i l y  f o r  l i g h t  p r o j e c t i l e s  

than f o r  heavy ones, s ince ,  f o r  t h e  same e x c i t a t i o n  

energy, incoming nucleons have a  l a r g e r  k i n e t i c  ve- 

l o c i t y .  According t o  recent  ca lcu la t ions  by Blann 

[71, the  p robabi l i ty  f o r  a  preevaporated f a s t  neu- 

t ron  i s  roughly 3-times l a r g e r  f o r  12c p r o j e c t i l e s  

on  " ' ~ r  than f o r  4 0 ~ r  on 1 0 9 ~ g .  

Fig. 24 - Schematic p resen ta t ion  of the  d l f -  
f e r e n t  c l a s s e s  of reac t ions .  Angular momen- 
tum population where 9. cut-off a r e  taken. 
For 9. < 9 . ' ~ : ,  quas i - f i s s ion  reac t ions  occur. 

For Rinf < 9. < 9.':' complete fus ion  produces 
cr 

compound n u c l e i  t g a t  may decay i n t o  evapo- 
r a t i o n  residues o r  symmetric f i s s i o n .  For 
R > lSUP deep i n e l a s t i c  reac t ions  (D.C.) a re  
observgz, and only f o r  grazing c o l l i s i o n s  
(G.C.) quas i -e las t i c  s c a t t e r i n g  is  occuring. 

Another p o s s i b i l i t y  could be a  p ro jec t ion  of 

a  neutron during t h e  c o l l i s i o n  time. Again such a  

"d i rec t"  process previous the  compound nucleus for-  

mation occurs much more e a s i l y  a t  10 MeV ~ e r n u c l e o n  

than a t  2  o r  3  MeV per  nucleon. Furthermore, the  

phenomenon i s  wel l  known f o r  protons o r  3 ~ d  projec-  

t i l e s ,  but  the  randomisation of the  process, a l -  

though i t  adds a  long t a i l  t o  e x c i t a t i o n  func t ions ,  

does not d i sp lace  the  threshold on the  low energy 

s ide .  

The only suggestion l e f t ,  ou t s ide  of the  low 

R cut-off ,  could be t h a t  with massive p r o j e c t i l e s ,  

t h e  head-on c o l l i s i o n  produces a  c o l l e c t i v e  vibra-  

t i o n  of the  composite system and then a  f r a c t i o n  of 

the  energy ava i lab le  could be d i ss ipa ted  by gamma 

rays .  No q u a n t i t a t i v e  est imation of t h i s  p o s s i b i l i -  

t y  has been made. 

It i s  perhaps not  so  s u r p r i s i n g  t h a t  complete 

fus ion  does not occur e a s i l y  f o r  massive p r o j e c t i -  

l e s  and t a r g e t s .  In  t h e  e a r l y  s tage of deep ine las -  

t i c  c o l l i s i o n s  a  s t rong  damping i s  exerted and 

depending on t h e  r e l a t i v e  e f f e c t s  of nuclear  + 

Coulomb p o t e n t i a l ,  compound nucleus formation or  

re-separat ion of the  two fragments a f t e r  a  l a r g e  

d i s s i p a t i o n  of energy may follow. In  both cases ,  

t h e  reac t ion  mechanism i s  complex, many nucleons 

a r e  involvea and t h e  r o l e  played by c o l l e c t i v e  

degrees of freedom i s  important.  The term "fusion" 

i s  cor rec t  s ince  i t  means blending and melt ing 
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under the  e f f e c t  of hea t .  "Complete fusion" corres- 

ponds to  the  long-lived compound nucleus formation 

where e q u i l i b r a t i o n  has occured f o r  a l l  degrees of 

freedom, whereas "incomplete fusion" corresponds t o  

reac t ions  where a  "hot" metastable  composite system 

i s  made and decays before f u l l  e q u i l i b r a t i o n  i n t o  

two fragments. In  t h a t  sense quas i - f i s s ion  pheno - 
mena a r e  t y p i c a l  of t h e  second c l a s s ,  s ince  e q u i l i -  

b r a t i o n  has occured f o r  energy, charge symmetry, 

but not f o r  mass assymmetry. Furthermore f o r  very 

heavy n u c l e i ,  a l l  low and medium R waves go i n t o  

quasi-f iss ion ins tead  of con t r ibu t ing  t o  complete 

fusion a s  they do f o r  l i g h t e r  systems. 

5 .  Conclusion. 

Complete Fusion and Energy Dissipat ion.  

Then the  end of my cont r ibu t ion  might be taken 

as  an in t roduc t ion  t o  Galin's repor t  [ I21 on the  

damping process and i t s  consequences i n  deep ine las -  

t i c  c o l l i s i o n s .  

Without e n t e r i n g  too much i n t o  the  sub jec t ,  it is 

worthwhile t o  examine the  reasons f o r  the  l a r g e  

hindrance f a c t o r  which appears f o r  complete fus ion  

with heavy systems. It is r e l a t e d  t o  two main causes: 

Conservative Coulomb forces ,  a t  the  d i s tance  between 

cen te rs  d, expressed a s  ( Z 1 2 2 / ~ 2 ) ,  and d i s s i p a t i v e  

fo rces  proport ionnal  t o  the average ve loc i ty  during 

the  overlap of the  two nuclear  mat te r  d e n s i t i e s .  

Such a  ve loc i ty  is d i f f i c u l t  t o  eva lua te  but depends 

probably on (E - B), the  energy above t h e  b a r r i e r .  

Also, t h e  d i s s i p a t i v e  forces should be proportion- 

n a l  t o  t h e  product of nuclear  d e n s i t i e s  & , t h e n  9 4  J 
t o  l / d 2 -  For D I C  processes ,  J - G a l i n  1121 introduces 

an i n t e r e s t i n g  parameter, 

s i m i l a r  t o  the  Rutherford parameter 1, except f o r  - 
vd which is  the average ve loc i ty  when f r i c t i o n  is 

exer ted .  It represen ts  indeed t h e  balance between 

Coulomb forces proport ionnal  t o  

z1z2e2 

d2 

and d i s s i p a t i v e  fo rces  proport ionnal  t o  6; 
d/d2. 

When Y' i s  la rge ,  (2122 high and %Gd small) 

t h e r e  i s  such a  st!rong tendancy against  agglutina- 

t i o n  t h a t  no complete fus ion  occurs, even when t h e  

c r i t i c a l  d i s tance  is  reached. 

When q' is smaller ,  then complete fusion beco- 

mes poss ib le .  For intermediate  Z 1 Z 2  vblues,  hGd 

needs t o  be l a r g e  enough, and there fore  t h e  incon'bg 

energy should be well above the  b a r r i e r ,  f o r  corn - 
p l e t e  fusion occuring. 

Now i n  a  given system l i k e  ( 8 6 ~ r  + 7 c ~ e ) ,  Gd 
is  c e r t a i n l y  l a r g e r  f o r  intermediate  impact parame- 

t e r s ,  than i n  head-on c o l l i s i o n s ,  because the  over- 

l a p  of nuclear  matter  i s  no t  so b i g ,  and there fore  

q' might be  s u f f i c i e n t l y  decreased so  t h a t  complete 

fus ion  becomes ava i lab le  f o r  a c e r t a i n  range of 

R values.  The same conclusion has been reached by 

Wilczynska and Wilczynski [79], using a  repu ls ive  

core  concept, and by Tsang [go], considering the  

e f f e c t s  of r a d i a l  and tangent ia l  f r i c t i o n .  

So f a r ,  we have oversimplif ied t h e  p i c t u r e  by 

considering one dimensional p o t e n t i a l  energy curves. 

Nix and Moller [81] have ca lcu la ted  contour maps f o r  

t h e  l i q u i d  drop p o t e n t i a l  energy a s  a  funct ion of 

two deformation gx is .  

Their  main conclusion i s  the  following : 

a) As it has been s t r e s s e d  many time, by Swiatecki 

1821, binary f i s s i o n  and heavy-ion fus ion  take sepa- 

r a t e  v a l l e y s .  Therefore even i f  t h e r e  i s  no descent 

i n s i d e  the  saddle point  along the f i s s i o n  path,  

t h e r e  s t i l l  may be a  r idge  and a hollow i n s i d e  t h a t  

r idge  along t h e  fusion path.  

b) The binary f i s s i o n  saddle point  i s  always outs& 

t h e  contact  po in t  f o r  l i g h t  systems. It means t h a t  

when the two n u c l e i  a r e  i n  contact  and a  neck deve- 

loppes, t h e  shape is l e s s  elongated than the  shape 

a t  t h e  saddle po in t ,  and there fore ,  t h e  formation 

of a  long- l i fe  compound system i s  poss ib le .  But f o r  

heavy systems, t h e  saddle point  shape i s  s o  c lose  

t o  t h e  o r i g i n a l  spher ica l  shape t h a t  i t  i s  i n s i d e  

t h e  contact  point .  Therefore,  even a f t e r  a  l a rge  

energy r e l a x a t i o n ,  t h e  system cannot do anything e l s e  

than quas i - f i s s ion ,  as  i l l u s t r a t e d  on f i g u r e  25.  

I n  Nix and Moller 's p red ic t ion ,  t h e  system " O P ~  + 

" ' ~ d  corresponds t o  the s i t u a t i o n  where the  contact  

point  and the  saddle po in t  a r e  approximatively a t  

the  same d i s tance ,  f o r  R = 0 .  This should exclude 

complete fus ion  f o r  any symmetric system heavier  

than ' 1°pd + l l 0 p d .  Although i t  has not  been calcu- 

l a t e d ,  complete fusion should be poss ib le  f o r  much 

heavier  systems a s  f a r  a s  they a r e  asymmetric. 
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DISTANCE BETWEEN MASS CENTERS r (UNITS OF Ro) 

Fig .  25 - Macroscopic p o t e n t i a l  energy contour  
p l o t s  a t  R = 0 f o r  the  two systems [81j : 
a)  8 6 ~ r + 8 6 ~ r  + 1 7 2 ~ f .  The p o i n t  of con tac t  
(00) i n  H . I .  r e a c t i o n s  i s  w e l l  i n s i d e  the  
b ina ry  sadd le  p o i n t .  The dynamical p a t h  w i l l  
proceed i n t o  the  hollow on t h e  l e f t  and a 
s p h e r i c a l  shape w i l l  be a t t a i n e d ,  
b) 1°pd+l 1 0 ~ d + 2 2 0 ~ .  The b ina ry  saddle  po in t  
now l i e s  i n s i d e  t h e  po in t  of f i r s t  con tac t  
between t h e  two H.I. Addi t ional  bombarding 
energy i s  r equ i red  t o  form a compound nucleus .  

I n  t h e  s i x f o l d  way of i n t e r a c t i o n  between heavy 

n u c l e i  a s  def ined by Swiatecki C831 one yea r  ago, 

I have t r i e d  t o  t r e a t  the  l a s t  category,  compound 

system, althougll t h e  f r o n t i e r  wi th  the  precedirig 

category composite system is  d i f f i c u l t  t o  d e f i n e  

very s t r i c t l y .  

Repeting Swiatecki ' s  d e f i n i t i o n ,  n u c l e i  t h a t  f u s e  

but  a r e  not  t rapped form a comoosite svstem. 

(Fusion i s  def ined i n  terms of a l o s s  of i d e n t i t y  

of the  p i e c e s ,  a s soc ia ted  with  a f i l l i n g  i n  of the  

neck) .  The remainder a r e  t rapped i n  a p o t e n r i a l  

energy hollow and form a compound system. I p r e f e r  

myself t o  c a l l  i t  c o m ~ l e t e  'fusion i n  o rder  tcr in-  

c lude i n  t h i s  category even those  cases  where f u l l  

equ i l ib r ium has perhaps no t  been e n t i r e l y  reached 

f o r  a l l  t h e  degrees  of freedom, bu t  however each 

p iece  have e n t i r e l y  l o s t  i t s  i d e n t i t y .  

ORSAY, September 1976. 
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