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Abstract A comparison among d i f f e r e n t  heavy i o n  f u s i o n  models i s  pre-  
sented. I n  p a r t i c u l a r ,  the  m u l t i s t e p  aspects o f  t h e  r e c e n t l y  proposed 
Dinucleus Doorway Model a r e  made e x p l i c i t  and t h e  w d e l  i s  con f ron ted  
w i t h  o t h e r  compound nucleus l i m i t a t i o n  models. I t  i s  suggested tha t  t h e  
l a t t e r  model s  p r o v i d e  e f f e c t i v e  one-step d e s c r i p t i o n s  o f  h e a v  y  í o n  
f u s i o n .  

3. INTRODUCTION 

The popular  p i c t u r e  o f  heavy i o n  f u s i o n  r e a c t i o n s  s t a t c s  t h a t  

a t  low energ ies  t h e  f u s i o n  c ross  s e c t i o n  aF f o l l o w s  t h e  t rend  o f  t h e  

t o t a l  r e a c t i o n  c ross  sec t ion ,  uR, exhaus t ing  almost, a l  l o f  i t. T h i s  

comes about as a consequence o f  the  f a c t  t h a t  i n  t h i s  e n e r g y  r e g i o n  

(usual l y  re fe r red .  t o  as r e g i o n  I )  few d i r e c t  r e a c t i o n  channels compete 

w i t h  f u s i o n  i n  t h e  d i s t r i b u t i o n  o f  the  incoming f l u x .  A f t e r  a  c e r t a i n  

c r i t i c a l  energy i s  reached, however, uR con t inues  e x h i b i t i n g  i t s  geo- 

m e t r i c a l  behaviour ,  

where R i s  the  g raz ing  angu la r  momentum and Rb and E a r e  the r a d i u s  
g b 

a n d  h e i g h t  o f  t h e  C o u l o m b  b a r r i e r ;  w h i l e  t h e  f u s i o n  c ross  
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s e c t i o n  bends down and e v e n t u a l l y  takes t h e  approximate form 

I n  t h e  above equa t ion  Rc r e f e r s  t o  t h e  c r i t i c a 1  a n g u l a r  momenturn f o r  

f u s i o n  and Rc and Ec a r e  convenient  parameters. The energy r e g i o n  where 

a / a  g r a d u a l l y  drops below u n i t y  i s  c a l l e d  r e g i o n  II. The au thors  o f  
F R  

most o f  t h e  recen t  p u b l i c a t i o n s  concerned w i t h  heavy i o n  f u s i o n  address 

themselves t o  the  q u e s t i o n  o f  whether t h e  f a c t  t h a t  i n  r e g i o n  I I ,  R < R  
c g 

(and accord ing l  y  aF < oR) i s  j u s t  a  t r i v i a l  consequence o f  u n i  t a r i  t y ,  

namely the  i n c r e a s i n g  c o n t r i b u t i o n  t o  u R o f  d i r e c t  process dominated by 

deep i n e l a s t i c  and incomplete f u s i o n  r e a c t i o n s ,  o r  whether i t  hidesmore 

s u b t l e  dynamics. Fur ther ,  one rnay ask whether aF/aR< 1 i n  r e g i o n  I 1  i n -  

d i c a t e s  a s t a t i s t i c a l  d e n s i t y  o f  s t a t e s  r e s t r i c t i o n  on aF,orwhether  i t  

r e f  l e c t s  coherence e f  f & t s  i nvolved i n  ent rance channel coupl i ng t o  the  

compound nucleus s t a t e s .  

The standard r e p r e s e n t a t i o n  f o r  t h e  f u s i o n  c ross  s e c t i o n  i s  

where TR i s  t h e  e l a s t i c  channel t ransmiss ion  c o e f f i c i e n t  a s s o c i a t e d w i t h  

the  R- th p a r t i a 1  wave and PR i s  t h e  p r o b a b i l i t y  t h a t  t h e  s y s t e m  fuses 

a f t e r  hav ing overcome the  p o t e n t i a l  b a r r i e r  assoc ia ted  w i t h  T .Assuming 
R 

t h e  sharp c u t - o f f  approx imat ion  t o  t h e  product  T P 
R R' 

eq. (3) reduces t o  eq. (2 ) .  

Two d i s t i i i c t  c lasses  o f  models f o r  t h e  o r i g i n  o f  R have been 

d iscussed e x t e n s i v e l y  i n  the  l i t e r a t u r e .  The f i r s t  c l a s s ,  I p o s e l y c a l l e d  

ent rance channel models, purports t o  e x p l a i n  t h e  l i m i t a t i o n o f  a as a r i s -  F 
i n g  f rom t h e  g e n e r a l o c h a r a c t e r i s t i c ç  o f  the  i n t e r a c t i n g  ions i n  the  ap- 

proaching s t a t e .  Through the  e x p l i c i t  o r  i m p l i c i t  use o f b o t h c o n s e r v a -  

t i v e  and d i s s i p a t i v e  components o f  the  i o n- i o n  i n t e r a c t i o n ,  i t  i s  pos- 

s i b l e  t o  account reasonably w e l l  ' f o r  most o f  the  gross f e a t u r e s  o f  the  
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fus ion  e x c i t a t i o n  funct ion ' .  I n  t h i s  c lass  o f  models,we group the ç r i -  

t i c a l  d istance model o f  Glas and ~ o s e l ~  ( i n f i n i t e  short-  r a n g e  d i  b s i -  

pat ion),  f i n i  t e  f r i c t i o n  models' and the extra-push model o f  Swiatecki 

and ~ j d r n h o l m ~ .  No reference i s Iíiade t o  the proper t ies  o f  the fuu'ed sys- 

tem ( the compound nucleus) . 
The second c l a s s o f  models ignores the d e t a i l s  o f  e n ' t r a n c e  

channel dynamics, except f o r  the e f f e c t s  o f  the po ten t i a l  b a r r i e r  and 

kinematic const ra in ts .  They descr ibe R as an angular momentum re la ted  
C 

t o  the Yrast l i ne4 - '  o f  the fused system. Microscop ica l ly  such iden- 

t i f i c a t i o n  i s  connected w i t h  the degree o f  over lap o f  the compound nu- 

cleus resonances, as w i l l  be discussed f u l l y  l a t e r .  

Recently a new model f o r  fus ion  has been proposed'and success- 
8 - 1 1  

f u l l ' y  app l ied  t o  d v a r i e t y  o f  heavy i on  systems . A very important 

d i f fe rence betwqen t h i s  model and the ones prev ious ly  mentioned i s  the 

in t roduct ion  o f ' t h e  dinucleus ac t i ng  as a doorway t o  fusion.  I t  i s  eas- 

i l y  seen tha t  t h i s  enables the simultaneous considerat ion o f  both the 

entrance channel cha rac te r i s t i cs  and those o f  the compound nuc leus .F~ r -  

ther,  i t  has now become possib le t o  discuss the observable consequences 

o f  the 1 i m i t a t i o n  t o  fus ion  on the competing processes12, namely the 

deeply i n e l a s t i c  channel s (DIC).  I n  order  t o  b e t t e r  appreciate the po- 

t e n t i a l  imp i ica t ions  o f  the mu l t i s tep  compound model on other/ obser- 

vables beside's aF, and, accordingly,  t o  fu r ther  i~nderstand the r o l e  of 

the dinucleus, i t i s  o f  paramunt importance t o  make a deta i  l ed  com- 

par ison between t h i s  model and those discussed e a r l i e r .  The purpose o f  

t h i s  paper i s  t o  supply such a comparison and p i n  down the features 

which a re  connected w i t h  the compound nucleus (CN)' and those w i t h  the 

entrance channel. 

The paper i s  organized as fo l lows:  i n  sec t ion  2 we descr ibe 

b r i e f l y  the entrance channel and the compound nucleus l im i ta t i onmde ls .  

l n  sect ion 3.we summarize the main features o f  the dinueleus doorway 

model and e x p l i c i t l y  show i t s  mu l t i s tep  nature. l n  sect ion 4 we make a 

de ta i l ed  comparison o f  these models, and f i n a l l y  we present our con- 

c lud ing remarks i n  sect ion 5. 
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2. ENTRANCE CHANNEL AND CN LIMITATION MODELS 

2.1 - Entrance channel models 

I n  t h e  i n f i n i t e  shor t- range d i s s i p a t i o n  model o f  ~las-t40se12, i t  

i s  assumed t h a t  the  heavy i o n  system must reach a c e r t a i n  c r i t i c a l  à i s -  

tance R f o r  f u s i o n  t o  occur .  T h i s  d e f i n e s  a c r i t i c a 1  C, which speci -  
C 

f i e s  PR. On the  o t h e r  hand, i n  a f i n i t e  f r i c t i o n  c l a s s i c a l  c a l c u l a t i o n  

o f  t h e  t ype  d iscussed i n  r e f . 1 ,  one i n v a r i a b l y  assoc ia tes  C w i t h  the  

angu la r  momentum a t  which o r b i t i n g  occurs.  However, t h e p h y s i c s  i n v o l v e d  

i n  b o t h  models i s  t h e  same. The sharp c u t - o f f  behaviour o f  PR assumed 

i n  t h e  above models i s  a consequence o f  t h e  c l a s s i c a l  ( d e t e r m i n i s t i c )  

phys ics  invo lved .  The j o i n t  a c t i o n  o f  t h e  conserva t i ve  and d i s s i p a t i v e  

p ieces  o f  t h e  nuc lear  f o r c e  toge ther  w i t h  t h e  c e n t r i f u g a l  and Coulomb 

repu ls io r i s  d e f i n e s  t h e  dynamics o f  t h e  nuc lear  system which cu lminates 

i n  the  fo rmat ion  o f  t h e  mononucleus,geometrically rep resen t ing  t h e f u s e d  

system (o r ,  a t  l e a s t ,  the  i n i t i a l  s tage o f  i t s  fo rmat ion ) .  No re fe rence  

t o  t h e  d e t a i l e d  c h a r a c t e r i s t i c s  o f  t h e  mononucleus i s ,  h o w e v e r ,  ex- 

p l i c i t l y  made, i n  t h e  sense o f  i t s  d e n s i t y  o f  s t a t e s  and i t s  average 

l i f e t i m e .  One would, t h e r e f o r e ,  expect t h a t  such nnde ls  could,  a t  most, 

account f o r  t h e  gross behaviour  o f  a F' 

2.2 - CN l i m i t a t i o n  models 

The CN l i m i t a t i o n  models express t h e  f u s i o n  p r o b a b i l i t y  i n  terms 

o f  the  p roduc t  p(E*,R)r(E*,R), where E* i s  the  t o t a l  e x c i t a t i o n  o f  t h e  

CN, p ' i s  i t s  d e n s i t y  o f  s t a t e s  and r i t s  corresponding c o r r e l a t i o n w i d t h .  

T h i s  f u n c t i o n  determines t h e  a v a i l a b i l i t y  o f  s t a t e s  i n  t h e  Compound 

Nucleus. 

The Extreme Yras t  L i n e  l i m i t a t i o n  mode14 (EYL) i d e n t  i f  i e s  
Rc 

w i t h  the  angular  momentum v a l u e  on t h e  CN Y,rast l i n e .  For a g i v e n  c o l -  

l i s i o n  energy E R i s  determined f rom t h e  r e l a t i o n  . 
em' c 

? P R ~ ( R ~  + 1) 
Eem + Q = E* = 

2Jc 

where Jc i s  the CN mment  o f  i n e r t i a .  ~ h i r  c r i t e r i o n  impl i e s  
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The s t a t i s t i c a l  Yrast L ine  (SYL) l i m i t a t i o n  model"equires a 

l a rge r  dens i ty  o f  states f o r  CN formation. I t  imposes thPt theCNhas an 

i n t r i n s i c  e x c i t a t i o n  energy A&, 

?l2RC(\ + 1) 
A& = E* - = 10 MeV 

C 

and ex t rac t s  Rc from the above r e l a t i o n .  I t  i s ,  o f  course, d i f f i c u l t  t o  

know a p r i o r i  the amount o f  i n t r i n s i c  exci  t a t i o n  energy (thermal energy) 

which must be suppl ied t o  the compound nucieus. Lee e t  aZ. t rea ted A&, 

the s h i f t  from the Yrast l i n e  Q-value, as an ad jus tab le  parameter and 

f i t i t t o  s e v e r a  l sets o f  fus ion  data. For the systems cons  i d e r e d ,  

t he y found values i n  the range 8 MeV i A& 5 12 MeV. 

A d i f f e r e n t  formulat ion o f  the SYL model was introduced by Van- 

denbosch6". Thi s author determines C from the condi t i o n  

This corresponds t o  the b o u n d a r y  between o v e r l a p p  i ng r e s o n a n c e s  

(PI? 7 r / D  >> I )  and iso la ted resonances (r/D << 1 )  o f  t)ie CN. The con- 

d i  t i o n  o f  eq. (8) corresponds t o  requ i r i ng  tha t  the CN. has an i n t r i n s i c  

e x c i t a t i o n  energy E*, above the Q-value Yrast l ine. Tl i is  d e f i n e s  an 

effective Y r a s t - l i n e ,  from which R can be extracted.  As shown i n  
C 

sec.4 (see f i g .5 ) ,  t h i s  l i n e  i s  very s i m i l a r  t o  the s t a t i s t i c a l  Y r a s t  

l i n e  and, therefore,  Vandenbosch's model (V) i s  essen t i a l l y  equivalent  

to the SYL. 

3. THE DINUCLEUS DOORWAY MODEL OF FUSION 

The Dinucleus Doorway Model (DDM) o f  heavy-ion fus ion  developed 

recent ly  i n  São ~ a u l o ~ - ' ~  asserts t ha t  the compound nucleus i s  reached 

from the entrance channel on l y  v i a  a superdeformed dinucleus conf igur -  

a t ion .  Such a doorway p i c t u r e  al lows f o r  a consistent  coupl ing between 

the entrance channel and the compound nucleus. Since the dinucleus may 

break up in todeep ly  i n e l a s t i c  channels, one has a simple and d i r e c t  way 
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t o  const ra in  a 
F' 

According t o  the s t a t i s t i c a l  mu l t i s tep  treatment o f  ref .9,  the 

fus ion  cross- sect ion i s  w r i  t t e n  i n  the general form o f  eq. ( 3 )  w i  t h  the 

fus ion  p r o b a b i l i t y  PR given by 

uhere T: i s  the t o t a l  escape wid th  ( t o  p a r t i c l e  channels) o f  the com- 
f pound nucleus, r the corresponding one f o r  the dinucleus ( t o  break up 
C 

and p a r t i c l e  channels), the p ' s  are leve1 dens i t i es  and t i s  an average 

d i  nucleus-compound nucleus coupl i ng coe f f  i c i e n t  which goes as JPcPd. 
The physical  s i gn i f i cance  o f  the seemingly compl icated denomi - 

nator  appearing i n  eq.(9) can be understood through an e x p a n s i o n  i n  

terms o f  the round-trip probabi 1 i t y  propaga t o r  Y, 

and the branching r a t i o s  

and 

I t  i s  then easy t o  w r i t e  f o r  5 the fo l l ow ing  ser ies  

it i s  important t o  emphasire t ha t  P P O )  reprerents the probabi l  i f y  f o r  

the dinucleus t o  form the compound nucleus wh i le  Ai measures the summed 

p a r t i c l e  decay p r o b a b i l i t y o f  the CN. l n  the l i m i t  2np r' >>t, the round 
C C 

- t r i p  p r o b a b i l i t y  propagator, y ,  becomes very small. I n  t h i  s c a s e  
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A& 3 1 and the fus ion  p r o b a b i l i t y  P approaches the p r o b a b i l i t y  o f  CN 
R 

formation P 'O) .  A p i c t o r i a l  representat ion o f  eq. (13) i s  shown i n  f i g .  
R 

1. The f i r s t  term represents the c o n t r i b u t i o n  o f  the d i r e c t  DN-CNtran- 

s i t i o n  t o  fusion. The higher order terms express con t r i bu t i ons  to fus ion  

a r i s i n g  from mu l t i s tep  processes conta in ing  r o u n d - t r  i p D N - C N  t r a n -  

s i t i ons .  

i n  f i g . 2  we compare the p r o b a b i l i t i e s  o f  CN formation, piO),and 

the fus ion  probabi l  i t y ,  PR, f o r  the system 2 7 ~ 1  + I 2 c ,  a t  Ecm = 50 MeV. 

We note tha t  the two have approximately the same shape but  the CN f o r -  

mation p r o b a b i l i t y  extends t o  h igher R-values. I n  She region where the 

two d i f f e r ,  the CN i s  formed but  subsequently decays t o  the dinucleus, 

which we do no t  i n t e r p r e t  as fus ion .  I n  f i g .3  we show the corresponding 

fus ion  and compound nucleus format ion cross-sections vs. ]/E,. As ex- 

pected, 0 i s  cons i s ten t l y  la rger  than the fus ion  cross-section. The- 
C N 

refore,  i n  t h i s  region, mu l t i s tep  e f f e c t s  r e d u c e ~ ~ t o a b o u t  809:of i t sCN 

counterpart .  

4. COMPARISON OF STATISTICAL FUSION MODELS 

I n  t h i s  sec t ion  we confront  the Dinucleus Doorway Model w i th the 

other CN l i m i t a t i o n  models discussed i n  sec.2. I n  t h i s  comparison, we 

disregard the Yrast L ine  Model since i t  i s  a ra ther  extreme case,never 

a c t u a l l y  rea l ized.  

To be spec i f i c ,  we consider the systems + "AI, 2 4 ~ g  + 32S 
and 'Oca + 'Oca. These systems represent the three t yp i ca l  b e h a v i o r s  

o f  OF i n  region i I. i n  f i g .  4 we show a  ca lcu la ted w i t h i n  the DDM,the 
F 

SYL and the V models, f o r  the above mentioned systems. Also shown are 

the CN formation cross- sect ion o f  the DDM and the data po in ts  o f  r e f .  1 .  

The c r i t e r i o n  i p = 1 was used t o  generate a r ) .  The parameters used 
C C 

i n  the DDM c a l c u l a t i o n  were taken from r e f .  11 .  Although one would ex- 

pect a  ( S W  
F 

(=  $I) t o  be c lose t o  the CN l i m i t  o f  the DDM u l c u l a t i o n ,  

the r e s u l t s  shown i n  these f i gu res ,  however, i n d i c a t e  c l e a r l  y t ha t  

- ("I (DDM). This shows tha t  the SYL and the V models con- 
OF 

- aF " aF 
t a i n  i m p l i c i t l y ,  through t h e i r  ad jus tab le  parameters, the m u l t i s t e p e f -  

f e c t s  e x p l i c i t l y  contained i n  a  DOM 
F 
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Fig.1 - A p i c t o r i a l  representat ion o f  the con t r i bu t i ons  t o  the 
fus ion  cross- sect ion (eq. ( 1 3 ) ) .  

O 
F i  - The 9,-dependence o f  the fus ion  ( P ~ )  and CN format ion @i8?) probabi I i t ie r  according t o  the Dinucleur Doorwy Model, 
fo r  the system 12c + 2 7 ~ 1  a t  Em = 50 MeV. 
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I 1 

Fig.3 - The f u s i o n  ( s o l i d  l i n e )  and t h e  CN f o r m a t i o n  ( d o t t e d  
l i n e )  c ross- sec t ions  f o r  t h e  system "C + 2 7 ~ 1 ,  accord ing  t o  t h e  
Dinuc leus Doorway Model. 

We f u r t h e r  compare t h e  s t a t i s t i c a l  f u s i o n  models by showing i n  

f i g . 5  the effective Yras t  l i n e  which corresponds t o  t h e  c r i t i c a 1  an- 

g u l a r  momentum f o r  f u s i o n  i n  12c + 2 7 ~ 1 .  l n  f a c t  we v e r i f i e d  t h a t  

Rc i s  q u i t e  w e l l  def ined,  as t h e  d i f fuseness o f  PR i s  small  (see fig.2). 

It i s  c l e a r l y  seen t h a t  a l l  t h r e e  rnodels (SYL,  V and DDM) y i e l d  v e r y  

s i m i l a r  curves i n  the E* vs.  J(J+I) p l o t  o f  f i g . 5 .  The CN l i m i t  o f  the  

DDM s t a r t s  apprec iab ly  d e v i a t i n g  f rom the  th ree  curves a t  J = 25 ( o r  

J(J+I) = 6 0 0 ) .  A lso  shown i n  t h e  f igu , -e  a r e  t h e  CN Yras t  l i n e  and t h e  

b a r r i e r  l i n e  (which determines the  t o t a l  r e a c t i o n  c r o s s- s e c t i o n ) .  

From the  above r e s u l t s  we conclude t h a t  the  most e f f e c t i v e  t e s t  

o f  the  m u l t i s t e p  n a t u r e  o f  t h e  heavy i u n  f u s i o n  process i s  t o  look  a t  

the consequence o f  t h e  doorway aspect o f  t h e  d inuc leus  on  o t h e r  com- 

p e t i n g  processes which accompany f u s i o n  i n  r e g i o n  I I ,  namely the DIC 

channels. We come t a  t h i s  q u e s t i o n  i n  the  nex t  s e c t i o n .  
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(b )  2 ' ~ g  
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The fus ion  cross-sections f o r  the systems: (a) l 2 c + * ' ~ l ,  
+ 3 2 ~ ,  and (c)  'Oca+ 'Oca. Also shown i s  the CN cross- 
(see t e x t  f o r  detai  1 s) . 

I n  t h i s  paper we have made a de ta i l ed  cornparison among s ta t i s t i -  

ca l  models o f  heavy ion fusion. We have seen tha t  the s t a t i s t i c a l  Yrast 

L ine Model as wel l  asthevandenbosch Model a re  b a s i c a l l y  e f f e c t i v e  one- 

-step models which conta in  i m p l i c i t l y ,  through t h e i r  p a r a m e t e r s ,  the 

rnul t is tep e f f e c t s  e x p l i c i t l y  contained i n  the Dinucleus Doorway Model. 

Fusion, being a h igh l y  i nc lus i ve  process, i s  no t  very sens i t i ve  

t o  the d e t a i l s  o f  the dynamics involved. One there fore  needs observables 

descr ib ing o ther  reac t ion  channels, as wel l  as a i n  order t o  t e s t  the F' 
physi-S. The dominant channels cornpeting w i t h  fus ion  i n  reg ion I I  are  

the deeply i n e l a s t i c  processes. I f  the dinucleus were t o  p lay  as import- 

ant  a r o l e  i n  these processes as i t  does i n  fusion,  an ana lys is  o f  DIC 

e x c i t a t i o n  funct ions should reveal Ericson- type f l uc tua t i ons .  Thecharac- 
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Fig.5 - The e f f e c t i v e  Yrast  1 ines f o r  the 12c  + 2 7 ~ 1  (see t e x t  
f o r  deta i l s) . 

t e r i s t i c  c o r r e l a t i o n  w i d t h  o f  these f l u c t u a t i o n s  would measure t h e  d i -  

nucleus I i f e t i r n e  d i  r e c t l  Y .  Such analyses have been performed12 f o r  t h e  

DIC c ross- sec t ions  o f  12c  + 2 4 ~ 9  a t  30 < Em < 42 MeV and 2 8 ~ i  + 6 4 ~ i  

a t  120 < ELab < 126.75 MeV. The va lues  ob ta ined  f o r  the  d inuc leus  1 i f e -  

t ime a r e  T = 1 . 0 . 1 0 - ~ ~ s  and 2 . 0 . 1 0 - ~ l s  r e s p e c t i v e l  y .  These va lues  o f  T 

correspond t o  c o r r e l a t i o n  w i d t h s  o f  240 keV and 200-800 k e V ,  r e s p e c -  

t i v e l y ,  which a r e  q u i t e  c l o s e  t o  t h e  va lues  ob ta ined  frorn a d j u s t i n g t h e  

f u s i o n  c ross- sec t ion  o f  the  DDM t o  the  exper imenta l  da ta .  

Ott ier f l u c t u a t i o n s  s t u d i e s  o f  DIC e x c i t a t i o n  f u n c t i o n s  a r e c e r -  

t a i n l y  c a l l e d  f o r  t o  f u r t h e r  e s t a b l i s h  t h i s  phenomenon. 
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Resumo 

E apresentada uma comparação e n t r e  v á r i o s  modelos de fusão de 
íons pesados. Especif icamente, são exp l  i c i  tados os  aspectos de mÜl t i p l a s  
etapas do recém proposto Modelo de LBomay D i  nuc lear ,  o qual  é confron-  
tado com modelos que l i m i t a m  a formação do núcleo composto. E suger ido 
que os Ü l t imos  fornecem descr i ções  e f e t i v a s  a uma etapa da fusão de Íons 
pesados. 


