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HEAVY ION REACTIONS BETWEEN 30 AND A PEW HUNDRED MEV/NUCLEON 

J. P. Bondorf 

The Niels Bohr Institute, University of Copenhagen 

Blegdamsvej 17, 2100 Copenhagen 0, Denmark 

Résumé.- Des prédictions qualitatives des propriétés caractéristiques des réactions entre 
ions lourds à des énergies dans le système du centre de masse s'échelonnant de l'énergie 
moyenne par nucléon jusqu'au seuil de production des méspns II sont présentées. La discus
sion est faite sur la base des lois de conservation, des expériences de réactions très iné
lastiques (E^ab<10 MeV/nucléon) et des expériences de réactions avec des ions lourds d'é
nergie supérieure à 200 MeV/A dans le laboratoire. 

Abstract.- Some qualitative predictions of characteristic properties of 
heavy ion reactions at CM-energies ranging from around the average binding 
p-er nucleon up to about the ir-meson threshold are discussed. The discussion 
is made on the basis of conservation laws, experience from deep inelastic 
reactions (LAB energy < 10 MeV/nucleon) and experience from hard heavy ion 
reactions (LAB energy > 200 MeV/nucleon). 

1. Introduction, 

Most of the development in experimen

tal heavy ion physics has so far been made 

with beam energies below 10 MeV/nucleon. 

It is technically possible to accelerate 

ions with much higher energy, and in the 

last years a few pioneering experiments 

with as much as several GeV/nucleon have 

been made [1]. Also the energy range of the 

order of 100 - 1000 MeV/nucleon has had its 

first experiments, and new machines able to 

make detailed studies in these vastly unex

plored fields are being planned or are 

under construction. The suggestion of a 

new type of superdense nuclear matter [2] 

has intensified theoretical and experimen

tal studies of heavy ion reactions in en

ergy regions where the nuclear matter can 

undergo compression. In this lecture we 

shall discuss some aspects of heavy ion 

experiments with beam energies from 30 to 

about 500 MeV/nucleon. The lower part of 

this energy region can be studied with the 

GANIL facility. 

This energy region is almost new to 

nuclear physics and most of what can he 

said about it is based upon inter- or ex

trapolations from known neighbour-energy 

regions. I shall try to draw some conclu

sions based upon the following pieces of 

information. 

a) Expectations from applications of 

conservation laws, energy, momentum, angu

lar momentum, baryon number, and charge, 

taking into account some characteristic 

energies of the nuclei as the nucleon en

ergy corresponding to the speed of sound, 

the binding energy, etc. 

b) Experience from deep inelastic re

actions at lower energies (up to about 

10 MeV/nucleon) and from fl£-particle and 

proton induced reactions. 

c) Experience from hard collisions at 

energies in the region above 200 MeV/nu-

cleon. 
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2.  Some e x p e c t a t i o n s  f rom c o n s e r v a t i o n  

l a w s .  

2 . 1  F r a g m e n t a t i o n .  

A t  low bombarding e n e r g y  t h e  b i n a r y  

r e a c t i o n  k i n e m a t i c s  i s  u s u a l l y  dominan t ,  

and one  o n l y  n e e d s  t o  wor ry  a b o u t  m u l t i -  

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

cay  p r o c e s s e s .  One c a n  t h e r e f o r e  w r i t e  

t h e  p r i m a r y  r e a c t i o n  e i t h e r  a s  a  b i n a r y  

r e a c t i o n  o r  a s  a  compound r e a c t i o n :  

IZ,A,) + [Z2A2) --+ 

(Z,A3) + (z+ A+) ----+seq.decay (binary 
reaction) 

-+ seqdecay (compound 
or complete 
fusion 
r e d i o n )  

I n  b o t h  c a s e s  t h e r e  can  b e  s u b s e q u e n t  

d e c a y  o f  t h e  p r i m a r y  p r o d u c t s ;  s u c h  a s  e-  

v a p o r a t i o n  o r  f i s s i o n .  Fo r  h i g h e r  bombard- 

i n g  e n e r g y ,  however ,  i t  i s  l i k e l y  t h a t  mul- 

t i f r a g m e n t  e v e n t s  become i n c r e a s i n g l y  i m -  

p o r t a n t  s o  t h a t  we have  d i r e c t ,  f a s t  r e a c -  

t i o n s  o f  t h e  t y p e  

where i > 2 a t  any  s t a g e  o f  t h e  r e a c t i o n .  

By c o n s e r v a t i o n  o f  c h a r g e  and  mass ,  we have  

b e s i d e s  

Z,+Z2 = z Z i  and A,+A,=2'Ai  
L i 

The s e q u e n t i a l  decay  p r o c e s s e s  c a u s e  t h e  

number of f r a g m e n t s  which  a r e  s i m u l t a n e o u s -  

l y  p r e s e n t  a t  any t i m e  t o  i n c r e a s e  a f t e r  

t h e  c r e a t i o n  o f  t h e  p r i m a r y  f r a g m e n t s .  The 

d i s t r i b u t i o n  o f  t h e  p r i m a r y  f n a g m e n t a t i o n  

( 2 )  i s  o f  c o n s i d e r a b l e  i n t e r e s t  f o r  t h e  

s t u d y  o f  heavy i o n  r e a c t i o n s  a t  h i g h e r  e n e r -  

gy ,  b u t  a l s o  a n g u l a r  and e n e r g y  c o r r e l a -  

t i o n s  be tween p r i m a r y  r e a c t i o n  p r o d u c t s  

s h o u l d  b e  g i v e n  a t t e n t i o n  i f  one  wan t s  t o  

s t u d y  t h e  r e a c t i o n  mechanism where ( 2 )  

p l a y s  a  r o l e .  

The b r e a k  up p r o c e s s  ( 2 )  need n o t ,  b e  

r e s t r i c t e d  t o  h i g h e r  e n e r g i e s .  F o r  t h e  

l i g h t e r  p r o j e c t i l e s ,  s u c h  a s  1 2 ~  o r  1 6 0 ,  

one  can  t h i n k  o f  c o n v e n t i o n a l  a - b r e a k  up 

i n  t h e  Coulomb f i e l d  o r  t h e  t a i l  o f  t h e  

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

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

n u c l e i  and t h e  a - b a r r i e r  a r e  o n l y  a  few 

MeV. I n  h e a v i e r  s y s t e m s ,  however, t h e  s i t u -  

a t i o n  i s  d i f f e r e n t .  The a - b a r r i e r  i s  h i g h -  

e r  and  t h e  most  p r o b a b l e  s m a l l  p a r t i c l e  

which  c a n  b e  e m i t t e d  i s  t h e  n u c l e o n .  

I s h a l l  h e r e  draw t h e  a t t e n t i o n  t o  a  

p o s s i b l e  mechanism f o r  prompt n u c l e o n  emis-  

s i o n  which  c a n  o c c u r  i n  heavy i o n  i n d u c e d  

r e a c t i o n s ,  b u t  wh ich ,  a s  f a r  a s  I am i n -  

formed,  h a s  n o t  y e t  been  s t u d i e d  v e r y  much. 

C o n s i d e r  a  heavy i o n  r e a c t i o n  w i t h  a  r e l a -  

t i v e  s p e e d  g of  n u c l e u s  l a t  t h e  i o n - i o n  

b a r r i e r .  We now c o n s i d e r  a  n u c l e o n  V 

moving f rom n u c l e u s  1 t o  n u c l e u s  2 ( f i g . l a ) .  

I t s  v e l o c i t y  i n  n u c l e u s  1 i s  . By a r -  

r i v a l ,  i t s  r e l a t i v e  v e l o c i t y  i n  n u c l e u s  2 

i S 

-b --* - 
l r ,=  + v 

w i t h  a  maximum u a l u e  

and t h e  maximum k i n e t i c  e n e r g y  of t h i s  nu- 

c l e o n  i n  n u c l e u s  2 i s  

where EF i s  t h e  Fermi  e n e r g y .  T h i s  e- 

n e r g y  c a n  e a s i l y  b e  s o  h i g h  t h a t  t h e  n u c l e -  

on c a n  e s c a p e  i m m e d i a t e l y .  T h i s  i s  b e c a u s e  

o f  t h e  c r o s s  t e r m  i n  ( 5 ) .  As a n  example ,  

c o n s i d e r  Erel = 3 MeV which c a n  e a s i l y  

F i g .  1 .  Two mechanisms o f  prompt  n u c l e o n  
e m i s s i o n  i n ' h e a v y  i o n  c o l l i s i o n s .  
a )  d i r e c t  e s c a p e .  b )  e s c a p e  a f t e r  n u c l e -  
on-nucleon c o l l i s i o n  . 



HEAVY ION REACTIONS C5-197 

be obtained in existing accelerators, That an average) among the nucleons. In other 

gives the kinetic nucleon .energy ( 5 )  equal 

to 7 0  MeV which is much more than neces- 

sary for nucleon escape. 

Prompt nucleon decay can also happen 

after one nucleon-nucleon collision just 

after the ion-ion,impact. The nucleon e- 

nergies obtained in such collisions can al- 

so be up to the value (5). This prompt nu- 

cleon emission mechanism is illustrated in 

fig. lb. Also prompt a-emission similar 

to the nucleon emissions in figs. la and 

lb can occur, but it is more difficult to 

estimate the escape energy in this case. 

Experimental evidence for prompt particle 

a-emission is given in L31. Only a small 

fraction of the nucleons in the nucleug 4 5  

so favourably located in phase space that 

the prompt emission can take place. For 

heavy projectiles and targets, however, the 

large number of nucleons causes the proba- 

bility of'prompt nucleon emission drain of 

the excitation energy to be substantial. 

It is evident that if such prompt de- 

cay occurs, one should reduce energy and 

mass of fusion and deep inelastic products 

before applying evaporation models to them. 

The characteristics of the pre-equilibrium 

emitted particles would give experimental 

insight into the first instances of the 

close heavy ion processes, where the large 

energy loss is assumed in order to agree 

with the phenomenological models. We shall. 

look more at such models in the following 

section. 

2.2 Sharing of energy. 

In this discussion we denote ion enerr 
gies by E and nucleon energies by E . 

The incident CM-energy can be shared 

among the final channel nucleons in many 

ways depending on how the reaction proceeds* 

In average there is the following CM-ener- 

gy per nucleon available in the total sy- 

stem 

Only when one is deaiin with compound or 

complete fusion reactions in the strict 

conventional sense, this energy can be ex- 

pected to be equally spread (and only as 

cases there is expected to be strong devia- 

tions from such equi-partition. However, 

also at higher energies, eq. (6) nay serve 

as a guide for expectations. By noticing 

that the average binding energy per nucleon 

of the projectile and the target is approx- 

imately equal to the average binding per 

nucleon of the compound nucleus, we see 

that E(cM) is also approximately equal 

to thq average excitation energy per nucle- 

on in the CM system. 
It is convenient to look at a,diagram, 

fig. 2, where the nuclear mass A and the 

excitation energy per nucleon €(CM) are 

E ' U -  BINDING ENERGY 
/ ':/,'!?',': NUCLEAR BOILING 

0 100 200 300 L 00 

COMPOUND MASS NUMBER 

Fig. Z..Regions of nuclear excitation as 
functions of excitation energy and mass 
number. The three shaded zones are: the 
boiling energy E b , the nucleon energy 
c~rraagending to the speed of sound, and 
the 'jr-meson threshold. The zones in be- 
tween are dominated by I) binary reac- 
tions and complete fusion 11) multifrag- 
ment reactions without compression, 
111) multifragment.reactions with compres- 
sion; TV) as 111 but now including 
V-meson cooling. 

the coordinates. This diagram is equiva- 

lent to the diagram which experimentalists 

draw when trying to compare accelerators. 

The conventional two body heavy ion reac- 
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t i o n s  a r e  p r e s e n t l y  made i n  t h e  r e g i o n  be- 

low t h e  e n e r g y  c o r r e s p o n d i n g  t o  t h e  n u c l e -  

a r  b i n d i n g .  S i n c e  n u c l e i  a r e  f r e e  t o  s e -  

p a r a t e  i n t o  s m a l l e r  f r a g m e n t s  above t h i s  

o r  a  somewhat s m a l l e r  e n e r g y  ( o f  t h e  o r d e r  

o f  5 MeV/nucleon) ,  we c a n  d e f i n e  a  b o i l i n g  

p o i n t ,  E b  o f  n u c l e i  i n  t h i s  r e g i o n .  Above 

t h e  b o i l i n g  p o i n t  we e x p e c t  m u l t i p a r t i c l e  

e v e n t s  t o  become i n c r e a s i n g l y  dominan t .  

T h i s  e n e r g y  r e g i o n  i s  s t i l l  s o  low t h a t  t h e  

compress ion  o f  t h e  n u c l e a r  m a t t e r  i n  heavy 

i o n  r e a c t i o n s  h a s  n o t  y e t  become i m p o r t a n t .  

T h a t  happens  when h a l f  o f  t h e  i o n  LAB- 

s p e e a  p a s s e s  t h e  speed  o f  sound ( s p e e d  o f  

compress ion  w a v e s ) .  The e s t i m a t e  of t h i s  

s p e e d  . is t h a t  i t  c o r r e s p o n d s  t o  a  n u c l e o n  

e n e r g y  Ec o f  t h e  o r d e r  o f  1 5  MeV. The 

r e g i o n  E b < &  < E c  i s  i d e a l  f o r  t h e  GANIL 

p r o j e c t  a s  c a n  b e  s e e n  from t h e  c u r v e  de- 

n o t e d  GANIL-LIMIT ( f i g .  2 ) .  It i s  s e e n  

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

GANIL c a n  a l s o  p ' e n e t r a t e  i n t c  t h e  n e i g h b o u r  

r e g i o n ,  above , where  we a l s o  e x p e c t  

m u l t i p a r t i c l e  e v e n t s  b u t  now w i t h  compres- 

s i o n  o f  t h e  n u c l e i .  A t  much h i g h e r  e n e r g y  

we r e a c h  t h e  'iT -meson t h r e s h o l d  ET . The 

t h r e s h o l d  e x t e n d s  below t h e  f r e e  nuc leon-  

n u c l e o n  s c a t t e r i n g  v a l u e  b e c a u s e  o f  f l u c -  

t u a t i o n s  i n  t h e  e n e r g i e s  which  c a n  b e  

s h a r e d  by t h e  i n d i v i d u a l  n u c l e o n s .  The 

p r o d u c t i o n  o f  f r e e  T - m e s o n s  which  w i l l  

e s c a p e  f r o m - t h e  o u t e r  r e g i o n  of t h e  n u c l e u s  

c a u s e s  a  c e r t a i n  c o o l i n g  o f  t h e  sys t em.  A l -  

s o  t h e  s h a r e  o f  t h e  i n t r i n s i c  e n e r g y  be- 

tween n u c l e o n  and  mes.on d e g r e e s  o f  f reedom 

l o w e r s  t h e  t e m p e r a t u r e .  These  e f f e c t s  i n -  

f l u e n c e  e f f e c t i v e l y  t h e  e q u a t i o n  o f  s t a t e  

o f  t h e  n u c l e a r  m a t t e r  and t h e  n u c l e a r  com- 

p r e s s i o n .  I n  t h e  r e g i o n  c o n s i d e r a b l y  be- 

low Er t h e r e  i s  a  p o s s i b i l i t y  o f  'ji'-mes- 

on c o n d e n s a t e s  C41 - [ 5 1 .  

I n  t h e  f o l l o w i n g  s e c t i o n  we s h a l l  s t u -  

dy some e x p e r i m e n t a l  and t h e o r e t i c a l  p i e c e s  

o f  i n f o r m a t i o n  f rom deep  i n e l a s t i c  r e a c -  

t i o n s  a t  € ( C M ) <  C b  , and a f t e r  t h a t ,  h a r d  

heavy  i o n  r e a c t i o n s  a t  & ( C M )  i n  t h e  ne igh -  

bourhood o f  100  MeV/nucleon where n u c l e a r  

compress ion  i s  c e r t a i n l y  a  dominant  f e a b u r e  

o f  t h e  r e a c t i o n s .  

3.  R e a c t i o n s  o f  t h e  deep  i n e l a s t i c  b i n a r y  

t y p e .  

3 . 1  C h a r a c t e r i s t i c  e x p e r i m e n t a l  s i g n a t u r e s .  

S i n c e  t h e  d i s c o v e r y  C61 o f  a  new, h i g h -  

l y  i n e l a s t i c  t y p e  o f  r e a c t i o n  i n  heavy i o n  

r e a c t i o n s ,  t h e  s o - c a l l e d  deep  i n e l a s t i c  

p r o c e s s ,  t h e r e  h a s  b e e n  made a  l a r g e  number 

o f  e x p e r i m e n t a l  i n v e s t i g a t i o n s  wh ich  con- 

f i r m  t h a t  t h i s  i s  a  p r o c e s s  which  e x i s t s  i n  

c e r t a i n  e n e r g y  i n t e r v a l s  f o r  p r a c t i c a l l y  

a l l  c o m b i n a t i o n s  o f  p r o j e c t i l e s  and t a r g e t .  

The c o n v e n t i o n a l  i n t e r p r e t a t i o n  C71 o f  t h e  

deep  i n e l a s t i c  p r o c e s s  i s  t h a t  f o r  a  r a n g e  

o f  impac t  p a r a m e t e r s  o u t s i d e  t h e  maximum 

impact  p a r a m e t e r  f o r  c o m p l e t e  f u s i o n ,  t h e r e  

o c c u r s  a  c l o s e  two body r e a c t i o n  between 

t h e  i o n s  i n  which  p r a c t i c a l l y  a l l  t h e  r e l a -  

t i v e  k i n e t i c  e n e r g y  i n  t h e  r a d i a l  mo t ion  

becomes d i s s i p a t e d  i n t o  h e a t  wh ich  i s  ab- 

s o r b e d  by t h e  two i o n s .  Because  o f  t h e  i n -  

t i m a t e  c o n t a c t  be tween t h e  i o n s ,  a  c e r t a i n  

mass t r a n s f e r  o c c u r s .  I t  h a s  t h e  c h a r a c t e r  

o f  a  random p r o c e s s  s o  t h a t  t h e  mass d i -  

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

f rom t h e  deep  i n e l a s t i c  r e a c t i o n  h a s  two 

p e a k s ,  one  i n  t h e  ne ighbourhood  o f  t h e  p r o -  

j e c t i l e  and one  i n  t h e  ne ighbourhood  o f  t h e  

t a r g e t .  

The c h a r a c t e r i s t i c  mass d i s t r i b u t i o n s  

f rom a  r e a c t i o n  o f  b i n a r y  t y p e  ( 1 )  c a n  b e  

s e e n  i n  f i g .  3 ( f r o m  ~ g 6  e t  a l . )  181.  Be- 

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

t i o n  p r o d u c t s  i s  e x c i t e d ,  t h e  f i n a l  ( s e c o n -  

d a r y )  r e a c t i o n  p r o d u c t s  of  p r o j e c t i l e  and 

t a r g e t - l i k e  t y p e s  do n o t  have  i d e n t i c a l  d i -  

s t r i b u t i o n s .  I n  a  b i n a r y  r e a c t i o n  w i t h  no 

s e q .  decay  t h i s  would have  been  t h e  c a s e ,  

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

p r o d u c t s  o c c u r s  b e f o r e  t h e y  r e a c h  t h e  de- 

t e c t o r .  From t h e  f i g u r e  i t  i s  s e e n  t h a t  

s i n c e  t h e  mass d i s t r i b u t i o n  f o r  t h e  p r o j e c -  

t i l e  ( ~ r )  i s  r a t h e r  na r row and t h e  d i -  

s t r i b u t i o n  f o r  t h e  t a r g e t  ( A U )  i s  b r o a d e r  

and moved t o w a r d s  lower  m a s s e s ,  t h e  b i g  

f r a g m e n t  h a s  r e c e i v e d  most  o f  t h e  l o s t  

" d i s s i p a t e d "  e n e r g y  i n  t h e  r e a c t i o n .  The 

d i v i s i o n  o f  t h e  d i s s i p a t e d  e n e r g y  between 

t h e  t a r g e t  and t h e  p r o j e c t i l e  h a s  n o t  y e t  

b e e n  e x p e r i m e n t a l l y  e s t a b l i s h e d  i n  a  quan- 

t i t a t i v e  way. One c a n  make a  r o u g h  g u e s s  

o f  what s h o u l d  b e  e x p e c t e d  i n  a  deep  i n -  
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F i g .  3 .  Deep i n e l a s t i c  c r o s s  s e c t i o n  a s  
f u n c t i o n  o f  a n g l e  and mass number o f  t h e  r e -  
a c t i o n  p r o d u c t  f o r  t h e  r e a c t i o n  6 3 ~ u + 1 9 7 ~ u  
a t  ELAB= 365 MeV. L81 

e l a s t i c  r e a c t i o n .  By assuming t h e r m a l  e- 

q u i l i b r i u m  between t h e  two f r a g m e n t s  and by 

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

ments  p r o p o r t i o n a l  t o  t h e i r  mass ,  one  g e t s  

T 
The deep  i n e l a s t i c  r e a c t i o n s  a r e  i n  

many r e s p e c t s  s i m i l a r  t o  f i s s i o n ,  b u t  be-  

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

o f  c h o o s i n g  e n e r g i e s ,  a n g u l a r  momenta, t a r -  

g e t  and p r o j e c t i l e  masses  i n  heavy  i o n  r e -  

a c t i o n s ,  one  c a n  v a r y  t h e  e x p e r i m e n t a l  con- 

d i t i o n s  f o r  s t u d y i n g  t h e  phenomenon much 

more t h a n  it i s  p o s s i b l e  i n  f i s s i o n .  One 

o f  t h e  e f f e c t s  l e a d i n g  t o  an a n a l o g y  w i t h  

f i s s i o n  i s  t h e  i n  - o u t  asymmetry o f  t h e  

r e a c t i o n .  T h i s  e f f e c t  c a n  b e  c h a r a c t e r i z e d  

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

a t  t h e  heavy i o n  impac t  and a  l a r g e r  snap-  

p i n g  r a d i u s  when t h e  two i o n s  s e p a r a t e ,  

a n a l y s e s  [ g ]  i n d i c a t e  t h a t  f o r  heavy pro-  

j e c t i l e s  t h e  d a t a  a r e  c o n s i s t e n t  w i t h  a  

d i f f e r e n c e  i n  t h e  two r a d i i  o f  a s  much a s  

4 fm. Thus ,  t h e  d o u b l e  n u c l e a r  s y s t e m  

shows neck  f o r m a t i o n  i n  t h e  f i n a l  s t a g e s  

o f  t h e  deep  i n e l a s t i c  process: T h i s  i s  

s i m i l a r  t o  f i s s i o n .  However, one must r e -  

member t h a t  a t  t h e  b e g i n n i n g  o f  a  c o l l i -  

s i o n  e v e n t ,  j u s t  a f t e r  c o n t a c t ,  a  n e g a t i v e  

( t h i c k )  "neck" may be  f o u a d .  T h i s  i s  v e r y  

c l i f f  e r e n t  from f i s s i o n ,  and the ' -word  q u a s i -  

f i s s i o n ,  which  i s  a l s o  u s e d  for? deep  i n e -  

l a s t i c  r e a c t i o n s ,  t h e r e f o r e  m o s t l y  Fo- 

c u s s e s  on t h e  f i n a l  s t a g e s  o f  t h e  r e a c t i o n .  

The f i s s i l i t y  p a r a m e t e r  Z ~ / A  ' p l a y s  

an i m p o r t a n t  r o l e  f o r  t h e  f i s s i o n ' p r o b a b i -  

l i t y .  S i m i l a r l y ,  t h e  c h a r g e  p r o d u c t  Z1Z2 

i s  d e c i s i v e  f o r  t h e  r a t i o  be tween t h e  deep  

i n e l a s t i c  c r o s s  s e c t i o n  and t h e  compound 

o r  c o m p l e t e  f u s i o n  c r o s s  s e c t i o n .  E s t i -  

m a t e s  o f  t h e  p o t e n t i a l  be tween  t h e  i o n s  

have  been  g i v e n  i d  r e f s .  [ l 0 1  and 1111.  

Much a t t e n t i o n  h a s  be'en g i v e n  t o  t h e  con- 

d i t i o n s  f o r  c o m p l e t e  f u s i o n ,  s e e  f . e x .  t h e  

r e v i e w  [ 1 2 ] .  A s i m p l e  s t a t i c  model f o r  

comple t e  f u s i o n  c r o s s  s e c t i o n s  i s  g i v e n  by 

[131.  

3 .2  F r i c t i o n  and d i f f u s i o n .  

The l a r g e  e n e r g y  l o s s  t o  i n t r i n s i c  ex- 

c i t a t i o n  i n  deep  i n e l a s t i c  heavy i o n  r e a c -  

t i o n s ' h a s  been s u c c e s s f u l l y  d e s c r i b e d  by 

means of c l a s s i c a l  s c a t t e r i n g  models  which  

i n c l u d e  c o n s e r v a t i v e  f o r c e s  and a l s o  fric- 
t i o n  f o r c e s  [141 , [151 .  -- 

As u s u a l  i n  c l a s s i c a . 1  m e c h a n i c s ,  t h e  

u s e  of d i s s i p a t i v e  C o r c e s  r e q u i r e s ' i n t r o -  

d u c t i o n  o f  phenomenologica . l  f r i c t i o n  co- 

e f f i c i e n t s ,  f . e x .  i n  t h e  form o f  a  v e l o c i -  

t y  dependen t  f o r c e  f o r  t h e  g e n e r a l i z e d  co- 

o r d i n a t e  q 

The q u a n t i t y  r i s  c a l l e d  t h e  f r i c t i o n  

c o e f f i c i e n t .  The u s e  o f  t h e  f o r c e  (81 . i -S .  

an o v e r s i m p l i f i c a t i o n  i n - m o s t  ' c a s e s .  I f  

a t  a l l ,  i t  i s  o n l y  applicable t o  c e r t a i n  

dynamica l  models  f o r  sys t ems  w i t h  Wel l  de- 

f i n e d  macroscop ic  d e g r e e s  o f  freedom,-which'  

can  b e  c l e a r l y  s e p a r h t e d  f rom t h e  micr<o- 

s c o p i c  d e g r e e s  o f  f r eedom.  . : N u c l e i  a r e  

s m a l l  o b j e c t s  w i t h  o n l y  few d e g r e e s  of  

f reedom.  C o n s e q u e n t l y ,  tKe s e p a r a t i o n  be-  

tween macro- and m i c r o  d e g r e e s  of f r eedom 
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i s  o f t e n  p r o b l e m a t i c .  It i s  t h e r e f o r e  ad- 

v a n t a g e o u s  t o  u s e  a  more g e n e r a l  d e s c r i p -  

t i o n  o f  t h e  e n e r g y  l o s s  f rom macro d e g r e e s  

o f  f reedom f o r  n u c l e i .  One s i m p l y  s p e a k s  

a b o u t  e n e r g y  t r a n s f e r  f rom one p a r t  o f  t h e  

phase '  s p a c e  {Q) c o n t a i n i n g  t h e  r e l e v a n t  

macroscop ic  d e g r e e s  o f  f reedom t o  t h e  com- 

p l e m e n t a r y  p a r t  o f  t h e  p h a s e  s p a c e .  The {Q) 
l a t t e r  p a r t  c o n t a i n s  t h e  r e m a i n i n g  d e g r e e s  

o f  f r eedom which c a n  b e  b o t h  m i c r o s c o p i c  

and m a c r o s c o p i c .  C o n s i d e r  a s  an example 

t h e  e n e r g y  t r a n s f e r  from t h e  r e l a t i v e  mo- 

t i o n  i n  c o o r d i n a t e  * P (p! t o  t h e  i n t e r n a l  

mo t ion  d e f i n e d  a s  t h e  m o t i o n  of a l l  t h e  

o t h e r  d e g r e e s  o f  f reedom {Q] . The mot ion  

i n  {Q] 
need n o t  a t  a l i  be  a  t h e r m a l  cha- 

o t i c  mot ion  b u t  c a n  a l s o  b e  of a  c o l l e c -  

t i v e  m a c r o s c o p i c  n a t u r e .  I n  s u c h  a  c a s e ,  

i+, i s  c l e a r  t h a t  ( 8 )  c a n  o n l y  s e r v e  a s  a  

c r u d e  model f o r  t h e  e n e r g y  l o s s .  

We s h a l l  now d i s c u s s  t h e  magn i tude  of 

. The f r i c t i o n  f o r c e  ( 8 )  changes  t h e  

k i n e t i c  e n e r g y  o f  a, p a r t i c l e  o f  mass M 
from Ei t o  o v e r  a  d i s t a n c e  A S  

a c c o r d i n g  t o  t h e  r e l a t i o n  

I n  heavy i o n  r e a c t i o n s  such  a s  A r  + Th C61 
t h e  e n e r g y  l o s s  i n  t h e  e a r l y  s t a g e s  o f  t h e  

r e l a t i v e  mot ion  i s  100-200 MeV. For  geo-  

m e t r i c a l  r e a s o n s  and from a n a l y s e s  o f  an-  

g u l a r  d i s t r i b u t i o n s  u s i n g  t h e  c o n s e r v a t i o n  

o f  a n g u l a r  momentum, one  c a n  c o n c l u d e  t h a t  

t h e  v a l u e  o f  AS  i s  s m a l l ,  maybe % 1 fm. 

By u s i n g  ( g )  w i t h  t h e  mass c o r r e s p o n d i n g  

t o  t h e  r e d u c e d  mass o f  A r  + Th, one  now 

g e t s  t h a t  t h e  f r i c t i o n  c o e f f i c i e n t  i s  

V a l u e s  o f  t h i s  o r d e r  o f  magn i tude  have  been 

found  i n  many a n a l y s e s  o f  d e e p  i n e l a s t i c  

r e a c t i o n  d a t a .  

How can one  u n d e r s t a n d  such  a  l a r g e  

v a l u e  o f  m i c r o s c o p i c a l l y ?  T h e r e  h a s  

s o  f a r  been s e v e r a l  t h e o r e t i c a l  a t t e m p t s  

t o ' c a l c u l a t e  from m i c r o s c o p i c  t h e o r i e s  

[141; [161.  A s i m p l e  c l a s s i c a l - a p p r o a c h  

which  u s e s  t h e  p i c t u r e  o f  t h e  c o l l i d i n g  

sys t em a s  shown i n  f i g .  1, b u t  now w i t h  no 

a l l o w a n c e  f o r  e s c a p e  o f  p a r t i c l e s  f rom t h e  

ions, leads to  rather large values of y 

i n  a  s i a p l e  w a y .  The b a s i s  o f  t h e  i d e a  i s  

g i v e n  b y  S v i a t e c k i  [ I T ] .  The n u c l e i  a r e  

a s s u m e d ' t o  b e  c l a s s i c a l  g a s  c l o u d s  of den- 

s i t y  and w i t h  v e l o c i t y  d i s t r i b u t i o n  
' "I 

p(l?)f)hhich i s  i s o t r o p i c  i n  e a c h  n u c l e u s .  

When t h e  two i o n s  make a  c l o s e  c o l l i s i o n ,  

t h e r e  i s  c r e a t e d  a  windbw o f  a r e a  A be- 

tween them.  Now n u c l e o n s  f rom n u c l e u s  2 

can p e n e t r a t e  t h r o u g h  t h e  window t o  t h e  

o t h e r  n u c l e u s  1 and v i c e  v e r s a  ( f i g .  4 ) .  

We assume t h a t  f o r  t h e  r a t h e r  low r e l a t i v e  

v e l o c i t i e s  be tween t h e  i o n s ,  t h e  n u c l e o n  

mean f r e e  p a t h s  r e m a i n  l o n g  s o  t h a t  t h e  

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

c a l l y  w i t h  u n i f o r m  p r o b a b i l i t y  o v e r  t h e  

whole volume of the receiving nucleus. Effects  of 

the  Pauli  principle a r e  neglected; 

F i g .  4. The "window" A be tween two t o u c h -  
i n g  heavy i o n s .  

Fo r  s i m p l i c i t y ,  l e t  u s  t h i n k  o f  a  g r a z -  

i n g  c o l l i s i o n  s j t u a t i o n .  The speed  of nu- 

c l e u s  1 r e l a t i v e  t o  2 i s  t a n g e n t i a l  and e- 

q u a l  t o  . The r a t e  o f  n u c l e o n - h i t s  

f rom 2 t o  1 t h r o u g h  t h e  window i s  

2 =: p 9 A COS e p(v) (11) 

where Q i s  t h e  i n c l i n a t i o n  o f  t h e  n u c l e o n  

speed  71 . Each n u c l e o n  of mass m depo- . . 
s i t s  t h e  e x c e s s  momentum -m$ i n  n u c l e -  

u s  1, r e l a t i v e  t o  t h i s  n u c l e u s , a n d  t h e r e -  

f o r e  t h e  a v e r a g e  f o r c e  a c t i n g  on 1 i n  t h e  

t a n g e n t i a l  d i r e c t i o n  i s  
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By i d e n t i f y i n g  ( 1 2 )  w i t h  t h e  f r i c t i o n  f o r -  assume t h a t  i s  s m a l l  compared t o  5 . 
c e  ( 8 ) ,  one  g e t s  t h e  c o e f f i c i e n t  f o r  t a n -  

g e n t i a l  f r i c t i o n  

4 Y,= t m p A T  (131 

Also  r a d i a l  f r i c t i o n  c a n  be  c a l c u l a t e d  i n  

a  s i m i l a r  way. It t u r n s  o u t  t h a t  t h e  co- 

e f f i c i e n t  f o r  r a d i a l  f r i c t i o n  i s  j u s t  

t w i c e  ( 1 3 ) ,  r e f .  [181 ,  and we t h e r e f o r e  

have  t h e  r a d i a l  and t a n g e n t i a l  components, 

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

f o r c e  

where 

b",=2G 
By as suming  t h e  window a r e a ,  o r  t h e  c o n t a c t  

a r e a  be tween t h e  i o n s ,  t o  b e A *  30 f a 2 ,  

t h e  a v e r a g e  n u c l e o n  s p e e d  v= y+$ g % 6 ~  
and t h e  n u c l e o n  d e n s i t y  7 = 0.17 fm-3 , 
one g e t s  

This i s  big but s t i l l  smaller than the phenomenolo- 

g ica l  experimental values of Tp . Other f r i c t i o n  

mechanisms could therefore be important. 

The f r i c t i o n  mechanism r e s p o n s i b l e  f o r  

(14) i s  adequate f o r  d iss ipa t ion  df energy ii the 

early stages of the deep ine las t ic  reaction where 

the window i s  open. This happens In  both early and 

l a t e  stages of the reaction whenever there i s  so l id  

contact between the ions. 

O t h e r w i s e  t h e  v e l o c i t y  d i s t r i b u t i o n  ~ ( 2 5 )  

can  change s o  much d u r i n g  t h e  c o l l i s i o n  

t h a t  t h e  v e l o c i t y  a v e r a g i n g  becomes wrong.  

T h i s  c o n d i t i o n  f o r  t h e  m a g n i t u d e  o f  t h e  r e -  

l a t i v e  v e l o c i t y  c a n  b e  e x p r e s s e d  i n  t e r m s  

o f  a  c o n d i t i o n  f o r  p a s s i n g  t i m e s  

T h e r e  i s  a  number o f  c h a r a c t e r i s t i c  t i m e s  

f o r  n u c l e i  which  a r e  o f  i m p o r t a n c e  f o r  t h e  

dynamica l  p r o p e r t i e s  of  t h e  c o l l i d i n g  sy-  

s t em.  Some o f . t h e  t i m e s  a r e  c h a r a c t e r i s t i c  

f o r  t h e  m i c r o s c o p i c  s t r u c t u r e  o f  t h e  i o n s  

and some can  b e  more e a s i l y  v a r i e d  f rom 

o u t s i d e  by  f . e x .  c h a n g i n g  t h e  bombarding 

e n e r g y .  We s h a l l  n o t  make a  c o m p l e t e  l i s t  

o f  t i m e s  h e r e ,  b u t  o n l y  m e n t i o n  a  few i m -  

p o r t a n t  o n e s   a able I ) .  

T a b l e  I .  

can be var ied  
Times by changing 

A 

t i m e  between n u c l e a r  ex- 
two n u c l e o n  ?=Amew / F  c i t a t i o n  
s c a t t e r i n g s  free e n e r g y  

pdth 

t i m e  f o r  nu- n u c l e a r  
E c l e o n  t o  pass $=2R/F mass number 

lt; n u c l e u s  

In  t h e  l a t e r  s t a g e s  o f  t h e  r e a c t i o n  

where t h e  n e c k i n g  h a p p e n s ,  t h e  phenomeno- 

logical  analyses show a  la rge  f r i c t i o n  too. Also 

here other f r i c t i o n  mechanismsmay s e t  i n .  

One such  mechanism i s  t h e  d i s s i p a t i o n  

c a u s e d  by a n  e n e r g y  l o s s  f rom p a r t i c l e  c o l -  

l i s i o n s  w i t h  a  moving s u r f a c e  1181 ( a n o t h e r  

k i n d  o f  "one ,body f r i c t i o n " ) .  It seems ade -  

q u a t e  f o r  e x p l a i n i n g  t h e  f r i c t i o n  i n  f i s -  

s i o n  and v i b r a t i o n s  o f  n o t  t o o  h i g h  e n e r g y ,  

b u t  t h e  mechanism may a l s o  b e  i m p o r t a n t  

f o r  d e e p  i n e L a s t i c  r e a c t i o n s  b o t h  i n  t h e  

e a r l y  s t a g e s  and i n  t h e  s t a g e s  o f  n e c k i n g .  

Ano the r  p o s s i b l e  mechanism i s  t h e  "two body 

f r i c t i o n " .  It i s  a n a l o g o u s  t o  o r d i n a r y  

v i s c o s i t y  i n  l i q u i d s  and it becomes impor- 

t a n t  -f.or h i g h  e x c i t a t i o n  e n e r g y  where t h e  

n u c l e o n  mean f r e e  p a t h  d e c r e a s e s .  

I n  o r d e r  t , h a t  ( 1 4 )  i s  v a l i d - ,  one  must 

time f o r  sound n u c l e a r  
a wave t o  pass 'T;= 2/?/sound mass number 
f nucleus 

.c. time fo r  bne multi po la r i ty  
v i b r a t i o n a l  and nuclear 
o s c i l l a t i o n  ' 'WOscii~ mass number 

v 
A 

passing time bombarding en- 
$ f o r  i o n s  r- = 2 ~ / ] $ ,   erg^ and nu- 

E c lear  mass 

4 number 

2 passing the  bombard:ing 
nuclear sur- e n e r g y  

-p face of thick- %= b/13/ 
2 ness b  

U s u a l l y  t h e  " i n t e r n a l "  t i m e s  a r e  o r d e r e d  

i n  t h e  f o l l o w i n g  way 



while the "external" times and T6 , 
which depend on the bombarding energy, 

can be anywhere in this range. A slow 

(gentle) heaSy ion reaction has T5 > 5 
while the deep inelastic reactions have 

T < + . Both sets of ,inequalities 

are in agreement with (16), i.e. T2 < r5 . 
A fast reaction with nuclear compression 

has T5 L T 3  . Such reactions are dis- 

cussed in sect-ion 4. The random nature of 

the nucleon transfer leading to dissipa- 

tion of energy has one more consequence. 

It gives rise to diffusion of particles in 

such a way that the deep inelastic reac- 

tion products exhibit broad mass distribu- 

tions. The diffusion was described by NB- 

renberg 1191 in terms of the Master equa- 

tion and the ~ o k k k r  Planck equation. See 

also 1201. 

So far, we considered only simple mo- 

dels for energy loss for which the veloci- 

ty proportional friction (8) is adequate. 

It is worth noticing that the big dissipation 

(10) may in fact occur via the macrosco- 

pic degrees of freedom in {Q) [21],[22], 

In this case, (8) can no longer be used 

and we have the more complicated situation 

which was mentioned in the first part of 

this section. 

As it was' written in section 2.1, one 

expects that multiparticle direct* reactions 

become more important as the nuclear exci- 

tati-on energy exceeds the nuclear "boil- 

ing" point. This does not mean that bina- 

ry processes are expected suddenly to dis- 

appear at this energy. They will probably 

remain at much higher bombarding energy, 

especially for -the distant (grazing) colli- 

sions. 'One of the interesting problems at 

the higher energies is if the still remain- 

ing binary deep inelastic processes are al- 

so "fully relaxed" at higher energy. For- 

mula (9) makes room for the lack of full 

damping for big systems at higher energy. 

There seems to be some evidence af lack of 

full damping in the reaction Kr + Pb at 
718 MeV while Xe + Pb at 1120 MeV still 

exhibits full damping [23]. This problem 

requires further investigation. 

4. Hard heavy ion reactions. 

4.1 NucLear compression. 

Already as early as in 1959 it was 

suggested L241 that it might be possible 

to compress nuclear matter in nuclear reac- 

tions of sufficiently high energy. Further 

theoretical studies of these possibilities 

were, however, not started until 1973 K251 

- 1281 and the interest for the compression 
was greatly increased after Lee and Wick 

121 suggested the possible existence of 

stable highly dense nuclear matter. 

So far, there has only been two ways 

of obtaining nuclear matter at high pres- 

sure. One is in neutron stars where the 

gravitational field compresses the system. 

The other is in heavy ion reactions at su- 

personic speeds, called hard heavy ion re- 

actions in this lecture. Both methods are 

difficult to utilize. The second one, be- 

cause the high compression requires so 

high bombarding energy that the compressed 

system is strongly heated and disintegrates, 

probably in many fragments, soon after the 

ion-ion impact. As we shall see later, the 

Compression ratio in the hard heavy ion re- 

action (ratio between the densities in the 

compressed matter and the cold matter) is 

presumably not very high, only of the order 

of 2 - 4, and all research requiring high- 
er nuclear densities can therefore not be 

performed in the laboratory, as far as one 

can see at the moment. 

4.2 Experiments. 

So far, there have only been made a few 

H.I. collision experiments at these high 

speeds. Emulsion experiments 1291, 

fig. 5,show that the events give rise to 

"stars" of emitted nuclear fragments. Some 

angular distributions of reaction products 

are shown in figs. 6 and 7. See also C331. 

Presently, it is not possible to conclude 

from these data how much the nuclear matter 

has been compressed in the reactions. It 

has been claimed 1321 that the peak at for- 

ward angles, fig. 7, could be a specific 

signal from shock front motion in the col- 

liding system created by a moving local 

T-meson condensate. Statistical microsco- 

pic calculations (see sections 4.3 and 4.4) 
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however,  show t h a t  s h a r p  shock  f r o n t s  do s u g g e s t e d  [ l 1  t h a t  t h e s e  e v e n t s  c o r r e s p o n d  

n o t  e x i s t  and f o r  t h i s  r e a s o n  t h e  shock 

f r o n t  i n t e r p r e t a t i o n  seems p r o b l e m a t i c .  

F i g .  5 .  A " s t a r "  e v e n t  f rom an  m u l s i o n  
bombarded w i t h  1 . 8  GeVInucleon &OAr  i o n s .  
L291 

F i g .  6 .  E x p e r i m e n t a l  d i f f e r e n t i a l  c r o s s  
s e c t i o n  ds/& , measured by Lexan f o i l  
d e t e c t o r s , o f  3 ~ e  r e a c t i o n  f r a g m e n t s  from 
1 6 0  + Ag a t  1 . 0 5  GeV/nucleon LAB-energy. 
L301 

I n  t h e  e x p e r i m e n t s  t h e r e  a r e  o b s e r v e d  s t a r s  

w i t h  p rongs  which  by t h e i r  momentum can be  

d e v i d e d  i n  two c l e a r l y  d i s t i n g u i s h a b l e  

g r o u p s ,  one  f o r  t a r g e t - l i k e  p r o d u c t s ,  and 

one  f o r  p r o j e c t i l e  p r o d u c t s .  I t  h a s  been  

t o  p e r i p h e r a l  c o l l i s i o n s  where t h e  e n e r g y  

t r a n s f e r  t o  i n t r i n s i c  e x c i t a t i o n  i s  moder- 

a t e ,  b u t  s t i l l  s o  b i g  t h a t  t h e  f r a g m e n t s  

can  d i s i n t e g r a t e  i n  a  number o f  p i e c e s .  

F i g .  7 .  R e a c t i o n  p r o d u c t s  f o r  c e n t r a l  o r  
a l m o s t  c e n t r a l  c o l l i s i o n s  o f  0.8'7 GeV/nu- 
c l e o n  160  on AgCl c r y s t a l s  measured  by 
c o u n t i n g  t r a c k s  i n  " s t a r s "  o f  more t h a n  3 
p r o n g s .  The c u r v e  i s  a  c a l c u l a t e d  evapo- 
r a t i o n  d i s t r i b u t i o n .  l311 

From t h e  " s t a r "  e v e n t s ,  one  h a s  a l s o  i d e n -  

t i f i e d  a  number o f  c h a r g e d  p a r t i c l e s  f rom 

more e v a p o r a t i o n - l i k e  p r o c e s s e s .  They may 

have  b e e n  p roduced  a s  s e c o n d a r y  p r o d u c t s  

from e x c i t e d  f r a g m e n t s  coming f rom e i t h e r  

b i n a r y  o r  m u l t i  body f r a g m e n t a t i o n  p r i m a r y  

p r o c e s s e s .  

A l r e a d y  from t h e s e  few remarks  i t  c a n  

b e  s e e n  t h a t  t h e  e x p e r i m e n t a l  s i t u a t i o n  i s  

r a t h e r  c h a o t i c .  Whether o r  n o t  t h e r e  h a s  

been  compress ion  i n  t h e  p r o c e s s e s  c a n n o t  

i m m e d i a t e l y  b e  c o n c l u d e d  on t h e  b a s i s  o f  

t h e  d a t a .  What can  b e  s a i d  w i t h  c o n f i d e n c e  

i s  t h e  r a t h e r  t r i v i a l  remark  t h a t  t h e  r e a c -  

t i o n s  a r e  t o  a  h i g h  d e g r e e  o f  t h e  e x p l o s i o n  

m u l t i p a r t i c l e  t y p e  which  a c c o r d i n g  t o  

f i g .  2  s h o u l d  e x i s t  f o r  a l l  e n e r g i e s  above 

t h e  n u c l e a r  b o i l i n g  p o i n t .  

4 .3  Hydrodynamic c o m p r e s s i o n .  

The e x p e r i m e n t s  a r e  vague  w i t h  r e s p e c t  

t o  c o n c l u s i o n s  a b o u t  c o m p r e s s i o n ,  b u t  on 

t h i s  p o i n t /  t h e  t h e o r i e s  a r e  more s p e c i f i c .  

B e f o r e  g o i n g  i n t o  d e t a i l s  a b o u t  t h e  c a l c u -  

l a t i o n s ,  it i s  w o r t h  p o i n t i n g  o u t  t h a t  when 

one compresses  o r d i n a r y  g a s e s  and l i q u i d s ,  
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it can be done by means of a piston in a 

cylinder. In this way one can easily ob- 

tain very high densities. It. is also easy 

to deal with the cooling of the compressed 

matter via heat conduction from the cylin- 

der to a surrounding heat absorbing medium. 

The situation is much more difficult in 

nuclei. The only way to compress the mat- 

ter is via the correlated momenta in the 

projectile and target in a hard heavy ion 

collision. The nuclear surface acts only 

in a very weak way as surrounding walls. 

This means that the system has practically 

free surfaces and can ea.sily become dis- 

integrated after a short compression peri- 

od during the collision, and the cooling 

is done by emission of particles which 

causes a large loss of mass from the com- 

pressed zone. It is therefore not very 

probable that the reaction product should 

finally consist of cold highly compressed 

nuclear matter even if this phase is a 

possible phase of nuclear matter. 

The first calculations of the compres- 

sion in heavy ion collisions were made by 

using hydrodynamics L251 - C281. In hydro- 

dynamics the Hugoniot theory for strong 

shock formation can be used. It says that 

for a gas of point particles obeying Bolz- 

mann statistics (this is also the case for 

a highly excited Fermi-gas, such as the 

nuclear system) the maximum unrelativistic 

compression ratio for the collision of two 

infinite slabs is 

This ratio is obtained when the incident 

velocity is much larger than the speed of 

sound in the matter. For a monatonic 

changes i.n the material during the compres- 

sion could change (18). An endothermic 

process in the matter, for example, in- 

creases 'max 
The condition for the validity of hy- 

drodynamics is that the mean free path of 

the particles in the fluid can be neglected 

relative to the overall dimensions of the 

fluid. This condition is clearly not well 

fulfilled in nuclei because the mean free 

path is around 2 fm in the uncompressed 

matter. All conclusions which rely heavi- 

ly on the existence of sharprTshock fronts 

may therefore not be true. 

4.4 Statistical microscopic theory of com- 
pression. 

In order to solve the problem of the 

fluctuations and in order to relate the 

dynamics of the hard collision directly to 

the nucleon-nucleon interaction rather than 

through an equation of state, several 

groups have recently independently started 

calculations of hard heavy ion collisions 

in a statistical microscopic theory. [34]- 

l381. 

The idea of the various models which 

differ in techniques and sophistication, 

but not in the basic philosophy, is the 

following. The nuclei are described as 

collections of particles which move accord- 

ing to the classical Newtonian laws. The 

heavy ion collision is simulated by calcu- 

lation of each nucleon-nucleon collision 

successively. The distribution of nucleon 

positions2'and velocities vary as functions 

of time and they are averaged according to 

some ad hoc specifications in order to have 

smooth functions of densities, spectra, 

etc. 
Bolzmann aas the ratio of sDecific heats 

We shall here report o'n some calculated 
is Cp/Cv = 5/3, and therefore v,,, = 4. results from a model which was set up by 

For colliding nuclei one can apply the 
the Copenhagen-Oak Ridge group [ 3 6 1 .  The 

Hugoniot theory with proper geometrical 
cold nuclei are spherical collections of 

and dynamical boundary conditions and one 
free point-like particles at relative rest. 

obtains in this way compression ratios of 
The nucleon-nucleon scattering cross sec- 

same order of magnitude as (18). For en- 
tion was chosen as 2 5  mb and with a sphe- 

ergies in the relativistic region the cal- 
rical symmetric angular distribution (ran- 

culated com~ression ratio may increase, 
domly generated) and conservation of ener- 

but because of a relatively long nucleon 
gy and momentum microscopically and angular 

momentum decay length at these energies, 
momentum macroscopically. 

the hydrodynamic assumption is bad. Phase 
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I H E A D - O N  C O L L I S I O N  O F  U + U 1 

l 
0 TWO-NUCLEON SCATTERINGS 100 TWO-MCLEON SCATTERINGS 

t = O  l = 0.5 R / v o  
I l 

F i g .  8 .  C a l c u l a t e d  p o s i t i o n s  o f  n u c l e o n s  
i n  a  head on U + U c o l l i s i o n .  Each pro-  
j e c t i o n  p l o t  i s  l a b e l l e d  w i t h  t h e  number 
o f  a l r e a d y  o c c u r r e d  nuc leon-nuc leon  s c a t -  
t e r i n g s  and w i t h  t h e  t i m e  i n  u n i t s  o f  R/vo 
where 2vo i s  t h e  r e l a t i v e  s p e e d  of t h e  two 
n u c l e i .  

700 TWO-NUCLEON SCATTERINGS 
l = ! . !  R / v o  

I 

The r e s u l t  o f  a  U + U c o l l i s i o n  a t  

f o u r  d i f f e r e n t  t i m e s  i s  shown i n  f i g .  8 ,  

and  t h e  r e s u l t i n g  c e n t r a l  d e n s i t y  i n  

f i g .  9 .  F i g s .  1 0  and 11 show mass d i s t r i -  

b u t i o n s  o f  t h e  compressed sys t em , a long  t h e  

beam d i r e c t i o n  and a l o n g  a  d i r e c t i o n  

t h r o u g h  t h e  c e n t e r  o f  mass o r t h o g o n a l  t o  

t h e  beam d i r e c t i o n .  From f i g .  10  it i s  

s e e n  t h a t  t h e r e  i s  no s h a r p  shock  f r o n t .  

I n  f i g .  11 t h e r e  i s  a  s m a l l  i n c r e a s e  of 

t h e  d e n s i t y  a t  t h e  d i s t a n c e  2-3 fm f rom 

t h e  c e n t e r  o f  mass .  T h i s  i n d i c a t e s  t h a t  

t h e r e  i s  a  t e n d e n c y ,  i n  t h i s  c o l l i s i o n ,  o f  

a  t o r u s - l i k e  compressed zone  a t  an  i n t e r -  

m e d i a t e  s t a g e  o f  t h e  r e a c t i o n .  

The above men t ioned  t r e a t m e n t  does  n o t  

a p p l y  t o  e n e r g i e s  c l o s e  t o  t h e  Fermi  e n e r -  

gy .  I n  t h a t  c a s e  t h e  a v e r a g e  n u c l e a r  po- 

t e n t i a l  and t h e  i n t r i n s i c  k i n e t i c  n u c l e o n  

e n e r g y  s h o u l d  b e  i n c l u d e d .  A l so  t h e  e f -  

f e c t  o f  t h e  P a u l i  p r i n c i p l e  canno t  b e  neg- 

l e c t e d .  These  e f f e c t s  have  been s t u d i e d  

1300 T W O - N U C L E ~ N  SCATTERINGS 
1~1.8 R/vo 

I 

[341[351[371.  The c o n c l u s i o n s  a r e  n o t  v e r y  

d i f f e r e n t  f rom t h e  p r e s e n t  o n e s  e x c e p t  t h a t  

t h e  b i n d i n g  o f  t h e  s y s t e m  makes t h e  exp lo -  

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

l y  r e p u l s i v e  model ,  b e c a u s e  b i g g e r  f r a g -  

men t s  c a n  b e  c r e a t e d ,  Because  t h e  B r o g l i e  

wave l e n g t h  i n  t h e  nuc leon-nuc leon  c o l l i -  

s i o n  e x c e e d s  t h e  i n t e r  n u c l e o n  d i s t a n c e ,  

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

c o h e r e n c e  i s ,  o f  c o u r s e ,  n o t  p o s s i b l e  t o  

s t u d y  i n  a  c l a s s i c a l  model .  

TIME IN UNITS OF R / v, 
0 5 1 0  1 5  2.0 

IMPACT NUCLEON-NUCLEON I 
SCATTERING " I  A3 --------- + ------ ----+-- ?l A 

I I 
1 

v, 
z I 1 
W 2 

- 
-1----- n 

W 
E 
C 

NUMBER OF ALREADY OCCURRED NUCLEON SCATTERINGS 

F i g .  9 .  C a l c u l a t e d  t i m e  dependence  o f  t h e  
compress ion  r a t i o  ?/P, n e a r  t h e  C M  f o r  a  
head on U + U c o l l i s i o n .  The f o u r  c u r v e s  
d i f f e r  o n l y  i n  t h e i r  Monte C a r l o  numbers.  
The lower  t i m e  s c a l e  r e f e r s  t o  t h e  c u r v e  
marked w i t h  a  c i r c l e d  1. 

It i s  hoped t h a t  t h e  m i c r o s c o p i c  models  

w i l l  e v e n t u a l l y  b e  d e v e l o p e d  s o  f a r  t h a t  

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

c o l l i s i o n s  can  be  i d e n t i f i e d  e x p e r i m e n t a l -  

l y .  Such s p e c i f i c  e f f e c t s  a r e  f . e x .  t h e  

n u c l e a r  compress ion  a n d  p o s s i b l e  conden- 

s a t e s  [ 2 1 ,  [ h ] ,  [51 .  

5 .  L i g h t  p a r t i c l e  i n d u c e d  r e a c t i o n s .  

The e n e r g y  d e p o s i t  i n  a  heavy  i o n  r e -  

a c t i o n  i s  o f  t h e  o r d e r  o f  ( A , ~ A , ) .  &(CM) 

( 6 )  which c a n  e a s i l y  be  some GeV i n  a  

h a r d  h e a v y  i o n  r e a c t i o n .  R e a c t i o n s  w i t h  

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

t i m e  been  s t u d i e d  e x p e r i m e h t a l l y  by h i g i  

e n e r g y  p r o t o n  and a - p a r t i c l e  i n d u c e d  s p a l -  

l a t i o n  r e a c t i o n s ,  s e e  f . e x .  [391 .  One 
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finds that the product masses range over 

the whole region from A = 1 to A = At+Ap. 

The mass distributions Gepend on the bom- 

barding energy and seem to become almost 

constant above a certain bombarding ener- 

gy (the plateau value). 

DENSITY ALONG COLLISION AXlS 
I N  HEAD-ON U + U  COLLISIONS 

0 p+/po, A 7 = 0 . 9  f m  - -- p+/p, A?= 1.8 f m  

pk/po,  A 7 = 0 . 9  f m  - p+/p .  A?= 1.8 f m  

- - p/po FOR NON -INTERACTING COLLIDING SPHERES 

0 f =  0 . 3 x 1 0 - ~ ~  sec - 
+ - - -- - - - 

POST-COLLISION SYSTEM ,---____ 
t= 1.1 x 10-22 sec ,_---.. 

0 . 
*. ' ..____-*' 

0 2 4 6 8 10 12 14 
IzI ( fm) .  DISTANCE FROM c.m. ALONG COLLISION AXlS 

Fig. 10. Densities calculated along the 
collision axis z , at 3 different times 
during collision. At each time, the cir- 
cle-diagrams and long-dashed lines de- 
scribe two colliding non-interacting 
spheres of density 9, . The calculated 
densities are averaged within finite vol- 
ume elements, and then further averaged 
over 10 collisions differing only in their 
random numbers. For p+ (AF) the volume 
elements were small cylinders, symmetric 
around the collision axis z , each of ra- 
dius A; , z-span 1.13 fm, and mean Z=lz/  
as plotted. To get Q ~ ( A P )  , there was 
made a further average over two similar 
cylinders at z = +Izl and -121 . 

DENSITY I N  PLANE HALF-WAY BETWEEN INIT IAL NUCLEI 
I N  HEAD-ON U + U  COLLISIONS 

I =0 ,  A z = l  1 f m  

7 = 0 ,  A z  = 3 4 f m  

- -p/po FOR NON - INTERACTING UNIFORM - DENSITY SPHERES 

OVERLAP RADIUS 

. . 
f = 0.5 sec - - - - - - - 

t 1 

z W OVERLAP RADIUS 

n '0 2 4 6 8 10 

POST-COLLISION SYSTEM : f = 1 ( K sec 

* ------- --t 

I I I I I I 
0 2 4 6 8 10 

? ( f m ) ,  DISTANCE FROM COLLISION AXlS 

Fig. 11. Densities calculated near z = 0 
plane (i.e. the plane midway between the 
initial nuclei, normal to the collision 
axis). Other details are as in Fig. 10, 
except for the volume elements. Here the 
elements comprise one central disc plus a 
series of surrounding rings - all cylin- 
drically symmetric around the z axis, and 
forward-backward symmetric with respect to 
the z = 0 plane. Each element has total 
z-span A Z  , cylindrical-radius-span 
A = 0.905 fm, and mean r as plotted. 

For mean we use volume-weighted aver: 
ages. 

This is important to notice when one 

compares the mass distributions from light 

particle spallations with those of heavy 

ion reactions, with a similar energy depo- 

sit. Although the energy deposit of a 

light-particle induced reaction could be 

as high as in some hard heavy ion reac- 

tions, the physics of the two types of re- 
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a c t i o n  i s  e x p e c t e d  t o  be  l e s s  v i o l e n t  t h a n  

t h e  heavy i o n  r e a c t i o n  o f  t h e  same e n e r g y  

b e c a u s e  o f  t h e  c o r r e l a t e d  heavy  i o n  momen- 

tum. T h i s  momentum i s  a  f a c t o r  A:'~ 

t i m e s  l a r g e r  t h a n  t h e  momentum f o r  a  p ro -  

t o n  o f  t h e  same e n e r g y  a s  t h e  heavy  i o n .  

It i s  t h e r e f o r e  e x p e c t e d  t h a t  t h e  p r o t o n  

i n d u c e d  r e a c t i o n  w i l l  p r o c e e d  i n  a  way 

which  i s  v e r y  d i f f e r e n t  f rom t h e  heavy i o n  

r e a c t i o n .  T h i s  i s  w e l l  known from c l a s s i -  

c a l  mechan ics .  The s m a l l  b u l l e t  j u s t  

makes a  h o l e  i n  t h e  t a r g e t  b u t  a  b i g  s low 

b u l l e t  w i t h  t h e  same e n e r g y  c a n  make a  l o t  

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

6 .  C o n c l u s i o n s .  

An o l d  Dan i sh  word s a y s  t h a t  t h e  most  

d i f f i c u l t  t h i n g  t o  p r e d i c t  i s  t h e  f u t u r e .  

We must f a c e  t h i s  when we a r e  a s k e d  t o  t e l l  

what GANIL c a n  g i v e  u s .  I n  f a c t ,  i f  we 

c o u l d  p r e d i c t  what i s  g o i n g  t o  b e  o b s e r v e d ,  

t h e r e  would b e  no need  o f  b u i l d i n g  t h e  ac -  

c e l e r a t o r .  We s h a l l  t h e r e f o r e  b e  s a t i s -  

f i e d  w i t h  t h e  modest  r e s u l t  t h a t  t h e  s t u -  
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