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R e l a t i v i s t i c  heavy ion  c o l l i s i o n s  a s  
they a r e  now s tudied a t  Berkeley with t h e  
Bevalac a r e  somewhat pragmatically subdi- 
vided i n t o  per iphera l  and c e n t r a l  c o l l i -  
s ions .  I n  a  pe r iphera l  c o l l i s i o n  t a r g e t  
and p r o j e c t i l e  nucle i  i n t e r a c t  only i n  t h e  
t a i l s  of t h e i r  densi ty  d i s t r i b u t i o n s .  
Therefore only a  small amount of energy, 
and momentum is  t r ans fe r red  and t h e  mult i-  
p l i c i t i e s - a s  one can s e e  i n  streamer 
chamber pictures-are small. I n  a  more 
c e n t r a l  c o l l i s i o n ,  however, l a rge  amounts 
of nuclear matter  i n t e r a c t  and we have 
events with a  very high m u l t i p l i c i t y .  

We have s t a r t e d  an experimental pro- 
gram i n  an LBL-Marburg-GSI co l l abora t ion1r2  
t o  measure t h e  emitted fragments e lec-  
t r o n i c a l l y  a s  t o  t h e i r  mass,, charge, 
energy, angle of emission, and assoc ia ted  
mul t ip l i c i ty .  

I n  t h i s  r epor t  I w i l l  f i r s t  present  
our  d a t a  of double d i f f e r e n t i a l  c ross  sec- 
t i o n s  which have been measured f o r  high 
energy p, d,  t ,  3 ~ e ,  and ' ~ e  p a r t i c l e s  
emitted from uranium t a r g e t s  i r r a d i a t e d  
with  ON^ ions  a t  250, 400, and 2100 
MeV/nucleon and " ~ e  ions a t  400 MeV/nucleon. 
Then i n  the  ana lys i s ,  by using the  shape 
and y i e l d  of the  proton energy spec t ra ,  
the  shape and y i e l d  of t h e  .d, t ,  3 ~ e ,  and 
%e energy spec t ra  can be deduced a t  a l l  
measured angles  f o r  all inc ident  p r o j e c t i l e  
energies  assuming t h a t  they a r e  formed by 
coalescence of cascade nucleons using a  
model analogous t o  t h a t  of But ler  and 
Pearson, and Schwarzschild and ~upanEiE. 
F ina l ly  and most important, we f i n d  t h a t  
t h e  o v e r a l l  f e a t u r e s  of t h e  proton inclu-  
s i v e  spec t ra  a r e  f i t  without any adjustabxe 
parameter by a  proposed nuclear f i r e b a l l  
model. I n  t h i s  model the  nucleons which 
a r e  mutually swept ou t  from the  t a r g e t  and 
p r o j e c t i l e  form a  hot  quas i -equi l ibra ted  
f i r e b a l l  which decays a s  an i d e a l  gas. 

Experimentally, we have measured the  
energy spec t ra  from 30 t o  120 MeV/nucleon 
a t  severa l  l abora to r  angles f o r  protons, 
deuterons , t r i t o n s ,  'He, and " ~ e  emitted 
from uranium bombarded wi th  beams from t h e  
Bevalac. The hydrogen and helium isotopes  
were i d e n t i f i e d  a s  t o  t h e i r  charge and 
mass i n  a  AE-E te lescope cons i s t ing  of a  
2-mm thick s i l i c o n  AE counter (300 mm2) 
and a  10-cm long p l a s t i c  s c i n t i l l a t o r  a s  
an E detector .  For measuring t h e  associ-  
a t e d  m u l t i p l i c i t y  of these  emitted f rag-  
ments we i n s t a l l e d  15 p l a s t i c  s c i n t i l l a t o r s  
( t a g  counters)  connected t o  2 i n .  diameter 
photomultipliers around our s c a t t e r i n g  
chamber. A s p e c i a l  t h i n  A 1  cover was b u i l t  
t o  serve a s  an absorber f o r  protons up t o  

45 MeV and pions up t o  20 MeV s o  t h a t  t h e  
t a g  counters do not  measure t h e  targe.t  
evaporation products. Furthermore, the  t a g  
counters d i d  not  subtend t h e  angle from O 0  
t o  15O i n  order  t o  avoid any events due t o  
break up of the  p r o j e c t i l e  i n  a  pe r iphera l  
c o l l i s i o n .  A p a r t i c l e  detected i n  t h e  
telescope opened f o r  30 nsec a  ga te  i n  t h e  
16-fold discr iminator  and coincidence l a t c h  
of t h e  15 t a g  counters.  Therefore a  p a r t i -  
c l e  detected i n  t h e  te lescope was i d e n t i -  
f i e d  f o r  A ,  Z ,  E ,  9, and the  r e l a t i v e  
m u l t i p l i c i t y  of the  s t a r  it belonged t o  a s  
we l l  a s  f o r  t h e  information of which t a g  
counters had f i r e d .  Thus a  rough s p a t i a l  
d i s t r i b u t i o n  of t h e  m u l t i p l i c i t y  events 
could be detected.  Figure 1 shows t h e  
experimental layout.  
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Figure  1. S c a t t e r i n g  chamber w i t h  t e l e s c o p e s  and 
m u l t i p l i c i t y  d e t e c t o r .  

The r e l a t i v e  cross  sec t ions ,  which 
a r e  accurate  t o  wi thin  20%, were obtained 
by normalizing t o  a  monitor te lescope 
f ixed a t  90' with respec t  t o  t h e  beam. 
The absolute  cross  sec t ions  were obtained 
by normalizing t o  previously measured 
d a t a . 3 ~  Double d i f f e r e n t i a l  cross  sec t ions  
f o r  t h e  various emitted p a r t i c l e s  a r e  pre- 
sented i n  Fig. 2. Although many more 
angles have been measured, only some of 
t h e  spec t ra  a r e  ahown. The energy spec t ra  
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I n  high energy proton induced reac- 

2 0 ~ e  + U  
t i o n s  t h e  observation of deuterons was 

2 5 0  MeV/nucl explained by Butler  and pearson4 a s  the  
coalescence of cascade nucleons. In  t h i s  

100 model, which was modified by Schwarzschild 
and zupanEiEI5 t h e  deuteron densi ty  i n  
momentum space i s  predic ted  t o  be  propor- 

1 0  t i o n a l  t o  the  proton densi ty  times the  
p robab i l i ty  of f inding a neutron within a - - small sphere of radius  p, around the  proton 
momentum. P.  J. Johansen i n  our group has 

211 extended t h i s  formalism t o  more complex 
p a r t i c l e s  i n  the  l i m i t  of low densi ty  i n  

L 

-" 10 momentum space and high mul t ip l i c i ty . '  

W We apply t h i s  formalism t o  our heavy $/g l ion data assuming t h a t  t h e  protons and 
neutrons have the  same momentum d i s t r ibu-  
t i o n  and t h a t  t h e i r  y i e l d  i s  equal t o  t h e  
neutron t o  proton r a t i o  i n  the  projectile 

0.1 plus  t a r g e t .  Thus we allow only f o r  one 
f r e e  parameter p. and use t h e  measured 

0 2 0  4 0  6 0  8 0  100 120 140 proton spec t ra  a s  r epresen ta t ives  f o r  t h e  
ElOb ( MeV/nucl) 

X BL76 6-9067 
nucleon d i s t r i b u t i o n s .  

F i g u r e  2 .  Double d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  
p ,  d ,  t ,  3 ~ e ,  and ' ~ e  e m i t t e d  from  ON^ + U 
a t  250 MeV/nucleon. 

of a l l  products a r e  smooth and show no 
peaks. The slopes of the  energy spec t ra  
become s teeper  with increas ing angle and 
a l s o  with increas ing mass of  t h e  emitted 
p a r t i c l e .  

The measured associa ted  m u l t i p l i c i t i e s  a r e  
q u i t e  high. In  Fig. 3 we see t h i s  mult i-  
p l i c i t y  increase  a s  we increase  the  pro- 
j e c t i l e  mass o r  a s  we increase  t h e  projec- 
t i l e  energy. Remember t h a t  t h i s  mult i-  
p l i c i t y  includes only the  high energy p a r t  
(fragments above S45 MeV/amu and pions 
above 20 MeV) of the  s t a r  event. I n  order 
t o  obta in  t h e  absolute  m u l t i p l i c i t y  one 
has t o  know the  f u l l  s p a t i a l  d i s t r i b u t i o n  
of the  t ag -par t i c l e s  and one has t o  cor rec t  
f o r  s t a t i s t i c a l ' e f f e c t s  i n  the  measurements. 

! Z O ~ e + U  U target Ne at 2100 MeV/nucl ! 
bombarded wlth on 
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F i g u r e  3. M u l t i p l i c i t y  d i s t r i b u t i o n  i n  t h e  15  t a g  
c o u n t e r s  i f  a  3 ~ e  h a s  b e e n  d e t e c t e d  i n  t h e  
t e l e s c o p e  a t  60° l a b .  

The ana lys i s  of these  data  was f i r s t  
focused on the  question of whether t h e  
complex fragments were r e l a t e d  t o  each 
other .  

F i g u r e  4 .  Comparison o f  e x p e r i m e n t a l  doub l e  
d i f f e r e n t i a l  c r o s s  s e c t i o n s  ( d o t s )  w i t h  
c a l c u l a t i o n s  of t h e  c o a l e s c e n c e  model .  

I n  Fig. 4 we show measured double 
d i f f e r e n t i a l  cross-sections f o r  d, t ,  3 ~ e ,  
' ~ e  compared t o  ca lcu la t ions  of such a 
coalescence process. For each p r o j e c t i l e  
inc iden t  energy and fragment we ex t rac ted  
one value f o r  p0 which a r e  a l l  around 130- 
140 MeV/c. The p. values a r e  remarkably 
uniform even though absorbed i n t o  t h i s  
parameter a r e  the  many f a c t o r s  l i k e  nuclear 
s t r u c t u r e  of the  fragments, co r re la t ions ,  
e t c . ,  not  e x p l i c i t l y  accounted f o r  i n  t h i s  
simple model. 



CENTRAL COLLISIONS 

Now t h a t  we have a  l i n k  between t h e  
emi t t ed  complex fragments and t h e  emi t t ed  
pro tons ,  w e h a v e  t o - c o n c e n t r a t e  on t h e  
understanding o f  t h e  mechanism which l eads  
t o  t h e  emission of nucleons w i th  a  smooth 
energy d i s t r i b u t i o n  and i n  a  forward 
peaked angu la r  d i s t r i b u t i o n .  

A very  s imple model2 i s  proposed h e r e  
c o n s i s t i n g  of  a  f i r e b a l l ,  formed from t h e  
nucleons mutually swept o u t  from t h e  t a r -  
g e t  and p r o j e c t i l e ,  which decays a s  an 
i d e a l  gas. The model uses  t h e  eometr ica l  
concepts  of  t h e  ab ra s ion  model,' t h e  f r e e  
expansion of  an i d e a l  ga s ,  and f o r  t h e  
ex tens ion  t o  h igher  ene rg i e s ,  t h e  statisti- 
c a l  thermodynamics o f  s t r o n g  i n t e r a c t i o n s  
by H a g e d ~ r n . ~  The geometr ica l  concepts  of  
t h i s  model a r e  i l l u s t r a t e d  i n  Fig.  5. I t  
i s  assumed t h a t  t h e  t a r g e t  and p r o j e c t i l e  
a r e  spheres  w i th  r a d i u s  equal  t o  1.2 6 ' 3 ,  

and t h a t  t h e  p r o j e c t i l e  and t a r g e t  make 
c l e a n  c y l i n d r i c a l  c u t s  through each o t h e r ,  
l e av ing  a s p e c t a t o r  p i ece  of  t h e  t a r g e t  
and, i f  t h e  impact parameter is l a r g e  
enough, a l s o  a  s p e c t a t o r  p i ece  of t h e  
p r o j e c t i l e .  We c a l c u l a t e  a s  a  func t ion  of  

Figure  5. A r t i s t  ' S  v i ew  o f  t h e  e x p l o d i n g  f i r e b a l l  
which  moved o n  w i t h  t h e  v e l o c i t y  $ w h i l e  t h e  
spec ta to r - cap  o f  t h e  p r o j e c t i l e  c o n t i n u e s  w i t h  
Binc .  Cap and t a r g e t - s p e c t a t o r  w i l l  absorb  
p a r t i c l e s  e m i t t e d  i n  t h e i r  d i r e c t i o n  from t h e  
exp lod ing  f i r e b a l l  caus ing  shadows. 

impact parameter b t h e  number o f  nucleons 
swept ou t  from t h e  p r o j e c t i l e  and t a r g e t  
and from kinematics  t h e  l abo ra to ry  v e l o c i t y  
of t h e i r  c e n t e r  of mass. I n  t h e  c e n t e r  of  
mass of  t h e s e  nucleons t h e  a v a i l a b l e  energy 
p e r  nucleon-which is assumed t o  be t h e i r  
k i n e t i c  energy minus 8 MeV binding  energy- 
i s  transformed i n t o  " h e a t '  l e ad ing  t o  a  
quas i - equ i l i b r a t ed  n u c l e a r  " f i r e b a l l " .  
The f i r e b a l l  is  t r e a t e d  r e l a t i v i s t i c a l l y  
a s  an i d e a l  gas w i th  temperatures  de t e r -  
mined by t h e  a v a i l a b l e  energy p e r  nucleon. 
The d a t a  a r e  compared t o  t h i s  model wi thout  
any a d j u s t a b l e  parameters  i n  Fig.  6  and 
good agreement i s  obta ined  f o r  250 and 400 
MeV/nucleon i n c i d e n t   ON^ and 400 MeV/nucle- 
on i n c i d e n t  ' ~ e .  On t h e  average t h e  
f i r e b a l l  con ta in s  64 nucleons and is  a t  a  
temperature of 50 MeV ( f o r  400 MeV/nucleon 

 ON^) . 

Elab ( MeV) 
XBL 768.3873 

Figure  6 .  For t h e  2.1 GeV/nucleon 2 0 ~ e  d a t a ,  two  
f i r e b a l l s  w i t h  o n l y  25% o f  t h e i r  o r i g i n a l  
r e l a t i v e  l o n g i t u d i n a l  momentum i n  t h e i r  c e n t e r  
o f  mass d i s s i p a t e d  i n t o  h e a t  can  d e s c r i b e  t h e  
mea&ured d i s t r i b u t i o n s .  

values  of  temperature and l abo ra to ry  veloc-  
i t y  which a r e  t o o  l a r g e  even when we have 
inc luded  a cool ing  e f f e c t  by a l lowing  an 
i n t e r n a l  e x c i t a t i o n  of t h e  nucleons t o  
baryon resonances.  One way t o  desc r ibe  
t h e  shape of  t h e  d a t a  i s  t o  assume (dashed 
curves)  t h a t  t h e r e  a r e  s e p a r a t e  p r o j e c t i l e  
and t a r g e t  f i r e b a l l s  and t h a t  on ly  25% o f  
t h e i r  o r i g i n a l  r e l a t i v e  l o n g i t u d i n a l  
momentum i n  t h e i r  c e n t e r  of  mass i s  ran- 
domized and d i s s i p a t e d  i n t o  hea t ing  both 
t o  t h e  same temperature.  

This  s imple model desc r ibes  i n  i t s  
f i r s t  a t tempt  q u a n t i t a t i v e l y  q u i t e  suc- 
c e s s f u l l y  t h e  measured pro ton  i n c l u s i v e  
spec t r a .  Q u a l i t a t i v e l y  it p r e d i c t s  a 
shadow e f f e c t  caused by t h e  s p e c t a t o r  
p i e c e s  of  t h e  t a r g e t  and t h e  p r o j e c t i l e  
which we have observed i n  t h e  m u l t i p l i c i t y -  
p a t t e r n  a s  a  func t ion  of t h e  angular  
d i s t r i b u t i o n  o f  t h e  p a r t i c l e s  de t ec t ed  i n  
t h e  t e l e scope .  The p re sen t  model a l s o  
enables  us  t o  p r e d i c t  nucleon m u l t i p l i c i -  
t i e s  and wi th  some modif ica t ions  p ion  
i n c l u s i v e  s p e c t r a  and m u l t i p l i c i t i e s .  

It w i l l  be  i n t e r e s t i n g  t o  s e e  a  
"microscopic j u s t i f i c a t i o n "  f o r  t h e s e  high 
temperatures  and t h e  success  of  t h i s  model 
o r  t o  f i n d  o u t  how w e l l  o t h e r  models, l i k e  
cascade c a l c u l a t i o n ,  can desc r ibe  all 
t h e s e  d a t a .  

A t  2 .1 GeV/nucleon t h e  c a l c u l a t i o n  
f a i l s  t o  d e s c r i b e  t h e  d a t a  a s  shown by t h e  
s o l i d  l i n e s  i n  Fig.  6  because it p r e d i c t s  
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