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INTRODUCTION 

In the l a s t  few years a small number of conventional proton accelerators 
(Berkeley, Dubna, PPA, Sac1 ay) have accelerated 1 ight heavy-ions ( d  , a , C , N , O , .  . . ) 
to energies in the range of a few hundred t o  several GeV/nucleon. The avai labi l i ty  
of multi-GeV/nucleon heavy-ion beams provides new virgin t e r r i to ry  for experimental 
and theoretical studies of nuclear matter. These studies by necessity cross the 
boundaries that  have tended t o  separate the various physical sciences. 

Investigations of nucleus-nucleus coll is ions a t  high energies l ike those 
available a t  the Bevalac Facil i ty a t  Berkeley will provide information that  i s  
useful t o  par t ic le  physics, nuclear physics and chemistry, astro-physics, and 
biology and medicine. With th i s  in mind, a High Energy Heavy Ion Study program 
was held in the Summer of 1973. This f i r s t  meeting consisted of a series of very 
informal ta lks  held over a period of two weeks between interested physicists and 
chemists a t  the Lawrence Berkeley Laboratory and a group of invited speakers. 
These discussions centered on reviewing existing experimental data and current 
theoretical techniques on nucleus-nucleus coll is ions.  This approach was useful 
for  the f i r s t  study because most of the participants were relat ively unfamiliar 
with t h i s  new area of heavy-ion research. No formal proceedings of th i s  study 
was published, although review notes were p u t  together by several of the invited 
speakers . 

With an additional year of both experimental and theoretical work on 
nucleus-nucleus coll is ions a t  Bevalac energies, i t  was f e l t  tha t  a somewhat more 
formal summer program should be undertaken. The Second High Energy Heavy Ion 
Summer Program was held from July 15-26, 1974 a t  Berkeley and was jointly sponsored 
by the Lawrence Berkeley Laboratory and the Bevalac Users' Association. The 
purpose of th i s  second program was t o  investigate those areas of atomic, nuclear, 
par t ic le ,  and astro-physics tha t  could be studied with beams of r e l a t i v i s t i c  
nuclei. Because the majority of the study was devoted to the theoretical t r ea t -  
ment of the subject of nucleus-nucleus col l i s ions ,  the f i r s t  day was given to  a 
review of existing data, primarily from recent Berkeley experiments. However, 
none of the experimental review talks was written u p  for  the proceedings. The 
invited talks which appear here are essential ly in the order that  they were given, 
except for  some shi f t ing to  p u t  similar material together. I t  i s  hoped that  these 
proceedings will stimulate others into thinking about the problems of nuclear 
coll is ions a t  high energies. 

I t  goes without saying, b u t  should be presented for a l l  to  see that  the 
smooth operation of the Summer Study could not have been attained without the 
help of Anita Sando and Kathy Williams who with great rel ish and efficiency did 
a l l  of the busy work which helps make such an undertaking a success. 

Lee S .  Schroeder 
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Werner S c h e i d ,  J i i rgen  Hofmann, and W a l t e r  ~ r e i n e r ~ ~  

I n s t i t u t  f u r  T h e o r e t i s c h e  P h y s i k  d e r  Johann  Wolfang Goethe-  

U n i v e r s i t a t  F r a n k f u r t  am Main, Germany 

I .  I n t r o d u c t i o n  

The p o s s i b i l i t y  o f  compressed n u c l e a r  m a t t e r  i n  t h e  o v e r l a p  volume 

o f  t w o  c o l l i d i n g  n u c l e i  h a s  been  d i s c u s s e d  i n  r e c e n t  p a p e r s  [ : I .  A t  

v e r y  l o w  r e l a t i v e  e n e r g y  between t h e  i o n s  t h e  n u c l e o n  o r b i t a l s  have  

t i m e  t o  r e a r r a n g e .  I n  t h i s  c a s e  t h e  p r o c e s s  i s ,  t h e r e f o r e ,  a d i a b a t i c .  

A t  h i g h e r  e n e r g y  t h i s  r e a r r a n g e m e n t  c a n n o t  f u l l y  d e v e l o p ,  s o  t h a t  an  

ene rgy-dependen t  h a r d  c o r e  p o t e n t i a l  be tween t h e  n u c l e i  r e s u l t s .  The 

so c a l l e d  sudden p o t e n t i a l  o c c u r s  i n  t h a t  p a r t i c u l a r  l i m i t i n g  c a s e  

where t h e  two n u c l e i  k e e p  t h e i r  i n d i v i d u a l  i d e n t i t y ,  which r e s u l t s  i n  

a d o u b l e  d e n s i t y  r e g i o n  w i t h i n  t h e  o v e r l a p  volume. The s h a l l o w  energy-  

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

 ale-group[21, c a n  b e  u n d e r s t o o d  a s  i n t e r m e d i a t e  c a s e s  between t h e  

a d i a b a t i c  and sudden l i m i t s  [ I ] .  T h i s  p i c t u r e  was s u c c e s s f u l  i n  ex-  

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

1 6  1 6  up t o  6 0  MeV above t h e  Coulomb b a r r i e r  o f  t h e  12c-12c  and 0- 0-sy- 

s t e m s [ 2 5 ] . V a r i o u s  model c a l c u l a t i o n s  f o r  g l o b a l  compress ion h e l p e d  t o  

deepen o u r  i n s i g h t  i n t o  t h e  c o n n e c t i o n  between a d i a b a t i c  and sudden 

p o t e n t i a l s .  W e  r e f e r  t o  t h e  l i t e r a t u r e  131 . I n  o r d e r  t o  i n v e s t i -  

g a t e  t h e  l o c a l  d e n s i t y  compress ion  e f f e c t  i n  a  n u c l e u s -  n u c l e u s  

c o l l i s i o n  more a p p r o p r i a t e l y ,  and t o  p r e v e n t  t h e  e x t e n s i v e  s o l u t i o n  

X Work s u p p o r t e d  by t h e  Bundesmin i s t e r ium f u r  Forschunq und T e c h n o l o g i e  
and by t h e  G e s e l l s c h a f t  f u r  Schwer ionenforschung  ( G S I ) .  

X X  I n v i t e d  s p e a k e r  a t  t h e  Symposium on P h y s i c s  w i t h  R e l a t i v i s t i c  Heavy I o n s  
a t  LBL, B e r k e l e y ,  C a l i f . ,  J u l y  1974. 
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F i q .  1 :  The  b a s i c  f c n t u r e s  o f  t h e  m o d e l  c o n s t r u c t e d  f o r  t h e  

i n v ~ s t i q a t i o n  o f  c o m p r e s s i o n  i n  q e n e r a l  , a n d  s h o c k  

wavcs Ln p a r t i c u l a r .  



v e l o c i t y  o f  f i r s t  sound)  t h e  e l l i p s o i d  w i l l  expand a long  t h e  c o l l i -  

s i o n  a x i s  ( F i g .  I ) ,  w h i l e  f o r  h igh  r e l a t i v e  v e l o c i t i e s  ( ; > c S )  t h e  

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

I n  o r d e r  t o  keep  t h e  model a s  s imple  a s  p o s s i b l e ,  w e  w i l l  make 

c e r t a i n  assumpt ions  on t h e  k i n e t i c  and p o t e n t i a l  energy ,  e s t a b l i s h  

t h e  Lagrangian and d e r i v e  from t h a t  t h e  e q u a t i o n s  of  motion f o r  r ,  a 

and b.  

I n  t h e  second p a r t  o f  o u r  i n v e s t i g a t i o n  we g e n e r a l i z e  t h e  model 

i n  two v e r y  i m p o r t a n t  s t e p s .  F i r s t l y  t h e  t empera tu re  T i s  in t roduced  

a s  a  f o u r t h  d e g r e e  of freedom. I t  w i l l  be  most impor t an t  t o  f i n d  T 

a s  a  f u n c t i o n  of  5. The second g e n e r a l i z a t i o n  concerns  t h e  i n t r o -  

d u c t i o n  o f  t h e  d e n s i t y ~ ~ 4  o f  e x c i t e d  nuc l eons ,  which may decay i n t o  

p ions  

Th i s  w i l l  a l l o w  t h e  c a l c u l a t i o n  of  p ion  p roduc t ion  due t o  t h e  o r d i n a r y  

i n d i v i d u a l  nucleon-nucleon c o l l i s i o n s ,  which do occu r  i n  t h e  com- 

p re s sed  volume. The p r o c e s s  h a s  t o  be c a r e f u l l y  d i s t i n g u i s h e d  from 

a second one ,  which w e  c a l l e d  p i o n i z a t i o n  o f  n u c l e a r  ma t t e r :  Due t o  

t h e  h i g h l y  compressed shock wave i n  t h e  o v e r l a p p i n g  volume t h e  p i o n i c  

f i e l d  can f o r  v e r y  l a r g e  nucleoncnumbers become o v e r c r i t i c a l  i n  ana- 

logy t o  t h e  o v e r c r i t i c a l  s p i n o r  f i e l d s  s t u d i e d  e a r l i e r  [4] . W e  

w i l l  s p e c u l a t e  abou t  t h e  p i o n i z a t i o n  p r o c e s s  a t  t h e  end of t h i s  i n -  

v e s t i g a t i o n .  

11. Compression of Nuclear  Ma t t e r  - V a l i d i t y  o f  Hydrodynamics 

What does  compression of  n u c l e a r  m a t t e r  mean? We a l l  know t h a t  

+ 
t h e  n u c l e a r  low-energy s p e c t r a  ( l a c k  o f  compres s iona l  0 - s t a t e s )  



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

i n c o m p r e s s i b l e .  The phonomenolog ica l  p h r a s e  "compress ion"  com- 

p r i s e s  two e f f e c t s ,  namely 

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

( F i g .  2 ) .  T h i s  s o f t  c o r e  becomes " a c t i v e "  a s  t h e  i n t e r n u c l e o n  

d i s t a n c e  i s  becoming s m a l l e r  

F i g .  2 :  Nucleon-Nucleon f o r c e  a s  a f u n c t i o n  o f  i n t e r n u c l e o n  

d i s t a n c e  r 

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

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

i s  v e r y  n i c e l y  i l l u s t r a t e d  i n  F i g .  3 ,  which shows t h e  s i n g l e  p a r -  

t i c l e  schemes o f  t h e  n u c l e a r  Two-Center S h e l l  >lode1 f o r  two ca-  

ses: a) f o r  t h e  s u d d e n  p o t e n t i a l  ( k e e p i n g  t h e  i n d i v i d u a l  r a d i i  R o f  

t h e  a p p r o a c h i n q  n u c l e i  c o n s t a n t ) a n d  h) f o r  t h e  a 2 i a S a t i c  po- 

k e n t i a :  ( i n ~ o r p ~ r a t i n g  volume c o n s e r v a t i o n  o f  t h e  s h e l l  

model e q u i p o t e n t i a l s  and t h u s  no c o m p r e s s i o n ) .  These  s h e l l  

model schemes l e a d  s t r a i g h t f o r w a r d l y  - a f t e r  p r o p e r  re- 



normalization on the Extended Liquid Drop Model (ELDM) - 

to the sudden and adiabatic potentials between complex 

nuclei as shown in Fig. 4 (for more details see refs. 1 and 3 

and further literature given there). 

I;: I Id Jjrt 1 
l l d  f ; 1, 

Fig. 3: The Two-Center-Shell-Model Level Diagram of 

1 6  1 6  
the 0- 0-system a) for sudden compression 

and b) for the adiabatic non-compressed case. 

The rise sf the sudden levels to higher energies 

with decreasing nuclear distance is clearly seen. 



a) SUDDEN APPROXIM. ADIABATIC APP 1 
-20 

0 2 L 6 8 ) O  
r ( f m )  

F i g . 4 :  a )  sudden  and b )  a d i a b a t i c  

n u c l e u s - n u c l e u s  p o t e n t i a l  f o r  t h e  160-160 sys tem.  

The 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  can  most  e a s i l y  be  s t u d i e d  w i t h i n  

t h e  n o n - i n t e r a c t i n g  Fermi  ?as, -vhere t h e  Fermi momentum i s  ~ j i v e n  by 

2 t '  1 

which a g a i n  r e f l e c t s  t h e  c o n n e c t i o n  between e x c i t a t i o n  e n e r g y  

and d e n s i t y :  

A few d e f i n i t i o n s  and c o n v e n t i o n s  a r e  now a p p r o p r i a t e l y  reminded 

t o :  Suppose  t h e  e n e r g y  p e r  n u c l e o n  i n  n u c l e a r  m a t t e r ,  , i s  

('I . Then t h e  known a s  a f u n c t i o n  o f  t h e  d e n s i t y ,  i . e .  - = - A A  

p r e s s u r e  p  i s  g i v e n  by 

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



It measures the change of pressure with the change of volume. Intro- ,. 
1 

ducing the quantity C = - = 9, dL E/A , where 9 = - A is 
Kg, d f o 2  v 

the nuclear equilibrium density for which ';)(E/A) = 0, one easily 
2 9  0 

obtains the compression constant of the equilibrium density Q 
0 

for a spherical nucleus with radius R : 
0 

From nuclear matter calculations one expects K-100 - 300 MeV, and 

a functional form of E/A as shown in Fig. 5. 

Fig. 5: Schematic functional dependence of the binding energy Per 
E nucleon, (y), on the density 9 . To is the equilibrium 

density of nuclear matter, Wo is the binding energy per 

nucleon at equilibrium. 

In order to get a feelinq for the typical quantities we are dealing 



The l a t t e r  i s  o b t a i n e d  f o r  t w o  e q u a l  n u c l e i  w i t h  masses  A-M and 

W i t - h  the SM-energy E by:  CM 

Al4 .- 2 - 
V, - ECM , where M i s  

t h e  n u c l e o n  mass ,  w h i l e  t h e  

f o r m e r  i s  g i v e n  w i t h  ( 5 )  

i n g  

= y i e l d -  

With ECM = 30 

(6 ) 

MeV,  A  = 1 6 ,  

K = 150 MeV o n e  f i n d s  

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

compress ion  c a n  b e  e x p e c t -  

ed  a s  s o o n  a s  V z C s  4 
which o b v i o u s l y  happens  a t  

ECp/(A = 8 MeV/nucleon. 

W e  a l s o  m e n t i o n  t h a t  f o r  

h i g h  r e l a t i v e  e n e r g i e s  b e t -  

ween t h e  n u c l e i  t h e  P a u l i  

Neutrons 1 

b) 
Protons 1 

F i g .  6 :  a )  s c h e m a t i c  model  f o r  

f i r s t  sound ,  which mani- 

f e s t s  i t s e l f  i n  t h e  

t r a v e l l i n g  o f  a T  = 0 

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

b) s c h e m a t i c  model  f o r  

second  sound,  which c h a r a c -  

t e r i z e s  t h e  t r a v e l l i n g  o f  

a  r e l a t i v e  p r o t o n - n e u t r o n  

d e a d m i x t u r e  (T=l g i a n t  

r e s o n a n c e s )  w i t h o u t  change  

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

The a r rows  s h a l l  i n d i c a t e  

t h e  d i r e c t i o n  o f  t h e  

t r a v e l l i n g  o f  t h e  d i -  

s t u r b a n c e .  

p r i n c i p l e  p l a y s  no  r o l e  anymore f o r  t h e  compress ion  e f f e c t . ~ h e  r e a s o n  i s  

t h a t  the areas of s t a t e s  occunied hp-the n u c l e o n s  i n  t h e  two n u c l e i  a r e  
f a r  
s e p a r a t e d  i n  t h e  p h a s e  s p a c e  due  t o  thc r e l a t i v e  momentum, i . e .  t h e y  a r e  

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

becomes u n i m p o r t a n t .  T h i s  h a s  been  i n v e s t i g a t e d  v e r y  n i c e l y  by 



FlieBbach [ 5 ]  , who finds, that e.g. for 016-016 collisions at 

800 MeV the antisymmetrization between both nuclei can be neglectad. 

His results are illustrated in Fig. 7. 

1 6-01 6 
Fig.7: a) 0 density distribution accordinq to + 

So16 9016' 

- - -  - - where simply the two undistorted densities are added; 
this means no antisymmetrization. The distance between 

the individual centers is 3.6 fm. The compression 

is noticed. 

b) density of the same system at the same nucleus-nucleus 

..,_.- - . distance, but at 800 MeV relative energy with anti- 

symmetrization. No significant change to the former 

case is noticed. 

C) the same as in b) but for zero relative energy. The 

compression has disappeared. 

A few words are also necessary on the validity of the hydrodynamic 

picture in nucleus-nucleus collisions. Such classical concepts as 

"fluid,,gas, temperature" etc. are only valid if the mean free path 

of the nucleons is small compared to the dimensions of the system. 

In other words, hydrodynamics is valid if sufficient collisions 

inside the nuclear volume can happen, so that an equilibrization 

takes place. 



T h e r e  seems t o  o c c u r  a p u z z l e :  The v a l i d i t y  o f  t h e  n u c l e a r  s h e l l  

model  i s  e s t a b l i s h e d  beyond a n y  d o u b t .  I t  i s  b a s e d  o n  t h e  i n d e p e n d e n t  

q u a s i p a r t i c l e  m o t i o n  i n  a  common p o t e n t i a l .  Hence t h e  mean f r e e  p a t h  

o f  a  s h e l l  model  n u c l e o n  i s  l a r g e  compared  t o  n u c l e a r  d i m e n s i o n .  How 

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

One r e a s o n  i s  t h a t  t h e  p a r t i c l e s  movinq i n  a  s h e l l  model  p o t e n t i a l  

a r e  r e a l l y  g u a s i p a r t i c l e s ,  i . e .  " d r e s s e d "  n u c l e o n s .  A n o t h e r  r e a s o n  

i s ,  t h a t  i n  low e n e r g y  r e g i m e s ,  where  t h e  s h e l l  model  h o l d s ,  t h e  

P a u l i  p r i n c i p l e  d o e s  o n l y  a l l o w  s c a t t e r i n g  n e a r  t h e  Fe rmi  s u r f a c e ,  

where  i n d e e d  n u c l e o n s  a r e  mos t  i n t e n s e l y  i n t e r a c t i n g .  T h i s  i s  d i f f e r e n t ,  

i f  t h e  s h e l l  model  p o t e n t i a l  c h a n g e s  a s  a  who le  i n  t h e  s e n s e  o f  t h e  

Two C e n t e r  S h e l l  Model [ 6 ]  u s e d  i n  f i s s i o n  a n d  heavy  i o n  c o l l i s i o n s .  

Then a l s o  t h e  d e e p l y  bound s h e l l s  h a v e  t o  d e f o r m ,  i . e .  a l l  t h e  n u c l e o n s  

i n  t h e s e  s h e l l s  h a v e  t o  " s c a t t e r "  i n t o  t h e  new s h e l l s  w h i l e  t h e  n u c l e u s  

c h a n g e s  i t s  s h a p e .  T h i s  i s  t h e  r e a s o n ,  why t h e  a v e r a q e  b e h a v i o u r  i n  

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

( S t r u t i n s k y - r e n o r m a l i z a t i o n ) .  I f  t h e  e x c i t a t i o n  e n e r g y  i s  h i g h  enough ,  

t h e ' s i t u a t i o n  becomes s i m i l a r  a s  f o r  g i a n t  r e s o n a n c e s  ( 2 0  MeV) [ 7 ] , a n d  

t h e  l i q u i d  d r o p  model  h a s  a g a i n  some v a l i d i t y .  

The s i t u a t i o n  becomes i d e a l  i n  h i g h  e n e r g e t i c  h e a v y  i o n  c o l l i -  

s i o n s ,  where  t h e  n u c l e o n s  o f  t h e  i n d i v i d u a l  n u c l e i  h a v e  h i g h  r e l a t i v e  

momentum s o  t h a t  t h e  P a u l i  p r i n c i p l e  becomes u n i m p o r t a n t ,  a s  d i s c u s s e d  

above .  The n u c l e o n s  o f  b o t h  n u c l e i  c a n  now s c a t t e r  on  e a c h  o t h e r  and  

t h e  mean free p a t h  w i l l  be g i v e n  by  

where  now o n e  c a n  u s e  - b e c a u s e  o f  t h e  n e g l e c t i o n  o f  t h e  P a u l i  p r i n c i p l e  

2 - t h e  free n u c l e o n - n u c l e o n  c r o s s  s e c t i o n  f o r  6 , i . e .  G 30 mb= 3 fm . 



I 
W i t h g  = 0 . 1 7 -  3 w e  t h u s  f i n d  

0 f  m 

which y i e l & ? l =  2,1,0.5 fm f o r  q =  S o t  2s0 ,  4s0 r e s p e c t i v e l y .  There-  

f o r e  hydrodynamics  s h o u l d  b e  b e t t e r  t h e  h i g h e r  m a t t e r  i s  compressed i n  

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

111. Analogy o f  R e l a t i v i s t i c  Ion- Ion  C o l l i s i o n s  w i t h  t h e  C o l l i s i o n  - 

o f  S t a r s  i n  G a l a x i e s  

The c o l l i s i o n  o f  stars i n  g a l a x i e s  h a s  some i n s t r u c t i v e  f e a t u r e s ,  

which may g u i d e  u s  t o  some e x t e n t  i n  o u r  i n v e s t i g a t i o n  o f  r e l a t i v i s t i c  

heavy i o n  c o l l i s i o n s .  I n  o u r  own g a l a x y  t h e  c o l l i s i o n  o f  s t a r s  i s  

e x t r e m e l y  r a r e .  I n  r e c e n t  y e a r s ,  however,  one  assumes t h a t  some v e r y  

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

t o  t h e  c o l l i s i o n  o f  s t a r s :  G a l a x i e s  w i t h  s t r o n g  r a d i o  s o u r c e s  h a v e  

i n t e n s e l y  l u m i n a t i n g  p o i n t  c e n t e r s ,  where  t h e  d e n s i t y  o f  s t a r s  must  

b e  v e r y  h i g h .  I n  s u c h  r e g i o n s  c o l l i s i o n s  be tween s t a r s  s h o u l d  o c c u r .  

V a r i o u s  h y p o t h e s e s  (Wotjer, Gold ,  S p i t z e r ,  Sas low [ 8 ]  1 assume t h a t  

s t a r  c o l l i s i o n s  f u r n i s h  t h e  main s o u r c e  o f  e n e r g y ,  which i s  i r r a d i a t -  

e d  a g a i n  by r a d i o  s o u r c e s .  I t  t u r n s  o u t  t h a t  i n  s u c h  c o l l i s i o n s  t h e  

s t a r s  a r e  d i s s o l v i n q ,  i f  t h e  v e l o c i t y  i s  h i g h  enough.  C o l g a t e  [ 8 ]  

shows t h a t  a l s o  s t a r s  o f  r e l a t i v e l y  low m a s s e s  may s l o w l y  c o l l i d e ,  

and - t h r o u g h  s u c c e s s i v e  c o l l i s i o n s  - amalgamate h i g h  mass compounds 
1 

( 5 0  Mg), which a g a i n  may c o l l i d e  w i t h  e a c h  o t h e r  towards  t h e  c e n t e r  

o f  t h e  g a l a x y  w i t h  h i g h e r  v e l o c i t i e s  l e a d i n g  t o  t h e  above d e s c r i b e d  

p r o c e s s ,  i . e .  h i g h  e n e r g y  s t a r - s t a r  c o l l i s i o n  w i t h  a n n i h i l a t i o n  o f  

t h e  s t a r s .  



The hydrodynamica l  e q u a t i o n s  f o r  a  s t a r - s t a r  c o l l i s i o n  ( g a s e s  w i t h  

g r a v i t a t i o n )  h a v e  been s o l v e d  by Cameron and S e i d l  [81  i n  corn- 

p u t e r  c a l c u l a t i o n s .  T h e i r  r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g s .  8 a  - 8d 

and F i g s .  9 a  - 9d. The f o r m e r  shows t h e  e q u i - d e n s i t y  d i s t r i b u t i o n  

i n  t h e  p r o c e s s ,  F i g . 8 b  i n d i c a t e s  i n i t i a l  " m o l e c u l a r "  c o n t a c t  w h i l e  

F i g . 8 ~  shows t h e  m a t t e r  o u t f l o w  p e r p e n d i c u l a r  t o  t h e  c o l l i s i o n  a x i s ,  

which had  been  e x p e c t e d  s i m i l a r l y  f o r  heavy i o n  c o l l i s i o n s  by S c h e i d  

and G r e i n e r  191 . F i g .  8d shows t h e  emerg ing  shock wave a l o n g  t h e  

d i r e c t i o n  o f  t h e  c o l l i s i o n .  The d a r k  zones  i n d i c a t e  m a l q a r n a t e d  m a t t e r .  

F i g s .  9a-9d show t h e  v e l o c i t y  f i e l d  i n  t h e  same c o l l i s i o n .  I t  can be  

n o t i c e d  t h a t  i t  i s  p r a c t i c a l l y  i r r o t a t i o n a l  e x c e p t  f o r  t h e  shock f r o n t .  

F i g .  8 :  D e n s i t y  d i s t r i b u t i o n  i n  a  s t a r - s t a r  c o i i i s i o n  w i t h  1 i4 
0 

and a  r e l a t i v e  v e l o c i t y  o f  1000 km/sec.P/F central = 0 . 5 ,  

0 ,1 ,0 .01 ,  0 .001 a r e  t h e  d e n s i t i e s  a l o n g  t h e  e q u i d e n s i t y  

l i n e s .  



F i g .  9 Sequence  o f  t h e  v e l o c i t y  f i e l d s  i n  t h e  same s t a r -  

s ta r  c o l l i s i o n .  The a r r o w s  i n d i c a t e  t h e  v e l o c i t y  

o f  t h e  m a s s  e l e m e n t s .  The s h o c k  f r o n t  o c c u r s  w h e r e  

t h e  v e l o c i t y  f i e l d  i s  ( n e a r l y )  r e v e r s e d .  O u t s i d e  t h e  

s h o c k  f r o n t  t h e  v e l o c i t y  f i e l d  i s  p r a c t i c a l l y  i r r o -  

t a t i o n a l  a g a i n .  

F i q .  9 a  corresnonds t o  F i g .  8 a  ; F i g .  9b c o r r e s -  

p o n d s  t o  F i g .  8 c .  



I V .  Model f o r  Local D e n s i t y  I n c r e a s e  i n  Nuc leus -Nuc leus  C o l l i s i o n s  

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

n u c l e u s  c o l l i s i o n s  i s  o n e  o f  t h e  mos t  i n t e r e s t i n g  a s p e c t s  o f  heavy- ion  

p h y s i c s .  I t  h a s  b e e n  d i s c u s s e d  e a r l i e r  i n  c o n n e c t i o n  w i t h  t h e  sudden  

n u c l e u s - n u c l e u s  p o t e n t i a l s  [ I  , 9 1 and  t h e i r  e n e r g y  dependence  [10 1 , 

which  seems t o  c o n f i r m  t h e  e x p e r i m e n t a l l y  d e d u c e d  heavy- ion  p o t e n t i a l s  

of t h e  Y a l e  g r o u p  [ 2 1  . These  e a r l i e r  c o n s i d e r a t i o n s  a r e  v a l i d  a s  

l o n g  as t h e  r e l a t i v e  h e a v y - i o n  v e l o c i t y  vr d o e s  n o t  e x c e e d  t h e  v e l o c i t y  

o f  f i r s t  s o u n d  i n  n u c l e a r  mat ter  C i . e . ,  f o r  v r <  CS. H e r e  t h e  f i r s t  s ' 

sound  i s  a n  i s o s p i n  T=O c o m p r e s s i o n  wave w h i l e  t h e  s e c o n d  sound  d e s -  

c r i b e s  a n  i s o s p i n  T = l  wave where  a  p r o t o n - n e u t r o n  s e p a r a t i o n  t r a v e l s  

i n  c o n s t a n t  n u c l e a r  matter  d e n s i t y  p - - gp + yn (see F i g .  6 )  . 
I n  o r d e r  t o  s t u d y  l o c a l  c o m p r e s s i o n  e f f e c t s  f o r  t h e  c a s e s  V > C r s 

i n  head-on  n u c l e u s  c o l l i s i o n s ,  w e  p r o p o s e  t h e  f o l l o w i n q  v e r y  s i m p l i f i e d  
[ leal 

model:  W e  res tr ic t  o u r s e l v e s  t o  two i d e n t i c a l  n u c l e i  whose volume i s  

d i v i d e d  i n t o  t h r e e  p a r t s  (see F i g .  1 a ) ) ,  name ly  a n  e l l i p s o i d  w i t h  

a x e s  a  and  b s a n d w i c h e d  b e t w e e n  two c u t - o f f  s p h e r e s  w i t h  r a d i u s  R 

and  r e l a t i v e  d i s t a n c e  r .  The s y s t e m  w i l l  c l e a r l y  h e  r o t a t i o n a l l y  

s y m m e t r i c  a r o u n d  t h e  z a x i s ,  c o n n e c t i n g  t h e  c e n t e r s  o f  t h e  t w o  

s p h e r e s  and  of the e l l i p s o i d .  The n u c l e a r  m a t t e r  i s  assumed t o  b e  

homogeneous ly  d i s t r i b u t e d  o v e r  t h e  d i f f e r e n t  vo lumes .  Compress ion  

(9>po) s h o u l d  o n l y  o c c u r  i n  t h e  e l l i p s o i d a l  r e g i o n .  The f o u r  c o o r d i -  

n a t e s  a ,  h ,  r ,  a n d  R d e f i n e  t h e  geomet ry  o f  t h e  s y s t e m .  W e  c h o o s e ,  

however ,  R=cons t  i n  t h e  c o l l i s i o n  s o  t h a t  w e  a r e  d e a l i n g  w i t h  t h r e e  

d e g r e e s  o f  f reedom o n l y .  T h i s  a p p r o x i m a t i o n  i s  r a t h e r  i n e s s e n t i a l  

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

s i d e r a b l y .  

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

Po , t h e  d e n s i t y  i n  t h e  e l l i p s o i d a l  r e g i o n  f o l l o w s  from m a t t e r  c o n s e r v a -  

t i o n s  a s  



w h e r e & =  ( s - r ) / 2 R  and Q =  s / 2 a  w i t h  s t h e  d i s t a n c e  between t h e  i n -  

t e r s e c t i o n  p o i n t s  o f  t h e  two s p h e r e s  w i t h  t h e  e l l i p s o i d  (see F i g .  I a ) 

The v a r i o u s  t y p e s  o f  s h a p e s  shown i n  F i g .  1 b )  a r e  p o s s i b l e ,  depend- 

i n g  on t h e  r e l a t i v e  s i z e  o f  t h e  e l l i p s o i d  and t h e  s p h e r e s ;  t h e y  

can  b e  c h a r a c t e r i z e d  by t h e  q u a n t i t y  

r 
W e  w i l l  l a t e r  e x c l u d e  t h e  c a s e  d < O ,  because  it c o r r e s p o n d s  t o  an 

e l l i p s o i d  w i t h  compressed  m a t t e r  embedded c o m p l e t e l y  w i t h i n  t h e  t w o  

s p h e r e s ,  which i s  u n p h y s i c a l .  The d i s t a n c e  s i s  g i v e n  by 

2  2  
f o r  8,0, where  E-=  b  / a  - 1 ,  and szO f o r  $40 . 

Because  t h e  s o l u t i o n  o f  t h e  f u l l  hydrodynamica l  problem i s  t o o  

c o m p l i c a t e d ,  w e  make t h e  f o l l o w i n g  a p p r o x i m a t i o n  f o r  t h e  c a l c u l a -  

2  
t i o n  o f  t h e  k i n e t i c  e n e r g y  E = Q V dz :  ( I )  The v e l o c i t y  f i e l d  

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

t h e  v e l o c i t y  o f  t h e  r e s p e c t i v e  c e n t e r s ,  i . e .  

(11) The v e l o c i t y  f i e l d  i n  t h e  e l l i p s o i d  i s  i r r o t a t i o n a l  and can  

t h u s  b e  d e r i v e d  from a  p o t e n t i a l  t h r o u g h  t h e  e q u a t i o n s  

-+ v = g r a d  14 . 
- 1 A y =  - p 1 (JF1/5t - ( 1 3 )  

These  a s s u m p t i o n s  a r e  in a g r e e m e n t  w i t h  t h e  r e s u l t s  f o r  s t a r - S t a r  
c o l l i s i o n s  d i s c u s s e d  e a r l i e r  ( s e ~  f i q .  9). 
The boundary  c o n d i t i o n v =  b  and v  . e Z  = 0 a l o n g  t h e  c i r c l e z =  0 ,  

2  2 
x +y =b2 g i v e s  f o r  t h e  s o l u t i o n  o f  ( 1 3 )  



which a l l o w s  w i t h  C12) t h e  c a l c u l a t i o n  o f  t h e  k i n e t i c  e n e r g y  i n  t h e  

form 

where q i  = \ r , a , b j  . 
I f  t h e  Coulomb e n e r g y  i s  d i s r e g a r d e d ,  t h e  p o t e n t i a l  e n e r g y  i s  g i v e n  

i n  t h e  e l l i p s o i d a l  r e g i o n ,  i . e .  

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

T b e i n g  t h e  t e m p e r a t u r e  i n  t h e  compressed r e g i o n .  The e x p r e s s i o n  

W ( Q )  u s e d  h e r e  i s  a p p r o x i m a t i v e  i n  two ways. The f i r s t  term i s  an ex- 

E p a n s i o n  o f  ( 9 )  ,shown i n  F i g .  5 around so: For  l a r g e  d e n s i t i e s  

E 
t h e  c o r r e c t  f u n c t i o n a l  ~ ( q )  s h o u l d  be  u s e d  supplemented by t h e  Coulomb 

e n e r g y  p e r  n u c l e o n .  The second  term i s  t h e  e x c i t a t i o n  e n e r q y  p e r  p a r t i c l e  

of  a  Fermi g a s  expanded f o r  s m a l l  t e m p e r a t u r e s .  For  h i g h e r  t e m -  

p e r a t u r e s  one  h a s  t o  i n c l u d e  h i g h e r  t e r m s  i n  T a s  w e l l  [13] . The 

p r e s e n t l y  u s e d  fo rmula  i s  v a l i d  f o r  n u c l e a r  e x c i t a t i o n s  AE f o r  which 

AE = kgT < k T = 30-40 MeVzEFermi 
B Fermi 

1 2  
To a v o i d  u n p h y s i c a l  s h a p e s  w i t h  610, a  p o t e n t i a l  o f  c o n s t r a i n t s  -V 2 2 0 

i s  added f o r  8<0 t o  t h e  p o t e n t i a l  e n e r g y .  I t  f o r c e s  t h e  s y s t e m  t o  

s h a p e s  w i t h  S > O .  The  s t r e n g t h  V has n e g l i g i b l e  i n f l u e n c e  on t h e  
0 

r e s u l t s .  

S i n c e  w e  h a v e  i n t r o d u c e d  r e g i o n s  o f  d i f f e r e n t  d e n s i t i e s  91 and 

S o  
t h e  f o l l o w i n g  boundary  c o n d i t i o n s  a l o n g  t h e  s u r f a c e  between 



91 and Po  have  t o  h o l d  [ 1 4  I .  

The b r a c k e t s  [ f l d e n o t e  t h e  jump o f  t h e  q u a n t i t y  f  a c r o s s  t h e  s u r f a c e ,  - + 4 
i . e . ,  [f] - f , - f 2 ;  n  i s  t h e  u n i t  v e c t o r  on t h e  s u r f a c e ,  and U = v-n-G 

where G i s  t h e  s p e e d  o f  advance  o f  t h e  s u r f a c e .  I n  o u r  s p e c i a l  c a s e  

w e  may i l l u s t r a t e  t h e  s i t u a t i o n  a s  i n  Fig.10. Accordinq to o r d i n a r y  

hydrodynamics  t h e  f l u x e s  o f  mass ,  momentum and e n e r g y  must  be  

Fig. !Or  Illustration of the boundary  s i t u a t i ~ n  a t  t h e  end p ~ i n t  

o f  t h e  s e m i - a x i s  a  o f  t h e  e l l i p s o i d .  



c o n t i n u o u s  a t  t h e  boundary  s u r f a c e .  Trans fo rming  t o  a  c o o r d i n a t e  

s y s t e m  moving w i t h  t h e  v e l o c i t y  o f  t h e  boundary  s u r f a c e  one  g e t s  by ( 1 7 )  

from c o n t i n u i t y  o f  mass f l o w  g l  (v l  4) =so (vo-;) 

from c o n t i n u i t y  o f  momentum f l o w  M s l  (v1-6) ( V , - ~ ) + P ~ = M ~ ~  (vo-i)  ( V , - Q ) + ~ ~  

M d 2 from c o n t i n u i t y  o f  e n e r g y  f l o w  ( ? ( v l - a )  +wl 14. ( V ~ - : ) + P ~  (vl-H) = 
( 1  8 )  

A f t e r  some m a n i p u l a t i o n s ,  t h e s e  e q u a t i o n s  l e a d  t o  t h e  f o l l o w i n g  re- 

l a t i o n s  (Hugoniot  (1 887)  , Rankine ( 1870))  : 

The p r e s s u r e  p i s  r e l a t e d  to  t h e  d e n s i t y  of t h e  p o t e n t i a l  e n e r g y  

a c c o r d i n g  t o  

2 dW - - - C 2 2 P 2 1 / 3  
p = y  x'? -90 I + ?  T Q 

d'const e n t r o p y  

From Eqs .  ( 1  8 )  f o l l o w s  t h a t  

which shows t h a t  t h e  t e m p e r a t u r e  becomes v e r y  h i g h  n e a r  t h e  p o l e  

gl  = 4 f 0  . T h i s  p o l e  depends  on t h e  a n s a t z  f o r  t h e  f u n c t i o n a l  

W a s  f u n c t i o n  of  9 and T .  Because t h e  v e l o c i t y  f i e l d  i s  a l r e a d y  

g i v e n  a s  a  f u n c t i o n  o f  t h e  coordinates a ,  b ,  and r, t h e  above E q s .  

( 1  8 )  c o n n e c t  t h e  v e l o c i t i e s  5 ,  b, and ?. For s i m p l i c i t y  w e  o n l y  

f u l f i l l  t h e s e  e q u a t i o n s  a t  t h e  p o i n t s  z =  +a, x = y = 0 and o b t a i n  



w h e r e  cs = (C/M) is  t h e  v e l o c i t y  o f  f i r s t  s o u n d ,  w i t h  t h e  

n u c l e o n  m a s s  M . T h i s  i n d i c a t e s  t h a t  t h e  c o o r d i n a t e  a i s  n o t  a n  i n d e -  

p e n d e n t  d e g r e e  o f  f r eedom i n  t h i s  model .  F o r  s1 = so a n d  r = 0,  

a i s  o b v i o u s l y  moving w i t h  t h e  v e l o c i t y  o f  s o u n d  c . S i n c e  ; i s  nega-  
s .  

t i v e ,  a  c a n  a l s o  b e  n e g a t i v e  f o r  - 31 - S o  a n d  c S < l $ [  . I n  t h i s  

case t h e  m o t i o n  o f  t h e  r e s i d u a l  n u c l e u s  i s  p u s h i n g  t h e  o v e r l a p  zone  

t o w a r d s  h i g h e r  d e n s i t y .  

The t o t a l  e n e r g y  o f  t h e  s y s t e m ,  

h a s  t o  be c o n s t a n t  i n  t i m e ,  i . e .  dE/dt=O. The  s o l u t i o n s  o f  ( 2 2 )  h a v e  

t o  f u l f i l l  t h e  a d d i t i o n a l  c o n d i t i o n  ( 2 1 ) ,  w h i c h  s e r v e s  as a n  e q u a t i o n  

o f  m o t i o n .  I n t r o d u c i n g  t h e  momenta p, = 2 m 6 t h e  t h r e e  equa -  
II i 

k i  i' 

t i o n s  o f  m o t i o n  t o  b e  s o l v e d  are 

w i t h  ( E q s .  ( 2 1 ) )  - 1  /2 

9 1  y = T  - ; I , + c  

o ( 2 4 )  

1 C; 
The c a l c u l a t i o n s  a re  carried o u t  f o r  160-'"0 s c a t t e r i n g .  The 

two p a r a m e t e r s  o f  t h e  mode l  a r e  c h o s e n  a s  C = = M ~ v ,  wh ich  c o r r e s -  9 

p o n d s  t o  a c o m p r e s s i b i l i t y  c o n s t a n t  K = 1 0 0  MeV, and  yo = 0 . 1 3 8  fm-3 



(see Ref .  9 ) .  R e s t r i c t i n g  o u r s e l v e s  f i r s t  f o r  s i m p l i c i t y ,  t o  t h e  

c a s e  t h a t f  d o e s  n o t  d e v i a t e  t o o  much f r o m f o  , w e  d i s r e g a r d  t h e  

t e m p e r a t u r e  dependence  (see e q s  . ( 2 0  and ( 2 0 a )  ) . 

. The i n i t i a l  compress ion  9, = 2  Qo i n  t h e  s u r f a c e  zone 

does  n o t  i n f l u e n c e  t h e  r e s u l t s ,  a s  can  b e  s e e n  from 31 ( t )  i n  Fiq .11.  

The i n i t i a l  c o n d i t i o n s  f o r  a l l  o t h e r  c o o r d i n a t e s  a ,  r, and a r e  de- 

t e r m i n e d  by Eqs.  ( 9 ) ,  ( 2 1 ) ,  and ( 2 2 ) .  

F i g u r e  11 shows t h e  r e s u l t s  f o r  t h e  t i m e  dependence o f  r ,  a ,  t ,  

r and P Here r means t h e  d i s t a n c e  between c e n t e r s  of  mass 
5 1 -  c  . m .  @ .m. 

o f  t h e  two h a l v e s  o f  t h e  n u c l e a r  sys tem ( s e e  F i g .  l ( a ) ) .  C l e a r l y ,  

1  
t h e  model  c a n  o n l y  b e  u s e d  a s  l o n g  a s  ?r+R)a i s  f u l f i l l e d .  Obvious ly  

t h e  r a d i u s  a ( t )  i n c r e a s e s  w i t h  n e a r l y  c o n s t a n t  v e l o c i t y ,  i n  c o n t r a s t  

t o  b ( t )  which  i n c r e a s e s  f a s t e r  f o r  h i g h e r  e n e r g i e s .  T h i s  means t h a t  

m a t t e r  i s  pushed o u t w a r d s  p e r p e n d i c u l a r  t o  t h e  r e l a t i v e  mot ion o f  t h e  

two n u c l e i .  N o t e  t h a t  f o r  s m a l l  e n e r g i e s  t h e  d e n s i t y  f 1  i s  f i r s t  

d e c r e a s i n g  r a p i d l y  and t h e n  a g a i n  i n c r e a s i n g  s l o w l y  a t  l a r g e r  t i m e s .  

The f a s t  d e c r e a s e  i n  t h e  b e q i n n i n g  i s  t h e  a d j u s t m e n t  o f  t h e  compressed 

n u c l e a r  d e n s i t y  from t h e  i n i t i a l  c o n d i t i o n  51 = 2Po 
t o  t h e  f i n a l  den- 

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

The mot ion a l o n g  t h e  d i r e c t i o n  o f  t h e  c o l l i s i o n  a x i s  p r o c e e d s  a lways  

w i t h  t h e  same v e l o c i t y ,  namely t h e  v e l o c i t y  of  f i r s t  sound,  cs. 



MeV I 
100 MeV $ I,,, 

F i g .  1 2 :  P o t e n t i a l  e n e r g y  as  

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

o f  mass d i s t a n c e .  I t  i s  

s t r o n g l y  e n e r g y - d e p e n d e n t  

a n d  s h o w s  a s t r o n g  s o f t  

core, p a r t i c u l a r l y  f o r  

h i g h  e n e r g i e s .  

F i g .  1 1 :  P a r a m e t e r s  r ,  a ,  b ,  

r c . m .  ' a n d  PI /po as  

a f u n c t i o n  of t i m e  f o r  

e n e r g i e s  E = 1 ,  1 0 ,  c.m. 

1 0 0 ,  a n d  1 0 0 0  MeV. 

The r e s u l t s  i n  t h i s  

f i g u r e  are  o b t a i n e d  f o r  

z e r o  t e m p e r a t u r e  (T=O) . 



A l r e a d y  f o r  a  bombard ing  e n e r g y  o f  E = 1 0 0  MeV, wh ich  c . m .  

c o r r e s p o n d s  t o  a l a b o r a t o r y  e n e r g y  o f  E /A  = 1 2 . 5  MeV/nucleon o f  t h e  l a b  

1 6 0  p r o j e c t i l e ,  a  d e n s i t y  c o m p r e s s i o n  o f  y1 /fo=2 r e s u l t s .  T h i s  i n d i -  

c a t e s  a  n u c l e a r  m a t t e r  s h o c k  wave ,  wh ich  becomes e v e n  more p ronounced  

(9, 7 go) f o r  v e r y  h i g h  n u c l e u s - n u c l e u s  e n e r g i e s  ( 2 1 0 0  MeV/nucleon) .  

I n  t h i s  l a t t e r  c a s e  i t  i s  n e c e s s a r y  t o  i n v e s t i g a t e  t h e  r e l a t i v i s t i c  

hydrodynamics  [15]. F i g u r e  12 shows t h e  p o t e n t i a l  e n e r g y ,  which  i s  

s t o r e d  i n  t h e  c o m p r e s s e d  m a t t e r  o f  t h e  e l l i p s o i d ,  a s  a f u n c t i o n  o f  rc.m . 
I t  o b v i o u s l y  l e a d s  t o  a s t r o n q  e n e r g y - d e p e n d e n t  s o f t - c o r e  p o t e n t i a l .  

The s o f t  c o r e  r e a c h e s  t h e  m a g n i t u d e  o f  a few MeV f o r  016  i o n s  o f  1 0  M e V  

t o  s e v e r a l  h u n d r e d  MeV f o r  0 1 6  i o n s  of 1000 MeV. 

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

M u l l e r ,  S c h e i d  and  G r e i n e r  [ l o ]  on  t h e  d y n a m i c a l  i n t e r p l a y  be tween  

c o m p r e s s i o n a l  and  a d i a b a t i c  d e g r e e s  o f  f r eedom.  T h i s  p a r t i c u l a r  model  

i s  b a s e d  on  t h e  s u d d e n  a n d  a d i a b a t i c  e x t r e m e s  o f  t h e  Two C e n t e r  S h e l l  

Model.  The d y n a m i c a l  v a r i a b l e s  a r e  i l l u s t r a t e d  i n  F i g .  13 .  I t s  t o t a l  

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

F i g .  1 3  The b a s i c  d y n a m i c a l  v a r i a b l e s  o f  t h e  Two C e n t e r  S h e l l  Model.  

I f  t h e  r a d i u s  R of t h e  i n d i v i d u a l  n u c l e i  a d j u s t s  t o  t h e  

l o w e s t  e n e r g y  a t  e v e r y  d i s t a n c e  Z o  i . e .  R = R a d ( Z o )  One 

o b t a i n s  t h e  a d i a b a t i c  l i m i t ,  o t h e r w i s e  c o m p r e s s i o n  o c c u r s .  



form 

where t h e  p o t e n t i a l  V ( zo,  R )  i s  c o n v e n i e n t l y  expanded a round  t h e  

a d i a b a t i c  one  Vad ( z o ) 5 V ( z  , R w i t h  ( Q v / ~  R )  = 0 
R=Rad 

8 2v 1 k  ( Z  ) (R-R (ZO#; k (ZO)=  (--=j) R=R (26 v ( z o , R ) =  Vad(z0) + 2 o ad  OR a d  

The s e c o n d  t e r m  o b v i o u s l y  d e s c r i b e s  t h e  compress ion  p o t e n t i a l .  The com- 

p r e s s i o n  c o n s t a n t  K ( E q . ( 5 )  i s  r e l a t e d  t h e  "compress ion c u r v a t u r e "  

k ( z  =0)  v i a  t h e  r e l a t i o n  
0 

The m a s s e s  b ik(zo ,R)  i n  ( 2 5 )  have  been  c a l c u l a t e d  w i t h i n  t h e  i r r o -  

t a t i o n a l  f l o w  model  and a l s o  w i t h i n  t h e  TCSM c161.  They a r e  shown i n  

F i g .  1 4 .  

F ig .  1 4 :  The masses  b i k ( r )  a s  o b t a i n e d  From t h e  i r r o t a t i o n a l  v e l o -  

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



The c l a s s i ca l  e q u a t i o n s  o f  m o t i o n  ( L a g r a n g i a n  e q u a t i o n s )  f o l l o w i n g  

from t h e  L a g r a n g i a n  ( 2 5 )  a r e  t h e n  s o l v e d .  A f t e r  e l i m i n a t i n g  t h e  com- 

p r e s s i o n  d e g r e e  o f  f r eedom and r e q u i r i n a  a  c o n s t a n t  r e d u c e d  m a s s f ) - L ,  

f o r  t h e  m o t i o n  o f  t h e  d i s t a n c e  rCM o f  t h e  two c e n t e r s  o f  mass  ( s e e  

1 - 2  F i g .  1 3  o n e  o b t a i n s  a n  e f f e c t i v e  e n e r q y  d e p e n d e n t  p o t e n t i a l  v = E - ~ p r ~ ~  

a s  shown i n  F i g . l 5 b a 6  I t  shows a n  e n e r g y  d e p e n d e n t  s o f t  c o r e  and  i s  

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

p o t e n t i a l .  

F i g .  1 5 :  The  c o m p r e s s i o n  e f f e c t  on t h e  p o t e n t i a l  a s  f u n c t i o n  o f  t h e  

bombard ing  e n e r g y  f o r  t h e  60- 60 s c a t t e r i n g  

GO 
E= 3000 MeV 

---- E= 300 MeV - 

a )  f o r  v a r i o u s  bombard ing  e n e r g i e s  t h e  p o t e n t i a l  e n e r g y  o f  t h e  

c o m p r e s s i o n  mode i s  added  t o  t h e  a d i a b a t i c  p o t e n t i a l .  The  

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

s l o w  and f a s t  p r o c e s s e s ,  

h) The  k i n e t i c  and ~ o t e n t i a l  enern17 Y J  of t h e  c o m p r e s s i e n  m e d e  
1 - 2  

i s  a d d e d  t o  t h e  a d i a b a t i c  p o t e n t i a l  a c c o r d i n g  t o  V-E - 7 ~ ~ ~  . 
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A s  shown i n  F i g .  15a  t h e s e  d e v i a t i o n s  from a d i a b a t i c i t y  come o n l y  

t o  a  v e r y  minor  e x t e n t  f rom t h e  a c t u a l  compress ion  i n  t h e  s y s t e m  

( i . e .  from t h e  c o m p r e s s i o n a l  p o t e n t i a l  o f  ( 2 6 ) ) .  They a r i s e  from 

t h e  e l i m i n a t i o n  o f  t h e  c o m p r e s s i o n a l  k i n e t i c  t e r m s  i n  e q .  ( 2 5 )  ( t h e  
# 

t e r m s  c o n t a i n i n g  R). I n  o t h e r  words ,  a t  t h e s e  r a t h e r  low r e l a t i v e  

e n e r g i e s  n u c l e a r  m a t t e r  is n o t  compressed,  b u t  i t  r e q u i r e s  t h e  re- 

a d j u s t m e n t  o f  t h e  r a d i i  R a s  a  f u n c t i o n  o f  t i m e  and t h i s  i n  t u r n  

a b s o r b s  a  g r e a t  amount o f  r e l a t i v e  e n e r q y .  Hence t h i s  k i n e t i c  ex-  
* 

p a n s i o n  e n e r g y  ( p r o p o r t i o n a l  t o  R )  w i l l  n o t  b e  a v a i l a b l e  i n  t h e  r e -  

l a t i v e  d e g r e e  o f  f reedom;  t h u s  l e a d i n g  t o  a s t r o n g l y  n o n - a d i a b a t i c  

p o t e n t i a l .  The d e v i a t i o n s  from a d i a b a t i c i t y  i n c r e a s e  w i t h  r e l a t i v e  

e n e r g y ,  a s  e x p e c t e d .  T h i s  mechanism seems t o  b e  v e r y  e s s e n t i a l  f o r  

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

n u c l e a r  e x c i t a t i o n )  . 
The t i m e  dependence  o f  t h e  v a r i o u s  d e g r e e s  o f  f reedom of  t h e  

model  o f  F i g .  13  i s  i l l u s t r a t e d  i n  F i g .  16  f o r  t h e  c a s e ,  t h a t  two 

1 6 ~ - n u c l e i  s c a t t e r  i n  a  head-on c o l l i s i o n  w i t h  a bombardin9 e n e r g y  

o f  300 MeV. One n o t i c e s  t h e  e x c i t a t i o n  o f  t h e  c o m p r e s s i o n a l  d e g r e e  

o f  f reedom.  



F i g .  16 :  T i m e  d e p e n d e n c e  o f  t h e  t w o - c e n t e r  d i s t a n c e  z 
0 ' 

t h e  r a d i u s  R a n d  t h e  p o t e n t i a l  and k i n e t i c  com- 

p r e s s i o n  e n e r g y  E a t  a  bombarding  e n e r q y  o f  comp 

E = 300 M e V  f o r  t h e  160-160  s c a t t e r i n g .  
CM 



W e  l e a r n  from t h i s  i n v e s t i g a t i o n  and f rom s i r r i l a r  ones  on t h e  s t u d y  

o f  t h e  t i m e  dependence  o f  n u c l e u s - n u c l e u s  d e f o r m a t i o n  r e a c t i o n s  0 71 
t h a t  t h e  e n t r a n c e  and e x i t    art o f  t h e  r e l a t i v e  motion a r e  q u i t e  

d i f f e r e n t  from e a c h  o t h e r .  I n  o u r  c a s e  t h e  e n t r a n c e  o r b i t a l  mot ion  i s  

c h a r a c t e r i z e d  by t h e  shock wave and  therefor^ by t h e  l o c a l  compress ion  

e f f e c t  C l o s e  t o  t h e  sudden  a p p r o x i m a t i o n  w h i l e  t h e  e x i t  o r b i t  i s  c l o s e r  

t o  t h e  a d i a b a t i c  l i m i t :  One can  s a y  a t  l e a s t  t h a t  compress ion  

e f f e c t s  p l a y  i n  t h e  e x i t  a l e s s  dominant  r o l e .  

W e  t u r n  now t o  c a l c u l a t i o n s  w i t h  t h e  model  o f  F i g . 1  which c o n t a i n  t h e  
i n t e r n a l  

e x c i t a t i o n  of n u c l e a r  m a t t e r  i n  t e r m s  o f  h e a t ,  a s  w e  d e s c r i b e d  it 

i n  o u r  f o r m a l i s m  by t h e  t e m p e r a t u r e  t e r m  (see e q .  (16 ) )  . The r e s u l t s ,  

a n a l o g u e  t o  t h o s e  o f  F i g .  11 ,  a r e  p r e s e n t e d  i n  F i g .  17 .  I n  t h e s e  

9 1  
c a l c u l a t i o n s  t h e  i n i t i a l  c o n d i t i o n  had  been  chosen  - = 1 . 2 .  A s  c a n  

So 
be n o t i c e d ,  a l r e a d y  a  c o l l i d i n g  e n e r g y  o f  100 MeV,  t h e  d e n s i t y  

i n c r e a s e  i n  t h e  compress ion  zone i s  Q1=1.7yo,  w h i l e  a t  1000 MeV t h e  

compressed  d e n s i t y  c a n  o n l y  r e a c h  g -3yo  
1  

. Again ,  f o r  l o w  e n e r g i e s  

t h e  s h o c k  wave p r o p a g a t e s  a l o n g  t h e  c o l l i s i o n  a x i s  ( a  i n c r e a s e s )  w h i l e  

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

(i .e. b ( t )  i n c r e a s e s  f a s t l y , a  ( t )  i s  p r a c t i c a l l y  c o n s t a n t )  . F i g .  17 c 

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

and t h e  c o n t r i b u t i o n  o f  t h e r m a l  e x c i t a t i o n  t o  i t .  P i g .  1 7 b  shows 

t h a t  a t  v e r y  h i g h  c o l l i s i o n  e n e r g y  t h e  r e l a t i v e  amount on p o t e n t i a l  

c o m p r e s s i o n  and t h e r m a i  e n e r g y  i s  r e l a t i v e l y  s m a l l  ( 10% o f  t h e  

c o l l i s i o n  e n e r g y )  w h i l e  a t  e n e r g i e s  which c o r r e s p o n d  t o  t h e  f i r s t  

s o u n d . v e l o c i t y  a r e l a t i v e l y  l a r g e  amount of i n t e r n a l  and com- 

p r e s s i o n  e n e r g y  i s  o b s e r v e d  ( 70% o f  t h e  c o l l i s i o n  e n e r g y ) .  



MeV F 

E = 100 MeV 
E = 1KQMeV 

1.b tl io% 

F i g .  17 a )  

17 b) 

17 c )  

Potent~ol Energy 

1"0- '~01 

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

t h e  c o m p r e s s i o n  zone  and  t h e  c o m p r e s s i o n  d e n s i t y  t h e r e i n .  

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

d i s t a n c e .  

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

n u c l e o n .  The d a s h e d  c u r v e s  show t h e  c o n t r i b u t i o n  f rom 

t h e r m a l  e n e r g y .  



A c c o r d i n g  t o  t h i s  d i s c u s s i o n  i t  seems o b v i o u s  t h a t  t h e  com- 

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

n u c l e u s  p o t e n t i a l s  w i t h  s o f t  o r  h a r d  c o r s s ,  wh ich  c a n  b e  d e d u c e d  f rom 

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

c o r e s  i n  t h e  p o t e n t i a l  h a v e  t h r e e  c a u s e s :  

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

b )  i n t e r n a l  e x c i t a t i o n  ( h e r e  t r e a t e 2  a s  t e m p e r a t u r e )  

c )  c o o r d i n a t e  d e p e n d e n t  c o l l e c t i v e  masses and  t h e  a s s o c i a t e d  mass 

f l o w  i n  t h e  c o l l i s i o n .  

Of c o u r s e ,  t h e  p ronounced  o c c u r r e n c e  o f  t h e  s h o c k  wave a l o n g  t h e  

d i r e c t i o n  o f  c o l l i s i o n  a t  l o w e r  e n e r g i e s  and  p e r p e n d i c u l a r  t o  i t  a t  

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

o f  t h e  r e a c t i o n  p r o d u c t s  r e l a t i v e  t o  t h e  beam a x i s .  W e  t u r n  how t o  

a n o t h e r  i m p o r t a n t  p o s s i b l e  a p p l i c a t i o n  o f  t h e  s h o c k  waves c o n c e r n i n g  

p i o n  p r o d u c t i o n  a n d  p i o n i z a t i o n  o f  matter .  

V. T e m p e r a t u r e  P i o n s  and  P i o n i z a t i o n  o f  S u p e r c r i t i c a l  Matter 

W e  h a v e  s e e n  i n  t h e  l a s t  s e c t i o n  t h a t  a  s t r o n g  i n t e r n a l  e x c i t a t i o n  

d e s c r i b e d  as  t h e r m a l  p r o c e s s  c a n  b e  e x p e c t e d  i n  t h e  c o m p r e s s i o n  zone  

o f  h e a v y  i o n s  ( h o t  n u c l e a r  m a t t e r ) .  The q u a n t i t a t i v e  r e s u l t s  o f  t h e  

c o l l i s i o n  p r o c e s s  d e m o n s t r a y e d  i n  F i g s .  11 a n d  1 7 ,  i n d i c a t e  t h a t  

- 2  3 n u c l e a r  m a t t e r  w i l l  b e  s t r o n g l y  c o m p r e s s e d  o n l y  a b o u t  2 .10  sec. 

On t h e  o t h e r  hand  t h e  c r o s s  s e c t i o n  f o r  meson p r o d u c t i o n  a t  r e l e v a n t  

e n e r g i e s  i s  o f  t h e  o r d e r  o f  10-30 mb. T a k i n g  3 s 0 ,  t h i s  y i e l d s  
1 

an  e q u i l i b r a t i o n  t i m e  f o r  t h e  e x c i t a t i o n  o f  m e s o n i c  d e g r e e s  o f  f r e e -  

bel 
dom. o f  t h e  o r d e r  o f  6 x 1 d Z 4 s e c .  T h e r e f o r e  o n e  can e x p e c t ,  t h a t  



d u r i n g  t h e  c o l l i s i o n  i n  t h e  z o n e s  o f  h o t  mat ter  ( c o m p r e s s i o n  zone )  

o r d i n a r y  meson p r o d u c t i o n  s h o u l d  t a k e  p l a c e .  With " o r d i n a r y "  w e  

mean h e r e ,  t h a t  t h e  p r o d u c t i o n  of  mesons i s  d u e  t o  i n d i v i d u a l  

n u c l e o n - n u c l e o n  c o l l i s i o n s  i n  t h e  c o m p r e s s e d  volume,  where  t h e  re- 

l a t i v e  k i n e t i c  e n e r g y  be tween  n u c l e o n s ,  N ,  i s  h i g h  enough t o  a l l o w  

t h e  e x c i t a t i o n  o f  e x c i t e d  n u c l e o n s ,  N* ,  w h i c h  may d e c a y  a g a i n  i n  

s e q u e n c e  i n t o  o r d i n a r y  n u c l e o n s ,  N, a n d  a p i o n ,  i . e .  

T h i s  p r o c e s s  has b e e n  d i s c u s s e d  by  C h a p i i n e  e t . a 1 . [ 1 8 ]  . I t  s h o u i d  b e  

d i s t i n g u i s h e d  f rom a n o t h e r ,  much more f u n d a m e n t a l  p r o c e s s ,  wh ich  

we c a l l  p i o n i z a t i o n  o f  mat ter ,  and which  h a s  t o  b e  s e e n  i n  a n a l o g y  

t o  t h e  e l e c t r o n - p o s i t r o n  vacuum a n d  i t s  d e c a y  i n  o v e r c r i t i c a l  f i e l d s  

[ 4 1 .  W e  s h a l l  f i r s t  d i s c u s s  t h e  f o r m e r  p r o c e s s  w i t h i n  o u r  model-  

t h e o r y  f o r  h e a v y  i o n  c o l l i s i o n s  and  t h e n  t u r n  t o w a r d s  t h e  l a t t e r ,  

w h i c h  i s  anyway n o t  v e r y  w e l l  worked o u t  t h e o r e t i c a l l y  a t  t h e  p r e s e n t  

t i m e .  

V .  A.  T e m p e r a t u r e  P i o n s  

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

i s  d e n o t e d  b y  g N ,  t h e  d e n s i t y  o f  e x c i t e d  n u c l e o n s  gN, w i l l  b e  

g i v e n  a t  a  t e m p e r a t u r e  T o f  t h e  n u c l e a r  m a t t e r  by  

where  Eb = E - 5 = (1236-938) MeV -300 P4eV and kJT i s  t h e  t h e r m a l  N ' 
e x c i t a t i o n  e n e r q y .  T h e s e  e x c i t e d  n u c l e o n i c  m a t t e r  w i l l  o n l y  o c c u r  

i n  t h e  c c m p r e s s i ~ n  z c n z  S f  cur -,-,a/.l L L l v u ~  I - - -  \ JCC Fiq  . I  ) Iii t h e  other z o n e s  

we h a v e  g =  g o  , a n d  e x c i t e d  m a t t e r  s h o u l d  b e  e x t r e m e l y  s m a l l  - 

though n o t  z e r o  € 1 9 1 .  The t o t a l  d e n s i t y  i n  t h e  c o m p r e s s i o n  volume 



i s  t h e r e f o r e  

9,= 3 N + SN" 

which  g i v e s  w i t h  (23) 

and  

W e  a r e  d e a l i n q  now w i t h  a two-phase  s y s t e m ,  f o r  which  t h e  e q u a t i o n s  

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

The k i n e t i c  e n e r g y  i n  t h e  c o m p r e s s i o n  zone i s  s i m p l y  

w i t h  M = M d +  
N 

sf 8 a n d  , ?IN* b e i n g  t h e  m a s s e s  o f  t h e  N a n d  N* 

r e s p e c t i v e l y .  Here  w e  a s sumed  t h a t  t h e  N a n d  N*  h a v e  t h e  same ve-  

l o c i t y  f i e l d ,  wh ich  i s  qood  i n  z e r o ' s  o r d e r ,  h u t  n e e d s  improvement .  

The p o t e n t i a l  e n e r g y  is  g i v e n  i n  t h e  c o m p r e s s i o n  zone  b y :  

w h e r e  

a n d  

a r e  t h e  e n e r g y  d e n s i t i e s  f o r  t h e  N- a n d  N* m a t t e r  r e s p e c t i v e l y .  

Aga in  f o r  s i m p l i f i c a t i o n  i t  i s  assumed h e r e  t h a t  t h e  c o m p r e s s i o n  

e n e r g y  d e p e n d s  o n l y  on t h e  t o t a l  d e n s i t y  9,. The c o n s t a n t s  



~ q .  ( 3 4 )  c a n  b e  w r i t t e n ,  by u s i n g  e q s .  ( 3 1 )  and  ( 3 5 1 ,  a s  

where 

The e n t r o p y  becomes 

1 / 3  
R dY 

1 / 3  
w i t h  B = 

1 / 3  
(1N4 + P N *  

T h i s  a l l o w s  t o  c a l c u l a t e  t h e  p r e s s u r e  

which  g i v e s  

where  f o r  T = O f ( ~ 1 - P ~  anc! q ( T )  - 0.  O t h e r w i s e  t h e  f ( T )  a n d  g ( T )  

a r e  f u n c t i o n s  of T .  

I t  i s  i m p o r t a n t  now t o  o b t a i n  t h e  t e m p e r a t u r e  T a s  a  f u n c t i o n  

o f  t h e  d e n s i t y ,  wh ich  i s  a c h i e v e d  v i a  t h e  s h o c k  e q u a t i o n s .  T h i s  de- 

s e r v e s ,  however ,  some more d e t a i l s :  W e . c o n s i d e r  t h e  shock  f r o n t  

a ( t )  usincl  t h e  n o t a t i o n  shown i n  F i q .  1 8 a .  



high dens~ty I equriibr~um densiiy 

F i g .  1 8  a )  The  d e f i n i t i o n  o f  v a r i o d s  q u a n t i t i e s  occurrinq on 

b o t h  s i d e s  of t h e  s h o c k  front (set? a l s o  b ' i q .  1 0 )  , 

1 8  b) T e m p e r a t u r e  T a s  f u n c t i o n  of t h e  d e n s i t y 9  in the 

c n m p r e s s i  on  zone  f o r  the  case of n o  N"-nuclei 

(eq. (20a) , c u r v e  1 ) and f o r  t h e  case that ~~"-nucLei 

are fo rmed  ( e q  . ( 4 5 )  , c u r v e  2) . 



V i a  t h e  s u b s t i t u t i o n s  U7 = V 1 - 6 ,  l-(o=~o-; o n e  c a n  t r a n s f o r m  t o  

a c o o r d i n a t e  s y s t e m  a t  r e s t  a t  t h e  s h o c k  f r o n t  a n d  o b t a i n s  t h e  

f o l l o w i n g  s h o c k  e q u a t i o n s :  

1 )  b a r y o n  c o n s e r v a t i o n :  

( 4 1  
= 'u w i t h  jl=gN+SN1 

6 1 %  s o  0 

'b ,+P., = 2) momentum c o n s e r v a t i o n :  ?L1 !iVyagl~~ + M ~ " x  3, 
., ( 4 2 )  

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

3 )  e n e r g y  c o n s e r v a t i o n :  
M L  

y1Zl1 (y211+W1 ) + P &  = 
( 4 3 )  

I t  i s  n o t e w o r t h y  t h a t  t h e  f i r s t  e q u a t i o n  ( 4 1 )  r e p l a c e s  t h e  m a s s  

f l o w  e q u a t i o n  [ 1 1 ~ U ] =  0 ( e q . l 7 ) 0 n l y  t h e  number  o f  b a r y o n s  i s  

c o n s e r v e d  a l o n g  t h e  s h o c k  f r o n t .  T h e s e  s h o c k  e q s .  ( 4 1  ) - ( 4 5 )  may 

b c  h r o u q h t  t o  a more  c o n v e n i e n t  f o r m .  W i t h  t h e  a b b r e v i a t i o n  

= = q & ? r  one o b t a i n 3  f o r  t h e  eq. ( 4 2 ) :  
0 



With  t h a t ,  e q .  ( 4 3 )  becomes 

o r  w i t h  ( 4 4 )  

which  i s  t h e  a p p r o p r i a t e l y  m o d i f i e d  e q u a t i o n  o f  Rank ine  (see e q .  

( 1 9 )  1 .  I n d e e d ,  t h e  s e c o n d  t e r m  on  t h e  l e f t h a n d  s i d e  o f  ( 4 5 )  v a n i s h e s  

2 
From r = (vo-b)  

2 2 Po-PI 
o n e  c a n  s o l v e  f o r  a and  o b t a i n s  t h e  

. . - -- 
s4 S o  

a n a l o g u e  t o  t h e  f o r m e r  e q . ( Z ? )  f o r  t h e  v e l o c i t y  A o f  t h e  s h o c k  f r o n t  

b e c a u s e  Vo = i / 2 ,  po=O, C =V/M~ 
S 

loo MeV i s  t h e  c o m p r e s s i o n  c o n s t a n t  and  c t h e  v e l o c i t y  Here  C "--- 
9 S 

o f  f i r s t  s o u n d .  F o r  T =  ; = 0 o n e  o b t a i n s  4 = c  i . e .  t h e  s h o c k  
s ' 

f r o n t  t r a v e l s  t h e n  w i t h  the v e l o c i t y  of s o u n d .  Eq. ( 4 5 )  ~ I l o w s  the 

c a l c u l a t i o n  o f  t h e  t e m p e r a t u r e  as a  f u n c t i o n  o f  t h e  d e n s i t y .  S i n c e ,  

however ,  t h i s  e q u a t i o n  i s  o f  t h e  form T = T ( Q , T ) ,  o n e  h a s  t o  u s e  



an  i t e r a t i o n  p r o c e d u r e  f o r  t h e  s o l u t i o n .  With t h a t  one  c a n  t h e n  de- 

t e r m i n e  t h e  p o t e n t i a l  and k i n e t i c  e n e r g i e s  and t h e  c o r r e s p o n d i n g  equa- 

t i o n s  o f  mot ion .  I n  F i g .  18b T  = (fl /Jo) i s  drawn. 

I t  i s  n o t i c e d ,  however ,  t h a t  t h e r e  o c c u r  s t i l l  some i n c o n s i s t e n -  

cies i n  t h e  p r e s e n t  f o r m u l a t i o n .  I n  t h i s  h i g h l y  r e l a t i v i s t i c  problem 

one s h o u l d  u s e  r e l a t i v i s t i c  hydrodynamics and thermodynamics [15]..  

A l s o ,  e q s .  ( 4 1 ) - ( 4 3 )  h a v e  i n  t h i s  s e n s e  t o  b e  r e p l a c e d  by t h e  r e l a t i -  

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

k  
where Ti i s  t h e  a p p r o p r i a t e  e n e r g y  momentum t e n s o r .  The c a l c u l a t i o n s  a r e  

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

s m a l l  r e s p .  medium s i z e d  n u c l e u s  w i t h  a  heavy one .  I n  t h i s  case a  

Mach-cone d e v e l o p s  w i t h i n  t h e  heavy t a r g e t .  F o r  t h e  example s t u d i e d  

h e r e , f o r  t h e  c a s e  o f  e q u a l  n u c l e i ,  t h i s  Mach-cone o c c u r s  i n  b o t h  t a r -  

g e t  and p r o j e c t i l e ,  which m a n i f e s t s  i t s e l f  i n  t h e  compress ion  e l l i p s o i d  

o f  F i g .  1. W e  w i l l  r e p o r t  i n  a  s e p a r a t e  p a p e r  on t h i s  g e n e r a l i z a t i o n  o f  

t h e  p r e s e n t  t h e o r y  and i t s  r e s u l t s  [ 151. 

V. B .  P i o n i z a t i o n  of Matter 

W e  s h a l l  d i s c u s s  now some fundamenta l ,  though v e r y  s p e c u l a t i v e  

i d e a s ,  which can  b e  s u b j e c t  t o  e x p e r i m e n t a l  v e r i f i c a t i o n  t h r o u g h  t h e  

shock waves o c c u r r i n g  i n  heavy  i o n  c o l l i s i o n s .  The i d e a  o f  s u p e r -  

c r i t i c a l  f i e l d s  and t h e  d e c a y  ( i n s t a b i l i t y )  of  t h e  vacuum i n t o  a  

c h a r g e d  vacuum was f i r s t  d i s c u s s e d  s e v e r a l  y e a r s  a g o  i n  c o n n e c t i o n  w i t h  

v e r y  s t r o n g  Coulomb f i e l d  o c c u r r i n g  i n  t h e  i n t e r m e d i a t e  s u p e r h e a v y  

molec.c;les ir: heavy i ~ r ?  collisions r41 The e l e c t r o n - p o s i t r o n -  L -1 * 

vacuum becomes i n s t a b l e  i f  Z > Z S 1 7 0  [ 4 ] .  T h i s  phenomenon i s  v e r y  c r  



i n t i m a t e l y  c o n n e c t e d  w i t h  t h e  s i n g l e  p a r t i c l e  l e v e l  scheme o f  t h e  

D i r a c  f i e l d  and i t s  most  e s s e n t i a l  f e a t u r e s  can  be  u n d e r s t o o d  t h i s  way. 

Such s u p e r c r i t i c a l  f i e l d s  m i g h t  now a l s o  o c c u r  f o r  e . g .  t h e  K l e i n -  

Gordon f i e l d ;  e i t h e r  due  t o  e l e c t r o m a g n e t i c  o r  t o  s t r o n g  i n t e r a c t i o n  

o f  t h e  p i o n s  w i t h  an e x t e r n a l  s o u r c e X  ( s u p e r h e a v y  i n t e r m e d i a t e  mole- 

c u l e  a t  c l o s e  d i s t a n c e s  - shock  wave d e n s i t i e s ) .  For  p o i n t  n u c l e i ,  t h e  

Klein-Gordon e q u a t i o n  becomes o v e r c r i t i c a l  due  t o  t h e  Coulomb f i e l d  

oC 
a t  Z = - % 6 9 ;  f o r  e x t e n d e d  n u c l e i  t h i s  v a l u e  i s  s h i f t e d  t o  a b o u t  a t  c 2 

zc  
-1300.  From t h i s ,  t h e  i m p o r t a n c e  o f  compress ion  is a l r e a d y  o b v i o u s .  

F o r  c h a r g e d  p i o n s  w e  s t u d y  (5 = c = 1 )  t h e  e q u a t i o n  

where  @(r) i s  a  complex s c a l a r  f u n c t i o n  and V ( r )  i s  t h e  p o t e n t i a l  e n e r g y  

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

c h a r g e  d i s t r i b u t i o n .  Eq.(48) can  a l s o  b e  w r i t t e n  i n  a  S c h r o d i n g e r -  

t y p e  form a s  

where  

V E '  V 
e f f  = V (1+  -- - 1 m 2m 

T h i s  w i l l  b e  u s e f u l  l a t e r  o n .  

X - W e  c o n s i d e r  h e r e  t h e  n u c l e u s  o n l y  a s  an  e x t e r n a l  s o u r c e  and n e g l e c t  

i t s  o w n  degrees of freed=%. T h i s  s h o u l d  be a good a p p r o x i m a t i o n  

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



The s t r o n g  i n t e r a c t i o n s  show u p  i n  a d d i t i o n a l  terms which  we 

b e s t  summar ize  by w r i t i n g  down t h e  t o t a l  L a g r a n g i a n  f o r  t h e  

nuc leon-meson f i e l d s  

The main  c o u p l i n g  d i s c u s s e d  i n  l i t e r a t u r e  i s  t h e  o n e  p r o p o r t i o n a l  

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

t o  a  t h e o r y  d i v e r g e n t  i n  p e r t u r b a t i o n  t h e o r y ,  e v e n  a f t e r  mass  and  

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

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

The l a s t  two 

t e r m s  p r o p o r t i o n a l  t o  1 and  Xq a r e  n o n l i n e a r  ( s e l f  i n t e r a c t i o n )  3 

t e r m s  o f  t h e  p i o n  f i e l d .  The l a t t e r  t e r m s v w e r e  d i s c u s s e d  r e c e n t l y  

by M i g d a l  [201  a n d  by Lee  [ 2 1 1  One p r a c t i c a l l y  knows n o t h i n g  

a b o u t  t h e  l a s t  f o u r  t e r m s  i n  eq.  ( 4 9 )  and  v e r y  l i t t l e  a b o u t  t h e  

s t a n d a r d  t e r m  p r o p o r t i o n a l  t o  q . We w i l l  t h e r e f o r e  r e s t r i c t  
0 

o u r s e l v e s  h e r e  t o  a  q u a l i t a t i v e  d i s c u s s i o n  o f  phenomena wh ich  

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

c o n s e q u e n c e s  o f  p o s s i b l e  c o m b i n a t i o n s  o f  t h e  t e r m s  d e n o t e d  i n  e q . ( 4 9 '  

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



e 
a c h i e v e d  v i a  minimal  c o u p l i n g ;  i . e .  t h e  r e p l a c e m e n t  p -+p - - 

,P /4 C A ~ *  

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

o f  s i m p l e  c e n t r a l  Coulomb p o t e n t i a l  f o r  t h e  r - - f i e ld  a s  d e n o t e d  i n  e q .  

( 4 8 )  ; u n d e r s t a n d  i n  t h i s  c a s e  t h e  new p h y s i c a l  phenomena and ment ion  

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

Feshbach-Vi l l a r s - r ep resen ta t ion  [22] 

t h e  s o l u t i o n s  o f  e q .  ( 4 8 )  are found 1231 t o  d i v i d e  i n t o  two s u b s e t s  

4p and 0, ( p  and n  d e n o t e  " p o s i t i v e "  arid " n e g a t i v e "  r e s p e c t i v e l y )  

c h a r a c t e r i z e d  a s  f o l l o w s  

w h e r e  < V > =  "*v' . Clea r ly ,  if t h i s  c l a s s i f i c a t i o n  becomes 
(v"2y 

1 I 

t h e r e  sh 'bu ld .  o c c u r  a n  e i g e n v a l u e  f o r  which t h e  i n e q u a l i t i e s  

( 5 1 )  become e q u a l i t i e s .  T h i s  i n d e e d  happens  for s t r o n g  f i e l d s ,  i . e .  

i n  o u r  case a s  Z becomes v e r y  l a r g e .  Because  o f  p h y s i c a l  r e a s o n s  

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

and p o s i t i v e  p i o n s  (Try) . The s i t u a t i o n  is  i l l u s t r a t e d  s c h e m a t i c a l l y  
4 

i n  F i g .  1 9 .  For  a Coulomb p o t e n t i a l  o f  an e x t e n d e d  n u c l e u s ,  t h e  

c u r v e  marked E- r e p r e s e n t s  i n  i t s  s o l i d  p a r t  t h e  l o w e s t  bound 

s t a t e  o f  t h e  -yr- . Two s p e c i a l  v a l u e s  of  Z a r e  t o  b e  n o t e d :  F o r  

Z > Z o  t h e r e  emerges  f rom t h e  n e g a t i v e  e n e r g y  cont inuum a  new 



bound  s t a t e  b r a n c h  ( d a s h e d )  w h i c h  m e e t s  t h e  Branch  E - a t  a p o i n t  o f  

v e r t i c a l  t e n g e n c y ,  Z = Z,. F o r  Z > Z, t h e r e  i s  s i m p l y  n o  bound 

s t a t e  s o l u t i o n  c o r r e s p o n d i n g  t o  t h i s  b r a n c h .  The c u r v e  marked E+ 

i s  a r e f l e c t i o n  o f  E- w i t h  r e s p e c t  t o  t h e  a b s c i s s a  E = 0 a n d  r e p r e -  

s e n t s  a s o l u t i o n  b r a n c h  f o r 3  . T h i s  r e f l e c t s  t h e  g e n e r a l  p r o p e r -  

t y  o f  t h e  K . G .  f i e l d  o f  eq. ( 4 8 ) ,  namely 

I t  shows ,  t h a t  i f  b r a n c h  E- o c c u r s  f o r  T-, b r a n c h  E+ e c c u r s  f o r  T+. 

T h i s  i s  t h e  c h a r g e  c o n j u g a t i o n  symmetry .  C o n s i d e r i n g  now t h e  

mm $I I p, .-------- 
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F i g .  1 9 :  R e p r e s e n t a t i o n  o f  t h e  l o w e s t  bound s t a t e  o f  a n e q a t i v e  

p i o n  i n  a Coulomb f i e l d  o f  a s u p e r h e a v y  n u c l e u s  (E-). 

S t r o n g  i n t e r a c t i o n s  a r e  n e g l e c t e d .  The e n e r g y  f o r  a  po- 

s i t i v e  p i o n  i s  r e l a t e d  t o  t h a t  by c h a r q e  c o n j u q a t i o n  ( E + )  



e q u a t i o n  f o r  TT+ n e a r  z e r o  b i n d i n g  e n e r g y  ( E ' e  9) . 
f o l l o w s  f rom ( 4 8 h )  i f  - as must  be i n  t h i s  case 

s i g n  i s  changed  

I t  t h e n  

t h e  c h a r g e  

T h u s , f o r  l a r g e  enough Z t h e  s e c o n d  t e r m  w i l l  d o m i n a t e ;  e v e n  i n  

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

by the s o l i d  p a r t  o f  t h e  E+-cu rve .  W e  t h u s  u n d e r s t a n d  f rom e q s ,  (52) 

and  ( 5 3 )  t h e  b a s i c  q u a l i t a t i v e  f e a t u r e s  o f  t h e  Kle in-Gordon so- 

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

F i g .  1 9  h a v e  p o s i t i v e  norm i n  t h e  s e n s e  o f  e q . ( 5 1 )  and  t h e  d a s h e d  

o n e s  n e g a t i v e  norm. The j o i n i n g  w o i n t  h a s  t h e r e f o r e  a l w a y s  

E = < V ) and  t h e r e f o r e  - by r e p l a c i n c r  V-+ h V  - o n e  g e t s  f rom 

e q .  ( 4 8 )  

2  
( ( E  - \ v ) ~ > =  ( p  > + m 2 ( 5 4 )  

t h e  d e r i v a -  

t i v e  of w h i c h  w i t h  r e s p e c t  t o  ^X ( a t  h= I ) hecomes  d u e  t o  r e p e a t e d  

u s e  of eq. ( 4 8 )  

S i n c e  a t  t h e  p o i n t  < V >  = E t h e  r i g h t  hand  s i d e  of  ( 5 5 ) w i l l  i n  

dl? 
g e n e r a l  n o t  v a n i s h ,  s u c h  p o i n t s  mus t  h a v e  - = * , i . e .  t h e  d h  

j o i n i n g  p o i n t s  o f  t h e  s o l i d  and d a s h e d  p a r t s  i n  F i q .  1 9  h a v e  ver- 

t i c a l  t a n g e n c y .  



W e  d e n o t e  t h e s e  p o i n t s  by E- = - m and E+ = + m r e s p e c t i v e l y .  

o n e  t h u s  s e e s ,  f i e l d  t h e o r e t i c a l l y  s ~ e a k i n n ,  t h a t  one c o u l d  p roduce  

a t  t h i s  p o i n t  an i n f i n i t e  number  of^- - T+ - p a i r s  w i t h o u t  e n e r g y  

0 
( o r  v e r y  l i t t l e  e n e r g y ) .  T h i s  w i l l  even  more b e  t r u e  f o r  TT -mesons 

( t h e y  o n l y  have  s t r o n g  i n t e r a c t i o n s ,  o f  c o u r s e )  which a r e  t h e i r  own 

a n t i p a r t i c l e s .  O b v i o u s l y ,  t h i s  a p p a r e n t  i n s t a b i l i t y  h a s  g r e a t  

a n a l o g y  w i t h  t h e  i n s t a b l e  e l e c t r o n - p o s i t r o n  vacuum i n  o v e r c r i t i c a l  

f i e l d  [4] and, i n  f a c t ,  s i g n a l s  t h e  change ( d e c a y ,  breakdown) o f  t h e  

p i o n i c  vacuum. 

For  o r d i n a r y  p i o n s  o n e  e s t i m a t e s  Zcw1300  [ 2 3 1 .  I f  t h e r e  would be  

a  p ion  w i t h  t h e  mass o f  t h e  e l e c t r o n  Z c  would b e  reduced  by an  o r d e r  

o f  m a g n i t u d e .  T h i s  i s  t r u e  f o r  Coulomb f o r c e s .  The o v e r c r i t i c a l  

f i e l d s  f o r  p i o n s  may, however,  a l s o  b e  c r e a t e d  by n u c l e a r  f o r c e s .  

A t  Z = Z t h e  vacuum s t a t e  i s  o b v i o u s l y  no more u n i q u e ,  b u t  
C 

d e g e n e r a t e s  w i t h  an  i n f i n i t e  number o f  o t h e r  s t a t e s  c o n t a i n i n g  

v a r i o u s  numbers  of^* - p a i r s  o f  e n e r q y m - m =  0 . I f  one  c o n s i d e r s ,  

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

TTt- T - p a i r s  and To's c a n  b e  p roduced  w i t h o u t  e n e r g y .  I t  s h o u l d  

c l e a r l y  b e  r e c o q n i z e d ,  t h a t  t h e s e  a r e  a l l  i n  bound s t a t e s .  C o n t r a r y  

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

s p i n o r  f i e l d )  d o e s  n o t  have  a  cont inuum wave f u n c t i o n  t o  " t r a v e l "  

o u t  o f  t h e  c r i t i c a l  volume. I n s t e a d  a  k i n d  o f  d i p o l e - l a y e r  be tween 

f 
8-  ( s i t t i n g  i n  an  o r b i t  c l o s e r  t o  t h e  o r i g i n )  and W ( s i t t i n g  i n  an  

o r b i t  f u r t h e r  o u t )  i s  p roduced  and a l s o  a  c l o u d  o f  n e u t r a l  Tf's . 
W e  c a l l  t h i s  p r o c e s s  p i o n i z a t i o n  of m a t t e r .  



The m u t u a l  i n t e r a c t i o n  between p i o n s  (Coulomb, s t r o n q  r e p u l s i o n )  

c a n  s t o p  t h i s  p r o c e s s .  I t  can a l s o  b e  s t o p p e d  by t h e  P a u l i -  

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

up by e . g .  q u a r k - a n t i q u a r k  p a i r s .  Then - i n  a n a l o g y  t o  e . g .  

d- p a r t i c l e s  i n  o r b i t a l s  w i t h i n  0 1 6 - n u c l e i  - o n l y  a  f i n i t e  

number o f  p i o n s  c a n  b e  b r o u g h t  i n t o  one  o r b i t a l  and t h e  p r o c e s s  o f  

p i o n i z a t i o n  w i l l  q u i c k l y  s t o p .  I f  t h i s  d o e s  n o t  o c c u r ,  however ,  o n e  

can  e i t h e r  e x p e c t  c o m p l e t e  p i o n i z a t i o n ,  i . e .  a  p i o n i c  d r o p ,  i n  

which p r a c t i c a l l y  a l l  e n e r g y  i s  t r a n s f o r m e d  i n t o  p i o n i c  m a t t e r  ( t h e  

b a r y o n  number i s  o f  c o u r s e  c o n s e r v e d ) ;  or one  can  e x p e c t  p a r t l y  

p i o n i z e d  mat ter ,  d e p e n d i n g  on t h e  p ion-p ion  i n t e r a c t i o n  ( t h e  t e r m s  

o f  h i g h e r  powers t h a n  d2 i n  t h e  L a q r a n g i a n  ( 4 9 )  ), . 
The s t r o n g  n u c l e o n - p i o n  i n t e r a c t i o n  w i l l  b e  m e d i a t e d  by 

t e r m s  p r o p o r t i o n a l  t o  g  and g  i n  eq. ( 4 9 ) .  Such t e r m s  a r e  p a r t i -  
0 

c u l a r l y  s t r o n g  when t h e  n u c l e a r  d e n s i t y  i s  h i g h ,  s i n c e  t h e y  a r e  

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

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

f o r  s t u d y i n g  t h e s e  e v e n t u a l l y  o c c u r r i n g  new fo rms  o f  m a t t e r .  

The c r i t i c a l  mass h a s  n o t  y e t  been  d e t e r m i n e d  e x a c t l y ,  s i n c e  

it depends  on  t h e  c o u p l i n g  c o n s t a n t s  go and g ,  b u t  i s  e x p e c t e d  

t o  b e  above A - 3 0 0  . S i m i l a r l y  a s  t h e  d i v i n g  o f  t h e  e l e c t r o n  

l e v e l s  C 4 7  can  b e  enhanced  s t r o n g l y  and o c c u r  e a r l i e r  as  t h e  

n u c l e i  a r e  more p o i n t - l i k e  ( c o m p r e s s e d ) ,  t h e  compress ion  o f  n u c l e a r  

m a t t e r , w i l l  have  s i m i l a r  e f f e c t s  on t h e  o v e r c r i t i c a l  p i o n i c  s t a t e s .  

NOW, i f  t h e  p i o n i c  s e l f - i n t e r a c t i o n  ( t e r m s  p r o p o r t i o n a l  t o  Ij 

and 'X4 i n  e q .  ( 4 9 )  ) i s  such  t h a t  e i t h e r  c a s e  a )  o r  c a s e  h) o f  

F i g .  20  o c c u r ,  t h e  p i o n i z e d  m a t t e r  c o u l d  s t a b i l i z e  a new 



F i g .  2 0 :  Two o f  many p o s s i b i l i t i e s  f o r  p ion-p ion  i n t e r -  

a c t i o ~  

q u a s i s t a b l e  ( c a s e  b) or  a b s o l u t e l y  s t a b l e  ( c a s e  a )  p i o n i c  vacua  $o. 

W e  b e l i e v e  t h a t  c a s e  a )  h a s  t o  b e  r u l e d  o u t ,  b e c a u s e  i t  would b e  

more s t a b l e  t h a n  o u r  n u c l e o n i c  m a t t e r  and w e  s h o u l d  most  l i k e l y  

have  come a c r o s s  p i o n i c  m a t t e r  a l r e a d y .  Thus ,  i t  seems, t h a t  w e  

a r e  l e f t  w i t h  c a s e  b )  f o r  s p e c u l a t i o n .  I f  w e  c o u l d  p roduce  such  

p i o n i c  m a t t e r ,  w e  c o u l d  e x p e c t  v e r y  heavy s t a b l e  ( o r  q u a s i -  

s t a b 1 e ) e l e m e n t s .  I n  f a c t ,  i f ,  s a y  A W 3 0 0  would ,  f o r  example ,  

be t h e  c r i t i c a l  v a l u e  f o r  A ,  a i i  h i g h e r  v a i u e s  o f  A s h o u l d  a l s o  

l e a d  t o  p i o n i c  m a t t e r .  S i n c e  t h e  p i o n s  a r e  e n e r q y l e s s  ( E z O  1 ,  



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

m a s s e s  ( A )  e x c e p t  f o r  t h e  p i o n i c  b i n d i n g .  The p o t e n t i a l  c o u l d  

l o o k  as s c h e m a t i c a l l y  d e p i c t e d  i n  F i g .  2 1 .  Maybe w e  d i s c o v e r  

new v e r y  h e a v y  " e l e m e n t a r y "  p a r t i c l e s  t h i s  way. 

F i g .  2 1  : S c h e m a t i c  f i g u r e  o f  a n  e f f e c t i v e  n u c l e u s -  

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

c o l l i d i n g  n u c l e i  



The d e n s i t y  o f  s u c h  n u c l e i  c a n  a g a i n  b e  r a t h e r  n o r m a l ,  i . e .  

n o t  far f rom g o ,  b u t  t h e i r  n u c l e a r  p r o p e r t i e s  ( s p e c t r a ,  deforma-  

t i o n ,  s h e l l  m o d e l )  a r e  e x p e c t e d  v e r y  d i f f e r e n t  f rom o r d i n a r y  

n u c l e i .  They  c a n  s t i l l  b e  c l a s s i f i e d  by t h e i r  t o t a l  c h a r g e  Z ,  

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

m e n t i o n e d  a n d  f o r  t h e i r  l a r g e  m a s s )  t o  r e c o g n i z e .  The f i s s i o n  

o f  s u c h  a p i o n i c  d r o p  is  e x p e c t e d  t o  t a k e  p l a c e  t h r o u g h  a  b r e a k -  

u p  i n t o  many f r a g m e n t s ,  b e c a u s e  i t  h a s  t o  t a k e  p l a c e  o v e r  t h e  

11 ~ " m p r e s s i o n  ,- b a r r i e r " ,  which n e e d s  v e r y  much e n e r g y .  

These  a r e  s p e c u l a t i o n s  which  s h o u l d  o n l y  b e  u n d e r s t o o d  a s  s u c h .  

Due t o  o u r  l a c k  o f  knowledge  a b o u t  t h e  p i o n - n u c l e o n  L a g r a n g i a n ,  

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

n u c l e i  e x i s t .  The f u n  i s ,  t h a t  t h e y  c o u l d .  

W e  a cknowledge  s t i m u l a t i n g  d i s c u s s i o n s  w i t h  P r o f .  M . S .  Weiss  

( L i v e r m o r e )  d u r i n g  h i s  s t a y  a s  a v i s i t i n g  p r o f e s s o r  i n  J u n e  1 9 7 4  a t  t h e  

U n i v e r s i t y  o f  F r a n k f u r t .  He drew o u r  a t t e n t i o n  t o  t h e  i n c l u s i o n  

o f  t h e  t e m p e r a t u r e  p i o n s  i n t o  o u r  model (see r e f . [  1 8 1 ) .  We a r e  a l s o  

g r a t e f u l  t o  P r o f .  R .  Bock  ( G S I )  and P r o f .  R .  S t o c k  f o r  t h e i r  i n t e r e s t  

and v a l u a b l e  d i s c u s s i o n s .  



R e f e r e n c e s  : 

[ 11 S e e  f o r  a r e v i e w :  W .  G r e i n e r  a n d  W .  S c h e i d ,  J . d e  P h y s i q u e  

32 ( 1 9 7 1 )  (-6-91 - 
D . A .  B r o m l e y ,  J .A.  K u e h n e r  and  E .  A l m q v i s t ,  P h y s . R e v . L e t t .  

4 ( 1 9 6 0 ) 3 6 5 ;  R . H .  S i e m s s e n ,  J . V .  Mahe r ,  A. W e i d i n g e r  and  - 
D.A.  B romley ,  P h y s .  Rev. L e t t  19  ( 1 9 6 7 ) 3 6 9 ,  a n d  2 0  ( 1 9 6 8 )  - - 
175 ;  

J.V. Maher ,  M . W .  Sachg ,R.H.  S i e m s s e n ,  A. W e i d i n g e r ,  D.A. 

B romley ,  P h y s .  Rev. 188 ( 1 9 6 9 ) 1 6 6 5 ;  

S e e  a l so  f o r  r e v i e w :  A. G o b b i ,  P r o c e e d i n g s  o f  t h e  Sympo- 

s i u m  o n  Heavy I o n  S c a t t e r i n g ,  Argonne  N a t .  L a b . ,  1 9 7 1 ,  

R e p o r t  N o .  ANL-7837, p .  6 3 ;  

W. S c h e i d ,  H . J .  F i n k ,  a n d  H.  M u l l e r ,  N u c l e a r  M o l e c u l a r  

S t r u c t u r e  i n  Heavy  I o n  S c a t t e r i n g  i n  "Symposium o n  F o u r  

LI 
N u c l e o n  C o r r e l a t i o n s  a n d  A l p h a  R o t a t o r  S t r u c t u r e ,  Marburg  

1 9 7 2 ,  e d .  R . S t o c k ;  

H .  M u l l e r ,  D i p l o m a  T h e s i s ,  I n s t .  f .  T h e o r e t i s c h e  P h y s i k  

d e r  J o h a n n  W o l f g a n g  G o e t h e - U n i v e r s i t a t  F r a n k f u r t / M a i n  

( 1 9 7 2 ) .  

B. M i i l l e r ,  H .  P e i t z ,  J .  R a f e l s k i ,  a n d  W .  G r e i n e r  , 

P h y s .  Rev. L e t t .  28  No.19 ( 1 9 7 2 )  1235  - 
B. M i i l l e r ,  J .  R a f e l s k i ,  a n d  W .  G r e i n e r ,  Z e i t s c h r . f . P h y s i k  

257  ( 1 9 7 2 ) 6 2  a n d  257  ( 1 9 7 2 ) 1 8 3 ;  - - 
J .  R a f e l s k i ,  B. M u l l e r ,  a n d  W. G r e i n e r ,  N u c l . P h y s . B 6 8 ( 1 9 7 4 ) 5 8 5  - 
J .  R a f e l s k i  a n d  A .  K l e i n ,  P r o c .  o f  t h e  I n t .  C o n f .  on  

e d .  b y  R .  R o b i n s o n  a n d  J .  H a m i l t o n ,  N o r t h  Hol l .Publ .Cornp .  



see e . g .  J .  Maruhn and W .  G r e i n e r ,  Z e i t s c h r . f . P h y s i k  251 - 
( 1 9 7 2 ) 4 3 1  a n d  f u r t h e r  r e f e r e n c e s  t h e r e i n .  

F o r  t h e  dynamic  c o l l e c t i v e  model  o f  g i a n t  r e s o n a n c e s ,  which  

i s  t h e  modern v e r s i o n  o f  t h e  G o l d h a b e r - T e l l e r  r e s p .  S t e i n -  

w e d e l - J e n s e n  model  see J . M .  E i s e n b e r g  a n d  W .  G r e i n e r ,  

N u c l e a r  Mode l s?  N o r t h  Ho l l .Pub l ,Comp, ,  A m s t e r d a m  ( 1 9 7 0 ) ;  

see e .g .  .F.Sei$, l ,  A. Cameron,  A s t r o p h y s .  a n d  Space  S c i e n c e  - 15 

( 1 9 7 2 )  44-128. 

W .  S c h e i d ,  R .  L i g e n s a ,  and  W .  G r e i n e r ,  P h y s . R e v . L e t t  - 21 

( 1 9 6 8 ) 1 4 7 9 ,  see a l s o  171 

H .  M G l l e r ,  W .  S c h e i d ,  and  W .  G r e i n e r ,  t o  b e  p u b l i s h e d ,  

H .  M ~ l l e r ,  d i p l o m a  t h e s i s ,  I n s t .  f .  T h e o r .  P h y s i k  d e r  J o h a n n  

Wolfgang G o e t h e - U n i v e r s i t a t  F r a n k f u r t  am Main (1972: .  

L . D .  Landau and E.M. L i f s h i t z ,  S t a t i s t i c a l  P h y s i c s  ( P e r -  

gamon, London 1 9 5 8 ) ;  

J.D. Walecka ,  P h y s .  RBv. 126 (19621653;  - 
K .  Woeste, Z - P h y s i k  133  ( 1 9 5 2 ) 3 7 0  - 
H . A .  B e t h e ,  Ann.Rev. N u c l . S c i .  2 1  (1971193;  - 
S u c h  work i s  p r e s e n t l y  a t  p r o g r e s s  by J .  Hofmann, I n s t .  f. 

T h e o r e t i s c h e  P h y s i k  d e r  U n i v e r s i t a t  F r a n k f u r t / M a i n .  The  

g e n e r a l  p rob lem i s  t r e a t e d  w i t h i n  r e l a t i v i s t i c  hydrodynamics .  

J .  S e r r i n ,  Handbuch d e r  P h y s i k ,  e d i t e d  by S. F l u g g e  

( S p r i n g e r ,  B e r l i n ,  1959)  V o l .  8 ,  P a r t  I ,  p .  125 ;  



1151 F o r  r e l a t i v i s t i c  hydrodynamics  i n  c o n n e c t i o n  w i t h  r e l a t i -  

v i s t i c  h e a v y  i o n  c o l l i s i o n s ,  see work o f  J .  Hofmann e t  a l .  

1161 H . J .  F i n k ,  D i s s e r t a t i o n ,  1 n s t . f . T h e o r .  P h y s i k  d e r  Univ.  

F r a n k f u r t / M a i n  ( 1 9 7 3 ) ;  

H . J .  F i n k ,  N, S c h e i d , a n d  W .  G r e i n e r ,  C o n t r i b u t i o n  t o  t h e  

I n t e r n a t .  Conf .  on R e a c t i o n s  be tween  Complex N u c l e i ,  Nash- 

v i l l e ,  Renn. ,  J u n e  1974 ( P r o c e e d i n g s  e d .  by  R .  Robinson  a n d  

J .  Hami2ton ,  N o r t h  H o l l a n d  Publ.Comp.) 

1171 H .  H o l m ,  W. S c h e i d ,  and  W. G r e i n e r , P h y s . ~ e t t . v o l  29B N r . 8 ( 1 9 6 9 )  

see a l s o  E i s e n b e r g - G r e i n e r :  N u c l e a r  Mode l s ,  N o r t h  H o l l a n d  

Pub1  . Comp . Arnsterdem ( 19 70)  

G.F. C h a p l i n e ,  M . H .  J o h n s o n ,  E .  T e l l e r ,  and  M.S. Weiss, 

Phys  . Rev. - 8 (1973)  4302 

H .  A r e n h a v e l  a n d  H.J. Weber ,  Nuc l .Phys .  Vo1.91 N r .  1  ( 1 9 6 7 )  

A . B .  M i g d a l ,  N u c l . P h y s .  A210(1973)421  

T . D .  Lee and  G . C .  Wich,  Phys.Ref .D.  Vo1.9 ( 1 9 7 4 ) 2 2 9 1  

H .  F e s h b a c h  a n d  F. V i l l a r s ,  Rev.Mod.Phys.30 - ( 1 9 5 8 ) 2 4  

A .  K l e i n  a n d  J.  R a f e l s k i ,  C o n t r .  a t  O r b i s  S c i e n t i a e ,  

C e n t e r  f o r  T h e o r e t i c a l  S t u d i e s  o f  t h e  Univ .of  Miami ( Jan  7-12,  

1 9 7 4 ) .  

The p o s s i b i l i t y  o f  Mach-cones w i t h i n  n u c l e a r  m a t t e r  emerged  

i n  d i s c u s s i o n s  w i t h  P r o f .  D . A .  Bromley ,  Y a l e  U n i v e r s i t y ,  d u r i n g  

t h e  s p r i n g  s e m e s t e r  1974 ;  see e.9. D.A. Bromley;  The P h y s i c s  

o f  Complex N u c l e a r  I n t e r a c t i o n s !  P r o c .  o f  t h e  1 n t . C o n f .  on 

t h e  I n t e r a c t i o n  w i t h  Compiex N u c i e i ,  N a s h v i i i e ,  T e n n e s s e e ,  

June  1974 ( N o r t h  H o l l .  Publ .Comp.) .  

B .  F i n k ,  C.  T o e p f f e r ,  Phys .  L e t t .  4 5 1 3 ( 1 9 7 3 ) 4 1 1  



HIGHLY EXCITED NUCLGZR FLATTER* 

George F. Chapline 

Lawrence Livermore Laboratory 

University of California/Livermore, Cal i fornia  

Tablc of Contents 

I n t r o d u c t i o n . .  . .  . . .  . .  . . . . . .  . . .  . . . . .  . . . .  52 

IIot Nuclear l la t te r  . . . . . . . . . . . . . . . . . . . . . . . . 53 

Shock Compression of Nuclear Platter . . . . . . . . . . . . . . . 55 

Diagnosis of Compression . . . . . . . . . . . . . . . . . . . . . 57 

P o s s i b i l i t i e s  of Abnormal Nuclear States . . . . . . . . . . . . . 60 

Pion Lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 

Applications t o  Astrophysics - Neutron Srars . . . . . . . . . . . 61 

Applications t o  Astrophysics - Early IJniverse . . . . . . . . . . 63 

Appendix, Comment on the  v a l i d i t y  of hydrcdynamics . . . . . . . . 66 

".'I\Jork was performed under the auspices of the 11. S. Atomic Fnergy Co~nmission 



Introduction 

In t h i s  lecture I w i l l  talk about a type of co l l i s ion  t h a t  w i l l  happen 

in only a very m a l l  f rac t ion  of t h e  co l l i s ion  events produced with the 

Bevalac, if at  all. Nevertheless, these co l l i s ions  m y  lead t o  spectacular 

ef fec ts  and be of great value in f m h e r i n g  our understanding of nuclear 

matter. The type of co l l i s ion  I r e f e r  t o  is  the  "head-on" col l i s ion between 

heavy nuclei  in which there  is considerable mmentum exchange between the  

p ro jec t i l e  and t a r g e t  nuclei.  I f  the  initial k ine t i c  energy of the  projec- 

t i l e  nucleus i s  i n  t h e  range 1-2GeV per nucleon then a large t ransfer  of 

momentum between p r o j e c t i l e  and t a rge t  could lead t o  energy densit ies  in 

the  center  of mass system which a re  much la rger  than anything prcduced 

heretofore in the  laboratory. It is this opportunity f u r  studying matter 

in an e n t k l y  new regime of densi ty and temperature that rrakes the search 

f o r  head-on co l l i s ions  very mrthwhile.  

I f  w e  consider t h e  co l l i s ion  of ident ica l  nuclei  where the incident 

nucelus has a laboratory k ine t i c  energy per nucleon T then the in ternal  

energy per baryon in t h e  center  of mss system is 

For T = 2GeV/n we have E = 400MeV. In  the case of large  mmentum wansfer  

between incident  and t a rge t  nucleus one would expect that f o r  a brief  

mment a very hot gas of baryons would be f o m d  in which the  excess center  



of  mass energy appears as th-1 energy. If we assume that this hot 

baryon gas can be described as an idea l  gas of nucleus then the  temperature 

8 of this hot gas w i l l  be given by 

3 This r e l a t i o n  d i f f e r s  f r o m  the  fami l iar  expression E = - 0 because t h e  
2 

nucleons must be t rea ted  r e l a t i v i s t i c a l l y .  In  the  u l t r a r e l a t i v i s t i c  l i m i t  

one m u l d  have E = 30. I n  t h e  neighborhood of T = 2GeV eq. (2) gives E 2 20. 

The temperature as a function o f  T is  shown in Figure 1 f o r  the  case of  

an idea gas of nucleons and f o r  the  case where excited s t a t e s  of  the  nucleon 

are taken i n t o  account (Chapline, Johnson, Tel ler ,  and Weiss, 1974). 

Hot Nuclear Matter 

At temperatures in excess of l O O M e V  msons w i l l  be copiously produced. 

The r a t e  of meson production in a proton gas a s  a function of temperature 

is shown in  Fig. 2 .  This curve i s  calculated by averaging the  exper imnta l  

t o t a l  cross-section f o r  meson production with r e l a t i v i s t i c  Maxwell-Boltu~nn 

d i s t r ibu t ions  f o r  the  co l l id ing  protons.  he number of msons produced does 

no t ,  of course, keep increasing because one w i l l  soon reach a s t a t e  of 

thermdynamic equilibrium. Thisstate of thermzdynamic equilibrium w i l l  

be reached in heavy ion co l l i s ions  if the  decay t k  f o r  the  highly excited 

m t e r i a l  i n  the  center  of mss system exceeds the  equil ibrat ion time for 

mson degrees of freedom. I n  the  "hydrodynamic1' a p p r o k t i o n  the  decay 

t h  of the  highly excited rmte r i a l  is  appro-Airateiy .2R/c whwe R i s  the  
S 



radius  of t h e  excited mterial and c is the  speed of sound in the  highly 
S 

excited mater ia l .  The .2  f a c t o r  simply accounts f o r  the  f a c t  t h a t  half 

the  mss lies w i t h i n  .2R of the surface.  I f  we compare this decay tim with 

- -1 the  dqui l ibra t ion  t i m e ,  (nev) , and asswp R = 1 . 1 ~ ~ ' ~  fermi we f ind  t h a t  
s- 

t he  decay t& exceeds the  equi l ibra t ion  tb i f  

Thus, c o l l i s i o n s  of nucle i  with A: 64  could lead t o  s t a t e s  which are in 

thermdynamic equilibrium with respect  t o  meson emission and absorption. 

I f  one assumes that t h e  mesons are present a s  an idea l  gas of pions 

then one f inds  t h a t  f o r  a baryon densi ty equal. t o  twice normal nuclear 

densi ty the  equilibrium pion densi ty is . l l ( f e ~ m i ) - ~  f o r  T = 2GeV/n. This 

corresponds t o  about one pion f o r  every three nucleons in the  highly 

excited s t a t e .  Of course, a t  nuclear dens i t ies  above tha t  of no& nuclei  

it is  not a very good approximtion t o  treat the  pions present a s  k i n g  

f r e e  because of  t h e i r  in terac t ions  with the  nucleons. A t  twice normal 

nuclear dens i ty  pions with energies ins ide  the  ~ ( 1 2 3 6 )  resonance w i l l  spend 

about 90% o f  t h e i r  time "resonating" with the  nucleons. Thus, it might 

not be too bad an  approximtion t o  assume that the highly excited nuclear 

mtter can be described a s  a gas of necleons and excited nucleons. 

The thermxlynamic propert ies  of a gas of nucelons and excited nucleons 

w i l l  be determined by the spectrum of excited nucleon s t a t e s .  According 

t o  the s t a t i s t i c a l  b w t s t r a p  theory this spectrum has the  form (Harrier and 

Frautschi 1972) 



where O0 5 175MeV. I n  the  region of h q o n  msses m where a thorough search 

f o r  resonant s t a t e s  has been carr ied out ,  it i s  found t h a t  the  density of 

states does increase m p i d l y  with mss ard could be f i t  with an expression 

of form ( 4 ) .  The temperature of an <deal gas of nucleons and excited 

nucelons, assuming that the  spectrum of nucleon states has the  form given 

in eq . (4 ) , i s  sbwn a s  t h e  so l id  l i n e  in Fig. 1. Because of the  fac tor  
d o o  

e in eq. (4)  t h e  temperature of such a gas can never exceed O . That 
0 

i s ,  as was f i r s t  suggested by Hagedorn (1970) , nuclear - m t t e r  irl themdynamic 

equilibrium has a mximum temperature. Since the  non-equilibrium temprature  

(dashed l i n e )  a t  T = 2GeV/n i s  considerably higher than O masurement of 
0 

t h e  equilibrium temperature, perhaps by masur ing the  A dependence of the  

temperature, could pmvide a t e s t  of Hagedorn's hypothesis. 

Shock Compression of Nuclear k t t e r  

Since nucle i  coming together  a t  r e l a t i v i s i t i c  ve loc i t i e s  are moving f a s t e r  

than the  speed of sound in nuclear matter one would expect on the  basis of 

classical hydrodynamics t h a t  shock waves would appear where the  nuclei  inter- 

penetrated. The question of when this picture applies  t o  col l i s ions  of nuclei 

is discussed in the  Appendix. Here we w i l l  merely assume the  hydrodynamic 

picture does apply and t h a t  the  nuclear matter in the  col l id ing nuclei  is 

compressed as  a r e s u l t  of passing through a shock wave. 

The canpression i n  a r e l a t i v i s t i c  shock wave i s  given by (Johnson and McKee 

1969) : 



where B i s  the  velocity of the  unshocked m t e r i a l  in the  frame of the  

shocked mterial , y ( 1-82 )-%, e i s  the  proper energy density of the shocked 

material ,  and P i s  the  pressure of the  shocked mterial. In the  case of iden- 

t i c a l  nuclei  y = ( 1  + T/~MCZ)' and e = n ( ~ c ~ + r  where E is  given in Eq. (1). 

Thus we  have 

f o r  the  shock campression produced by a nucleus with k ine t i c  energy per nucleon 

T. The ac tu ra l  compression w i l l  depend on how the  pressure P i n  compressed 

nuclear matter depends on density. I f  we neglect the  interact ions between 

baryons then P = nB and therefore 

A s  an example, if the canpressed nuclear matter is  t rea ted  as an i d e a l  gas of 

nucleons then one obtains the  compressions sham i n  curve (b) of Fig. 3.  It 

can be seen t h a t  one might expect t o  produce nucleon densi t ies  as high as 

6 no, i -e .  I 1 0 3 9 ~ 3 ,  with the Bevalac (T = 2 GeV/n). 

The ac tual  densi t ies  produced in nuclear shock waves may be higher o r  

lower than f o r  an idea l  nucleon gas because of the  e f fec t s  of meson production 

and nucleon-nucleon interact ions.  Meson production tends t o  lower t h e  temper- 

a ture  and therefore increase the compression, as can be seen from Eq. (7 ). 

If ofie uses the  bootstrap density of s t a t e s ,  Eq. 4 ,  and neglects the  in terac t ion 

between baryons then one obtains the  compression vs. T curve shown as curve 

iaj in Fig. 3.  It can be seen t h a t  if baryon-baryon interact ions w e r e  negiigibie 



one would expect t o  reach a densi ty n 1 0  n a t  T = 2 GeV/n- Of course, 
0 

a t  dens i t i e s  much above normal nuclear densi ty one does not expect t h a t  

baryon-baryon in te rac t ions  can be neglected. The conventional p ic ture  of 

nuclear forces  assumes t h a t  there  is  a s trong short  range repulsion between 

nucleons due t o  w-meson exchange. Since t h e  w-meson couples t o  the  baryon 

number this shor t  range repulsion would be independent of the  s t a t e  of 

in te rna l  exc i t a t ion  of t h e  nucleon and therefore would lead t o  a lower 

compression than indicated by cwve (a) .  A lmer bound o r  the  canpression 

can be obtained by assuming t h a t  the  pressure P = nE. The equation of s t a t e  

holds when t h e  inter-nucleon separation is smaller than the  range of a strong 

repulsive in te rac t ion  (Zeldovich, 1962). It has the  property t h a t  the  speed 

of sound, i .e. (c2d~/ile)', approaches the  speed of l i g h t  when the  density 

increases t o  where E >> M C ~ .  It one subs t i tu tes  P = nE i n t o  Eq. ( 6 )  and 

uses Eq. (1)  one obtains curve ( c )  in Fig. 3. The actual  shock campression 

in nuclear matter w i l l  l i e  somewhere between curves ( a )  and (c )  of Fig. 3. 

Diagnosis o f  Compression 

Figure 3 shows t h a t  d i f ferent  possible assumptions about the  equation of 

s t a t e  of campressed nuclear  matter can lead t o  qu i t e  d i f ferent  values of t h e  

shock compression even a t  T = 2 GeV/n. It is evident t h a t  a measurement of 

the shock compression in r e l a t i v i s i t i c  co l l i s ions  of heavy nuclei could pro- 

vide useful c lues  as t o  the  nature of compressed nuclear matter. One possible 

indication of the  compression produced in nuclear col l i s ions  would be the  

number of pions produced. The production of pions tends t o  lower the  pressure 

and theref  or^ increase the  compression. 



A r igomus statemmt of  this ef fec t  can be arr ived a t  by making use of 

the  v i r i a l  theorem: 

where $ ( r )  is  the  nucleon-nucleon potent ia l  and g ( r )  is the  pair correlat ion 

function in nuclear matter. We are using the  non-relat ivist ic  f o m  of the  

v i r i a l  theorem since r e l a t i v i s t i c  e f f e c t s  w i l l  not be of grea t  importance i n  

the t e n p r a t ~ r e  ~ g h  we are considering. If we in tegra te  the ~ i g h t  hand 

s ide  of Eq. ( 8) by parts we obtain 

h e  E = $g(r)4*r2dr. m e  quanti ty rbt i s  the  in terac t ion  enera 2 
0 

per nucleon due t o  the  nucleon-nucleon potential .  I f  we assume t h a t  the  

po ten t i a l  is  pos i t ive  and repuls ive ,  then the  second term of Eq. (9 )  w i l l  be 

posi t ive and the re fom,  we have 

The equali ty w i l l  approxinately hold when the  repulsive po ten t i a l  is "soft",  

i.e. when the  logarithmic der iva t ive  of g ( r )  is small. Combining Eqs. (10) 

and ( 6 )  gives 

If we4 assume t h a t  the  repulsive po ten t i a l  acting between baryons i s  independent 

of the  s t a t e  of in te rna l  exc i t a t ion ,  a s  i s  the  case f o ~  the  po ten t i a l  due t o  



*meson exchange, then the  energy per w o n  can be written 

where ?i is the  average baryon mass and E~~ i s  independent of i. We assume 

here t h a t  t h e  temperature 0 i s  lm enough so  t h a t  the  non-relat ivist ic  a p  

pro-ximation, 3012, f m  the  t h e m 1  energy can be used. If we use the  bootstrap 

density of states, Eq. (41 ,  t o  ca lcula te  m ( 0 )  then Eqs. (11) and (12 imply a 

re la t ion  between and n/no like t h a t  shown in Fig. 4 .  The upper Limit on 

the  canpression ( so l id  l i n e )  holds when the  repulsive potential  is  "soft" 

while the  lower l i m i t ,  2y + 1, holds when the  repulsive potential  i s  "hard". 

It can be seen t h a t  i f  few pions are present in t h e  canpressed nuclear matter 

then the  compression w a s  near the  minimum, while i f  many pions are present 

the  compression can be e i t h e r  large o r  near the  minimum depending on whether 

the  repulsive potent ia l  is  "soft" o r  "hard". Of course, a s  the nuclear patter 

expands fram t h e  compressed s t a t e  it w i l l  cool leading t o  a reduction i n  t h e  

number of pions present. It is t o  be noted, however, tha t  the temperature w i l l  

not drop very f a s t  i f  the  repulsive potent ia l  is  weak since the var ia t ion  of 

temperature with volume w i l l  be determined by t h e  r a t i o  P/cv where cv i s  t h e  

speci f ic  heat.  Since the  pressure P is  small f o r  a weak s o f t  potent ia l  

the "frozen mt" temperature would not d i f f e r  great ly  from the temperature i n  

the compressed s t a t e .  Thus measurement of the  number of pions produced i n  the  

co l l i s ion  should give some indicat ion whether nuclear matter is  e a s i l y  compressed 

o r  not. 



Poss ib i l i t i es  of Abnormal Nuclear States 

In  the  previous discussion we have pictured compressed nuclear matter 

as consisting of nucleons and excited nucleous repelling each other by a 

repulsive potential .  This i s  the conventional picture of compressed nuclear 

m a t t e r ,  but one should a lso consider the possibil i ty tha t  high energy coll isions 

of nuclei could lead t o  a b n o M  s t a t e s  of nuclear matter. Here are a few 

of the  poss ib i l i t i es :  

. . 
1) The nucleon-nucleon pote~&id might have m, at t ract ive  regla? hiside 

the repulsive core, e.g. due t o  fl exchange. This might lead t o  stable o r  

metastable collapsed nuclei ,  i . e .  systems with baryon number A > 1 a d  with 

r a d i i  much srmller than no& nuclei ( B o h r  1971). 

2) I f  the s i ze  of excited nucleons permitted metastable nuclei containing 

excited nucleons might be formed. For example, one can f i t  1 6  A's in to  the 
I 1s o rb i t a l  without violating the  Pauli principle and therefore there exis ts  

the possibi l i ty  of a metastable system containing 16 A ' s ,  analogous t o  an a- 

par t ic le ,  but several times dens- (Chapline and Weiss, 1973). 

3) The question of whether the  bootstrap density of s ta tes ,  eg. 3 ,  applies 

t o  baryons in highly compressed nuclear matter i s  open. h e  possibil i ty i s  

that  superbaryons ex i s t ,  i.e..baryons with A > 1 and s ize  comparable t o  a 

nucleon and f o r  which the  bootstrap density of excited s ta tes  applies (Carli tz,  

&antschi, and N a h m ,  1973). 

4 )  Metastable dense s ta tes  of nuclei could ex is t  where the binding i s  due . 
t o  a non-vanishing scalar  f i e ld  (Lee and Wick, 1974). 



Pion Lasers 

If it turns out that excited baryon states can exist at densities 

higher than normit nuclear density then the rapid expansion of the com- 

pressed nuclear matter could lead to non-equilibrium states in which popu- 

lation inversions existed. This effect would be mst pronounced in the 

Lightest nuclei for which equilibrium with respect to excited nucleon states 

and also high compressions (see Appendix) can be established, since for 

these nuclei the drop of density with time will be most rapid. The existence 

of population inversims in the expanding nuclear matter will lead to stim- 

ulated emission of pions if the population inversion density N* satisfies: 

where R is the radius of the canpressed 
C 

(13 

nuclear matter and A is the pion 

Cornpton wavelength. That N* ~Lst be large compared to the right hand side 

mther merely greater results from the fact mat the pion laser would be 

operating without mirrors. Condition 0 3  ) suggesrs that stimulated emission 

of low energy (Ac200 MeV/c) pions might be possible if the compressed density 

were 6x normal nuclear density. In fact, as Professor Teller pointed out 

in his talk, stimulated emission of pions -my even be stronger than expected 

because of the possibility of double pion emission. 

Applications to Astrophysics - Neutron Stars 

We have seen that crude measurements of the properties of nuclear 

matter at densities above n o m l  nuclear density might be made by observing 

head-on collisions of heavy nuclei. One area where measurements of the 

equation of state of dense nuclear mtter should prove useful is the theory 

of neutron stars. Although the results on collisions of nuclei would not 



be direct ly  applicable t o  neutmn stars because nuclei contain protons a s  

wel l -as  neutrans, it might be possible t o  produce nucleon densit ies with 

the Bevalac which are comparable t o  the mucimum nucleon densit ies in  neutron 

stars. Thus experiments with the  Bevalac m y  lead t o  a much bet te r  under - 

standing of the internal  structure of neutron s ta r s .  Two problems in par- 

ticular which might be c la r i f i ed  are the  mxhnm mss of neutron s t a r s  and 

the  question of whether neutron stars have a solid core. 

me -m~irnrn m s  of neutmn stars i s  determined by the .b&mior of the 

speed of sound in dense neutron matter (Nauenberg and Chapline, 1973). If 

one assumes that the  equation of s t a t e  of neutron m t t e r  is  hown up t o  sane 

density n and t h a t  the speed of sound in neutmn m t t e r  a t  higher densities 
r 

does not exceed the  speed of l igh t ,  then it is possible t o  derive an upper 

l i m i t  f o r  the  mass of a neutron star (Nauenberg and Chaplke loc.  c i t . ) .  

If the  density n is  the density of nucleons i n  no& nuclei then this 
r 

upper l i m i t  on the  mximurn m s s  i s  about 3 M . I f  the reference density 
0 

n i s  lo3'  i . e . -6r n o m l  nuclear density, then the  upper l i m i t  on r 

the  neutron star mss w i l l  be about 2 Mo. Thus, whereas ordinary nuclear 

physics only allows one t o  infer tha t  neutron stars cannot be more massive 

than about 3 Ma, experirrents w i t h  the Bevalac should go a long way towards 

defining the  actual  nwcimum mass of neutron stars, which i s  expected t o  be 

between 1.5  and 2.0 Mo. 

Experiments with the Bevalac m y  also c la r i fy  the question of whether 

neutron stars have a solid core. The sol idi f icat ion pressure of neutron 

mtter depends on the  "hardness" of the short range repulsive potential 

between nucleons. If the repulsive potential  r i s e s  steeply, a s  it does 



between a t o m ,  then neutron matter would so l id i fy  at densi t ies  only s l igh t ly  

above normal nuclear density (Anderson and Palmer, 1971). On the other hand, 

a re la t ive ly  s o f t  potent ia l ,  such as that due t o  vector mson exchange, would 

leaa t o  so l id i f i ca t ion  only at densi t ies  lox n o d  nuclear density 

(Pandharipande, 1972). Some estimates of t h e  steepness of t h e  r i s e  of the  

repulsive po ten t i a l  with decreasing nucleon separation might be obtained by 

maswing the  change in pion yie ld  in head on col l i s ions  with energy. The 

"frozen out" temperatures of t h e  pions m y  a l so  be useful i n  this repsect 

(see Sec. IV). It might be thought that expeirments with the  Bevalac would 

not be relevant  t o  the  question of the so l id i f i ca t ion  of neutron mtter be- 

cause the  nuclear m t t e r  in the  head on col l i s ions  would be very hot. How- 

ever, as a general ru le  experiments on shock compressed mtter give information 

on cold compressed matter at even higher densi t ies  due t o  the  f a c t  the  

smaller interparticle separations a r e  being sampled in t h e  hot matter. 

Applications t o  Astrophysics - The Early Universe 

A t  times earlier than seconds the  tempemture of the  universe ex- 

ceeded 100 M e V .  A t  times earlier than l o e 8  seconds the  average baryon 

density in t h e  universe exceeded tha t  i n  nuclei.  Thus while exist ing proton 

accelerators should be adequate t o  elucidate the  physics of the  universe i n  

the period sec  < t < see, only the  Bevalac w i l l  be capable of s l d y i n g  

di rec t ly  conditions during t h e  epoch t < seconds. Some of the  problems 

that  m y  be elucidated by experiments with the Bevalac are the or ig in  of the 

cosmic black-body radia t ion,  the or ig in  of galaxies,  and the  existence of 

p r i m r d i a l  black holes. 



Meas-ts of the  temperature of the cosmic black-body radiation together 

with e s t h t e s  of the  present day average baryon density in the universe 

yield a value f o r  the entropy per baryon which is quite high. This suggests 

that strongly dissipative processes were important a t  some time in the  early 

history of the  universe. Since the  entropy per baryon i s  a f ree  parameter 

in cosmlogical mdels  it is  necessary t o  understand these dissipate pro- 

cesses in de ta i l  i n  order t o  explain the cosmic black-body radiation. It 

is qui te  possible, hmever, tha t  understanding of these dissipative processes 

w i l l  have t o  await a be t t e r  understanding of dense nuclear m a t t e r .  For 

example, Zeldovich (1973) has pointed out t ha t  damping of re la t ively  s m a l l  

W t u d e  density f luctuations in i n i t i a l l y  cold nuclear m t t e r  could account 

f o r  the observed entropy i f  very dense nuclear matter obeys the  equation of 

s t a t e  p = e. Another possibi l i ty  (Carli tz,  Frautschi, and Nahm, 1973) i s  

tha t  non-equilibrium decay of superbaryons i s  responsible f o r  the  black-body 

radiation. 

One part icularly interes t ing consequence of assuming that the  s t a t i s t i c a l  

bootstrap spectrum of excited s t a t e s  applies t o  baryof~~ i n  dense nuclear 

mtter is that large spontaneous density fluctuations would occur (Carli tz,  

1972). Car l i tz ,  E'rautschi, and Nahm (1973) have suggested tha t  these large 

density fluctuatio- in dense nuclear rrratter are responsible fo r  observed 

stmctures such a s  galaxies and clusters  of galaxies. A d i f f icu l ty  with 

t h i s  suggestion i s  that  s t ructure  on scales larger than c lusters  of galaxies 

would tend t o  be washed ou t ,  which contradicts recent observations of 

Peebles ( 1974 ) . 



Another possible consequence of large  density f luctuations in dense 

nuclear mtter i s  that l a rge  numbers of black holes might be f o m d  in the  

ear ly  universe. The existence of large numbers of smdl (M << Ma) black 

holes in the  universe would resolve some current cosmological puzzles (Chapline, 

t o  be published) and might even be of economic importance. O f  course, it 

should be kept in mind t h a t  formation of small black holes would take place 

a t  densi t ies  orders of magnitude higher than could be produced with the  

Eevdac. r\!evp,rrtheless, a-~>7 evidence fmp. the Bevdac b~a1J1g ~ ) r ?  the q ~ e s t i c ~  

of whether t h e  statistical bootstrap density of s t a t e s  applies a t  densi t ies  

above normal nuclear densi t ies  would be valuable in assessing the  p laus ib i l i ty  

of large  density f luc tuat ions  in very dense nuclear matter. 



Appendix 

Use of the shock condition, Eq. (51, to find the compression of nuclear 

matter resulting f m  the head-on collision of heavy ions assumes that hydro- 

dynamic equations apply. However, it is by no means obvious that the hydro- 

dynamic approximation applies to the collision of objects containing as few 

particles as nuclei. In order to verify that an equation such as the shock 

condition, Eq. (51, applies to a given situation one must solve the E b l t m  

equation. In plane geometry, one finds that it takes about 3 mean free paths 

to form a shock wave if the differential scattering cross-section is isotropic. 

For forward peaked differential cross-sections it muld take mre than 3 man 

h e  paths to form a shock wave, the exact number depending on how sharply 

forward peaked the differential cross-section. At 2 GeV/n the differential 

cross-section for nucleon-nucleon scattering is so strongly peaked forward 

that there could be alrrpst no hope of forming nuclear shock waves in ion-ion 

collisions. However, the nucleon-nucleon collisions are inelastic; the 

nucleons losing several hundred MeV at each collision. In the collision of 

two uranium nuclei, each nucleus would be %7 mean free paths across so that 

mst nucleons would be down to severdl hundred MeV before the -h.x> nuclei 

had gone completely t h r u  each other. At seved hundred MeV per nucleon lab 

energy the differential cross-section is nearly isotropic and therefore one 

would expect to get considerable mmertum exchange between two M u m  nuclei 

even at 2 GeV/n It seems likely however, that strong mentum exchange 

and the fomtion of shock waves is only possible in heavy nuclei, even at 

lower energies. Thus one can probably not use hydrodynamic equations to 

describe the collision of light nuclei, as was done by Scheid, Mkler, 

and Greiner (1974). To find out what actually happens in hwd-on collisions 

of nuclei it will be necessary to solve the relativistic two-dimensiond 

Bolt- equation. 
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Figure 1 Nuclear temperature result ing f m  the  head-on coll ision of 

a nucleus with laboratory kinetic energy per nucleon T with 

an identical  stationary nucleus. The dashed curve assumes 

t ha t  the hot nuclear matter can be described a s  an ideal  

gas of nucleons. The solid curve i s  f o r  an ideal  gas of N 1 s  

and P 1 s  where the N;? mass spectrum has the form given Eq .  4 .  
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Figure 2 Thennil average rate for pion production in a hot nucleon 

gas, calculated using the experimental total pion prcduction 

cross-section , a, and relativistic Maxwell-Bolt- distri- 

butions for the nucleons (Daklbacka , Chapline, and Weaver, 1974 . 



Figure 3 Nuclear shock compression t h a t  would r e s u l t  from t he  head-on 

co l l i s ion  of a heavy nucleus with l a b r a t o r y  k inet ic  energy 

per  nucleon T with an iden t i ca l  s t a t i o n a q  nucleus. Cllrve a 

( so l id  l i n e )  assumes t h a t  the  compressed nuclear matter can 

be described as an i d e a l  gas of N ' s  and N A ' s .  Curve b (dashed 

l i n e )  assumes t h a t  the  compressed nuclear matter can be de- 

scribed as an idea l  gas of nucleons alone. Curve c (dotted 

l i n e )  assumes t h 3 t  the  pressure of compressed nuclear m t t e r  

L 
i s  given by P = e-nMc . 



Figure 4 

I 1 I c  I = o 1  I I - 
int 

N u h e r  of pions per  nucleon in compressed s t a t e  as a function 

of the  shock c q r e s s i o n .  It is assumed that the  compressed 

nuclear mtter can be represented as a gas of N ' s  and N * ' s  and 

t h a t  N ' s  and Njk's all have iden t i ca l  in terac t ions .  The so l id  

line corresponds t o  a very "soft" repulsive in terac t ion  and 

t h e  dashed line corresponds t o  a "hard sphere" repulsive in- 

te rac t ion .  We have chosen T = 2 GeV/nucleon. 
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I. INTRODUCTION 

Since the original suggestion of ~ukawa,' the idea that 

nuclei can be understood through some version of a relativistic 

meson field theory has been a continually recurring theme in 

theoretical nuclear physics. For the two-body problem success- 

ful boson exchange models have been obtained using the low 

mass resonances ( .rr,cl;,p) with coupling constants in agreement 

with experimental elementary particle values as long as either 

a scalar-isoscalar resonance2 or a strong two-pion exchange 
3 

effect in the scalar-isoscalar channel is also included in 

the model. The scalar component is an important element in 

all these models since it provides an attraction at intermediate 

range in all channels of the nucleon-nucleon system. 

Insofar as the many-body problem is concerned, it has been 

shown, at least in relativistic Hartree approximation, that 

an appropriate combination of scalar and vector mesons inter- 

acting with nucleons can reproduce the energy per particle and 

fermi momentum of the ground state of infinite nuclear matter, 4 

or the binding energy, RMS charge radii, and single particle 

separation energies of the ground states of finite spherical 

nuclei. 5 

Recently T .  D. Lee and G. C. wick6 have suggested that, 

since a scalar meson field theory needs a lagrangian density 

with cubic and quartic terms in the meson field in order to 



be renormalizable, any renormalizable model of nucleons inter- 

acting with scalar mesons may have multiple solutions. On the 

basis of the o-model7 which incorporates these nonlinearities 

in a particular way, they predict the possible existence of 

abnormal nuclei whose particle densities may be only slightly 

greater than those of normal nuclei, yet whose per particle 

binding energies may be significantly greater than normal 

nuclei. 'They also predict the possibility of abnormal vacuum 

excitations, or regions in space where the vacu-m expectation 

value of the scalar meson field operator is significantly 

different than is expected for the normal vacuum. These pre- 

dictioris are based upon approximate solutions to the Hartree 

approxixation of the model field theory. Th~:y apply to very 

large systems where volume effects may be assumed to dominate 

over aurface effects. 

It is the purpose of this work to investigate certain of 

these predictions in a more detailed way. First a derivation 

of the relativistic Hartree equations for infinite or finite 

systems is presented. This derivation 1s a relativistic generali- 

zation of previous work on the Hartree-Fock approximation in 

the nonrelativistic theory. Then the Hartree approximation 

of the a-model field theory is solved ?xactly for the case of 

infinite nuclear matter and the results are compared to the 

approximate results of Lee and Wicks6 This comparison leads us 



t o  conc lude  t h a t  t h e  n o n l i n e a r i t i e s  o f  t h e  a-model a r e  impor t an t  

n o t  on ly  f o r  : :uc lear  m a t t e r  i n  t h e  d e n s i t y  r e g i o n  co r r e spond ing  

t o  t h e  abnormal s t a t e  b u t  a l s o  i n  t h e  r e g i o n  co r r e spond ing  t o  

normal n u c l e a r  densities. The importance of  t h e  n o n l i n e a r i t i e s  

i s  such  t h a t  one c a n n o t  o b t a i n  a  s t a b l e  minimum i n  t h e  s a t u r a -  

t i o n  c u r v e  co r r e spond ing  t o  t h e  energy  and d e n s i t y  of  normal 

n u c l e a r  m a t t e r  by i n t r o d u c i n g  a  r e p u l s i v e  v e c t o r  meson exchange 

i n t e r a c t i o n .  One c a n  o b t a i n  a  s t s b l ~  minimum co r re spond ing  t o  

normal n u c l e a r  m a t t e r  parameters  i f  o;,e u s e s  t h e  phenomenologi- 
6 

cal  ha rd  c o r e  i n t e r a c t i o n  d i s c u s s e d  by Lee and Wick. The 

v a l u e  of t h e  h a r d  c o r e  r a d i u s  a t  which t h i s  i s  p o s s i b l e  i s  un- 

p h y s i c a l l y  l a r g e .  A t  t h i s  v a l u e  of  t h e  h a r d  c o r e  r a d i u s ,  t h e  

ene rgy  o f  t h e  abnormal s o l u t i o n  is moved up t o  2 8  MeV r a t h e r  

t h a n  t h e  130 MeV p r e d i c t e d  by Lee and Wick and t h e  b a r r i e r  

h e i g h t  s e p a r a t i n g  t h e  normal and a b n q r n a l  s o l u t i o n s  i s  less 

t h a n  an MeV. 

The e q u a t i o n s  a p p r o p r i a t e  f o r  an i t e r a t i v e  s o l u t i o n  o f  t h e  

Hartree approximat ion  of a  f i n i t e  system a r e  a l s o  p r e s e n t e d .  

At tempts  t o  s o l v e  t h e s e  e q u a t i o n s  f o r  t h e  4 0 ~ a  system have s o  

f a r  m e t  w i t h  i n s t a b i l l t i e s  i n  t h e  i t e r a t i o n  p rocedure .  These 

i n s t a b i l i t i e s  3re d i s c u s s e d  and s p e c u l a t i o n s  a r e  made r e g a r d i n g  

the p o s s i b l e  p r o p e r t i e s  o f  t h e  f i n a l  converged s o l u t i o n s  o f  t h e  

Harbree approximat ion  t o  f i n i t e  sys tems .  



11, GENERAL METBOD 

The method i s  p resen ted  f o r  t h e  e s p e c i a l l y  simple case  c f  

fermions i n t e r a c t i n g  wi th  a  s c a l a r  Boson f i e l d , b u t  it should be 

a p p l i c a b l e  t o  any form of coupl ing .  We s t a r t  with t h e  f i e l d  

o p e r a t o r  equa t ions  o f  motion f o r  t h e  fermion f i e l d  y(x)  and t h e  

s c a l a r  f i e l d  $(x) (x is  space-t ime) 

where U' [ $ ( x )  ] is a  polynomial i n  $ (x )  (poss ib ly  inc lud ing  t h e  

i n f i n i t e  coun te r  t e r m s  necessary  f o r  r enormal iza t ion) .  

S ince  we a r e  i n t e r e s t e d  i n  f i n i t e  systems,  w e  w i l l  show how 

our  method works i n  g e n e r a l .  The l i m i t  f o r  i n f i n i t e  m a t t e r  w i l l  

be t a k e n  l a t e r .  W e  look f o r  t h e  ground s t a t e  of  an even number 

of fermions wi th  a  g iven  mass W and l i n e a r  momentum 8. Thus we 
-+ 

have a f o u r  v e c t o r  P E (PI n 2 +  w 2 ) .  The fermion o p e r a t o r  Y(x) 

a c t i n g  on o u r  s t a t e  I P >  w i l l  produce a  set  of "hole"  s t a t e s  
-+ 

l a b e l l e d  by a  t o t a l  momentum p and mass w ( w  may t u r n  o u t  t o  be 

a  continuum). Thus w e  w i l l  be i n t e r e s t e d  i n  a  s e t  of  ma t r ix  e l e -  

ments 

The m a t r i x  element of Eq .  (11-1) leads  t o  

The Har t ree  ( o r  c l a s s i c a l  f i e l d )  approximation c o n s i s t s  of  



approximat ing  t h e  r i g h t  hand s i d e  of E q .  (11-3) by terms i n  t h e  

complete  se t  which have t h e  same mass a s  P ,  i . e .  W. Then 

Th i s  i s  t h e  H a r t r e e  e q u a t i o n  f o r  t h e  " s i n g l e  h o l e "  wave f u n c t i o n  

Y(p,P) and it depends o n l y  on t h e  "form f a c t o r "  of the s t a t e  W, i . e .  

<P' l $ (o )  I P > .  
Th i s  form f a c t o r  w i l l  be d i s c u s s e d  below b u t  f i r s t  w e  examine 

t h e  l i m i t  o f  t h i s  e q u a t i o n  f o r  v e r y  heavy sys tems .  I n  t h i s  l i m i t  

t h e  masses u and W a r e  so l a r g e  t h a t  w e  c a n  say  

Then 

A s  a r e s u l t  of t h i s  w e  see t h a t  ( ( E  Z W - w ) )  

-5 
y C-?,P) " ( Y E ( (  P-A) 

3 3 
and the e q u a t i o n  is  C P -*, ~ ) 1  

I n  c o o r d i n a t e  space  t h i s  becomes 



For i n f i n i t e  m a t t e r ,  where @ ( r )  i s  a  c o n s t a n t , - - @ ,  w e  have 

t h e  u s u a l  f r e e  s o l u t i o n s  w i t h  momentum l a b e l s  % 

Having t r u n c a t e d  Eq. (11-1) by t h e  lowes t  mass s t a t e , w e  now 

go t o  Eq. (11-2) f o r  t h e  meson f i e l d  and t r y  t h e  same approxima- 

t i o n  t h e r e .  G i i l y  t h e  teriii Uf($) need be d i s c u s s e d  because  t h e  

o t h e r s  r e q u i r e  no t r u n c a t i o n .  S ince  U' ( @)  i s  a  polynomial  i n  $I 

w e  t r u n c a t e  each  complete  set w i t h  t h e  l owes t  mass aga in* .  This  

l e a d s  t o  t h e  e q u a t i o n  

The f i r s t  t e r m  on t h e  r i g h t  hand s i d e  is t h e  s c a l a r  d e n s i t y  form 

f a c t o r  f o r  I P >  and U' i s  unders tood  t o  be  i n t e g r a t e d  on i n t e r -  

media te  t h r e e  momenta. For  example t h e  t e r m  i n  $'(x) l e a d s  t o  

Once a g a i n  t h e  l i m i t  o f  l a r g e  W l e a d s  t o  a  s i m p l i f i c a t i o n  i n  t h a t  

e v e r y t h i n g  becomes o n l y  a  f u n c t i o n  o f  three-momentum d i f f e r e n c e s .  

Then t h e  e q u a t i o n  i n  c o o r d i n a t e  space  becomes 

* One can do more compl i ca t ed  t h i n g s  l i k ?  c a r r y i n g  m a t r i x  e lements  of 
$2 (0) and look ing  f o r  an e q u a t i o n  f o r  < P  I u ( x )  u ( y )  1 l> which w i l l  t h e n  
r e q u i r e  i t s  own z p p r o p r i a t e  t r u n c a t i o n .  W e  do n o t - d i s c u s s  t h e s e  pos- 
s i b i l i t i e s  h e r e .  



Equa t ions  1 1 - 8  (11-11) and (11-12) a r e  t h e  s e l f - c o n s i s t e n t  

H a r t r e e  e q u a t i o n s  f o r  o u r  many nuc leon  problems provided  w e  g i v e  

a p r e s c r i p t i o n  f o r  t h e  n o r m a l i z a t i o n  o f  t h e  " s i n g l e  h o l e "  wave 
-F 

f u n c t i o n s  YE('). These a r e  s p i n o r  s o l u t i o n s  of  t h e  Di rac  e q u a t i o n  

( I T - 8 )  so t h e  l a b e l  E s h o u l d  be  unde r s tood  t o  r e p r e s e n t  n o t  j u s t  

the e n e r g y  b u t  a l s o  t h e  o t h e r  quantum numbers a s s o c i a t e d  w i t h  

t h e s e  s o l u t i o n s .  I f  w e  i g n o r e  t h e  problem o f  vacuum p o l a r i z a t i o n  

w e  w i l l  t a k e  N o f  t h e  p o s i t i v e  ene rgy  s o l u t i o n s  t o  be normal ized  

t o  u n i t y  and  a l l  t h e  rest  w i l l  be t a k e n  t o  be ze ro .  The problem 

is t h e n  f u l l y  s p e c i f i e d  and t h e  N nuc leon  system can be  s o l v e d  

by t h e  u s u a l  i t e r a t i o n  p r o c e d u r e s .  Using t h e  same t r u n c a t i o n  

approximat ion  a s  above f o r  c o n s i s t e n c y ,  w e  can t h e n  c a l c u l a t e  t h e  

m a s s  W f rom t h e  h a m i l t o n i a n  d e n s i t y  

T h i s  i m p l i e s  t a k i n g  t h e  m a t r i x  e l emen t  l i m i t  

When t h i s  m a t r i x  e l emen t  i s  e v a l u a t e d  w i t h  t h e  same t r u n c a -  

-1 t i o n s  a s  above,  w e  see t h a t  t h e  t e r m  i n  $ *  van i shes  a s  W . 
Again i n  t h e  l i m i t  f o r  l a r g e  W w e  o b t a i n  t h e  F o u r i e r  transformeci 

+- 
r e s u l t  i ndependen t  o f  P. 

I f  w e  wish t h e  r e s u l t  f o r  W n o t  l a r g e ,  w e  must examine t h e  

e q u a t i o n s  c o n s i s t e n t l y  i n  h i g h e r  o r d e r s  o f  W-l. 



  here a r e  s e v e r a l  remarks t o  be made b e f o r e  go ing  on t o  t h e  

s p e c i f i c s  o f  t h e  "a-model" : 

(i) One c o u l d  app ly  t h e  same t echn ique  t o  t h e  nucleon i t s e l f ,  

b u t  t h e n  a  c a r e f u l  examina t ion  of  t h e  t e r m s  i n  W-' would have t o  

be c o n s i d e r e d  . 
(ii) W e  have o n l y  p r e s e n t e d  t h e  c a s e  which i s  c o n v e n t i o n a l l y  

c a l l e d  t h e  H a r t r e e  approximat ion .  I n  o r d e r  t o  s e e  t h e  exchange 

terms which w e r e  i n t r o d u c e d  by Fock, one must a c t u a l l y  s o l v e  

Eq. (11-2) f o r m a l l y  f o r  + (x) and i n t r o d u c e  it i n t o  Eq. (11-1) . 
Then t h e  c o n v e n t i o n a l  t r u n c a t i o n  l e a d i n g  t o  t h e  Hartree-Fock o r  

t h e  Hartree-Fock Bogoliubov forms o f  Eq. (11-8) can  r e a d i l y  be 

o b t a i n e d .  

(iii) I n  a d d i t i o n ,  t h e  c o n s i d e r a t i o n  o f  more t h a n  t h e  ground s t a t e  

o f  t h e  sys tem w i l l  l e a d  t o  what was c a l l e d  t h e  Genera l ized  H a r t r e e  

Fock approximat ion  i n  Ref.  ( 8 ) .  The l i n e a r i z a t i o n  of  t h e s e  

e q u a t i o n s  Lead t o  an e q u a t i o n  f o r  c o l l e c t i v e  e x c i t a t i o n s  a s  u s u a l .  

( i v )  W e  have n o t  d i s c u s s e d  t h e  problems a s s o c i a t e d  w i t h  vacuum 

p o l a r i z a t i o n  and r e n o r m a l i z a t i o n .  These p r e s e n t  themselves  when 

one c o n s i d e r s  i n c l u d i n g  the i n f i n i t e  s e a  o f  n e g a t i v e  energy  s t a t e s  

i n  t h e  sum on E o f  Eqs. 1 1 - 1 2 )  1 1 - 1 5 )  A c o n s i s t e n t  Har t r ee -  

Fock t h e o r y  would imply u s i n g  a l l  o f  t h e s e  s t a t e s  w i th  norm on YE 

of  u n i t y .  When t h i s  i s  done we o b t a i n  t h e  u s u a l  i n f i n i t i e s  which 

must be  ba l anced  by c o u n t e r  terms i n  t h e  Lagrangian.  This  can 

e a s i l y  be done f o r  t h e  i n f i n i t e  system i n  t h e  Har t r ee  approxima- 

t i o n  and l e a d s  t o  t e r m s  i n  t h e  energy  which go l i k e  @41-d. 

( v )  As i s  t h e  u s u a l  s i t l 2 a t i o n  i n  s e l f  c o n s i s t e n t  c a l c l ~ l a t i o n s ~  

t h e  ave rage  f i e l d  Q ( r )  need n o t  s a t i s f y  any symmetry c o n d i t i o n s  

s i n c e  it r e p r e s e n t s  t h e  i n t r i n s i c  f i e l d  o f  t h e  system.  I f  it 



becomes deformed o r  v i o l a t e s  p a r i t y ,  t h i s  w i l l  imply s p e c i f i c  

t y p e s  o f  c o l l e c t i v e  mot ion .  I n  a d d i t i o n ,  s o l u t i o n s  w i t h  v e r y  

d i f f e r e n t  forms o f  8 w i l l  r e p r e s e n t  d i f f e r e n t  p o s s i b l e  t y p e s  of  

s t a t e s  o f  t h e  sys tem and cou ld  l e a d  t o  v a r i o u s  £ o m s  o f  Isomerism 

ana lagous  t o  t h e  shape  i somers  o f t e n  d i s c u s s e d  i n  n u c l e a r  p h y s i c s .  

For  example t h e  abnormal n u c l e a r  m a t t e r  o f  L e e  and Wick f o r  t h e  

i n f i n i t e  sys tem i m p l i e s  a  s o r t  o f  d e n s i t y  - isomerism i n  t h e  f i n i t e  

sys t ems .  Whether o r  n o t  t h e  T-model a s  d i s c u s s e d  beiow i s  r e a l l y  

relevant t o  t h e  f i n i t e  n u c l e u s  problem, it does i n d i c a t e  t h a t  t h e  

p o s s i b i l i t y  o f  d e n s i t y  i somers  a s  e x c i t e d  s t a t e s  o f  normal n u c l e i  

is  r e a l ,  and machines l i k e  t h e  Bevalac shou ld  be  s e a r c h i n g  f o r  

them. T h e i r  l i f e t i m e  t o  decay i n t o  normal n u c l e i  i s  comple te ly  

ana l agous  t o  t h e  f i s s i o n  l i f e t i m e  problem and a l l  t h e  u s u a l  methods 

may be t a k e n  ove r .  

( v i )  F i n a l l y ,  w e  remark on t h e  g e n e r a l  ph i lo sophy  one might  con- 

s i d e r  i n  connec t ion  w i t h  t h e s e  methods o f  o b t a i n i n g  approximat ions  

f o r  f i n i t e  sys tems  i n  f i e l d  t h e o r y .  What t h e y  d o  is  t o  s h o r t  

c i r c u i t  t h e  u s u a l  p a t h  t o  many body t h e o r y  th rough boson exchange 

p o t e n t i a l s  and t h e  two body problem. Th i s  does  n o t  mean t h a t  two 

body i n f o r m a t i o n  is  n o t  i m p o r t a n t .  Th i s  i n p u t  w i l l  have t o  be 

used i n  d e c i d i n g  on which "phenomenological"  meson f i e l d s  t o  use  

and a l s o  i n  d e t e r m i n i n g  some o f  t h e  masses and coup l ing  c o n s t a n t s .  

The advantage  would s e e m  t o  be  t h a t  we have a  n a t u r a l  v e h i c l e  f o r  

c o n s i d e r i n g  many body e f f e c t s  a s  w e l l  a s  r e l a t i v i s t i c  e f f e c t s  

w i t h o u t  a g r e a t  i n c r e a s e  i n  complexi ty .  



111. a-MODEL 

The a-model is a renormalizable model of pions and scalar 

isoscalar mesons interacting with nucleons via the lagrangian 

density 

f t r )  = - qcx'L"a* + -1 + C X )  - 3 q r * ) q c x )  +-) 

4 
4 

-b u3 + - i g 3 ' ~ )  3, t ycK) - rcw) - - a 
-+ A> n l c x ) l  

+ 
The symbols $ (x) , T (x) , and $ (x) represent the nucleon, pion, 

and scalar mason fields respectively, while m, uT, and pa 

represent the corresponding masses. The coupling constant g 

applies to both the NNn and NN$ vertices. The form of the a-model 

has been chosen in which the vacuum expectation value of the 

scalar field $(x) is zero. Note that in obtaining this lagrangian 

from the more conventional form (in which the vacuum expectation 

value of the scalar field is responsible for the nucleon mass) 

terms linear in the scalar field $(x) have been dropped. These 

terms are of no consequence to the approximate solutions dis- 

cussed here. 

While any such scalar field theory is renormalizable pro- 

3 4 vided there are 4 (x) and @ (x) terms in the lagrangian density, 



the a-model is of special interest since one can derive from 

it the conditions of CVC and PCAC upon the weak vector and 

axial vector currents. The model has enjoyed some success in 

describing the processes of T-i~ and T-N scattering as well. 

Following Lee and wick! the pion field ; (x) is taken to 
be zero in all the calculations presented here. This is con- 

sistent with the Hartree approximation since the expectation 

value of any pseudoscalar field with respect to a system with 

spherical symmetry must vanish. For simplicity the pion mass 

is also taken to be zero. Removing this latter restriction 

would not qualitatively influence any of the conclusions 

reached in this work. 

Under these restrictions, one can derive from Eq. (111-1) 

the equations of motion for the nucleon and scalar meson 

field operators. 

and, 

Similarly the Hamiltonian density can be obtained 



One can now take matrix elements of Eqs. (111-2)-(111-4) 

with respect to many-body states and perform Fourier transforms 

as discussed in the previous section and obtain the equations 

appropriate to a relativistic Hartree solution of this model 

field theory: 

and : 

Note that (;) and y ($1 are three dimensional Fourier transforms 

of the momentum space amplitudes for removing a meson or a 

nucleon (with cpanturn numbers i) respectively from the many-body 

system. The single particle eigenvalue Ei represents the 

energy required to remove the single nucleon in state i from 

the many-body system. Note that the density occurring on the 

RHS of Eq. (111-5) is the scalar density, 



and not the baryon density : 

The no recoil approximations and intermediate state truncations 

which are necessary to allow these simple interpretations are 

explicitly given in Section 11. 



IV. INFINITE NUCLEAR MATTER 

The prediction of abnormal states of nuclei by Lee and 

wick6 is based upon approximations to the Hartree solution 

of the a-model for infinite nuclear matter. In uniform, zero 

temperature, balanced nuclear matter of baryon density 

the meson field equation of motion becomes, 

where the scalar density ps depends upon through the relation: 4 

lee and wick6 argue that at normal nuclear density and below 

the nonlinear terms of Eq. (IV-2) are not important and that 

the linearized Eq. (IV-2) and Eq. (IV-3) may be solved to obtain 

self-consistent values of ps and 4. They note, however, that 

the value @ = -m/g, which leads to ps = 0 in Eq. (IV-3), also 

satisfies Eq. (IV-2) when ps = 0. This is a new solution 

which would not have existed without the nonlinear terms. Note 

that this large scalar potential exactly cancels the mass term 

in the nucleon equation of motion (Eq. (111-6)). 

Of course it is well known that a scalar interaction 

alone can't produce the correct saturation properties of normal 

nuclear m a t t e r ,  53 Lee and P?iek6introducrd a repulsive hard 



sphere interaction as well. By choosing a hard sphere radius 

of .56 fm and a 0 mass of 1150 MeV, they obtained the normal 

saturation properties (E/A = -16 MeV, kf = 1.36) for their 

linearized normal solution of nuclear matter. The scalar 

coupling constant g2 was already determined to be 15 from the 

IT-N interaction. They could just as well have obtained the 

necessary repulsion through introduction of a vector isoscalar 

meson ( w )  of appropriate strength. 4 , s  Using these parameters, 

they find minima in the abnormal saturation curve corresponding 

to per particle binding energies of 475 MeV and 130 MeV de- 

pending on whether the repulsion was chosen to be a soft core 

or a truly infinite core. The densities at which these abnormal 

states occurred correspond respectively to 6.3 and 2.4 times 

the density of normal nuclear matter. 

Exact self-consistent solutions of Eqs. (IV-2) and (IV-3) 

are now presented for both the normal and abnormal states. 

Defining the dimensionless scalar potential X = g@/m, and 
S 

evaluating the integral in Eq. (IV-3) , 4  one obtains: 

where 



I n  F i g .  1 a  method o f  g r a p h i c a l  s o l u t i o n  o f  Eq. (IV-4) i s  

p r e s e n t e d .  The s o l i d  l i n e  i s  t h e  c u b i c  f u n c t i o n  appea r ing  

on t h e  LHS of  t h e  meson e q u a t i o n  of motion.  The dashed 

c u r v e s  a r e  p l o t s  o f  t h e  RHS of  Eq. ( I V - 4 )  f o r  v a r i o u s  v a l u e s  

o f  t h e  Fermi momentun k f .  The parameter  de te rmined  by Lee 

2 2 
and Wick ( g  /va  = -441)  i s  used i n  t h i s  g raph .  The v a l u e s  

o f  Xc a t  which t h e  s o l i d  and dashed c u r v e s  c r o s s  a r e  t h e  
L, 

s e l f - c o n s i s t e n t  s o l u t i o n s  f o r  a  p a r t i c u l a r  v a l u e  o f  k f .  Note 

-1 t h a t  a t  low d e n s i t y  (kf  = .5  fm f o r  example) t h e r e  i s  t h e  

normal s o l u t i o n  n e a r  Xs = 0 ,  t h e  abnormal s o l u t i o n  a t  Xs = -1, 

and y e t  a t h i r d  s o l u t i o n  n e a r  Xs = -2 .  A s  t h e  d e n s i t y  i n c r e a -  

ses (kf = 1 fm-I f o r  example) t h e r e  a p p e a r  two more s o l u t i o n s  

n e a r  Xs = -1 due t o  t h e  f a c t  t h a t  t h e  magnitude of  t h e  s l o p e  

o f  t h e  dashed  c u r v e  h a s  become g r e a t e r  t h a n  t h e  magnitude of 

t h e  s l o p e  o f  t h e  s o l i d  cu rve  a t  X = -1. A s  the d e n s i t y  i n -  s 
-1 creases f u r t h e r  (k f  = 1 .3  fm ) t h e  two e x t r a  s o l u t i o n s  ( b  and 

d) move away from t h e  p o i n t  Xs = -1 toward t h e  normal s o l u t i o n  

(a) n e a r  Xs = 0 and t h e  s o l u t i o n  (e) n e a r  Xs = -2 .  A s  t h e  

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

- 1 d  and e become d e g e n e r a t e  and d i s a p p e a r  s o  t h a t  a t  kf = 1.5 fm 

and beyond t h e r e  e x i s t s  o n l y  t h e  abnormal s o l u t i o n  c a t  Xs = -1. 

Once a l l  t h e  s e l f - c o n s i s t e n t  s o l u t i o n s  o f  Eq. (IV-4) a r e  





determined for each value of k one can calculate the nuclear f ' 
matter saturation curve (energy per particle versus kf) for 

each solution. The expression for the binding energy per 

particle as a functio;~ of kf and the self-consistent solution 

X may be easily derived: 4 
s 

Eq. (IV-6) differs from the result obtained in Ref. (4) only 

4 by the X: and XS terms present on the RHS. 

In Fig. 2 the saturation curves for all the solutions 

presented in Fig. 1 are shown. To facilitate the identifi- 

cation each curve is labeled by the letter (a,b,c,d, and e) 

which was used to desi~nate the self-consistent points on the 

-1 kf = 1.3 fm curve of Fig. 1. Note that there is complete 

degeneracy between the curves a and e and between the curves 

b and d, so that there are never more than three energetically 

different soluticns in any region of kf. Also shown in Fig. 2 

is the normal solution in which the nonlinearities are ignored 

(dashed cruvsj and the normal solution in which a nonrelativistic 

effective mass apprc~tvation is further imposed (dot-dashed 

curve). This latter curve corresponds to the normal solution 

obtained by Lee and Wick. 6 

FrGE Fig. 2 it is '"-' ' 
u l a ~  die effective mass approjtiiiiat ion 
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is q u i t e  good i n  t h e  r e g i o n  o f  normal n u c l e a r  d e n s i t y ,  b u t  

t h a t  i g n o r i n g  t r ~ c  n o n l i n e a r  t e r m s  ha s  l e d  t o  a  s u b s t a n t i a l  

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

t h e  normal  s o l u t i o n  does  n o t  even e x i s t  beyond k f  = 1 . 4  fm -1 

i n  t h e  e x a c t  c a l c u l a t i o n .  One a l s o  n o t e s  t h a t  the abnormal 

s o l u t i o n  (c) becomes t h e  e n e r g e t i c a l l y  p r e f e r r e d  s o l u t i o n  

n e a r  normal n u c l e a r  d e n s i t y  sc t h a t  t h e r e  i s  no s t a b l e  p o i n t  

on t h e  o v e r a l l  s a t u r a t i o n  c u r v e  co r r e spond ing  t o  normal 

n u c l e a r  m a t t e r .  If one c o n s i d e r s  t h e  t h r e e  d imens iona l  p l o t  

o f  e n e r g y  p e r  p a r t i c l e  v e r s u s  kf and xs = g@/m, t h e r e  i s  o n l y  

one minimum and t h i s  i s  t h e  abnormal s o l u t i o n .  

I n  F i g .  3 a  s a t u r a t i o n  c u r v e  i s  shown i n  which a  v e c t o r  

2 2 meson w i t h  t h e  parameter  g  /pv = - 4 2 6  h a s  been added t o  t h e  v 

a-model r e s u l t .  Th i s  pa rame te r  was chosen s o  t h a t  t h e  mini-  

mum p o i n t  on t h e  normal cu rve  (where ! a c e )  and ( b , d )  come 

t o g e t h e r )  i s  mc-~ed up t o  t h e  b i n d i n g  energy  of normal n u c l e a r  

m a t t e r  ( E  = -16 ) .  The k f  v a l u e  o f  t h i s  p o i n t  a l r e a d y  c o r r e s -  

ponds t o  t h e  d e n s i t y  o f  normal  n u c l e a r  m a t t e r  due t o  t h e  speci- 

f i c  c h o i c e  o f  t h e  a-model pa rame te r .  The d e t a i l s  of  i n c l u d i n g  

t h i s  v e c t o r  meson i n  t h e  c a l c u l a t i o n  a r e  e x a c t l y  t h e  same a s  i n  

Ref.  4 and w i l l  n o t  be reproduced  h e r e .  One sees from F i g .  3 

t h a t  even  i f  a  f i n i t e  sys t em were t o  e x h i b i t  a  s t a b l e  s o l u t i o n  

n e a r  convent ior-a1 n u c l e a r  d e n s i t y  (due t o  t h e  c o l l e c t i v e  pheno- 

mena a s s o c i a t e d  wi'h t h e  f i n i t e  sys tem)  t h e  p r o p e r t i e s  of such  

a s=lutiGn w=uld be much .~nl;La r ) ~ v - m = l  r\ lnlc.; . , . FGr example,  





any f i n i t e  s o l u t i o n  would have t o  have a  v e r y  s h a r p  n u c l e a r  

s u r f a c e  o r  else t h e  s u r f a c e  ene rgy  would cause  t h e  t o t a l  b ind-  

i n g  ene rgy  t o  be  much s m a l l e r  t h a n  it i s  f o r  c o n v e n t i o n a l  

n u c l e i .  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  normal s o l u t i o n  i s  

-1 unbound below kf = 1 . 3  fm whereas  c o n v e n t i o n a l  s a t u r a t i o n  

cu rves  show a t t r a c t i o n  i n  t h i s  r e g i o n .  

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

model i s  th rough  a  h a r d  c o r e  i n t e r a c t i o n .  An e x a c t  t r e a t m e n t  

o f  a  h a r d  c o r e  would i n v o l v e  t h e  Brueckner  formal ism which h a s  

n o t  y e t  been deve loped  f o r  r e l a t i v i s t i c  n u c l e a r  m a t t e r .  How- 

ever,  an approximate  phenomenological  t r e a t m e n t  o f  a  h a r d  c o r e  
6 

f o r  t h e  a-model h a s  been g iven  by Lee and Wick. T h e i r  method 

i n v o l v e s  r e p l a c i n g  t h e  f e r m i  momentum i n  t h e  Fermion c o n t r i b u t i o n  

t o  t h e  b i n d i n g  ene rgy  p e r  p a r t i c l e  ( f i r s t  t e rm  o f  E q .  ( I V - 6 )  by 

an e f f e c t i v e  f e r m i  momentum ki where,  

The p a r a m e t e r  c i s  t h e  r a d i u s  o f  t h e  h a r d  c o r e .  By choos ing  a  

c o r e  r a d i u s  o f  - 5 6  fm, L e e  and Wick o b t a i n  a  minimum i n  t h e  s a t u r a -  

t i o n  c u r v e  a t  t h e  p a r a m e t e r s  o f  normal n u c l e a r  m a t t e r .  They t h e n  

o b t a i n  a  minimum i n  t h e  abnormal s a t u r a t i o n  cu rve  co r r e spond ing  

t o  a  b i n d i n g  ene rgy  of  130 MeV p e r  nuc leon .  

One does  n o t  o b t a i n  a  minimum co r r e spond ing  t o  normal  n u c l e a r  

m a t t e r  w i t h  t h i s  c o r e  r a d i u s  when t h e  n o n l i n e a r i t i e s  a r e  i n c l u d e d  

i n  t h e  normal s o l u t i o n .  One can however o b t a i n  a second m i n i m i m  

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



from a c o r e  r a d i u s  o f  . 677  fm i s  shown i n  F ig .  4 .  One n o t e s  t h a t  

h e r e  a  second minimum o c c u r s  which h a s  t h e  energy  and d e n s i t y  of  

normal  n u c l e a r  m a t t e r .  Note,  however, t h a t  t h e  c o r e  r e p u l s i o n  

i s  s o  s t r o n g  t h a t  t h e  ene rgy  o f  t h e  abnormal s t a t e  i s  moved up 

t o  2 8  MeV. Note a l s o ,  t h a t  t h e  b a r r i e r  s e p a r a t i n g  t h e  two minima 

is  less t h a n  an MeV. An even s t r o n g e r  form o f  r e p u l s i o n  would be  

n e c e s s a r y  t o  b u i l d  up a s i g n i f i c a n t  b a r r i e r  which would p r e v e n t  

cop ious  decays o f  t h e  normal  s t a t e  i n t o  t h e  abnormal s t a t e ;  how- 

ever ,  t h e  co re  r a d i u s  c = .677 fm i s  a l r e a d y  u n p h y s i c a l l y  l a r g e .  





V. FINITE NUCLEI 

The s c a l a r  meson and nucleon e q u a t i o n s  of  motion f o r  a  

f i n i t e  system ( i n  H a r t r e e  approximat ion)  a r e  a l r e a d y  g i v e n  i n  

E q s .  (111-5) and (111-6) r e s p e c t i v e l y .  The s c a l a r  p o t e n t i a l  

( V s ( r )  = g @ ( r ) )  may be  o b t a i n e d  from Eq. (111-5) by u s i n g  t h e  

G r e e n ' s  f u n c t i o n  f o r  t h e  Klein-Gordon o p e r a t o r :  

The d e r i v a t i v e  t e r m s  i n  t h e  t o t a l  b ind ing  energy  e q u a t i o n  

( E q .  111-7) can  b e  e l i m i n a t e d  i n  ana logy  w i t h  c o n v e n t i o n a l  

Hartree t h e o r y  t o  o b t a i n :  

I n  Eq.  (V-2)  one r e c o g n i z e s  t h e  c o n v e n t i o n a l  H a r t r e e  e x p r e s s i o n  

f o r  t h e  t o t a l  b i n d i n g  ene rgy  i n  t h e  f i r s t  two t e r m s  o f  t h e  RHS 

w h i l e  t h e  l a s t  two t e r m s  r e p r e s e n t  t h e  c o r r e c t i o n s  due t o  t h e  

n o n l i n e a r  n a t u r e  o f  t h e  f i e l d  t heo ry .  

The computer program which was used t o  do  t h e  r e l a t i v i s t i c  

H a r t r e e  c a l c u l a t i o n s  i n  Ref.  5 h a s  been modi f ied  t o  i n c l u d e  t h e  

n o n l i n e a r  c o r r e c t i o n s  i n h e r e n t  i n  Eqs. ( V - 1 )  and ( V - 2 ) .  S ince  

t h e  s o l u t i o n s  were a l r e a d y  be ing  o b t a i n e d  by i t e r a t i o n ,  t h e  



f a c t  t h a t  Eq. (V-1)  i s  now a  n o n l i n e a r  i n t e g r a l  e q u a t i o n  does  

n o t  f o r c e  one t o  i n t r o d u c e  a  s e p a r a t e  i t e r a t i o n  p r o c ~ d u r e  

i n  o r d e r  t o  s o l v e  i t .  

S e v e r a l  a t t e m p t s  have been made t o  c a l c u l a t e  t h e  proper-  

t i e s  o f  4 0 ~ a  u s i n g  t h e  a-model; however, a l l  have m e t  w i t h  

i n s t a b i l i t i e s  which have p reven ted  t h e  program from o b t a i n i n g  

s e l f - c o n s i s t e n t  s o l u t i o n s .  Nothing c a n  b e  proved from such 

c a i c u i a t i o n s ;  n e v e r t h e l e s s ,  t h e  i n s t a b i l i t i e s  have i m p l i c a t i o n s  

t h a t  can  be used t o  make s p e c u l a t i o n s  about  t h e  n a t u r e  of  t h e  

t r u e  s o l u t i o n s .  

2 
F i r s t  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  pu re  a-model ( g  = 15,  

va = 1150 MeV) a r e  p r e s e n t e d .  At tempts  t o  o b t a i n  s t a b l e  n u c l e i  

w i t h  a  c e n t r a l  d e n s i t y  cor responding  t o  t h e  minima of  t h e  nor-  

mal c u r v e  ( a l e )  i n  F i g .  2 a l l  l e a d  t o  h i g h e r  d e n s i t i e s  and 

l a r g e  s c a l a r  p o t e n t i a l s  i n  s u c c e s s i v e  H a r t r e e  i t e r a t i o n s .  I t  

s e e m s  t h a t  i f  one i s  t o  p r e v e n t  a  f i n i t e  nuc l eus  c a l c u l a t i o n  

from s e e k i n g  t h e  more d e e p l y  bound abnormal s t a t e ,  one must 

i n t r o d u c e  c o n s t r a i n t s  i n t o  t h e  H a r t r e e  i t e r a t i o n  procedure  

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

when one c o n s i d e r s  t h e  s a t u r a t i o n  c u r v e  i n  F ig .  2 .  What i s  

somewhat s u r p r i s i n g ,  however, i s  t h e  f a c t  t h a t  t h e  H a r t r e e  

c a l c u l a t i o n  of 4 0 ~ a  does  n o t  e x h i b i t  a s t a b l e  s o l u t i o n  c o r r e s -  

ponding t o  t h e  minima i n  t h e  abnormal cu rve  (c)  of F ig .  2 

e i t h e r .  For such a s o l u t i o n ,  one  would e x p e c t  t h e  s c a l a r  poten-  

t i a l  t~ approximate ly  c a n c e l  t h e  nuc leon  mass i n  t h e  i n t e r i o r  



of  t h e  n u c l e u s  and go  smoothly t o  ze ro  a t  t h e  s u r f a c e .  One 

would f u r t h e r  e x p e c t  t h e  c e n t r a l  nucleon d e n s i t y  t o  cor respond 

approx ima te ly  t o  t h e  kf v a l u e  a t  t h e  minima of curve  c i n  

F ig .  2. When t h e s e  c o n d i t i o n s  a r e  i n t r o d u c e d  a s  t h e  s t a r t i n g  

p o i n t  of a  H a r t r e e  i t e r a t i o n ,  however, t h e  s c a l a r  p o t e n t i a l  

becomes even l a r g e r  i n  s u c c e s s i v e  H a r t r e e  i t e r a t i o n s .  T h i s  

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

D i r a c  p a r t i c l e s  t e n d  t o  congrega te  on t h e  s u r f a c e  of an 

a t t r a c t i v e  s c a l a r  w e l l  whenever t h e  w e l l  d e p t h  exceeds  t h e  

nuc leon  mass. 9 

m 
The s t a b i l i t y  o f  t h e  abnormal s t a t e  ( a  = --) of i n f i n i t e  

4  

n u c l e a r  m a t t e r  is  due  t o  t h e  f a c t  t h a t  p s ( Q ) ,  t h e  s c a l a r  d e n s i t y  

i n  Eq. ( IV-2) ,  g o e s  f rom a  p o s i t i v e  t o  a  n e g a t i v e  v a l u e  a s  

c o n t i n u e s  t o  d e c r e a s e  th rough  t h e  v a l u e  -m/g a s  shown i n  F ig .  1. 

In t h e  absence  05 n u c l e a r  m a t t e r ,  t h e  v a l u e  = -m/g i s  ac-  

t u a l l y  a  maximum p o i n t  i n  t h e  meson f i e l d  energy .  T h i s  can be 

s e e n  by s e t t i n g  p s  t o  z e r o  i n  E q .  (IV-2) and n o t i n g  t h a t  any 

p e r t u r b a t i o n  of  @ a b o u t  t h e  p o i n t  -m/g w i l l  c ause  t h e  r e s u l t i n g  

e q u a t i o n  t o  c o l l a p s e  upon i t e r a t i o n  t o  e i t h e r  t h e  normal vacuum 

(a = 0) o r  an abnormal vacuum e x c i t a t i o n  ($ = -2 m/g) which i s  

d e g e n e r a t e  i n  ene rgy  w i t h  t h e  normal vacuum. 

For  a  f i n i t e  sys t em,  t h e  s c a l a r  d e n s i t y  does  n o t  go throug'l  

z e r o  and become n e g a t i v e  a s  one i n c r e a s e s  t h e  d e p t h  of t h e  

s c a l a r  p o t e n t i a l  beyond t h e  nucleon mass. I n s t e a d  t h e  nuc leon  



d e n s i t i e s  ( b o t h  s c a l a r  and baryon)  t e n d  t o  c o l l e c t  on t h e  

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

everywhere.  T h i s  p o i n t  is  i l l u s t r a t e d  i n  F i g s .  5 and 6 where 

t h e  baryon and s c a l a r  nuc leon  d e n s i t i e s  r e s p e c t i v e l y  a r e  

1 
shown f o r  Is2 wave f u n c t i o n s  c a l c u l a t e d  i n  a  s c a l a r  w e l l  

of 1500 MeV ( s o l i d  c u r v e s )  and 1877 M e V  (dashed c u r v e s )  w e l l  

d e p t h s .  These w e l l s  a r e  o f  Woods-Saxon form and bo th  have 

r a d i u s  and d i f f u s e n e s s  p a r a m e t e r s  of 2 .97  fm and . i 7  f m  res- 

p e c t i v e l y .  Th i s  l a t t e r  pa rame te r  i s  t h e  Compton wave l e n g t h  

Of t h e  a  mass parameter .  N o t e  t h e  s t r o n g  s u r f a c e  peaking  of 

1 .  t h e  baryon d e n s i t y  i n  F ig .  5 even though SF d e n s i t i e s  a r e  

u s u a l l y  peaked a t  t h e  c e n t e r  o f  t h e  w e l l .  The s u r f a c e  peaking 

i s  even  more pronounced when one goes  t o  t h e  h i g h e r  w e l l  

dep th .  Note i n  Fig.  b t h a t  t h e  s c a l a r  d e n s i t y  ( a l s o  s u r f a c e  

peaked) i s  v e r y  s m a l l  ( a b o u t  two o r d e r s  of magnitude s m a l l e r  

t h a n  pg ) ,  b u t  t h a t  it r e f u s e s  t o  become n e g a t i v e ,  even a t  

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

system would be h i g h l y  n e g a t i v e .  T h i s  behavior  may o r  may 

n o t  p e r s i s t  i n  t h e  l i m i t  where t h e  w e l l  r a d i u s  g e t s  v e r y  

l a r g e  and many s i n g l e  p a r t i c l e  s t a t e s  a r e  occupied.  

I f  t h i s  c u r i o u s  " w e l l  c l imb ing"  behavior  p e r s i s t s  i n  

l a r g e  sys tems ,  one may s p e c u l a t e  t h a t  t h e  s t a b l e  s o l u t i o n s  of 

a l l  f i n i t e  systems c a l c u l a t e d  v i a  t h e  H a r t r e e  approximat ion  t o  

t h e  a-model w i l l  be hol low s p h e r i c a l  s h e l l s .  The i n t e r i o r  of 

t h e s e  s h e l l s  w i l l  be devoid  of  n u c l e a r  m a t t e r ,  b u t  w i l l  have 







the abnormal meson field strength Q = -2 m/g. This is the 

abnormal vacuum excitation discussed by Lee and The 

exterior will be the normal vacuum (Q, = 0). The surface will 

contain the nuclear matter and the meson field strength will 

go smoothly from its interior value of -2 m/g to zero. While 

such a system will probably be stable, the numerical difficul- 

ties associated with such an unusual object are too great to 

permit self-consistent calculations with the existing computer 

program. 

Calculations of 4 0 ~ a  were also attempted for the a-model 

and vector meson combination used to generate the saturation 

curve in Fiq. 3. The w meson mass (782.8 MeV) was used and 

the coupling constant (9: = 6.726) was chosen so that the 

vector parameter used in the infinite calculation (g2/p2 = . 4 2 6 )  v v 

is satisfied. The starting solution which corresponded to the 

normal density and surface thickness of 4 0 ~ a  became unbound on 

the first Hartree iteration. This adds to the suspicion already 

voiced in a previous section that any finite solutions which 

have densities corresponding to normal nuclei will have abnor- 

mally large surface energies because of the importance of the 

nonlinearlties of the a-model in this region. 

The calculations of finite systems with the a-model are 

still at a tentative stage and much work remains to be done 

before the speculations presented in this section can be 

confirmed or denied. Numerical calculations of nonlinear 

problems are always tricky and it would be naive to suppose 

that one could predict all the important and interestirg 

aspects of the problem on the basis of these first crude 

attempts at calculations. 



VI. CONCLUSIONS 

On the basis of an exact treatment of the Hartree approxi- 

mation to the a-model for infinite nuclear matter, one may 

conclude that the nonlinearities have important consequences 

not only for nuclear densities in the abnormal region dis- 

cussed by Lee and Wick, but also at nuclear densities corres- 

ponding to normal nuclei. This feature of the nonlinearities 

prevents the saturation curve from having a iiiinimuli at the 

density corresponding to normal nuclei unless one introduces 

an unphysical form of repulsion. 

Tentative calculations for finite systems seem to support 

the conclusions drawn from the infinite case that the a-model, 

even in combination with a repulsive interaction coming from 

vector meson exchange, is incapable of yielding stable Hartree 

solutions whose properties are similar to those of normal 

nuclei. Finite stable solutions corresponding to the abnormal 

nuclei predicted by Lee and Wick do not appear to be possible 

either, although this failure results from a curious property 

of Dirac single-particle wave functions in finite attractive 

scalar wells which could not have been predicted on the basis 

of calculations for an infinite system. Instead, the only 

stable finite system appears to consist of an abnormal vacuum 

excitation (predicted by Lee and Wick) which is separated 

from the normal vacuum by a spherical shell of nuclear matter. 

The baryon density in this shell will probably be comparable 

to the densities predicted by Lee and Wick for their abnormal 



nuclei. 

In conclusion, it appears that the a-model is a poor can- 

didate for predicting the behavior of nuclear matter at den- 

sities greater than those found in normal nuclei. This should 

not dissuade experimentalists from making searches for abnormal 

configurations of nucleons or density isomers as soon as rea- 

sonable extensions of present technologies permit them. Whether 

the a-model is the appropriate vehicle for theoretical investi- 

gations or not, the nuclear force is certainly a highly non- 

linear phenomenon. Otherwise the multipion resonances would 

not be so important in understanding it. The utility of 

theoretical studies of nonlinear field theory models like the 

a-model is that they give one a feeling for the wide range of 

unusual objects which could exist. In view of our lack of 

knowledge about the nuclear force, this is not an inconsequential 

service. 

We would like to acknowledge several conversations with 

T. D. Lee. 
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1 . I n t r o d u c t i o n  

The s o l u t i o n s  o f  

i n  s c h o o l ,  t h a t ,  

t h e  Di-rac e q u a t i o n  are w e l l  known. W e  l e a r n e d  

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

t i a l  hu = { x , ~ ~ ( r )  1 i t  r e a d s  

-* 
I f  A i s  n e g l e c t e d  and t h e  Coulorrh p o t e n t i a l  i s  t h a t  o f  an ex- 

,, 
zeL 

t e r n a l  p o i n t  c h a r g e ,  i - e .  A o ( r )  = - r , t h e  spec t rum o f  (1) c a n  

b e  o b t a i n e d  a n a l y t i c a l l y  and i s  known a s  t h e  Sonmer fe ld  f i n e -  

s t r u c t u r e  f o r m u l a  

K = + I ,  * 2 ,  ... ; N = 0 , 1 , 2  ... 
I t  i s  s c h e ~ , a t i c a l l y  d e p i c t e d  i n  F i g . 1  a s  a  f u n c t i o n  o f  

-1. 

This work w a s  s u p p r t e d  by the  Deutsche F o r s c h u n g s ~ ~ i n s c h a f t ,  

( 2  

z .  

by the 

Bundesministerium fiiY. Forschung und Technologic and by the Gesellschaft fiir 

Schwerion~n fm-schmc ((31) . 
.'. .'. 
""Invited speaker a t  the  Internat ional  Syrr+posim on Physics with Rela- 

tiv?' st ic Heavy Ions, LBL, Berkeley, July 1974. 



F i g . l :  Schematic  r e p r e s e n t a t i o n  of t h e  s o l u t i o n s  ( 2 )  of t h e  

f i n e  s t r u c t u r e  formula.  A t  Z=137 t h e  s o l u t i o n s  w i t h  

j=1/2 d i s a p p e a r .  The dashed cu rve  i n d i c a t e s  t h e  s ~ , ~ -  

energy  f o r  modi f ied  Coulomb p o t e n t i a l s  be long ing  t o  

ex tended  n u c l e i 1 .  The s o l u t i o n s  f o r  h i s h e r  j a r e  d i s a p -  

p e a r i n g  co r r e spond ing ly  a t  h i q h e r  Z-values.  

What happens t o  t h e  j=1/2 s o l u t i o n s  a t  t h i s  c r i t i c a l  p o i n t ?  The -- - 

answer i s  s imple :  T h e i r  r a d i a l  wave f u n c t i o n s  R ( r )  - I J;- (az  )' 
j=1/2 

a r e ,  because  o f  t h e  imaginary squa re  r o o t ,  non-normal izable  f o r  

Za>1. S ince  n o r m a l i z a b i l i t y  i s  an i m p o r t a n t  q u a n t i z a t i o n  con- 

d i t i o n ,  t h e  s o l u t i o n s  d i s a p p e a r  f o r  Z a > l .  For  modi f ied  Coulornb- 

p o t e n t i a l s  a s  t hey  a r e  neces sa ry  f o r  ex t ended  n u c l e i  ( s e e  F ig .21 ,  



F i g .  2 : Coulomb and m o d i f i e d  Coulomb p o t e n t i a l .  

t h i s  problem can  b e  p o s t p o n e d  up t o  a  c r i t i c a l  v a l u e  o f  t h e  

c h a r g e  Z c r d 7 0 .  I n d e e d  o n e  o b t a i n s  f o r  such  p o t e n t i a l s  bound 

s t a t e  s o l u t i o n s  up t o  Z c r ,  where t h e  bound s t a t e  d i v e s ,  i . e .  

d i s a p p e a r s  i n  t h e  n e g a t i v e  e n e r g y  con t inuum (see F i g . 1 ) .  I t  

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

and a f t e r  t h i s  d i v i n g .  A s  w e  w i l l  s e e ,  i t  h a s  f u n d a m e n t a l  con- 

s e q u e n c e s  f o r  o u r  u n d e r s t a n d i n g  o f  quantum e l e c t r o d y n a m i c s  and 

t h e  p h y s i c s  o f  t h e  vacuum s t a t e .  



2 .  The A u t o i o n i z a t i o n  o f  P o s i t r o n s  

W e  a r e  f a c i n g  h e r e  a  p rob lem s i m i l a r  t o  t h a t  o f  o r d i n a r y  a u t o -  

i o n i z a t i o n  o f  n u c l e a r  and  a t o m i c  p h y s i c s ,  where one  o r  s e v e r a l  

bound s t a t e s  a r e  imbedded i n t o  o n e  o r  s e v e r a l  c o n t i n u a .  The 

common a u t o i o n i z a t i o n  p r o c e s s  o f  n u c l e i  i s  i l l u s t r a t e d  i n  F i g . ? ,  

which shows a  bound 2 p - 2 h - s t a t e  d e g e n e r a t e d  w i t h  a  I p - l h  con- 

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

a c t i o n s ,  which l e a d s  t o  t h e  d e c a y  o f  t h e  bound s t a t e .  

Energet~cal pos~lim 1 
of the 

dont muurn 

bound 2p-Zh stole I -- 

F i g . 3 :  I l l u s t r a t i o n  o f  t h e  a u t o i o n i z a t i o n  p r o c e s s  i n  n u c l e a r  

p h y s i c s .  The 2p-2h c o n f i g u r a t i o n  ( d o u b l e  a r r o w s )  i s  

i n t o  t h e  I p - l h  cont inuum.  



I n  o u r  c a s e  t h e  mechaninism o f  imbedding t h e  bound s t a t e  ( s )  

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

d i n a r y  a u t o i o n i z a t i o n ,  b u t  t h e  m a t h e m a t i c a l  s t r u c t u r e  i s  t h e  

same; i .e .  bound s t a t e  ( s )  ( s l  / 2  ' p l I 2 .  . . e tc .  ) a r e  imbedded 

i n t o  c o n t i n u a  ( s l j 2 ,  p l j 2 '  e t c  . . . ) .  W e  w i l l  h a n d l e  t h e  problem 

r 2 r  by using Fano's formalism. 3 
t h e r e f o r e  a n a l o g o u s l y  t o  t h e  fo rmer  

T h i s  w i l l  b e  u s e f u l  f o r  t h e  p h y s i c a l  u n d e r s t a n d i n g ;  an  e x a c t  

f i e l d  t h e o r e t i c a l  t r e a t m e n t  w i l l  b e  g i v e n  l a t e r .  

a L e t  D = i y  - + m b e  t h e  f r e e  a l e c t r o n  D i r a c  o p e r a t o r .  We t h e n  v ax v A A h 

have t o  s e a r c h  f o r  bound s t a t e s  o f  t h e  H a m i l t o n i a n  H=D+V(r,Z)=H(Z) 

where V ( r  , Z )  E Z x U ( r , Z )  i s  t h e  " rounded  o f f "  Coulomb p o t e n t i a l  

o f  t h e  n u c l e u s .  U ( r , Z )  i s  depend ing  on Z o n l y  v i a  t h e  Z-N-depen- 

d e n t  r a d i u s  o f  t h e  n u c l e a r  c h a r g e  d i s t r i b u t i o n .  Wi th in  t h e  r a n g e  

o f  a t o m i c  n u c l e i  c o n s i d e r e d  by u s  ( 1 7 0 <  Z < 200) t h i s  dependence 

i s  v e r y  weak and may be o m i t t e d  f o r  c o n v e n i e n c e  

W e  now u s e  t h e  f a c t  t h a t  w e  know t h e  s o l u t i o n  t o  o u r  problem 
A 

f o r  Z = Z --, 170 and d i a g o n a l i z e  H ( Z = Z  + Z 1 )  i n  t h e  b a s i s  o f  cr cr  
A h 

e i q e n s t a t e s  g i v e n  by H ( Z c l ) .  be  t h e  Is bound s t a t e  e i g e n -  

f u n c t i o n  f o r  Z = Z c r I  i - e .  

and may d e n o t e  t h e  S-continuum wave f u n c t i o n s  t o  t h e  same 



I $ >  and  a l l  I $ E >  s e r v e  a s  a  b a s i s  f o r  o u r  d i a g o n a l i z a t i o n  p r o -  

c e d u r e .  I n  d o i n g  t h i s  w e  n e g l e c t  t h e  s m a l l  c o n t r i b u t i o n  f rom 

t h e  h i g h e r  bound n s  s t a t e s  (n  > 1 )  (see r e f .  2 a )  , which a r e  s e -  

p a r a t e d  by more t h e n  500 keV from t h e  I s  bound s t a t e .  W e  need  
A 

t h e  m a t r i x  e l e m e n t s  o f  H (Zcr+Z1)  i n  o u r  ( r e s t r i c t e d )  b a s i s  

= z l i $  I ~ ( r ) l @ >  V 
E ' 

and f i n a l l y  

The m a t r i x  e l e m e n t s  U E H E ,  d e s c r i b e  t h e  r e a r r a n g e m e n t  o f  t h e  

con t inuum s t a t e s  u n d e r  t h e  a d d i t i o n a l  p o t e n t i a l  U ( r ) .  Fo r  s m a l l  

Z '  t h i s ,  c l e a r l y ,  can b e  n e g l e c t e d  s i n c e  i t s  i n f l u e n c e  upon 

t h e  d i v i n g - i n  bound s t a t e  i s  a  second  o r d e r  e f f e c t .  F o r  l a r g e  

Z '  t h e  cont inuum s t a t e s  'YE may b e  p r e d i a g o n a l i z e d  (con t inuum 

s o l u t i o n s  f o r  Z > Z c r  a r e  n u m e r i c a l  1 y a v a i l a b l e  (see r e f -  2 )  . 



NOW be / Y E >  a  con t inuum s o l u t i o n  t o  t h e  D i r a c  e q u a t i o n  f o r  

z > zc r :  

W e  may expand I Y  > w i t h i n  t h e  a p p r o x i m a t i o n s  s t a t e d  above E  

T h e  c o e f f i c i e n t s  a ( E l  and b (E) a r e  r e a d i l y  d e t e r m i n e d  from 
E ' 

t h e  s o l u t i o n  g i v e n  by Fano.  W e  a r e  m a i n l y  i n t e r e s t e d  i n  t h e  

e f f e c t  from t h e  bound s t a t e  I @ > :  

where  F ( E )  i s  t h e  p r i n c i p a l  v a l u e  i n t e g r a l  

The con t inuum f u n c t i o n s  I y  > a r e  n o r m a l i z e d  i n  t h e  u s u a l  way 
E 

s o  1 a ( E )  1 g i v e s  t h e  p r o b a b i l i t y  t h a t  an e l e c t r o n  bound i n  I $>  

i s  promoted t o  I Y  > when an a d d i t i o n a l  c h a r g e  Z '  i s  " s w i t c h e d  o n " .  
E 

I t  can  b e  u n d e r s t o o d  a s  w e l l  a s  t h e  a d m i x t u r e  o f  t h e  bound s t a t e  

I $ >  t o  t h e  new cont inuum s t a t e  I . T h i s  a d m i x t u r e  h a s  an 

=hvious resonance ~ 2 ~ a - ~ i o . ~ r .  ~f - v E  d o e s  n o t  depend t o o  s i r o i - ~ y l y  

on t h e  e n e r g y  E ,  we may n e g l e c t  F  ( E )  w i t h  r e s p e c t  t o  AEo and 



s e t  
2  r = 2T1VE1 . 

Then t h e  bound s t a t e  ampl i tude  o b t a i n s  a Breit-Wigner shape 

w i t h  t h e  resonance  peaked around Eo+AEo . 

2 Because w e  have chosen EOw -met 

d e s c r i b e s  t h e  energy  s h i f t  o f  t h e  bound I s - s t a t e  due t o  t h e  

a d d i t i o n a l  charge  2 ' .  The wid th  l' o f  t h e  resonance  i s  s p e c i f i e d  

a s  

2  r = 2n/v,12 = ~ = ~ Z ' < $ ~ I U ( ~ ) / @ > I ~  - z 1  y . ( 1 7 )  

C a l c u l a t i o n s  show t h a t  

Thus w e  may e x p l i c i t l y  i n d i c a t e  t h e  Z1-dependence of E q .  (1  5) : 

Obvious ly ,  t h e  bound s t a t e  I + >  " d i v e s "  i n t o  t h e  n e g a t i v e  energy  

continuum for Z 7 Z  p r o p o r t i o n a l  t o  Z '  = ( Z - Z  ) ,  A t  t h e  same c r  c r  

t ime  i t  o b t a i n s  a  w id th  T' i n  energy  d i s t r i b u t i o n  proportional 
E 

t o  2 1 2  = ( Z - Z c , ) 2 .  T h i s  i s  i l l u s t r a t e d  i n  F i g . 4 .  



F i g .  4 :  E l e c t r o n i c  b i n d i n g  e n e r g i e s  f o r  e x t e n d e d  ( R = 1 . 2  f m . A  1 / 3 )  

s u p e r h e a v y  n u c l e i .  Fermi c h a r g e  d i s t r i b u t i o n s  have  been  

u s e d .  The d i v i n g  p o i n t s  f o r  t h e  I s  1 / 2 7  2 p 1 p -  and 

2 s 
1/2 

l e v e l s  a r e  Z c r  = 770, 185 and 245 r e s p e c t i v e l y .  

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

o f  by a  Thomas-Fermi d i s t r i b u t i o n .  The ene rgy  s p r e a d i n g  

o f  t h e  s t a t e s  i s  shown by i n d i c a t i n g  t h e  s p r e a d i n g  w i d t h  

a f t e r  t h e  d i v i n g  p o i n t  ( m a g n i f i e d  by a  f a c t o r  1 0 ) .  A s  

shown i n  t h e  t e x t  i t  i s  t h e  same a s  t h e  p o s i t r o n  decay  

w i d t h  o f  t h e  bound s t a t e .  



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

i n t e r p r e t a t i o n  : 

I f  t h e  p r o t o n  number o f  a  n u c l e u s  w i t h  Z < Z c r  i s  s t e a d i l y  i n -  

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

Z = Z  it r e a c h e s  -m c2 .  Dur ing t h i s  p r o c e s s  t h e  s p a t i a l  e x t e n -  c r  e 

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

c r e a s i n g ,  i . e .  t h e  bound s t a t e  wave f u n c t i o n  becomes more and 

more l o c a l i z e d .  When Z grows beyond Z c r  t h e  bound I s - s t a t e  

c e a s e s  t o  e x i s t .  Bu t  t h a t  d o e s  n o t  mean t h a t  t h e  K - s h e l l  e i e c -  

t r o n  c l o u d  becomes d e l o c a l i z e d .  I n d e e d ,  a c c o r d i n g  t o  E q . ( 1 2 )  

t h e  bound s t a t e  41 i s  s h a r e 2  by t h e  n e g a t i v e  e n e r g y  cont inuum 

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

o f  e n e r g y  g i v e n  by E q .  ( 1 3 )  and t h e  n e g a t i v e  e n e r g y  cont inuum 

wave f u n c t i o n s  become - due  t o  t h e  bound s t a t e  a d m i x t u r e  - 

s t r o n g l y  d i s t o r t e d  a r o u n d  t h e  n u c l e u s .  T h i s  a d d i t i o n a l  d i s t o r -  

t i o n  o f  t h e  n e g a t i v e  e n e r g y  cont inuum d u e  t o  t h e  bound s t a t e  

can  be c a l l e d  r e a l  c h a r g e d  vacuum p o l a r i z a t i o n ,  b e c a u s e  it i s  

c a u s e d  by a  r e a l  e l e c t r o n  s t a t e  which j o i n e d  t h e  " o r d i n a r y  

vacuum s t a t e s " ,  i . e .  t h e  n e g a t i v e  e n e r g y  cont inuum.  The c h a r g e  

d e n s i t i e s  i n d u c e d  by a l l  t h e  cont inuum s t a t e s  s u p e r p o s e  t o  form 

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

by t h e  c o l l e c t i v e  b e h a v i o u r  o f  a l l  con t inuum s t a t e s  c o n t a i n s  

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

f i n d i n g  t h e  I s - e l e c t r o n  s t a t e  $I i n  any o f  t h e  cont inuum s t a t e s  

i s  ( y < < 6 )  : 



Thus,  t h e  K-e lec t ron  c loud  remains  l o c a l i z e d  i n  r - space .  The 

s u r p r i s i n g  f a c t  t h a t  i t  o b t a i n s  an energy wid th  r though it 

does  n o t  decay i s  r e s o l v e d  by t h e  f a c t  t h a t  it  i s  composed of 

many s t a b l e  s t a t e s  s p r e a d  i n  ene rgy ,  i . e .  t h e  bound s t a t e  has  

o b t a i n e d  a  s p r e a d i n s  w id th  i n  t h e  n e g a t i v e  energy continuum. 

Th i s  can be  i l l u s t r a t e d  i n  t h e  fo l l owing  way: Cons ider  t h e  

gedanken-experiment o f  s o l v i n g  t h e  D i r ac  e q u a t i o n  w i t h  t h e  

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

C e r t a i n  boundary c o n d i t i o n s  on t h e  sphe re  have t o  be  f u l f i l l e d .  

I n  t h i s  way t h e  continuum i s  d i s c r e t i z e d  ( s e e  F i g . 5 ) .  F i g . 5 a  

shows t h e  s i t u a t i o n  a t  Z = Z c r ,  i . e .  b e f o r e  d i v i n g .  A f t e r  d i v i n g  

( F i g . 5 b )  t h e  Is-bound s t a t e  h a s  j o ined  t h e  lower continuum and 

i s  s p r e a d  o v e r  i t .  

F i g .  5: Spread ing  o f  t h e  bound s t a t e  ( s o l i d  l i n e )  o v e r  t h e  nega- 

t i v e  energy  continuum s t a t e s  (weak l i n e s ) .  A f t e r  d i v i n g ,  

i. e .  , Z > Z c r  , t h e  n e a a t i v e  energv  continuium has o b t a i n e d  

one more s t a t e ;  t h e  Is-bound s t a t e .  I t  i s  now s p r e a d ,  

however, o v e r  t h e  n e a a t i v e  energy  continuum s t a t e s .  

a )  spectrum b e f o r e  and b )  a f t e r  d i v i n g .  



If a l l  l e v e l s  a r e  occupied  (occupied K - s h e l l ) ,  one s e e s  t h a t  

t h e  K-she l l  s t i l l  e x i s t s ,  b u t  i s  spread  out. e n e r g e t i c a l l y .  

T h e r e f o r e  a  y - abso rp t ion  l i n e  from a  I s - 2 p - t r a n s i t i o n  would 

a c q u i r e  an a d d i t i o n a l  w i d t h ,  t h e  s p r e a d i n g  wid th .  Th i s  i s  iden-  

t i c a l  w i t h  t h e  p o s i t r o n  e scape  w id th .  I f  one i n t e r p r e t s  t h i s  

b e h a v i o u r  a s  a  kind o f  s t r o n g  vacuum p o l a r i z a t i o n ,  it s h o u l d  be 

n o t i c e d  t h a t  t h e  vacuum t h u s  d e f i n e d  i s  doubly charged.  The 

fo rmer ly  bound s t a t e  K-e l ec t rons  have now become a  member of 

t h e  vacuum. See i n  t h i s  connec t ion  a l s o  r e f s .  4 I 5  

The s i t u a t i o n  i s  changed i f  t h e  bound s t a t e  (I$> i s  unoccupied 

d u r i n g  t h e  p r o c e s s  o f  " d i v i n g  i n " .  Then - on grounds of charge  

c o n s e r v a t i o n  - one of t h e  r e s u l t i n c j  continuum s t a t e s  ha s  

t o  b e  unoccupied,  i . e .  a  p o s i t r o n  e s c a p e s .  The k i n e t i c  energy  

o f  t h e  e s c a p i n g  p o s i t r o n  i s  n o t  s h a r p ,  b u t  has  a  Breit-Wigner 

t y p e  spec t rum g iven  by Eq. ( 1  5 )  . Cf c o u r s e ,  t h e  pos i t ron -e scape -  

p r o c e s s  can  be r e v e r s e d .  I f  p o s i t r o n  s c a t t e r i n g  from n u c l e i  w i t h  

> 'cr is  observed ,  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  has  a  r e so -  

nance  a t  E = I A E ~ ~  w i t h  wid th  P. The phase  s h i f t  of t h e  s ~ , ~ -  

p o s i t r o n  waves should  go th rough  n / 2  a t  t h i s  energy .  T h i s  can 

be used t o  i ndependen t ly  de te rmine  t h e  energy  s h i f t  AEo o f  t h e  

Is-bound s t a t e  acco rd ing  t o  t h e  o v e r - c r i t i c a l  charge Z ' .  The 

p r o b a b i l i t y  p e r  u n i t  t ime  f o r  emiss ion  of  p o s i t r o n s  i n  t h e  

ene rgy  i n t e r v a l  dE i s  g iven  by F e r m i ' s  "Golden Rule" 



Thus,  t h e  K-e lec t ron  c loud  remains  l o c a l i z e d  i n  r - space .  The 

s u r p r i s i n g  f a c t  t h a t  it  o b t a i n s  an energy wid th  r though it 

does  n o t  decay i s  r e s o l v e d  by t h e  f a c t  t h a t  it  i s  composed of 

many s t a b l e  s t a t e s  s p r e a d  i n  ene rgy ,  i . e .  t h e  bound s t a t e  has  

o b t a i n e d  a  s p r e a d i n s  w id th  i n  t h e  n e g a t i v e  energy continuum. 

Th i s  can be  i l l u s t r a t e d  i n  t h e  fo l l owing  way: Consider  t h e  

gedanken-experiment o f  s o l v i n g  t h e  D i r ac  e q u a t i o n  wi th  t h e  

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

C e r t a i n  boundary c o n d i t i o n s  on t h e  sphe re  have t o  be  f u l f i l l e d .  

I n  t h i s  way t h e  continuum i s  d i s c r e t i z e d  ( s e e  F i g . 5 ) .  F i g . 5 a  

shows t h e  s i t u a t i o n  a t  Z = Z  c r  ' i . e .  b e f o r e  d i v i n g .  A f t e r  d i v i n g  

(F ig .5b )  t h e  Is-bound s t a t e  ha s  j o ined  t h e  lower continuum and 

i s  s p r e a d  ove r  i t .  

F i g .  5: Spread ing  o f  t h e  bound s t a t e  ( s o l i d  l i n e )  o v e r  t h e  nega- 

t i v e  energy  continuum s t a t e s  (weak l i n e s )  . A f t e r  d i v i n g ,  

i . e . ,  Z > Z  c r  ' the  n e q a t i v e  energy  continuum has  o b t a i n e d  

one more s t a t e ;  t h e  Is-bound s t a t e .  I t  i s  now s p r e a d ,  

however, o v e r  t h e  n e u a t i v e  energy  continuum s t a t e s .  

a )  spectrum b e f o r e  and b )  a f t e r  d i v i n g .  



I f  a l l  l e v e l s  a r e  occupied  (occupied K - s h e l l ) ,  one s e e s  t h a t  

t h e  K-she l l  s t i l l  e x i s t s ,  b u t  i s  spread  o u t  e n e r g e t i c a l l y .  

The re fo re  a y-abso rp t ion  l i n e  from a  I s - 2 p - t r a n s i t i o n  would 

a c q u i r e  an a d d i t i o n a l  w id th ,  t h e  s p r e a d i n g  wid th .  Th i s  i s  iden-  

t i c a l  w i t h  t h e  p o s i t r o n  e scape  wid th .  I f  one i n t e r p r e t s  t h i s  

behav iou r  a s  a  kind of  s t r o n g  vacuum p o l a r i z a t i o n ,  it shou ld  be 

n o t i c e d  t h a t  t h e  vacuum t h u s  d e f i n e d  i s  doubly charged.  The 

fo rmer ly  bound s t a t e  K-e lec t rons  have now become a  member of 

t h e  vacuum. See i n  t h i s  connec t ion  a l s o  r e f s .  4f5 

The s i t u a t i o n  i s  changed i f  t h e  bound s t a t e  I$> i s  unoccupied 

d u r i n g  t h e  p r o c e s s  o f  " d i v i n g  i n " .  Then - on grounds of charge  

c o n s e r v a t i o n  - one of t h e  r e s u l t i n g  continuum s t a t e s  h a s  

t o  b e  unoccupied,  i . e .  a  p o s i t r o n  e s c a p e s .  The k i n e t i c  energy  

of  t h e  e s c a p i n g  p o s i t r o n  i s  n o t  s h a r p ,  b u t  ha s  a  Breit-Wigner 

t y p e  spectrum g iven  by E q . ( 1 5 ) .  Cf c o u r s e ,  t h e  pos i t ron -e scape -  

p r o c e s s  can be r e v e r s e d .  I f  p o s i t r o n  s c a t t e r i n g  frcm n u c l e i  w i t h  

z > z  cr i s  observed ,  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  has  a  r e so -  

nance a t  E = I A E , ~  w i t h  wid th  . The phase  s h i f t  of t h e  s I j2 -  

p o s i t r o n  waves should  go th rough  ~ r / 2  a t  t h i s  energy .  Th i s  can 

be used t o  i ndependen t ly  de te rmine  t h e  ene rgy  s h i f t  AEo o f  t h e  

Is-bound s t a t e  acco rd ing  t o  t h e  o v e r - c r i t i c a l  charge  2 ' .  The 

p r o b a b i l i t y  p e r  u n i t  t ime  f o r  emiss ion  of p o s i t r o n s  i n  t h e  

energy  i n t e r v a l  dE i s  g iven  by F e r m i ' s  "Golden Rule" 



I n  o u r  problem t h e  yE a r e  normal ized t o  6 - func t ions  and t h e  

p r o b a b i l i t y  f o r  f i n d i n g  t h e  bound s t a t e  (I a t  t h e  energy E i s  

2 
a cco rd ing  t o  (1  2 )  g iven  by p (El dE = / a ( E )  I dE, and Hin t  = Z I U ( r ) .  

Hence t h e  decay p r o b a b i l i t y  o f  t h e  i o n i z e d  K-she l l ,  i . e .  t h e  

a u t o i o n i z a t i o n  r a t e  p e r  u n i t  t ime ,  i s ,  u s i n g  Eq . (15 )  

L I t  can e a s i l y  be  g e n e r a l i z e d  t o  s e v e r a l  " d i v i n g  s t a t e s " ,  

Th i s  decay must be  i n t e r p r e t e d  a s  t h e  decay o f  t h e  normal,  neu- 

t r a l  vacuum i n t o  a charged  vacuum (cha rge  2 i n  o v e r - c r i t i c a l  

f i e l d s .  Indeed ,  t h e  Fermi s u r f a c e  h a s  always t o  b e  a t  l e a s t  a t  

E = - m c 2 ;  it canno t  b e  a t  E < - m c 2 ,  because  o t h e r w i s e  we would 

immediate ly  have s t r o n g  c o n t r a d i c t i o n s  t o  t h e  expe r i ence .  The 

vacuum s t a t e ,  which i s  t o  be  i d e n t i f i e d  w i t h  EF = -mc2 o b v i o u s l y  

i s  a b s o l u t e l y  s t a b l e  up t o  Z = Z c r  and becomes i n s t a b l e  ( sponta -  

neous decay)  i n  o v e r - c r i t i c a l  f i e l d s .  Only t h e  charged vacuum 

(two p o s i t r o n s  a r e  e m i t t e d )  i s  s t a b l e  i n  o v e r - c r i t i c a l  f i e l d s .  

The vacuum proceeds  t o  become h i g h e r  charged  a s  t h e  ove r - c r i -  

t i c a l  f i e l d s  ( o v e r - c r i t i c a l  cha rge )  a r e  f u r t h e r  i n c r e a s e d .  



3 .  The Change of  t h e  Vacuum i n  O v e r c r i t i c a l  F i e l d s  - Formal Aspec ts  

Due t o  t h e  e x c e l l e n t  agreement  between exper iment  and t h e o r y  

quantum e l ec t rodynamics  (QED)  i s  one of  t h e  most s u c c e s f u l  

p a r t s  o f  modern p h y s i c s .  Th i s  has  been ach ieved  by a  power 

s e r i e s  expansion of  a l l  r e s u l t s  i n  terms o f  t h e  parameter  a 

and Za. U n f c r t u n a t e l y ,  l i t t l e  i s  known about  t h e  convergence 

of  t h e  expans ion .  I n  p r a c t i c e ,  t h i s  was no sou rce  of g r i e f ,  

s i n c e  a and Za a r e  u s u a l l y  s m a l l  pa rame te r s .  I n  very  heavy 

atoms,  however, w e  have Za = 0 . 7  and i n  superheavy atoms w e  

would be  con f ron t ed  w i t h  Zadl o r  even Za > I .  

Consequent ly ,  it seems t o  be worthwhile  t o  ex tend  a tomic  p h y s i c s  

t o  t h e  c a s e  where Za > I .  T h i s  means t h a t  w e  have t o  d e a l  w i t h  

2 t h e  u n p l e a s a n t  s i t u a t i o n  of  hav ing  n e i t h e r  weak ( g  < < I )  n o r  

2 s t r o n g  ( g  >> 1 ) c o u p l i n g ,  b u t  working i n  t h e  i n t e r m e d i a t e  re- 

g i o n .  A f i r s t  s i m p l i f i c a t i o n  i s  o b t a i n e d  by t h e  remark t h a t  

t h e  f i n e s t r u c t u r e  c o n s t a n t  a = 1 / 1 3 7 ,  which coup le s  charged 

p a r t i c l e s  t o  t h e  r a d i a t i o n  f i e l d ,  remains  s m a l l  and t h e s e  

e f f e c t s  may be t r e a t e d  i n  p e r t u r b a t i o n  t h e o r y .  Th i s  s u g g e s t s  

an expans ion  

of  o b s e r v a b l e s  w i t h  e x a c t  c o e f f i c i e n t s  f n  (Za) . Concep tua l ly ,  

t h i s  cor responds  t o  s o l v i n g  f o r  t h e  e x a c t  s i n g l e  p a r t i c l e  

s o l u t i o n s  i n  t h e  c l a s s i c a l  e x t e r n a l  f i e l d  of  t h e  nuc l eus  w i t h  

chargn Z and ca lc ld l s t in r ;  a l l  h i g h e r  o r d e r  e f f e c t s  i n  n e r + l ~ r -  r-- --- 

b a t i o n  t h e o r y .  



When d e a l i n g  w i t h  t h e  r e a l  e l e c t r o n s  a l o n e  t h e  most impor- 

t a n t  h i g h e r  o r d e r  c o r r e c t i o n s  a r e  c o n v e n i e n t l y  t r e a t e d  by 

t h e  n o n l i n e a r  Hartree-Fock e q u a t i o n s .  I t  i s  d e s i r a b l e  t o  

g e n e r a l i z e  t h e s e  e q u a t i o n s  s o  t h a t  t h e y  i n c l u d e  v i r t u a l  

e f f e c t s  a s  vacuum p o l a r i z a t i o n  and s e l f e n e r g y .  We s t a r t  4,s 

from t h e  o p e r a t o r  e q u a t i o n s  f o r  t h e  coupled  e l e c t r o n  and 

photon f i e l d s  

e x  where j t a k e s  i n t o  account  t h e  c l a s s i c a l  e x t e r n a l  f i e l d  
Fi 

of t h e  n u c l e u s  and 

The second  e q u a t i o n  can be fo rma l ly  s o l v e d  f o r  A : 
v 

I n  t h e  absence  o f  photons  A rad = 0 and w e  nay s u b s t i t u t e  ( 2 7 )  
l' 

i n t o  ( 2 4 ) .  A f t e r  some man ipu la t i ons  t h i s  l e a d s  us  t o  t h e  

o p e r a t o r  e q u a t i o n  6 



I n  o r d e r  t o  d e r i v e  p a r t i c l e  e q u a t i o n s  we have t o  t a k e  m a t r i x  

e lements  between a  complete  s e t  o f  p a r t i c l e  s t a t e s .  F i r s t  

we have t o  s p e c i f y  which s t a t e s  we i n t e n d  t o  r e g a r d  a s  occu- 

p i e d ,  i . e .  w e  have t o  d e f i n e  a  fe rmi  s u r f a c e  F ( F i g . 6 ) .  

. - -  

---- Neqat~ve  Energy Cont~nuum -- -- - 
-- - -- - 

F i g .  6 :  T h e  s i n g l e  p a r t i c l e  spectrum and t h e  Fermi s u r f a c e ;  
- Uh 

d e f i n i t i o n  of t h e  t i l d e  ( C )  and t h e  Uehl ing sum ( C ) 



The f i e l d  o p e r a t o r  i s  

The Har t ree -Fock  a p p r o x i m a t i o n  i s  i n t r o d u c e d  by r e s t r i c t i n g  

t h e  b a s i s  t o  a  s i n g l e  c o n f i g u r a t i o n ,  i . e .  n o t  a l l o w i n g  f o r  

any p a r t i c l e - h o l e  e x c i t a t i o n s .  Then t h e  m a t r i x  e l e m e n t s  a r e  

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

s t a t e s  

The r e s u l t i n g  n o n l i n e a r  e q u a t i o n s  a r e  4 f 5 f 6  

W e  h a v e  now d e v e l o p e d  t h e  g e n e r a l  b a s i s  f o r  a t o m i c  p h y s i c s  

w i t h  Z a > l .  I n  F i g . 4  t h e  b i n d i n g  e n e r g i e s  o f  t h e  l o w e s t  l y i n g  

a t o m i c  s t a t e s  a r e  shown a s  a  f u n c t i o n  o f  n u c l e a r  c h a r g e  Z .  

A t  Z c r s  172 t h e  I s - s t a t e  is  bound w i t h  t h e  s ta tes  o f  t h e  

n e g a t i v e  e n e r g y  cont inuum.  I t  i s  o b v i o u s  t h a t  a  s i n g l e - p a r -  

t i c l e  d e s c r i p t i o n  w i l l  b r e a k  down a t  t h i s  s t a g e .  2 , 4 , 5  

F o r  simplicit>- w e  assume a l l  h i g h e r  bound s t a t e s  as empty.  

W e  h a v e  two c o m p l e t e  b a s e s  o f  s i n g l e  p a r t i c l e  s t a t e s  t o  

d e s c r i b e  d i f f e r e n t  s i t u a t i o n s .  The s t a t e s  Iq ,zcr+Z1> o f  a 



s u p e r c r i t i c a l  atom w i t h o u t  a  I s - s t a t e  and t h e  j u s t  c r i t i c a l  

I n f ~ c r >  w i t h  a  bound I s - s t a t e .  They a r e  connected v i a  a un i -  

t a r y  t r a n s f o r m a t i o n :  

The c r i t i c a l  I s - s t a t e  can be c o n s t r u c t e d  from t h e  super -  

c r i t i c a l  continuum s t a t e s  

The a ( n , q )  can be d e r i v e d  e x p l i c i t l y ,  i f  one n e g l e c t s  t h e  

i n t e r a c t i o n  w i t h  h i g h e r  bound s t a t e s  and among t h e  continuum 

s t a t e s .  If ZIU(r) i s  t h e  s u p e r c r i t i c a l  p a r t  of t h e  Coulomb 

p o t e n t i a l ,  w e  have 

w i th  t h e  s o l u t i o n  

where F ( E )  = pJlvE 1 1 - ' 1 d E '  . T h i s  i s  &nillogous t o  ou r  

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

(Eqs.7  f.f.). 



When two e l e c t r o n s  occupy t h e  I s - s t a t e s ,  t h e  s t a t e  

I) can be  expanded i n  bo th  t h e  c r i t i c a l  and t h e  sup 

bas  i s  : 

v e c t o r  

e r c r i t i c a l  

- - 

where E d e n o t e s  t h e  two s p i n  o r i e n t a t i o n s ,  

-+ 
According t o  (33)  t h e  " c r i t i c a l "  h o l e  o p e r a t o r  d l s  i s  con- 

netted w i t h  t h e  s u p e r c r i t i c a l  ones by 
5 

The f a m i l i a r  vacuum l o >  i s  d e f i n e d  by 

We s h a l l  show t h a t  lij> i s  u n s t a b l e  f o r  s u p e r c r i t i c a l  f i e l d s  

and decays i n t o  t h e  t w i c e  charged s u p e r c r i t i c a l  vacuum de- 

f i n e d  by t h e  s t a t e  vector ( 3 7 ) .  L e t  u s  t h e r e f o r e  p r e p a r e  a 

K-hole i n  an a.tcm w i t h  Z = Z + Z ' .  The complete time-depen- c r  

d e n t  s t a t e  w i l l  be  (y  ( o ) = l )  : 

+ + 
Here d I s  i s  t h e  l l co l l ec t i ve ' l  I s - s t a t e  d e f i n e d  i n  (38)  and d  E 

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

The t ime  dependence o f  ( 4 0 )  i s  determed by t h e  Hamil tonian 



and  t h e  S c h r o d i n g e r  e q u a t i o n  

E x p l i c i t  s o l u t i o n  y i e l d s  
5 

w i t h  E l s  = E l s  + F ( E l s )  and r = 2 ~ 1 ~ -  l 2  , 
E ?  s 

and f i i i a l l y  

T h i s  r e s u l t  shows t h a t  t h e  K-vacancy b r o u g h t  i n t o  t h e  s u p e r -  

c r i t i c a l  atom decays  w i t h  t h e  r e s o n a n c e  w i d t h  r from ( 3 3 )  

as  d e c a y  w i d t h .  I t  p r o d u c e s  p o s i t r o n s  i n  t h e  cont inuum s ta tes  

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

s u p e r c r i t i c a l  1 s - s t a t e .  F i g . 7  shows t h i s  s p r e a d i n g  f o r  an  

atom w i t h  Z = 184.  

1. 

0.' 

0 

Fig. 7: 

Is,,, - resonance at Z = 181 
( w ~ t h  respect to Z=181 

M a x ~ m u m  of r e s o n a n c e  

E, = - 9 2 6  i k e V  

R e s o n a n c e  w d t h  

r = 1 . 8  keV 

Spreading of the "K-Shell" i n  the overcr i t ica l ,  charged vacuum 

of the  e l m t  Z = 181. 



Having shown t h e  i n s t a b i l i t y  o f  t h e  uncharged  vacuum i n  s u p e r -  

c r i t i c a l  f i e l d s ,  l e t  u s  r e t u r n  t o  t h e  c h a r g e d  vacuum. T h i s  

d o e s  n o t  c o n t a i n  a  I s - e i g e n s t a t e ,  b u t  a  c o l l e c t i v e  I s - s t a t e  

can  b e  e x t r a c t e d  from t h e  cont inuum.  The t o t a l  c h a r g e  d i s t r i -  

b u t i o n  o f  t h e  c h a r g e d  vacuum i s  g i v e n  by: 2 , 4 , 5  

where t h e  q a r e  t h e  cont inuum s o l u t i o n s  t o  Zcr+Zi and p,, 
U" 

i s  t h e  c h a r g e  d i s t r i b u t i o n  o f  t h e  h i g h e r  bound s t a t e s .  When 

t h e  i n t e g r a l  i s  r e s t r i c t e d  t o  t h e  r e g i o n  o f  t h e  r e s o n a n c e  ( 3 3 )  

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

and t h e  r e m a i n i n g  p a r t  o f  ( 4 5 )  y i e l c l s  ( a p p r o x i m a t e l y )  t h e  

s t a n d a r d  vacuum p o l a r i z a t i o n .  Thus t h e  K - s h e l l  h a s  become 

p a r t  o f  t h e  vacuum p o l a r i z a t i o n ,  2 ' 5  s o  t o  s a y  r e a l  p a r t  s i n c e  

{d3x z l s ( x )  = 2 .  I n  c o n t r a s t  t h e  f a m i l i a r  v i r t u a l  p a r t  of 

vacuum p o l a r i z a t i o n  h a s  a  z e r o  i n t e g r a l .  

F i g . 8  shows t h e  c h a r g e  d i s t r i b u t i o n s  f o r  s e v e r a l  ( c o l l e c t i v e )  

s u p e r c r i t i c a l  bound s t a t e  r e s o n a n c e s  i n  compar ison t o  t h e  I s -  

e i g e n s t a t e  a t  Z c r  = 172 .  A l s o  f o r  t h e  h i g h e r  bound s t a t e s  

t h e r e  e x i s t  c r i t i c a l  n u c l e a r  c h a r g e s ,  e . g .  Z c r  ( 2 ~ , , ~ )  185,  

Z ( 2 s ) ~  245.  With t h e  e x c e p t i o n  o f  t h e  2 ~ , / ~  - c r i t i c a l i t y ,  
c r  

however,  a l l  h i g h e r  c r i t i c a l  p o i n t s  seem t o  be  an a c a d e m i c a l  

p rob lem,  b u t  can  b e  t r e a t e d  i n  t h e  v e r y  same way. F i g . 9  demon- 



s t ra tes  t h e  t r a n s i t i o n s  be tween  t h e  vacua  o f  d i f f e r e n t  c h a r g e  

( i s o s p i n )  a t  t h e  c r i t i c a l  p o i n t s .  

F ig .  8 :  Charge d i s t r i b u t i o n  o f  t h e  vacuum i n  o v e r c r i t i c a l  f i e l d s  

(2=184,198,155)  and  o f  t h e  K - s h e l l  i n  u n d e r c r i t i c a l  

f i e l d s  ( Z = l 7 2 )  . 

F i g .  9 :  The change o f  t h e  vacuum t o  h i g h e r  c h a r g e  ( i s o s p i n )  a s  

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



4 .  The E f f e c t s  o f  Vacuum P o l a r i z a t i o n  and N o n l i n e a r i t i e s  i n  t h e  

E l e c t r o m a q n e t i c  and S p i n o r  F i e l d s  

W e  a r e  a s k i n g  now f o r  p o s s i b l e  mechanisms which can p r e v e n t  t h e  

d i v i n g  o f  bound s t a t e  l e v e l s  i n t o  t h e  n e g a t i v e  e n e r g y  cont inuum,  

i . e .  which s t a b i l i z e  t h e  n e u t r a l  vacuum a l s o  i n  o v e r c r i t i c a l  

f i e l d s .  The f i r s t  s u c h  mechanism t o  t h i n k  o f  i s  t h e  f i e l d  e f f e c t s  

t h e m s e l v e s ;  i n  p a r t i c u l a r  t h e  vacuum p o l a r i z a t i o n ,  which i s  ex- 

p e c t e d  t o  b e  o f  g r e a t e s t  s i g n i f i c a n c e  f o r  h i g h  z  a toms.  For  

t h a t  it  is  n e c e s s a r y  t o  i n v e s t i g a t e  t h e  vacuum p o l a r i z a t i o n  

c h a r g e  o f  E q . ( 4 5 )  and  t o  r e n o r m a l i z e  it.  T h i s  i s  a  q u i t e  mathe- 

m a t i c a l  game and h a s  r e c e n t l y  been  c a r r i e d  o u t  by M .  G u y l a s s i .  
7  

H i s  r e s u l t s i n d i c a t e ,  t h a t  t h e  U e h l i n g  p o t e n t i a l ,  which h a s  a l -  

r e a d y  been  c a l c u l a t e d  by P i e p e r  e t  a l . ,  l  s h i f t s  t h e  d i v i n g  p o i n t  

by A Z %  -1 and  t h e  h i g h e r  o r d e r  vacuum p o l a r i z a t i o n s  by AZ%+ 1 . 5 ,  

s o  t h a t  a  n e t  s h i f t  o f  A Z z 0 . 5  r e s u l t s .  H i s  main r e s u l t  t h u s  i s ,  

t h a t  vacuum p o l a r i z a t i o n  c a n n o t  p r e v e n t  d i v i n g ,  and p r a c t i c a l l y  

d o e s  n o t  a l t e r  t h e  c r i t i c a l  c h a r g e  Z c r .  T h i s  r e s u l t  h a s  a l r e a d y  

been a n t i c i p a t e d  on q u i t e  p h y s i c a l  g r o u n d s  i n  r e f s .  2 r 8  by s t u -  

d y i n g  t h e  e f f e c t s  o f  n o n l i n e a r  e l e c t r o d y n a m i c s .  More p r e c i s e l y ,  

c o n s i d e r  a  l i m i t i n g  f i e l d  e l e c t r o d y n a m i c s  i n  t h e  s e n s e  o f  Born 

and 1 n f e l d r 9  which i s  b a s e d  on a L a g r a n g i a n  o f  t h e  t y p e  

- 
2 2  9 2 1- E - B  

m - = E  ( 1 - - - I )  
0 2 ( 4 7 )  

Eo 

which i s  c o n s t r u c t e d  i n  a n a l o g y  t o  t h e  r e l a t i v i s t i c  Lagrang ian  



which i s  a  " l i m i t i n g  v e l o c i t y  Lagrangian".  The Lagrangian ( 4 9 )  

~ 2 - ~ 2  reduces  f o r  weak f i e l d s  (T <<  1 )  t o  t h e  Maxwell Lagrangian 

Eo - f o r  f r e e  f i e l d s ,  i . e .  Lmax 1 2 2  - ( E  -B ) . C l e a r l y ,  t h e  analogy 

of  ( 4 9 )  and (50) shows t h a t  Eo i s  a l i m i t i n g  f i e l d  a s  c i s  t h e  

l i m i t i n g  v e l o c i t y  i n  s p e c i a l  r e l a t i v i t y .  I t  i s  impor t an t  t o  

n o t i c e  now, t h a t  a  l i m i t i n g  f i e l d  e lec t rodynamics  i s  a  model 

e lec t rodynamics  f o r  maximal vacuum p o l a r i z a t i o n .  I f  w e  p l o t ,  

f o r  example,  t h e  a p p l i e d  f i e l d  E a g a i n s t  t h e  e f f e c t i v e  e l e c t r i c  

f i e l d  Eeff ( F i g . l O j ,  vacuuin p o l a r i z a t i o n  can have a t  most t h e  

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

i n g  f i e l d  Eo. 

F ig .  1 0 :  The e f f e c t i v e  f i e l d  E e f f  a s  a  f u n c t i o n  o f  t h e  a p p l i e d  

f i e l d  E i n  a  model o f  maximum vacuum p o l a r i z a t i o n .  



The Born- Infe ld  e l ec t rodynamics  a s  a  p r o t o t y p e  of a  l i m i t i n g  

10 f i e l d  e l ec t rodynamics  have been i n v e s t i g a t e d  by R a f e l s k i  e t  a l .  . 
I n  such l i m i t i n g  f i e l d  e l ec t rodynamics  t h e  energy ,  i . e .  t h e  

T44-component o f  t h e  energy  momentum t e n s o r  i s  i n t e g r a b l e .  

Born r e q u e s t e d  
f 

space  

where mo i s  t h e  e l e c t r o n  mass. Th i s  l e a d s  t o  a l i m i t i n g  f i e l d  

Eo z 1 0 ' ~ ~ / c r n .  A f t e r  r e c a l c u l a t i n g  w i th  such a  l i i n i t i n g  f i e l d  

t h e  modi f ied  e l e c t r o s t a t i c  e l e c t r o n - n u c l e u s  i n t e r a c t i o n  and 

c o u p l i n g  t h i s  i n t o  t h e  D i r ac -equa t ion ,  one s t i l l  o b t a i n s  d i v i n g ,  

b u t  Z c r  i s  s h i f t e d  up t o  Z c r e  250  ( s e e  Fig.11)  

F ig .  1 1 :  The d i v i n g  of  t h e  e l e c t r o n i c  K-she l l s  i n  l i m i t i n g  f i e l d  

e l ec t rodynamics .  The l i m i t i n g  f i e l d  Eo i s  i n d i c a t e d .  

These t h e o r i e s  s e r v e  a s  models f o r  maximal vacuum po- 

l a r i z a t i o n .  



These  r e l a t i v e l y  low l i m i t i n g  f i e l d s  a r e ,  however ,  u n r e a l i s t i c ,  

b e c a u s e  s u c h  t h e o r i e s  c o n t r a d i c t  h i g h  p r e c i s i o n  e x p e r i m e n t s .  

Sof f  e t .  a 1 .  h a v e  i n v e s t i g a t e d  t h e  L a m b s h i f t  e x p e r i m e n t s ,  t h e  

p r e c i s i o n  measurements  o f  t h e  e l e c t r o n i c  K-binding e n e r g i e s  i n  

Fm and Pb ,and  t h e  s p e c t r a  o f  muonic a toms o f  heavy n u c l e i ,  and 

found  t h a t  t h e  l i m i t i n g  f i e l d  Eo h a s  t o  b e  a t  l e a s t  Eo 2 1 0 ~ ~ ~ / c m  

i n  o r d e r  t o  n o t  d i s t u r b  t h e  o b t a i n e d  a g r e e m e n t  be tween t h e o r y  

and e x p e r i m e n t s  i n  t h e s e  c a s e s .  With t h a t  v a l u e  Eo t h e  d i v i n g  

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

Maxwell t h e o r y ,  i . e .  A Z c r z  1  (see F i g . 1 1 ) .  T h e r e f o r e  w e  can  

c o n c l u d e  t h a t  1 )  d i v i n g  i s  n o t  p r e v e n t e d  by vacuum p o l a r i z a t i o n ,  

b e c a u s e  i t  i s  e v e n  n o t  p r e v e n t e d  i n  t h e  models  o f  maximum vacuum 

p o l a r i z a t i o n ,  i . e .  l i r i t i n g  f i e l d  e l e c t r o d y n a m i c s  and 2 )  t h a t  

vacuum p o l a r i z a t i o n  c a n  o n l y  s h i f t  t h e  c r i t i c a l  c h a r g e  by n o t  

more t h a n  one  c h a r g e  u n i t .  

.Another mechanism t o  p r e v e n t  d i v i n g  ( s t a b i l i z e  t h e  vacuum) would 

o c c u r  i f  t h e  D i r a c  f i e l d  e q u a t i o n s  a r e  changed by n o n l i n e a r  t e r m ,  

e . g .  

Such n o n l i n e a r  t e r m s  c a n ,  i f  t h e  c o u p l i n g  c o n s t a n t s  X I  o r  A 2  

a r e  s t r o n g  enough ,  i n d e e d  s t a b i l i z e  t h e  vacuum. T h i s  i s  q u i t e  

p l a u s i b l e .  L e t  u s  t a k e  f o r  example ,  t h e  t e r m  (T@)@ . I t  a c t s  

l i k e  a  r e p u l s i v e  p o t e n t i a l  when t h e  e l e c t r o n  d e n s i t i e s  T$ becomes 

h i g h .  T h i s  " c o u n t e r  p o t e n t i a l "  c a n  c a n c e l  o r  weaken Coulomb- 

p o t e n t i a l  s o  much t h a t  a  f u r t h e r  i n c r e a s e  i n  Z d o e s  n o t  l e a d  

t o  more b i n d i n g .  ~ a l d e c k ' l  h a s  shown, however ,  t h a t  such  s t r o n g  

c o u p l i n g  c o n s t a n t s  X I  and A 2  a g a i n  would c o n t r a d i c t  t h e  above 



mentioned h igh  p r e c i s i o n  exper iments .  I n  f a c t ,  one can d e t e r -  

mine upper  l i m i t s  f o r  A ,  and /or  X2 from t h e s e  expe r imen t s ,  and 

f i n d s ,  t h a t  a g a i n  d i v i n g  i s  n o t  p r even ted  and occu r s  a t  p r a c t -  

i c a l l y  t h e  same c r i t i c a l  charge  a s  i n  t h e  l i n e a r  s p i n o r  t h e o r y .  

We can t h e r e f o r e  conc lude ,  t h a t  t h e  e l e c t r o n  p o s i t r o n  vacuum 

canno t  be  s t a b l e  i n  o v e r c r i t i c a l  f i e l d s ,  and has  t o  decay i n t o  

a  charged  vacuum. We f u r t h e r  comment, t h a t  we could  exc lude  i n  

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

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

because  h i g h  p r e c i s i o n  measurements were a v a i l a b l e .  Th i s  i s  

n o t  t h e  ca se  f o r  t h e  s t r o n g  i n t e r a c t i o n s ,  i . e .  t h e  p i o n i c  f i e l d  

and i t s  coup l ing  t o  t h e  n u c l e a r  f i e l d .  The re fo re ,  i n  t h i s  

l a t t e r  c a s e ,  o u r  knowledge is  much more r e s t r i c t e d ,  p r e d i c t i o n s  

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

i n  t h e  p r e s e n t  c a s e .  We w i l l  come 

o u r  o t h e r  t a l k  on shock waves and 

c a s e  nuch less r e l i a b l e  as 

back t o  t h e s e  q u e s t i o n s  i n  

p i o n i z a t i o n  of  m a t t e r .  1 2  



5. Exper imenta l  P o s s i b i l i t i e s  

I t  i s  c l e a r  t h a t  superheavy elements  around Z=170 o r  180 

canno t  be  formed i n  t h e  n e a r  f u t u r e  even though we p r e d i c t e d  

some y e a r s  ago t h e  e x i s t e n c e  o f  q u a s i s t a b l e  superheavy i s l a n d  

around Z = 1 6 4  ( s e e  r e f .  3 ,  . There i s  , however, a  promising way 

o u t  o f  t h i s  d i f f i c u l t y .  Underlying a l l  t h e  v a r i o u s  p o s s i b l e  

t e s t s  o f  QED of s t r o n g  f i e l d s  i s  t h e  f a c t  t h a t  i n  heavy ion  

c o l l i s i o n s  a t  e n e r g i e s  around t h e  Coulomb b a r r i e r  t h e  v e l o c i t y  

C 
of t h e  i o n s ,  vione 20 , i s  r e l a t i v e l y  slow compared w i t h  t h e  

h i g h l y  r e l a t i v i s t i c  e l e c t r o n s  (ve -c )  bound wi th  e q u a l  o r  more 

t h a n  t w i c e  t h e i r  r e s t m a s s .  The re fo re  t h e r e  e x i s t s  a k i n d  o f  

a d i a b a t i c i t y  

which i s  n o t  t e r r i b l y  good, b u t  s u f f i c i e n t .  I n  f a c t ,  w e  w i l l  

see t h a t  t h e  d e v i a t i o n s  from a d i a b a t i c i t y  b r i n g  advantages  f o r  

t h e  p o s s i b l e  expe r imen t s  which a r e  a b s o l u t e l y  neces sa ry .  T h i s  

a d i a b a t i c i t y  l e d  u s q 4  t o  t h e  p r e d i c t i o n  o f  i n t e r m e d i a t e  supe r -  

heavy molecu les  i n  t h e  heavy i o n  c o l l i s i o n ,  which e x i s t  o n l y  

d u r i n g  t h e  t ime  o f  c o l l i s i o n s .  The s t u d y  o f  t h e  i n t e r m e d i a t e  

molecu les  r e q u i r e s  t h e  s o l u t i o n  o f  t h e  Two-Center-Dirac-Equation, 

t o  which w e  w i l l  add-ress  o u r s e l v e s  now: 

The motion of  an e l e c t r o n  under  t h e  i n f l u e n c e  of  two charged 

n u c l e i  i s  one of  t h e  fundamental  problems i n  quantum mechanics 

t h e o r y  o f  chemical  binding.15 Today t h e  s o l u t i o n s  of  t h e  one- 

e l e c t r o n  s p i n l e s s  Sch rod inge r  e q u a t i o n  f o r  two p o i n t  c h a r g e s  

a r e  known a n a l y t i c a l l y  and e x t e n s i v e  numer ica l  c a l c u l a t i o n s  



have been done t o  o b t a i n  b ind ing  e n e r g i e s  i n  many-electron 

16' l 7  A l l  these t r e a t m e n t s ,  however, a r e  n o n - r e l a t i v i s t i c ,  problems . 
s i n c e  t h e  b i n d i n g  e n e r g i e s  encountered  i n  chemistry  a r e  of  

t h e  o r d e r  o f  some eV and r e l a t i v i s t i c  e f f e c t s  a r e  n e g l i g i b l e .  

This  comes from t h e  f a c t  t h a t  i n  d i a t o m i c  molecules  formed 

by heavy atoms,  e .g .  N i - N i ,  AuI, t h e  i n t e r n u c l e a r  d i s t a n c e  i s  

0 
of  t h e  range  of a  few A and only  t h e  ou te rmost  e l e c t r o n i c  

o r b i t a l s  o v e r l a p .  

I n  heavy ion  c o l l i s i o n s  wi th  s e v e r a l  MeV/nucleon s c a t t e r i n g  

ene rgy ,  t h e  n u c l e i  a r e  f o r  a  s h o r t  p e r i o d  o f  t ime s o  c l o s e  

t h a t  even t h e  K-e lec t rons  f e e l  t h e  a t t r a c t i o n  of  both c e n t e r s .  

The t y p i c a l  c o l l i s i o n  t ime  of heavy i o n s  i n s i d e  t h e  K-she l l  

i s  TC- 1 0 - ~ ~ s e c  whereas t h e  " o r b i t i n g "  t ime a s s o c i a t e d  wi th  

a  1 s - e l e c t r o n  i n  ve ry  heavy atoms i s  T 1 0 - ~ ~ s e c .  The same e  

h o l d s  t r u e  i f  t h e  r a t i o  of  t h e  co r r e spond ig ly  v e l o c i t i e s  i s  

examined. The re fo re  t h e  molecular  e l e c t r o n i c  s t a t e s  have tirpe 

-f 
t o  a d j u s t  t o  t h e  v a r y i n g  d i s t a n c e  R between t h e  n u c l e i .  This  

p r o c e s s  can t h e r e f o r e  be t r e a t e d  a d i a b a t i c a l l y  i n  f i r s t  ap- 

proximat ion .  The t r e a t m e n t ,  however, must be r e l a t i v i s t i c  i f  

t h e  t o t a l  n u c l e a r  charge  invo lved ,  i . e .  Z=1+Z2, i s  comparable 

t o  a-I = 137. Only one a t t empt  has  been made t o  account  f o r  

r e l a t i v i s t i c  c o r r e c t i o n s  by Luke e t  a1. l8  i n  o r d i n a r y  rnolecu- 

l a r  phys i c s  u s ing  f i r s t  o r d e r  p e r t u r b a t i o n  theory  i n  Za. This  

method, c l e a r l y ,  i s  i n a p p l i c a b l e  f o r  systems wi th  Z > 90. 

WL,. -^ 1 - L  1 --.! 
r l l r  I C L ~ L L V L S ~ ~ C  wave equa t ion  f o r  an e l e c t r o n  (with  mass M) i n  

t h e  f i e l d  of  two e l e c t r i c a l  cha rges  ( l o c a t e d  a t  and -R r e s p . )  
lr 



19 
i s  g iven  by 

The two cha rges  a r e  c o n s i d e r e d  as f i x e d  i n  space .  I t  i s  con- 

v e n i e n t  t o  i n t r o d u c e  p r o l a t e  s p h e r o i d a l  c o o r d i n a t e s  5,q,p by 

d e f i n i n g  

where t h e  z - ax i s  c u t s  t h r o s g h  t h e  two c h a r g e s ,  which a r e  f o c i  

of t h e  e l l i p s o i d s  6 = c o n s t . .  The q-coord- inate  can be e a s i l y  

I 
s e p a r a t e d  by s e t t i n g  (m + 7 i s  t h e  quantum number of  a n g u l a r  

momentum. around t h e  x - a x i s ) :  

and one i s  l e f t  w i t h  t h e  e q u a t i o n  

w i th  t h e  o p e r a t o r s  



Thi s  e q u a t i o n  i s  known n o t  t o  be  s e p a r a b l e  i n  t h e  < and -ri co- 

o r d i n a t e s  and has  t o  b e  s o l v e d  n u m e r i c a l l y .  We have chosen a  

d i a g o n a l i z a t i o n  procedure  w i th  an a p p r o p r i a t e  set  of  b a s i s  

f u n c t i o n s .  I n  ana logy  t o  n o n - r e l a t i v i s t i c  two-center  f u n c t i a n s  

we have used t h e  s e t  

mf- E: s - - 5 - 1 

= ( t 2 - I )  ' e  Ln m + r S (  H i p m + €  a e (Q.1 xs 

where xs a r e  t h e  u n i t  s p i n  v e c t o r s ,  cs  = 0 f o r  s odd and c s  = 1 

f o r  s even.  L: and P: a r e  t h e  a s s o c i a t e d  Laguer re  and Legendre 

po lynomia l s ,  r e s p e c t i v e l y .  a  i s  a  s c a l i n g  f a c t o r  t o  d e s c r i b e  

t h e  a s y m p t o t i c  behav iou r  i n  t h e  r e g i o n  <-+a. I t  i s  ea sy  t o  s e e  

t h a t  E q . ( 5 9 )  form a complete  s e t  of b a s i s  f u n c t i o n s  from t h e  

comple teness  o f  t h e  L: and P:. Due t o  t h e  common f a c t o r  
m+& 

S ( < ' - I  ) _2_ I which h a s  been added t o  accoun t  f o r  t h e  s t r u c t u r e  

of  t h e  d i f f e r e n t i a l  e q u a t i o n  ( 5 7 )  i n  t h e  v i c i n i t y  of t h e  z -ax is  

( < = I  ) , and t h e  volume element  R ~ ( < '  - - r i 2  )d<dq i n  s p h e r o i d a l  co- 

m o r d i n a t e s ,  however, t h e  qnRs a r e  n o t  o r thogona l :  



Taking m a t r i x  e l emen t s  o f  E q .  (57)  we have 

a s  e igenva lue  problem f o r  E .  I t  can be s o l v e d  by s t a n d a r d  pro- 

m 
c e d u r e s ,  i . e .  f i r s t  d i a g o n a l i z i n g  B s ( n l Q ' , n Q ) ,  forming 

[ B ~ I - '  IIm = ern and subsequen t ly  d i a g o n a l i z i n g  ern. T h i s  method 

c i rcumvents  S c h m i d t ' s  o r t h o g o n a l i z a t i o n  of t h e  b a s i s  f u n c t i o n s  

m 
'nk s . The e i g e n v a l u e s  of  cm g i v e  t h e  e i g e n e n e r g i e s  o f  o u r  pro- 

blem, depending on R 

V1 and V 2 .  For  p o i n t  

and t h e  e x p l i c i t  form of  t h e  p o t e n t i a l s  

cha rge  

a l l  m a t r i x  e l emen t s  i n  E q .  (6 1 ) can be  e v a l u a t e d  a n a l y t i c a l l y  

by u s e  of  r e c u r r e n c e  formulae  f o r  t h e  and P: (see r e f .  1 9 ) .  
i 

Th i s  convenience i s  due t o  t h e  s p e c i a l  c h o i c e  o f  t h e  b a s i s  

f u n c t i o n s  E q . ( 5 9 )  and i s  l o s t  by even s l i g h t  m o d i f i c a t i o n s ,  

- 1  
e s p e c i a l l y  i n  t h e  s p i n - o r b i t  c o u p l i n g  t e r m s .  For  Z1+Z >a and 2 

c l o s e  d i s t a n c e s  R t h e  ex tended  s t r u c t u r e  o f  t h e  cha rges  be- 

comes impor t an t  and t h e  a d d i t i o n a l  m a t r i x  e lements  

a r e  computed by numer i ca l  i n t e g r a t i o n  o v e r  t h e  n u c l e a r  volumes. 

We have chosen homogeneously charged. s p h e r e s  w i t h  a  r a d i u s  

13 g iven  by r = 1 . 2  ( 0 . 0 0 7 3 3 ~ ~  + 1 - 3 2  + 63.6)  'I3fm ( s e e  r e f .  ) N 



F o r  n u m e r i c a l  c a l c u l a t i o n s  w e  have  u s e d  a  s e t  o f  100 b a s i s  

f u n c t i o n s  (n=0 ,  ..., 4 )  ; R=m, ..., m+4). The d i a g o n a l i z a t i o n  

t h e n  g i v e s  a b o u t  15  correct e i g e n s t a t e s  and s e v e r a l  s t a t e s  

i n  t h e  p o s i t i v e  and n e g a t i v e  ene rgy  c o n t i n u a .  F igs .12-16 

show t h e  l e v e l  schemes f o r  t h e  s y s t e m  3 5 B r  - 3 5 ~ ~ ,  examined 

2  1  
by  Meyerhof e t . a l . ,  Ni-Ni i n v e s t i g a t e d  by Greenberg  e t . a l .  , 

22 
53 

I - 7 9 A ~  and 9 2 U  - 9 2 U  i n v e s t i g a t e d  by Mokler  e t  a l .  , 
23 C1-Pb i n v e s t i g a t e d  by Burch e t . a l .  . 

---- 3~3/,3d 
3s 3~112 

- - 2~312 
2s 2m,, 

- 

- Is 

- separated 
at oms atoms , 

kc 

F i g .  12: The l e v e l  scheme f o r  t h e  s y m m e t r i c a l  s y s t e m  3 5 B r - 3 5 B r .  

S i n c e  p a r i t y  i s  a  good quantum number, a d i a b a t i c  

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

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

i n t e r n u c l e a r  d i s t a n c e :  A )  t h e  Coulomb r e p u l s i o n  b e t -  

ween t h e  n u c l e i ;  D) t h e  e l e c t r o n i c  b i n d i n g  e n e r g y  i n  

s e p a r a t e  a toms;  C j  e l e c t r o n i c  e n e r g y  i n  t h e  s e p a r a t e  

a toms;  C j  e i e c t r o n i c  e n e r g y  i n  t h e  m o l e c u l e ;  

B )  t h e  t o t a l  m o l e c u l a r  p o t e n t i a l .  

The Br -Br - sys ten  has been  i n v e s t i g a t e d  by Meyerhof 
20 e t . a l .  . 
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Parity is not a good quantum number. 

T h i s  s y s t e m  h a s  b e e n  i n v e s t i a a t e d  by P .  P n k l e r  et-al. 
22 

45 
and p o r e  r e c e n t l y  bv E .  Cove et.al. . 



F i g .  1 5 :  The l e v e l  scheme f o r  t h e  v e r y  a s y m m e t r i c a l  C1-Pb- 
23  s y s t e m ,  which h a s  been  c a l c u l a t e d  by D .  Burch e t . a l .  . 

~~- - 
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F i g .  1 6 :  The 92U-92U s y s t e m  w i t h  e x t e n d e d  n u c l e i .  The l o w e s t  

m o l e c u l a r  s t a t e  r e a c h e s  t h e  n e g a t i v e  e n e r g y  cont inuum 

a t  R c r Z  3 4  fm. I t  can  be  t r a c e d  even f u r t h e r  down due  

t o  t h e  d i s c r e t i z a t i o n  o f  t h e  cont inuum s t a t e s  by t h e  

m a t h e m a t i c a l  v.ethod o f  d i a g o n a l i z a t i o n .  



The I-Au and C1-Pb s y s t e m s  a r e  i n t e r e s t i n g  because  t h e  

e l e c t r o n i c  s t a t e s  h a v e  no good p a r i t y  and  no l e v e l  c r o s s i n g s  

a r e  a l l o w e d .  I n  t h e  U-U s y s t e m  t h e  n u c l e a r  c h a r g e  d i s t r i b u -  

t i o n  p l a y s  an  i m p o r t a n t  r o l e  f o r  R <  6 0  fm. The c r i t i c a l  

d i s t a n c e s  R c r ,  i . e .  t h e  i n t e r n u c l e a r  s e p a r a t i o n  where t h e  

d e e p e s t  baund s t a t e  a c q u i r e s  2 ~ c ~  b i n d i n g  e n e r g y  and j o i n s  

t h e  n e g a t i v e  e n e r g y  cont inuum - i s  s h i f t e d  from 36 f m  f o r  

p o i n t - l i k e  t o  34 fm f o r  e x t e n d e d  n u c l e i .  

The compar i son  o f  t h e s e  r e s u l t s  shows t h a t  f o r  t h e  l i g h t e r  

m o l e c u l a r  s y s t e m s  l i k e  B r - B r  t h e  a s y m p t o t i c  spec t rum i s  a l -  

4 r e a d y  r e a c h e d  a t  d i s t a n c e s  o f  t h e  o r d e r  l o 3  - 10  fm, w h i l e  

f o r  heavy  s y s t e m s  l i k e  U-U t h e  a s y m p t o t i c  s p e c t r u m  i s  o n l y  

r e a c h e d  when R w O .  Thus ,  c o n s i d e r i n g  t h e  dynamics ,  t h e r e  

e x i s t s  a  k i n d  o f  a  " r u n  way" f o r  t h e  f i n a l  m o l e c u l a r  s p e c t r a  

i n  l i g h t  s y s t e m s  w i t h  a  d i s t a n c e  o f  t h e  o r d e r  l o 3  fm a l o n g  

which t h e  same K, ,KB e t c .  l i n e s  c a n  be e m i t t e d ,  i n d e p e n d e n t  

o f  R. T h i s  i s  p r o b a b l y  t h e  r e a s o n  f o r  o b s e r v i n g  enhanced  

molecu1a.r X-rays,  w h i l e  t h e  g r e a t  t a i l  o f  m o l e c u l a r  X-rays 

s t e m s  f rom t h e  t r a n s i t i o n  r e g i o n  be tween  lo5 and 5 x l o 3  Em. 

The l e v e l  schemes t h u s  o b t a i n e d  a r e  e x a c t  f o r  one e l e c t r o n  

i n  t h e  e l ec t r i c  f i e l d  o f  t w o  m o t i o n l e s s  n u c l e i .  I n  heavy i o n  

s c a t t e r i n g ,  one  w i l l  b e  c o n f r o n t e d  w i t h  many-e lec t ron  p r o -  

b lems  i n  t h e  f i e l d  o f  two ( r a p i d l y )  moving n u c l e i .  Then s e v e -  

r a l  c o r r e c t i o n s  w i l l  a r i s e :  

1. S c r e e n i n g  o f  o u t e r  e l e c t x o n s  by i n n e r  o n e s  (Thomas-Fermi 

o r  Har t ree -Fock  m e t h o d s ) .  I t  can  be estimated fram c a l c u l a -  

t i o n s  i n  s u p e r h e a v y  a toms2* t o  d e c r e a s e  t h e  b i n d i n g  e n e r g y  o f  



I so  e l e c t r o n  a t  Rcr by 50 - 100 keV f o r  t h e  U-U molecu la r  

system. 

2 .  C o r r e c t i o n s  due t o  non -ad i abac i ty ,  i . e .  t r a n s i t i o n s  

between d i f f e r e n t  mo lecu l a r  l e v e l s  t h a t  l e a d  t o  i o n i z a t i o n  

and unsharpening  of  t h e  l e v e l  energy .  These e f f e c t s  a r e  

t r e a t e d  by t ime-dependent p e r t u r b a t i o n  t h e o r y  on t h e  ad i a -  

b a t i c  b a s i s  
25,26 

These new two c e n t e r  energy  diagrams can  be a p p l i e d  t o  t h e  

fo l l owing  problems: a)  The e x a c t  shape o f  mo lecu l a r  X-ray 

s p e c t r a  o b t a i n e d  i n  h igh  e n e r g e t i c  c o l l i s i o n s  o f  heavy 

i o n s 2 0 7 2 3 i  2 7 ' 2 8 ;  b )  t h e  shape of p o s i t r o n  a u t o i o n i z a t i o n  

s p e c t r a  i n  t h e  c o l l i s i o n s  of o v e r c r i t i c a l  systems of heavy 

i o n s  (Z1+Z2>172) ( s e e  r e f . 2 6 ) ;  c )  t h e  i o n i z a t i o n  c r o s s  s e c t -  

2 6  
i o n s  f o r  i n n e r  mo lecu l a r  s h e l l s  due t o  Coulomb e x c i t a t i o n  , 

which i s  o f  emminent in-.portance f o r  t h e  p o s i t r o n  a u t o i o n i -  

z a t i o n  exper iments ;  d )  d e v i a t i o n s  from t h e  Ru the r fo rd  s c a t -  

t e r i n g  c r o s s  s e c t i o n  ( e s p e c i a l l y  a n g u l a r  d i s t r i b u t i o n )  due 

30 t o  e f f e c t s  o f  e l e c t r o n i c  molecu la r  b i n d i n g  . 

The l a t t e r  e f f e c t  i s  shown i n  Fig.12b f o r  t h e  B r - B r  c a se  and 

shows t h a t  indeed  s t r o n g  d e v i a t i o n s  from t h e  - p o t e n t i a l  R 

occu r .  



5 . 2  X-rays from I n t e r m e d i a t e  Molecules 

I t  i s  q u i t e  c l e a r  from o u r  d i s c u s s i o n  s o  f a r  t h a t  t h e  i n t e r -  

med ia t e  molecu les  must be  obse rvab le  through t h e  emis s ion  of  

t h e i r  X-rays. I ndeed ,  t h e  f i r s t  MO-X-rays (L-shel l -X-rays)  

have been observed  by F.  S a r i s  and h i s  coworkers27.  The f i r s t  

MO-X-rays f o r  t h e  M-she l l ,  b u t  f o r  t h e  superheavy I-Au-system 

( s e e  F ig .14 )  have been observed  by Mokler,  S t e i n  and A r m -  

b r u s t e r 2 2 .  The MO-K-X-rays have been p ione red  by W .  Meyerhof 

and h i s  coworkers20.  I n  t h e s e  c a s e s  one observed s p e c t r a  a s  

shown i n  Fig.17 f o r  t h e  monoatomic Ni-Ni-system which h a s  been 

2 1  i n v e s t i g a t e d  by J.  Greenberg e t . a l .  from t h e  Yale -Univers i ty  . 
The long  t a i l  o f  spec t rum above t h e  a tomic  Ka-,Kg-lines i s  

i n t e r p r e t e d  a s  b e i n g  due t o  mo lecu l a r  X-rays. C l e a r l y ,  a s  

Greenberg has  shown, t h e i r  e x i s t s  no " u n i t e d  atom l i m i t "  f o r  

t h e s e  X-rays, i f  t h e  background i s  suppre s sed  s u f f i c i e n t l y .  

Th i s  i s  p a r t i c u l a r l y  so,  s i n c e  i n  t h i s  monoatomic system t h e  

dipole-bremsstrahlung-background (nuc leus-nuc leus  b remss t r ah -  

l u n g )  v a n i s h e s .  These and many o t h e r  arguments made it n e c e s s a r y  

t o  look f o r  a unique s i g n a t u r e  f o r  the i d e n t i f i c a t i o n  o f  mole- 

c u l a r  X-rays. T h i s  h a s  r e c e n t l y  been ach ieved  by r e c o g n i z i n g  

t h a t  t h e i r  e x i s t  induced t r a n s i t i o n s  i n  t h e  i n t e r m e d i a t e  mole- 
3 0 -  3 3  

c u l e s  The e x p e r i m e n t u  cr-has been performed by 

Greenberg and  collaborator^^^ a t  Yale.  We w i l l  d e s c r i b e  t h i s  

t h e o r e t i c a l  and e x p e r i m e n t a l  work h e r e  s h o r t l y .  
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F i g .  17:  MO-K-X-ray spectrum. o b s e r v e d  f o r  v a r i o u s  i o n  e n e r g i e s  

(70  MeV, 39 MeV, and 5 M e V )  by J .  Greenberg e t . a l .  

a t   ale^^. The u n i t e d  atom K,-energy i s  i n d i c a t e d  by 

a n  a r r o w .  C l e a r l y ,  t h e  MO-X-rays a r e  obse rved  far 

beyond this l i m i t .  T h i s  i s  a n  e f f e c t  o f  t h e  c o l l i s i o n  
1 3  

b r o a d e n i n g e - .  A t  5 MeV i o n  e n e r g y  t h e  MO-X-rays j o i n  

t h e  background below t h e  K,-united atom l i m i t ;  a s  it  

must  b e ,  b e c a u s e  o f  t h e  Two-Center-Level-Diagram and 

t h e  s m a l i  c c l l i s i o n  broa.3e:lin.j. 



Repor t s  on t h e  d e t e c t i o n  o f  molecu la r  X-rays have been g iven  

by v a r i o u s  e x p e r i m e n t a l  groups 2 0 - 2 3 i 2 7 f 2 8 .  However, a s  mentioned 

above,  ground e f f e c t s  such  a s  e l e c t r o n i c  and n u c l e a r  b remss t rah-  

lung  occur  a s  competing e f f e c t s  i n  t h e s e  measurements. Only r e -  

c e n t l y  Greenberg and l3avis2' have c a r r i e d  o u t  exper iments  w i th  

monoiso top ic  N i  beam and t a r g e t  where n u c l e a r  d i p o l e  brems- 

s t r a h l u n g  i s  f o r b i d d e n .  

The  unique signature o f  mo lecu l a r  X-rays comes from t h e  f a c t ,  

t h a t  - c o n t r a r y  t o  a tomic  X-rays - i n  a d d i t i o n  t o  t h e  spontan-  

eous  X-rays a l s o  induced  r a d i a t i v e  t r a n s i t i o n s  o c c u r ,  which 

can  b e  r ecogn ized  by t h e i r  asymmetric a n g u l a r  d i s t r i b u t i o n  

r e l a t i v e  t o  t h e  beam a x i s .  I t  i s  t h e  purpose  of  t h i s  n o t e  t o  

d i s c u s s  t h e  X-ray spec t rum due t o  bo th  spontaneous  and induced 

t r a n s i t i o n s  i n c l u d i n g  t h e  most impor t an t  dynamical  e f f e c t s .  

The a d i a b a t i c  mo lecu l a r  s t a t e s  have been g iven  by t h e  Two-Center- 

Dirac-Equat ion d i s c u s s e d  i n  t h e  fo rego ing  paragraph .  Non-adia- 

b a t i c  e f f e c t s  and r a d i a t i v e  coup l ing  can be  d e s c r i b e d  by w r i t i n g  

t h e  g e n e r a l l y  c o v a r i a n t  form of  t h e  D i r ac  e q u a t i o n  31134 in a 

r o t a t i n g ,  i n s t a n t a n e o u s  c o o r d i n a t e  system whose z - ax i s  i s  a l o n g  

t h e  l i n e  connec t ing  t h e  two s c a t t e r i n g  n u c l e i  19b 

The !' - 1 i R 1 i 
k - Y (yjJk-i i k j  y e )  - - 3 2 t r a c e  (yy y i ik )  y a r e  t h e  gene- 

r a l i z e d  connec t ions  f o r  s p i n o r  d i f f e r e n t a t i o n  and t h e  Dirac- 

m a t r i c e s  y k  a r e  de t e rmined  v i a  t h e  m e t r i c  gik of  t h e  coord ina-  

t e s  i n  t h e  r o t a t i n g  frame 31119b .  E x p l i c i t  e v a l u a t i o n  f o r  a  



-f 

s y s t e m  r o t a t i n g  w i t h  a n g u l a r  v e l o c i t y  w ( t )  g i v e s  
r o t  

Two mechanisms f o r  photon e m i s s i o n ,  a  spon taneous  one v i a  t h e  

-+ + e o p e r a t o r  H = -ca.A = -i - 
r a d  spon 'ti 

[H,;] and an i n d u c e d  e m i s -  

e + -f + 
- W  s i o n  c a u s e d  by Hrad  ind= x ( r - A )  , where t h e  fo rmer  r o t  

c u r r e n t  i s  i m a g i n a r y  w h i l e  t h e  l a t t e r  i s  r e a l .  T h e r e f o r e  no  i n -  

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

i s  g i v e n  i n  t h e  a p p r o x i m a t i o n  o f  F e r m i ' s  Golden Rule  by 
25,31 ,32 

do 
- l.0 ind - 
- -1 dfi 1 sin2$ - - 

dw dnk aim 2*ic3 

2 + 
- - r o t  I + I x dfil sin2 O - 

2 ~ r t c  (."'ioJ m* 

Averag ing  o v e r  a l l  p o s s i b l e  o r i e n t a t i o n s  of  t h e  m o l e c u l a r  d i p o l e  

3 ( c l o s e d  s h e l l s !  ) gives a n  un i fo rm d i s t r i b u t i o n  f o r  t h e  spon- f  i 

t a n e o u s  r a d i a t i o n  and f o r  t h e  induced  r a d i a t i o n  a  d i s t r i b u t i o n  

d"ind 1 
dwdRkdRion 1 - 7 s i n 2 O n  where O K I  i s  t h e  a n g l e  between t h e  

t 
I pho ton  and t h e  r o t a t i o n  a x i s  - o r  i f  w e  i n t e g r a t e  a l s o  o v e r  
I 

t h e  a z i m u t h a l  i o n  s c a t t e r i n g  a n g l e  

where Ok i s  t h e  a n g l e  between photon and beam a x i s .  Only t h e  

2 p 3 / 2 ~  and n  and 2p1,20 t o  I s  o  t r a n s i t i o n s  a r e  i n c l u d e d  i n  
1 /2 



o u r  c a l c u l a t i o n s .  They a r e  so f a r  assumed t o  be e q u a l l y  

o c c u p i e d  w i t h  e l e c t r o n s .  Uneqal  p o p u l a t i o n  ( a l i g n m e n t )  o f  

2  2  
t h e  2p3 /2n ,  2p3/20 and 2p o  M O ' s  w i t h  p r o b a b i l i t i e s  A , B 

1  /2 

and c L  r e s p e c t i v e l y ,  l e a d s  t o  t h e  f o l l o w i n g  asymmetry a s  a  

f u n c t i o n  o f  pho ton  e n e r g y  h a ,  photon s a c t t e r i n g  a n g l e  OK and 

i o n  e n e r g y  E 

e l e m e n t s  o f  t h e  pI i2o and  2p n , o  t o  t h e  I s  
3/2 1  /zostates ,  

2 2 
- "1 - - -  and {"."s 2 2 

R(9) = Ro. - w - w  
D2 "2 

- s 

i s  t h e  ( a p p r o x i m a t e )  two c e n t e r  d i s t a n c e  a s  a  f u n c t i o n  o f  t h e  

pho ton  e n e r g y .  For  t h e  2p MO one h a s  &ws=O, w -31.8 keV 
1  /2 c- 

and f o r  t h e  2p MO, hw = 7 . 5  keV and bwc=32 .2  k3V. Ro=2100 fm. 
3/2 S 

0 
O b v i o u s l y  rl i s  l a r g e s t  p e r p e n d i c u l a r  t o  t h e  beam a x i s  ( O K = 9 0  1 .  

The compar ison o f  (66)  w i t h  e x p e r i m e n t s 3 3  can s e r v e  a s  a  d e t e r -  

2 2  2 2  
m i n a t i o n  o f  t h e  a l i g n m e n t s  A /B , A /C  . 

Due t o  t h e  n o n - a d i a b a t i c  e f f e c t s  t h e  m o l e c u l a r  s t a t e s  o b t a i n  a  
? C 

w i d t h  r ( t )  which i s  composed o f  t h r e e  d i f f e r e n t  p a r t s L '  



t i I d - r w m n ( ~ )  -+ w -4 

= 1 5 d t e  o  r o t  
rnon r a d  n=m < n ( R ) / f i  & + L / m ( ~ ) > l ~  

h  

I n  o u r  p r e s e n t  c a l c u l a t i o n s  an e f f e c t i v e  p a r a m e t e r  r h a s  been 

chosen  f o r  t h e  sum o f  t h e s e  w i d t h s 2 5 ,  which h a s  been v a r i e d  

between 1 and 5 keV t o  e s t a b l i s h  t h e  dependence o f  t h e  s p e c t r a  

on t h e  w i d t h  which i s  a f u n c t i o n  o f  s c a t t e r i n g  e n e r g y  (I?.LF). 
I t  l e a d s  t o  a  smooth t r a n s i t i o n  from t h e  m o l e c u l a r  X-ray spec-  

t r u m  i n t o  t h e  q u a d r u p o l e  b r e m s s t r a h l u n g  background,  35 which 

c a n  s e r v e  f o r  i t s  d e t e r m i n a t i o n  (see F i g .  1 8 b ) .  Moreover,  

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

h i g h  e n e r g e t i c  X-ray r a d i a t i o n . 3 6  The c r o s s  s e c t i o n s  a r e  c a l -  

c u l a t e d  h e r e  by i n t e g r a t i n g  ( 6 5 )  a l o n g  t h e  t r a j e c t o r y  a n d ,  f o r  

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

t e r i n g  a n g l e s .  The t r a n s i t i o n  e n e r g i e s  and d i p o l e  m a t r i x  ele- 

ments  a r e  t a k e n  from t h e  e x a c t  r e l a t i v i s t i c  o n e - e l e c t r o n  

s t a t e s  f o r  t h e  N i - N i  s y s t e m  shown i n  F i g .  13 .  For  t h e  symmetr ic  

N i - N i  c o l l i s i o n ,  t h e  symmetr ized R u t h e r f o r d  c r o s s  s e c t i o n  i s  

u s e d .  The r e s u l t s  for a  c o i n c i d e n c e  e x p e r i m e n t  ( e q u a l  p o p u l a t i o n  

assumedj a t  v a r i o u s  s c a t t e r i n g  angJ.es and  e n e r g i e s  a r e  shown 

i n  F i g . 1 8 a .  The s p e c t r a  a t  modera te  fo rward  a n g l e s  e x h i b i t  a  



pronounced peak a t  t h e  h i g h  e n e r g y  end  which i s  e s s e n t i a l l y  

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

peaked  a t  h i g h  pho ton  e n e r g i e s .  The i n d u c e d  r a d i a t i o n  a l s o  

grows w i t h  i n c r e a s i n g  s c a t t e r i n g  e n e r g y ,  whereas  t h e  spon tan-  

e o u s  y i e l d  p e r  K-vacancy d r o p s .  Of c o u r s e ,  t h e  K-vacancy p ro-  

d u c t i o n  w i l l  i n c r e a s e  w i t h  r i s i n g  e n e r q y .  F o r  low s c a t t e r i n g  

e n e r g y  ( e . g .  5 MeV)  t h e  m o l e c u l e  no l o n g e r  r e a c h e s  t h e  asymp- 

t o t i c  "runway" r e g i o n  and  no peak s t r u c t u r e  o c c u r s .  For  v e r y  

f o r w a r d  o r  more backward a n g l e s  ( 3 <  1 oO, 0> 45O) t h e  c o n t r i b u t i o n  

from induced  r a d i a t i o n  d e c r e a s e d  with r e s p e c t  t o  t h e  s p o n t a n -  

e o u s  X-ray y i e l d .  E s p e c i a l l y  f o r  v e r y  f o r w a r d  a n g l e s  (0<3O) 

t h e  runway r e g i o n  i s  f o r b i d d e n  and t h e  peak v a n i s h e s  a l t o g e t h e r  

( F i g . 1 8 a ) .  The w i d t h  o f  t h e  peak a t  t h e  end o f  t h e  s p e c t r a  a t  

f o r w a r d  a n g l e s  i s  a l m o s t  c o m p l e t e l y  d e t e r m i n e d  by  t h e  c o l l i s i o n  

b r o a d e n i n g  T ( t )  and  n o t  s o  much by t h e  s h a p e  o f  t h e  l e v e l  d i a -  

gram. F o r  t h e  s i n g l e s  e x p e r i m e n t  t h e  s p e c t r a  s h a p e s  look  

e s s e n t i a l l y  e x p o n e n t i a l  ( F i g .  1 8 b ) .  The c a l c u l a t i o n  assumes t h a t  

a  K-vacancy i s  b r o u g h t  i n t o  t h e  c o l l i s i o n  ( two-s tep  p r o c e s s ) .  

For  a  o n e - s t e p  p r o c e s s  ( i o n i z a t i o n  and X-ray i n  t h e  same c o l -  

l i s i o n )  t h e  i m p a c t  paramameter  dependence of K-vacancy p r o d u c t i o n  

h a s  t o  be  f o l d e d  i n t o  t h e  i n t e g r a t i o n  o v e r  R u t h e r f o r d  c r o s s -  

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

t e r i n g  e n e r g y ,  b e c a u s e  r i t s e l f  i n c r e a s e s  w i t h  s c a t t e r i n g  

e n e r g i e s ,  e . g .  5 MeV i n  F i g . 1 8 b .  The e x p e r i m e n t a l  e n d p o i n t  o f  

t h e  Spect rum may even l i e  b e f o r e  t h e  u n i t e d  atom l i m i t  a s  t h e  

a s y m p t o t i c  r e g i o n  o f  t h e  l e v e l  d iagram ( F i g .  1 3 )  i s  n o t  r e a c h e d  

i n  t h e  c o i i i s i o n .  For  compar ing t h e o r y  w l t h  experiment w e  n o t e  

t h a t  t h e  background o f  t h e  t a l e s  o f  t h e  a t o m i c  K - l i n e s ,  t h e  
0 , B  
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Fig .18 :  a )  The MO-X-ray y i e l d  f o r  c o i n c i d e n c e  e x p e r i m e n t s  w i t h  

7 0  MeV N i - N i  a t  (1  ) 11.2O and ( 3 )  1.4O s c a t t e r i n g  

a n g l e ,  and ( 2 )  3 9  M e V  N i - N i  a t  1 1 . 2 ~  s c a t t e r i n g  

a n g l e  ( a l l  q u a n t i t i e s  i n  t h e  Lab s y s t e m ) .  The s o l i d  

l i n e s  show t h e  t o t a l  y i e l d ;  t h e  d o t t e d  and d a s h e d  

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

r e s p e c t i v e l y .  Observe  t h a t  t h e  p e a k s  a r e  s t r o n g l y  

enhanced by t h e  induced  e m i s s i o n  mechanism. 



o-- barn t co[w1 

F i g .  18:  b )  MO-X-ray c r o s s  s e c t i o n s  f o r  t h e  s i n g l e s  e x p e r i m e n t  

N i - N i .  ( 1 )  y i e l d  f o r  70 MeV c o l l i s i o n .  The s o l i d  

l i n e  c o r r e s p o n d s  t o  T = 1  keV, t h e  dashed  and d o t t e d  

l i n e s  t o  3 and 5 keV, r e s p e c t i v e l y .  The dashed-  

d o t t e d  l i n e s  g i v e  t h e  s p e c t r u m  w i t h o u t  c o l l i s i o n  

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

atom K - e n e r g y .  ( 2 )  s p e c t r u m  f o r  1 9  MeV c o l l i s i o n ,  a 
( 3 3  f o r  5 M e V ,  b o t h  w i t h  T = 1  keV. A l l  q u a n t i t i e s  

i n  t h e  Lab s y s t e m .  



e l e c t r o n  b r e m s s t r a h l u n g ,  t r a n s i t i o n s  f rom h i g h e r  M O ' s ,  i n t e r -  

f e r e n c e  e f f e c t s  be tween a t o m i c  and MO-X-raysI3' and a l s o  t h e  

c o n t r i b u t i o n  o f  t h e  s l o w e r  r e c o i l  i o n s  t o  t h e  MO-X-ray p r o -  

d u ~ t i o n ~ ~  a r e  e x p e c t e d  t o  c o n t r i b u t e  m o s t l y  i n  t h e  low e n e r g y  

p a r t  o f  t h e  X-ray cont inuum.  T h i s  l e a d s  t o  a  g r e a t e r  " f i l l i n g  

up" o f  t h e  s p e c t r u m  shown i n  F i g .  18b a t  lower  e n e r g i e s .  I t  

w i l l  be d i s c u s s e d  i n  a  f o r t h c o m i n g  p a p e r .  The asymmet r i e s  ( 6 6 )  

a r e  shown i n  F i q .  1 9  f o r  v a r i o u s  a l i g n m e n t s .  

F i g .  19 :  The asymmetry a s  a  f u n c t i o n  o f  pho ton  e n e r g y  f o r  7 0  MeV 

N i - N i  c o l l i s i o n s .  The a l iqnernn t  ( A ~  ,B* , c2 )  i s  i n d i c a t e d .  



For  n o t  t o o  s m a l l  s c a t t e r i n g  e n e r g i e s  t h e y  show a  p r a c t i c a l l y  

l i n e a r  dependence on e n e r g y ,  which i s  t o  a l a r g e  e x t e n t  com- 

p e n s a t e d  by t h e  i n v e r s e  e n e r g y  dependence o f  t h e  w i d t h  r. 

They e x h i b i t  a  s t r o n g  dependence on photon e n e r g y  %a, which i s  

e n t i r e l y  d.ue t o  t h e  i n d u c e d  t r a n s i t i o n s .  The o b s e r v a t i o n  o f  

t h i s  e f f e c t  by J . S .  Greenberq  and C . K .  Davls  32 r 3 3  u n i q u e l y  pro-  

v e s  t h e  e x i s t e n c e  o f  m o l e c u l a r  X-rays a-nd o f  induced  t r a n s i t i o n s  

a t  t h e  same t i m e .  W e  men t ion  t h a t  r e c e n t l y  P .  Mokler  and h i s  

c o l l a b o r a t o r s 4 '  have  a l s o  o b s e r v e d  t h e  asymmetry f o r  t h e  rcole- 

c u l a r  m X-rays. The mos t  i m p o r t a n t  fiw-dependence o f  t h i s  asym- 

m e t r y  h a s  a l s o  been  e s t a b l i s h e d ;  which i n d e p e n d e n t l y  s u p p o r t s  

t h e  o b s e r v a t i o n s  o f  Greenberg  e t . a l .  and i n d i c a t e s  f u r t h e r  t h e  

Cor io l i s - induced .  r a d i a t i o n s .  A l s o  Groeneve ld  e t . a l .  f i n d  i n -  

d i c a t i o n s  f o r  t h e  asymmetry i n  Ne-Si c o l l i s i o n s ,  a s  d o e s  Meyer- 

hof  e t . a l .  4 3  f o r  t h e  Kr-Zr-system a t  h i g h  e n e r g i e s .  These  

l a t t e r  o b s e r v a t i o n s  are less c o n c l u s i v e ,  however ,  b e c a u s e  o f  t h e  

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

m i x t u r e  o f  a symmet r ies  o f  two d i f f e r e n t  n o l e c u l a r  s y s t e m s  and 

t h e  unknown Doppler-  and  r e c o i l - e f f e c t s  i n  t h e  secondary  and 

m u l t i p l e  c o l l i s i o n s .  

The s h a p e  ( p e a k i n g )  o f  t h e  c o i n c i d e n c e  s p e c t r a  g i v e s  g r e a t  hope 

f o r  f u t u r e  s p e c t r o s c o p y  o f  two c e n t e r  o r b i t a l s :  S h i f t i n g  o f  

t h e  peak w i t h  heavy i o n  e n e r g y ,  which i n  t u r n  i s  r e l a t e d .  t o  t h e  

i n t s r n u c l e a - r  d i s t a n c e .  I n  N i - N i  c o l l i s i o n s ,  e . g .  it s h o u l d  u l -  

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

a few  hundred eV. "I-2 - ------ 
L I I L ~  Y C U C ~ ~ ~  f e a t u r e  s h ~ u l d  alsc? hold 

f o r  much h e a v i e r  s y s t e m s  b e c a u s e  t h e  induced  r a d i a t i o n  a lways  



comes from the "compound atomN-region of the two center 

level diagram. Experimentally this opens up the completely 

new field of X-ray spectroscopy of superheavv molecules which 

is of fundamental interest for quantum electrodynamics of 

strong fields. For example, in a system with Z1+Z2%150 the 

contribution of vacuum polarization from the Uehling poten- 

tial is expected to be of the order of 5 keV for the 2pj12- 

IslI2 transition and exceeds the selfenergy contribution. 

Thus it would be for the first time possibie to measure vacuum 

polarization as the dominant quantum electrodynamical effect. 



5 . 3  Induced Decay of the Neutral Vacuum in Overcritical Fields 

The intermediate superheavy molecules can also be used to test 

the predicted decay of the vacuum in overcritical fields. The 

idea is pictorially shown in Fig.20. 

E Positive Energy Continuum 

+ m  

- m 

Fig. 20: The dynamical process occuring in connection with the 

decay of the vacuum. in overcritical fields. 



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

f r e q u e n c i e s  d e s c e n d e d  f r o n  t h e  chang ing  Coulomb f i e l d  s h o u l d  

g i v e  r i s e  t o  i o n i z a t i o n  o f  t h e  K - s h e l l s .  Such K-vacancies  

c a n  a l s o  be p roduced  b y  t h e  ~ a n o - ~ i c h t e n ~ '  d o u b l e  c o l l i s i o n  

p r o c e s s .  A t  p r e s e n t  i t  i s  u n c l e a r  t h e o r e t i c a l l y  and e x p e r i -  

m e n t a l l y  which o f  t h e  two p r o c e s s e s  i s  c o n t r i b u t i n g  dominant-  

l y  and how much. W e  assume h e r e ,  b e c a u s e  w e  do  n o t  know b e t t e r  

a t  t h i s  t i m e ,  t h a t  1 K-hole w i l l  b e  c r e a t e d  i n  hundred  c o l -  

l i s i o n s ,  A f t e r  t h e  f i e l d  h a s  become o v e r c r i t i c a l  a t  d i s t a n c e s  

R <  36  fm i n  e . 9 .  a n  U - U - c o l l i s i o n ,  i t  w i l l  b e  p o p u l a t e d  by 

+ 
e e - c r e a t i o n s .  The e s c a p i n g  p o s i t r o n s  c a n  t h e n  b e  o b s e r v e d  

e x p e r i m e n t a l l y  a s  t h e  i n d i c a t i o n  f o r  t h e  decay  o f  t h e  vacuum. 

W e  s h a l l  s t u d y  t h i s  p r o c e s s  now more q u a n t i t a t i v e l y .  

Up t o  now c a l c u l a t i o n s  w e r e  done f o r  t h e  s p o n t a n e o u s  p o s i t r o n  

c r e a t i o n  (see s e c t i o n s  2 and 3 ) .  The c r o s s  s e c t i o n s  w i l l  b e  

i n c r e a s e d ,  however,  ky two e f f e c t s  due  t o  t h e  n o n a d i a b a c i t y  

o f  t h e  heavy i o n  c o l l i s i o n :  F i r s t ,  d u r i n g  t h e  " d i v i n g u - p r o c e s s  

+ - 
e e - p a i r s  a r e  c r e a t e d  i n  a d d i t i o n  t o  t h e  s p o n t a n e o u s  o n e s  by  

ind-uced a u t o i o n i z a t i o n .  Second,  b e f o r e  and a f t e r  t h e  d i v i n g  

a  l a r g e  number o f  p o s i t r o n s  w i l l  b e  c r e a t e d  by induced  t r a n -  

s i t i o n s  from t h e  n e g a t i v e  e n e r g y  cont inuum t o  t h e  I ~ ~ , ~ - l e v e l .  

The l a t t e r  t r a n s i t i o n s  w i l l  o c c u r  even  i f  t h e r e  i s  no l e v e l -  

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

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

t i o n s  may b e ,  a p p r o x i m a t e l y  g r ~ u p e d  into, f i r s t ,  nra- U4'U =nJ 

a f t e r - d i v i n g  a m p l i t u d e s ,  C p A t E  a n d ,  s e c o n d l y ,  t h e  d u r i n g -  



d i v i n g  ampl i t udes ,  CD. Then w e  have 

w i t h  

and r (t") r e p r e s e n t s  t h e  decay of the l ~ ~ / ~ - l e v e l  due t o  the inter-  

a c t i o n  w i t h  t h e  continuum ( t o  be  de te rmined  l a t e r ) .  / $ >  and 

I q > a r e  t h e  wave f u n c t i o n s  f o r  p o s i t r o n  ( n e g a t i v e  energy con- 

t inuum) and t h e  1 s  -vacancy r e s p e c t i v e l y .  The t i m e  i n t e g r a -  
1 /2 

t i o n  can be r e p l a c e d  by a n  i n t e g r a t i o n  o v e r  dR/vR a l o n g  t h e  

i o n  hype rbo la ,  where R i s  t h e  d i s t a n c e  of t h e  two i o n s  and 

v  t h e  r a d i a l  v e l o c i t y .  R 

The m a t r i x  e lement  ME(tl), c a n  be  computed by expanding t h e  

bound s t a t e ,  I '> ( t ' )  > = I q~ ( R )  >, and t h e  continuum s t a t e s ,  

I q E ( t l )  = I Q E ( R ) > ,  which a r e  e i g e n s t a t e s  o f  t h e  Hami l ton ian ,  

H ( R )  , abou t  t h e  I s 
1 / 2  

d i v i n g  r a d i u s ,  H (R) C R )  , i. e. 

w i t h  t h e  f o l l o w i n g  n o r m a l i z a t i o n s  



I n  t h i s  e x p r e s s i o n  (701,  t h e  h i g h e r  bound s t a t e s ,  i . e .  2p1,2, 

2s1 / 2  e t c . ,  have been n e g l e c t e d .  Such e f f e c t s  a r e  expec ted  

t o  b e  most impor t an t  a t  l a r g e  i o n  s e p a r a t i o n s  where t h e  m a t r i x  

e l emen t ,  M E ( t ) ,  i s  s m a l l .  

The m a t r i x  e lement  ( 6 9 )  can now be  w r i t t e n  i n  terms of t h e  

expans ion  c o e f f i c i e n t s  and reducesby use  of  Eq. (71)  t o  

To s o l v e  f o r  t h e  expans ion  c o e f f i c i e n t s ,  t h e  fo l l owing  m a t r i x  

e l emen t s  a r e  needed 

where V ( R )  Z H ( R )  - H (RCR)  . 

When t h e  s m a l l  c o n t r i b u t i o n  from t h e  continuum-continuum 

m a t r i x  e l emen t s ,  V E E , ( R ) ,  a r e  n e g l e c t e d ,  t h e  s e t  of coupled 

channe l  e q u a t i o n s  may b e  e a s i l y  so lved  2 5 t 2 6  f o r  t h e  expansion 

c o e f f i c i e n t s .  Upon s u b s t i t u t i n g  t h e s e  c o e f f i c i e n t s  i n t o  Eq. (721, 

t h e  m a t r i x  e lement  M E ( t )  may be r e a d i l y  computed. Once t h i s  

m a t r i x  e lement  i s  s p e c i f i e d ,  t h e  c o n t r i b u t i o n  from induced 



t r a n s i t i o n s  t o  t h e  t o t a l  t r a n s i t i o n  p r o b a b i l i t y  may b e  

a p p r o x i m a t e d  by ( E q . 6 8 ) )  

where  E  i s  t h e  p o s i t r o n  e n e r g y .  The dependence  o f  t h i s  p r o -  
P  

b a b i l i t y  on t h e  i o n  e n e r g y  EI, and t h e  s c a t t e r i n g  a n g l e  O 

e n t e r s  t h r o u g h  t h e  t i m e  i n t e g r a t i o n s  o v e r  t h e  R u t h e r f o r d  

t r a j e c t o r y  . 

2 5 , 2 6  
The d u r i n g  d i v i n g  a m p l i t u d e  CD i s  g i v e n  b y  

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

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

between E and E + dE i s  t h e n  
P P P 

To compute t h e s e  p r o b a b i l i t i e s ,  t h e  f u n c t i o n s  y ( E )  and E ( R )  

must  b e  s p e c i f i e d .  The y ( E )  dependence ,  was e x t r a c t e d  f rom 

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

27r1vE(") 1 depend on b o t h  t h e  c h a r g e  Z and t h e  s e p a r a t i o n  R ,  

2 a s  s e e n  i n  F i g .  2 I , t h e  r a t i o  y ( C )  = M e c  r E  ( R )  / E  ' ( R )  d e p e ~ d s  

o n l y  on e n e r g y  t o  a  good a p p r o x i m a t i o n .  We used t h e  a p p r o x i -  



m a t i o n  y ( E )  = y (E-E ) e 
0 0 

(E-Eo) where  yo,E and a a r e  p a r a -  
0 

meters i n  t h e  p r e s e n t  c a l c u l a t i o n s .  Whi le  t h i s  ene rgy  depen- 

d e n c e  i s  based  on o n e  c e n t e r  c a l c u l a t i o n ,  w e  assume y ( E )  does  

n o t  change a p p r e c i a b l e  when two c e n t e r  wave f u n c t i o n s  a r e  

u s e d .  The l a r g e  w i d t h  o f  y  ( E )  e n a b l e s  one  t o  u s e  r ( R )  = (R) 

i n  t h e  c a l c u l a t i o n  o f  t h e  l i n e  b r o a d e n i n g  ( E q . 6 8 ) ) .  The re- 

m a i n i n g  f u n c t i o n  t o  b e  d e t e r m i n e d ,  E ( R ) ,  was e x t r a c t e d .  from 

t h e  Two-Center-Dirac-Yodel e i g e n v a l u e s .  

F i g .  2 1  : The y (E  ) -dependence  p l o t t e d  f o r  18O<Z521OI for 
P 

d i s t a n c e s  g r e a t e r  t h a n  15 f m  ( i . e .  below t h e  Coulomb- 

b a r r i e r ) .  O b v i o u s l y ,  y ( E  ) d o e s  n o t  depend on Z and R .  
P 



The q u a n t i t i e s  W (E , @ I  , W (E , @ I  a r e  shown f o r  t h e  U-U- 
PA P D P  

system i n  F ig .  2 2 a ) .  They a r e  r e l a t e d  t o  t h e  c r o s s  s e c t i o n  f o r  

p o s i t r o n  p roduc t ion  by 
do - d a ~  - -  LOW (Ep , O )  where doR 

dEpdnion dRion  
i s  t h e  d i f f e r e n t i a l  Ruther ford  c r o s s  s e c t i o n  and Lo t h e  i n i t i a l  

K-hole p r o b a b i l i t y ,  which h a s  been t aken  i n  a l l  ou r  c a l c u l a -  

- 2 t i o n s  t o  be Lo = 10 (see Refs .  2 5 t  2 6 ) .  Th i s  number h a s  no 

j u s t i f i c a t i o n .  I t  i s  a  s imp le  guess .  The p r e s e n t  r e s u l t s  of 

~ e ~ e r h o f ~ ~  c o n t r a d i c t  t h i s  gues s ;  he  e s t i m a t e s  from h i s  d a t a  

L Y Thi s  i n  t u r n  i s  i n  c o n t r a d i c t i o n  t o  r e s u l t s  of  
0 

Burch, Vandenbosch e t .  a&. , 4 4  who e s t i m a t e  from t h e i r  f i n d i n g s  

I i n  C1-U-U-collisions Lo- - . Thus t h e  s i t u a t i o n  is a t  p r e s e n t  
2 

n o t  q u i t e  c l e a r ,  b u t  encouraging  and e x c i t i n g .  

F ig .  22b) shows t h e  t o t a l  i o n i z a t i o n  p r o b a b i l i t y  W (E , O ) .  The 
T P  

f u l l  cu rves  demons t ra te  t h a t  w i th  d e c r e a s i n g  i o n  energy E 
1' 

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

s h i f t e d  t o  s m a l l e r  v a l u e s .  T h i s  p o s s i b l y  a l l ows  t o  some ex- 

t e n t  a  spec t roscopy  o f  t h e  d i v i n g  mechanism. For f i x e d  i o n  

energy and v a r y i n g  s c a t t e r i n g  a n g l e  0 ,  t h e  energy maximum is  

o n l y  s l i g h t l y  s h i f t e d ,  a s  can be seen  from t h e  dashed cu rves .  

The p o s i t r o n  p roduc t ion  c r o s s  s e c t i o n  i n  t h e  energy i n t e r v a l  

between E and E + d E  i s  g iven  by i n t e g r a t i o n  o f  ( 3 0 )  o v e r  
P  P P 

t h e  a n g l e s  



F i g .  2 2 :  a )  The p r o b a b i l i t i e s  WpA(E I @ )  W (E ,@) and W (E ,O) 
P D P  T P  

f o r  t h e  s y s t e m  U + U i n  t h e  c a s e  o f  c e n t r a l  c o l l i -  

s i o n  w i t h  E = 812.5  MeV. I 

b )  The f u l l  l i n e s  show W T ( E p , O )  a t  O = 180° f o r  t h e  

s y s t e m  U + U  and i t s  dependence on RMin ( d i s t a n c e  

o f  c l o s e s t  approach i n  f m ) ,  which c o r r e s p o n d s  t o  

d i f f e r e n t  i o n  e n e r g i e s  ( d e n o t e d  i n  t h e  b r a c k e t s ,  

u n i t s  a r e  M e V ) .  ( 1 )  1 5 ( 8 1 5 . 5 )  ( 2 )  20(609 .4 )  

( 3 )  2 5  (478 .5 )  ( 4 )  3O(406.3)  ( 5 )  35 ( 3 4 8 . 2 ) .  I n  t h e  

l a s t  c a s e  W ( E  0 )  0= W (E  , O )  (no  d i v i n g ) .  The 
T  P '  PA P 

dashed c u r v e s  show f o r  f i x e d  i o n  energy  E = 8 l 5 . 5  M e V  I 
t h e  @-dependence ( 1 )  0=180° ( 2 )  0=75O ( 3 )  0=50° 

( 4 )  0=50° ( 5 )  0=30°. 



F o r  d i f f e r e n t  i o n  e n e r g i e s ,  du/dE i s  shown f o r  U + U  i n  
P  

F i g . 2 3  a ) .  Compared w i t h  t h e  p u r e l y  s p o n t a n e o u s  p o s i t r o n  

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

t o  a " s m e a r i n g  o u t "  o f  t h e  s h a r p l y  p e a k e d  e x c i t a t i o n  f u n c t i o n s  

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

two o r d e r s  o f  m a g n i t u d e .  

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

( 7 8 )  o v e r  t h e  p o s i t r o n  e n e r q y  E . A s  a  f u n c t i o n  of t h e  i o n  
P 

e n e r g y  E,,a i s  shown i n  F i g . 2 3  b ) .  

l o 4  

10' 

10' 

F i g .  23 :  

Ion Energy [ MeV 1 
a )  The  p o s i t r o n  p r o d u c t i o n  c r o s s  s e c t i o n  du/dE f o r  t h e  

i: 
s y s t e r r  U ' U  f o r  v a r i o u s  i o n  e n e r g i e s .  The e n e r g i e s  

_I. 

a r e  t h e  sarre  a s  i n  F i g .  2 2  b)': 

b )  The t o t a l  p o s i t r o n  c r o s s  s e c t i o n  i n  d e p e n d e n c e  o f  

t h e  i o n  e n e r q y . "  



I t  i s  c o n s i d e r a b l y  l a r ~ e r  t h a n  t h e  c o r r e s p o n d i n g  one f o r  

p u r e l y  s p o n t a n e o u s  p o s i t r o n  a u t o i o n i z a t i  o n .  40 T h i s  i s  due  

t o  t h e  i n d u c e d  t r a n s i t i o n s  ( n o n a d i a b a t i c  e f f e c t s ) .  The vacuum 

t h u s  d e c a y s  - due t o  t h e  n o n a d i a b a t i c i t y  i n t r o d u c e d  by t h e  

dynal r ics  - a s  w e l l  Spontaneously a s  by i n d u c t i o n .  J n  s y s t e r r s  

w i t h  h i g h e r  t o t a l  c h a r g e  Z1+Z2, t h e  t r a n s i t i o n s  t o  h i g h e r  

2s  ) which  come c l o s e  t o  d i v i n g  o r  a r e  j u s t  l e v e l s  ( 2 ~ ~ / ~ ,  1 /2  

d i v i n g  (2p  ) must b e  t a k e n  i n t o  a c c o u n t  and w i l l  f u r t h e r  
1  /2 

i n c r e a s e  t h e  c r o s s  s e c t i o n s .  A s p e c t r o s c o p y  o f  t h e  d i v i n g  o r -  

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

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

dependence  on heavy i o n  e n e r g y  and t h e i r  change w i t h  t h e  t o t a l  

c h a r g e  Z1+Z2 i n  t h e  s u p e r h e a v y  sys tem.  T h i s ,  i f  done  f o r  

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

i n f o r m a t i o n  on t h e  background  e f f e c t s .  The vacuum s t r u c t u r e  

can  a l s o  b e  o b s e r v e d  p e r h a p s  even more a c c u r a t e l y ,  by s p e c t r o s -  

copy o f  t h e  m o l e c u l a r  X-rays o f  t h e  s u p e r h e a v y ,  o v e r c r i t i c a l  

s y s t e m .  

-1. 

The a b s c i s s a  o f  t h e  a n a l o g o u s  f i g u r e  i n  o u r  o r i g i n a l  p u b l i c a t i o n  
26 

- 4  
was e r r o n e o u s  by a f a c t o r  1C . We t h a n k  W a l t e r  E .  Meyerhof f o r  

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



6 .  Eroken Syrmet ry  and Summary 

L e t  u s  cove  back now t o  t h e  q u e s t i o n  w e  s t a r t e d  w i t h  i n  t h e  i n -  

t r o d u c t i o n ,  which i s  t h e  b r e a k  down o f  t h e  Sommerfe ld - f ines t ruc -  

z e L  - p o t e n t i a l s  a t  2.- 137.  W e  can u n d e r s t a n d  t u r e  fo rmula  f o r  - r 

t h e  p h y s i c s  a t  t h i s  " c a t a s t r o p h y "  now a s  f o l l o w s :  I n  t h e  f i n i t e  

r a d i u s  o f  o u r  s u p e r c r i t i c a l  s y s t e m s  ( Z  > 137)  i s  made s m a l l e r  and 

s m a l l e r ,  i . e .  i f  t h e  f i n i t e  n u c l e i  a r e  made more and more p o i n t -  

l i k e  ( h i g h l y  compressed.) ,  t h e  c r i t i c a l  c h a r g e  Z c r  ( o c u r r e n c e  o f  

d i v i n g j  w i l l  s h i f t  towards  s m a l l e r  v a l u e s  and approach Z=137 i n  

t h e  l i m i t  R + O .  A l l  sl,*- and p 1 , 2 - c o n f i g u r a t i o n s  d i v e  i n  t h e  

1 l i m i t  a t  Z = - = 137 p e r p e n d i c u l a r ,  i . e .  t h e  normal vacuur.  be-  a 

comes t r e m e n d o u s l y  u n s t a b l e  and d e c a y s  i n t o  an i n f i n i t e l y  c h a r g e d  

R 
vacuum. 

The change o f  t h e  vacuum i n  o v e r c r i t i c a l  f i e l d s  i s  a. most  fun-  

d a m e n t a l  e f f e c t .  I t  i s  a. z e r o ' t h  o r d e r  e f f e c t  unknown t o  t h e  

"waek-field-QED" commonly i n v e s t i g a t e d .  I t s  o b s e r v a t i o n  nay  s h e d  

now l i g h t  t o  o u r  u n d e r s t a n d i n g  o f  f i e l d .  t h e o r i e s ,  and ,  i n  f a c t ,  

may open a  new and  e x c i t i n g  f i e l d  f o r  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 .  

The c o n c e p t  o f  o v e r c r i t i c a l  f i e l d s  and t h e  change of  t h e  vacuum 

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

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

f i e l d s  ( n u c l e o n s ,  q u a r k s )  and  b e  c a u s e d  by s t r o n g  i n t e r a c t i o n s .  

Ind-eed., J. h a s  c o n s t r u c t e d  a l o n g  t h e s e  i d e a s  a q u a r k -  

mode,l o f  e l e m e n t a r y  p a r t i c l e s ,  where  n u c l e o n s ,  p i o n s  e t c .  a r e  

c o n s i d e r e d  a s  c h a r g e d  q u a r k  vacua .  The o v e r c r i t i c a l  phenomena 

happen,  of  c o u r s e ,  a l s o  for boson f i e l d s .  

-7. 

The positron prcduction due t o  t h e  decay of t h e  vacuum i n  highly r e l a t i v i -  

s t i c  heavy ian col l i s ions  should, because of the point-like structure of the  

intermediate system due t o  shock waves 48 , trrnendously increase. 



47,48 
R a f e l s k i  and K l e i n  have i n v e s t i g a t e d  and summarized 

v a r i o u s  a t t e m p t s  f o r  t h e  unde r s t and ing  of  o v e r c r i t i c a l  p ion  

f i e l d s .  What i s  s t i l l  l a c k i n g ,  and, i n  f a c t ,  q u i t e  unknown i s  

t h e  q u e s t i o n  t o  what ex t end  such bosons a r e  r e a l  bosons.  I f  

a  p i o n  i s ,  f o r  example,  b u i l t  o u t  o f  t h e  qua rk -an t iqua rk  Fermi- 

p a r t i c l e s  and i f  - a s  i t  seems - t h e  p i o n i c  o r b i t a l s  n e a r  t h e  

o v e r c r i t i c a l  phenomena a r e  r a t h e r  s m a l l  (r  - 2-3 fm) it 
p ion  

cou ld  v e r y  w e l l  happen t h a t  t h e  complex s t r u c t u r e  of  t h e  bosons 

p l a y s  an importa-nt  r o l e .  This  ha s  t o  b e  seen  i n  analogy wi th  

t h e  a - p a r t i c l e s ,  which a r e  t h e  b e s t  massive bosons we know 

( s u p e r f l u i d i t y  o f  Helium e t c . )  and s t i l l  a r e  no bosons i f  p u t  

t o g e t h e r  i n  e . g .  an ~ ' ~ - n u c l e u s .  I n  o t h e r  words,  t h e i r  should  

occu r  a g a i n  a  s t a b i l i z a t i o n  o f  t h e  o v e r c r i t i c a l  vacuum f o r  com- 

p l e x  boson b e c a u s e - o f  t h e  P a u l i - p r i n c i p l e  t o  which t h e  c o n s t i t u -  

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

The s t u d y  of  o v e r c r i t i c a l  systems i n  superdense  n u c l e a r  m a t t e r  

o c c u r i n g  i n  shock-waves '* of  r e l a t i v i s t i c  heavy ion  c o l l i s i o n s  

should  t h u s  shed l i g h t  on very  fundamental  q u e s t i o n s .  

We f i n a l l y  remark t h a t  we a r e  d e a l i n g  h e r e  w i t h  a mas t e r  example 

o f  a  broken s y m e t r y ,  which were i n v e n t e d  mathematically by 

Goldstone 49, i n v e s t i g a t e d  and unders tood  f u r t h e r  by Higgs 50 and 

r e c e n t l y  s p e c u l a t e d  abou t  by ~ e i n b e r g ~ l  i n  connec t ion  w i t h  a  

u n i f i c a t i o n  of t h e  t h e o r y  of  weak and e l e c t r o m a g n e t i c  i n t e r -  

a c t i o n s .  To unde r s t and  t h i s  corrment, l e t  us make p l a u s i b l e  t h e  

concept  o f  broken symmetr ies  w i th  t h e  f o l l o w i n g  remarks:  

The t h e o r y  o f  e l ec t romagne t i sm and t h e  e l e c t r o n - p o s i t r o n  f i e l d s  

i s  g e n e r a l l y  gauge i n v a r i a n t .  A s  a consequence of  t h a t  we a r e  



l e t  t o  t h e  c o n t i n u i t y  q u a t i o n  f o r  the  e l e c t r i c  current,  which in  tu rn  

l e a d s  t o  c h a r g e  c o n s e r v a t i o n .  S i m i l a r l y  b o t h  t h e  e l e c t r o m a g -  

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

a r e  g e n e r a l l y  i n v a r i a n t  u n d e r  c h a r g e  c o n j u g a t i o n ,  which l e a d s  

d i r e c t l y  t o  t h e  symmetry between p a r t i c l e s  and a n t i p a r t i c l - e s .  

C o n s i d e r  now o u r  a toms b u i l t  s o l e l y  o u t  o f  e i t h e r  p r o t o n s  

( p o s i t i v e  Z) w i t h  s u r r o u n d i n g  e l e c t r o n s  and a n t i p r o t o n s  (nega-  

t i v e  Z )  w i t h  s u r r o u n d i n g  p o s i t r o n s .  Then, f o r  a  g i v e n  under-  

c r i t i c a l  c h a r g e  Z ,  w e  o b t a i n  t h e  e n e r g y  o f  t h e  t o t a i  sys tem a s  

a  f u n c t i o n  o f  c h a r g e  a s  shown i n  F i g . 2 4  a ) .  The g r o u n d s t a t e  

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

c h a r g e  0; i . e .  t h e  vacuum h a s  z e r o  c h a r u e .  T h i s  s t a t e  h a s  

s t i l l  t h e  c h a r g e  c o n j u g a t i o n  symmetry, a s  h a s  t h e  t o t a l  s y s t e m .  

The l a t t e r  m a n i f e s t s  i t s e l f  i n  t h e  l e f t - r i g h t  symmetry o f  

F i g .  2 4 a ) ,  w h i l e  t h e  f o r m e r  i s  i n d i c a t e d  by t h e  l e f t - r i g h t  

symmetry o f  t h e  minimum a t  Q=O. The l o c a l  minima a t  h i g h e r  

e n e r g y  c o r r e s p o n d  t o  s t a b l e  c h a r g e d  a t o m s .  Because  t h e  c h a r g e  

i s  q u a n t i z e d . ,  t h e y  a r e  s e p a r a t e d  a l o n g  t h e  a b s z i s s a  i n  i n t e g e r s  

o f  e .  These  h i g h e r  l o c a l  minima a s  a  f u n c t i o n  o f  e d o  no  more 

show c h a r g e  c o n j u g a t i o n  symne t ry  - t hough  t h e  o v e r a l l  w o r l d ,  

i . e .  t h e  t o t a l  F i g .  24a).  shows i t .  W e  s a y ,  i n  t h e s e  s t a b l e  

s t a t e s  t h e  C-symm.etry i s  s p o n t a n e o u s l y  b r o k e n .  I n  o v e r c r i t i c a l  

f i e l d s  now w e  ha.ve a  s i t u a . t i o n  a s  shown i n  F i g .  24 b )  . The 

g r o u n d s t a t e  h a s  now become charged. ,  i . e .  t h e  vacuum is  charged.  

a n d ' d o e s  n o  more show C-symmetry even  though  it e x i s t s  g l o b a l l y  

A t i n y  p h s i c i s t  i n  an  o v e r c r i t i c a l  atom would p e r h a p s  n o t  e v e n  

n o t i c e  t h a t  o v e r a l l  C-symmetry e x i s t s ,  b e c a u s e  h i s  vacuum 

( g r o u n d s t a t e )  d o e s  n o t  show it.. T h i s  s i t u a t i o n  i s  a n a l o g o u s  t o  



t h e  m a g n e t i z a t i o n  o f  a  f e r r m a g n e t  a t  t e m p e r a t u r e  T (under -  

c r i t i c a l  c a s e )  and n e a r  z e r o  t e m p e r a t u r e  ( o v e r c r i t i c a l  c a s e ) .  

neutral varuum ~n / Charge ot the dectron-positrm riel? 
undercriflral f~e lds  

I 
f the electmn-positron field 

charged vacuum I"/ 

overcr i t icol  f i e l ds  

F i g .  2 4 :  S c h e m a t i c  drawi.ng o f  t h e  e n e r g y  of t h e  systerr,  a g a i n s t  

c h a r g e ,  which i s  t h o u g h t  t o  b e  c o n t i n o u s .  The q u a n t i -  

z a t i o n  o f  c h a r g e  a t  i n t e g e r  v a l u e s  can  b e  imagined t o  

o c c u r  b e c a u s e  o f  s t a b i l i z a t i o n  p o t e n t i a l s .  I n  c a s e  a )  

t h e  vacuum ( g r o u n d s t a t e )  i s  s y v m e t r i c  u n d e r  c h a r g e  

c o n j u g a t i o n .  T h i s  s y ~ m e t r y  i s  h roken  i n  o v e r c r i t i c a l  

f i e l d s  ( c a s e  b )  ) where  t h e  vacuum i s  c h a r g e d .  
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1. High Energy vs. Low Energy 

a. Coulomb vs. Nuclear Interactions 

I would like to discuss the nuclear aspects of ion-ion interactions at 

both low and high energies. At low energies, Coulomb effects are very 

important, Indeed, nuclear effects are significant only for small impact 

parameters, i.e., for large angle scattering. We can roughly say that for 

< 'crit Coulomb effects dorninate,while for 0 > 0 nuclear interactions 
crit 

dominate, where 0 denotes a critical angle. According to a semi- 
crit 

classical description, the transition occurs when 

"caul (R) = Kinetic Energy 

where K denotes the distance between the ion centers when they are in contact, 

thc sun of the ion radii. This inlplics that (if relativity is not taken into 

account) : 

Ocl-l t Z1Z2 " 2  tan (-) = -------- - "Caul 
- - 

where 



p = reduced niass 

v  = r e l a t i v e  v e l o c i t y  

As exanlple,  f o r  two ions ,  c ach  w i t h  Z = S O  and A = 200,  we have 

K = 2  x 6 fill = 12 frn 

Brink and l<owleY1 use  t h e  f o l l o w i n g  c r i t e r i o n  f o r  t h e  e m p i r i c a l  de t e rmi -  

n a t i o n  of  O n m e l y  t h a t  a t  t h i s  s c a t t e r i n g  a n g l e ,  t h e  s c a t t e r i n g  c r o s s -  
c r i t '  

s e c t i o n  i s  1 / 4  o f  t h e  Ru the r fo rd  s c a t t e r i n g  c r o s s - s e c t i o n  (See f le f .  2 ) .  

b .  A d i a b a t i c  v s .  Sudden - - 

In  an adiabatic c o l l i s i o n ,  t h e  i o n s  a d j u s t  t o  t h e  d i f f e r e n t  p o t e n t i a l  U 

i ~ h e n  t h e y  g e t  c l o s e .  l 'hus, if and when t h e  i o n s  o v e r l a p ,  t h e i r  d e n s i t y  

d i s t r i b u t i o n s  spl-cad o u t  s o  t h a t  t h e  t o t a l  nuc l eon  d e n s i t y  i s  app rox ima te ly  

t h e  d e n s i t y  of  n u c l e a r  m a t t e r  p 
bib1 - On t h e  o t h e r  hand,  i f  t h e  c o l l i s i o n  

happcns sudden ly ,  t h e  n u c l e i  do  n o t  have t ime  t o  a d j u s t  t h e i r  d i s t r i b u t i o n s .  

l 'hus i n  t h e  r e g i o n  of o v e r l a p  we have  p - 2 pNM.  (As we have h e a r d  from 

G r e i n e r ,  we c a n  g e t  shock waves and even l a r g e r  t o t a l  d e n s i t i e s  i n  t h e  

3 
r e g i o n  of  o v e r l a p  . )  

i\ rough c r i t e r i o n  f o r  d e t e r m i n i n g  whicll o f  t h e  two rcgirlles i s  a p p l i c a b l e  

i s  t h a t  f o r  a d i a b a t i c  (sudclcn) c o l l i s i o n  t h e  k i n e t i c  energy p e r  nuc leon  i n  

1-llc i ~ r o j c c t i l  c i :i . ;III:I  l 1 c r  ( 1 ; r  r g c r )  t l ~ ; r l ~  tllc ;ivc%l-;ige k i l l c t i c  e ~ ~ c r i ; y  1,cr ~ ~ u c l e o n  

i n  t i le t a r g e t  ( I  . c . ,  ;ii)out 30 MeV). A n  cqu iva l c r l t  c r i t e r i o n  i s  t l ~ n t  t h e  

c o l l i s i o n  t ime  i s  l a r g e r  ( s ~ i ~ a l l e r )  t h a n  t h e  t ime  f o r  a nuc leon  t o  c r o s s  t h e  

n u c l e u s .  



2 .  Zero Itange L i i i ~ i t  

A v e r y  s i m p l i f i e d  model o f  i o n - i o n  i n t e r a c t i o n s ,  bu t  one t h a t  g i v e s  

some u s e f u l  i n s i g h t ,  i s  t h e  ze ro  r ange  model, i . e . ,  t h a t  t h e  nucleon-nucleon 

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

We d c n o t e  nuc l eons  by n  and n u c l e i  by N. Then t h e  nuc leon-nuc leus  i n t e r -  

a c t i o n  i s  

(We n e g l e c t  exchange terins th roughout  t h i s  t a l k . )  

The nuc l eus -nuc l eus  i n t e r a c t i o n  i s  t h e n  g i v e n  by 

-> - ?  -F 
where r (and I <  - 1.) a r e  t h e  p o s i t i o n s  r e l a t i v e  t o  t h e  c e n t e r s  of t h e  n u c l e i  A 

and U ,  and R i s  t h e  d i s t a n c e  between t h e i r  c e n t e r s ,  a s  ske t ched  i n  F igu re  1 .  

The r iuc lear  i n t e r a c t i o n  o c c u r s  on iy  when t h e  two n u c l e i  o v e r l a p ,  a t  l e a s t  

4 
p a r t i a l l y .  T h i s  was s t u d i e d  by Vary and Dover . I n s t e a d  of u s i n g  V t h e y  0 

deter lnined V d i ~ c c t l y  fro111 t i l t .  n u c l e o l i - i u c l c ~ ~ i  forward  s c a t t e r i n g  n ~ ~ q ) l i t u d e s  NN 

deduced u s i n g  r e a l i s t i c  nuc leon-nuc leon  i n t e r a c t i o n s  

' l ' l l i : ;  w i  11 bc discussccl  i u r t h u r  b y  V a r y  l a t e r  on .  

3 .  Liicrgy IUcl~cr~dcncc 

a .  At Low Liiergies  

A t  low e n e r g i e s  t h e  nuc leon-nuc leus  o p t i c a l  p o t e n t i a l  U,,,, i s  s t r o ~ l g l y  eilcrgy . .. . 



dependent. On the other hand, V is proportionally less so. As a simple and 

very crude example, for A = 100 and E = 1 GeV, each nucleon has an average 

energy of 10 MeV. Now if U is written as 

then 

A more detailed derivation of the energy dependence of V was given by Jackson NN 
5 and Johnson . 

b. At High Energies 

In the high energy region, say 1 Gev per nucleon, the use of a potential 

is questionnable. However, we can express the VNN in terms of nucleon-nucleon 

scattering amplitudes, as was done by Vary and llover4 at lower energies. 

The real part of VNN is proportional to the real part of the forward 

scattering amplitude f(0) and is only weakly energy dependent. Ilowever, 

the imaginary part of f(0) must increase with energy, i.e., the scattering 

becomes absorptive and much larger than Re f(0). This can be seen directly 

from application of the optical theorem. 

Here p is the momentum in units of-K. At high energy the total nucleon-nucleon 

cross-section a is approximately constant. l'l~us Im F ( 0 )  for ion-ion scattering T 

increases with energy-. However, tiie nucleus-nucleus cross-sections approach constants 



namely thc geometrical values of 2n112. 

4. Finite Range Effects 

a. Potential at Large Distances 

The zero range approximation predicts no nuclear interaction unless the 

nuclei overlap. This is unrealistic since the nucleon-nucleon interaction 

has finite range. In fact, precision measurements of ion-ion cross-sections 

can give information regarding deviations from pure Coulomb interactions. 

1 
This problem was studied by Brink and Rowley . They considered the inter- 

action between 84~r and 232Th. They assumed a Woods-Saxon density distribution 

and assui~led that the p and U have the same surface thickness, but U extends 
nN 

out beyond p .  This is sketched in Fig. 2. They fit the data,in particular 

'crit' quite well with R - 1.04 ~l'~frn, slightly too small radii. Outside 

the surface, the density falls off exponentially 

and thus at large ion-ion distance the interaction is roughly given by 

When the nuclei just touch, their centers are apart by about 12 Ferrnis, and 

the nuclear interaction is calculated to be 50 MeV. When R - 15 fm, the 

ion-ion potential is still 4 MeV. This is a slight perturbation on the 

Coulomb energy of about 300 MeV. At low energies, the elastic ion-ion cross- 

sections depend mainly on the nuclear potentials at large R, as the Coulomb 

repulsion keeps the ions from approaching closely. Thus at low energy the 

finite range of t h e  nuc?eon-iiuc?eon poteiitia.l is importaiit. Gi i  the other 



hand, at higher energies, the cross-sections depend more on V at smaller 
NN 

distances. 

b. Short Range Expansion 

This is an improvement over the zero range approximation, and it may not 

oe too bad. We consider a finite range nucleon-nucleon interaction V (r). 171en 
nn 

f(O) is proportional to V(r) d3r in the Born approximation (we ignore i 
exchange terms). For a singular interaction (e.g., one containing a hard 

core), we use an effective interaction g which can be deduced from many 

body theory. Then, 

The elastic nucleon nucleon cross-section is proportional tothe square of the 

scattering amplitude f (q) 

where q is the momentum trar~sfer. 

The second term on the r.h.s represents the finite range effect. The 

ion-ion interaction is a series, of which the first two terms are written above. 

The first term 

is the samc a s  for zero range, but thc second: 

the finite range term, depends on the gradient of the density distributions 

at overlapping points. Thus even in this finite range approximation, there 



has to bc some overlap to get a finite V NN' 

c. Lncrgy Uensity Forrnalisrn 

l'his  neth hod can gives a somcwl~at more realistic formulation of V NN ' 

1-ron~ nuclear niany-body theory, the energy density e of nuclear matter is 

6 calculated where 

I e l  l o .  111 ';iiy case, tile 11uzlea1- ion-ion inLeractioli is, ;~ccording 

7 
Lo tllc eriergy cicllsity fur~nalisl~i, given by tile followirig expression . 

where E l  and E 2  denote the energies of the separate nuclei. 

d. Use of Uensity-Dependent Nuclcon-Nucleon Interaction 

This may be tile best approach. It was recently used by  inh ha.^ He 

expressed the nucleon-nucleon interaction as the sum of a finite ranged 

interaction and a density dependent term to get saturation. Saturation means 

that the VNN varies less strongly than linearly with p at high p. Such 

saturation, which is closely related to the saturation of nuclear matter, 

is an ~.,!P~LL;LIIL result of the energy density fornlalisni.6 l.he simplest 

way to get a density clel)cndc~ice leading to saturation is to include zero 

r ange  ~iuclcon-nuclco~l re i~ul  s i o n  wi th strci~gth proportional to thc density, 

l . C . ,  



The contribution of this interaction to VNi4 is of the form 

for perfect overlap. The nuclear ion-ion potentials due to the total finite 

ranged plus density dependent delta interactions are calculated by Sinha 
8 

and are shown in Fig. 3. Sinha also includes terms involving gradients of 

the overlapping densities, such as of the kind mentioned in Section 4b.  

5. Glauber 'I'heory for High Energy Ion-Ion Scattering . 

a. Basic Equations 

The Glauber theory (known also as Eikonal approximation) has been used 

for many analyses of high energy nucleon scattering by nucleig, and 

recently also for heavy ion scattering. The first application of 

theory for high energy ion-ion scattering was given by Czyz and Maximon. 10 

They assumed 

(i) Small scattering angle elastic scattering, and 

(ii) Colliding particles have a composite structure. 

The elastic scattering amplitude is given by 

where b denotes impact parameter,A 13 is the wave function of the ion A-ion B 

system, 2nd r is related to the absorption probability. The r can be 

expre,ssed as a series: 



B .  
The significance of s4  and s is illustrated in Fig. 4 .  The first sum 

represents the various possible single scatterings, the next term the 

double scatterings, etc. The bracket < A B I  I AB> can be replaced by an 

integral of the matter densities p A' OB 

for the single scattering j k  term. Here p A (  S )  = / p (  m) dz, i . e . ,  
+ + ' +  

the integral of the density over the path r = s + z k z = - a, to O".  

Each T .  is related to the nucleon-nucleon scattering amplitude by: 
3 k  

+ 
where the integration goes over momentum transfers q '  perpendicular to the 

incident momentum. 

At high energy, a good approximation of f(q) 

Note that tlle optical theorem is satisfied: 





1 
= - i (1 - iu) A Ba 
2 

T 

This expression represents the optical limit of the Glauber theory, i.e.,- 

thc nucleus-nucleus interaction can be described by a potential V which NN' 

is proportional to the exponent in S. In fact, VNN turns out to be exactly 

the potentla1 derived in the zero-range approxinlation by Vary and U ~ v e r . ~  At 

very high energy, a << 1, K is pure imaginary (since f is) and the above 

equation defines K- uniquely in terms of the nucleon-nucleon cross-sections. 

b. Droplet blodel 

Recently, Wang and ~ipes'l have given a slightly different formulation 

of the Glauber theory for very high energy ion-ion scattering (2 GeV per 

nucleon). They assulne that the ions can be regarded as droplets without 

substructure. They assume further, that the absorption is proportional, 

for any value of b, to the total ainount of interpenetrating nuclear matter. 

'Thus, they get the same equations for f ( q )  and S as above, but now K '  is 

taken to be simply a proportionality constant. This can also be done in 

the angular momcntum representation and one obtains 

and L ( p )  is essclrt i a l  ly tl~e 11artial wave clrn1)litude assocj.atd with tl~e forlit II 

factor of tlie target. Tlrc total u.  C311 then Le obtained using the optical 
I' 

tl~coretir 



where x ~ / ( i  + a )  = r e a l .  T h e i r  c a l c u l a t i o n s  show t h a t  t h e  v a l u e  o f  a o 
a f f e c t s  t h e  a o n l y  n e a r  t h e  d i f f r a c t i o n  m i i l l m d ,  and does  n o t  change t h e  

p a t t e r n  much even f o r  a a s  l a r g e  a s  0 . 5 .  I t  i s  i n t e r e s t i n g  t o  compare t h e  

d i f f r a c t i o n  p a t t e r n s  winh t h a t  f o r  n-n s c a t t e r i n g  t o  compare t h e  amount o f  

t r a n s p a r e n c y  i n  N-N s c a t t e r i n g  compared t o  n-n. 

c .  Blach Sphere  blodel (Ref .  11)  

T h i s  i s  a  l i m i t i n g  c a s e  o f  t h e  d r o p l e t  model We assume 

Then one  f i n d s  t h e  w e l l  known r e s u l t s .  

This  Fraunhofer  d i f f r a c t i o n  p a t t e r n  i s  w e l l  approximated ,  e s p e c i a l l y  i f  t h e  

n u c l c l  have s h a r p  s u r f a c e s .  For  forward  s c a t t e r i n g  t h e  b l a c k  s p h e r e  model 

g l v e s  ; 



and t h u s  

Comparing d i f f e r e n t  i o n - i o n  s c a t t e r i n g s  w i t h  c e n t e r  o f  mass momenta 1) and p '  

r e s p e c t i v e l y ,  we f i n d  

T h i s  p r o v i d e s  a  good first o r d e r  e s t i m a t e  o f  any heavy i o n  e l a s t i c  s c a t t e r i n g  

a t  h i g h  ene rgy .  

d .  R e s u l t s  o f  C a l c u l a t i o n s  

The d r o p l e t  nlodel was a p p l i e d  by Wang and L,ipesl1 t o  t h e  c a l c u l a t i o n  

o f  0 a t  v e r y  h i g h  e n e r g i e s  (2 GeV p e r  n u c l e o n ) . F i g .  5 shows t h e  c a l c u l a t e d  
NN 

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  v s .  t ,  t h e  n e g a t i v e  s q u a r e  o f  t h e  momentum 

t r a n s f e r ,  f o r  411e and 12c  i o n s .  The r a t i o  o  (q ) /o  (0)  v s .  aR f o r  s e v e r a l  

p a i r s  o f  i o n s  i s  p l o t t e d  i n  F i g .  6 .  Th i s  shows t h e  approach t o  t h e  b l a c k  

s p h e r e  c a s e .  The p o s i t i o n s  of  t h e  maxima and minima a r e  t h e  same f o r  a l l  

c a s e s ,  b u t  t h e  depend on t h e  d i f f u s e n e s s ,  e s p e c i a l l y  a t  l a r g e  a n g l e s .  

I h e  b l a c k  s p h e r e  limit g i v e s  t o o  much b a c k s c a t t e r i n g .  Note t h a t  a t  t h e s e  

h i g h  e n e r g i e s ,  t h e  t o t a l  and forward  e l a s t i c  c r o s s - s e c t i o n s  a r e  d i r e c t l y  

r e l a t e d  v i a  t h e  a b s o r p t i o n  pa rame te r  K , s i n c e  Re f (0) << Im f ( 0 ) .  I t  
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Microscopic Models f o r  Heavy Ion S c a t t e r i n g  

a t  Low, In te rmedia te  and High E ~ . e r g i e s  
* f 

J. P. Vary and C.  B .  Dover 

Brookhaven Nat ional  Laboratory,  Upton, New York 11973 

ABSTRACT and SUMMARY 

We t r a c e  t h e  evo lu t ion  wi th  energy of a  lowest-order microscopic 

model f o r  nucleus-nucleus i n t e r a c t i o n s  from 10 MeV/nucleon t o  1 T e ~ / n u c -  

leon i n c i d e n t  ene rg ies .  There a r e  t h r e e  e s s e n t i a l  ques t ions  inves t iga -  

t e d ;  f i r s t ,  what i s  t h e  i n t e r a c t i o n  ~d how c a r e f u l l y  must we o b t a i n  

i t s  i n g r e d i e n t s ;  second, what is  t h e  a p p r o p r i a t e  dynamical framework i n  

which t o  employ t h i s  i n t e r a c t i o n ;  and t h i r d ,  f o r  what processes  do we 

expect  t h i s  lowest  o rde r  model t o  be  v a l i d .  To answer t h e  f i r s t  ques t ion ,  

we p resen t  a  development of  an o p t i c a l  p o t e n t i a l  model obta ined by 

fo ld ing  t h e  ' d e n s i t i e s  of  t h e  i n t e r a c t i n g  n u c l e i  w i t h  a  s u i t a b l y  renor-  

m l i z e d  nucleon-nucleon fo rce .  A t  low e n e r g i e s  (< 50 ~ e ~ / n u c l e o n )  

t h e r e  i s  s u f f i c i e n t  d a t a  t o  demonstrate marked s e n s i t i v i t y  t o  t h e  cho ices  

of d e n s i t y  and range of t h e  elementary fo rce .  When t h e  d e n s i t i e s  a r e  

taken w i t h  c o r r e c t  asymptotic p r o p e r t i e s  and t h e  i n t e r a c t i o n  has  a 

* Work performed under t h e  ausp ices  of t h e  U.S. Atomic Energy Commission. 

/ I n v i t e d  paper  f o r  the  Second High Energy Heavy Ion Summer Study, 
Lawrence Berkeley Laboratory ( J u l y  15-26, i 9 7 4 ) ,  presented by 
J. P. Vary, 



one-pion exchange r ange  good agreement  w i t h  t h e  a v a i l a b l e  a p a r t i c l e  

d a t a  i s  o b t a i n e d  i n  t h e  d i f f r a c t i v e  r eg ion  of  e l a s t i c  s c a t t e r i n g .  Com- 

p a r i s o n  w i t h  t h e  d a t a  i n  t h i s  lower energy r e g i o n  a l s o  demons t r a t e s  t h a t  

a l l  t h e  p a r a m e t e r s  appea r  t o  b e  c a l c u l a b l e .  P r e d i c t i v e  power i s  thus  

ob t a ined .  The energy dependence o f  t h e  impor tan t  d e n s i t y  o v e r l a p  

r e g i o n  i s  then  s t u d i e d .  I n  t h e  e l a s t i c  channel  t h e  d e n s i t y  o v e r l a p  i s  

shown t o  i n c r e a s e  w i t h  e n e r w  s o  t h a t  t h e  s u r f a c e  and i n t e r i o r  r e g i o n  o f  

t h e  nuc l eus -nuc l eus  i n t e r a c t i o n  becomes more impor t an t  a t  h i g h e r  e n e r g i e s .  

For  t h e  dynamical  framework, i n  answer t o  t h e  second q u e s t i o n ,  we employ 

t h e  S c h d d i n g e r  e q u a t i o n  a t  low energy  and examine how t h e  r e s u l t s  

may b e  approximated by an  e i k o n a l  t r e a t m e n t  a t  i n t e r m e d i a t e  (40-70 M ~ V /  

nuc leon)  e n e r g i e s .  The d i f f e r e n c e s  between an e i k o n a l  approximat ion  

and t h e  o p t i c a l  l i m i t  of t h e  Glauber  approximat ion  a r e  s een  t o  be  very  

impor t an t  i n  t h i s  r eg ion .  He re ,  t h e  Glauber  app rox ima t ion  w i t h ,  p o s s i b l y ,  

a P a u l i  c o r r e c t i o n  can  do b e t t e r  t han  t h e  s imple  e i k o n a l .  T h i s  i s  

p o s s i b l e  s i n c e  t h e r e  a r e  up t o  40% d i f f e r e n c e s  i n  t h e  i n t e r a c t i o n  s t r e n g t h s  

r e q u i r e d  t o  f i t  t h e  40 MeV/nucleon d a t a  i n  t h e  ~ c h r ~ d i n ~ e r  and Glauber  

frameworks. To answer t h e  t h i r d  q u e s t i o n  we show how t h e  lowes t  o r d e r  

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

e n e r g i e s  i n  t h e  Sch rud inge r  framework. However, w i t h  i n c r e a s i n g  ene rgy ,  

a s  t h e  impulse  approximat ion  becomes more v a l i d ,  t h e  model may b e  eu ten-  

ded f o r  u s e  w i t h  o t h e r  p r o c e s s e s  as w e l l .  R e s u l t s  have been o b t a i n e d  

by Bar shay ,  Dover and Vary w i t h  a  Glauber  approach a t  Bevalac  e n e r g i e s  

(0.1-4.0 ~ e ~ / n u c l e o n )  t o  examine t h e  q u e s t i o n  of whether  t h e  nuc l eus -  

n u c l e u s  t o t a l ,  r e a c t i o n ,  and e l a s t i c  c r o s s - s e c t i o n s  f a c t o r i z e .  We 

f i n d  t h a t  f a c t o r i z a t i o n  h o l d s  t o  20% i f  t h e  r a d i i  o f  t h e  p r o j e c t i l e  and 

t a r g e t  n u c l e i  do n o t  d i f f e r  by more t han  50%. T h i s  f a c t  and t h e  g r o s s  

v i o l a t i o n  of  f a c t o r i z a t i o n  when t h e  n u c l e i  a r e  v e r y  d i f f e r e n t  i n  s i z e  



are interpreted in the context of a simple geometric model. Within 

this same microscopic framework we discuss mean multiplicites of 

particles produced in nuc'eus-nucleus collisions at high energies. We 

perform this calculation by an extension of the methods proposed by Dar 

and Vary to obtain multiplicitiesinnucleon-nucleus collisions. It is 

concluded that moderate to heavy target multiplicities and their energy 

dependence in nucleus-nucleus collisions will help distinguish between 

the various types of proposed production mechanisms. If, as is sus- 

pected based on present nucleon-nucleus results, a two step mechanism is 

involved, then nucleus-nucleus collisions are found to offer a unique 

opportunity to s~udy the in~eractions of the intermediate particles (clusters, 

fireballs, or whatever). Production of a super fireball is contemplated 

and some consequences are delineated. 

I. INTRODUCTION AND MOTIVATION 

With the advent of heavy ions at high energies a very broad 

research field has opened up. It potentially bridges the gap between 

conventional nuclear physics, high energy physics and nuclear chemistry. 

Researchers from these fields have been drawn together by the exciting 

possibilities envisaged with beams of high energy heavy-ions. 

It is our belief that the methods of microscopic nuclear theory 

will play an important role in many high energy heavy-ion studies. The 

simple approach we propose should provide a backdrop of results which 

forms a basis for analyses of experiments and comparison with other 

models. Two applications we discuss here in the microscopic frame- 

work are the questions of factorization and mean multiplicites in 

~ ~ l t i p a ~ t i c l e  pr~ductian. Thsse exemplify our viewpoint in 

two ways. First, as in the case of factorization, it provides 



a s e t  o f  p r e d i c t i o n s  which could  se rve  a s  a guide i n  mapping ou t  exper i -  

mental programs t h a t  concen t ra te  on regions  of behavior  where the  con- 

v e n t i o n a l  microscopic approach d i sagrees  wi th  o t h e r  hypotheses. Second, 

a s  i n  t h e  c a s e  of  m u l t i p l i c i t i e s ,  t h i s  model can be coupled with a 

s e l e c t i o n  of  p a r t i c l e - p h y s i c s  models ( f o r  the  m u l t i p a r t i c l e  production 

mechanisms) t o  e x p l o i t  the  many nucleon media and determine which of  

t h e  p a r t i c l e - p h y s i c s  models a r e  tenable  and which a r e  not .  

IT. MODEL FOR THE POTENTIAL VIA ANALOGY 

For pedan t i c  purposes i t  i s  convenient  t o  f i r s t  sketch the  main 

r e s u l t s  bv means of analogy wi th  t h e  s t a t i c  Coulomb p o t e n t i a l  between 

-f 

two d i s t r i b u t e d  charges  such a s  d isplayed i n  Fig.  1. I f  r is 

t h e  r a d i u s  v e c t o r  s e p a r a t i n g  t h e  two c e n t e r s  of charge  def ined i n  analogy 

wi th  t h e  c e n t e r  of  mass then the  c l a s s i c a l  s t a t i c  p o t e n t i a l  is j u s t  

where and a r e  i n t e r n a l  r a d i a l  v e c t o r s  l o c a t i n g  p o i n t s  of charge 
1 2 

w i t h i n  t h e i r  r e s p e c t i v e  d i s t r i b u t i o n s  p and p I n  o r d e r  t o  pass  t o  1 2 ' 
2 

t h e  s t r o n g  i n t e r a c t i o n  s i t u a t i o n  we r e p l a c e  t h e  Coulomb f o r c e ,  e  / r ,  

by an a p p r o p r i a t e  s h o r t  ranged nucleon-nucleon i n t e r a c t i o n ,  v(;) 

I f  w e ,  i n  a d d i t i o n ,  make t h e  assumption of a zero ranged nucleon-nucleon 

i n t e r a c t i o n  



w e  o b t a i n  

It can be shown t h a t  t h e  a p p r o p r i a t e  cons tan t  i n  t h e  l i m i t  of high 

energy nucleus-nucleus s c a t t e r i n g  i s  

where ?I i 3  the  nucleon mass and f ( 0 )  i s  t h e  complex forward nucleon- 

nucleon s c a t t e r i n g  amplitude eva lua ted  a t  the  i n c i d e n t  l a b  energy p e r  

nucleon. This then y i e l d s  our  f i r s t  and s imples t  approximation t o  t h e  

lowest o r d e r  o p t i c a l  p o t e n t i a l  f o r  ion-ion i n t e r a c t i o n s  

T t  i s  a l ready  c l e a r  t h a t  t h i s  form of t h e  model ignores  t h e  s p i n  

and i s o s p i n  degrees  o f  freedom of t h e  nucleons though t h e  above t rea tment  

i s  e a s i l y  genera l i zed  t o  t h i s  l e v e l .  Nowhere d i d  t h e  sp in  s t a t i s t i c s  

e n t e r  so  t h e  P a u l i  p r i n c i p l e  has  been ignored except  t o  t h e  e x t e n t  i t  

p a r t i c i p a t e s  i n  t h e  one body d e n s i t y  d i s t r i b u t i o n s .  Dispers ive  e f f e c t s  

due t o ,  among o t h e r  t h i n g s ,  t h e  p o l a r i z a b i l i t y  of  t h e  two d i s t r i b u t i o n s  

have not  en te red .  Indeed,  t h e  analogy wi th  Coulomb p o t e n t i a l s  c l e a r l y  

n e g l e c t s  all rearrangement processes .  The i n t e r n a l  Fermi motion of  t h e  

c o n s t i t u t e n t s  and binding e f f e c t s  ( o f f - s h e l l  e f f e c t s )  a l s o  remain t o  b e  

included.  T h e o r e t i c a l  adjus tments  t o  f ( 0 )  t h a t  approximately c o r r e c t  

f o r  some o f  t h e s e  inadequacies  w i l l  be  in t roduced and s tud ied .  

We e x p l a i n  i n  more d e t a i l  below an extension t o  inc lude  f i n i t e  



range which r e s u l t s  i n  an improved form of V namely 
o p t '  

- 
where 7 i s  a  range parameter and f ( G )  i nc ludes  c e r t a i n  many-body e f f e c t s .  

Th i s  a d d i t i o n a l  complexity i s  shown t o  be  e s s e n t i a l  i n  achieving a  high 

q u a l i t y  d e s c r i p t i o n  of t h e  low-energy d a t a .  

A t  t h i s  p o i n t  a l l  i n g r e d i e n t s  a r e ,  i n  p r i n c i p l e ,  c a l c u l a b l e  o r  

o b t a i n a b l e  by independent measurements. I s  t h i s  adequate  t o  exp la in  t h e  

ion- ion d a t a  a t  low energ ies?  As a  consequence of  t h e  many approximations 

one may suspec t  i t  i s  not .  There fo re  we assume t h a t  some o f  t h e  remaining 

important  c o r r e c t i o n s  can be s imulated by a d j u s t i n g  7. This  i s  t h e  

degree  t o  which we a r e  w i l l i n g  t o  confess  our  ignorance a t  low energ ies .  

A two-pronged e f f o r t  is  thus  necessa ry  t o  t e s t  a  model whose geometry i s  

f ixed  by our  knowledge of  nuc lea r  d e n s i t i e s  and t h e  range of t h e  nucleon- 

nucleon fo rce .  We both  c a l c u l a t e  ?(o) t h e o r e t i c a l l y  and f i t  t h e  exper i -  

- 
mental  d a t a  t o  o b t a i n  t h e  "bes t  f i t "  f ( 0 ) .  Comparing the  t h o e r e t i c a l  

and b e s t  f i t  r e s u l t s  f o r  f ( 0 )  acd t h e  q u a l i t y  of t h e  angu la r  d i s t r i b u -  

t i o n s  i n s t r u c t s  u s  on t h e  v a l i d i t y  and shor tcomings 'of  t h e  model. This  
1-11 

distinguishes t h e  p resen t  e f f o r t  from those  of o t h e r  i n v e s t i g a t o r s  

of va r ious  semi-microscopic models. 
12 

The e f f o r t  a s  o u t l i n e d  above was i n i t i a l l y  conducted with 

d e n s i t i e s  taken from f i t s  t o  e l e c t r o n  s c a t t e r i n g  d a t a .  This  approximation 

a s  w e l l  a s  a  zero-ranged f o r c e  wi th  a  phenomenological s t r e n g t h  were 

found u s e f u l  f o r  some p e r i p h e r a l  ion- ion processes .  However, a  d e s i r e  

t o  understand t h e  s t r e n g t h  c o n s t a n t  on a  t h e o r e t i c a l  b a s i s  has l ed  t o  

a s e t  of  improvements. 

I n  t h i s  t a l k  we o u t l i n e  t h e  improved low energy r e s u l t s  (10-40 



~ e ~ / n u c l e o n )  obta ined w i t h  a  more c a r e f u l  t r ea tment  of  t h e  d e n s i t i e s  

coupled w i t h  a  f i n i t e  range nucleon-nucleon f o r c e .  Only a f t e r  c a r e f u l l y  

t r e a t i n g  d e n s i t i e s  arla range e f f e c t s  can one e x t r a c t  an  unders tanding of  

t h e  r o l e  of  many-body e f f e c t s  e x h i b i t e d  i n  t h e  ion- ion i n t e r a c t i o n  

d a t a .  S p e c i f i c a l l y ,  we concern ourse lves  w i t h  how t h e s e  many body e f f e c t s  

evolve  w i t h  energy. I t  w i l l  a l s o  be argued why t h i s  complexity i s  con- 

s i d e r a b l y  l e s s  important  a s  one goes t o  h igher  e n e r g i e s  and h e a v i e r  

p r o j e c t i l e s .  

111. DYNAMICAL FRAMEWORK 

There i s ,  o f  c o u r s e ,  a  v a s t  body o f  l i t e r a t u r e  d e a l i n g  wi th  

t h e o r e t i c a l  approaches t o  t h e  nucleon-nucleus p o t e n t i a l  and i t s  appro- 

p r i a t e  dynamical framework. There is  much over lap  of  ideas  but  a l s o  

many s u b t l e  d i f f e r e n c e s  i n  these  approaches. I t  is beyond the scope of  

t h i s  t a l k  t o  a t tempt  t o  summarize, c a t e g o r i z e  o r  even r e f e r  t o  these  

e f f o r t s .  The model we d e a l  wi th  he re  may e a s i l y  be obtained from some 

o f  t h e  above mentioned e f f o r t s  by s t r a i g h t f o r w a r d  extension.  
13  

I n  a forthcoming work we p r e s e n t  an approach which mainta ins  

c l o s e  c o n t a c t  wi th  s t andard  n o n - r e l a t i v i s t i c  many-body theory.  Here we 

only summarize the assumptions and the conclus ions  of  such a  model. 

I n  the  c e n t e r  o f  mass o f  two i n t e r a c t i n g  n u c l e i ,  1 and 2 ,  we 

d e s c r i b e  the  system by the  t o t a l  Harniltonian 

where H1 and H r ep resen t  the i n t e r n a l  Hamiltonians f o r  t h e  two n u c l e i  
2 

which c o n s i s t  of A and A2 nucleons r e s p e c t i v e l y ,  TI2 r e p r e s e n t s  the  
1 

k i n e t i c  energy oper-rnr of  r e l a t ive  m t i o n  and V12 i s  t h e  i n t n r r r c t i ~ n  

p o t e n t i a l  between them. We assume only two-body f o r c e s ,  v  f o r  the  
i i y  

nucleus-nucleus i n t e r a c t i o n  



W e  assume a  complete s e t  o f  i n t e r n a l  s o l u t i o n s  a r e  o b t a i n a b l e  

n  indexes  s o l u t i o n s  s e q u e n t i a l l y  (n=O being t h e  ground s t a t e )  

and p a s s e s  t o  a  cont inuous  v a r i a b l e  f o r  s c a t t e r i n g  s o l u t i o n s .  The p roper  

s o l u t i o n s  a r e  i n t e r n a l l y  ant isymmetr ic  and f u n c t i o n s  o f  3A1 -3 and 3%-3 

v a r i a b l e s  r e s p e c t i v e l y .  

fie problem t o  s o l v e  is  

Let  us  r e s t r i c t  o u r s e l v e s  f i r s t  t o  e l a s t i c  s c a t t e r i n g  ( throughout  t h i s  

t a l k  " e l a s t i c "  r e f e r s  t o  t h e  c a s e  where t h e  p r o j e c t i l e  and t a r g e t  a r e  i n  

t h e i r  ground s t a t e s  i n t i a l l y  and f i n a l l y  w h i l e  i n e l a s t i c  inc ludes  

o t h e r  s c a t t e i i n g  s t a t e s )  f o r  which a  convenient  expansion o f  t h e  t o t a l  

wavefunct i o n  i s  j u s t  

where a r e p r e s e n t s  t h e  o p e r a t o r  t h a t  ant isymmeter izes  t h e  nucleons of 

1 w i t h  t h o s e  o f  2 and rpm, i s  t h e  ion- ion  r e l a t i v e  motion wave func t ion .  

I f  w e  deno te  by CY, and t h e  3A1-3 and 3A2-3 i n t e r n a l  c o o r d i n a t e s  
2 

and form t h e  fo l lowing i n n e r  product  



13 
one may o b t a i n  an  i n f i n i t e  s e t  of coupled i n t e g r o - d i f f e r e n t i a l  equa t ions  

(T12 + V-E)qo0 = every th ing  e l s e  

where V is  given by Eq.  (2)  when t h e  nucleon-nucleon f o r c e  is  assumed 

l o c a l ,  and s p i n  and i s o s p i n  independent. Thus we have formal ly  obta ined 

t h e  a p p r o p r i a t e  dynamical framework i n  which t o  employ t h e  simple p o t e n t i a l  

g iven by Eq. (2).  A l l  t h e  exchange p rocesses  between t h e  two i o n s ,  t h e  

coup l ing  t o  breakup an& o t h e r  i n e l a s t i c  channe l s ,  e t c . ,  has been s h i f t e d  

t o  t h e  r i g h t  hand s i d e  o f  Eq. (13). 

The formal s o l u t i o n  t o  t h e  model a t  t h i s  s t a g e  is no t  a t t a i n a b l e  

f o r - t w o  reasons .  F i r s t ,  t h e  nucleon-nucleon p o t e n t i a l  may possess  a  

hard  c o r e  which would cause  t h e  nucleus-nucleus p o t e n t i a l ,  V ,  t o  d iverge .  

Second, t h e  coupl ings  t o  a n  i n f i n i t e  number o f  channels  on t h e  RHS of 

(13) a r e  n o t  numerical ly  t r a c t a b l e .  

I n  o r d e r  t o  proceed we need t o  employ some m u l t i p l e  s c a t t e r i n g  
14 

gummation. I f  we were t o  fo l low Kerman, McManus and Thaler  we would 

invoke the  Watson, on-she l l ,  m u l t i p l e  s c a t t e r i n g  formalism and expect  

t h e  model o n l y  t o  be u s e f u l  a t  very  hign e n e r g i e s  s i n c e  i t  n e g l e c t s  many 

body e f f e c t s .  Ins tead  we wish t o  o b t a i n  r e s u l t s  f o r  

lower energy reg ions  where t h e  comparison wi th  d a t a  is  f e a s i b l e  i n  o r d e r  
15 

t o  t e s t  t h e  model. Thus we fol low t h e  s p i r i t  o f  HUfner and Mahaux 

and invoke a  Brueckner m u l t i p l e  s c a t t e r i n g  summation def ined by 

where % is some a p p r o p r i a t e  two-center s i n g l e  p a r t i c l e  Harniltonian 

and Q is  t h e  P a u l i  o p e r a t o r  t h a t  fo rb ids  i n t e r m e d i a t e  two p a r t i c l e  s t a t e s  



which a r e  normally occupied. We i n t e r p r e t  ?(E) a s  the  f u l l  two p a r t i c l e  

s c a t t e r i n g  o p e r a t o r  i n  t h e  two-ion medium. I t  r e p r e s e n t s  a  sum of an 

i n f i n i t e  s e r i e s  of v  i n t e r a c t i o n s  where one nucleon i n  t h e  p r o j e c t i l e  

s c a t t e r s  wirh one i n  the  t a r g e t  through a l l  a v a i l a b l e  o n e - p a r t i c l e  one- 

h o l e  e x c i t a t i o n s  of  the  p r o j e c t i l e  and t a r g e t .  

I n  t h e  l i m i t  o f  two heavy ions  uniform over  a l l  space t h e  Im ( E , B = O )  2' 
i s  p ropor t iona l  v i a  t h e  o p t i c a l  theorem t o  the  p r o b a b i l i t y  

t h a t  the  f i n a l  two-par t i c l e  s t a t e  i s  not t h e  i n i ~ i a l  two-par t i c l e  s t a t e .  

I n  t h i s  l i m i t  w e  e s t a b l i s h  a  connection wi th  t h e  convent ional  

interpretation o f  t h e  ion- ion o p t i c a l  p o t e n t i a l .  That i s ,  t o  some approx- 

ima t ion ,  our s u b s t i t u t i o n  o f  v w i t h  a  complex opera to r  y i e l d s  a  r educ t ion  

i n  t h e  number o f  coupled channels  we have t o  cons ide r  e x p l i c i t l y  i n  (13).  

A l l  t h e  l p - l h  e x c i t a t i o n s  o f  the  p r o j e c t i l e  and t a r g e t  have been taken 

o u t  o f  t h e  dynamical framework and lumped i n t o  an e f f e c t i v e  p o t e n t i a l .  

Furthermore we do not  wish t o  cons ide r  any of the  remaining coupled 

channels i n i t i a l l y  s o  we merely n e g l e c t  t h e  remaining terms on the  r i g h t  

hand s i d e  o f  E q .  ( i 3 ) .  

This  then y i e l d s  our  s t a r t i n g  p o s i t i o n  f o r  the  p o t e n t i a l  model 

and t h e  p r a c t i c a l  dynamical framework i n  which i t  can be employed. We 

must now a s s e s s  t h e  v a l i d i t y  o f  t h i s  approach. Af te r  demonstra t ing i t s  

v a l i d i t y  by comparing wi th  low energy d a t a  we a r e  encouraged t o  proceed 

t o  h i g h e r  e n e r g i e s  where our  approximations should have g r e a t e r  v a l i d i t y .  

I V .  INGREDIENTS OF THE I O N - I O N  POTENTIAL 

AM) VALIDITY TESTS FOR THE MODEL 

A. D e n s i t i e s  - e l e c t r o n  s c a t t e r i n g  versus  s h e l l  model 
12 

I n  an - . ~ i t i a i  e f f o r t  oniy  e l e c t r o n  s c a t t e r i n g  d e n s i t i e s  were 

1 b 
employed and c e r t a i n  i r r e g u l a r i t i e s  were observed i n  ana lyses  of  0 and 



180 d a t a .  An a n a l y s i s  o f  s e m i c l a s s i c a l  p a t h s  fo l lowed by t h e  heavy- 

i o n s  i n d i c a t e d  s t r o n g  s e n s i t i v i t y  t o  t h e  d e n s i t i e s  i n  t h e  a sympto t i c  o r  

" f a r  t a i l "  r eg ion .  This  r e g i o n  o f  t h e  d e n s i t y  i s  n o t  w e l l  de te rmined  by e l e c t r o n  

s c a t t e r i n g  s t u d i e s  and ,  i n  f a c t ,  t h e  3-parameter  c h a r g e  d i s t r i b u t i o n s  

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

t h e  f a r  t a i l  r eg ion .  T h i s  i n d i c a t e d  t h a t  i f  one e v e r  wished a meaning- 

f u l  comparison between t h e o r e t i c a l  and b e s t  f i t  v a l u e s  o f  f ( 0 )  and t h e  

consequen t  emergence of  t r u e  p r e d i c t i v e  power one would have t o  e x e r c i s e  

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

t h e  far  t a i l  r eg ion .  L a t e r  on i n  t h e  t a l k  we show why l e s s  c a r e  i s  re- 

q u i r e d  a t  h i g h e r  e n e r g i e s .  For  s h e l l  model mass d e n s i t i e s  of  l i g h t  n u c l e i  

(A < 66) we have  t aken  ave rage  s i n g l e  p a r t i c l e  w e l l  parameters  from t h e  
16  

e x t e n s i v e  s tudy  o f  M i l l e n e r  and Hodgson, computed a l l  t h e  s i n g l e  p a r t i c l e  

wave f u n c t i o n s  and summed t h e i r  a b s o l u t e  s q u a r e s  w i t h  a p p r o p r i a t e  occupa t ion  

we igh t s .  For  2 0 8 ~ b  we have o b t a i n e d  t h e  d e n s i t y  dependent  Hartree-Fock 
17 

r e s u l t s  of J. Negele. A l l  t h e s e  d e n s i t i e s  should  y i e l d  h igh  q u a l i t y  

agreement  w i t h  e l e c t r o n  s c a t t e r i n g  d a t a  and t h u s  s a t i s f y  t h a t  c o n s t r a i n t  

a s  w e l l  a s  p r o p e r  behav io r  i n  t h e  a sympto t i c  d e n s i t y  r e g i o n .  

F i g u r e  2 d i s p l a y s  t h e  40Ca and u d e n s i t i e s  o b t a i n e d  i n  d i f f e r e n t  

ways where t h e i r  c e n t e r s  have been s e p a r a t e d  by t h e  " s t rong  a b s o r p t i o n  

r a d i u s "  a t  10  ~ e ~ / n u c l e o n .  Th i s  r a d i u s  i s  d e f i n e d ,  a  p o s t e r i o r i ,  a s  

t h e  d i s t a n c e  o f  c l o s e s t  approach o f  t h a t  s e m i c l a s s i c a l  t r a j e c t o r y  where 

t h e  p r o b a b i l i t y  o f  i n e l a s t i c  p r o c e s s e s  r eaches  112 .  One mereiy i n t e r p o l a t e s  

an "a " v a l u e  from a  s t a n d a r d  c a l c u l a t i o n  of t h e  t r a n s m i s s i o n  c o e f f i c i e n t s ,  
1 / 2  
2% 2 

( 1  - 12 ( ) , such t h a t  t h e  t r a n s m i s s i o n  c o e f f i c i e n t  would be 0 .5 ,  and 

of  c l o s e s t  approach : 



2 
Z1Z2e 

where 7 i s  t h e  Souunerfeld parameter - fir 
and k i s  t h e  ion-ion r e l a t i v e  

wave number. It i s  a  f a i r l y  model independent q u a n t i t y  always being 

w e l l  determined by t h e  d a t a .  The f i g u r e  demonstrates t h a t  t h e  d e n s i t i e s  

c o n t r i b u t i n g  t o  V a r e  those  i n  t h e  f a r  t a i l s  a t  10 ~ e ~ / n u c l e o n .  
o p t  

Besides  i n d i c a t i n g  t h e  n e c e s s i t y  f o r  c a r e  i n  t h e  s e l e c t i o n  of d e n s i t i e s  

a t  low energ ies  t h i s  s u b s t a n t i a t e s  t h e  c la im t h a t  a low-density expansion 

f o r  t h e  ion-ion p o t e n t i a l  should be  q u i t e  v a l i d  f o r  a p p l i c a t i o n s  a t  low 

energy. T h i s  c o n t r a s t s  wi th  t h e  corresponding nucleon-nucleus p o t e n t i a l  

a t  low e n e r g i e s  s i n c e ,  t h e r e ,  more p e n e t r a t i o n  occurs  and i n t e r i o r  dyna- 

mics a r e  considerably  more important.  The more highly  absorbing ion-ion 

s i t u a t i o n  enhances t h e  v a l i d i t y  o f  a  lowest o rder  t h e o r e t i c a l  model 

e s p e c i a l l y  f o r  p e r i p h e r a l  processes .  A s  energy i n c r e a s e s  more s i g n i f i c a n t  

mat te r  over lap  can be expected f o r  t h e  e l a s t i c  channel t r a j e c t o r i e s  

b u t  t h i s  w i l l  be shown no t  t o  occur u n t i l  q u i t e  h igh energ ies  where t h e  

impulse approximation becomes v a l i d .  Thus a  switch i n  dynamical frame- 

work t o  Glauber theory  a t  high energ ies  w i l l  p rese rve  t h e  use fu lness  of 

t h e  lowest  o r d e r  microscopic i n t e r a c t i o n s .  

B. Nucleon-nucleon i n t e r a c t i o n  

The b a s i c  a n s a t z  f o r  t h e  renormalized nucleon-nucleon f o r c e  is  

where N i s  chosen t o  y i e l d  a  normal izat ion t o  u n i t y  of t h e  Gaussian 
Y 

i n t e r s c t i o n .  Th is  simple a n s a t z  s a t i s f i e s  t h e  c o n s t r a i n t  d iscussed by Moszkowski 
18 

i n  a previous  t a l k  t h a t  t h e  volume i n t e g r a l  of ? y i e l d s  the  above cons tan t  

times t h e  forward scattering amplitude. The a n s a t z  a l s o  permits  s e p a r a t i o n  o f  



geometric range e f f e c t s  on t h e  o p t i c a l  p o t e n t i a l  from t h e  many body 

e f f e c t s  on t h e  s t r e n g t h .  With t h i s  simple i s o l a t i o n  of  many-body e f f e c t s  

we s h a l l  e a s i l y  s e e  t h a t  t h e  simple phys ica l  i n t u i t i o n  goes a long way t o  

understanding t h e s e  e f f e c t s .  Before  a t tempt ing t o  c a l c u l a t e  f ( 0 )  (which 

c o n t a i n s  a l l  t h e  energy dependence) l e t  us examine whether t h e  low energy 

d a t a  demand t h e  f i n i t e  range c o n t r i b u t i o n  t o  t h e  geometry of V Figure  
opt '  

2 3 d i s p l a y s  t h e  X /pt: r e s u l t i n g  from a  f i t  of ?(o) t o  t h e  140 MeV Univ- 
19 

e r s i t y  o f  Maryland O d a t a  a s  a func t ion  of t h e  range parameter,  7 .  For 

a l l  t h r e e  t a r g e t s  t h e r e  i s  s h a r p  s e n s i t i v i t y  t o  t h e  choice  of ranne w i t h  

t h e  b e s t  f i t  be ing i n  t h e  v i c i n i t y  of  7 = 1.25fm. When cor rec ted  f o r  

f i n i t e  proton s i z e  l e f t  i n  t h e  d e n s i t y  t h i s  y i e l d s  a  nucleon-nucleon 

f o r c e  o f  range - 1.40 - + 0.25fm a s  determined by t h e  da ta .  We take  t h i s  

as a n  accep tab le  range c o n s i s t e n t  wi th  c u r r e n t  th ink ing  on ranges of 

e f f e c t i v e  nucleon-nucleon f o r c e s .  As one moves t o  heav ie r  p r o j e c t i l e s  

one may expect  l e s s  s e n s i t i v i t y  t o  t h i s  range parameter. 

The next ques t ion  i s  t h e  e f f e c t  on t h e  b e s t  f i t  ? ( 0 )  r e s u l t s  due 

t o  d i f f e r e n t  ranges.  Th i s  is  shown i n  Fig. 4. A simple,  nea r ly  l i n e a r ,  

behavior  w i t h  range i s  obta ined f o r  bo th  t h e  r e a l  and t h e  imaginary p a r t s  

and t h i s  can be e a s i l y  understood.  The f i n i t e  range in t roduces  a  smearing 

func t ion  i n t o  V i n c r e a s i n g  t h e  geometrical  s t r e n g t h  of  i t s  long range 
op t  ' 

component smoothly wi th  i n c r e a s i n g  7 .  A reduct ion i n  s t r e n g t h  of  f ( 0 )  

r e s u l t s  t o  keep the  s t r e n g t h  of  V a t  t h e  s t rong  absorp t ion  r a d i u s  
o p t  

approximately f ixed.  C lea r ly  then,  f i n i t e  range e f f e c t s  on geometry must 

b e  included f o r  meaningful comparison between t h e o r e t i c a l  and b e s t  f i t  

va lues  of -E(o>. 
- 

We c a l c u l a t e  f ( 0 )  i n  t h e  fo l lowing  way i n  order  tc e?ucidats t h e  

many-body e f f e c t s  a s  much a s  p o s s i b l e .  F i r s t  we s t a r t  wi th  t h e  on-she l l  



phase  s h i f t s  a s  o b t a i n e d  i n  f i t s  t o  t h e  two body s c a t t e r i n g  d a t a  by 
2 0 

MacGregor, Arndt and Wright  , and o b t a i n  f ( 0 )  by summing t h e  s ,  p  and 

d  p a r t i a l  waves. Then, s i n c e  we d e s i r e  a n  ave rage  i n t e r a c t i o n  c o r r e c t e d  

f o r  many-body e f f e c t s  we pe r fo rm two ave rages  and two c o r r e c t i o n s  

s e q u e n t i a l l y  i n  a  Fermi gas  approach  a s  f o l l o w s :  

i) Average o v e r  s p i n  and i s o s p i n  s t a t i s t i c s .  We d e f i n e  t h e  

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

where N and Z r e p r e s e n t  n e u t r o n  number and p r o t o n  number, r e s p e c t i v e l y  

of  t h e  i n t e r a c t i n g  i o n s  1 and 2 .  Then w e  e v a l u a t e  t h e  average  ampl i t ude  

For  a n  N=Z p r o j e c t i l e  on a n  a r b i t r a r y  t a r g e t  c=1/2 and t h e  r e s u l t s  o f  

t h i s  p rocedure  a r e  demonst ra ted  a t  t h e  t o p  o f  F igs .  5a  and 5b f o r  t h e  

r e a l  and imaginary  components r e s p e c t i v e l y  o f  f ( 0 ) .  A l l  q u a n t i t i e s  a r e  

p l o t t e d  o n  a  s c a l e  o f  i n c i d e n t  l a b  k i n e t i c  energy  from 0  t o  70 MeV. A t  

t h e  h i g h e s t  ene rgy  d e p i c t e d  w e  e x p e c t  abou t  a  2-3% e r r o r  i n  f  and f  
"P P  P 

due  t o  n e g l e c t  o f  t h e  h i g h e r  p a r t i a l  waves. 

i i )  Average ove r  t h e  Fermi motion.  Th i s  w e  do because  we want 

t o  e l i m i n a t e  t h e  complexi ty  o f  t h e  f u l l  momentum dependence of  t h e  

nuc leon-nucleon  i n t e r a c t i o n .  The nuc l eons  c o l l i d i n g  i n  t h e  two-ion 

medium sample a  wide range  o f  momentum components o f  t h e  i n t e r a c t i o n  

due  t o  t h e i r  Fermi motion.  If  bo th  n u c l e i  a r e  r e p r e s e n t e d  by Fermi  

g a s e s ,  t h e  a v e r a g e  ampl i t ude  i s  



where 51 and K a r e  t h e  a p p r o p r i a t e  Fermi rnomer'ta, and 2 i s  t h e  
F2 D 

i n c i d e n t  l a b  momentum p e r  nuc l eon  ( t h e  d r i f t  momentum). We t a k e  KF t o  

b e  t h e  same f o r  p r o j e c t i l e  and t a r g e t  and s p e c u l a t e ,  based on t h e  d e n s i t y  

o v e r l a p  shown i n  Fig.  2 ,  t h a t  t h e  a p p r o p r i a t e  v a l u e  o f  K ( i n  t h e  s p i r i t  
17 

F 

o f  t h e  l o c a l  d e n s i t y  app rox ima t ion  ) i s  somewhere i n  t h e  broad range  o f  

- 1 
0.45 5 K F  0.90 (frn ) T h i s  cor responds  t o  a  l o c a l  d e n s i t y  i n  which t h e  

two n u c l e o n s  c o l l i d e  i n  t h e  r ange  of  4% t o  33% o f  n u c l e a r  s a t u r a t i o n  

d e n s i t y .  W e  c o n f e s s  a  c e r t a i n  ignorance  o f  how t o  choose  t h i s  parameter  

a c c u r a t e l y  and t h e r e f o r e  c a r r y  an  upper and lower e s t i m a t e  throughout  t h e  

remain ing  c a l c u l a t i o n s  l e a d i n g  up t o  f ( 0 ) .  The r e s u l t s  f o r  Fermi motion 

a v e r a g i n g  a r e  d i s p l a y e d  i n  t h e  bot tom h a l f  o f  F igs .  5a  and 5b f o r  t h e  

r e a l  and imaginary a m p l i t u d e s ,  r e s p e c t i v e l y .  S i n c e  t h e  only  v a r i a b l e  i s  

t h e  d r i f t  momentum w e  choose  t o  r e p r e s e n t  a l l  r e s u l t s  on  a  u n i v e r s a l  

s c a l e  o f  i n c i d e n t  l a b  ene rgy  p e r  nuc leon .  For s i m p l i c i t y  we c o n t i n u e  

t o  treat an  N=Z p r o j e c t i l e  and we f e e l  t h a t  t h e  broad  range  o f  K r e s u l t s  F  

p r e s e n t e d  should  c o v e r  most i on - ion  c o l l i s i o n  p o s s i b i l i t i e s  i n  t h i s  energy  

r eg ion .  

The Ferrni motion a v e r a g i n g  has an e f f e c t  e a s i l y  a n t i c i p a t e d .  I t  

damps t h e  energy  dependence i n  p r o p o r t i o n  t o  t h e  amount of  i n t e r n a l  motion.  

i i i )  O f f - s h e l l  c o r r e c t i o n .  I n  some f a s h i o n  we must t ake  account  

of  t h e  f a c t  t h a t  t h e  nuc l eons  i n  t h e  media d o  n o t  c o l l i d e  on t h e  energy  

s h e l l .  They a r e  bound i n  t h e  nuc l sus  and e x p e r i e n c e  some average  



a t t r a c t i v e  p o t e n t i a l .  matr ix  w i l l  account f o r  t h i s  by employ- 

i n g  o f f - s h e l l  propagators  f o r  t h e  nucleons. It has  been w e l l  e s t a b l i s h e d  

t h a t  t h e  $ matr ix  r e s u l t i n g  from r e a l i s t i c  nucleon-nucleon p o t e n t i a l s  
13 

i s  smoothly dependent on o f f - s h e l l  energy. Thus one may r e l i a b l y  e s t i m a t e  

where dl1> and cU2> a r e  average p o t e n t i a l  ene rg ies  e x ~ e r i e n c e d  by p a r t i c l e s  

1 and 2 ,  r e s p e c t i v e l y  and E deno tes  the  l a b  k i n e t i c  energy p e r  p a r t i c l e .  

We t a k e  <U> t o  be -15 MeV f o r  s u r f a c e  nucleons,  Ac tua l ly  t h e  c o r r e c t i o n  

Fs n o t  very  l a r g e  b u t  does go i n  t h e  same d i r e c t i o n  a s  t h e  Fermi motion 

average.  It tends  t o  completely e l i m i n a t e  energy dependence of both 

components o f  t h e  ampl i tude a s  demonstrated a t  t h e  t o p  of  F igs .  6a and 6b. 

iv)  P a u l i  c o r r e c t i o n .  U n t i l  t h i s  p o i n t  w e  have C e a l t  wi th  a 

m a t r i x  which would conven t iona l ly  be  c a l l e d  t h e  r e f e r e n c e  % matrix. It 

has  a l l  t h e  manv-body e f f e c t s  excep t  a c o r r e c t i o n  f o r  t h e  P a u l i  p r i n c i p l e .  

I f  ve had an exac t  rrf--ence denoted by %, ve could  o b t a i n  t h e  exact .  

3 via a n  o p e r a t o r  i d e n t i t y  

13  
We have eva lua ted  t h e  second t e r n  i n  (21) i n  a Fermi gas model by 

employing approximations c o n s i s t e n t  wi th  our  above d i s c u s s i o n s .  The 
13 

a n a l y t i c  s t r u c t u r e  o f  t h e  answer i s  



where F i s  a complex f u n c t i o n  involving many a l g e b r a i c  terms not con- 

v e n i e n t l y  p resen tab le  nere.  The e f f e c t  of t h e  P a u l i  c o r r e c t i o n s  is  l a r g e  

and aga in  coopera t ive  wi th  t h e  d i r e c t i o n  of  t h e  previous  cor rec t ions .  

A marked s e n s i t i v i t y  t o  t h e  s e l e c t i o n  of  % emerges a s  d isplayed a t  t h e  

bottom o f  Figs.  6a and 6b. The phys ica l  meaning of t h e  P a u l i  c o r r e c t i o n  
1 3  

is i n t u i t i v e l y  obvious. Without keeping t h e  audience i n  suspense any 

longer ,  l e t  us l e a p  immediately t o  compare t h i s  crude approximation o f  

t h e  lowest  o r d e r  theory wi th  f i t s  t o  t h e  a v a i l a b l e  d a t a  t o  determine 

t h e  "bes t"  z(0). The b e s t  f i t  va lues  a r e  a i s o  d i sp layed  i n  Figs. 6a 

and Gb. The g r e a t  conso la t ion  a t  the  low energy region to  be der ived 

from t h i s  i s  t h e  f a c t  t h a t  t h e  t o t a l  t a r g e t  dependence seems t o  be w e l l  

accounted f o r  by t h i s  crude ve r s ion  of  the  model. The a d d i t i o n a l  f a c t  

t h a t  almost  no energy dependence is required by the  d a t a  i s  a l s o  c o n s i s t e n t  

- 1 
with  t h e  KF = 0.45 fm r e s u l t s .  Around 40 MeV/n one may con jec tu re  t h a t  

even t h e  crude model wi th  K F =  0.45 i s  beginning t o  y i e l d  t r u e  p r e d i c t i v e  

power t o  about a  20% accuracy i n  the  s t r e n g t h  parameters.  

To recap t h e  progress  of  these  c o r r e c t i o n s  we s e e  t h a t  a t  the  low 

energy o f  about 10 ~ e ~ / n  t h e  many-body e f f e c t s  can account f o r  about a 

f a c t o r  o f  4 i n  the  s t r e n g t h  cons tan t  and t h a t  f a c t o r  reduces t h e  imaginary 

s t r e n g t h  and i n c r e a s e s  t h e  r e a l  s t r e n g t h  from t h e i r  r e s p e c t i v e  

s t a t i s t i c s  averaged on-she l l  values.  What s t a r t e d  out  on-shel l  a s  s t r o n g  

energy dependence due p r imar i ly  t o  the  "resonance" and t h e  3 ~ 1 - 3 ~ 1  deuteron 

po le  has  l a r g e l y  been e l imina ted  o r  even reversed i n  t rend by t h e  many- 

body e f f e c t s .  Within t h e  u n c e r t a i n t y  i n  choice  o f  K t h e  t h e o r e t i c a l  
F - 

f ( 0 )  seems c o n s i s t e n t  wi th  t h e  va lues  required t o  g ive  b e s t  f i t s  t o  the  

data .  



It shou ld  b e  p o i n t e d  o u t  t h a t  t h e  l owes t  o r d e r  model p r e s e n t e d  

above shou ld  o n l y  be  expec t ed  t o  work i n  t h e  d i f f r a c t i v e  r eg ion .  Thus, 

a l l  l e a s t  s q u a r e s  f i t s  a r e  r e s t r i c t e d  t o  t h a t  r e g i o n .  We r e l e g a t e  t o  a  

l a r e r  work those  improvements t o  t h e  model t h a t  c o u l d  hand le  t h e  non- 

d i f f r a c t i v e  l a r g e - a n g l e  s c a t t e r i n g  phenomena. 

Ffg. 7 d i s p l a y s  t h e  f i t  f o r  CY + *08pb a t  139  MeV a long  wi th  t h e  
1 9  

Maryland expe r imen ta l  d a t a .  A h i g h  q u a l i t y  d e s c r i p t i o n  is  o b t a i n e d  

through t h e  f i r s t  3 o r d e r s  o f  magnitude i n  d a / d a  T h i s  is  ob ta ined  
R' 

o n l y  when t h e  complex i ty  o f  p r o p e r  f i n i t e  range  and p r o p e r  d e n s i t y  t a i l s  

a r e  i nc luded  i n  t h e  geometry o f  V 
o p t '  

We a r e  c o n f i d e n t  t h a t  we have now f u l f i l l e d  a  f a i r l y  s t r i n g e n t  

s e t  o f  c r i t e r i a  f o r  t h e  lowes t  o r d e r  p o t e n t i a l  a t  low e n e r g i e s .  

V. EVOLUTION FROM 40 M e ~ / n  t o  100 ~ e ~ / n  

One i s  encouraged by t h e  above r e s u l t s  t o  ex t end  t h e  a p p l i c a t i o n  

o f  t h e  model t o  t h i s  r e g i o n  t o  examine f u r t h e r  t h e  d i m i n i s h i n g  r o l e  o f  

t h e  many-body e f f e c t s .  One may hope t h a t  t h e  model i n  i t s  p r e s e n t  c rude  

form may have  t r u e  p r e d i c t i v e  power h e r e  s i n c e  most o f  t h e  c o r r e c t i o n s  

shou ld  be s m a l l e r  and more a c c u r a t e l y  handled  by o u r  methods. F u r t h e r -  

more, we w i l l  t r e a t  t h i s  r e g i o n  a s  t h e  t e s t i n g  ground f o r  a l t e r a t i o n s  

i n  t h e  dynamical  framework -- e s p e c i a l l y  t h e  q u e s t i o n  o f  t h e  v a l i d i t y  

o f  t h e  Glauber  and e i k o n a l  app rox ima t ions .  

F i r s t ,  w e  d e f i n e  t h e  e i k o n a l  approximat ion  w i t h i n  t h e  c o n t e x t  o f  

t h e  p r e s e n t  o p t i c a l  model and t h e n  proceed t o  examine some numer i ca l  
2 1 

r e s u l t s .  We f o l l o w  t h e  d i s c r e t e  e i k o n a l  sum approach of  Dar and Kirzon  

in  which t h e  nuc l eus -nuc l eus  e l a s t i c  s c a t t e r i n g  ampl i t ude  i s  g iven  by 



where Fc(B) i s  t h e  Coulomb s c a t t e r i n g  ampl i t ude  f o r  p o i n t  cha rge  d i s t r i -  

b u t i c n s  (Kuther ford  s c a t t e r i n g ) ,  E~~ a r e  t h e  Coulomb and n u c l e a r  

phase  s h i f t s ,  r e s p e c t i v e l y ,  and k i s  t h e  r e l a t i v e  i on - ion  wave number. 

Our approximate  e i k o n a l  framework amounts t o  t a k i n g  t h e  n u c l e a r  phase s h i f t  

f o r  g i v e n  6 t o  b e  t h a t  g iven  by 

w h e r e x r i s   he i f i c iden t  i o n  v e l o c i t y ,  
Vop t 

is  g i v e n  by Eq. ( 6 b ) a n d  A 

and b a r e  r e l a t e d  by t h e  s e m i c l a s s i c a l  e x p r e s s i o n ,  Eq.  ( 15 ) .  The above 

r e s u l t  f o r  t h e  e i k o n a l  phase  s h i f t  i s  e a s i l y  o b t a i n e d  by an expans ion  of 

t h e  complex WKB phase  s h i f t  t o  f i r s t  o r d e r  i n  V/E  and i t s  expec ted  r e g i o n  

of v a l i d i t y  should  be  t h u s  l i m i t e d  t o  r e g i o n s  where WKB is  v a l i d  and V/E 

<< 1. I n  t h e  i on - ion  s i t u a t i o n  V ,  i n  t h e  form of Eq.  (6b), c an  be  very  

deep. For  cr on 2 0 8 ~ b  i t  g e t s  t o  be  abou t  300 M e V  deep  i n  i t s  r e a l  com- 

ponent .  Thus one  e x p e c t s  some t r o u b l e  i n  employing t h e  e i k o n a l  expans ion  

a t  t h i s  low energy .  On t h e  o t h e r  hand,  t h e  s t r o n g  p e r i p h e r a l i t y  and 

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

t remendous ly  and m o t i v a t e s  one t o  c o n s i d e r  o n l y  t h e  c o n s t r a i n t  t h a t  t h e  

o p t i c a l  p o t e n t i a l  a t  t h e  s t r o n g  a b s o r p t i o n  r a d i u s  obeys V ( R  ) / E  << 1. 
S A 

T h i s  shou ld  b e  a c c e p t a b l e  s i n c e  t h e  s m a l l e r  impact parameter  p o r t i o n  o f  

t h e  i n c i d e n t  wave i s  comple te ly  damped. For  e l a s t i c  s c a t t e r i n g  t y p i c a l  

v a l u e s  o f  V(R ) range  from 1 t o  20 M e V  w i t h  t h e  l a r g e r  v a l u e s  o c c u r r i n g  
S A 

w i t h  i n c r e a s i n g  l a b  energy .  The c o r r e c t  c r i t e r i a  seems t o  l i e  somewhere 

i n  between t h e  above two e s t i m a t e s  a s  we now demons t r a t e  by a c t u a l  computa t ion .  
3 , 2 2  

F i g .  8 a  d i s p l a y s  t h e  Orsav e l a s t i c  s c a t t e r i n g  d a t a  f o r  CY on 40Ca 

a t  166  MeV, The heavy s o l i d  c u r v e  a e p i c t s  t h e  r e s u l t s  of  a s t a n d a r d  



Schr'edinger c a l c u l a t i o n  a s  desc r ibed  i n  t h e  previous  s e c t i o n  whi le  the  

dashed-dot curve r e p r e s e n t s  o u r  e ikona l  a p p r o x i m a t i o ~  r e s u l t s  us ing t h e  

same Vop t o  - Through the  f ~ r s t  t h r e e  d i f f r a c t i v e  o s c i l l a t i o n s  about a 

20% discrepancy emerges but  t h e  discrepancy is  e s s e n t i a l l y  constant  

0 
a f t e r  about 30 . Now, f o r  forward angle  s c a t t e r i n g  a t  t h i s  energy one 

may argue t h a t  t h e  e ikona l  approximation i s  somewhat u s e f u l  but one 

n a t u r a l l y  wonders i f  one c o u l d n ' t  do b e t t e r .  

The o t h e r  popular approximation t o  i n v e s t i g a t e  i s  the  Glauber 

approxinat ion.  The c h i e f  d i f f e r e n c e  between e ikona?  2nd Glauber under 

our model se tup  i s  t h e  f a c t  t h a t  Glauber theory i n s t r u c t s  us t o  use 

on-she l l  amplitudes w i t h ,  p o s s i b l y ,  a P a u l i  c o r r e c t i o n .  This P a u l i  

c o r r e c t i o n  i n  the  Fermi gas l i m i t  d i f f e r s  from t h e  one previously  de- 
2  3 

sc r ibed  and has been worked o u t  by Glauber f o r  pa r t i c l e -nuc leus  

s c a t t e r i n g .  Otherwise,  t h e  a n a l y t i c  framework t h a t  r e s u l t s  from e ikona l -  

i z i n g  our  V i s  formal ly  t h e  same a s  t h e  ex tens ion  of  Glauber theory 
OP t 21,24 

i n  t h e  "op t i ca l  l i m i t "  t o  t h e  nucleus-nucleus s i t u a t i o n .  We have 

- 
not y e t  c a l c u l a t e d  the  ampl i tudes ,  £((I), a p p r o p r i a t e  t o  a  Glauber approx5- 

mation bu t  w e  can o f f e r  a s  an  i n d i c a t i o n  of i t s  use fu lness  a  f i t  of  f (0 )  

t o  t h e  d a t a  i n  t h i s  approximation.  This i s  i n  a s p i r i t  s i m i l a r  t o  f i t t i n g  
- 
f(0) i n  t h e  Schrbdinger framework. The Glauber b e s t  f i t  curve i s  d i s -  

played i n  Fig. 8b and is  remarkably c l o s e  t o  t h e  b e s t  f i t  curve  i n  t h e  

SchrSdinger framework. The d i f f e r e n c e  i n  the  b e s t  f i t  va lues  i n  the  

two frameworks a t  t h i s  energy i s  a  40% i n c r e a s e  i n  1 m f  ( 0 j  obta ined i n  

t h e  Glauber approximation. It remains t o  be seem whether t h i s  i s  c o n s i s t e n t  

with the  Glauber p r e s c r i p t i o n  f o r  c a l c u l a t i n g  z (0 ) .  As a  s i d e  n o t e ,  i t  

should be ind ica ted  t h a t  we have k e p t  t h e  f i n i t e  range nucleon-nucleon 

fo rce  i n  our  c a l c u l a t i o n  of ( 2 5 ) .  



Let us i n c r e a s e  t h e  energy o f  t h e  cr p a r t i c l e  t o  70 b v / n  and 

examine t h e  same s e t  o f  c a l c u l a t i o n s  again.  Unfor tunate ly ,  we do not 

have t h e  guidance of  exper imenta l  d a t a  he re .  We t h e r e f o r e  t ake  t h e  

SchrBdinger r e s u l t s  wi th  t h e o r e t i c a l  f ( 0 )  values  a s  "pseudo da ta . "  W e  

d i s p l a y  Schrudinger and e ikona l  r e s u l t s  i n  Fig. 9a. Eikonal has  improved 

d r a m a t i c a l l y  a s  an approximation by t h i s  energy. 

Taking t h e  pseudo d a t a  a s  descr ibed and f i t t i n g  t o  o b t a i n  t h e  

" ~ l a u b e r "  b e s t  f i t  va lue  we f i n d  a 12% i n c r e a s e  i n  t h e  r e a l  s t r e n g t h  and 

a 25% i n c r e a s e  i n  t h e  imaginary s t r e n g t h  g ives  t h e  curve  dep ic ted  i n  Fig. 4b. 

At t h e  i n d i c a t e d  r a t e s  o f  improvement one suspec t s  t h a t  by 100 ~ e v / n  

t h e  e i k o n a l  w i l l  be an  e x c e l l e n t  approximation t o  the  r e s u l t s  obta ined 

i n  t h e  Schrudinger framework. A f t e r  100 k v / n  Glauber, e ikonal  and 

SchrBdinger should a l l  be n e a r l y  t h e  same s i n c e  t h e  many-body e f f e c t s  

have d i e d  o u t  s u b s t a n t i a l l y .  I n  the  region from 40 t o  100 M e ~ / n  t h e  Glauber 

approximation should have some v a l i d i t y .  However, a t  t h i s  s t a g e  of  o u r  r e s u l t s  we 

can  on ly  say t h a t  t h e  Glauber approximation i s  v a l i d  a s  long a s  F(0) i s  

a d j u s t e d  t o  f i t  t h e  da ta .  The a c t u a l  c a l c u l a t i o n  o f  f ( 0 )  f o r  t h e  Glauber 

approximation i s  very s t r a i g h t f o r w a r d  and we should have i t  s h o r t l y .  

A l l  t h e  above has  been pre l iminary  t o  convince t h e  audience t h a t  

t h e  microscopic approacn c a n  be u s e f u l  t o  understand a v a s t  body of  

ion- ion d a t a  wichout recourse  t o  4 o r  6 f r e e  parameters a s  employed i n  

convent ional  phenomenology. With the  j u s t i f i c a t i o n  we have pre- 

sen ted  above we now wish t o  a t tempt  t o  use the  p r e d i c t i v e  power, such a s  

i t  is ,  t h a t  a no f r e e  parameter model i s  supposed t o  y i e l d .  

As promised e a r l i e r  we p resen t  'here an argument why one can forego 

g r e a t  c a r e  i n  d e n s i t y  s e l e c t i o n  beyond 100 o r  200 Mev/n. We do t h i s  by 



examining t h e  c l a s s i c a l  d i s t a n c e  o f  c l o s e s t  approach  i n  t h e  e l a s t i c  

channel  a s  a  f u n c t i o n  o f  energy.  T h i s  is t h e  s t r o n g  a b s o r p t i o n  r a d i u s  

d e s c r i b e d  by E q .  (15).  As a  r a t h e r  model independent  q u a n t i t y ,  i t  

s e r v e s  a s  a  u s e f u l  measure o f  t h e  amount o f  m a t t e r  p e n e t r a t i o n .  I n  

F ig .  1 0  we d i s p l a y  t h e  d i f f e r e n c e  OK between t h i s  s t r o n g  a b s o r p t i o n  
S A 

r a d i u s  and t h e  sum o f  t h e  RMS r a d i i  o f  t h e  c o l l i d i n g  i o n s .  As  energy  

i n c r e a s e s  AR s h r i n k s  y i e l d i n g  g r e a t e r  m a t t e r  p e n e t r a t i o n .  This  i m p l i e s  
S  A 

l e s s  and less s e n s i t i v i t y  o f  t h e  e las t ic  s c a t t e r i n g  t o  t h a t  p a r t  o f  t h e  

o p t i c a l  p o t e n t i a l  which depends most s t r o n g l y  a n  t h e  t a i l s  o f  t h e  m a t t e r  

d i s t r i b u t i o n s .  Thus j fo r  purposes  o f  h i g h e r  energy  c a l c u l a t i o n s  

(> 200 ~ e ~ / n )  o f  e l a s t i c ,  t o t a l  and r e a c t i o n  c r o s s  s e c t i o n s  i t  should  

b e  a good f i r s t  approximat ion  t o  t a k e  a l l  m a t t e r  d i s t r i b u t i o n s  from 

e l a s t i c  e l e c t r o n  s c a t t e r i n g  measurements o f  cha rge  d e n s i t y .  This  we d o  

f o r  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  remaindet  o f  t h i s  t a l k .  

V I .  THE VALIDITY OF THE FACTORIZATION HYPOTHESIS 

AT INTERMEDIATE AND H I G H  ENERGIES 

W e  would l i k e  now t o  r e p o r t  on some r e c e n t  r e s u l t s  ob t a ined  i n  
2 5 

c o l l a b o r a t i o n  w i t h  S a u l  Rarshay from which t h e  b u l k  o f  t h i s  s e c t i o n  i s  
2 6 

e x t r a c t e d .  T h i s  work was s t i m u l a t e d  by t h e  p r o p o s a l s  t h a t  nuc l eus -nuc l eus  

t o t a l  c r o s s  s e c t i o n s . s h o u l d  f a c t o r i z e  because  a s imp le  exchange p r o c e s s  should  

occu r .  These  arguments  have been b r i e f l y  summarized by J. J a r o s  and 

M. Richardson i n  p r e v i o u s  t a l k s .  W e  assume t h e  v a l i d i t y  of  t h e  Glauber  

m u l t i p l e  s c a t t e r i n g  framework t o  p r e d i c t  nuc l eus -nuc l eus  and nucleon-  

nuclefis t o t a l ,  r e a c t i o n ,  and e l a s t i c  c r o s s  s e c t i - o n s  a t  i n t e r m e d i a t e  and h i g h  

e n e r g i e s .  Our r e s u l t s  p r e d i c t  t h a t  f a c t o r i z a t i o n  h o l d s  t o  20% i f  t h e  r a d i i  

o f  t h e  p r o j e c t i l e  and t a r g e t  n u c l e i  do  not  d i f f e r  by more t h a n  50%. 

This  f a c t  and t h e  g r o s s  v i o l a t i o n  o f  f a c t o r i z a t i o n  c a n  be exp la ined  i n  



t h e  c o n t e x t  o f  a  s imp le  geome t r i c  model. These r e s u l t s  c l e a r l y  i n d i c a t e  

t h a t  i f  f a c t o r i z a t i o n  i s  t o  b e  used  t o  demons t r a t e  t h e  v a l i d i t y  o f  
26 

t h e  Chew h y p o t h e s i s  i t  must b e  shown t o  hold  f o r  n u c l e i  w i t h  v a s t l y  

d i f f e r i n g  s i z e s .  L e t  u s  i n t r o d u c e  a  geometr ic  pa rame te r  which i s  a  

measure o f  t h e  r e l a t i v e  s i z e  of t h e  c o l l i d i n g  sys tems:  

where A and B a r e  t h e  a tomic  numbers o f  t h e  p r o j e c t i l e  and t a r g e t ,  
R~ 

and RR a r e  n u c l e a r  r a d i i .  

The f a c t o r i z a t i o n  r a t i o s  d e f i n e d  by 

25,29-31 
have a l s o  been  o f  c o n s i d e r a b l e  r e c e n t  i n t e r e s t .  We have  num- 

e r i c a l l y  e v a l u a t e d  such  r a t i o s  f o r  a  wide v a r i e t y  o f  nuc l eus -nuc l eus  

r e a c t i o n s ,  i n  o r d e r  t o  s e e  under  what c o n d i t i o n s  t h e  f a c t o r i z a t i o n  hypo 

t h e s i s  r 1 i s  n u m e r i c a l l y  v a l i d .  Order  o f  magnitude d e v i a t i o n s  from 

r a 1 a r e  observed  i n  some c a s e s ,  b u t  a r e  u n d e r s t a n d a b l e  i n  te rms  o f  a  

s imple  geometr ic  l i m i t  



Note t h a t  rG >> 1 f o r  x << 1, i.e., when the t a rge t  and p r o j t c t l r e  

very grea t ly  i n  s ize .  The fa r  t t h a t  r x l t o  within 20% f o r  many 

r eac t ions  does not necessar i ly  Li?ly tha t  high energy concepts s u c ~  

the  Pomeron a re  required f c r  the  descr ipt ion of such react lons.  

~f x 1, values r = 1 a r e  alsc, produced by the simple geometrical 

model of Eq. (28). I n  order  tro subs tan t ia te  a given high energy 

model, i t  seems l i k e l y  t h a t  unless  the t o t a l  c ross  sect ions and 

f ac to r i za t ion  r a t i o s  devia te  s ign i f i can t ly  from the d i c t a t e s  of 

geometry, one must,look a t  more de t a i l ed  proper t ies  of the nucleus- 

nucleus interact ion.  In a l l  l ikel ihood,  these gross fea tures  w i l l  

be  explainable within the franework of conventional nuclear theory, 

a t  l e a s t  i n  the  domain of energy present ly  accessible .  

For the purpose of these ca lcu la t ions  w e  neglect the Coulomb 

p o t e n t i a l  and assume tha t  f (0) = f (0) = fn,(0). These should be s a t i s -  
n ? PP 

fac tory  approximations f o r t h &  energies we consider here. We a l s o  

make the  zero range approxima t ior' f o r  the nucleon-nucleon in t e rac t ion .  

The e r r o r  thus introduced is  p a r t i a l l y  cancelled by using dens i t i e s  

obtained from e lec t ron  s c a t t e r i n g  experiments without cor rec t ing  fo r  

the f i n i t e  s i z e  of the  proton. 

Using the r e l a t i o n  a 
T 
m = 4nImf /k  between the nucleon- 

NN 

nucleon t o t a l  cross  section- ,s and the amplitude 
NN fNN [k is  the 

NN wave number], we can w r i t e  Eq.  (25) i n  the form 

N T 
6 (b) = X (b )  = a i + @ ) ~ ( b ) / 4  

AB NN 

where 



Using t h e  o p t i c a l  theorem, the  t o t a l  cross  s ec t ion  CYL f o r  

reac t ion  Ai-3 i s  given by 

T -21mxAB (b) 
0 AB -417 1 { I - e  cos (2RexAB (b) ) ] hdb 

0 

The t o t a l  r eac t ion  c ross  sec t ion  a t  and rhe t o t a l  e l a s t i c  cross  

sec t ion  oE a r e  given by AB 

Another quant i ty  of i n t e r e s t  i s  the  slope b of t he  e l a s t i c  AB 

d i f f r a c t i o n  peak. This we obtain from the  e l a s t i c  s ca t t e r ing  d i f f e r -  

e n t i a l  c ros s  s ec t ion  doldt  f o r  small t = -q2 v i a  t h e  equation' 

B y  making a Taylor expansion of  F ( t )  f o r  small t ,  we  obtain 
AB 

The b3 

meters 

i n  the 

weighting i n  G enhances the cont r ibu t ion  of l a rge  impact para- 
AB 

b and thus bAg i s  more s e n s i t i v e  t o  t he  behavior of p and p A B 

surface and t a i l  regions. 



In a d d i t i o n  t o  t h e  c r o s s  s e c t i o n s ,  we a r e  a l s o  i n t e r e s t e d  i n  

t h e  f a c t o r i z a t i o n  r a t i o s  r def ined by AB 

The f a c t o r i z a t i o n  hypothes i s ,  as  u s u a l l y  formulated i n  high energy 

T  
phys ics ,  r e f e r s  t o  the  r a t i o  r of t o t a l  c r o s s  s e c t i o n s ;  s t r i c t  

AB 

f a c t o r i z a t i o n  means r = 1. One of the  main purposes here  i s  t o  
AB 

i n v e s t i g a t e  t o  what e x t e n t  the  f a c t o r i z a t i o n  h-ypothesis a p p l i e s  t o  

real nucleus-nucleus c o l l i s i o n s .  I n  the  simple geomet r ica l  p i c t u r e  

which we have o u t l i n e d  above, a l l  of t h e  q u a n t i t i e s  r of  Eq .  (35) 
AB 

a r e  on t h e  same foo t ing ;  t h e r e  i s  nothing s p e c i a l  about the  r a t i o  

of t o t a l  c r o s s  sec t ions .  Q u a l i t a t i v e l y ,  we f i n d  t h a t  t h e  degree t o  

which f a c t o r i z a t i o n  i s  s a t i s f i e d  i s ,  much the  same f o r  each of t h e  

q u a n t i t i e s  r l 'yR'E y b ;  gross  dev ia t ions  from s t r i c t  f a c t o r i z a t i o n  a r e  AB 

exp la inab le  i n  each c a s e  by a  simple geometric formula ( 2 8 )  

The nucleon-nucleon c r o s s  s e c t i o n s  o and the  r a t i o s  B of 
NN PP 

t h e  r e a l  t o  imaginary p a r t s  of the  amplitude which 

Table 1. The values  f o r  0.52 E < 7 . 0  G e V  are 
LAB 

and the  values  a t  25 GeV from Ref. 3 4 .  I n  each of 

assumed B = . A t  0 .  L GeV, t h e  values  of o 
T 

nP @PP NN 

l a t e d  d i r e c t l y  from phase s h i f t s .  
20 

I n  t h i s  c a s e ,  

we used a r e  shown i n  

obta ined from Ref. 33 

these  c a s e s ,  we 

m d  $ were ca lcu-  



we s e e  from Table 1, @ v a r i e s  from l a r g e  p o s i t i v e  va lues  t o  s i z a b l e  

nega t ive  values  a s  we pass  from low t o  h igh energy,  whi le  t h e  t o t a l  

c r o s s  s e c t i o n  remains r e l a t i v e l y  cons tan t .  A s  we s h a l l  see  e x p l i c i t l y  

below, t h e s e  l a r g e  v a r i a t i o n s  i n  B produce on ly  very  minor v a r i a t i o n s  

in the  nucleus-nucleus c r o s s  s e c t i o n s .  

For a d e s c r i p t i o n  of the  n u c l e a r  d e n s i t i e s  pA and p,, we employ 

parametr ic  r e p r e s e n t a t i o n s  obta ined from ana lyses  of e l e c t r o n  

3 5 
s c a t t e r i n g  d a t a ,  and we r e f e r  t o  Ref. 25 f o r  the  d e t a i l s  on t h i s  

s e l e c t i o n .  Table 2 g ives  t h e  rms r a d i i  of the  n u c l e i  d iscussed f o r  

r ap id  re fe rence .  

I n  Table 3,  we show a s e l e c t i o n  of  our numerical  r e s u l t s  f o r  

R T 
OAB OAB 

and bAg a t  1.05 GeV p e r  p a r t i c l e .  The r e a c t i o n s  a r e  

ordered according t o  t h e  parameter x = min [ R * / R ~ ,  SIR*) , where R 
A 

and I$ a r e  the  r.m.s. r a d i i  of  t h e  c o l l i d i n g  n u c l e i ,  l i s t e d  i n  

Table 2. 

S e v e r a l  p o i n t s  a r e  t o  be  noted about the  r e s u l t s  of  Table 3 ,  

which a r e  ve ry  s i m i l a r  t o  our r e s u l t s  a t  o t h e r  i n c i d e n t  energies :  

a )  The r e a c t i o n  c r o s s  s e c t i o n s  n a r e  g e n e r a l l y  q u i t e  c l o s e  
AB 

4 
t o  a geometric l i m i t  n(R EQ + 

A 
PBEQ)2 where R 

A 
EQ = (5 /3)  RA is  the  

e q u i v a l e n t  s p h e r i c a l  r a d i u s  ( i - e . ,  t h e  r a d i u s  of a uniform d i s t r i b u t i o n  

having t h e  same r.m.s. r a d i u s ) .  This corresponds t o  our most naive  

expec ta t ion  on the  b a s i s  of two c o l l i d i n g  b lack  spheres.  



b) The r a t i o  of t o t a l  c ross  sec t ion  t o  reac t ion  cross  sec t ion  

is  genera l ly  of order 1.7-1.8, except f o r  c o l l i s i o n s  between two 

r e l a t i v e l y  l i g h t  nuclei .  This is c lose  t o  the geometric l imi t  of 2. 

c) The e l a s t i c  s lopes bAg a r e  c lose  t o  the l imi t  

bm FX ; ; f ( ~ ~ ~ ~ + ~ ~ ~ ) ~ ,  which one would expect on the bas is  of the black 

sphere model, f o r  which 

- - - 
~r we assume tha t  R = r8lj3, then i n  the  geometrical l i m i t  

A 

we expect 

2 
with rO2 = 5/3 Yo . In  Fig. 11, we show the ca lcu la ted  t o t a l  c ross  

sec t ions  o a t  2.1 GeV. The poin ts  correspond t o  the react ions AB 

l i s t e d  i n  Table 3. The s o l i d  curve represents  the geometrical 

approximation or Eq. (37) ,  with r adjusted t o  co r r ec t ly  reproduce 0 

the c ross  sec t ions  fo r  the heaviest  nuclei .  Since i s  of the 
0 

order  of l f m ,  we expect r - ($1' m 1.29 fm, which i s  c lose  to  the 0 - 
value r = i.27fm used i n  Fig. ii. 

0 



We have a l s o  ca lcu la ted  proton-nucleus c ross  sect ions a s  a  

function of energy. Note t h a t  our proton-nucleus calculat ions can 

e i t h e r  be regarded a s  the folding of the extended proton densi ty  

together with a  zero range in t e rac t ion  o r  as  the folding of a  point  

proton together with a f i n i t e  range Gaussian in te rac t ion .  This 

l a t t e r  i n t e rp re t a t ion  i s  t o  be preferred,  bu t  the numerical calcu- 

l a t i o n s  a r e  ident ica l .  Some typica l  r e s u l t s  a r e  given i n  Table 4 ,  

f o r  a  proton energy of 800 MeV. This t ab l e  may be of some 

q u a l i t a t i v e  i n t e r e s t  t o  experimental is ts  engaged i n  i n t e r m e u ~ , , ~  

energy proton-nucleus sca t t e r ing  a t  the  Los Alamos Meson Physics 

F a c i l i t y .  We note t ha t  one only approaches the geometric l i m i t  

o T/OmR = 2 fo r  heavy ta rge ts .  Thus f o r  l i g h t  ta rge ts ,  we expect AB 

the proton t o  be sens i t i ve  t o  the whole nuclear volume, and hence 

0 a B f o r  r e l a t i v e l y  small B. For heavier t a rge t s ,  the s t ronger  
PB 

absorption r e s t r i c t s  the proton 's  in te rac t ion  t o  the surface region, 

and hence a a B 2 I 3  f o r  la rge  B. These fea tures  a r e  indicated i n  
PB 

Fig. 12; one sees the change from a volume t o  a  surface react ion a s  we 

increase B. Further r e s u l t s  t o  subs tan t ia te  t h i s  behavior i s  presented 
25 

i n  a  forthcoming work. 

The energy dependence of the cross  sect ions i n  the region 

0.1-25 ~ e ~ / ~ a r t i c l e  i s  shown i n  Fig. 13 for  th ree  t y p i c a l r e a c t i o n s .  

The nucleus-nucleus cross  sec t ions  a r e  seen t o  be e s sen t i a l l y  constant 

i n  t h i s  energy region. in  s p i t e  o f  large va r i a t i ons  in  p, i . e . ,  the 

r e a l  parc of the  NN amplitude. This i s  so because the nucleon-nucleon 



geomet r i c  l i m i t  a t  a l l  t h e  e n e r g i e s  cons ide red .  E q u i v a l e n t l y ,  i f  

t h e  o p t i c a l  p o t e n t i a l  i s  v e r y  a b s o r p t i v e  ( c l o s e  t o  t h e  b l a c k  s p h e r e  

l i m i t ) ,  t h e r e  i s  l i t t l e  s ~ n s i t i v i t y  t o  t h e  r e a l  p a r t  o f  t h e  p o t e n t i a l ,  

w i t h i n  r e a s o n a b l e  l i m i t s .  It i s  worth n o t i n g  t h a t  o t h e r  a s p e c t s  o f  

i o n - i o n  c o l l i s i o n s  need n o t  b e  s o  energy  independent  and a t  Bevalac  

e n e r g i e s  o f  1-2 G e ~ / n  i t  would b e  i n t e r e s t i n g  t o  s e e  t h e  r o l e  p layed  

by f3 s i n c e  i t  i s  a lmos t  e x a c t l y  z e r o  a t  1 .0 GeV b u t  s i g n i f i c a n t l y  

l a r g e  a t  2 .0  G e ~ / n .  

A s  i n d i c a t e d ,  t h e  t o t a l  and r e a c t i o n  c r o s s  s e c t i o n s  a r e  c l o s e  t o  

t h e  geome t r i c  l i m i t ,  excep t  f o r  r e a c t i o n s  where b o t h  p r o j e c t i l e  and 

EQ 2 t a r g e t  a r e  v e r y  l i g h t  n u c l e i .  I f  we have a = 2 n ( ~ ~ ~ ~  + % ) , 
AB 

EQ 2  o AB o AB n ( ~ ~ ~ ~  + % ) , bAB (RAEQ + %EQ)2 /4 ,  t hen  c l e a r l y  

T R E  
a l l  o f  t h e  f a c t o r i z a t i o n  r a t i o s  r , r , r , rb w i l l  be  c l o s e  t o  t h e  - 
s imp le  geome t r i c  l i m i t  

where x  = min I R  A EQ/RgEQ, P B E Q / ~ A E Q ) .  I n  F ig .  14, we p l o t  t h e  

c a l c u l a t e d  r a t i o s  a s  a  f u n c t i o n  o f  x  a t  1 .05 GeV. The geometr ic  

l i m i t  rG of  Eq. (38) i s  shown f o r  compar ison ,  and i s  seen  t o  p r o v i d e  

a s e m i - q u a n t i t a t i v e  accoun t  o f  t h e  c a l c u l a t e d  r e s u l t s .  Note 

t h a t  f o r  s m a l l  x ,  t h e  d e v i a t i o n s  from s t r i c t  f a c t o r i z a t i o n  a r e  

2 
q u i t e  l a r g e .  Eowever, i f  - 5 x  1 ( i - e . ,  t h e  n u c l e i  do n o t  d i f f e r  

3 

i n  r a d i u s  by more t han  50%),  t h e  2 e v i a t i o n s  from s t r i c t  f a c t o r i z a t i o n  



a r e  seen t o  b e  I 20%. This i s  e s s e n t i a l l y  t h e  region of x  considered 

by Fishbane and T r e f i l .  
2 9 

In Table 5,  we show t h e  c a l c u l a t e d  f a c t o r i z a t i o n  r a t i o s  f o r  

proton-nucleus i n t e r a c t i o n s  a t  800 MeV. As x  becomes smal ler ,  o r d e r  

of magnitude d e v i a t i o n s  from s t r i c t  f a c t o r i z a t i o n  occur. As i n  t h e  

case  of t h e  nucleus-nucleus r e s u l t s  i n  Fig.  14,  t h e  proton-nucleus 

f a c t o r i z a t i o n  r a t i o s  of Table 5 e x h i b i t  two ev iden t  t ea tu res :  

a )  t h e  c a l c u l a t e d  r a t i o s  r (except f o r  p-b)  exceed the  

G 
geometric l i m i t  r . 

b)  t h e  va lues  of r a r e  always g r e a t e r  than un i ty .  Observation 

b) i s  a  d i r e c t  consequence of a ) ,  s i n c e  t h e  geometric 

G 
l i m i t  r has the  p roper ty  

G r (x) > 1 f o r  C O  < x <  1 

and rG = 1 & f o r  x  = 1 (equal s i z e  n u c l e i ) .  An experimental  

r a t i o  r < 1 would then i n d i c a t e  the  f a i l u r e  of t h e  simple gedmetric 

p i c t u r e .  

Large d e v i a t i o n s  from s t r i c t  f a c t o r i z a t i o n  ( r = l )  a r e  p red ic ted  

i f  t h e  c o l l i d i n g  n u c l e i  a r e  of very d i f f e r e n t  s i z e .  This r e s u l t  

follows because the b a s i c  nucleon-nucleon i n t e r a c  t i o n  i s  of 

r e l a t i v e l y  s h o r t  range and i s  s t rong ,  leading t o  a  l a r g e  absorp t ive  

p a r t  f o r  the nucleus-nucleus p o t e n t i a l .  Because of the  s t rong  

absorpt ion,  nucleus-nucleus e l a s t i c  s c a t t e r i n g  i s  a  p e r i p h e r a l  process 

and f o r  the  a c t u a l  observed value of the  NK c r o s s  s e c t i o n ,  we a r e  

r e l a t i v e l y  c l o s e  t o  t h e  l i m i t  a f  b l ack  spheres,  In view of t h i s  f a c t ,  



the gross features of nucleus-nucleus cross sections at high energies 

(1-25 Ge~/particle) should be rather easy to interpret in terms of 

the geometrical model. 

VII. MULTIPARTICLE PRODUCTION MULTIPLICITIES 

It has been suggested 37'38 that particle-nucleus multiplicities 

at high energies would provide a sensitive test of the mechanism 

underlying multiparticle production. Most models of multiparticle 

production fall into two. categories. 3a The first category includes 

those models which assume that the final multiparticle state is 

directly produced in a single step from the colliding particles. 

This includes the particle fragmentation model3', the multiperipheral 

40 
podel and its multi-Regge generalizations,41 and the bremsstrahlung 

The second category consists of those models which assume 

a m-step mechaniclo, %?here in the first step ene or t.m coqcund 

systems are produced which subsequently decay into the final multi- 

particle states with lifetimes long compared to the collision time. 

Such model include the diffraction excitation and the one 

or two fireball thermodynamic models. 
44 

It has been shown 37'38'45'46 that under apparently reasonable 

assumptions the one-step mechanisms, via a cascading phenomena, yield 

large increases with energy in the ratio (m(E)>/<n(E)>) of nucleon- 

nucleus multiparticles <N(E)> to nucleon-nucleon multiplicities 

<n(E)> at the same energy. This result is illustrated by the 

38 resuits of Ear and Vary in Fig. i5. Simiiar resuits were ob~ained 



with  s imi l a r  assumptions by other  authors.  Due to  the cascading 

phenomena, the  heavier the  t a rge t ,  the  l a rge r  the number of average 

mean f r e e  paths per  event and thus t he  l a rge r  the m u l t i p l i c i t i e s  

a s  compared t o  t he  pp r e su l t s .  

The two s t ep  ~ ~ e c h a n i s m ~ ~  y i e ld s  a sharp ly  d i f f e r en t  p red ic t ion  

i l l u s t r a t e d  by Fig. 16. Here there  is  no energy dependence t o  the 

r a t i o  provided enough energy i s  ava i lab le  i n  the incident  beam t o  

supply a l l  the  co l l i s i on5  with e s s e n t i a l l y  the  i n i t i a l  energy. The 

ca l cu l a t ed  r e s u l t  shows an A 0*26 behavior which is in t e rp re t ab l e  
L 

a s  an average l i n e a r  dimension of the  nucleus. This average a r i s e s  

because t h i s  mechanism i s  s e n s i t i v e  only t o  an average over impact 

p a r m e t e r s  of the depth of the nucleus a s  measured i n  numbers of 

mean f r e e  paths.  It  is  indeed noteworthy t h a t  the Heclanan Group 
47 

presented d a t a  t h a t  shows t h a t  the p a r t i a l  c ro s s  sect ions f o r  a 

g i v a  beam fragment produced i n  heavy-ion c o l l i s i o n s  is  pmpor t iona l  

t o  At OeZ6 . It is conceivable t h a t  t h i s  same average depth of the 

t a r g e t  nucleus i s  again involved here. 
48 

Recent data4' supports an energy independent r a t i o  and seems to  

exclude any p o s s i b i l i t i e s  of  cascade^.^' Put t ing  as ide  what eon- 

sequences t h i s  implies t o  those a t  t h i s  conference t h a t  a r e  proponents 

of n condensates and such, l e t  us examine what we might l i k e  t o  

l ea rn  from nucleus-nucleus m u l t i p l i c i t i e s  and i t s  energy dependence 

up t o  1 TeV beam energies.  Let us  propose v i a  analogy with the 

par t ic le-nucleus s i tua t ion38  a model f o r  nucleus-nucleus m u l t i p l i c i t i e s  



involving an in t ranuc leus  f o r m a ~ l o n  and t r a n s p o r t  of resonances 

c o n s i s t e n t  wl th  p resen t  l ean ings  towards two-step mechanisms. Le t  

us then examine t h e  range o f  r e s u l t s  poss ib le  depending on t h e  subsequent 

hypotheses t h a t  must be proposed t o  make the  model f o r  nucleus-nucleus 

m u l t i p l i c i t i e s  complete. It  i s  t h i s  range of p o s s i b i l i t i e s  t h a t  

sugges t s  nucleus-nucleus c o l l i s i o n s  can he lp  unravel  m e  a s  y e t  

undertermined f e a t u r e s  of m u l t i p a r t i c l e  production mechanisms. 

S p e c i f i c a l l y ,  l e t  us  cons ider  t h e  d i f f r a c t i v e  e x c i t a t i o n  

models.43 According t o  t h e s e  models, one o r  both of t h e  c o l l i d i n g  

p a r t i c l e s  a r e  f i r s t  e x c i t e d  i n t o  resonant  s t a t e s  which have t h e  

same i n t e r n a l  quantum numbers, except ing sp in  and p a r i t y ,  and 

approximately t h e  same momenta a s  t h e  o r i g i n a l  p a r t i c l e s .  These 

resonances subsequently decay v i a  cascading (mainly v i a  p ion emission) 

w i t h  small Q va lues  ( t y p i c a l l y  300 MeV) i n t o  the  f i n a l  m u l t i p a r t i c l e  

s t a t e s .  Since  t h e  average m l t i p l i c i t y  increase: very  s lowly wi th  

energy ( a s  the  log of t h e  energy,  i n  f a c t ) ,  and s i n c e  t h e  average Q 

va lue  f o r  t h e  cascading decay of t h e  resonances i s  a l s o  smal l ,  the  

important resonances a r e  t h e r e f o r e  o f  low-mass e x c i t a t i o n  and one 

may expect them t o  have l i f e t i m e s  of f a m i l i a r  low e x c i t a t i o n  s t a t e s ,  

say  < r > -- 100 MeV. Consequently,  a t  high energy, a  p r o j e c t i l e  

p a r t i c l e  which i s  d i f f r a c t i v e l y  e x c i t e d  behaves i n  the  t a r g e t  nucleus  

l i k e  a  s t a b l e  p a r t i c l e  due t o  time d i l a t a t i o n .  On the  o t h e r  hand, 

resonances which a r e  produced by d i f f r a c t i v e  e x c i t a t i o n  of t a r g e t  

nucleons have on ly  small  momenta i n  t h e  l a b  frane.  Thus, i n  both  

che pro  j e c t i i e  and t a r g e t  nucle i ,  t h e  resonances w i i i  s t a r t  t h e i r  



cascading decay sometime a f t e r  t h e  n u c l e i  a r e  o u t s i d e  t h e i r  Lnter-  

a c t i o n  region.  However, due t o  t h e  smal l  Q va lues ,  the  decay 

products  w i l l  n o t  have s u f f i c i e n t  energy t c  mul t ip ly  v i a  secondary 

c o l l i s i o n s  whi le  escaping o u t  of  t h e i r  r e s p e c t i v e  nuc le i .  

Due t o  t h e  complexity of  t h e  nucleus-nucleus  s i t u a t i o n  we 

have now t o  examine some new p o s s i b i l i t i e s .  For example, i t  is  

p o s s i b l e  t h a t  one resonance c a n  b e  produced i n  t h e  p r o j e c t i l e  and 

c o l l i d e  w i t h  another  rescnance produced i n  the  t a r g e t  by a previous  

c o l l i s i o n .  What s h a l l  we assume happens i n  such a  s i t u a t i o n ?  

Le t  u s  sununarize th ree  g l o b a l  hypotheses t h a t  could be  d i s t i n g u i s h e d  

by a c t u a l  nucleus-nucleus experiments.  

A - The s a t u r a t e d  resonance hypothes is  

L e t  u s  r e p r e s e n t  an  unexci ted  nucleon by p and 

an e x c i t e d  nucleon by  F. Le t  F  r e p r e s e n t  t h a t  

e x c i t a t i o n  which y i e l d s  the  a p p r o p r i a t e  average 

number of decay products  t o  reproduce t h e  measured 

pp m u l t i p l i c i t i e s .  Then i n  a  nucleus-nucleus 

c o l l i s i o n  we hypothes ize  t h a t  o n l y  t h e  following 

processes  occur: 

1 )  p-tp -' p-tF o r  p fp  + F+F 

2) p-tF + F+F 

3) F+F + F+F 

t h a t  i s ,  i n  subsequent resonance-resonance c o l l i s i o n s ,  no 

a d d i t i o n a l  mass i s  c r e a t e d  s o  t h e  resonance s t a y s  a t  i t s  

i n i t i a l  e x c i t a t i o n  energy. Only S t e p s  1)  and 2)  were 

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

m u l t i p l i c i t i e s  a t  h igh  e n e r g i e s  i n  t h e  two-step approach. 3 8 



B - Linear  Boots t rap hypothesis  - Stacking 

* 
Let  u s  now in t roduce  t h e  n o t a t i o n  t h a t  F r e p r e s e n t s  

an e x c i t a t i o n  of F wi th  an energy a d d i t i o n  AE, about 

t h e  same a s  t h e  d i f f e r e n c e  i n  mass between p and F. 

* 
Thus F w i l l  decay w i t h  twice t h e  mean m u l t i p l i c i t y  

** 
as F. S i m i l a r l y ,  F has an e x c i t a t i o n  energy about 

* 
AE aga in  above F and decays wi th  a mean m u l t i p l i c i t y  

t h r e e  t h e s  t h a t  o f  F, ptc. We now hypothesize  t h a t  

t h e  fol lowing processes  occur: 

1) p4-p -' F+F 

etc . ,  

bu t  t h e  c r o s s  s e c t i o n s  f o r  a l l  processes  w i l l  be  assumed 

t o  be t h e  same. 

C - S t a t i s t i c a l  b o o t s t r a p  hypothesis  

It is conceivable  t h a t  t h e  inc reas ing  phase space f o r  

f u r t h e r  e x c i t a t i o n s  of resonances w i l l  y i e l d  an 

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

descr ibed under hypothesis  B. This hypothesis  would 

y i e l d  t h e  f a s t e s t  r i s e  i n  mean nucleus-nucleus 

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



where E is expressed in GeV. 

Now, we are able to readily evaluate the nucleus-nucleus 

mean multiplicities under hypothesis B. Every elementary collision 

yields the measured pp mean multiplicity since it "stacks" 

this mass on top of the mass increases due to previous collisions. 

The total number of collisions, N, at impact parameter b is just 

so that, in analogy with the general definition (40) we can define 

the mean multiplicity for particles (charged and uncharged) produced 

in nucleus-nucleus collisions at very high energies 

where o is given by eqn. (31) and a T(b) is just integrand in AB AB 
T eqn. (31) . Since a (b) - 1 in the interior region, we have the useful 

AB 

approximation from (44) 

< N(E) > a jT(b) bdb a AB 
< n(E) > T (*1/3 + B1/3)2 

OAE 

14 Fig. 17 displays calculated results for N on various targets. The 

energy is assumed large enough so that nucleons in the projectile 

loose insignificant amounts of energy when resonances are produced. 

The elementary cross-sections for all processes is taken to be 38 mb. 



Because of t h e  mathematical s i m p l i c i t y  t h a t  emerges we have 

chosen hypothesis  B f o r  a c t u a l  numerical  a p p l i c a t i o n s .  It i s  

c l e a r  t h a t  A would y i e l d  lower m u l t i p l i c i t i e s  and l e s s  dependence 

on t h e  p r o j e c t i l e  and t a r g e t  masses. It is  a l s o  c l e a r  t h a t  C 

y i e l d s  t h e  s t e e p e s t  dependence on masses and the  l a r g e s t  m u l t i -  

p l i c i t i e s .  Thus, hypothesis  B a l s o  se rves  as a  guide. 

W e  r e c a l l  t h a t  t h e  s t andard  d e f i n i t i o n  f o r  mean charged 

p a r t i c l e  m u l t i p l i c i t i e s  i n  pp c o l l i s i o n s  i s  

where n '  i s  t h e  number of charged p a r t i c l e  t r a c k s  including t h e  

two pro tons ,  G i s  t h e  p a r t i a l  c r o s s  s e c t i o n  f o r  n '  t r a c k s  and 
n  ' 

o i s  t h e  t o t a l  nucleon-nucleon c r o s s  s e c t i o n  a t  t h a t  energy. For 

our  purposes,  however, we want a s  an inpu t  t o  our r e s u l t s ,  t h e  

average number of p a r t i c l e s  produced per  c o l l i s i o n ,  which we take  

t o  be  
3 8 

3 .  . where t h e  - 1s I n s e r t e d  t o  account f o r  unobserved 
2 

produced and i n  recogni t ion  of t h e  f a c t  t h a t  most 

n e u t r a l  p a r t i c l e s  

of t h e  produced 

p a r t i c l e s  a r e  IT'S. A s a t i s f a c t o r y  f i t  t o  t h e  measured pp d a t a  is  
1 

obtained wi th  
5 1 



The approximation (45) i s  seen t o  be well  s a t i s f i e d  and thus 

simple geometry dominates the p i c tu re  under hypothesis B . 
It i s  worthwhile remarking once again f o r  the sake of 

emphasis t ha t  the two-step mechanism yields  a pred ic t ion  f o r  

< N(E)  >/< n(E) > which i s  energy independent. Hypothesis B 

has been employed f o r  s impl ic i ty  and the r e s u l t s  t ha t  emerge 

have a simple dependence on p r o j e c t i l e  and t a rge t  mass. 

For lower energies; such a s  those a t t a i n a b l e  a t  the Berkeley 

Bevalac, the above treatment should be modified mainly to accommodate 

the energy loss  s ince  i t  is a s ign i f i can t  f r ac t ion  of the incident  

energy. The e f f e c t ,  a t  Bevalac energies,  w i l l  be  t o  s h i f t  the 

curve down somewhat and f l a t t e n  i t  out espec ia l ly  f o r  heavier 

t a rge t s  where the la rge  number of mean f r e e  paths cannot be  used 

en t i r e ly .  

SLJMMARY 

The reader i s  asked t o  read the Abstract again. 
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Table 3 .  Calculated Cross Sections and Elast ic  Slopes a t  1.05 GeV/particle 

X Reaction A+B u R(barns) AB 



Table 4 .  Proton-Nucleus  C r o s s  S e c t i o n s  and E l a s t i c  S l o p e s  ac 800 MeV 

a ' (barns)  T R 2 R e a c t i o n  AB 'CIAB bAB(fm 

3 p + He 0.093 1.18 1.38 



Table 5. Pro ton-Nucleus  F a c t o r i z a t i o n  R a t i o s  a t  800 MeV 

React  i o n  x r 
T 

r 
R 

r 
E 

r 
b 

r G 



REFERENCES 

J.S. McIntosh,  S.C. P a r k  and G.H. Rawi tscher ,  Phys.  Rev. 134, BlOlO (1964).  

G.W. G r e e n l e e s ,  G.J. P y l e  and Y.C. Tang, Phys. Rev. 171, 1115 (1968).  

B. T a t i s c h e f f  and I. B r i s s a u d ,  Nucl . Phys. A155, 89 (1970). 

A.M. B e r n s t e i n  and W.A. S e i d l e r ,  Phys. L e t t e r s  By 569 (1971). 

B. T a t i s c h e f f ,  I. B r i s s a u d  and L. Bimbot, Phys. Rev. C 2,  234 (1972). 

P. Ma i l and t ,  J .S.  L i l l e y  and G.W. Green lees ,  Phys. Rev. L e t t e r s  28, 

LO75 (1972);  Phys. Rev. C 2, 2189 (1973). 

R.S. Mackintosh ,  Nucl. Phys.  My 245 (1973).  

A.M. B e r n s t e i n  and W.A. S e i d l e r ,  Phys. L e t t e r s  - 39B, 583 (1973). 

D.R. Alexander  and F.B. Malik,  Phys. L e t t e r s  s, 412 (1972): 

A. Budzanowski, A. Dudek, K. Grotowski ,  2. Majka and A. S t r za lkowsk i ,  

P a r t i c l e s  and N u c l e i i ,  97 (1973). 

A.R. B a r n e t t  and J.S. L i l l e y ,  Phys. Rev. C 2, 2010 (1974). 

D.M. B r i n k  and N. Rowley, Nucl. Phys. H, 79 (1974). 

12. J.P. Vary and C.B. Dover. Phys. Rev. L e t t e r s  2, 1510 (1973). 

13. C.B. Dover and J.P. Vary ( t o  be  pub l i shed ) .  

14. A.K. Kerman, H. McManus and R.M. T h a l e r ,  Ann. Phys. (N.Y.) - 8, 551 (1959)\  

15. J. H U f n e r a n d C .  Mahaux, Ann. Phys. ( N . Y . )  73, 525 (1972). 

16. D.J. M i l l e n e r  and P.E. Hodgson, Nucl. Phys. A209, 59 (1973).  

17. J. Negele,  Phys.  Rev. C L, 1260 (1970).  

18. S.A. Moszkowski, "Some Aspec t s  o f  Ion-Ion P o t e n t i a l s " ,  p re sen ted  a t  

t h i s  con fe rence .  

19. D.A. Goldberg and S.M. Smith ,  Phys. Rev. L e t t e r s  2, 500 (1972);  D.A. 

Goldberg,  S.M. Smith, H.G. Pugh, P.G. Roos and N.S. Wal l ,  Phys. Rev. c 2, 

1938 (1973);  D.A. Goldberg ,  S.M. Smith and G.F. Burdz ik ,  Univ o f  Maryland 

T e c h n i c a l  Report  No. 74-107, J u n e  (1974) and p r i v a t e  c o m u n i c a t i o n .  

20. M.H. MacGregor, R.A. Arnd t  and R.M. Wr igh t ,  Phys.  Rev. 182, 1714 (19693, 

Tab le  VI. 





H.R. C o l l a r d ,  L.R.B. E l t o n  and R. H o f s t a d t e r ,  i n  Lando l t -Burns t e in :  

Numerical  Data and F u n c t i o n a l  R e l a t i o n s h i p s  i n  Sc ience  and Technology 

ed .  K.H. Hellwege a d  H. Schopper ( S p r i n g e r ,  B e r l i n  (1967)) ,  Group I ,  

Vol. 2 ,  p. 21 and r e f e r e n c e s  t h e r e i n .  F u r t h e r  d e t a i l s  a r e  found i n  

R e f .  25. 

Very s i m i l a r  r e s u l t s  a t  2 . 1  ~ e ~ / ~ a r t i c l e  a r e  g iven  i n  Ref. 32. 

P.M. Fishbane  and J .S .  T r e f i l ,  Phys .  Rev. D 2, 238 (1971). 

A. D a r  and J.  Vary, Phys. Rev. D 5,  2412 (1972).  

5. Benecke,  T.T. Chou, C.N. Yang and E. Yen, Phys. Rev. 188, 2159 (1969);  

T.T. Chou and C.N.  Yang, Phys. Rev. L e t t e r s  25, 1072 (1970). 

D. Amati,  A. S t a n g h e l l i n i  and S. F u b i n i ,  Nuovo Cirnento 26, 896 (1962).  

I?. Zacha r i a sen  and G.  Zweig, Phys.  Rev. 160, 1322 (1967);  - 160,  1326 (1967). 

R.P. Feynman, Phys. Rev. L e t t e r s  2, 1415 (1969) ;  i n  High Energy C o l l i s i o n s ,  

ed.  C.N. Yang -- e t  a l . ,  (Gordon and Breach ,  New York (1969)) .  

R.K. A d a i r ,  Phys.  Rev. D A ,  1105 (1972) ; M. Jacob and R. S l ansky ,  

Phys. L e t t e r s  - 37B, 408 (1971).  

R. Hagedorn, Suppl .  Nuovo Cimento 2, 147 (1965) ;  R. Hagedorn and 

J. R a n f t ,  u. 5 ,  169 (1968). 

1.2. Artykov e t  a l . ,  Nucl. Phys. E, 11 (1968) and r e f e r e n c e s  c i t e d  t h e r e i n .  

P.M. F i shbane  -- e t  al., Phys. Rev. L e t t e r s  29, 685 (1972).  

H.H.Heckman e t  a l . ,  Data p r e s e n t a t i o n  a t  t h i s  con fe rence .  

J .P.  Vary,  Summary t a l k  p r e s e n t e d  a t  t h i s  meet ing .  

R. Ho lynsk i ,  S. Krzywdzinski  and K. Za lewski ,  Krakow p r e p r i n t  No. 856/ph.  

K. G o t t f r i e d ,  CERN p r e p r i n t  TH 1735 (1973) .  

D.E. Lyon, J r . ,  C .  Risk and D.  Tow, Phys. Rev. D - 3 ,  LO4 (1971) and 

G.R. C h a r l t o n  and G.H. Thomas, Argonne N a t i o n a l  Laboratory Report  

No. ANL/HEP 7217 (unpub l i shed ) .  



f'; 
1 



DENSITY (fm-3) 

Fig. 2 Mass d i s t r i b u t i o n s  f o r  4 0 ~ a  and (I. The point  mass d i s t r i b u t i o n  f o r  

40Ca is  the r e s u l t  o f  s h e l l  model c a l c u l a t i o n s  based on p o t e n t i a l s  

of Ref. 16 whi le  the  a point  mass d i s t r i b u t i o n  i s  obtained by 

unfolding the f i n i t e  proton s i z e  from the dens i ty  determined by f i t s  

to e lec tron  scat ter ing .  



140 MeV DATA 

0 a + 4 0 ~ ~  

a + 5 8 ~ i  

F i g .  3 Minimum s q u a r e l p t .  i n  f i t s  t o  a d a t a  w i t h  t h e  f o l d i n g  model v e r s u s  

t h e  range  i n  femtometers  of  t h e  complex nucleon-nucleon m a t r i x .  
-2 

8 
The a c t u a l  r ange  i s  y = ( y  + 0 . 6 4 ) ~ ' ~  t o  account  f o r  t h e  u s e  of  

t h e  s c a l e d  e l e c t r o n  s c a t t e r i n g  d e n s i t y  f o r  t h e  a p a r t i c l e .  No 

c n e t e r  of mass c o r r e c t i o n s  were employpJ f o r  t h e  t a r g e t  d e n s i t i e s .  





Fig .  5 The s t a t i s t i c s  ave rage  ( t o p )  and Fermi motion ave rage  (bot tom) o f  

t h e  measured nuc leon-nucleon  forward s c a t t e r i n g  ampl i t ude  v e r s u s  

t h e  i n c i d e n t  n u c l e o n ' s  l a b  energy .  K i s  t h e  Eermi momentum i n  
F 

i n v e r s e  ferntometers employed i n  a  Fermi gas  ave rage  a s  d e s c r i b e d  

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

r e s u l t  afid f s  labelle:! h.7 V = Q  at +k- I.-+&-- - -  - - = - - - - -  
" J  I> LllC UULLUII~ L U  i u u i c a ~ e  i t  c o n t a i n s  

no  many-body e f f e c t s .  
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SCHROEDINGER BEST F IT  
-.- E lKONAL 

Comparison of various dynamical frameworks for fixed (folded 
density) interaction with the experimental data for a + 4 0 ~ a  
at 166 MeV. The eikonal and Glauber frameworks are fun.ctional.ly 
identical but eikonal employs the SchrGdinger best fit value of - - 
f (0). For Glauber, f (0) is adjusted to give a least squares fit 
to the data. 



Fig 9 Comparison of various dynamical rrameworks for fixed (folded density) 
interaction with pseudo data for a + 4 0 ~ a  at 280 MeV. The pseudo data 

0 
are the SchrEdinger results at 5 intervals with the strength para- 
meter taken from theory. A noticeable improvement in the eikonal ap- 
proximation is observed when compared with the results in Fig. 8. 





2.1 GeV/  NUCLEON 

Pig. 11 Total nucleus-nucleus cross sections o at 2.1 GeV per particle, 
AP 

3 I ?  1 I .  

as a function of A ~ ' ~  + B"'. The points correspond to the 

reactions listed in Table 3. The solid curve represents the 

geometrical approximation. 
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Fig.  15 Rat io  o f  t h e  average  partic1.e m u l t . i p i i a  l ~ y  i.t-$. 

c o l l i s i o n s  < N ( E )  > , ba.sed on -71; ~ l ~ l r r . & i - ! t . ~ ~ : . e t ~ i  

de sc r ibed  i n  R e f ,  38, t o  t h e  rneasxretil a~~:.:?-;>,,: 

c s l l i s i o n s  < n ( E )  :> as a f u n c t i o ~ ~  of 

number of  i h e  iargeir nrlc IC<I~.S, = r h e . < , ~  

Ref. 38 f o r  pedan t ?  p l i rposea ,  



F i g .  17 R a t i o  o f  t h e  ave rage  m u l t i p l i c i t y  i n  i 4 ~ - n u c l e u s  c o l l i s i o n s  

< N ( E )  > , based on a two-s tep  mechanism w i t h  s u b s i d i a r y  assump- 

t i o n s  a s  d e s c r i b e d  i n  t h e  t e x t ,  t o  t h e  measured ave rage  m u l t i p l i c i t y  

i n  pp c o l l i s i o n s  < n(E) > a s  a  f u n c t i o n  o f  a tomic  number of  t h e  

t a r g e t  nuc l eus .  The dashed cu rve  p r o v i d e s  a comparison w i t h  t h e  

s imp le  approximate  a n a l y t i c  r e s u l t  o f  E q .  (45). 
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I. INTRODUCTION. 

With t h e  a v a i l a b i l i t y  of medium energy p r o j e c t i l e s  (say from a few 

100 Mev t o  s e v e r a l  Gev p e r  p a r t i c l e ) ,  a new a r e a  i s  opened i n  Nuclear Physic; 

W e  s h a l l  comment he re  on a p a r t i c u l a r  f j e l d  which l o o k s  ve ry  promising : 

t h e  physics  of baryon resonances : N* p a r t i c l e s  (with i s o s p i n  1 = 112) 

and A p a r t i c l e s  (I=3/2) .  More s p e c i f i c a l l y ,  we s h a l l  a sk  ourse lves  t h e  

q u e s t i o n  whether t h e r e  a r e  such p a r t i c l e s  i n  a nucleus ,  and how they  might 

manifes t  themselves. F o r  t h i s  purpose, one might be guided by t h e  exper ience  

w i t h  t h e  backward proton-deuteron s c a t t e r i n g ,  i . e .  t h e  d(p,d)p pick-up 

reac t ion .  There it h a s  been shownr1' chat  t h e  meson degrees  of freedom can be 

very  important .  Moreover, t h e r e  a r e  now some d a t a r 2 '  f o r  t h e  (p,d) pick-up 

on a n u c l e a r  t a r g e t  a t  e n e r g i e s  up t o  700 Mev and t h e r e  i s  hope t o  have 

d a t a  a t  much h igher  energ ies .  One might t h e r e f o r e  hope t h i s  r e a c t i o n  p a r t l y  

proceeds by the  pick-up of a baryon resonance i n  t h e  t a r g e t  nucleus ,  i n s t e a d  

of  a neutron ( f i g .  1) . 
I f  such a process  can be seen,  it  w i l l  be a d i r e c t  measure of t h e  wave 

f u n c t i o n  of an  N* i n  t h e  nucleus.  

11. THE BORN APPROXIMATION 

L e t  us  f i r s t ,  f o r  s i m p l i c i t y ,  assume t h e  proton and deuteron waves a r e  

not  d i s t o r d e d  by the  presence of t h e  t a r g e t  nucleus.  The s c a t t e r i n g  amplitude 
8 

i s  t h e  sum of t h e  usua l  neutronand cf theN p i c k u p  amplitude ( f i g  1) .  

+ This t a l k  is  t o  a l a r g e  extend based on a work c u r r e n t l y  done i n  col labo-  

r a t i o n  w i t h  L. S. KISSLINGER and E .  ROST 



I n  a d d i t i o n ,  i n  t h i s  range, one has [I1 FD Z F 36, s o  t h a t  : 
D 

The va lues  of Q f o r  which F  i s  l a r g e  correspond of course t o  Q - 
N - $ 7  

t h e  Fermi momentum ($ - 1.4 m-l) . For Q > $, FN(Q) i s  a  r ap id ly  dec reas ing  

-3  L 2 
f u n c t i o n  of Q (roughly F  (Q) - FN(0) e  

N 
'(kF) ) . On the  o t h e r  hand, one expects  

FN* (Q) not  t o  decrease  so  rap id ly ,  t h e r e f o r e  i t  w i l l  e v e n t u a l l y  show up f o r  

l a r g e  enough momentum t r a n s f e r .  As an example, some t y p i c a l  va lues  of Q a r e  

g iven i n  t a b l e  I f o r  700 Mev and 3 Gev protons  

Table I .  Values of t h e  momentum t r a n s f e r  Q a t  the  nuc lea r  v e r t e x  f o r  t h e  
12 11 

C(p,d) C pick-up experiments a s  a  f u n c t i o n  pf t h e  i n c i d e n t  proton energy E 

and s c a t t e r i n g  ang le  8.  

m 
Of course whether t h e  N pick-up c o n t r i b u t e  co the  ( ~ , d )  r e a c t i o n  w i l l  

t o  a  l a r g e  extend depend on t h e  d i s t o r s i o n s  of t h e  proton and deuteron waves. 

This  p o i n t  w i l l  be i n v e s t i g a t e d  l a t e r .  

111. TIE NUCLEAR VERTEX FN% (Q) . 



m 
where - % i s  the  N and N mass d i f fe rence .  A t y p i c a l  p r o b a b i l i t y  PN* 

8 
f o r  having i n  12c a given N , and the  remaining nucleons i n  a  given s t a t e  of 

"C i s  a* t h e  o r d e r  of 1 0 ' ~  which i s  q u i t e  small .  But t h e  wave f u n c t i o n  % 
of a  nucleon i s  a  r a p i d l y  decreas ing func t ion  of the  momentum t r a n s f e r ,  

whereas cp & decreases  slowly. For a high enough momentum, t h e  p r o b a b i l i t y  of 
N 

f ind ing  an  N* w i l l  e v e n t u a l l y  be l a r g e r  than t h e  p r o b a b i l i t y  of f i n d i n g  a 

nucleon. From (8) i t  i s  ePsy t o  see,  from dimension arguments, t h a t  t h e  
2 

p r o b a b i l i t y  P v a r i e s  l i k e  1 / A  where A i s  t h e  mass of t h e  considered nucleus.  N 
Since qN* i s  b u i l t  up w i t h  the  t h r e e  bound s t a t e  funct ion,  i t s  

momentum . d i s t r i b u t i o n  i s  

w i t h  C - 10- 2 

compared t o  t h e  nucleon momentum d i s t r i b u t i o n  

This means t h a t  a t  momenta l a r g e r  than 

t h e  Nm's w i l l  show up. 

IV. THE (P, d) REACTION. 

The t r a n s i t i o n  amplitude f o r  the  A(p,d)A-1 r e a c t i o n  i s  w r i t t e n  i n  t h e  

post  r e p r e s e n t a t i o n  a s  

where u i s  t h e  i n t e r a c t i o n  between two baryons i n  t h e  deuteron. The mesonic 

degrees 6f freedom a r e  assumed t o  be included i n  a l l  t h e  wave funct ionsof  (9). 
m 

Seperat ing t h e  N and N pick-up, t h e  s c a t t e r i n g  ampl i tude reads : 



The s i t u a t i o n ,  f o r  ins tance  i s  much more favourable  f o r  3 Gev incoming 

protons ,  where t h e  baryon resonance c o n t r i b u t i o n  w i l l  show up i n  a  much 

s t r o n g e r  way, and be comparable t o  t h e  nucleon t r a n s f e r  c o n t r i b u t i o n s .  

These c a l c u l a t i o n s  a r e  s t i l l  p re l iminary  i n  t h e  sense  we have o d y  

roughly es t imated the  deuteron v e r t e x  f o r  t h e  v a r i o u s  N ~ S ,  g e n e r a l i s i n g  

t h e  r e s u l t s  of r e f  1 ) .  A more c a r e f u l  c a l c d a t i o n  i s  c u r r e n t l y  being done. 

V. HEAVY- I O N  REACTIONS.  

It i s  tempting t o  use the  a d d i t i o n a l  freedom f o r  t h e  quantum numbers of 

t h e  i n t e r a c t i n g  fragments t o  g e t  t r a n s f e r s  which favour  N*'s compared t o  nucleons 

( f o r  i n s t a n c e  i s o s p i n  312 t r a n s f e r ) .  Moreover, t h e  h igh  s e l e c t i v i t y  of t h e  

heavy i o n  t r a n s f e r  r e a c t i o n s  i n  terms of energy-momentum matching c o n d i t i o n s  

can be used t o  sea rch  f o r  N* t r a n s f e r s  r eac t ions .  Favoured regions  a r e  o f r e n  

c a l l e d  windows and have been expla ined us ing s e m i - c l a s s i c a l  

Le t  us  cons ide r  t h e  pick-up r e a c t i o n  a f A + b f B where a i s  t h e  p r o j e c t i l e  

which may be comparable i n  mass w i t h  the  t a r g e t  A.  The f a c t o r i s a t i o n  

assumption l e a d s  t o  a  s c a t t e r i n g  amplitude of t h e  form : 

The s t r o n g  absorp t ion  w i l l  cause  both f u n c t i o n s  F and FAR t o  be sharply-  a b  
peaked about the  va lues  



It can be seen t h a t  the BT*windar i s  a t  appreciably higher  energy than the N window, 

e spec i a l l y  f o r  l i g h t  p r o j e c t i l e  on l i g h t  t a rge t s .  I n  addi t ion,  t he  window 
m 

f o r  N 's is  broader, due t o  the  high momentum components of t h e i r  wave 

func t ions  i n  a nucleus. One might therefore  expect N* t r a n s f e r  t o  occur up 

t o  very high energies  (say 500 Mev per  nuclew, o r  even more), i n  a region 

where the  nucleon t r a n s f e r  i s  already prohibi ted.  

One should therefore  look f o r  t r a n s f e r  reac t ions  a s  a funct ion of 

energy from 50 t o  500 Mev per  nucleon. The nucleon t r a n s f e r  w i l l  be smoothly 

decreasing, and baryon resonance t r a n s f e r  should show up. 

VI. OTHER REACTIONS. 

There a r e  of course many o ther  ways t o  search f o r  baryon resonance i n  

nuclei .  The (n,p) o r  (y,p) react ions w i l l  c e r t a i n l y  cas t  some l i g h t  on t h i s  

subject .  I j u s t  learned about a very exc i t i ng  fea ture ,  namely the  da ta  
16 

presented by Heckmaaet a 1  which observe the  ( 0, I5c) reac t ion  a t  an 

energy of about 3 Gev per  nucleon.The 15c nucleus has  two protons l e s s  and 

one neutron more than 160. Whereas a t  the  ldwer energies  (say 5 0  Msv p e r  

nucleon) t h i s  could s t i l l  be due t o  mul t ip le  t r a n s f e r , a t  the  energies  

considered, t h i s  i s  p r a c t i c a l l y  impossible, a s  j u s t  discussed previously.  
- 4 

But there  i s  a non negl ig ib le  probabi l i ty  (say - 10 i f  one sums ovel 

t he  relevant  exc i ted  s t a t e s  i n  15c) t h a t  160 is  b u i l t  up wi th  a A* o r b i t i n g  

around l5~.IPY p r o j e c t i l e  fragmentation, the  A can be separated from the  core, 

hence leading t o  the  observed 15c p a r t i c l e s  without any need f o r  mul t i - s tep  

processes.  I f  t h i s  mechanism i s  the  relevant  one, there  should be a s h i f t  6E 

compared t o  t he  expected energy of 15c (E - E ), where 6E i s  the  
15c T6 160 

mass-difference of a A and a nucleon : 

6E - 300 Mev 

Of course t h i s  s h i f t  w i l l  be broadened by the  momentum d i s t r i b u t i o n  of t he  A 

( i .e .  by the  k i n e t i c  energy t h i s - p a r t i c l e  takes  away, which i s  r e l a t ed  t o  i t s  

momentum d i s t r i b u t i o n  i n  160). 

There i s  a competing process, which i s  proton emission by 160 preceded 

o r  follawed by charge exchange, (exchange of a v i r t u a l  pion between p r o j e c t i l e  

and t a r g e t  . This can be estimated from the  Known r a t e  of 1 6 ~  p a r t i c l e s  





Figure 2 ,  Elementary v e r t e x  f o r  the c r e a t i o n  of an 8% p a i r  by t h e  one p i o n  

exchange process.  

Figure  3 .  Comparison of nucleon t r a n s f e r  and N* t r a n s f e r  c r o s s - s e c t i o n  f o r  
12 11 

t h e  C- ( p i  d l  CG. S .  r e a c t i o n  a t  E = 700 ~ e v ,  
b. 5.  P 
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I 
Over a  year  ago, Heckman e t  a l .  repor ted  e a r l y  result:: of 

12  16  experiments i n  which r e l a t i v i s t i c  heavy ions ( C ,  0) impinged on 

var ious  nuc lea r  t a r g e t s ,  and fragments of the  p r o j e c t i l e  nucleus were 

observed. I n  the  r e s t  frame of t h e  p r o j e c t i l e ,  t h e  fragments were 

2 2 
found t o  have a momentum d i s t r i b u t i o n  exp(-p /2 a ), with  

L o 2 m c ,  r e g a r d l e s s  of the  mass of t h e  fragment. Feshbach and Huang 
IT 

attempted t o  understand t h i s  r e s u l t  i n  a model which described the  

p r o j e c t i l e  d i s i n t e g r a t i o n  a s  a  f a s t  process  governed by the d i s t r i b u -  

t i o n  of nucleon momenta i n  the  p r o j e c t i l e  b e f o r e  c o l l i s i o n .  Since 

then,  more r e f i n e d  da ta3  have shown t h a t  t h e  q u a n t i t y  o2 does vary 

wi th  fragment mass number K ,  i n  a  manner wel.1 f i t  by t h e  expre::sion 

with a - 90 MeV/c. 
U 

We wish Lo :;how here  l,hat, 

( 1 ) Equn f,ion (1 ) is  :in irrunedia Le consequence of the  FH 

:; tn ti:; t i c a l  hypot.kie::i:;. Even the c o n s t m t  a, i s  determined, and i s  
0 

only 10% higher  i , h n  given by experiment. 



This gives immediately 

Since the u in Eq. (1) corresponds to a single Cartesian component 

of the three momentum pK, we get - 

FH quote, as a reasonable first approximation, 

- 230 MeV/c for 160 2 where the Fermi momentum is taken as PF " 

This yields a. z 100 MeV/c, 10% above the experimental value. There 

are qualitative arguments to suggest that the theoretical a could 
0 

have a lower value because, on the one hand, the very light or very 

heavy fragments should exhibit the lower pF of the nuclear surface, 

and, on the other hand, medium mass fragments are likely to have 

larger-than-average negative values of { ) for their constituent 

nucleons. However, such claims require the existence of a far more 

complete theory for their evaluation. 

2. Feshbach and ~ u a n ~ , ~  using a formalism developed earlier 

by ~ u a n ~ , ~  solved (in the large A limit) the following problem: 

Given that A nucleons are distributed among n fragments, each 

fragment labeled only by its three-momentum, what is the momentum 

distribution of any fragment? From the nature of their formulation, 



of momentum of a given fragment K can be associated with a single 

degree of freedom, except that the- center of mass motj.on of the remain- 

der of the nucleus is perfectly correlated, since pA is zero. 

Therefore, we have 

where k is Boltzmann's constant and m is the nucleon mass (we N 

neglect binding corrections to fragment masses). This would correspond 

to an excitation temperature of about 9 MeV/h, remarkably close to 

the mean nucleon binding energy. 

4. If the projectile nucleus received a mean squared 

momentum transfer 
Px 

in some direction, a2 in that direction would 

be changed to 

This means that the momentum distrjbution of the heaviest fragments 

is most sensi Live to coll j sional momentum transfer. 

We cor,clud~ that the momentum distribution of projectile 

fragrneril,~ i: not seriritive to the speed of t,he fragmentation process. 

Wh? L h ~ r  f ragmen 1,s l,i or1 occurred almost irnwed i 2tely after collision, 

w i t h  7 11,~igriif j cant Yinal state fragment-f'ragrrient interaction ( sudden 

hypoth~si:,), or whether it occurred only rift,er a rough equilibrium 
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ABSTliACT 

fiugme:ltkition 01' high-energy n u c l e i  1 s  t r e d t e d  

us ing  t h e  quantum mechmical  sudden approxirmtlcn.  

Nuclear wave f u n c t i o n s  necessary  f o r  t h e  method a r e  

cons t ruc ted  us ing t h e  s h e l l  model. Momentum d i s t r i b u t i o n s  

4 12 
f o r  He p a r t i c l e s  from 160 and C and f o r  proton5 com- 

ing fron; = C  a r e  determined.  They a r e  dominated by a 

Gaussian f a c t o r  whose s t andard  d e v i a t i o n  i s  simply 

r e l a t e d  t o  t h e  s h e l l  model p l rdmeters  of p r o j e c t i l e  and 

fragment. 

I n  a s e r i e s  of remarkable experiments c a r r i e d  ou t  over t h e  

1 
p a s t  two y e a r s  Beiser,  Cork, Greiner,  Heckman and Lindstrom have 

observed t h e  f ragmentat ion of heavy n u c l e i  on va r ious  t a r g e t s  a t  

e n e r g i e s  of 1 .05  and 2 . 1  GeV per  nucleon. They f i n d  t h a t  when a n u c l e s r  

p r o j e c t i l e  r u p t u r e s  on co1l i l ; ion  it g ives  r i s e  t o  n u c l e i  with velocities 

narrowly d i s t r i b u t e d  about that of the  p r o j e c t i l e .  A l l  p c s s i b l e  "long- 

l i v e d "  (> s e c )  f'ragments (cornpat,j.ble wi th  t h e  q u a n t u m  numbers 

involved)  a r e  observed; t h e  spread i n  v e l o c i t y  ( r a p i d i t y )  i s  of t h e  

o rde r  of' t h e  "Fermi momentum" f 'or t h e  p r o j e c t i l e .  They f u r t h e r  find. 

t h a t  t h e  r a t i o s  of t h e  c r o s s  s e c t i o n s  f o r  var ious  fragments i s  



where d r  represents  t he  mzegrat ion element over a l l  var iables .  O u r  

wave func t io r s  a r e  not symmetrized between P and T or N and X, 

but  a corsicieration of e f f e c t s  r e su l t i ng  therefrom, show these  t o  be 

unimportant s ince there  i s  e s sen t i a l l y  no overlap between such wave 

lunc t ions  because there  i s  a negl ig ib le  component of 1-2 GeV p r t i c l e s  

i n  a nuclear s t a t e .  The variables  t i  represent an  appropriate  

co l l ec t ion  for -descr ip t ion  of the  system: we f ind  it convenient t o  use 

magnitude of momentum, angular momentum, and spin vdria-bles f o r  these. 

The fragmentation experiments aye ca r r i ed  out i n  the  manner of 

an " inclusive" measurement, i n  t he  language of' high energy p a r t i c l e  

N 
physics.  Thus i f  we ask f o r  t h e  probabili ty,  Wm , of f inding a 

nuclear fragment N we have 

Using t h e  closure r e l a t i o n  



-+ 
I n  t h i s  equation L% i s  t h e  momentum of t h e  nucleus "N" . This type 

of wave flmction,  ldl~e-? a p p r o p r i a t e l y  modified t o  t a k e  i n t o  account 

s p i n  and t h e  h u l i  exclus ion p r inc ip le ,  has been used f o r  -the. ?mluc-ltion 

of the t r a n s i t i o n  p r o b a b i l i t y .  A S l a t e r  determinant enkody?.:~g these  

f e a t u r e s  i s  e a s i l y  cons t ruc ted ,  

Before g iv ing  t h e  re:;.!'! . of e labora te  ca lc i i l a t ions  involving 

such wave funct ions ,  we gi-ve s. 1>2sk r e s u l t  which i s  independent of 

such complication.  Note f i r s t  t h a t  r egard less  of t h e  s t a t e  of a  

pa r t i c le , ,  e; ::h harmonic c s c i l l a t o r  wa,ve function (:.-I\-:a i n s  a  Gaussian 

f a c t o r .  (TI:, e x h i b i t  .the aforementioned r e s u l t  we could assume t h a t  

each p a r t i c l e  i s  i n  an. S s t a t e  and that sp in  may be neglec-ted. ) A l l  

c a l c u l a t i o n s  a r e  imagined t o  be done i n  t h e  p r o j e c t i l e  r e s t  frame. 

Upon i n s e r t i n g  wave func t ions  of t h e  jorm of Eq. ( 5 )  i n t o  Eq.  ( 3 )  we 

have 

-.L--^_ I T  / + 

W 1 1 C L  e 
lYp 

aid lily a r e  i i u r u w l i ~ a i  iurl ~ u n i  LrlnLs, and I (5, . , ) i s  a 

polynomi.al i n  t h e  momenta of t h e  var ious  p a r t i c l e s  which r e s u l t s  from 



ca lcu la t ion  of r e l a t i v e  p robab i l i t i e s ,  The dependence of on t h e  

fragment 's momentum i s  now e a s i l y  found t o  be 

In  t h i s  expression the  standard deviat ion i s  

These simple formulas give a  good account of t h e  experimental 

da t a .  The Gaussian formula f i t s  individual  r e s u l t s  and the  observed 

standard deviat ion f o r  production of N fYom P i s  i n  good accord 

with Eg. ( 6 )  a s  shown i n  Fig. I . ~  It is t o  be noted t h a t  the  only 

parameter is  ap, which i s  r e l a t ed  t o  t he  harmonic o s c i l l a t o r  force 

constant.  I n  t he  figure,  t h e  basic  harmonic o s c i l l a t o r  l e v e l  spacing 

has been chosen a s  
4 

Figure 1 i s  p lo t ted  

Eq. (7). 

We now t u r n  

using a  value of a which may be deduced from 
P 

t o  t h e  question of the evaluation of " using 

s h e l l  model wave flmctions which cor rec t ly  take i n t o  account o r b i t a l  

and spin angular momentum and the  h u l i  exclusion pr inc ip le .  This i s  

not an easy t a sk  because one encounters la rge  numbers of terms i n  any 

ca lcu la t ion .  Simplif icat ion of i n t eg ra l s  because of r o t a t i o n a l  

in-\rdrLdnce i s  spoiled because of' the need f o r  dealing co r rec t ly  wi th  

L .L^ 7 L..- 
L U L ~ J .  tuuurcu~uu as iii Eq. ( 5  ) . Oiie fectiire which r emi i i s  iii any 
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A B S T R A C T  

The nova model  of hadron-hadron scat ter ing i s  extended to t r e a t  

the fragmentat ion of heavy nuclei, and the r e su l t s  a r e  in  ag reement  

w i t h  recent  experiments.  



To motivate the choice of the nova production spect rum p 
A B '  We 

reca l l  the multi-Kegge express ion  fo r  double diffractive dissociat ion,  5 

corresponding to F ig .  Ib: 

H e r e ,  (3 (0)  i s  the fo rward  coupling of some Reggeon R to nucleus 
AAR 

A; s imi la r ly ,  for  P ( 0 ) ,  crR and cu a r e  the t r a j ec to r i e s  of the 
BBR P 

Reggeon R and the P o m e r o n ,  and g 
P P R  

( t )  i s  a t r iple-Regge coupling. 

Since the energies  involved in the experiments of in te res t  a r e  not very 

high (2.1 ~ e V / c  of bcam rnorner,tzm per  nuc!eo-), t r ip le -Pomeron  t e r m s  

a r e  unlikely t o  contribute appreciably and we assume  R i s  the highest-  

in tercept  secondary Reggeon of appropr ia te  quantum numbers ,  the f ,  

with cr (0) = $ .  Using a l inea r  t r a j ec to ry  LY ( t )  = cu (0)  t c u l t  and ex- 
f P P 

ponential t r ip le  coupling g (t)  = gppf(0) eyt  we can in tegra te  over  t PPf 

t o  obtain a prototype miss ing  m a s s  distribution 

(4) 

where  the  minimum momentum t ransfer  t is a k n ~ w n  car.p!icatec! 
m i n  

funchon of s ,  m A ,  mg,  m and m (Ref. 6 )  and i t s  appearance  wil l  
1 ' 2 



behavior has  been found consistent in a n  analys is  of K - K regener-  L S 

ation by charge -exchange degeneracy on nuclear targets .  
8 

In Fig. 3 we compare the experimental inelast ic  c ross  section 

with the resu l t s  of a calculation using Eq. (2,  5 , 6 )  normalized a t  lead 

and the agreement  i s  satisfactory. 

It i s  interest ing to notice he re  that there a r e  two pieces of 

pre l iminary experimental  resul ts  on target  dependence to be investigated 

further:  The t a rge t  dependence of total inelastic c r o s s  section, u 
AB 

d u C  
incl' 

i s  (Fig. 3 )  while that of part ial  c r o s s  section 
AB - i s  A 0.256 

d q 
which was  observed for yA assuming factorizability of target  and beam 

These  two information on target  dependence implies that the average 

multiplicity should decrease  a s  target  m a s s  inc reases  a s  

- - 1 doL AB 
-c - 

incl 

i f  we assume that  the target  dependence i s  

same dependence a t  a l l  angles. 

factorizable and has  the 

7 

The decay distr ibution of a nova i s  conventionallyL considered to 

be a Gaussian in the nova r e s t  f rame 

where we have resolved k into longitudinal (k ) and t ransverse  (kT)  
L 



the r e s t  f r a m e  of the  nova (of m a s s  m ) ,  then conservation of energy 2 

implies 

D 

In the case  of i n t e r e s t ,  P << m C ,  mD S O  we can rewr i t e  the l a s t  

equation a s  

Averaging over  nova m a s s ,  we obtain 

where  N i s  normalizat ion and 

2 . .  where  the constant Q i s  independent of C. Thus K' i s  a parabola a s  
C 

a function of m with a max imum a t  m = mB/2. 
C' C 

This  formula  i s  

compared to exper iment  i n  Fig. 4, for  a n  160 nova, and the ag reement  

of the shape i s  quite good f o r  i ts  simplicity. The parabolic  shape of the 

ta rget  dependence is  a l s o  predic ted  f rom the quantum mechanical  sudden 

approximation1' and the s ta t i s t ica l  model. 
13 

At the peaks  of the nova m a s s  spec t rums ,  m 
1,2 : m A,B + P / z ~ * , ~ ,  

the momentum P of the f ragment  C a t  m a s s  number 8 f o r  160 nova, 

and the t a rge t  r eco i l  momenta a r e  c a l c d a t e d  a s  a function of P and 

shown in Table I. The b e s t  r e su l t  i s  obtained a t  P = 0.5 * 0.1. The 

f ragment  momentum i s  r a t h e r  sensi t ive on 6 a t  s m a l l  p and could have 
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calculat ion which i s  n o r r n ~ l i z e d  a t  P b  f o r  160 beam.  
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High energy r e a c t i o n  mechan~sms a r e  d i r e c t l y  r e s p o n s i b l e  l o r  
t h e  format ion  o f  a  number of  l i p h t e r  n u c l e i  i n  a s t r o p h y s i c a l  
environments.  They a r e  v e r y  l i k e l y  r e s p o n s i b l e  a s  w e l l  f o r  
t h e  anomalous abundance f e a t u r e s  observed i n  t h e  s p e c t r a  o f  
" p e c u l i a r "  s t a r s  and f o r  t h e  s y n t h e s i s  o f  some heavy n u c l e i  
i n  supernova shock waves. T h e i r  most impor t an t  c o n t r i b u t i o n  
t o  n u c l e o s y n t h e s i s  may u l t i m a t e l y  prove t o  be a n  i n d i r e c t  one - 
t h a t  of  a l l owing  t h e  d i s i n t a n g l i n g  of  t h e  cosmic r a y  abundances 
t o  provide  d e t a i l e d  in fo rma t ion  concerning  t h e  n a t u r e  of  cosmic 
r a y  s o u r c e s .  A b r i e f  rev iew o f  t h e s e  v a r i o u s  problems is  p re -  
s e n t e d .  

I n t r o d u c t i o n .  Current  t h e o r i e s  of  n u c l e o s y n t h e s i s  r e l e g a t e  t o  h i g h  ene rgy  
r e a c t i o n  mechanisms a  secondary  r o l e .  Suppor t ing  arguments f o r  t h i s  v iew 
a r e  s t r a i g h t f o r w a r d .  Nuc leosyn thes i s ,  a s  we unde r s t and  i t  today ,  i n v o l v e s  
t h e  s y n t h e s i s  of  heavy n u c l e i  i n  s t a r s  and supernovae a s  a  consequence 
o f  f u s i o n  r e a c t i o n s  s t a r t i n g  w i t h  hydrogen and he l ium - t h e  p r i m o r d i a l  
g a l a c t i c  c o n s t i t u e n t s ,  n u c l e a r  remnants o f  t h e  cosmologica l  f i r e b a l l .  
Higher energy  r e a c t i o n s  (above - 10 ~ e ~ / n u c l e o n )  a r e  c h a r a c t e r i s t i c a l l y  
d e s t r u c t i v e  by n a t u r e  and a r e  no t  s u i t a b l e  f o r  t h i s  t a s k .  R a t h e r ,  
thermonuclear  r e a c t  i o n  mechanisms invo lv ing  r e  l a  t i v e  l y  low energy p a r t  i- 
c l e s  p l a y  t h e  dominant r o l e .  Note f u r t h e r  t h a t  f o r  t y p i c a l  c o n d i t i o n s  
i n  stars and supernovae ,  e u i l i b r i u m  e x i s t s  between m a t t e r  and r a d i a t i o n ;  
h i g h  t empera tu re s  T  2 1018 OK t h u s  imply pho tonuc lea r  breakdown of  
h e a v i e r  s p e c i e s  - bu t  t h e  kT energy e q u i v a l e n t  a t  101° O K  i s  only  1 MeV. 

E l a b o r a t i n g  upon t h i s  p i c t u r e ,  e x t e n s i v e  numer i ca l  i n v e s t i g a t i o n s  
c a r r i e d  out  over  t h e  p a s t  s e v e r a l  y e a r s  have e s t a b l i s h e d  t h e  l i k e l y  r o l e s  
played by  v a r i o u s  a s t r o p h y s i c a l  s i t e s  i n  t he  s y n t h e s i s  o f  the  e l emen t s .  
Hydrogen- and 4 ~ e  r e p r e s e n t  t h e  major products  bf  t h e  cosmologica l  ''a- 
m" f o r  a r a t h e r  broad range  of c o n d i t i o n s .  For  more r e s t r i c t i v  
cho ices  of boundary c o n d i t i o n s ,  s i g n i f i c a n t  c o n c e n t r a t i o n s  o f  2 ~ ,  'He and 
7 ~ i  can a l s o  be formed, b u t  u n i v e r s a l  s y n t h e s i s  o f  t h e  heavy e l emen t s  by 
t h i s  mechanism is  n o t  p o s s i b l e  (Peebles 1966; Wagoner 1973).  



The ro l e  of nuclear t r a n s f ~ r m a t i ~ n ~  i n  supernova shock precursors 
provides a new and ac t ive  area f o r  research. Subs tan t ia l  nuclear da t a  
concerning proton and alpha-part ic le  react ions a t  energies - 10-100 M ~ V /  
nucleon may be required t o  allow re l i ab l e  predict ions of r e l a t i v e  nuclear 
abundances. The answers t o  date  a r e  surely not de f in i t i ve  - too many 
parameters a r e  simply too poorly defined. Recent work by Weaver and 
Chapline (l974),  f o r  example, has posed ser ious  fundamental questions 
concerning many d e t a i l s  of t h i s  picture.  They argue t h a t  rad ia t ion  
d i f fus ion ,  not  ion v i scos i ty ,  represents  the dominant d i ss ipa t ive  mechan- 
i s m  for  shock energies  up t o  30 Me~/nucleon - hence t h a t  a high ion- 
temperature shock precursor can only e x i s t  a t  higher energies.  I f  t h i s  
view is co r rec t ,  deuterium production would c e r t a i n l y  not be possible. 

Nuc leosynthesis  and Cosmic Ray Sources. Supernovae and t h e i r  remnants 
a r e  general ly  considered t o  be the  most l i k e l y  source of cosmic rays i n  
our galaxy. The energy requirements fo r  f i l l i n g  the galaxy with cosmic 
rays a r e  e a s i l y  met and the  r e l a t i v e  heavy element enrichment of cosmic 
rays (see fo r  example Shapiro and Silberberg 1970) suggests t h e i r  o r i g h  
is  a t  a s i t e  of nucleosynthesis.  

I f  t h i s  view is co r rec t ,  i t  necessar i ly  follows t h a t  cosmic rays 
represent  both a po ten t i a l l y  powerful probe of supernova environments 
and a t e s t  of nucleosynthesis theories .  In  order t o  u t i l i z e ' t h i s  probe, 
however, one must f i r s t  cor rec t  the d i s t r i bu t ion  of cosmic rays a r r i v i n g  
a t  the  top of t he  e a r t h ' s  atmosphere for  the e f f e c t s  of propagation from 
the sources through the i n t e r s t e l l a r  medium. An enormous research e f f o r t  
has been addressed t o  t h i s  problem over the past t e n  years (Shapiro and 
Si lberberg 1974). These s tud ie s  have been successful  i n  providing mea- 
sures  of the mean path length t raversed by the cosmic rays (- 6 gm/cm2) 

7 and of the cosmic r ay  dwell time i n  the galaxy (<lo years) .  Spa l la t ion  
reac t ions  occurring as a r e s u l t  of cosmic ray t r a v e r s a l  of 6 gm/cm2 can 
give r i s e  t o  enormous .enhancements pa r t i cu l a r ly  of l e s s  abundant nuclear  
species  (witness: l i thium, beryllium and boron). The process of s o r t i n g  
out the secondary nuc le i  produced en route  demands r e a l i s t i c  est imates  of 
fragmentation y i e lds  a t  high energies ,  as  e laborated by D r .  Raisbeck in 
these  proceedings. Source compositions of heavy cosmic ray nuc le i  have 
been obtained i n  t h i s  manner. 

There a r e  two major groups of heavy nuc le i  whose o r ig in  i n  supernova 
events we bel ieve t o  be f i rmly establ ished.  The f i r s t  of these groups, 
involving elements from neon t o  n icke l ,  can be formed in s o l a r  system 
proportions i n  the  ex lo s ive  thermonuclear burning of matter composed 
i n i t i a l l y  of 12c and at temperatures ranging T -- 2-7 x 10' OK. 

This can presumably occur i n  a s ing le  event - the explosion of a massive star. 
I f  the  cosmic ray  abundances of these nuc le i  have t h e i r  o r ig in  in t h e  
same events ,  then t h e i r  r e l a t i v e  concentrations should be cons i s t e n t  
with s o l a r  system matter. Within the  uncer ta in t ies  i n  both experiment 
and theory,  the  two d i s  tr ibu t  ion8 a r e  cons i a  tent. 



While t h i s  agreement i s  s u g g e s t i v e ,  i t  does n o t  conclusively demon- 
s t r a t e  t h a t  these  cosmic rays  a r e  a c c e l e r a t e d  i n  t h e  immediate v i c i n i t y  
of a supernova event .  One could argue t h a t  a s o l a r  system mix of hydro- 
gen,  helium and these  heavy n u c l e i  has been sub jec ted  t o  a mechanism 
which p r e f e r e n t i a l l y  a c c e l e r a t e s  t h e  heav ie r  component. Mogro-Campero 
and Simpson (1972) have i n  f a c t  d iscovered an 'enrichment of heavy e l e -  
ments i n  s o l a r  cosmic rays  i n d i c a t i n g  t h e  operat ion of such a preferen-  
t i a l  a c c e l e r a t i o n  mechanism. It i s  t h e  second group of heavy n u c l e i  
formed i n  supernovae - t h e  "r-process" heavy n u c l e i  - which may u l t i m a t e l y  
provide a d e f i n i t i v e  t e s t .  

The s o l a r  system abundances of n u c l e i  i n  the  mass range A > 60 
a r e  l a r g e l y  a t t r i b u t a b l e  t o  two neutron-capture  mechanisms, d i s t ingu i shed  
by t h e  t y p i c a l  time between success ive  neutron cap tures .  The Its-process", 
c h a r a c t e r i z e d  by low neutron f luxes  qnd time s c a l e s  f o r  success ive  cap- 
t u r e s  a t  l e a s t  of t h e  o rder  of y e a r s ,  is  believed t o  occur dur ing t h e  
red  g i a n t  phase of a s t a r ' s  evo lu t ion .  The "r-process" demands high 
neutron f luxes  wi th  neutron cap tures  proceeding on a time s c a l e  s h o r t  
compared t o  b e t a  decay l i f e t i m e s  i n  t h e  v i c i n i t y  of t h e  v a l l e y  of b e t a  
s t a b i l i t y .  The opera t ion  of t h i s  mechanism on a hydrodynamic time s c a l e  
i n  supernova environments has been demonstrated (Cameron, Delano and 
Truran 1970; Schramm 1973). Both mechanisms provide d i s t i n c t  s i g n a t u r e s ,  
ev iden t  i n  t h e  abundance d i s t r i b u t i o n  o f  heavy n u c l e i  i n  s o l a r  system 
mat ter .  I n  both i n s t a n c e s ,  t h e s e  s i g n a t u r e s  r e f l e c t  the  increased s t a b i l i t y  
o f  n u c l e i  w i t h  "magic numbers" of neutrons .  The s-process ,  cons t ra ined  t o  
t h e  v i c i n i t y  of. t h e  v a l l e y  of b e t a  s t a b i l i t y ,  shows abundance peaks a t  
masses A &'88,- 138 and 208 corresponding t o  t h e  c losed  neutron s h e l l s  a t  
N 50, 82 and 126. I n  c o n t r a s t ,  r-proce'ss neutron captures  proceed i n t o  
t h e  neutron r i c h  region o f f  t h e  v a l l e y  of be ta  s t a b i l i t y  where t h e  neu- 
t r o n  c losed  s h e l l s  a r e  encountered a t  lower va lues  o f  Z ;  t h e  observed 
abundance peaks a t  A - 1 3 0  and A -- 195 a r e  bel ieved t o  have been formed 
i n  t h i s  manner. 

The p o t e n t i a l  f o r  probing t h e  n a t u r e  of cosmic ray  sources  i s  e v i -  
den t  from t h i s  d iscuss ion.  C e r t a i n l y  no pure p r e f e r e n t i a l  a c c e l e r a t i o n  
mechanism opera t ing  on a s o l a r  system abundance mix could s e l e c t i v e l y  
emphasize t h e  r-process n u c l e i .  Accumulating d a t a  sugges t s ,  however, 
t h a t  the  heavy n u c l e i  i n  the 'cosmic r a d i a t i o n  shows a d i s t i n c t l y  r -p rocess  
s i g n a t u r e  (Pr ice  e t  a 1  1971). Should t h i s  be confirmed by f u r t h e r  inves-  
t i g a t i o n s ,  t h e  o r i g i n  o f  cosmic r a y  heavy n u c l e i  a t  a s i d e  of nucleosyn- 
t h e s i s  would be demnded. Furthermore,  Osborne e t  a1 (1973) have found 
t h e  energy spectrum of heavy cosmic r a y s  (Z 2 60) t o  be much s t e e p e r  t h a n  
measured s p e c t r a  of t h e  l e s s  massive components, suggest ing t h a t  perhaps 
a second source  (another type o f  supernova even t? )  i s  respons ib le  f o r  t h e  
foimation and a c c e l e r a t i o n  of cosmic r a y s  i n  t h i s  heavy region.  (We should 
no te  t h a t  c o n f l i c t i n g  evidence does e x i s t  (Fowler 1973) i n d i c a t i n g  an  
energy spectrum i n  t h i s  r eg ion  c o n s i s t e n t  wi th  t h a t  of t h e  iron group.) 
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INTRODUCTION 

My understanding of the purpose of this meeting is an  at tempt 

to broaden the awareness  amongst  members  of d iverse  scientific 

disciplines a s  to the relevance of high energy heavy ions in  these various 

domaines. Therefore ,  before  beginning to d iscuss  the specific topic 

indicated in  the t i t le  of this talk, I would l ike to take this opportunity 

of making a few general  comments on the importance of high energy 

heavy ion acce le ra to r s  t o  cosmic ray  studies. 

As we have seen  a l ready a t  this meeting, a rguements  can be 

made  a s  to the potentialities of high energy heavy ions i n  a number of 

a r e a s  of physics. Some of these  ideas  a r e  quite specific - many others  

of a highly speculative nature.  The eventual impact  i n  these  a r e a s  is 

thus s t i l l  uncertain,  although I personally a m  persuaded that they will  

be v e r y  significant in  the  long run. In the c a s e  of cosmic ray  physics, 

however, I believe a much f i r m e r  statement can be made. The reason 

is straightforward - a s m a l l  (but, a s  we shall see ,  ve ry  important) 

fract ion of cosmic ray  par t ic les  a r e  themselves high energy heavy ions. 

When one uses  high energy heavy ions in other  branches of physics, one 

i s  studying mat t e r  in an  " abnormal  " state in an  at tempt to  bet ter  

understand i t s  normal  s ta te .  In the field of cosmic r a y  r e s e a r c h ,  



however, these high energy heavy ions effectively simulate the objects 

under study in  their normal state. Therefore, i t  i s  clear that any 

investigations on the interaction of such cosmic ray particles with 

mat te r ,  whether i t  be in the domaine of particle physics, nuclear physics, 

atomic physics, solid state physics o r  biophysics, will benefit enormously 

by having available a known and controlable accelerator source of such 

projectiles, This i s  t rue whether one is considering a " basic If research 

problem of the type I will discuss today, a more  indirect application to 

a basic problem, such a s  the calibration of a cosmic ray detector, o r  

whether i t  i s  a very practical  application such a s  designing cosmic ray 

shielding for manned space studies. It i s  a lso an  arguement which i s  

far  reaching in time, since i t  will apply equally to aspects of such 

research  in the future which we may not even be aware of today. I think 

I can speak for a l l  members  of the cosmic ray community, therefore,  

in  expressing our pleasure a t  the importance the high energy heavy ion 

program is being given here  a t  Berkeley, and i n  lending our wholehearted 

support to i t s  continued development. 

I now turn to the more specific topic which we a r e  to consider 

today, namely nuclear epallation of cosmic rays  during propagation. 

I would like to t rea t  the subject in  four sections ; (a) an overall view of 

the problem ; (b) what type of information we can learn from such 

studies ; (c) which nuclear reactions a r e  important apd (d) what i s  the 

present status of knowledge of these c ross  sections. Hopefully the 

above will provide the basis for a better appreciation of the aspect of 

greatest  in terest  to this group - i. e. , how can the Bevalac, or  other 

high energy heavy ion accelerators,  contribute to progress in thia 

field. F o r  the reasons metioned above I will t r y  to direct this discussion 

to the non-specialists in the field. I apologize in  advance to those in 

the audience who a r e  already familiar with this problem, and may find 

the treatment a t  a somewhat basic level. 



THE PROBLEM 

It may be useful to f i r s t  make a schematic representation 

of the problem we a r e  considering : 

source acceleration propagation detection 

At the left we have a box which represents cosmic ray sources. 

The question mark indicates that we don't really know what these sources 

a re .  Next, i s  a box representing acceleration of cosmic ray particles. 

Again the question mark shows that we don't know the nature of this 

acceleration mechanism. In fact, we don't know whether boxes 1 and 2 

should be separate o r  not. That i s ,  i s  the event in which cosmic rays 

a r e  born also responsible for their acceleration, o r  does that happen 

la ter  ? And i f  so, when, where, and how ? In the third box we represent 

propagation. By this we mean everything that occurs to cosmic rays 

between their acceleration and their arr ival  here  in the solar system. 

Again a question mark  indicating we don't really know how, o r  even 

where, this propagation takes place. Finally we have a box representing 

detection of cosmic rays. Actually this box could be subdivided into 

several  others,  since, depending on the energy, altitude, and latitude 

of detection of the cosmic ray,  i t  rnay be necessary to correct  for other 

effects such a s  solar modulation, geomagnetic cutoff, reactions in the 

atmosphere etc, . . However, in  principle a t  least ,  a l l  of these factors 

can be accounted for. If we put a check in this box i t  is not because we 

know everything about the arriving cosmic rays ,  but because i t  i s  the 

a r ea  in  which we know most, and i n  which further progress can be 

counted on. 



In i t s  s imples t  fo rm,  therefore ,  cosmic ray  physics can be 

considered a study of this l a s t  box, with a view to having some under-  
of 

s t a n d i n M e  other three .  We s e e  immediately that in te res t  in  the 

propagation problem has two aspects .  F i r s t ,  i t  represents  one of those 

question marks .  Secondly, i t  is a vital link between our detection box 

and those representing source  and accelerat ion.  In o r d e r  to  r e l a t e  what 

we detect  to any of the e a r l i e r  phases,  i t  i s  c l ea r  that we mus t  understand 

what happens during the propagation phase. 

In par t icular ,  if we consider  the cosmic r a y  composition, then 

we m u s t  take account of nuclear  react ions of the type : 

where  A represen t s  an  ini t ial  cosmic  ray  nucleus , H (He) r ep resen t s  

a n  in te r s t e l l a r  a t o m  of hydrogen (helium), and B represen t s  a secondary 

nuclear  reaction product. Now, although the l a rge  majori ty of cosmic  

r a y  par t ic les  a r e  protons ( +  90 %) and alphas ( + 10 %), we shall  s e e  

that the IS. 1 % of heavier  nuclei a r e  ve ry  r i ch  in  the type of information 

they can provide. 

MOTIVATION 

The type of information we can l ea rn  f rom studying the 

nuclear  react ions indicated above can be considered under the following 

t h r e e  headings : ( 1 )  quantity and distribution of mat ter  t r ave r sed  ; 

(2 )  t ime  and place of propagation ; ( 3 )  source  composition. 

Quantity and distribution of m a t t e r  t r ave r sed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

One of the ea r l i e s t  conclusions a r r i v e d  a t  regarding cosmic  

ray  propagation was that the p r i m a r y  cosmic rays  (i. e. those emit ted 

by the  source)  t r ave r sed  a significant amount of ma t t e r  between the i r  



accelera t ion  and their  a r r i v a l  in the so lar  sys tem.  This  conclusion 

was  based on the ra t io  Li  Be B/C N 0, which i s  believed to be ve ry  
- 6 

s m a l l  universal ly ( PJ 10 ) but which is /V 0. 2 3  i n  cosmic rays .  

Assuming a universa l  ra t io  a t  the source ,  and a knowledge of the 

relevant  c r o s s  sect ions,  one can calculate that  the p r imary  C N 0 
L 

nuclei mus t  in te rac t  with the equivalent of a 4 gm/cm slab of 

hydrogen in  o r d e r  to  produce the observed cosmic  r a y  Li Be B. Somewhat 

l a t e r  a s imi la r  analysis  of the spallation products nea r  F e  led severa l  

workers  to  a r g u e  that this s a m e  'I s lab  'I of ma t t e r  would lead to m o r e  
* 

of these  heavier  secondary products than w e r e  actually observed . This 

has  led  to  the idea of an  exponential distribution of potential pathlengths, 

a concept which i s  a l s o  m o r e  satisfying f r o m  some other physical points 

of view. An improvement in  both cosmic r a y  abundance determinations, 

and in  c r o s s  section measurements ,  should eventually permit  one to 

conclude whether a single distribution of m a t t e r  can quantitatively 

account for  a l l  the observed secondary species .  Such information i s  very 

important  t o  the question of whether a l l  cosmic  ray  nuclei originate i n  

the s a m e  sources  o r  whether, fo r  example, F e  nuclei may be f r o m  

different sources  than C N 0. 

-- - - 

* 
It should be noted that this analysis  i s  based to  a very  large  extent 

on predicted c r o s s  sect ions for  F e  spallation. However, since many 

react ions a r e  involved, and because the re  a r e  m o r e  radioactive 

products i n  this region on which to  base  c r o s s  section predictions, i t  

was fel t  unlikely that sys temat ic  uncertaint ies  i n  these est imates could 

be sufficient to invalidate the above conclusions. Recent measurements  

in  our  labora tory  (1) tend to support this point of view. 



Another question that has been brought to interest recently 

i s  whether cosmic ray pr imar ies  of different energies encounter the 

same amount of matter. While this was believed true for many years,  

recent cosmic ray composition measurements a t  high ( >/ 10 G ~ v )  

energies suggest the opposite. These observations show that the ratio of 

s e ~ o n d a r i e s / ~ r i m a r i e s  decreases with increasing energy. This phenomena 

has widely been attributed to the fact that the higher energy nuclei traverse 

a smaller quantity of matter. Such an interpretation has very important 

consequences for cosmic r ay  studies. It i s  clear that any quantitative 

evaluation of this effect must correctly account for variations due 

simply to changes in the relevant nuclear cross  sections. 

Time and place of propagation 

Two of the basic unknowns regarding cosmic ray propagation 

a r e  where and for what period of time i t  takes place. This problem has 

traditionally been considered from the point of view of cosmic ray 

It clocks " - i. e. spallation produced radioactive isotopes having lifetimes 

of the order  of the expected propagation time. The most important of 
6 

these species is l0I3e, with a r e s t  half-life of 1. 5 x 10 years. Other 
5 5 

possible candidates a r e  2 6 ~ 1  (7. 3 x 10 years) and 3 6 ~ 1  (3. 0 x 10 years). 

A measure of what fraction of these radioactive species survives can 

give us the time between their  formation and detection. 

It has often been stated that this temporal information, together 

with knowledge of the total amount of matter traversed, can, by means 

of the implied density of the propagation medium, tell us where pro- 

pagation takes place. This is true if, (and only if, ) production and 

propagation a r e  contiguous. However, i t  i s  not impossible to imagine 

a situation in which spallation takes place in a relatively dense medium, 

followed by propagation in  a very tenuous one. The density inferred 

from a radioactive " clock " in this case would be an " average " one, 

which would not be representative of either the spalhtion o r  the 

propagation environment. 



A method of approaching this difficulty has been suggested 

by our group recently (2).  It consists of using pure electron capture 

isotopes, and will be discussed in more detail in my other talk a t  this 

meeting. 

It will also be important to eventually compare the " propagation 

age " determined by these techniques with the " genetic age " of cosmic 

rays  (as determined, for example, by radioactive primary nuclei) i1 

o rder  to see  whether birth and acceleration occur in the same event. 

P r imary  composition - - - - - - - - - - - - - - - - - - -  

Information on the pr imary composition of cosmic rays can 

give us  valuable clues a s  to the potential astrophysical sites for their 

formation and subsequent acceleration. Fo r  example, early observations 

that cosmic rays were enriched in heavier (Fe  region) nuclei compared 

to " universal It abundances led to speculation that they came from highly 

evolved s ta rs .  This, together with a favourable energetic situation, 

suggested identification of such sources with supernova. More recently 

i t  has become apparent that a very significant fraction of a l l  heavier 

element synthesis may occur in explosive events (3) .  If this i s  true,  

then cosmic rays may represent one of our most direct samplings of 

the resul ts  of explosive nucleosynthesis. Since different models of 

such events give different final compositions, i t  i s  important that we 

know a s  accurately a s  possible the composition of these " primary I t  

cosmic rays. As we have seen e a ~ l i e r ,  the quantity of matter traversed 

during propagation i s  not negligible, and nuclear reactions give r i s e  to 

a significant modification in the observed composition. In order to 

unfold these effects correctly we obviously need to know a large number 

of the relevznt nuclear cross  seciiona. 



Another a spec t  of this problem involves the possibility of 

" selection " effects during accelerat ion.  One ex t reme  point of view 

for  example,  i s  to  a r g u e  that the cosmic r a y  source  composition i s  the 

s a m e  a s  universa l  composition, and that a l l  the differences we observe 

a r e  due to  these  select ion effects. A method of testing such ideas i s  to 

compare  the " enrichment " of two elements differing strongly in  the 

physical proper ty  believed to be causing selection. If one wants to t e s t  

the importance of ionization potential, for  example,  one might choose 

to  compare  Na and Ne. Again i t  is the abundances before propagation 

that we a r e  in teres ted  in ,  and in  some cases  (Na i n  the present  example) 

the spallation correc t ions  a r e  ve ry  significant. 

WHICH CROSS SECTIONS ? 

We should f i r s t  note that,  because of the  astrophysical  t ime 

sca le  involved, the reac t ions  we a r e  in teres ted  in  a r e  those leading to  

s table o r  ve ry  long l ived products (including, of course ,  contributions 

of radioactive p r e c u r s o r s  which decay to these  products). One often 

s e e s  the statement that analysis of the cosmic  r a y  propagation problem 

requ i res  a knowledge of c r o s s  sections for  a l l  t hese  interactions. While 

technically c o r r e c t ,  such a position is somewhat misleading in  that it 

fai ls  t o  emphasize the  variable importance of different c r o s s  sections. 

In rea l i ty  significant information can be obtained f rom a n  accura te  

knowledge of a relat ively modest  number of careful ly chosen c r o s s  

sections. 

This  i s  indeed fortunate s ince if one examines the situation 

quantitatively, one begins t o  appreciate the  magnitude of the complete 

problem. F o r  example, res t r ic t ing  ourself only to  the region of Z ,( 2 6  

for  the moment (and thus ignoring a group of r a r e  but ve ry  interest ing 



heavier  nuclei) we find about 70 stable o r  long lived isotopes. This 

means that about 70 x 70/2 2500 projectile-product combinations 

a r e  involved in the complete t ranspor t  equations, If we assume,  a s  a 

ve ry  modest  cr i ter ion , that we need results  a t  4 energies for  a rough 

excitation function, this implies the necessity for ~r 10, 000 c ro s s  

section measurements .  And, of course ,  since the in ters te l lar  medium 

i s  N 10 % by a tom He, we should fo r  completeness have an equal 

number of alpha induced c ro s s  sections. One sees  that this is certainly 

a major  undertaking - even by Bevalac techniques ! One i s  therefore 

relieved to rea l ize  that they a r e  not a l l  of equal importance. 

The decision a s  to what c ro s s  sections a r e  cri t ical  is naturally 

dependent on which of the previously discussed a r e a s  one is interested 

in : F o r  example, if one is trying to evaluate the quantity of mat te r  

t r aversed  then one looks for  a product nuclide which is expected to have 

very  low abundance a t  the source  (eg. Li  Be B, F, Sc). If one i s  looking 

a t  the question of cosmic ray  I' age " then one focuses on the favourable 
10 3 6 

radioactive " clocks " ( Be, 6 ~ 1 ,  Cl). F o r  the question of source, 

composition one can summar ize  the important reactions a s  follows - 
those having parent  nuclei that a r e  abundant, and product nuclei that a r e  

s ca r ce  (i. e. those interactions which will significantly contribute to the 

observed abundances). 

The above comments may appear tr ivial ,  and yet they often 

s e e m  to be ignored in discussions of the subject. Application of the 

above c r i t e r i a  s t i l l  leaves a long, but perhaps feasible l i s t  of c ro s s  

sections that should be measured.  Use of rough est imates for  many 

others  that a r e  l e s s  cr i t ica l  will have relatively little effect on the 

final analysis .  



PRESENT STATUS 

Alongside the statement that a complete matrix of cross  

sections i s  needed, one often reads that almost none of these a r e  yet 

measured. This i s  a lso a little misleading, although perhaps less  so 

than the former.  In fact, during the past ten years ,  due largely to efforts 

of the Orsay group, under the late R e d  Bernas, several  of the most 

important reactions have been studied using mass  spectrometric tech- 
* 

niques . For  example, the production of Li Be B from their most 
16 

important progenitors 1 2 c  and 0 have been quite extensively examined 

(4 - 7). Many additional c ross  sections leading to the important nuclide 
10 

Be have also been reported (8 - 11). Some attempts have been made 

to investigate the importance of the helium interactions ( 6  , 12). More 

recently our efforts have been directed to measurements in  F e  targets,  

and initial results  will soon be available (1). 

Because of the reasons alluded to ear l ie r ,  even these rather 

limited data have permitted important conclusions to be reached regarding 

the amount and distribution of mat ter  traversed,  and the expected 

secondary product distributions. A more extensive cross  section 

dampling i s ,  nevertheless, still  very much needed. Also, a s  in  any 

experimental field, i t  i s  desirable that the existing measurements be 

checked by alternate techniques. 

i 
In this type of measurement the cosmic ray " projectile " ion is 

simulated by a stationary " target " nucleous in the laboratory system, 

and a n  energetic proton (alpha) represents the interstellar  H ( ~ e ) .  At 

the same relative velocity (energy/nucleon) the nuclear cross  sections 

a r e ,  of course,  identical. 



POSSIBILITIES WITH BEVALAC 

The potential of high energy heavy ion accelerators fo r  

measuring nuclear c ros s  sections applicable to the cosmic ray problem 

has  been recognized for  some time. The reason is implicit in a n  assump- 

tion that workers in the field have made for many years  - i. e. that the 

spallation fragments f rom high energy heavy ion interactions will have 

essentially the same velocity (energy/nucleon) a s  the original projectile. 

The degree to which this expectation holds t rue  appears,  to date, quite 

impressive.  Experimentally this means that virtually a l l  the projectile 

fragments escape the target ,  and can be identified with counter techniques. 

This i s  i n  contrast to the situation in which the " projectile " nuclei i s  

a t  r e s t  in  the laboratory system, and where the low laboratory energy 

of the fragments makes 100 % detection by counters very difficult. This 

la t ter  limitation i s  the reason a mass  spectrometric technique has been 

adopted a t  Orsay. 

The overwhelming advantage of counter techniques, compared 

to mass  spectrometry i s  their  generality. Not only a r e  the mass  spec.- 

trometric methods used in our laboratory very painstaking (requiring the 
-12 

extraction and measurement of - 10 gm of the product under 

consideration), they a l so  require virtually a new technique for  each 

target-product combination, and developments a r e  therefore quite slow. 

F o r  the 'Bevalac type experiment, on the other hand, exsentially the 

same setup will se rve  for  any desired measurement (providing, of course, 

the necessary beams a r e  available). While no one would wish to  

minimize the effort necessary for constructing and setting up the original 

system, I think i t  is this generality which has  given r i s e  to  such 

optimism over future possibilites of the Bevalac in  this field. 



There a r e  other advantages of the Bevalac type measurements 

which a r e  relevant to the propagation question. Fo r  example, they will 

permit the study of spallation of r a r e  isotopes o r  even, through the use 

of secondary beams, radioactive nuclides. The latter  may be quite 

important in the case of long lived o r  pure electron capture isotopes 

in cosmic rays. Energetic heavy ions also permit the simulation of 

cosmic ray breakup in the atmosphere or  in detector materials. Cor- 

rections for such interactions a r e  still  a major source of uncertainty 

for a l l  balloon observations of cosmic ray abundances. 

Finally, a r e  there any drawbacks o r  limitations to measuring 

cross  sections in  this way ? In reflecting on this question I have been 
R 

able to  think of only two , and they a r e  more present machine limitations 

rather than disadvantages in  principle. The f i r s t  involves the fact that, 

a s  we have been told, even with the new Hilac injector, the present 

Bevatron vacuum limitations will prevent acceleration of ions heavier 

than r /  Kr. Thus we would have to forsake making measurements 

relevant to the very heaviest cosmic ray nuclei, a region, incidentally, 

where spallation effects a r e  even more important because of larger  

* I do not include here  the purely technical problem associated with 

providing a suitable H target. One may use either a solid hydrocarbon, 

o r  liquid hydrogen. The f i r s t  requires very accurate measurements in  

order  to  reliably subtract the carbon contributions, while a liquid 

hydrogen target presents certain experimental inconveniences. However, 

both methods a r e  feasible and a r e  being currently pursued by the 

Heckman group. 



total interactions c ro s s  sections. Fortunately this situation can be 

overcome with a new vacuum system, and I a m  confident that i t  will be 

eventually done. 

Perhaps  more  fundamental is the present  energy limit imposed 

by the Bevatron. As we noted ea r l i e r ,  the cosmic r ay  problem has need 

of c ro s s  sections over a wide span of energies ,  and particularly up to 

the nuclear c ro s s  section asymptotic limit.  While our own work has  

shown that 2. 5 ~ e ~ / n u c l e o n  is probably well into this limit for light 
16 

targets  (projectiles) such a s  "C and 0, i t  is doubtful whether the 

same is t rue  for  a projectile a s  heavy a s  Fe .  Therefore,  while we a r e  

a l l  s t i l l  anxiously awaiting the f i r s t  resul ts  f rom this wonderful new 

facility, perhaps we should be trying to convince those responsible for 

some of our even higher energy accelera tors  of the future importance 

of relat ivist ic  heavy ions. 
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INTRODUCTION 

The subject I would like to discuss today, atomic charge 

exchange, may seem like a curious one to consider a t  a meeting on high 

energy heavy ions. Such projectiles, however, provide the possibility of 

carrying out studies which can help elucidate the fundamental atomic 

mechanisms involved, a s  well a s  having important implications for the 

field of cosmic ray physics. It i s  these lat ter  implications which originally 

interested us  a t  Orsay in this subject. I can thus in no way pretend to be 

an expert i n  the theoretical aspects of the field, and my description here  

will be based essentially on what I have been able to pick up while looking 

into this largely unexplored domaine. 

I will f i r s t  give a brief r6sum6 of the relevance of this subject 

to the cosmic ray question. I will then discuss some theoretical aspects 

of the atomic charge exchange process a t  very high energies, and the 

present status of experimental verification (or lack thereof) for these 

theories. Finally-I will return i-n somewhat more  detail to the as t ro-  

physical potentialities that exist by combining an understanding of the 

charge exchange process together with certain cosmic ray measurements. 



RELEVANCE TO COSMIC RAY STUDIES 

Table I gives a l i s t  of nuclei which have two things in 

common : (a )  they a r e  a l l  believed to be formed f rom nuclear spallation 

reactions of p r imary  cosmic ray  nuclei (most notably F e )  ; (b) they a l l  

decay by pure electron capture (in the nuclear sense)  . In the absence of 

orbital  e lec t rons ,  these species will thus be stable. At the high energies 

character is t ic  of cosmic r ays ,  one normally thinks of nuclei a s  

being fully stripped of orbital  electrons. However, because of the t ime 

scales  involved, even a ve ry  smal l  probability of picking up an electron 

may resul t  in eventualy decay of these species. The problem therefore 

consists  in  trying to es t imate  o r  better yet, measure  this probability. 

HIGHENERGY CHARGEEXCHANGE 

Loss  c ro s s  sections - - - - - - - - - - - - - - - - - -  

There  a r e  two processes  relevant to the present  question, 

electron pickup and electron stripping. I will talk ve ry  little about the 

lat ter .  Pa r t ly  this is because this process appears  to be fair ly well 

understood theoretically, and partly because i t s  pa ramete r  dependence 

i s  such that i t  i s  expected to have a relatively minor  effect on the cosmic 

ray question. It can be noted the electron stripping is very  closely related 

to the ionization process .  I t s  c ro s s  section, in a light media, has been 

given for example by Bohr (1) a s  : 
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where a = 2 . 8 ~  10 cm 

0 
8 

v = K electron velocity of hydrogen (2. 2 x 10 cm/sec)  
0 

v = projectile velocity 

Zp' Zt 
= projectile and target  nuclear charges,  respectively 

This formula appears  to be approximately valid a t  leas t  for light 

projectiles a t  the highest energies s o  f a r  explored (2). 

Capture Cross  Sections . . . . . . . . . . . . . . . . . . . . .  

The electron capture process  can be divided into two distinct 

processes  depending on whether bound o r  f ree  electrons a r e  involved. 

( a )  - Non-radiative capture 

The mechanism normally considered for the pickup of an  

electron f rom the encounter of a fas t  ion with a neutral atom i s  non- 

radiative capture. The mechanism has been considered by Bohr ( l ) ,  

and phenomenologically can be considered to occur whenever the p ro-  

jectile ion impar t s  to  the electron a velocity comparable to i t s  own. 

Such a process  i s  evidently enhanced when the original orbital electron 

velocity and the ion velocity a r e  s imi lar .  At higher projectile energies,  

this probability falls off quickly, and the ion i s  considered fully stripped I '  

Quantitatively , the quantum mechanical solution to this problem was 

f i r s t  worked out by Oppenheimer ( 3 )  and Brinkman and Kramer s  (4). 

The resul t  quoted in the l i t e ra tu re  a s  the OBK solution, is : 

2 218 
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where S = v/v and other quantities a r e  a s  defined in (1) 
0 

In the high energy (non-relativistic) limit this cross section 
5 

i s  proportional to ( Z  ) , (zt15 and E - ~ .  The applicability of this 
P 

treatment has  been discussed a t  length elsewhere (5), and we do not 

have t ime here to go into details. We note, however, that there seems 

to be general agreement that this analysis i s  not theoretically valid 

(it consists essentially of a f i r s t  Born approximation which apparently 

does not converge). There is not a s  general consensus a s  to what is a 

correct  treatment. However, i t  is noted that many other analysis give 

results which a r e  similar (or proportional) to the OBK result in the high 

energy limit. Moreover, these other treatments a r e  much more difficult 

and have to date only been applied to relatively simple sysFms.  The OBK 

approach appears to offer the only reasonably simple prediction for the 

heavy ions we a r e  interested in here. 

There i s  a much more serious limitation to the OBK result, 

however, and that i s  that i t  is a non-relativistic treatment. For  ions in 

the energy range of hundreds o r  thousands of ~ e ~ / n u c l e o n ,  this i s  

obviously a serious omission (especially when one consider that the 

non-relativistic solution involves a factor of vI2 ! ). The only work we a r e  

aware of in which relativistic effects have been considered is a brief 

note by Mittleman (6), which suggest that the energy dependence of 
- 1 

non-radiative capture will eventually be E . 

(b) - Radiative capture 

The capture of f ree electrons by ions can occur by radiative 

capture. Since this i s  just the inverse of the photo electric effect, a 

completely relativistic, and presumably reliable theoretical treatment 

does exist and i s  given by (7) 



where @ = 6. 65 x 10''~ cm 
2 

0 

m = electron r e s t  m a s s  
0 

k = electron kinetic energy in  projectile reference f rame 

In the high energy limit the above resul t  givesthe radiative 
5 - 1 

capture a s  proportional to ( Z  ) and E In cases  where the projectile 
P yi ::n{ 

ion has a velocity much la rger  than the o r  I a velocities of a target 

atom, i t  should be possible to apply the f ree  electron result to atomic 

electrons and therefore Qc will depend directly on the number of 

electrons i n  the target ,  i. e. 
Zt' 

By comparing equations (2) and (3), 

one can note immediately two things. F i r s t ,  because of the very different 

energy dependences, radiative capture should be expected to dominate a t  

high enough energies. Second, because of the Z dependencies, the 
t 

energy region of this domination will depend on the target  medium. 

I s  there  any experimental evidence for these effects ? Several 

years  ago my colleague F r a n ~ o i s e  Yiou and I se t  out to examine this 

question. Not having relativistic heavy ions available to us a t  that 

time, we settled for  protons, deuterons and alpha particles. Figs 1 and 

2 show some interesting results  of those experiments (7). Although the data 

have ra ther  large uncertainties, the above effects do, in fact, appear 

to occur. One sees  that the capture cross  section in the mylar target 

material ,  (essentially carbon and oxygen) does take a sharp break a t  



high energ ies ,  which can b e  r a t h e r  nicely accounted for  by the onset  

of radiat ive capture.  A s m a l l e r  break i s  observed for  Al, while no 

i n c r e a s e  a t  a l l  is seen f o r  Ni and Ta,  in  accordance  with the theoretical 

expectations. We a l s o  have s imi la r  indication fo r  gas t a rge t s  of He, 

N and A r .  Unfortunately, because of uncertaint ies  due to relat ivist ic  
2 

effects  i n  the OBK type capture ,  such a n  interpretat ion of the data i s  not 

unique. In addition, these experiments were  not able to  t e s t  the very 

s t rong  (Z  5, dependence which i s  expected f r o m  both radiat ive and 
P 

non-radiative capture. 

APPLICATION TO THE COSMIC RAY PROBLEM 

On the bas i s  of the  above considerations (and especially 

recognizing the i r  l imitat ions)  one can apply the above formulae to the 

cosmic  r a y  problem. In f igs  3 and 4 we show examples of effective 

capture  c r o s s  sections calculated for  high energy Be and V nuclei in  a 

medium of in te r s t e l l a r  composition (assumed " universal  " abundances 

of Cameron (8) ). One s e e s  that the dependences noted above a r e  a l s o  

reflected in  these  curves.  I n  both c a s e s  radiat ive capture dominates a t  

sufficiently high energies.  However for  Be the magnitude of the capture 

c r o s s  sect ions a r e  much s m a l l e r ,  and the " c r o s s  over  " point a t  which 

the two p r o c e s s e s  a r e  equal occurs  a t  a higher energy. The resul t  is that 
-24  2 

i n  the region where  i t  becomes important  ( 3 10 c m  ) the effective 
7 

c r o s s  sect ion f o r  Be i s  dominated by non-radiative capture,  and is 

falling much m o r e  steeply than fo r  49V, which i s  dominated by radiat ive 

capture.  Final ly,  we show in F i g s  5 and 6 the resul t  of applying these  

type of c r o s s  sect ions to  the decay of these  species  in the in te r s t e l l a r  

medium. The resu l t s  a r e  shown a s  " survival  " curves  i. e. the fract ion 

of spec ies  formed by spallation which i s  expected to survive (compared 

to  that  which would survive  in the absence  of any decay) a s  a function of 



i t s  detection energy. Since the electron pickup c ross  sections increase  

with decreasing energy, this fraction becomes smaller  a t  lower energies. 

The effect of the difference in the magnitude of the c ross  sections and 

steepness of thei r  energy dependence can be seen more  clearly in  Fig. 7, 

where the two curves a r e  plotted on the same scale. The lighter 7 ~ e  

survives to a much lower energy, and then decreases  very abruptly, 

while the 4 9 ~  decreases  gradually over a much wider energy range. 

An electron which is captured can either lead to nuclear 

decay, o r  be stripped off again. I t  i s  c lear  therefore,  that the above 

survival  curves must  be dependent on the density of the medium in  which 

they a r e  propagating. The calculations i n  Figs  5 and 6 were  done for 
L 

typical in ters te l lar  densities of /.. 1 atom/cm . In Fig. 8 we show some 

recent  calculations we have made where we have allowed this density 
3 

to vary. One sees  that a t  densities of a l o 4  atom/cm restripping 

effectively inhibits decay even a t  low energies.  

I t  should now be c lear  what the implication of these effects 

will  be fo r  the cosmic ray  propagation question. In effect, these isotopes 

can ac t  a s  probes (o r  I t  hydrometers 'I) of the medium in which they were 

formed. As  such, they ac t  in a complementary fashion to the radioactive 

clocks " which we discussed elsewhere a t  this Conference. Those clocks 

give the I t  average I' density of the medium between birth and detection, 

whereas the electron capture isotopes can give information on the instan- 

taneous density a t  the t ime of their  formation. A very interesting question, 

for  example, i s  whether a significant portion of the mater ia l  t raversed 

by the cosmic rays  could be in o r  around the sources. If so, the density 

should be high enough that a large  fraction of the electron capture 

isotopes produced in that region will survive. 



To be complete I should add that CassC has suggested that 

a similar reasoning might be used to probe the time between the birth 

of the primary cosmic rays ,  and their acceleration (10). He notes, for 

example, that many explosive nucleosynthesis models suggest that 56Fe 

i s  originally formed a s  5 6 ~ i .  If this latter i s  accelerated immediately, 
56 

he then argues that i t  might survive a s  Ni. Actually, the fact that one 
5 6 

observes 5 6 ~ e  and not Ni in the cosmic rays would seem to be a strong 

arguement against this interpretation. 

Finally I would like to return to one point which I have rather 

glossed over in  the above treatment, that i s ,  what happens if the spal- 

lation products a r e  originally formed with an electron ? In a dense 

medium, of course, they will be immediately stripped off, and will not 

change the behaviour described above. In a density of 1 atom/cm 
3 

however, decay would occur before stripping. Although i t  has usually 

been assumed that nuclear spallation products will be formed " naked It 

of electrons, this i s  an a r e a  for some very fascinating experimental 

work. We a t  Orsay have already made some preliminary experiments in 

this direction a t  low energies, and along with the charge exchange 

measurements hope to continue such studies a t  the Bevalac. 

IMPLICATIONS FOR MGH ENERGY HEAVY ION ACCELERATORS 

Many of the above ideas a r e  fascinating, but i t  i s  clear 

that there  i s  a woeful lack of experimental information. The Bevalac 

facility will provide a unique opportunity to car ry  out a comprehensive 

and systematic study of the charge exchange process in an  energy domaine 

barely touched by ear l ier  work. Such measurements will be important 

both for analyzing the basic mechanism involved at  relativistic energies, 

and in  providing necessary data for the cosmic ray problem. 
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TABLE I 

P u r e  electron capture isotopes lighter than F e  

Nuclide " Normal 'I half-life 

53. 2 d. 

3 6 d. 

4 
8 x 10 y r .  

27. 8 d. 

6 
3 .  7 x 10 y r .  

2. 6 y r .  

3 0 3 * 
d. 1 

i + 
The case  of 5 4 ~ n  i s  special .  While both P '  and P decay a r e  

energetical ly possible these  mus t  procede through highly forbidden 

t rans i t ions ,  and thus a r e  expected to have very  long par t ia l  half l ives .  



Fig. 1 Theoret ical  and experimental  electron capture c r o s s  sect ions 

for  high energy protons i n  mylar  and aluminum ( F r o m  ref .  7). 
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Fig. 2 Same as Fig. 1 i n  nickel and tantalum (From ref. 7). 



7 
Fig. 3 Calculated electron capture cross  section for Be in 

interstellar medium. 



Fig. 4 S a m e  as Fig. 3 for 4 9 ~ .  



Energy/ nucieor: IMeW 

F i g .  5 C a l c u l a t e d  s u r v i v a l  o f  7 ~ e  

Energy /nuc/eon / MQVI 

F i g .  6 C a l c u l a t e d  s u r v i v a l  of 4 9 ~  

0 ~---_I_____~__L_-LL--IL 
20 n -+ 00 Coo 5 00 

E n r r s >  ( l ( i e ~ / " ~ ~ \ )  

F i g .  7 Comparison o f  s u r v i v a l  c u r v e s  f o r  7 ~ e  and 

4 9 ~  i n  cosmic  r a y s .  



Fig. 8 Calculated surviva.1 of 4 9 ~  a s  a function of density of spallation 
3 4 3 

medium (density = 1, 10 and 10 atoms/cm and assumed 
L 

exponential path length distribution of 5 gm/cm .) 



SUMMARY SESSION, HIGH ENERGY SUMMEB STUDY, LBL, JULY 15-26, 1974 

Remarks by W. J. Swiatecki 

I would l i ke  t o  make a few general remarks not directed 

specif ical ly  a t  any given paper presented during the past two weeks. 

Just some thoughts t ha t  come t o  mind a s  a r e su l t  of the present s m e r  

study, last year 'P study, and the  whole subject of high-energy heavy 

ions. 

F i r s t  Thought: We should dist inguish between two aspects of 

the  present si tuation:  

1. Clearing the weeds, 

2. Getting t o  the heart of the  matter. 

Clearing the  weeCs mears isolat ing r e su l t s  tha t  follow frcm 

standard theory and which a re  not expected t o  contain radical ly  new 

features.  The heart of the  matter are  phenomena about which standard 

(nuclear) theory has l i t t l e  or  nothing t o  say--for example phenomena 

associated with nuclear density doubling, multiple m'eson production 

and re la t iv i ty .  

I n  clearing the  weeds we should proceed i n  a level-headed way 

and with due respect for  established knowledge. This is  no place t o  

expect spectacular r e su l t s  i n  rough experiments. A t  the level  of 2 6  

experiments one expects standard theory t o  give the main features. 

Accurate and detai led r e su l t s  niight be more revealing, but l e t  us be 

modest and regard put of our work a s  a necessary clearing of weeds 

before coming t o  the heart of the matter. 



My Second Thought i s  t h a t  so f a r  we haven't  r e a l l y  gotten t o  

the  hear t  of the  matter. The bulk of the  r epor t s  we heard dea l t  wi+.h 

marginal aspects  of the  problem. Obviously experiments with deuterons 

and alpha p r t i c l e s  a r e  f a r  from full-blooded densi ty doubling 

si tuat ions,  but  even the  fragmentation experiments with Oxygen and 

Carbon probably involve only peripheral  c o l l i s i o n s  that don't br ing 

out r ad ica l ly  new fea tures .  

Let us  make sure t h a t  our thinking doesn ' t  ge t  stuck i n  the  

weeds and l e t  us  keep c l ea r  i n  our minds t h a t  t h e  r e a l  object ive is  t o  

f ind  out w h a t  hzppens when two large  nuclei  a r e  p i led  up a t  high energy. 

(improving t h e  Bevatron vacuum so that one can go t o  a t  l e a s t  medium 

weight nuclei  i s  an important matter i n  t h i s  connection.) 

M y  Third Tho7qht i s  that I am not Pappy aboiit how things a r e  

going e i the r  i n  c lear ing  t h e  weeds or  ge t t ing  t o  the hea r t  of the  

matter. The f r u s t r a t i n g  delay i n  applying standard knowledge i n  nuclear 

theory t o  c lear ing  the  weeds has several  reasons, and I would l i k e  t o  

comment on two. One reason i s  that we a r e  now paying the  price of t h e  

overspecial izat ion i n  our education a s  phys ic is t s .  It i s  r id iculous  

t h a t  "high-energy phys ic is t s"  should have so much d i f f i c u l t y  i n  

communicating with "low-energy phys ic is t s . "  I would l i k e  t o  see a 

r e tu rn  t o  conditions &ere no self-respect ing s c i e n t i s t  would even 

accept a l a b e l  such a s  "low-energyu or  "high-energy1' phys ic is t .  (was 

M a d e l l  a high-frequency o r  a low-frequency phys ic is t  ? )  Let us 

remember i n  our thinking, and especia l ly  i n  t a lk ing  t o  other people, 

t h a t  t he re  a r e  only r a the r  few bas ic  pr inc ip les  i n  physics and t h a t  



they  a r e  t h e  same i n  a l l  f i e l d s .  Let us s t a y  c lose ly  i n  touch with 

t h e  bas ic  pr inc ip les  and cut  out the  horrendous specialized jargon 

t h a t  makes i n t e l l i g e n t  communication impossible. 

A r e l a t ed  thought i s  t h a t  t h e  funding of physics on the  b a s i s  

of high, medium and low energy, or other r id iculous  c lass i f ica t ions ,  

should be r e s i s t e d  a s  des t ruc t ive  of t h e  un i ty  of physics. There i s  

only one physics and some of the  d i f f i c u l t i e s  we have i n  proceeding - 
e f f i c i e n t l y  with the  r e l a t i v i s t i c  heavy-ion s tudies  a r e  there, I 

believe, because we have forgotten about t h i s  uni ty.  

A second past s i n  which makes it d i f f i c u l t  t o  apply exis t ing  

nuclear theory t o  the  heavy ion s i tua t ion  i s  t h e  over-reliance on 

computers. Think of t h e  Monte Carlo cascade calculat ions of the  past  

20 years t h a t  0 5 ~ o u s l y  shoald have been i n  the  forefront  of many 

discussions but have hardly been invoked i n  t h e  p s t  two weeks. I 

th ink  a good pa r t  of the  reason f o r  t h i s  i s  t h a t  these calculat ions 

were done on computers, and SL computer i s  a dumb machine which gives 

you only the  answer you asked for .  If some years  l a t e r  you want t o  

ask a question about a r e l a t ed  aspect of t h e  problem--say the  angular 

momentum deposited i n  acascade- - the  cbances a r e  t h a t  you w i l l  f i nd  

the  o r ig ina l  work useless .  Compare t h a t  with a r e s u l t  worked out 

ana ly t i ca l ly  and expressed by a formula. It can be looked a t  years 

l a t e r ,  turned around, played with and modified and used t o  answer new 

questions. This i n f l e x i b i l i t y  of computer outputs a s  against  analytical 

treatments should always be remembered when the  temptation a r i s e s  t o  

ctump a problem on the computer. A computer "solution"--in quotes--is 



no rea l  solution of a physical problem i n  the broader sense. I f  

computers hadn't been available one would probably have worked out 

aIlalytical cascade theories that  would now be more useful. 

I am a lso  unhappy--but i n  a vaguer way--about our approach t o  

the heart of the matter. i n  high-energy heavy ion physics. I would l ike  

t o  have seen someone give a well thought-out assessment of the 

principal factors t o  bear i n  mind when approaching the novel domain 

of blghly excited, relativistic matter i n  bulk. What are  the relevant 

dimensionless parameters that  subdivide the domain into various 

regions dominated by different considerations? What a re  the hypotheses 

and physical principles that a re  being tested? What i s  the best guess 

a t  the crucial  experiments? 

I am not qualified t o  make such an assessment, but l e t  me give 

you a hint of what I have in  mind. Yesterday I drew a diagram of 

various energy regions and of certain c r i t i c a l  energies per p r t i c l e  

arouna which the physics changes qualitatively. One might add a 

baryon number dimension t o  such a diagram (see figur'e) and t r y  t o  

c la r i fy  one's ideas on the basic physics t o  be expected in  various 

regions, on the techniques and approximations t o  be used in  those 

regions, and on the strategies t o  be adopted i n  building or modifying 

accelerators t o  explore the new domain. 

I missed i n  our meetings the breadth of such an approach. 
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C e r t a i n  a s p e c t s  of new d a t a  and theory  which have been 

p resen ted  a t  t h i s  conference a r e  drawn t o g e t h e r  i n  o rde r  t o  

g a i n  new p e r s p e c t i v e s .  Some microscopic nuc lea r  s t r u c t u r e  

and r e a c t i o n  h i g h l i g h t s  a r e  reviewed and suggest ions  a r e  

p resen ted .  

I. INTRODUCTION 

One cannot  h e l p  b u t  ag ree  wi th  t h e  remarks of  D r .  Swiatecki  t h a t  

someone should  spend enough t ime t o  o b t a i n  and p r e s e n t  a  c a r e f u l  g loba l  

overview o f  t h e  domains of phys ica l  i n t e r e s t  f o r  heavy-ions over a l l  

e n e r g i e s  p r e s e n t l y  a v a i l a b l e .  I can only comment t h a t  he should n o t  

exclude himself  from t h e  c l a s s  of  p h y s i c i s t s  capable  of  such a  t a s k  

e s p e c i a l l y  s i n c e  t h e  t ime and e f f o r t  r equ i red  i s  c e r t a i n l y  more a v a i l a b l e  

t o  those  o f  h i s  c l a s s  - i . e . ,  t h e  tenured c l a s s  o f  p h y s i c i s t s .  

Summary t a l k  p resen ted  t o  t h e  Second High Energy Heavy Ion Summer Study- 
Lawrence Berkeley Laboratory (July  15-26, 1974). 



Natura l ly ,  I w i l l  t a k e  a somewhat d i f f e r e n t  t ack  i n  t h e s e  

remarks. Le t  me focus  on some of t h e  underlying microscopic themes 

t h a t  have recur red  o f t e n  i n  t h e  conference.  Due t o  time l i m i t a t i u n s ,  

I w i l l  mention only a tew which, I b e l i e v e ,  a r e  o f  p a r t i c u l a r  re levance 

t o  m i c r o s c o p i c ~ n u c l e a r  physics .  L e t  me d i v i d e  t h e  remarks i n t o  t h e  

broad c a t e g o r i e s  o f  n u c l e a r  s t r u c t u r e  and nuc lea r  reac t ions .  

11. NUCLEAR STRUCTURE 

Le t  m e  j u s t  s t a t e  t h a t  t h e r e  was g r e a t  i n t e r e s t  i n  unusual 

s t r u c t u r e  and r e a c t i o n  phenomena t h a t  have been specula ted might occur  

when massive ions  c o l l i d e  a t  in te rmedia te  and high energies .  S p e c i f i -  

c a l l y ,  s p e c u l a t i o n s  about unusual Q.E.D. e f f e c t s  when t h e  charge o f  t h e  

p r o j e c t i l e  p l u s  t a r g e t  system exceeds 137 (W. Gre iner ) ,  t h e  analogous 

p o s s i b i l i t y  o f  s u p e r c r i t i c a l  f i e l d s  (Boson o r  vacuum quantum numbers) 

i n  superdense baryon m a t t e r  (A. Kerman), how they may be  s t imula ted  by 

shock wave phenomena (G. Chapline,  W. Greiner ,  E. T e l l e r )  and p o s s i b l y  

even approach thermodynamic equ i l ib r ium (G. Chapline, E. T e l l e r )  have 

s t i r r e d  much d i scuss ion .  It may be  suggested,  however, t h a t  t h e  Q.E.D. 

e f f e c t s  and shock wave phenomena may u s e f u l l y  b e  explored wi th  beam 

e n e r g i e s  i n  t h e  reg ion  o f  20 t o  200 Mev/nucleon (Mev/n) t o  which one 

day o f  t h i s  conference was devoted. Three c o n s t r a i n t s  c o a r s e l y  d e f i n e  

t h e  l a b  k i n e t i c  energy p e r  nucleon (E I n )  reg ion  f o r  t h e s e  purposes. 
L 

F i r s t ,  one must surmount t h e  Coulomb b a r r i e r  f o r  a heavy p r o j e c t i l e -  

t a r g e t  s i t u a t i o n  (E /n > 1 0  Mev/n); second, t h e  c o l l i s i o n  p rocesses  
L 

must t a k e  p lace  a t  t i m e s  s h o r t  compared t o  r e l a x a t i o n  o r  rearrangement 

t imes  (eL/n 2 60 Mev/n); and t h i r d ,  a l lowing f o r  energy l o s s  due t o  

p a r t i c l e  c r e a t i o n  and some rearrangement ( f r i c t i o n )  one maximizes t h e  



i n t e r a c t i o n  t ime c o n s i s t e n t  w i t h  t h e  o t h e r  two c o n s t r a i n t s  (E /n L 

200 ~ e ~ / n ) .  F r i c t i o n  and shock wave phenomena i n  t h i s  energy region 

would presumably occur  wi th  s u f f i c i e n t  p r o b a b i l i t y  t o  make them e a s i l y  

observable .  However, of course ,  one has fewer p a r t i c l e s  produced here  

so  a  t r u e  condensate may no t  be  expected. A s  one increases  energy,  how- 

e v e r ,  t h e  t h i r d  c o n s t r a i n t  becomes l e s s  s a t i s f i e d  and one must d e a l  w i t h  

decreas ing  p r o b a b i l i t i e s .  To i n c r e a s e  i n t e r a c t i o n  time more of t h e  

i n d i v i d u a l  nucleon-nucleon c o l l i s i o n s  must be  highly  i n e l a s t i c  l ead ing  

t o  t h e  c o n j e c t u r e  t h a t  only "head on" c o l l i s i o n s  a t  Bevalac e n e r g i e s  

have a reasonable  chance of producing a condensate i f  it e x i s t s  a t  a l l .  

L e t  u s  now cons ider  phenomena which may have a d d i t i o n a l  r e levance  

a t  Bevalac energies .  Here t h e  sense  o f  t h e  summer study i s  t h a t  we a r e  

a t  a  ve ry  pre l iminary s t a g e  exper imental ly  and t h e o r e t i c a l l y .  F i r s t  

a t t e m p t s  have been presented t o  r e c o n c i l e  pre l iminary d a t a  wi th  t h e  

n a i v e  lowest  o rder  theory.  The d a t a  of t h e  Heckman group on p r o j e c t i l e  

f ragmentat ion has  been s t u d i e d  w i t h i n  t h e  framework o f  what might b e  

c a l l e d  t h e  Extreme S i n g l e  P a r t i c l e  S h e l l  Model by J. Lepore and R. Riddel l .  

T h e i r  b a s i c  accomplishment t o  d a t e  has  been t o  eva lua te  spec t roscop ic  

f a c t o r s  f o r  i n c l u s i v e  c r o s s  s e c t i o n  measurements i n  t h e  impulse approx- 

imation.  Addi t iona l ly ,  they have s tud ied  t h e  quest ion o f  t h e  c.m. 

f e r m i  motion of t h e  p r o j e c t i l e  fragments i n  o rder  t o  compare w i t h  observed 

momenta d i s t r i b u t i o n s .  Th is  has  been a  noble  a n a l y t i c  p r o j e c t  w i t h i n  

a harmonic o s c i l l a t o r  framework d e a l i n g  w i t h  p r o j e c t i l e s  up through 160. 

There i s  a  simple r e a c t i o n  a n a l y s i s  framework t h a t  comes t o  mind 

which would be a p p r o p r i a t e  t o  couple wi th  t h e i r  extensive  s t r u c t u r e  - 
e f f o r t s  i n  o rder  t o  compute a b s o l u t e  c ross - sec t ions  and angular  d i s t r i -  

b u t i o n s  f o r  more d e t a i l e d  comparison wi th  t h e  da ta .  Such an e f f o r t  would 



hopefu l ly  l e a d ,  e v e n t u a l l y ,  t o  conclus ions  regard ing  c l u s t e r i n g  phenomena 

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

The framework c o n s i s t s  of a  Plane  Wave Impulse Approxiination 

which can b e  c o r r e c t e d  f o r  d i s t o r t i o n  e f f e c t s  i n  t h e  Glauber framework. 

Th i s  should b e  i n c r e a s i n g l y  v a l i d  a s  one goes t o  h igher  energ ies .  Cer- 

t a i n l y  it would b e  u s e f u l  a s  a  f i r s t  a t tempt  f o r  p r o j e c t i l e  f ragmentat ion 

s t u d i e s .  

The g e n e r a l  c l a s s  of  r e a c t i o n s  is  of t h e  i n c l u s i v e  type 

A+B + C+X (1) 

where C i s  d e t e c t e d  and X i s  everything e l s e  p o s s i b l e .  The goal  i s  t o  

e v a l u a t e  t h e  t r a n s i t i o n  ampl i tude 

i n  a  s imple  scheme and o b t a i n  t h 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  

We approximate 

qi = QAQB(Pi 

where 0 and 0 a r e  t h e  i n i t i a l  i n t e r n a l  wave f u n c t i o n s  and (P i s  t h e  A B i 

wavefunction of  r e l a t i v e  motion. Antisymmetrization i s  neglected i n  

t h i s  impulse t r ea tment .  S i m i l a r l y  

X X Jrf = Q Q ( P  
C x f  

X 
where Q i s  t h e  i n t e r n a l  wave func t ion  f o r  t h e  unobserved system and cp 

X f  

i s  t h e  wave f u n c t i o n  of  r e l a t i v e  motion w i t h  r e s p e c t  t o  x. It i s  probably 

a  r easonab le  approximat ion a t  high e n e r g i e s  and c o n s i s t e n t  wi th  an  impulse 



X 
approximat ion t o  assume ($I i s  independent of x 

f 

X 

'Pf - 'Pf 

Thus w e  o b t a i n ,  assuming a  l o c a l  e f f e c t i v e  r e l a t i v e  opera to r  f o r  t h e  

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

W e  l a b e l  t h e  i n c l u s i v e  spec t roscop ic  f a c t o r  a s  

and t h i s  i s  t h e  q u a n t i t y  of t h e  type  eva lua ted  by Lepore and Ridde l l .  

To ach ieve  a n  a b s o l u t e ~ c r o s s  s e c t i o n  p r e d i c t i o n  one may use  t h e  lowest  

o r d e r  microscopic  theory  f o r  V ,  9 and 9 i n  an  impact parameter scheme 
i f 

f o r  which 

9 r b . z )  = mo exp l - + a ( l - i p ) L  T ( b , i l l d z  J 

w h e r e  ip i s  an a p p r o p r i a t e  p lane  wave, pE s i g n i f i e s  t h e  ground s t a t e  
0 

d e n s i t y  (E  s i g n i f i c e s  A , B  o r  C ) ,  a i s  t h e  nucleon-nucleon t o t a l  c r o s s  



s e c t i o n  a t  t h e  same l a b  energy a s  t h e  E /n of t h e  p r o j e c t i l e  and @ i s  
L 

t h e  r a t i o  o f  r e a l  p a r t  t o  imaginary p a r t  of t h e  nucleon-nucleon forward 

s c a t t e r i n g  amplitude a t  t h a t  energy. One may assume f o r  convenience 

and c o n s i s t e n t  wi th  t h e  impulse approximation t h a t  9 and 9 have t h e  i f  

same a n a l y t i c  form. 

One must a t tempt  an a n a l y s i s  of t h e  d a t a  t o  a t  l e a s t  t h i s  l e v e l  

of s o p h i s t i c a t i o n  i n  o rder  t o  understand whether t h e  d a t a  emerging from 

t h e  p r o j e c t i l e  f ragmentat ion s t u d i e s  (Heckman, Schroeder) and t h e  t a r g e t  

f ragmentat ion s t u d i e s  (Poskanzer) c o n t a i n  nuc lea r  s t r u c t u r e  informat ion 

beyond t h a t  of t h e  extreme s i n g l e  p a r t i c l e  model. 

Th i s  now l e a d s  t o  a  ques t ion .  Does t h e  e x i s t i n g  pre l iminary d a t a  

show s i g n s  o f  con ta in ing  s t r u c t u r e  informat ion beyond t h e  most na ive  

'evel? S p e c i f i c a l l y  one a s k s  whether it may be p o s s i b l e  t o  s e e  c o r r e l a -  

t i o n  informat ion i n  t h i s  d a t a .  A p r i o r i , m o s t  everyone would no t  have 

expected t h i s ,  s i n c e  c o r r e l a t i o n s  have proved e l u s i v e  even i n  high energy 

p a r t i c l e - n u c l e u s  s t u d i e s  where,presumably,the t o o l s  have been ex tens ive ly  

developed and some d a t a  has  been analyzed [ see ,  f o r  example, E. Lambert 

and H. Peshbach, Ann. Phys. (N.Y. ) 76, 80 (1973) I .  I ' m  s u r e  n o t  many 

people  came t o  t h i s  summer s tudy,  inc lud ing  myself ,  expect ing t o  h e a r  

d i s c u s s i o n s  o f  c o r r e l a t i o n s  i n  n u c l e i .  However, t h e  fragmentation s t u d i e s  

o f  t h e  ve ry  l i g h t  p r o j e c t i l e s  such a s  deuterons  and a lphas  (Schroeder) and 

o f  1 160 (Heckman) have found s t r u a t u r e  i n  t h e  moments p r o f i l e s  of t h e  p ro ton  

which may d e v i a t e  )from what i s  expected on t h e  b a s i s  of fermi motion con- 

s i d e a t i o n s t  a l o n e . )  I c a l l  your a t t e n t i o n  t o  t h e  momenta of p a r t i c l e s  

advanced from t h e  beam v e l o c i t y  e s p e c i a l l y  i n  t h e  160 da ta .  O r d i n a r i l y ,  

t h e  fermi  motion of a proton i n  a  s i n g l e  p a r t i c l e  o r b i t a l  i n  a  l i g h t  nucleus  

would imply something of a Gaussian d i s t r i b u t i o n  f o r  i t s  momentum p r o f i l e .  



However, s t r o n g  d e v i a t i o n s  from Gaussian a r e  seen i n  t h i s  d a t a .  How 

much of t h i s  i s  due t o  m u l t i p l e  s c a t t e r i n g  e f f e c t s  and how much may be 

a t t r i b u t e d  t o  s h o r t  range c o r r e l a t i o n s  deserves  f u r t h e r  study. 

Let  us  r e c a l l  b r i e f l y  t h e  n a t u r e  and r a m i f i c a t i o n s  o f  s h o r t  range 

c o r r e l a t i o n s  i n  n u c l e i .  To t h e  b e s t  of our c u r r e n t  knwoledge we a r e  

a s k i n g  how much does t h e  c o r r e c t  r e l a t i v e  wave func t ion ,  $, between two 

nucleons i n  t h e  nucleus d i f f e r  from t h e  uncor re la ted  wave func t ion ,  q, 

of  t h e  s imple  s h e l l  model. Based on p resen t  knowledge of t h e  two nucleon 

i n t e r a c t i o n  w i t h  i t s  s t r o n g  s h o r t  range hard c o r e  o f  r a d i u s  C we expect 

something l i k e  t h e  fo l lowing  p i c t u r e  t o  be v a l i d  fo r  a r e l a t i v e  4 - 0  

s t a t e :  

FIG. 1 



However, t h e  exac t  n a t u r e  of Jr w i t h i n  about 2C o r  3 C  of r = 0 i s  q u i t e  

u n c e r t a i n  according t o  many r e c e n t  t h e o r e t i c a l  s t u d i e s .  Figure 2 d i s -  

p l a y s  some cand ida tes  f o r  s  s t a t e  r e l a t i v e  motion i n  t h e  deuteron and 

F i g .  3 demonstra tes  t h e  r e s u l t i n g  momentum space p r o b a b i l i t y  d i s t r i b u t i o n  

FIG.  2 FIG. 3 

J .  Vary, Phys. Rev. Cz, 521 (1973) 

f o r  a  nucleon i n  t h e  deuteron.  The d i f f e r e n c e s  between t h e s e  wave func- 

t i o n s  cannot  b e  d i s t i n g u i s h e d  through a v a i l a b l e  e l a s t i c  e l e c t r o n  s c a t t e r i n g  



d a t a  o r  through t h e i r  impl ied  deu te ron  ground s t a t e  p r o p e r t i e s  s i n c e  

t h e s e  d i f f e r e n c e s  a r e  r e s t r i c t e d  t o  small  d i s t a n c e s  and high momenta. 

The d a t a  p resen ted  h e r e  showing protons  advanced from t h e  inc iden t  

deu te ron  v e l o c i t y  by a s  much a s  1 .25 G ~ V / C  may be  u s e f u l l y  analyzed t o  

a t t e m p t  t o  unrave l  t h e  a s  y e t  unknown h igh  momentum components of t h e  

deuteron.  

While we a r e  on t h e  s u b j e c t  of h igh momenta s t r u c t u r e  components 

i n  n u c l e i  i t  i s  indeed i n t e r e s t i n g  t h a t  baryon resonances i n  n u c l e i  have 

r e c e n t l y  been s t u d i e d  through n u c l e a r  r e a c t i o n s  a t  high energ ies  ( R .  

S c h a e f f e r ) .  The f a c t  t h a t  t h e  Heckman d a t a  s e e s  15c i n  t h e  fragmentation 

16 
s t u d i e s  w i t h  an  0 beam i s  sugges t ive  of  

The a d d i t i o n a l  p o i n t  made by Heckman t h a t  

appeared s h i f t e d  w i t h  r e s p e c t  t o  a  simple 

a p o s s i b l e  A* t r a n s f e r  o r  k ~ o c k o u t .  

t h e  15c momentum p r o f i l e  

f ragmentat ion p o s i t i o n  would 

-H- 
be c o n s i s t e n t  w i t h  t h e  h igh  momentum t r a n s f e r  accompanying t h e  A 

mechanism, . ,: , This  i s  an a r e a  o f  much c u r r e n t  debate  i n  n u c l e a r  

s t r u c t u r e  and it would b e  a t t r a c t i v e  t o  have f u r t h e r  a n a l y s i s  of  t h e  "C 

r e s u l t s  i n  t h i s  con tex t .  

L e t  me conclude t h e  d i s c u s s i o n s  on n u c l e a r  s t r u c t u r e  and momenta 

d i s t r i b u t i o n s  w i t h  a  s imple  rough ske tch  o f  what one expects  t h e  t r u e  

momentum d i s t r i b u t i o n  t o  resemble.  For r e f e r e n c e  purposes w e  i n d i c a t e  

i n  F ig .  4 ,  by a  s o l i d  l i n e ,  t h e  momentum d i s t r i b u t i o n  of  an i n f i n i t e  

system o f  fermions a t  z e r o  temperature  whose d e n s i t y  corresponds t o  t h e  

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

Then a  l a r g e  nucleus  l i k e  2 0 8 ~ b  i n  t h e  simple s i n g l e  p a r t i c l e  s h e l l  

model would look l i k e  t h e  long dashed curve.  Now, i f  we in t roduce  s h o r t  

r a n g e ' c o r r e l a t i o n s  such a s  those  genera ted by a r e a l i s t i c  hard c o r e  

nucleon-nucleon i n t e r a c t i o n  one would expect  t o  ob ta in  a  d e n s i t y  p r o f i l e  



k, 

FIG. 4 

something l i k e  t h e  dashed-dot curve.  The po in t  i s  t h a t  one expects  a 

long smooth t a i l  extending t o  very high momenta. P r o b a b i l i t y  i s  robbed 

from t h e  low-momenta s t a t e s  i n  a r a t h e r  democratic fash ion  ( s h o r t  range 

c o r r e l a t i o n s  a r e  n e a r l y  s t a t e  independent) and d i s t r i b u t e d  smoothly over  

s t a t e s  of h igh momenta. It i s  p r e c i s e l y  t h i s  smooth n a t u r e  of t h e  r e d i s -  

t r i b u t i o n  of momentum tha$ r e n d e r s  t h e  simple s h e l l  model v a l i d  f o r  most 

purposes i n  low energy a p p l i c a t i o n s .  R e l a t i v e  p r o p e r t i e s  a s  measured 

by o p e r a t o r s  of low momentum components [B (~2) , one nucleon s t r i p p i n g  

and plckup experiments, e t c . ]  a r e  n e a r l y  unaffected except ,  p o s s i b l y ,  

i n  a b s o l u t e  s t r e n g t h  and t h i s  i s  accommodated w i t h i n  a renormalized o r  

"e f fec t ive1 '  s t r e n g t h  ass igned  t o  t h e  o p e r a t o r .  

Most of t h e  above ske tch  remains a t h e o r e t i c a l  one s i n c e  I am n o t  



aware of any experimental  informat ion which conc lus ive ly  demonstrates 

t h e  presence o f  t h i s  h igh momentum ta i l .  Th is ,  I b e l i e v e ,  i s  an i n t e r -  

e s t i n g  p o s s i b i l i t y  t o  explore  i n  your fragmentation s t u d i e s .  Although 

t h e  e f f e c t s  may be on t h e  1% l e v e l  you may be w e l l  equipped t o  s e e  them 

i n  t h e  advanced momenta region.  Recal l  t h e  i n c l u s i v e  proton measurements 

wi th  160 p r o j e c t i l e s  t h a t  demonstrated a  h igh momentum component which 

was n e a r l y  f l a t  and dev ia ted  by o r d e r s  of magnitude from t h e  s i n g l e  

Gaussian shape f i t  t o  t h e  low momentum region.  There would seem t o  be 

p l e n t y  of room h e r e  f o r  even q u a l i t a t i v e  a n a l y s i s  y e t .  

111. NUCLEAR REACTIONS 

Within t h e  c o n s t r a i n t s  of t h e  t ime remaining I would l i k e  t o  

review a couple  o f  t h e  r e a c t i o n  t o p i c s  t h a t  e s p e c i a l l y  r e l a t e  t o  t h e  

microscopic formalisms discussed.  

The q u e s t i o n  o f  whether heavy ion  c r o s s  s e c t i o n s  f a c t o r i z e  a t  

high e n e r g i e s  was i n i t i a l l y  discussed a t  l e n g t h  a t  t h i s  conference las; 

y e a r  (Chew) and has now appeared i n  a t  l e a s t  t h r e e  a r t i c l e s  i n  t h e  

c u r r e n t  l i t e r a t u r e .  The d a t a  i s  n o t  y e t  a v a i l a b l e  ( J a r o s )  b u t  some theo- 

r e t i c a l  ana lyses  i n  t h e  Chew framework (Uchiyama) and i n  t h e  Glauber 

approach (Vary) were presented here.  L e t  us compare t h e s e  ana lyses  wi th  

each o t h e r  and w i t h  some s p e c i f i c  r e a c t i o n  d a t a .  

Let  u s  f i r s t  r econs ider  t h e  Glauber r e s u l t s .  The audience was 

reminded (Heckman) of some o l d e r  cosmic ray r e s u l t s  t h a t  suggested a 

paramet r iza t ion  of t h e  nucleus-nucleus c r o s s  s e c t i o n  t h a t  was based on 

geometr ical  p r o p e r t i e s  modified by an "overlap fac to r" ,  7 .  This  goes 

by t h e  t i t l e  Brad t -Pe te r s  pa ramet r i za t ion ,  whereby: 



where A and B a r e  t h e  number of nucleons i n  t h e  p r o j e c t i l e  and t a r g e t  

and y i s  t y p i c a l l y  expected t o  b e  of order u n i t y .  Th i s  formula repro-  

duces w e l l  t h e  a c t u a l  r e s u l t s  of Galuber c a l c u l a t i o n s  d i sp layed  a s  

p o i n t s  i n  F ig .  5. I thank D r .  Heckman f o r  h i s  a n a l y s i s  of  t h e  c a l c u l a t i o n s  

p resen ted  i n  Fig. 5. 

The conclus ion from t h e  microscopic approach remains u n a l t e r e d :  

f a c t o r i z a t i o n  b reaks  down by more than 20% when t h e  r a d i i  of  t h e  c o l l i d i n g  

ions  d i f f e r  by more than  50%. T h i s  breakdown i s  e a s i l y  understood s i n c e  

t h e  c r o s s  s e c t i o n s  fo l low t h e  d i c t a t e s  of  geometry. 

L e t  u s  now compare t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  pre-  

sen ted  h e r e  f o r  some s p e c i f i c  r e a c t i o n s .  Figure  6 shows t h e  i n c l u s i v e  

l60 + N and 1 2 C  + B r e a c t i o n  d a t a  (Heckman) b u t  now r e - p l o t t e d  according 

t o  a  p r o j e c t i l e  p l u s  t a r g e t  geometr ica l  s c a l e .  One s e e s  more c l e a r l y  

t h a t  except  f o r  t h e  lowest  and h i g h e s t  p o i n t s  t h e  d a t a  n e a r l y  c o i n c i d e  

w i t h  a s t r a i g h t  l i n e .  The f i l l e d  c i r c l e s  a r e  t h e  ( s h i f t e d )  Glauber 

r e s u l t s  f o r  t h e  t o t a l  r e a c t i o n  c r o s s  s e c t i o n  f o r  14N. When t h e  r e s u l t s  

of a  Chew type  a n a l y s i s  (Uclriyama) a r e  normalized by t h e  208pb micro- 

scop ic  r e s u l t  it i s  found, q u i t e  s u r p r i s i n g l y ,  t h a t  they  a l s o  fo l low a  

geometr ica l  behavior.  The q u e s t i o n  now a r i s e s  whether t h i s  p a t t e r n  

p e r s i s t s  f o r  a l l  r e a c t i o n  c r o s s  s e c t i o n s  i n  t h e  Chew a n a l y s i s .  Also, 

how s e n s i t i v e  i s  t h e  p a t t e r n  t o  t h e  va r ious  assumptions inpu t  i n t o  t h e  

Uchiyama c a l c u l a t i o n s ?  I f  t h e  geometr ica l  p roper ty  i s  i n h e r e n t  t o  t h e  

a n a l y s i s  then we may expec t  f a c t o r i z a t i o n  t o  be  c o n t r o l l e d  by t h e  d i c t a t e s  

of  g&ometry. The p rev ious ly  mentioned breakdown of f a c t o r i z a t i o n  i s  

then found. 

An a t tempt  was made t o  e x t o l  t h e  v i r t u e s  of  a microscopic  approach 

f o r  providing a  backdrop o f  t h e o r e t i c a l  r e s u l t s  t o  compare w i t h  Bevalac 
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experiments.  Le t  me f i n i s h  my remarks by showing an example of how 

s t r a i g h t f o r w a r d  such a n  a n a l y s i s  might be. I choose t h e  p r o j e c t i l e  

f ragmentat ion c a s e  and f o r  s i m p l i c i t y  a t tempt  t o  na ive ly  e s t i m a t e  the  

i n c l u s i v e  c r o s s  s e c t i o n  f o r  

where t h e  A-1 system i s  d e t e c t e d  i n t a c t .  W e  s h a l l  assume t h a t  a  s u r f a c e  

nucleon h a s  been removed suddenly l eav ing  t h e  (A-1) system, most of t h e  

t ime,  i n  t h e  ground s t a t e  o r  some low l y i n g  e x c i t e d  s t a t e  so  t h a t  it 

does not  subsequen t ly  b reak  up. Ac tua l ly ,  i f  we only  d e s i r e  t h e  behavior  

of t h e  i n c l u s i v e  c r o s s  s e c t i o n  a s  a  func t ion  of  t h e  t a r g e t  nucleus  it 

i s  only necessa ry  t o  assume t h a t  t h e  popula t ion of  t h e  s t a t e s  of t h e  

(A-1) system i s  independent o f  t h e  t a r g e t .  Th i s  seems reasonable.  On 

t h e  o t h e r  hand, t h e  more r e s t r i c t i v e  assumption permits  t h e  assignment 

of an  a b s o l u t e  c r o s s  s e c t i o n  t o  t h e  t h e o r e t i c a l  r e s u l t s .  A s imple  

semi-microscopic a n a l y s i s  wi th  t h e  a d d i t i o n a l  assumption t h a t  P, t h e  

p rev ious ly  mentioned r a t i o  o f  r e a l  t o  imaginary nucleon-nucleon ampli- 

tude ,  i s  n e g l i g i b l y  smal l  proceeds a s  fo l lows:  we d e f i n e  a  mean f r e e  

pa th  func t ion ,  A(b,Z), f o r  two i n t e r a c t i n g  heavy ions  i n  t h e  impact 

parameter scheme by 

where T(b,Z) i s  given by Eq .  (10).  Thus t h e  t o t a l  number o f  nucleon- 

nucleon c o l l i s i o n s  when two heavy ions  c o l l i d e  a t  impact parameter b i s  

N(b) given by 



N o w  l e t  b (b ) r e p r e s e n t  t h a t  impact parameter f o r  which t h e r e  i s ,  on 
1 2  

1 3  
t h e  average ,  -(-) a nucleon-nucleon c o l l i s i o n .  Thus, i n  t h i s  r e g i o n  of  

2 2 

impact parameters  t h e r e  w i l l  b e  i n  an average sense  one nucleon-nucleon 

c o l l i s i o n  invo lv ing  one nucleon o f  each the p r o j e c t i l e  and t a r g e t .  

I f  t h e  p r o j e c t i l e  is l i g h t  enough (A = 14 i n  our  case )  it i s  assumed t h e  

s t r u c k  p r o j e c t i l e  nucleon escapes  wi thou t  h i t t i n g  any of t h e  o t h e r  pro- 

j e c t i l e  nucleons  (sudden removal w i t h  no f i n a l  s t a t e  i n t e r a c t i o n s  in -  

v o l v i n g  t h e  p r o j e c t i l e ) .  Next, r e c a l l  t h a t  t h e  Galuber express ion f o r  

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

R 
a (b )  = 21r(1-e - a b ) )  

Then t h e  i n c l u s i v e  c r o s s  s e c t i o n  we wish i s  approximated by 

. 
0 
R - 
A ' (A- 1 )  - i' oRfb)bdb 

1 

A s e t  of  r e s u l t s  f o r  1 4 ~  i n c i d e n t  on a few t a r g e t s  a t  1 GeV/n i s  shown 

by t h e  open t r i a n g l e s  i n  Fig .  6.  The s l o p e  of t h e  r e s u l t s  i s  probably 

t h e i r  most i n t e r e s t i n g  a s p e c t .  Taking t h e  d a t a  and theory a s  a whole 

one concludes  t h a t  proceeding from t h e  s p e c i f i c  A -' (A-1) c a s e  t o  t h e  

exper imenta l  mix of  i s o t o p i c  fragments and then  on t o  t h e  t o t a l  r e a c t i o n  

c r o s s  s e c t i o n  y i e l d s  an  increas i -ng geomet r i ca l  s lope .  

It should be remembered t h a t  an e a r l i e r  d e s c r i p t i o n  of p r o j e c t i l e  

f r agmenta t ion  i n  a macroscopic a b r a s i o n - a b l a t i o n  scheme had been proposed 

(Bowman, Swiatecki  and Tsang, LBL-2908 p r e p r i n t ) .  The model o u t l i n e d  



above i s  simply a  semi-microscopic analogy t o  t h e i r  abras ion scheme. 

To c l o s e  my d i s c u s s i o n  of  r e a c t i o n s  I would l i k e  t o  o f f e r  an 

a l t e r n a t i v e  cosmological  c a s e  t o  t h e  c o l l i d i n g  neutron s t a r s  shown by 

W. G r e i n e r ,  as an example of  c o l l i s i o n s  of  two very heavy ions  a t  very 

h i g h  e n e r g i e s .  His  example emphasized t h e  hydrodynamic shock wave 

phenomena. Th i s  one emphasizes t h e  few p a r t i c l e  na tu re  and gas  type  

behav io r  w h i l e  a t  t h e  same t ime e x h i b i t i n g  some c o l l e c t i v e  e f f e c t s .  

What a t t r a c t s  me t o  t h i s  example i s  t h e  model employed i n  t h e  a n a l y s i s .  

It w a s  a simple p o t e n t i a l  model invo lv ing  g r a v i t a t i o n a l  f o r c e s  fo lded  

over  t h e  mass d e n s i t y  d i s t r i b u t i o n s .  F igure  7 shows two equal  m a s s  

g a l a x i e s  c o l l i d i n g  where -one has  some i n i t i a l  symmetric d i s t r i b u t i o n  

w i t h  s p i n  coun te r  t o  t h e  p a r a b o l i c  o r b i t  of t h e  i n c i d e n t  galaxy. A s  
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t ime proceeds  from one frame t o  t h e  next  one wi tnesses  t h e  bui ldup o f  

a t i d a l  wave which e v e n t u a l l y  spews o u t  mass i n  t h e  " t a r g e t  f ragmentat ion 

region" l e a v i n g  some h o t  r e s i d u a l  system which seeks  some s t a b l e  mode. 

I f  no th ing  e l s e ,  t h i s  demonstrates t h e r e  i s  cons ide rab le  i n t e r e s t  

throughout  phys ics  i n  t h e  c o l l i s i o n s  of s t r u c t u r e d  o b j e c t s  e s p e c i a l l y  

i n  so f a r  a s  t h e  phenomena may be  expla ined i n  t h e  con tex t  of t h e  s imples t  

microscopic  approach. 
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In evaluating this year's gathering, we may ask three questions: 

1. What points were made for the first time, or at least more 

vividly than last year? 

2 .  What experimental and theoretical progress has taken place 

in the past year? 

3. What are the important short and long term goals for the 

Bevalac project, which have emerged or been reinforced in this meeting? 

Before dealing with these questions, we should remind ourselves 

of the ways in which Bevalac supplies the opportunity to investigate 

new physical situations, as well as the technical capacity to analyze 

phenomena which are not readily or accurately studied at previously 

available facilities. The intrinsically new physics at Bevalac comes in 

the collisions of energetic nuclei with nuclear targets. No other 

accelerator can provide this capacity at the moment. Obviously, the 

optimum chances for observing new phenomena will come if the heaviest 

projectiles impinge on the heaviest targets, but very heavy projectiles 

are at least two years off. On the other hand, much technically new 

physics can be studied when nuclear projectiles strike even the lightest 



targets. In principle, these processes are completely equivalent to 

the inverse, in which a light projectile strikes a heavier target. 

However, it is much easier to observe reaction products which are slow 

in the projectile velocity frame than those which are slow in the 

target (laboratory) frame. Thus, the systematics and rates of heavy 

ion fragmentation or transmutation, a subject of great importance to 

cosmic ray physics, are best studied at Bevalac. 

1. New things. 

(a) Returning to our first question, the possible uses of 

projectile transmutation were expanded in presentations spelling out 

two attractive possibilities, the measurement of cross sections for 

electron pickup by energetic fully stripped ions, and the observation 

of fast hypernuclei. Both of these were mentioned last year, but this 

time in more detail, with experimental proposals being submitted by the 

speakers. Aside from testing atomic scattering theory, the electron 

pickup experiments are important for the case of ions which are stable 

when fully stripped, but can decay weakly by atomic electron capture. 

The amount of such ions in cosmic rays permits a refined analysis of 

the propagation of the rays, determining not only the total amount of 

2 matter traversed (in gms/cm ) but also how much the density varied 

along the path, since this would affect the probability of electron 

capture and subsequent weak decay of these species. In the matter of 

hypernuclei, not only would lifetime measurements become practical, 

but also the identification of a hypernucleus becomes much easier, 

when its point of decay is geometrically displaced from its point of 

creation. 



(b) A suggestion not even heard last year concerned the 

possibility that one or more distinct new phases of nuclear matter 

could be created under the conditions ofhigh density (and perhaps 

temperature) produced in central collisions of heavy nuclei. There 

seemed to be a partial consensus that such phenomena would be most 

accessible in the several hundred MeV/A range, rather than the more 

typical 1-2 GeV/A of recent experiments, since the small momentum 

transfer in nucleon-nucleon collisions would inhibit formation of a 

nuclear fluid, at rest in the center of mass, for the highest Bevalac 

beam momenta. The essential point of such proposals is that a coherent 

coupling to mesonic degrees of freedom could create stable or meta- 

stable states with a density far higher than ordinary nuclear matter. 

It was pointed out that even if many or all of the postulates in these 

proposals are wrong, there may still exist density isomers of ordinary 

heavy nuclei, and Bevalac might be able to produce them, at least when 

operating in the lower part of its energy range. Little was said about 

how such states could be detected. If metastable, they might show 

peculiarities in secondary interactions. If quite unstable, they 

might be associated with bursts of pions exhibiting some striking 

momentum correlations. 

(c) Something new for this meeting was the description of 

successful theoretical models for large angle elastic scattering and 

pickup reactions in nuclear collisions, based on inclusion of excited 

nucleons in the wavefunctions of the colliding nuclei. These models 

have been applied at rather low energies for Bevalac, but they raise 

the question whether Bevalac could generate some further tests of the 



excited nucleon models. Indeed, the observed 156 fragments of 160 

projectiles may have come from A++ knockout (or pickup) by the target. 

(d) Another topic, only mentioned last year but developed at 

length this time, concerned the formation of shock waves in nuclear 

collisions, at energies below meson production threshold, perhaps 

100 MeV/A. It was plausibly argued that such waves could be formed in 

central nucleus-nucleus collisions, provided the nuclei were fairly 

big, and the nucleon-nucleon scattering close to isotropic. Presumably, 

the evidence of a shock would be fragments "squirted out" at 90' in the 

center-of-velocity frame, accompanied by forward and backward going 

fragments with velocity approximating that of sound in the nuclear 

medium. 

( e ) Some remote possibilities for applying howledge gained 

at Bevalac were pointed out, having to do with special processes of 

nucleosynthesis depending on collisions of relativistic heavy ions, 

perhaps in supernova explosions, perhaps in the very early universe. 

However, the considerable success of models not requiring relativistic 

energies leaves this type of application in limbo for the time being. 

(f) One day of the meeting was devoted to exposing work at 

Berkeley and elsewhere with heavy ions of less than 20 MeV/A. 

Impressive and beautiful results have been obtained. For example, 

at these energies there are signs of two competing processes, either 

a quick collision followed by projectile and/or target breakup, or 

compound nucleus formation followed by nearly complete loss of memory 

of the initial state. Of the many experimental projects still open at 



these energies, or slightly higher ones, two are the search for super- 

heavy metastable elements of Z 114, and the appearance of positrons 

coming from "breakdown of the vacuum" when a nucleus of instantaneous 

charge Zeff > 170 is formed momentarily during the close approach of two 

very heavy nuclei. Both these pojects would benefit from acceleration 

of Pb or U or even Pu ions, which is hindered for the moment 

mostly by problems with manufacture of reliable and copious ion 

sources. Just as with the Bevalac, the lower energy Berkeley machines 

have proposed improvement programs, to increase energy, intensity and 

charge of the beams which can be produced. 

(g) The main proposal for Bevalac improvement is the intro- 

duction of a new vacuum tube in the Bevatron, and new, faster pumps 

to go with it. This could bring the vacuum down from to 

Torr, permitting acceleration ofhighly stripped beams with useful 

flux at least up to Pb, and perhaps to U (though only for purposes 

requiring limited beam intensity). The projected cost is slightly over 

a million dollars, plus a 1;egligible additional operating cost, 

After approval, it should take about one year to make this 

improvement. 

2. Progress 

(a) There has been some progress in the past year. The 

Bevalac itself is coming into operation, and within a few months 

should be accelerating A r  ions. However, without trying to place 

blame in any particular quarter, we may note that the ratio of 

expenditure for experiments to that for Bevalac development and 

operation seems disproportionately low. If more funding for experiments 

cannot be supplied, further progress will be slow indeed. 



(b) Several experiments have been carried out, and are now in 

the stage of analysis. New results were reported on projectile and 

target fragmentation, with perhaps the biggest effort going into the 

study of low velocity transfer 12c and 160 projectile fragments for 

a variety of targets. For this second generation experiment, a nearly 

complete analysis gives more information and greater precision than 

available a year ago. The target fragmentation experiments can be 

compared with results obtained with proton beams, and some reasonable 

conclusions emerge, such as the statement that, the heavier the 

projectile,the more energy and momentum it can deposit in the target 

residue left over after the direct reaction between projectile and 

target. Detailed theoretical discussions of these results would be 

welcome. 

(c) The theory of small velocity fragments in the projectile 

frame has made a definite advance, but it is still clear that a 

physically complete theoretical picture is not easy to produce. 

First, the advance: Already a year ago, the isotropy of fragment 

momenta, and the near-independence of target of the ratios of different 

fragment production rates, cried out for explanation in terms of the 

structure of the projectile before collision. However, the apparent 

independence on a fragment's mass of its momentum distribution was 

puzzling and disturbing. In the meantime it has been realized that 

a parabolic ( M ~ ~ ~ ( M ~ ~ ~ ~ - % ~ ~ ~  )) dependence of mean square momentum 

on fragment mass arises from simple statistical assumptions and the 

hypothesis of negligible coherent momentum transfer to the projectile 



in the collision. At the same time the second generation experiment 

shows good agreement with this result. While fuzzy thinking displayed 

in my summary last year has now been cleared away, the real work of 

computing fragmentation cross sections has yet to begin. Such work 

must describe a process which proceeds in two stages. A small 

number of projectile nucleons interact directly with the target 

(probably only the edge of the target). Then the nuclear residue 

spits out some single nucleons and some larger fragments. The hard 

questions are, how is sufficientenergy transferred to the residue, 

and how is this energy distributed once received? Probably the first, 

and certainly the second question cannot be answered in terms of low 

energy nuclear structure; the time scale is too short, or the 

energies too large. The simple results on momentum distributions of 

approaches which ignore the space time structure of the collision- 

fragmentation process may be preserved by a complete theory, since they 

depend so little on details. Nevertheless, without more physical 

input and some perspicacious new approximations, there seems little 

hope of computing cross sections and fragmentation branching ratios. 

One rqysterious result is the greater relative ease of producing 

fragments down by only one unit in Z when the target is Pb than 

when it is C. Could there be a coherent excitation process involved? 

As a general statement, we may argue that if different numbers of 

projectile nucleons interact with the target to produce residues 

emitting different ,fragments, then the ratios of these different 

fragments should depend on the target. Except for the AZ = -1 



transitions, there is no sign of such dependence beyond the 20% level. 

This is mysterious. 

(d) One subject in which some useful, straightforward 

llmicroscopic'l calculations have been made in the past year is that of 

nucleus-nucleus total cross sections. The main point of these efforts, 

beyond giving predictions to be compared with data, was to test 

theoretically, in the conventional picture of the nucleus, the factoriza- 

tion rules suggested by particle-particle cross sections. Not 

surprisingly, the studies showed that nuclei behave like black discs 

with cross sections nearly proportional to the square of the sum of 

'I3 + A:'~ 12. Obviously the nuclear radii of projectile and target - (Ap 

this form is not factorizable in principle, but it departs drastically 

from the factorization rule if, e.g., target is much heavier than 

2 projectile, giving aTT << apT /app. While notions developed in high 

energy physics (many of which spring from nuclear physics! ) may supply 

useful guides to classification of collision processes, it would be 

foolish to apply these notions blindly and expect them to work. The 

nuclear collision problem differs dramatically in geometric scale, 

excitation spectrum, and other properties, so that only with some 

intelligence and selectivity can experiences with particles and with 

nuclei fructify each other. Such efforts are well worthwhile if this 

caution is kept in mind. 

(e) A final sign of progress is the development of the 

Bevalac User's Association, evidenced in the increasing numbers of 

experimental proposals, as well as the increased size and enthusiasm 

of this year's participation in the summer study. 



Goals 3-  - 
(a) The Bevalac permits nearly bias free studies of projectile 

transmutation. It is important that such studies be accomplished in a 

precise, systematic way, to be of maximum value for applications, and 

to give the most stringent tests to theory. It is also important, as 

in most physics problems, that theorists examine carefully the actual 

data, rather than accept summary statements (such as this one!) which 

may be true but misleading. In the particular case of projectile 

fragmentation, the substantial improvement in experimental accuracy 

merits a substantial effort to develop a realistic theory. 

(b) The possibility of exciting new phenomena in the collisions 

of very heavy nuclei makes it urgent to improve the Bevalac vacuum to 

accommodate the heaviest projectiles. 

(c) The likelihood of qualitative changes in the results of 

collisions between energies of order 100 MeV and 1 GeV makes it 

important to plan and conduct experiments that cover the whole range. 

In fact, it seems quite possible that the lower energies will produce 

more dramatic effects! 

(d) There may well be significant experiments to be done of 

a type not yet proposed. For example, it was suggested that channeling 

of heavy ions in crystals might occur, and lead to interesting effects. 

Whether or not this be so, it seems quite worthwhile to devote some 

time and imagination to the question, "What can be done with Bevalac 

that can't be done without it?" This meeting showed there are some 

positive answers. Are there more? 



( e )  Because of i t s  spec i a l  h i s tory ,  LBL i s  i n  an unusual 

pos i t ion  t o  give leadership i n  heavy ion  experiments from MeV t o  GeV 

energies.  In  order t o  cap i t a l i ze  on t h i s  s t rength,  it would be good 

physics a s  wel l  a s  good p o l i t i c s  t o  develop close,regular  .cooperation 

and communication among those working with the  d i f f e r en t  f a c i l i t i e s  

located here.  Perhaps we should r e c a l l  Benjamin Frankl in ' s  injunction 

t o  h i s  colleagues, "Gentlemen, l e t  us a l l  hang together ,  o r  we may 

a l l  hang separately."  In  o ther  words, make out of necessi ty  a golden 

opportunity t o  s t r i k e  down a r t i f i c i a l  b a r r i e r s  i n  physics, providing 

b e t t e r  perspective on many aspec ts  of nuclear dynamics. 
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