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A b s t r a c t

RELATIVISTIC QUASIPARTICLE DESCRIPTION OF 

THE STRUCTURE OF FINITE NUCLEI 

by

S h u n - f u  Gao

Ad v i s e r :  D i s t i n g u i s h e d  P r o f e s s o r  Ca r l  M. Sh ak i n

In an a t t e m p t  t o  u n d e r s t a n d  t h e  s u c c e s s  of  D i r a c  phenomenology,  

P r o f e s s o r s  Ce l en z a  and Shak i n  p r opos e d  t h e  s o - c a l l e d  R e l a t i v i s t i c -  

B r u e c k n e r - H a r t r e e - F o c k  (RBHF) t h e o r y  ( R e f . 5) which i s  c h a r a c t e r i z e d  

a s  h a v i n g  no f r e e  p a r a m e t e r s  o t h e r  t han  t h o s e  i n t r o d u c e d  i n  f i t t i n g  

f r e e - s p a c e  n u c 1e o n - n u c 1 eon s c a t t e r i n g  d a t a .

A n a t u r a l  e x t e n s i o n  o f  t h e  r e l a t i v i s t i c  a n a l y s i s  o f  R e f . 5 l i e s  in 

t he  s t u d y  o f  t he  s t r u c t u r e  o f  f i n i t e  n u c l e i .  To a v o i d  t he  f o r m i d a b l e  

t a s k  o f  c a l c u l a t i n g  r e l a t i v i s t i c  Br u ec k n e r  r e a c t i o n  m a t r i c e s  f o r  a 

f i n i t e  s y s t e m,  we u s e  an e f f e c t i v e  i n t e r a c t i o n  c o n s t r u c t e d  f o r  use  in 

a D i r a c - H a r t r e e - F o c k  C a l c u l a t i o n .  T h i s  i n t e r a c t i o n  r e p r o d u c e s ,  r a t h e r  

a c c u r a t e l y ,  t he  n u c l e o n  s e l f - e n e r g y  in n u c l e a r  m a t t e r ,  t he  Migdal
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pa ram ete rs  and the s a t u r a t i o n  curves ob ta in e d  v i a  RBHF c a l c u l a t i o n s

We u s e d  t h i s  e f f e c t i v e  i n t e r a c t i o n  i n  D i r a c - H a r t r e e - F o c k  c a l c u ­

l a t i o n s  o f  t he  s t r u c t u r e  o f  t h e  f i n i t e  n u c l e i ,  160  and 40Ca.  We 

p e r f o r med  t h e s e  c a l c u l a t i o n s  i n  momentum s p ac e  and m a i n t a i n e d  t r a n s l a ­

t i o n a l  i n v a r i a n c e  i n  our  a n a l y s i s .  We have  c a l c u l a t e d  t he  b i n d i n g  

e n e r g i e s ,  n u c l e o n  e n e r g y  l e v e l s ,  wave f u n c t i o n s  and t he  cha rge  

d i s t r i b u t i o n s  f o r  160  and 40Ca.  We f i n d  a good r e p r e s e n t a t i o n  o f  the  

c h a r g e  d e n s i t y  o f  t h e s e  n u c l e i  and some d e g r e e  o f  u n d e r b i n d i n g ,  which,  

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

b o s o n - e x c h a n g e  p o t e n t i a l  (OBEP) whose r e a c t i o n  m a t r i c e s  a r e  s i m u l a t e d  

by our  e f f e c t i v e  i n t e r a c t i o n .
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Ch a p t e r  1 

Genera l  Survey

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

One o f  t he  p r i n c i p a l  g o a l s  o f  t h e o r e t i c a l  n u c l e a r  p h y s i c s  i s  to 

u n d e r s t a n d  n u c l e a r  s t r u c t u r e  i n  t e rms  of  t h e  f r e e  n u c l e o n - n u c l e o n  

i n t e r a c t i o n .  In t he  p a s t ,  our  i d e a s  c o n c e r n i n g  n u c l e a r  s t r u c t u r e  were 

e s s e n t i a l l y  b a s e d  upon an an a l o g y  w i t h  a t omi c  p h y s i c s .  One c o n s i d e r e d  

t h e  n u c l e u s  t o  be a c o l l e c t i o n  of  n u c l e o n s  which i n t e r a c t e d  t h r ough  

two-body p o t e n t i a l s .  Such models  had t h e i r  l i m i t a t i o n s ,  s i n c e  one d i d  

n o t  e x p l a i n  t he  o r i g i n  o f  t he  p o t e n t i a l s .  A f t e r  1935,  in an a t t e m p t  to 

u n d e r s t a n d  t he  n a t u r e  o f  n u c l e o n  i n t e r a c t i o n s ,  one saw t he  f o r m u l a t i o n  

o f  meson t h e o r y .  Meson t h e o r y  i s  f o r mu l a t e d  a s  a quantum f i e l d  t h e o r y .  

Such a f o r m u l a t i o n  i s  e s p e c i a l l y  s u i t a b l e  f o r  p e r t u r b a t i v e  met hods .  

However,  s i n c e  p e r t u r b a t i v e  methods  a r e  no t  p a r t i c u l a r l y  s u c c e s s f u l  in 

s t r o n g  i n t e r a c t i o n  p h y s i c s ,  r e s e a r c h e r s  have  us ed  e f f e c t i v e  i n t e r ­

a c t i o n s  and p henomeno l og i ca l  a p p r o a c h e s  in t h e  c o n t e x t  o f  S c h r o e d i n g e r  

t h e o r y .
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The program o f  c a l c u l a t i n g  t he  p r o p e r t i e s  o f  n u c l e i  and n u c l e a r  

m a t t e r  from " r e a l i s t i c "  two-body f o r c e s  was i n i t i a t e d  by Br u ec k n e r  and 

h i s  c o l l a b o r a t o r s  ab o u t  1955.  The r e a c t i o n  m a t r i x  f o r ma l i s m o f  n u c l e a r  

many-body t h e o r y  ( Brueckner  t h e o r y  ) h a s  been wi d e l y  u s e d  s i n c e  1958.  

The Br u ec k n e r  G- ma t r i x  d e s c r i b e s  t h e  i n t e r a c t i o n  o f  two n u c l e o n s  in 

t he  n u c l e a r  medium and i s  t he  a n a l o g u e  o f  t he  s c a t t e r i n g  m a t r i x  f o r  

two n u c l e o n s  in f r e e  s p a c e .  One o f  t he  main o b s t a c l e s  t o  a d i r e c t  

a p p l i c a t i o n  o f  t he  H a r t r e e - F o c k  method i s  t he  f a c t  t h a t  most  ba r e  

n u c l e o n - n u c l e o n  f o r c e s  have  an i n f i n i t e  or  s t r o n g l y  r e p u l s i v e  c o r e .  

The r e p l a c e m e n t  of  t he  b a r e  i n t e r a c t i o n  by t he  Br u ec k n e r  G- m a t r i x  i s  

c o n v e n i e n t  be c a u s e  i t  a l l o w s  one t o  t r e a t  s t r o n g l y  r e p u l s i v e  f o r c e s  

and i t  can a l s o  be shown t h a t  t he  u s e  o f  t he  G- ma t r i x  r e p r e s e n t s  a 

c o n s i s t e n t  resummat ion of  c e r t a i n  h i g h e r - o r d e r  t e rms  o f  t h e  f u l l  

many-body probl em.  The Br ueckner  t h e o r y  a c h i e v e d  some q u a l i t a t i v e  

s u c c e s s  in e x p l a i n i n g  t he  g r o u n d - s t a t e  p r o p e r t i e s  o f  n u c l e a r  m a t t e r  

and c l o s e d - s h e l l  n u c l e i .  A f t e r  e x t e n s i v e  e f f o r t s  by many i n v e s t i ­

g a t o r s ,  i t  was c l e a r  t h a t  t h e r e  was a f undament a l  p robl em in o b t a i n i n g  

a good f i t  t o  n u c l e a r  p r o p e r t i e s  i n  a p a r a m e t e r - f r e e  model .

In t h e  e a r l y  s e v e n t i e s  we saw t he  i n t r o d u c t i o n  o f  what  was c a l l e d  

" d e n s i t y - d e p e n d e n t - H a r t r e e - F o c k "  (DDHF) t h e o r y .  In t h e  l a t t e r  a n a l y s i s
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one i n t r o d u c e d  a p h enomeno l og i ca l  d e n s i t y  dependence  i n t o  t he  two-body 

i n t e r a c t i o n  i n  t he  medium.  Th i s  i n t e r a c t i o n  co u l d  t h e n  be a d j u s t e d  to 

o b t a i n  a r e a s o n a b l e  f i t  t o  n u c l e a r  ch a r g e  and m a t t e r  d i s t r i b u t i o n s ,  

b i n d i n g  e n e r g i e s ,  e t c .  However,  t h e  i n t r o d u c t i o n  o f  d e n s i t y - d e p e n d e n t  

f o r c e s  and v a r i o u s  p a r a m e t e r s  t ook  one away from t h e  g o a l  o f  c a l c u l a ­

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

In t he  e a r l y  s e v e n t i e s  we a l s o  saw e x t e n s i v e  deve l opmen t  o f  the 

bos o n - e x ch an g e  model o f  n u c l e a r  f o r c e s .  In t h i s  model t h e  n u c l e o n -  

n u c l e o n  f o r c e  was c o n s t r u c t e d  v i a  t h e  exchange  o f  mes on i c  f i e l d s  wi t h  

t h e  quantum numbers o f  f a m i l i a r  mesons:  *,  p, u  and a,  e t c .  When one

us ed  t he  OBE p o t e n t i a l s  to c a l c u l a t e  t he  p r o p e r t i e s  of  n u c l e a r  m a t t e r ,

one found t he  s t a n d a r d  probl em:  I f  t he  b i n d i n g  en e r g y  o f  t he  sys t em

was c o r r e c t ,  t he  s a t u r a t i o n  d e n s i t y  was too l a r g e ,  and i f  t he  d e n s i t y

was c o r r e c t ,  t he  sys t em was under bound .

In t h e  m i d - s e v e n t i e s  some new i d e a s  were i n t r o d u c e d  which would 

u l t i m a t e l y  change our  view o f  n u c l e a r  s t r u c t u r e .  Peo p l e  s t a r t e d  t o  use  

t h e  Di r a c  e q u a t i o n  w i t h  some e f f e c t i v e  p o t e n t i a l s  to s o l v e  some long 

s t a n d i n g  p u z z l e s  in t he  t h e o r y  o f  n u c l e a r  s t r u c t u r e .  B. C. C l a r k  and 

c o l l a b o r a t o r s  showed t h a t  n u c l e o n - n u c l e u s  s c a t t e r i n g  co u l d  b e s t  be
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d e s c r i b e d  by u s i n g  a phenomenology b a s e d  upon t he  u s e  o f  t h e  Di r a c  

e q u a t i o n  in t he  d e s c r i p t i o n  o f  t he  mot i on  o f  t he  p r o j e c t i l e .

In an a t t e m p t  to u n d e r s t a n d  t h e  p h enomeno l og i ca l  s u c c e s s  o f  t h e s e  

mode l s ,  P r o f e s s o r s  C e l e n z a  and Shak i n  p r o p o s e d  t he  s o - c a l l e d  

R e l a t i v i s t i c - B r u e c k n e r - H a r t r e e - F o c k  (RBHF) t h e o r y  ( R e f . 5 ) ,  which i s  

c h a r a c t e r i z e d  a s  h a v i n g  no f r e e  p a r a m e t e r s  o t h e r  t han  t h o s e  i n t r o d u c e d  

in  f i t t i n g  f r e e - s p a c e  n u c l e o n - n u c l e o n  s c a t t e r i n g  d a t a .  T h i s  t h e o r y  was 

modeled a f t e r  t h e  Br uec kne r  a p p r o a c h .  However ,  t he  Br u e c k n e r  a n a l y s i s  

was e x t e n d e d  t o  i n c l u d e  a r e l a t i v i s t i c  d e s c r i p t i o n  o f  n u c l e o n  mot i on .  

Whi le  n o t  p r o v i d i n g  a compl e t e  t h e o r y ,  t h e  RBHF a n a l y s i s  does  p r o v i d e  

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

s t a n d i n g  o f  Di r a c  phenomenology.  One was a b l e  to d i s c u s s  such m a t t e r s  

a s  t he  b i n d i n g  en e r g y  and s a t u r a t i o n  d e n s i t y  o f  t h e  n u c l e a r  m a t t e r ,  

t h e  e f f e c t i v e  f o r c e  in n u c l e i ,  and t he  forms o f  t h e  n u c l e o n  s e l f ­

en e r g y  f o r  bound and cont i nuum n u c l e o n s .

One r e a s o n  f o r  t he  s t u d y  of  n u c l e a r  m a t t e r  i s  t h a t  i t  p r o v i d e s  a 

check  on t h e  s u i t a b i l i t y  o f  a n u c l e o n - n u c l e o n  p o t e n t i a l  b e f o r e  one 

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

(A n u me r i c a l  e v a l u a t i o n  o f  n u c l e a r  m a t t e r  p r o p e r t i e s  i s  much e a s i e r ,
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s i n c e  t h e  wave f u n c t i o n s  o f  t h i s  sys t em a r e  known to be p l a n e  waves ,  

w h i l e  t h e  wave f u n c t i o n s  o f  f i n i t e  n u c l e i  have t o  be d e t e r m i n e d  s e l f -  

c o n s i s t e n t l y . )  The n e c e s s i t y  f o r  a s t u d y  of  n u c l e a r  m a t t e r  s t ems  from 

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

d e t e r m i n e  t h e  form o f  t he  p o t e n t i a l .  Thus ,  a c a l c u l a t i o n  of  t he  

p r o p e r t i e s  o f  n u c l e a r  m a t t e r  co u l d  r u l e  ou t  some u n s u i t a b l e  p o t e n t i a l  

m o d e l s .

A n a t u r a l  e x t e n t i o n  o f  t he  r e l a t i v i s t i c  a n a l y s i s  i n  R e f . 5 l i e s  in 

t h e  s t u d y  o f  t he  s t r u c t u r e  of  f i n i t e  n u c l e i .  (To t h a t  end one might  

c o n t e m p l a t e  t h e  c a l c u l a t i o n  o f  r e l a t i v i s t i c  Br uec kne r  r e a c t i o n  

m a t r i c e s  f o r  a f i n i t e  s ys t em;  however ,  t h a t  i s  an e x t r e m e l y  d i f f i c u l t  

p rogr am,  which we w i l l  n o t  c o n s i d e r . )  We n o t e  t h a t  one o f t e n  wi s h es  t o  

o b t a i n  an e f f e c t i v e  i n t e r a c t i o n  which may be u s e d  in t he  s t u d y  of  

f i n i t e  n u c l e i .  H i s t o r i c a l l y ,  i n  o r d e r  t o  a c c o u n t  f o r  n u c l e a r  

s a t u r a t i o n ,  e f f e c t i v e  i n t e r a c t i o n s  a r e  u s u a l l y  t a k e n  t o  be e i t h e r  

d e n s i t y -  or  momentum-dependent ,  or  bo t h .  E a r l y  a t t e m p t s ,  which 

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

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

t h e  e f f e c t i v e  i n t e r a c t i o n  be tween n u c l e a r  q u a s i - p a r t i c l e s .  We a r e  

i n t e r e s t e d  i n  an e f f e c t i v e  i n t e r a c t i o n  which may be u s e d  in a P i r a c -
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H a r t r e e - F o c k  a p p r o x i m a t i o n  f o r  t h e  s t u d y  o f  f i n i t e  n u c l e i .  Th i s  

e f f e c t i v e  i n t e r a c t i o n  s h o u l d  be " r e a l i s t i c "  i n  t he  s en s e  t h a t  m a t r i x  

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

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

t e d  i n  R e l a t i v i s t i c - B r u e c k n e r - H a r t r e e - F o c k  s t u d i e s  o f  n u c l e a r  m a t t e r .

In t h i s  work we w i l l  s t u d y  t he  p r o p e r t i e s  of  f i n i t e  n u c l e i  u s i n g  

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

In Ch a p t e r  2 we r e v i e w the  model f o r  t h e  e f f e c t i v e  i n t e r a c t i o n .  In 

C h a p t e r  3 we d e r i v e  t he  i n t e g r a l  e q u a t i o n s  f o r  t he  n u c l e o n  wave 

f u n c t i o n s .  In C h a p t e r  4 we g i v e  some f o r mul ae  r e l a t e d  t o  t he

p r o p e r t i e s  o f  f i n i t e  n u c l e i .  In Ch a p t e r  5 we p r e s e n t  n u me r i c a l  r e s u l t s  

and some d i s c u s s i o n .  C h a p t e r  6 c o n t a i n s  some c o n c l u d i n g  r emarks .

1 . 2  N o t a t i o n  and Conven t i o n s

We u s e  t he  n o t a t i o n  p r e s e n t e d  i n  t he  t e x t s  of  B j o r k en  and D r e l l

( R e f . 1 4 ) :
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( 1 . 2 . 1 )

1/ , 0 -» X

x/ i = V  x = ( x ’ " x } ’ ( 1 . 2 . 2 )

where t he  m e t r i c  t e n s o r  i s

tu/
B -  SHi/

1 0  0 0 
0 - 1 0 0  
0 0 - 1 0  
0 0 0 -1

( 1 . 2 . 3 )

For  any two f o u r - v e c t o r s ,  p and q,  we d e n o t e  t h e  s c a l a r  p r o d u c t  by

u o o  -» -*
p»q = = p q -  p»q , ( 1 . 2 . 4 )

2 0 2 -»2 
P = P “ P ( 1 . 2 . 5 )

The D i r a c  s p i n o r s  a r e  d e f i n e d  as

u ( p , s )  =
E(p)+m

2m

1 / 2

, E(p)+m

( 1 . 2 . 6 )

and
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v ( p , s )  =
E(p)+m 1/2

2m
L J

a» p 

E(p)+ra 

X

X - . ( 1 . 2 . 7 )

- 8

They s a t i s f y  t he  D i r a c  e q u a t i o n s

( Tf°E(p) -  -7 «p -  m I u ( p , s )  = 0 , ( 1 . 2 . 8 )

I 7 ° E(p)  -  ' / •p  + m ] v ( p , s )  = 0 . ( 1 . 2 . 9 )

The a d j o i n t  s p i n o r s

u ( p , s )  = u"*"( p , s)*7° , ( 1 . 2 . 10 )

v ( p , s )  = v+( p , s ) ' y °  , ( 1 . 2 . 1 1 )

s a t i s f y

u ( p , s )  ( f( -  m ) = 0 ( 1 . 2 . 1 2 )

v ( p , s )  ( j i  + m ) = 0 , ( 1 . 2 . 1 3 )

where
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, u 0 0 -» -*
P = T P ^  = 1  P " > P  . ( 1 . 2 . 1 4 )

7°  =

' I  O '

, 0 - I  ,
( 1 . 2 . 1 5 )

and

' I  =

(  0  (7

- a  0
( 1 . 2 . 1 6 )

Here I  i s  a 2x2 u n i t  m a t r i x  and t h e  a  a r e  2x2 P a u l i  s p i n  m a t r i c e s

a 1 =

a 3 ) , ( 1 . 2

' 0 1 f  0  - i  )  , '  1 0
, a 2 =

\ • *  s ( 1 . 2
, 1 0 . I i o ) . 0 -1  ,

F r e q u e n t l y  u s ed  c o mb i n a t i o n s  a r e

( 1 . 2 . 1 9 )

and



In t h e  above r e p r e s e n t a t i o n

w i t h  i , j , k  in c y c l i c  o r d e r  and

-  10

5 0 1 2  3
7 = 17 7  7  7  = 7 5 ■ ( 1 . 2 . 2 0 )

r>J
( a  0

( 1 . 2 . 2 1 )

01o -  1
(  0 a

( 1 . 2 . 2 2 )

7 = 7c ( 1 . 2 . 2 3 )

The f o l l o w i n g  i d e n t i t i e s  and t r a c e  t heorems  have  been  u s e d  i n  our  

c a l c u l a t i o n s .

A A = 2  A.B -  0  A . ( 1 . 2 . 2 4 )

/  A 7 ^  = -  2  A , ( 1 . 2 . 2 5 )

( 1 . 2 . 2 6 )
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( 1 . 2 . 2 7 )

Tr I  = 4 , ( 1 . 2 . 2 8 )

Tr ( odd number o f  V* ) = 0 , ( 1 . 2 . 2 9 )

Tr 7 5 = 0 , ( 1 . 2 . 3 0 )

Tr A 0 = 4 A.B , ( 1 . 2 . 3 1 )

Tr 7 5 A 0  = 0 , ( 1 . 2 . 3 2 )

Tr A 0  0  0  = 4 I A.B C.D -  A.C B.D + A.D B.C I , ( 1 . 2 . 3 3 )

Tr ^  A 0  ?  0  = 4 i t a 0 l6  A° vP &  vP . ( 1 . 2 . 3 4 )

1 . 3  R e l a t i v i a t i c  O n e - B o s o n - E x c h a n g e - P o t e n t i a l s

The f o r m u l a t i o n  of  t h e  meson t h e o r y  o f  n u c l e a r  f o r c e s  t ook p l a c e  

more t han  50 y e a r s  ago.  Th i s  model  d e v e l o p e d  i n t o  t he  One-Boson-
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Exchange p o t e n t i a l  model  in t he  19 6 0 ’ s .  In meson t h e o r y ,  t he  p o t e n t i a l  

can be d e r i v e d  from a quantum f i e l d  t h e o r y  which d e s c r i b e s  meson 

exchange .  The p o t e n t i a l  be t ween a p a i r  o f  n u c l e o n s  due to t he  exchange  

o f  a meson h a s  a r a nge  o f  t he  o r d e r  o f  t he  meson Compton wa v e l e n g t h ,  

which i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t he  meson mass .  Va r i ous  p o t e n t i a l s  

( a t t r a c t i v e  or  r e p u l s i v e ) ,  s p i n - o r b i t  p o t e n t i a l s ,  t e n s o r  p o t e n t i a l s ,  

e t c . ,  have been d e r i v e d  by c o n s i d e r i n g  t he  exchange  o f  d i f f e r e n t  k i n d s  

o f  meson f i e l d s .

The pi  on - e xchange  c o n t r i b u t i o n  has  a l a r g e  r ange  be c a u s e  o f  t he  

smal l  p i o n  mass (140 MeV) and i s  r e s p o n s i b l e  f o r  t h e  l o n g - r a n g e  p a r t  

of  t he  NN f o r c e .  The s c a l a r  p a r t i c l e  ( w i t h  a mass o f  ab o u t  500 Mev) 

which i s  r e g a r d e d  as  a c o n v e n i e n t  p a r a m e t e r i z a t i o n  o f  t he  e f f e c t  of  

c o r r e c t e d  t wo - p i o n  exchange  ( i n  an S - s t a t e )  p r o v i d e s  t he  i n t e r m e d i a t e -  

r ange  a t t r a c t i o n  o f  t he  f o r c e .  The r e p u l s i v e  i n n e r  r e g i o n  o f  t h e  NN 

p o t e n t i a l  i s  t h o u g h t  to a r i s e  ma i n l y  from the  exchange  o f  mas s i ve  

v e c t o r  mesons .  The r e p u l s i o n  can be u n d e r s t o o d  from t he  an a l o g y  wi t h  

t h e  Coulomb i n t e r a c t i o n ,  which i s  r e p u l s i v e  be t ween two p a r t i c l e s  of  

l i k e  c h a r g e .  The ( n e u t r a l )  v e c t o r  meson (w) can be c o n s i d e r e d  a s  a 

mas s i v e  ( v e c t o r )  pho t on  and ,  t h e r e f o r e  exchange  o f  t h i s  meson w i l l  

p r o v i d e  r e p u l s i o n  be t ween  n u c l e o n  p a i r s .  The s t r o n g  s h o r t - r a n g e  s p i n -
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o r b i t  f o r c e  t hen  emerges  as  t he  Thomas t erm a s s o c i a t e d  wi t h  v e c t o r  

meson exchange .

The i n t e r a c t i o n  be t ween n u c l e o n s  and each of  t he  s c a l a r ,  p s eu d o ­

s c a l a r  and v e c t o r  bosons  can t a k e  s e v e r a l  forms .  U s u a l l y  t he  

f o l l o w i n g  i n t e r a c t i o n  L a g r a n g i a n s  a r e  c o n s i d e r e d

r s = e s ( 1 . 3 . 1 )

( 1 . 3 . 2 )

7  t  fl v = ev V V* 4> <t> ( 1 . 3 . 3 )

Here ^  d e n o t e s  t he  n u c l e o n  f i e l d  and ^  i t s  a d j o i n t ;  d e s c r i b e s  the

meson f i e l d  o f  t he  a = s c a l a r ,  p s e u d o s c a l a r  and v e c t o r  mesons .  For  the  

exchange  o f  i s o v e c t o r  mesons (T = 1 ) ,  must  be r e p l a c e d  by ? • $ ,

where r  i s  t he  i s o t o p i c  s p i n  o p e r a t o r .  In E q . ( 1 . 3 . 3 )

( 1 . 3 . 4 )

r e p r e s e n t s  t h e  f i e l d  s t r e n g t h ;  g y and f  d e s c r i b e  t h e  D i r a c  and P a u l i
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c o u p l i n g  c o n s t a n t s ,  r e s p e c t i v e l y .  The c o r r e s p o n d i n g  t erms g i v e  t he  

Di r a c  and anomalous  ( P a u l i )  p a r t  o f  t he  magne t i c  moment.

We s t r e s s  t h a t ,  on t h e  e n e r g y - s h e l 1, t he  pv-  and p s -  c o u p l i n g s  

l ead  t o  e q u i v a l e n t  OPE p o t e n t i a l s ,  p r o v i d e d  we s e t

Of f  e n e r g y - s h e l 1, however ,  t h e s e  c o u p l i n g s  behave  q u i t e  d i f f e r e n t l y .  

As i s  we l l  known,  a l l  s o f t - p i o n  r e s u l t s  can be r e p r o d u c e d  by 

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

s u c c e s s  o f  s o f t - p i o n  t heorems  in e x p l a i n i n g  t he  i n t e r m e d i a t e  r ange  

p a r t  o f  t he  t wo - n u c l e o n  p o t e n t i a l  s u g g e s t s  t h a t  one s h o u l d  employ 

p v - c o u p l i n g  r a t h e r  t han  p s - c o u p l i n g .  (The u s e  of  p s - c o u p l i n g  r e q u i r e s  

t h a t  one c o n s i d e r s  c o m p l i c a t e d  n o n l i n e a r  p i o n - s i g m a  c o u p l i n g  t e r m s . )

D _
For  t h e  p i o n  (T = 1,  J  = 0 ) ,  one has  c o n s i d e r e d  t he  p s e u d o v e c t o r

(pv)  c o u p l i n g ,  which r e a d s  as

( 1 . 3 . 5 )

2m
( 1 . 3 . 6 )

m.
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The OBEP g e n e r a t e d  by t h e  exchange  o f  s - ,  p s -  and v - b o s o n s  can be 

w r i t t e n  i n  t h e  form

V( q ’ . q)  = 1 fJJ0 ™ ( q ’ . q)  , ( 1 . 3 . 7 )
a = s , p s , v

where

F^0 r n ( q ’ , q )  = u ( - q ’ ) u ( - q )  Pa  u ( q ’ ) ^  u ( q )  , ( 1 . 3 . 8 )

r e p r e s e n t s  t h e  Born t erm Feynman a m p l i t u d e s .  Here  Pq a r e  meson

p r o p a g a t o r s  and Ta  a r e  m e s o n - n u c 1 eon v e r t i c e s .

In o r d e r  t o  c o n s t r u c t  t h e  dynami ca l  e q u a t i o n s  u s e d  t o  u n i t a r i z e  

t h e  OBEP, t h e  p o t e n t i a l  must  be m o d i f i e d  by i n t r o d u c i n g  form f a c t o r s  

^ ( q ’ . q ) -  T h i s  e s s e n t i a l l y  c o n s i s t s  i n  r e p l a c i n g  gQ by Sa Fa ( q ’ . q )  and 

i n s u r e s  co n v e r g e n c e  o f  v a r i o u s  i n t e g r a l s .  In t he  a b s e n c e  o f  form 

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

t e d  t o  t h e  f a c t  t h a t  p o i n t - l i k e  n u c l e o n s  a r e  employed i n  t he  OBE model .

In t h e  OBEP model ,  t h e  masses  and c o u p l i n g  c o n s t a n t s  a r e  

d e t e r m i n e d  by a d e t a i l e d  f i t  t o  t h e  t wo - n u c l e o n  d a t a .  The main

d i f f e r e n c e  among v a r i o u s  p o t e n t i a l s  l i e s  i n  t h e  t r e a t m e n t  o f  t he
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t wo - p i o n  s ys t em and in t h e  d e t a i l s  o f  t h e  mesoni c  c o u p l i n g  and the  

c u t - o f f  f a c t o r s .

I n f o r m a t i o n  c o n c e r n i n g  ma s s e s ,  c o u p l i n g  c o n s t a n t s  and o t h e r  

quantum numbers  o f  t h e s e  mesons a r e  l i s t e d  in T a b l e  1 and Tab l e  2 f o r  

OBE p o t e n t i a l s  HEA and HM2.
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C h a p t e r  2 

The P s e u d o p a r t i c l e  Model

2 . 1  I n t r o d u c t i o n

The o r i g i n a l  B r u e c k n e r  program r e q u i r e d  t h a t  one c a l c u l a t e  t h e  

p r o p e r t i e s  o f  n u c l e a r  m a t t e r  and f i n i t e  n u c l e i  s t a r t i n g  from t he

knowl edge  of  t he  n u c l e o n - n u c l e o n  i n t e r a c t i o n  in f r e e  s p a c e .  The u s e  of  

t h e  D i r a c  e q u a t i o n  f o r  t h e  d e s c r i p t i o n  o f  n u c l e o n  mot i on  has  l ed  to 

i m p o r t a n t  advances  i n  t h i s  p rogram.  However ,  c a l c u l a t i o n s  o f  t he  

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

D i r a c - H a r t r e e  or  D i r a c - H a r t r e e - F o c k  a p p r o x i m a t i o n s .  In R e f . 3 and R e f . 4 

we c o n s t r u c t e d  a ( d e n s i t y - d e p e n d e n t )  e f f e c t i v e  i n t e r a c t i o n  which 

r e p r o d u c e s  r a t h e r  a c c u r a t e l y  t he  n u c l e o n  s e l f - e n e r g y  in n u c l e a r  m a t t e r  

and t h e  Migdal  p a r a m e t e r s  o b t a i n e d  v i a  R e l a t i v i s t i c - B r u e c k n e r - H a r t r e e -  

Fock c a l c u l a t i o n s .  The s a t u r a t i o n  c u r v e s  of  v a r i o u s  boson exchange

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

en e r g y  and s a t u r a t i o n  d e n s i t y  o f  n u c l e a r  m a t t e r  ( F i g . 2 and F i g . 3 ) .  We 

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

p a r a m e t e r .  (These  v a l u e s  a r e  q u i t e  s i m i l a r  to t h o s e  o b t a i n e d  e a r l i e r
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u s in g  the  f u l l  RBHF a n a l y s i s . - S e e  Table  3 ) .

The e f f e c t i v e  i n t e r a c t i o n  i s  c o n s t r u c t e d  by a d d i n g  Born t e rms ,

d e s c r i b i n g  t h e  exchange  of  p s e u d o p a r t i c l e s ,  t o  t h e  Born t e rms  o f  the

D i r a c - H a r t r e e - F o c k  a n a l y s i s .  For  t h e  o n e - b o s o n - e x c h a n g e  p o t e n t i a l  

(OBEP) HEA ( R e f . 7 ) ,  we add t h r e e  p s e u d o p a r t i c l e s ,  w i t h  c o u p l i n g  

c o n s t a n t s  and masses  a s  g i v e n  i n  T a b l e  1.  For  t he  p o t e n t i a l  HM2 

( R e f . 8 ) we add two p s e u d o p a r t i c l e s ,  w i t h  c o u p l i n g  c o n s t a n t s  and 

masses  a s  g i v e n  i n  Tab l e  2.  These  two p o t e n t i a l s  d i f f e r  ma i n l y  in t he  

s t r e n g t h  of  t h e  t e n s o r  f o r c e .  Here ,  f o r  s i m p l i c i t y ,  we have  dropped 

t h e  d e pe ndence  o f  t h e  c o u p l i n g  c o n s t a n t s  o f  t h e  p s e u d o p a r t i c l e s  on the

d e n s i t y  o f  t he  medium in our  c a l c u l a t i o n s  o f  f i n i t e  n u c l e i .

2 . 2  R e l a t i v i s t i c - B r u e c k n e r - H a r t r e e - F o c k  Theor y  and t h e  E f f e c t i v e

I n t e r a c t i  on

The n u c l e o n  s p i n o r  i n  n u c l e a r  m a t t e r  s a t i s f i e s  t h e  D i r a c  e q u a t i o n  

( R e f .5)

[ a»p  + /9mN + p  £ ( p , k f , { f } )  ] f ( p , s )  = f ( p ) f ( p , s ) ( 2 . 2 . 1 )
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Here E i s  t he  s e l f - e n e r g y  which depends  on t h e  s p i n o r s  f ( p , s )  and t he  

d e n s i t y  o f  t h e  s ys t em.

E(p)  = s J dq 3[----- “ 5-] <P , " f ( p , s )  | M ( l - p i 2 ) | p , f ( q , s ) >  0 ( k f - | q | )  .
( 2tt ) E^( q )

( 2 . 2 . 2 )

We found i t  u s e f u l  t o  i n t r o d u c e  v a r i o u s  m a t r i x  e l e m e n t s  o f  s e l f - e n e r g y  

( R e f . 5 ) .  We have

C < P >  = s ’ J ^  3 [----- ^ r ] < u ( P , s ) f ( q , s ’ ) | M ( l - p 12) | u ( p , s ) f ( q , s ’ )>
( 2tt ) E ^ q )

X 0 ( k f - | q | )  , ( 2 . 2 . 3 )

V s ^ >  = <s ’ I<**p Is>e +(p ) . ( 2 . 2 . 4 )

£~+ (p)  = s- J ~d-fl 3[ j < ^ w ( p , s ) f ( q , s ’ ) | M( 1 —p j 2 ) | u ( p , s ) f ( q , s ’ )>
( 2 7r)JL E ^ q )

X 0 ( k f - | q | )  , ( 2 . 2 . 5 )

and
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Es s (p )  = s ’ J da  a [ r 7 - ] < w ( p , s ) f ( q , 8 ’ ) | M( 1 - p 12) | w ( p , s ) f ( q , s ’ )>
( 2 x ) E^(q)

X0( k f - | q | )  . ( 2 . 2 . 6 )

e t c .  In t h e s e  e q u a t i o n s  w ( p , s )  = v ( - p , - s ) .  The u ( p , s )  and v ( p , s )  a r e

t h e  Di r a c  s p i n o r s  a s  d e f i n e d  by B j o r k e n  and D r e l l  ( R e f . 1 4 ) .  In t h e s e

A
e q u a t i o n s  M i s  t h e  r e a c t i o n  m a t r i x  and p j2 i s  an exchange  o p e r a t o r .

A
The r e a c t i o n  m a t r i x  M s a t i s f i e s  an  e q u a t i o n  o f  t he  form ( R e f . 5)

M = U + U g M . ( 2 . 2 . 7 )

The H a r t r e e - F o c k  r e s u l t s  f o r  £ ++( p ) ,  e t c . ,  a r e  o b t a i n e d  by r e p l a c i n g  

by U in t h e  above  e q u a t i o n s .  The p o t e n t i a l  U d e s c r i b e s  t h e  exchange  of  

v a r i o u s  "mesons"  (<r , i r ,p,w,  . . . )  which p l a y  a r o l e  i n  t h e  b o s o n - e x c h a n g e  

model  o f  n u c l e a r  f o r c e s .

The e f f e c t i v e  p o t e n t i a l  v e ^  = U + AU, when i n s e r t e d  i n t o  

e q u a t i o n s  f o r  £ ++ , e t c . ,  w i l l  r e p r o d u c e  t h e  r e s u l t s  o b t a i n e d  w i t h  t he  

r e a c t i o n  m a t r i x  M.

For  t h e  o n e - b o s o n - e x c h a n g e  p o t e n t i a l  (OBEP) HEA ( R e f . 7 ) ,  we need

s>



-  21 -

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

e l e m e n t s  o f  t he  r e a c t i o n  m a t r i x .  These  a r e  p s e u d o - s i g ma ,  pseudo-omega 

and p s e u d o - d e l t a  f i e l d s .  One mi ght  t h i n k  t h a t  a p s e u d o - p i o n  would be 

r e q u i r e d ,  b u t  t he  exchange  o f  p i o n s ,  beyond t h e  Born t e r ms ,  g i v e s  r i s e  

t o  e f f e c t s  t h a t  can be r e a d i l y  s i m u l a t e d  by s igma e x c h an g e .  The 

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

T a b l e  1.  With r e f e r e n c e  to t he  p o t e n t i a l  HEA, we pu t

u , f f  = u i f f  * u l r r  ■ ( 2 -2 -8)

where

= U = U„ + U , + U + U,  + U„ + U,  + Uf , ( 2 . 2 . 9 )e f f  O U P “K T) <p 0

and

U ^ j .  = AU = + AUW + AU^ . ( 2 . 2 . 1 0 )

For  t h e  p o t e n t i a l  HM2 ( R e f . 8) we add two p s e u d o p a r t i c l e s  w i t h  

c o u p l i n g  c o n s t a n t s  and masses  a^ g i v e n  i n  T a b l e  2.

T h e r e f o r e ,  in t h e  q u a s i p a r t i c l e  model  we w i l l  u s e  t h e  a p p r o x i -
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mat  ion

E<?> = n ^ [ “ r ^ 7]< J ’7 ( P’ s ) l <u*i l u H 1- P n , l ? . f<5 . s ) >

( 2 . 2 . 1 1 )
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C h a p t e r  3

T r a n s l a t i o n a l l y - I n v a r i a n t  R e l a t i v i s t i c  Me a n - F i e l d  Theory

3 . 1  The S e l f - E n e r g y  o f  F i n i t e  Nuc le i

In r e f .  5 we p r e s e n t e d  t he  f o l l o w i n g  e q u a t i o n  f o r  t h e  n u c l e o n  wave 

f u n c t i o n ,  whi ch h a s  i t s  o r i g i n  i n  t h e  m e a n - f i e l d  dynami cs  e x h i b i t e d  in 

F i g .  4a ,

1 7 °  1 w -  EA 1 ( ? - l t )  1 -  -  mN ] )

= f die’ ( £ | E ( W) | i ? ’ ) ( S ’ l i L )  . ( 3 . 1 . 1 )
P

We w i l l  t a k e  ?  = 0 and p u t  Ea_ j (1c) = I M ^ 2 + lc2 l 1^2 . Here  ̂ i s  

t h e  mass o f  t h e  r e s i d u a l  sys t em o f  ( A—1) n u c l e o n s .  In t h e  r e s t  f r ame 

o f  t h e  A-body sys t em ( ?  = 0)  we a l s o  have  W = M^. ( I n  g e n e r a l ,  W = I P 2

I t  i s  u s e f u l  t o  c o n s i d e r  an A-body sys t em w i t h  t o t a l  a n g u l a r  

momentum eq u a l  t o  z e r o ,  so t h a t  we can l a b e l  t h e  r e s i d u a l  sys t em by
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t h e  a n g u l a r  momenta o f  t he  h o l e  s t a t e ,  l jm.  T h e r e f o r e  t h e  wave 

f u n c t i o n ,  ( l c | ^ )  can be w r i t t e n  as  ^ ^ m(lc),  when ?  = 0.

In o r d e r  t o  c o n s t r u c t  t he  s e l f - e n e r g y ,  <lc|£(W) | lc’> = £ ( k , k ' , c o s 0 ) , 

we u s e  t h e  a p p r o x i m a t i o n  shown i n  F i g .  4.  In our  e a r l i e r  work we 

c a l c u l a t e d  £  making u s e  o f  t he  RBHF r e a c t i o n  m a t r i c e s  f o r  n u c l e a r  

m a t t e r .  Here we u s e  our  e f f e c t i v e  i n t e r a c t i o n  to e v a l u a t e  t h e  d i ag r a ms  

o f  F i g .  4c .  (We remind t he  r e a d e r  t h a t  £  i s  a D i r a c  m a t r i x . )

Le t  m d e n o t e  t h e  mass o f  t he  exchanged meson ( o r  p s e u d o p a r t i c l e ) ,  

G d e n o t e  t he  c o r r e s p o n d i n g  p r o p a g a t o r  and T d e n o t e  t h e  i s o s p i n -  

i n d e p e n d e n t  p a r t  o f  t he  n u c 1eon-meson v e r t e x .

We f i n d  t h a t  f o r  t h e  exchange  o f  an i s o s c a l a r  meson,  f o r  t he  

d i r e c t  d i ag r a m (See  F i g . 4 c )

£  = F 2 | ( k - k ’ ) 2 J T ( k - k ’ ) f — ^ - 1- ( l / 2 ) T r { p ( ^ ’ , ^ " ) r ( k - k ’ ) ) G ( k - k ’ ) ,
J (2x)

( 3 . 1 . 2 )

wh i l e  f o r  t he  exchange  d i ag r a m



£  =  F 2 [ ( k + k ’ + Q ) 2 ] f — r ( k + k ’ + Q ) p ( ^ ’ I ^ " ) r ( k + k ’ + Q ) G ( k + k ’ + Q )  
J ( 2 * ) 3

( 3 . 1 . 3 )

For  t he  exchange  o f  an i s o v e c t o r  meson,  we have  f o r  t he  d i r e c t  d i ag r a m

a p p e a r s  i n  OBEP mode l s ,  and which w i l l  be d e s c r i b e d  more f u l l y  a t  a 

l a t e r  p o i n t .

The q u a n t i t y  T ( k - k ’ ) i s  t h e  me s o n - n u c 1 eon v e r t e x .  For  t h e  p i o n  we 

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

u n t e n a b l e  i n  a  r e l a t i v i s t i c  many-body t h e o r y  u n l e s s  a d d i t i o n a l

£  = 0 , ( 3 . 1 . 4 )

and f o r  t he  exchange  d i agram

T (k + k ’+Q )p (3 ’ , 3 " ) r ( k + k ’+Q)G(k+k’+Q)

( 3 . 1 . 5 )

n
where F l ( k - k ’ ) 1 i s  a mes o n - n u c l e o n  v e r t e x  c u t - o f f  f a c t o r  which
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( c h i r a l )  c o n s t r a i n t s  a r e  imposed ( R e f . 5 ) .  Thus t h e  p i o n - n u c l e o n  v e r t e x  

i s

i y q )  =  g p v  7 5 i  • ( 3 . 1 . 6 )

(Note t h a t  we have s u p p r e s s e d  r e f e r e n c e  t o  i s o s p i n . )  

For  t h e  rho-meson,  we have

r ^ q )  = ep I V* + ] - ( 3 1 -7)

e t c  .

F u r t h e r ,  we have us ed  t he  d e f i n i t i o n s

3 '  =  - 3  -  [ V ]  S '  . ( 3 . 1 . 8 )

3 -  =  - a  -  [ ^ ]  i  . ( 3 . 1 . 9 )

The d e n s i t y  m a t r i x  i s  g i v e n  i n  t erms  o f  t h e s e  momenta a s  ( R e f . 5)

p ( 3 \ 3 " )  = $
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= , 2 ,  . ( 3 . 1 . 1 0 )

(Note t h a t  p i s  a 4x4 Di r a c  m a t r i x . )

One can p e r f o r m t h e  i n t e g r a l  ove r  t he  momentum o f  t h e  ( A- 2 ) -

body s p e c t a t o r ,  t o  d e f i n e  a form f a c t o r  of  t he  ( A - l ) - b o d y  sys t em

= Tr  ■ ( 3 . 1 . 1 1 )

Once we have  a s e t  o f  wave f u n c t i o n s ,  we can c a l c u l a t e  t he  d e n s i t y

m a t r i x .  Then knowledge of  t h e  i n t e r a c t i o n  a l l o w s  us  t o  c o n s t r u c t  

E ( k , k ’ , c o s f l ) . The g e n e r a l  form of  t h a t  q u a n t i t y  was g i v e n  in R e f . 5 as

E( k,  k ’ , cos<?) = A ( k , k ’ ,cosf l )  + 7 ° B ( k , k ’ , cos0)

+ > C ( k , k ’ , cos0)
N

^ • ( i t - l c ’ ) Ml  1 , n\+ l —1—   - D ( k , k  , cos 0 )
mN

7 ° T ( k - k ' )  E( k , k ’ , c o s 0 )
N
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~ - 7 r o ! r k , )  F ( k t k \ c o s 0 )
N

+ j & ( k x k ' )  G ( k , k ’ , c o s g )  

mN

_ j ^o S « ( k x k ’ ) H ( k , k ’ , cosf l )  , ( 3 . 1 . 1 2 )

mN

where we us e  t h e  n o t a t i o n

t  = ( 3 . 1 . 1 3 )

In t he  OBEP model ,  form f a c t o r s  mus t  be imposed on t he  p o t e n t i a l  

t o  r e g u l a r i z e  d i v e r g e n c e s  which a p p e a r  when i n t e g r a t i n g  ove r  l a r g e  

momenta.  Somehow, t h e s e  form f a c t o r s  t ake  i n t o  a c c o u n t  t h e  e x t e n d e d  

s t r u c t u r e  o f  t he  n u c l e o n .  For  t h e  p o t e n t i a l  HEA, t he  c u t - o f f  f o r  

s c a l a r  and p s e u d o s c a l a r  mesons i s  o f  t h e  form

IA2 / ( A 2-A2 ) ] 2 , ( 3 . 1 . 1 4 )

wh i l e  f o r  t he  v e c t o r  mesons we u s e  t h e  c u t - o f f  f a c t o r
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( 3 . 1 . 1 5 )

o
Here A i s  t he  s q u a r e  o f  t he  four-momentum t r a n s f e r  and

A = 1950 MeV , ( 3 . 1 . 1 6 )

Av = 1250 MeV . ( 3 . 1 . 1 7 )

For  t h e  p o t e n t i a l  HM2 one u s e s  e i k o n a l  form f a c t o r s .  (See  Appendix A. )  

Compared t o  t h e  c u t - o f f  p r o c e d u r e  f o r  HEA, t he  e i k o n a l  t r e a t m e n t  has  

s e v e r a l  a d v a n t a g e s :

( i )  i t  can be t h e o r e t i c a l l y  m o t i v a t e d ;

( i i )  i t  s t r o n g l y  c o r r e l a t e s  t he  e l e c t r o m a g n e t i c  and t h e  s t r o n g  

n u c l e o n  form f a c t o r s ;

( i i i )  i t  makes p o s s i b l e  t he  u s e  o f  meson p a r a m e t e r s  which a r e  

c l o s e r  to t he  e m p i r i c a l  v a l u e s .

A f t e r  we c o n s t r u c t  E ( k , k ’ , co s f l ) , we can f i n d  A ( k ’ , k , c o s 0 ) , 

B ( k ’ , k , c o s f l ) , . . . ,  H( k ’ , k , c o s 0 )  by t a k i n g  t r a c e s .  We can t hen  compare 

our  r e s u l t s  w i t h  Di r a c  phenomenology.
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3 . 2  I n t e g r a l  E q u a t i o n  f o r  Nucleon Wave F u n c t i o n s

We can w r i t e  t h e  wave f u n c t i o n s  \ ( ' ^ ni(li) as

C ( k )  5 , j m (k)  

R p ( k ) a . k  S 1 j m ( k )

( 3 . 2 . 1 )

where

1 =
J +

J  -

( 1 = j -  4 ~ )

(1 = j + - H

( 3 . 2 . 2 )

S u b s t i t u t i n g  t h i s  i n t o  e q u a t i o n  ( 3 . 1 . 1 )  we can o b t a i n  an e q u a t i o n  f o r  

t he  r a d i a l  wave f u n c t i o n s

I  -
I k  -mN ,

f  R j j (k)  '

J d k ' k ’

v j j f k . k ' )  v j j ( k , k ' ) '

v J J ( k . k - )  v J J ( k . k - )  J

t  R ^ k ’ ) 

R p ( k ’ )
( 3 . 2 . 3 )
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where t h e  v ’ s a r e  c o n s t r u c t e d  from t h e  knowledge of

v ( k , k ’ , c o s 0 ) = 7 0 E ( k , k ’ , c o s 0 ) ( 3 . 2 . 4 )

That  q u a n t i t y  has  t he  f o l l o w i n g  e x p a n s i o n

v n ( k , k ’ , c o s 0 ) = v J J ( k , k ’ ) g , jn, ( k ) g ljnH' ( k ’ ) , ( 3 . 2 . 5 )

v i 2 ( k t k ’ , c o s 0 )  = ^  v] J ( k , k ’ )5)1 ->m( k ) g 1 j m+( k * ) , ( 3 . 2 . 6 )

v 2 i ( k , k ’ ,cos(?) = v j |  (k ,k* )D1 ->m( k ) D l j m+( k ' ) , ( 3 . 2 . 7 /

v 2 2 ( k , k ’ , cosf l )  = , | m v J J ( k , k ’ ) g l j m (k) ! ) l j m+( k ’ ) . ( 3 . 2 . 8 )

These  e x p r e s s i o n s  f o l l o w  n a t u r a l l y  a f t e r  one choos e s  t o  w r i t e  t he  

wave f u n c t i o n  as  in e q u a t i o n  ( 3 . 2 . 1 ) .  Note t h a t

W -  EAl j ( £ )  = MA -  [ (Ma 1 { ) 2 ♦ t 2 ] 1 / 2  ( 3 . 2 . 9 )



We see  t h a t  i s  t h e  s e p a r a t i o n  e n e r g y  f o r  t h e  o r b i t a l  l j .  Thus 

e q u a t i o n  ( 3 . 2 . 3 )  i s  an e i g e n v a l u e  e q u a t i o n  f o r  t he  e i g e n v a l u e  and

^ ( k )  and R ^ ( k ) .  The p o t e n t i a l s  v ^  a r e  

f u n c t i o n a l s  o f  t h e s e  wave f u n c t i o n s  and,  t h e r e f o r e ,  our  e q u a t i o n s  

r e q u i r e  a s e l f - c o n s i s t e n t  s o l u t i o n .  To b e g i n  t he  i t e r a t i o n  p r o c e d u r e ,  

we u s e  h a r m o n i c - o s c i 1 l a t o r  wave f u n c t i o n s  a s  t r i a l  wave f u n c t i o n s  f o r  

t he  up p e r  p a r t  of  t he  wave f u n c t i o n ,  R j ^ ( k ) ,  wh i l e  f o r  t he  lower  p a r t  

we u s e  R ^ ( k )  = ( k / 2 m ^ ) R ^  ( k ) . S i n c e  t he  i t e r a t i o n  c o n v e r g e s ,  we f i n d  

t h a t  t h e  f i n a l  r e s u l t  does  n o t  depend on t he  t r i a l  wave f u n c t i o n s .

t he  e i g e n f u n c t i o n s ,  Rj.
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Ch a p t e r  4

C a l c u l a t i o n  of  t h e  P r o p e r t i e s  o f  F i n i t e  Nuc le i

4 . 1  The Charge  D e n s i t y  D i s t r i b u t i o n

In a d d i t i o n  t o  t h e  s e p a r a t i o n  e n e r g i e s  and t he  wave f u n c t i o n s  of  

each o r b i t a l ,  we have  c a l c u l a t e d  t h e  cha r ge  d e n s i t y  d i s t r i b u t i o n s . (We 

u s e  t h e  f o r ma l i s m p r e s e n t e d  in R e f . 6 . )  We can d e f i n e  a m a t t e r  form 

f a c t o r . F(q ) ,  f o r  p o i n t - l i k e  n u c l e o n s ,  in t e rms  of  t h e  e l e c t r o ­

ma g n e t i c  c u r r e n t  o f  such o b j e c t s :

e ( p  + p ’ )
( p ’ | J u ( 0 ) | p )  = ---------5----- V- _ -------------- 172"  F(q2)  ■ ( 4 . 1 . 1 )

** (23T)3 [2EN( p) 2EN( p ’ ) ] 1/iJ

We may t h e n  d e f i n e  a ch a r g e  form f a c t o r ,

Fc h (q2)  = F (q2)  GE(q2)  ’ ( 4 . 1 . 2 )

wi t h

G g ( q 2 ) = ( 1  -  q 2 / 0 . 7 1 )  2 ( 4 . 1 . 3 )
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a o
Here q i s  in u n i t s  o f  (GeV) . We have

( 4 . 1 . 4 )

27T2r
J  dq q s i n q r  Fc h ( q 2 ) ( 4 . 1 . 5 )

n

From t h e  knowledge of  ^ ^ ( Q  ) .  we can c a l c u l a t e  t h e  ch a r g e  r a d i u s :

< >ch = -  6

dFc h ( q 2 )

dq' q = o
( 4 . 1 . 6 )

4 . 2  The Bi nd i ng  Energy o f  F i n i t e  Nuc le i

For  t he  b i n d i n g  en e r g y  we have ( R e f . 5)

B E. = mN A -  J dp £ 1 -’m(p)  ( > p + mN ) ^ ' " ( p )

lfm J J d p ’^ m(p)  ( p | E( W) | p ’ ) ^ ^ m( p ’ ) , ( 4 . 2 . 1 )
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where we have  a g a i n  s u p p r e s s e d  r e f e r e n c e  t o  i s o s p i n .  The l a s t  e q u a t i o n  

may a l s o  be w r i t t e n  as

B.E.  = mN A  J d P I +'y°£, ^ ( p ) l  ^ " V p )  ,

( 4 . 2 . 2 )

where we have  made us e  o f  Eq.  ( 3 . 1 . 1 ) .  Here

e , j (p)  = W -  E ^ j ( p )  . ( 4 . 2 . 3 )

F i n a l l y ,  we r emark t h a t  t he  n o r m a l i z a t i o n  c o n d i t i o n  i s

J  dp ^ m"*’( p ) ^ m(p)  = 1 , ( 4 . 2 . 4 )

or

J  dp p 2 [ ( R j j ( p ) ) 2 + ( R[ j ( p ) ) 2] = 1 . ( 4 . 2 . 5 )
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C h a p t e r  5 

R e s u l t s  o f  Numer i ca l  C a l c u l a t i o n s

5 . 1  S e p a r a t i o n  E n e r g i e s .  Charge Rad i i  and B i n d i n g  E n e r g i e s

Our r e s u l t s  a r e  p r e s e n t e d  in a s e r i e s  of  t a b l e s  and f i g u r e s .  In

T a b l e s  4 t o  7 we p r e s e n t  n u c l e o n  s e p a r a t i o n  e n e r g i e s ,  r o o t - m e a n - s q u a r e  

r a d i i  and t he  b i n d i n g  e n e r g i e s  p e r  n u c l e o n  f o r  160  and 4 0 Ca.  We n o t e  

t h a t  160  i s  under bound  by 4 MeV and 40Ca i s  under bound  by a b o u t  3 . 5  

MeV f o r  t h e  i n t e r a c t i o n  HM2. (The r e s u l t s  f o r  t he  p o t e n t i a l  HEA

p r e s e n t e d  i n  T a b l e s  6  and 7 a r e  q u i t e  u n s a t i s f a c t o r y ,  a s  i s  t h e  f i t  

t o  t h e  ch a r g e  d i s t r i b u t i o n  f o r  t h a t  i n t e r a c t i o n . )

We have a l s o  c o n s i d e r e d  an a r b i  t r a r v  m o d i f i c a t i o n  o f  t he

p a r a m e t e r s  o f  t he  e f f e c t i v e  i n t e r a c t i o n  such t h a t  n u c l e a r  m a t t e r  

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

b i n d i n g  en e r g y  and s a t u r a t i o n  d e n s i t y  ( R e f . 4 ) .  The r e s u l t s  f o r  an 

i n t e r a c t i o n  b a s e d  upon such a p r o c e d u r e  a r e  g i v e n  i n  t he  r i g h t - h a n d  

columns in T a b l e s  4 t o  7.  I t  can be seen  t h a t  t h e  o n l y  g a i n  i s  a smal l  

i n c r e a s e  in t h e  b i n d i n g  e n e r g i e s  a t  t he  expens e  o f  a worse  f i t  t o  t he
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c h a r g e  r a d i i .  We do no t  recommend t he  u s e  o f  t h e  m o d i f i e d  form o f  t he  

i n t e r a c t i o n  c o n s t r u c t e d  in Ref .  4.

In T a b l e  8  and 9 we p r e s e n t  some o f  t he  r e s u l t s  o f  a c a l c u l a t i o n  

1 6of  t he  p r o p e r t i e s  o f  0  made by Muther ,  M a c h l e i d t  and Brockman.  Here 

RBHF d e n o t e s  r e s u l t s  o f  t h e  r e n o r ma l i  zed B r u e c k n e r - H a r t r e e - F o c k  

t h e o r y .  [ To a v o i d  c o n f u s i o n  we have u s e d  t he  d e s i g n a t i o n  DBHF f o r  t he  

D i r a c - B r u e c k n e r - H a r t r e e - F o c k  t h e o r y ,  which i s  t h e  r e l a t i v i s t i c  v e r s i o n  

o f  t he  BHF t h e o r y .  The p a r a m e t e r  C r e f e r s  t o  t he  mag n i t u d e  o f  t he

s h i f t  o f  t h e  p a r t i c l e  s pec t r um away from t h e  f r e e  s p e c t r u m ( R e f . 2 ) .  

R e s u l t s  a r e  a l s o  g i v e n  f o r  t he  c a s e  C = 0 in Ref .  2 I. I t  i s

i n t e r e s t i n g  t o  n o t e ,  t h a t  wh i l e  our  r e s u l t  f o r  t h e  b i n d i n g  e n e r g y  f o r  

t he  p o t e n t i a l  HM2 ( 3 . 8 9  MeV) i s  l e s s  s a t i s f a c t o r y  t han  t h e  r e s u l t  f o r  

t he  i n t e r a c t i o n  us ed  in Ref .  2 ( 6 . 4 2  MeV), our  r e s u l t  f o r  t he  r . m . s .  

r a d i u s  ( 2 . 7 4  fm) i s  s u p e r i o r  t o  t he  r e s u l t  g i v e n  i n  Ref .  2 ( 2 . 4 6 4  fm

or  2 . 47 9  fm).  We a r e  n o t  a b l e  t o  u n d e r s t a n d  t he  o r i g i n  o f  t h e s e

d i f f e r e n c e s ,  s i n c e  we a r e  compar i ng r e s u l t s  f o r  d i f f e r e n t  p o t e n t i a l s  

and f o r  d i f f e r e n t  c a l c u l a t i o n a l  met hods .  I d e a l l y ,  d i f f e r e n t  p o t e n t i a l s  

s h o u l d  be compared u s i n g  t he  same c o mp u t a t i o n a l  me t hods ;  however ,  t h a t  

has  n o t  been done a t  t h i s  t i me .
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5 . 2  Wave F u n c t i o n s  i n  Momentum-Space and C o o r d i n a t e - S p a c e

In F i g s .  5 and 6  we p r e s e n t  c o o r d i n a t e - s p a c e  wave f u n c t i o n s

o b t a i n e d  f o r  160  and 4 0 Ca.  Here we have  t r a n s f o r m e d  our  momentum-space 

wave f u n c t i o n s  t o  c o o r d i n a t e  s p a c e ,  s i n c e  t he  c o o r d i n a t e - s p a c e  wave 

f u n c t i o n s  have  a more f a m i l i a r  a p p e a r a n c e .  Both t he  up p e r  and lower  

component s ,  R ^ ( r )  and R ^ ( r ) ,  a r e  shown i n  f i g u r e s .  I We s hou l d  remind 

t he  r e a d e r  t h a t  t h e s e  wave f u n c t i o n s  d e s c r i b e  t h e  r e l a t i v e  mot i on  of  

t he  n u c l e o n  and t he  ( A - l ) - b o d y  s y s t e m . ( R e f .  9)1 The wave f u n c t i o n s  can 

be us ed  t o  c a l c u l a t e  v a r i o u s  p h y s i c a l  q u a n t i t i e s .

In F i g s .  7 and 8  we p r e s e n t  t h e  momentum-space wave f u n c t i o n s

o b t a i n e d  f o r  , 6 0  and 1 0 Ca.

5 . 3  P o t e n t i a l s  A ( k . k ’ . c o s f l ) . B ( k . k ’ . c o s f l )  H ( k . k ’ .cosf l )

We c a l c u l a t e d  A , B , . . . , H  f o r  d i f f e r e n t  v a l u e s  o f  k,  k ’ , costf.  In

F i g s .  9 t o  13 we p r e s e n t  c o n t o u r  p l o t s  o f  t he  f u n c t i o n s  A ( k , k ’ , cos<?),

B ( k , k ’ , c o s # ) , C ( k , k ’ , c o s f f ) , E ( k , k ’ , c o s 0 )  and H ( k , k ’ , c o s 0 )  f o r  t he  ca s e
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6 = 0 . (We have  found t h a t  D ( k , k ’ , c o s 0 )  and F ( k , k ’ , c o s 0 )  a r e  ver y  

smal l  f o r  a l l  v a l u e s  o f  k ,  k ’ and cosfl;  G ( k , k ’ , c o s 0 )  i s  a l s o  q u i t e  

smal l  e x c e p t  f o r  some smal l  r e g i o n s . )  As e x p e c t e d  from s t u d i e s  of  

n u c l e a r  m a t t e r ,  A and B a r e  t he  most  i m p o r t a n t  p o t e n t i a l s ,  wh i l e  C 

p l a y s  a s i g n i f i c a n t ,  bu t  somewhat  l e s s  i mp o r t a n t  r o l e .

5 . 4  Charge  D e n s i t y  D i s t r i b u t i o n s

We c a l c u l a t e d  t h e  cha r ge  d i s t r i b u t i o n ,  b o t h  in momentum s pac e  and 

in c o o r d i n a t e  s p a c e ,  f o r  160  and 4 0 Ca.  In F i g s .  14 and 15 we show the  

c h a r g e  d i s t r i b u t i o n s  we have  o b t a i n e d  when u s i n g  t he  e f f e c t i v e  

i n t e r a c t i o n  b a s e d  upon t he  p o t e n t i a l  HM2. In t h e s e  f i g u r e s  t he  s o l i d  

l i n e s  and t he  shaded  r e g i o n s  d e n o t e  t he  e x p e r i m e n t a l  d a t a .  The d a s h -

1 fld o t  l i n e  i s  our  r e s u l t ,  which in t he  ca s e  of  0  r e p r o d u c e s  t he  

e x p e r i m e n t a l  d a t a  c l o s e l y ,  so t h a t  t he  s o l i d  and d a s h - d o t  l i n e s  a r e  

i n d i s t i n g u i s h a b l e  in t he  f i g u r e  f o r  r > 1 fm. The da s h e d  l i n e  i s  t he  

r e s u l t  o f  Horowi t z  and S e r o t  ( Ref .  10) o b t a i n e d  some y e a r s  ago.  ( I n  

t h e i r  work t h e  i n t e r a c t i o n  was a d j u s t e d  t o  g i v e  t he  c o r r e c t  r o o t - m e a n -  

s q u a r e  r a d i u s  f o r  40Ca and ,  t h e r e f o r e ,  one s e e s  a q u i t e  good f i t  t o 

t he  d a t a  in F i g .  15.  More r e c e n t  work u s i n g  more e l a b o r a t e  v e r s i o n s  of
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t he  Walecka model ,  which have  a d d i t i o n a l  p a r a m e t e r s ,  can p r o v i d e  good 

f i t s  to t he  g round  s t a t e  p r o p e r t i e s  o f  n u c l e i  a c r o s s  t he  p e r i o d i c  

t a b l e . )
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C h a p t e r  6  

Co n c l u d i n g  Remarks

Our goa l  in t h i s  work has  been t o  a p p l y  t he  e f f e c t i v e  i n t e r a c t i o n ,  

which was c o n s t r u c t e d  in e a r l i e r  work,  in a D i r a c - H a r t r e e - F o c k  

c a l c u l a t i o n  o f  f i n i t e  n u c l e i  ( R e f . 3 ) .  (Note t h a t ,  once t he  i n t e r a c t i o n  

i s  c o n s t r u c t e d ,  t h e r e  a r e  no f r e e  p a r a m e t e r s  in our  c a l c u l a t i o n . )  We 

found t h a t  t he  e f f e c t i v e  i n t e r a c t i o n  p r o v i d e s  a good d e s c r i p t i o n  of  

t he  cha r ge  d e n s i t y  o f  160  and 4 0 Ca.  Reas ona b l e  r e s u l t s  a r e  o b t a i n e d  

f o r  s e p a r a t i o n  e n e r g i e s ;  however ,  t h e s e  n u c l e i  a r e  somewhat  u n d e r ­

bound.  In p a r t ,  t h i s  r e f l e c t s  t he  f a c t  t h a t  t he  o n e - b o s o n - e x c h a n g e  

p o t e n t i a l s  used  h e r e  a l s o  u n d e r b i n d  n u c l e a r  m a t t e r  t o  some d e g r e e .  For  

s i m p l i c i t y ,  we have  dropped  t he  dependence  of  t he  c o u p l i n g  c o n s t a n t s  

o f  t he  p s e u d o p a r t i c l e s  on t he  d e n s i t y  of  t he  medium.  From Ref .  4,  we 

know t h a t  a p p r o x i m a t i o n  a l s o  ca u s e s  some d e g r e e  o f  u n d e r b i n d i n g .

One s a t i s f a c t o r y  f e a t u r e s  o f  t he  r e l a t i v i s t i c  q u a s i p a r t i c l e  method 

i s  t h a t  t he  i n t e r a c t i o n  we have  c o n s t r u c t e d  d e s c r i b e s  t he  f u l l  

c o m p l e x i t y  o f  t h e  s p i n  and i s o s p i n  dependence  o f  t h e  n u c l e o n - n u c l e o n  

i n t e r a c t i o n .  T h e r e f o r e ,  a s  we have seen  i n  e a r l i e r  work,  we a r e  a b l e
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t o  make a s u c c e s s f u l  c a l c u l a t i o n  of  t he  Migdal  p a r a m e t e r s  of  t he  

n u c l e o n - n u c l e o n  i n t e r a c t i o n  ( R e f s . 3 , 5 ) .  One might  c o n t e m p l a t e  g o i n g  

beyond t h e  a p p r o x i m a t i o n s  u s e d  h e r e  and c o n s i d e r  t he  a d m i x t u r e  i n t o  

t h e  g round  s t a t e  o f  l o w - l y i n g  t w o - p a r t i c l e  t w o - h o l e  e x c i t a t i o n s ;  

however ,  we have n o t  u n d e r t a k e n  t h a t  program.

We t r i e d  t o  u s e  our  method t o  c a l c u l a t e  t he  p r o p e r t i e s  o f  heavy 

2 0 8n u c l e i  such as  Pb.  However ,  due t o  t he  l i m i t a t i o n  of  computer  t i me ,  

we d i d  n o t  have  enough p o i n t s  f o r  t he  r a d i a l  wave f u n c t i o n s  o f  2,  3 or  

more nodes .  T h e r e f o r e  we were n o t  a b l e  to o b t a i n  s a t i s f a c t o r y  r e s u l t s .

We made t he  a p p r o x i m a t i o n  t h a t  t h e  a t omi c  number of  t he  n u c l e u s  i s  

r a t h e r  l a r g e  so we co u l d  n e g l e c t  t h e  d i f f e r e n c e  be t ween t he  a m p l i t u d e s  

o f  an A - p a r t i c l e  sys t em and t he  a m p l i t u d e s  o f  an ( A - l ) - p a r t i c 1e

1 fi _
s ys t em.  However ,  f o r  0 ,  A i s  o n l y  16.  The d e v i a t i o n  o f  t he  

t h e o r e t i c a l  r e s u l t  f rom t he  e x p e r i m e n t a l  one i s  what  one mi ght  e x p e c t .  

C o n s i d e r i n g  t h a t  we o b t a i n  t he  en e r g y  l e v e l s  and t he  b i n d i n g  ene r gy  

ma i n l y  from t h e  d i f f e r e n c e  of  two v e r y  l a r g e  p o t e n t i a l s ,  A and B, and 

t h a t  we d i d  n o t  i n t r o d u c e  any f r e e  p a r a m e t e r s ,  t he  r e s u l t s  p r e s e n t e d  

h e r e  a r e  q u i t e  s a t i s f a c t o r y .
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Appendix A

o
Ei kona l  Form F a c t o r

In t h i s  Appendix we g i v e  t he  e i k o n a l  form f a c t o r  u s e d  f o r  t he  

p o t e n t i a l  HM2. The e i k o n a l  form f a c t o r  i s  d e n o t e d  a s  F . ( t , u | q 2 ) ,  where 

i = . . .  ’"mesons".  We have

F j ( t , u | q * )  = exp |^2i { I *( t  )~x(m j ) 1 + [ x ( u ) - x ( 4 m ^ - s - m 2 ) I }] , ( A . l )

where

t  = (Eq . -  Eq ) 2 -  (q* -  q ) 2 , ( A . 2)

u = (Eq ’ "  Eq )2 "  (^ ’ + ^ )2 - ( A . 3 )

Ej  = mj  + q 2 . ( A . 4)

The s t a r t i n g  en e r g y  ( R e f . 8)  i s

s = (Eq> + Eq ) 2 -  (q* + q ) 2 , ( A . 5)

and
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(

i x ( y )  =

2m^ -  y
-2*y ---------------------------  a r c t a n  .

A / y U m J  -  y) * / (4mM ~ y)

(0 < y < 4m^)

o
2m»j -  y |-     ,

21 j  2   l n  L \ / - y / ( 4 i n * )  + \ / 1 -  y / ( 4m*)  J .
V - y ( 4 m 5  -  y)  N N

(y < 0)  ( A . 6)



Appendix B

P a r t i a l  Wave Expans i on  o f  t h e  S e l f - E n e r g y

R e c a l l  t h a t  we had w r i t t e n
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v ( k , k ’ , c o s 0 )  = 7 0 E ( k , k ’ , c o s 0 ) ( B . l )

We now put

v ( k , k ’ , cos<?) =
v v u  12

V V 
21  2 2

(B. 2)

and d e v e l o p  e q u a t i o n s  f o r  v } t ( k , k ’ , cos<?), v ( k , k ’ , c o s f l ) , e t c .

We can show t h a t  t he  v ’ s can be w r i t t e n  as  f o l l o ws

v n  ( k , k ’ ,cos9)  = Vj® I  + <7»k v n  <7» k ’ (B. 3)

v 1 2 ( k , k ’ .cosf l ) -* f  a b -* f , a . k  v J2 + v J2 a . k ’ ( B. 4 )

v ( k , k ’ , c o s 0) a , k  v 2 i  +  v 2 i  a , k ’ (B. 5)
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v 22( k , k ’ , cosfl) = v 2“ I  + a»k v 22 <7.k’ (B. 6)

where

V j ^ C k . k ’ , cosfl) = A + B - k . k ’ (G -  H) (B. 7)

V j j ( k , k ’ ,cosf l )  = k k ’ (G -  H) (B. 8)

v l 2 ( k ’ k ' > c o s f l )  = (C + 2iD -  E -  iF)
2m.

(B. 9)

Vj 2 ( k , k ’ , cosfl) = k ’ (C -  2iD + E -  iF)
2m.

( B . 10)

v 21( k , k ’ , cosfl) = (C + 2iD + E + iF)
2m.

( B . l l )

v 2 , ( k , k ’ , cosfl) k ’ (C -  2iD + E -  iF)
2m.

( B . 12)

v 22( k> k ’ . cosO) = -  A lc. l t ’ (G + H) ( B . 13)

V2 2 (k> k ’ . cos0)  = -  (G + H) ,
mN

( B . 14)
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We can a l s o  pe r fo rm a p a r t i a l - w a v e  a n a l y s i s .  I f  we us e  t he  e x p a n s i o n

V j ^ k . k ’ , c o s 0 )  = v “ J ( k , k ’ ) O1 j m( k )  5J1->m+( k ’ ) , (B. 15)

V j J l k . k ’ . cos t f )  = j ? m v ^ J ( k , k ’ ) D, j l n ( k )  0 1 j m+( k ’ ) , (B. 16)

we have

v u ( k , k ’ . cos t f )  = v ] j ( k , k ’ ) D1-'m( k )  Q1 j m+( k ’ ) , (B. 17)

where

v [ J ( k f k ’ ) = v j J ( k , k ’ ) + v J J ( k . k ’ ) . ( B . 18)

S i m i l a r l y ,  i f  we u s e  t he  ex p a n s i o n

V j J l k . k ' . c o s t f )  = v ® ] ( k , k ’ ) g 1->m(k)  Dl j m+( k ’ ) , (B.  19)

v ^ k . k ’ . c o s 8) = V j J ( k . k ’ ) Dl j m(k)  g 1->m+( k ’ ) . ( B .20)

we f i n d
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v i 2 ( k , k \ c o s 0 )  = -  ^  v j T ( k . k ‘ ) Dl j ra(k)  DTjm+( k ’ ) , (B. 21)

where

v j j ( k . k ’ ) = v“J ( k , k ’ ) + v ^ ( k . k - )  . (B. 22)

Al so

v 2“ ( k , k \ c o s 0 )  = } l n v ® ] ( k , k ’ ) Dljm(k)  g l jm+( k ’ ) , ( B . 23)

v 2^ ( k , k ' . c o s f l )  = v J J ( k . k ’ ) g l jm(k) g l jm+( k ’ ) . ( B . 24)

v 21 ( k , k ’ , cosfl) = -  , ? m y j j l k . k ’ ) gT->m(k)  g , jm+( k ’ ) , (B. 25)

v j T ( k , k - )  = v j ] ( k , k * )  + v ^ ( k . k - )  . (B. 26)

V2“ ( k , k ’ , c o s 0 )  = v ® J ( k , k ’ ) g l jm(k)  g 1j m+( k ’ ) , ( B . 27)

v 2J ( k , k \ c o s 0 )  = v ^ ( k . k ’ ) Dl j m (k)  g , j m+( k ’ ) . (B. 28)

V22( k , k ’ , c o s 0 )  = , | m v j T ( k . k - )  gTjm(k)  gTjm+( k ' )  , ( B . 29)



-  49 -

v J J ( k . k ' )  = v j J ( k . k ' )  + v ^ ( k . k ’ ) . (B. 30)

I f  we a l s o  expand A, B, . . . ,  H as

A ( k , k ’ , c o s 0 )  = 1? m A j ( k , k ’ ) B1j m(k)  D1j " + ( C ' ) , (B. 31)

= A,<k -k '> Vlm( k) Y , ; ( k - ,  . ( B 3 2 )

= \  U  Aj ( k , k ' ) P j U o s f l )  , (B. 33)

e t c . ,  we can f i n d  r e l a t i o n s  among the  v ^ ( k , k ’ ) and t he  p o t e n t i a l s  

A j ( k , k ’ ) ,  B j ( k , k ’ ) , . . . ,  e t c .  We have

v ! ! ( k , k ’ ) = A j ( k , k ’ ) + B j ( k , k ’ )

- i H ^ [ o , + 1 < k ' k ' ) ~ , W k ’k ' ) ]

+ U 1  [ G, . ( k , k ’ ) -  H, . ( k . k ’ ) 1 
21+1 L 1-1 1-1 J

-  [ G y ( k , k ’ ) -  H y f k . k ’ ) ( B . 34)



2i Dy
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Appendix C

Ha r mo n i c - Os c i 1l a t o r  Ra d i a l  F u n c t i o n s  and 

G e n e r a l i z e d  S p h e r i c a l  Harmonics

We u s e d  t he  h a r m o n i c - o s c i 1 l a t o r  f u n c t i o n s  as  t r i a l  wave f u n c t i o n s  

f o r  t he  r a d i a l  p a r t  o f  our  wave f u n c t i o n s .  These  a r e  n o r m a l i z e d  to 

uni  t y :

2 ( r ) r 2dr  = 1 . ( C . l )

They may be w r i t t e n

1 n+3 -.1/2 , _ 1 / 2 (Q r ) ;Rn l ( r )  = tt» / » r 2 - . : °  ( 2 U 2 n - l ) I (flr} 1 e
nl  L [ ( 2 1 + 1 ) ! !  ] ( n - 1 )! J

x ( - I ) k 2k — -------- « ,V ) k ( c . 2 )
k=0 ( n - l - k ) ! k ! ( 2 1 + 2 k + l ) ! !

in a n o t a t i o n  where t h e  l owes t  o s c i l l a t o r  s t a t e  has  p r i n c i p a l  quantum 

number n = 1, and

a  = (MwjT1 ) 172 (C. 3)



i s  t he  o s c i l l a t o r  r a n g e  p a r a m e t e r  f o r  an o s c i l l a t o r  o 

f r e q u e n c y  u.  The e n e r g y  o f  t he  o s c i l l a t o r  i s

En] = Xw{2(n-1)  + 1 + 3 / 2  } .

Some p a r t i c u l a r  exampl es  of  t h e s e  r a d i a l  f u n c t i o n s  a r e

R , , ( r )  = ^
11 L ( 2 1 +1 ) ! !  J

R„.  ( r )  = 2 ' * 3  l ' / i ( . r ) l e - / 2 ( ° ' - ) ;
1 ( 2 1 +3 ) ! !  J

x | ( 2 1 + 3 ) / 2  -  ( a r ) 2 ] ,

R , , ( r >  = t - ' -  « 3 / ! f  _ ^ ! ± _
L ( 2 1 +5 ) ! !  J

x | ( 2 1 + 3 ) ( 2 1 + 5 ) /4 -  ( 2 1 + 5 ) ( a r ) 2 + ( a r ) 4 l .

We u s e d  t he  g e n e r a l i z e d  s p h e r i c a l  ha r moni c s  d e f i n e d  by

a n g u l a r

(C. 4)

(C. 5)

(C. 6)

(C. 7)



i s  a C l eb s ch - Go r d an  c o e f f i c i e n t ,  whi ch,  i n  t h i s  c a s e ,  c o u p l e s  the  

o r b i t a l  a n g u l a r  momentum 1, c a r r i e d  by t he  s p h e r i c a l  ha r moni c  Y, , t oi m j

s p i n  1 / 2 ,  i n  o r d e r  t o  o b t a i n  a f u n c t i o n  o f  good t o t a l  a n g u l a r  

momentum, j .
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Table  1

HEA P o t e n t i a l

Co u p l i n g  c o n s t a n t s  and meson masses  f o r  t he  p o t e n t i a l  HEA. Al so  

p r e s e n t e d  a r e  t he  c o u p l i n g  c o n s t a n t s  f o r  t h e  p s e u d o p a r t i c l e s  f o r  kp  =

k ^ 1 = 1 . 36  fm- 1 .

Meson
I s o s p i n

T

Spi n
P a r i t y

J *

Mass

(MeV)

Coup l i ng  
C o n s t a n t  

( g 2/4T)
f / g

P s e u d o p a r t i c l e  
Co u p l i n g  
C o n s t a n t s

a 0 0 + 500 . 0 4 . 6 3 0 . 0 6 g 2 / ( 4 7 r ) = - 2 . 8 1 a)

ir 1 0" 138. 5 13. 0 0 . 0

u 0 1" 782 . 8 14 . 0 0 . 0 £g,2, / ( 4 j r ) =14 . 2b)W

<i> 0 1“ 1020. 7 . 0 0 0 . 0

p 1 1 763 . 0 1 . 50 3 . 5

6 1 0 + 960 . 0 4 . 7 4 0 . 0 6 g | / ( 4 j r ) = 5 . 5 4 c)

V 0 0" 548 . 5 6 . 0 0 0 . 0

a)  The s i g n  i s  such as  to i n c r e a s e  t he  a t t r a c t i o n  due to sigma

exchange— s ee  R e f . 3.  (Mff = 1 GeV. )

b) The s i g n  i s  such as  t o  d e c r e a s e  t h e  r e p u l s i o n  due t o  omega

exchange .  (My  = 1 GeV.)

c) The s i g n  i s  such as  t o  d e c r e a s e  t h e  r e p u l s i o n  due t o  d e l t a

exchange .  (M^ = 1 . 25  GeV.)
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Table 2

HM2 P o t e n t i a l

Co u p l i n g  c o n s t a n t s  and meson masses  f o r  t he  p o t e n t i a l  HM2. Also 

p r e s e n t e d  a r e  t he  c o u p l i n g  c o n s t a n t s  f o r  t he  p s e u d o p a r t i c l e s  f o r  kp =

kpM = 1 . 3 6  fm- 1 .

Meson

I s o s p i n |  Sp i n  

| P a r  i t y

Mass Co u p l i n g  

C o n s t a n t f / g

P s e u d o p a r t i c l e  

Co u p l i n g

T J * (MeV) ( g 2 / 4 x ) C o n s t a n t s

a 0 0+ 520 . 0 5 . 6 6 0 . 0 6 g 2 / ( 4 7 r ) = - l . 15a)

7T 1 0" 138. 0 14 . 2 0 . 0

V 0 r 7 82 . 8 10. 0 0 . 0 6 g 2 / ( 47r ) =6 . 52b)
W

P 1 i~ 711 . 0 0 . 5 0 6 . 2

6 1 0 + 960 . 0 0 . 8 2 0 . 0

V 0 0" 5 48 . 5 2 . 0 0 0 . 0

a )  The s i g n  i s  such as  to i n c r e a s e  t he  a t t r a c t i o n  in t he  sigma
n

c h a n n e l .  We can pu t  6g0 / ( 4 x )  = - 1 . 1 5  = 4 . 3 4  -  5 . 4 9 ,  where t he

4 . 3 4  r e p r e s e n t s  t h e  n e c e s s a r y  r e d u c t i o n  in t h e  a t t r a c t i o n  due to

c o r r e l a t i o n s  and - 5 . 4 9  r e p r e s e n t s  t h e  i n c r e a s e  i n  " s i g m a - l i k e "

a t t r a c t i o n  due t o  h i g h e r - o r d e r  t e rms  of  pi  on - e x ch an g e  d ynami cs -

s ee  R e f . 3.  (M„ = 1 GeV. )a

b) The s i g n  i s  such as  to d e c r e a s e  t he  r e p u l s i o n  due to omega

exchange .  (M = 1 GeV.)
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Tab l e  3

Fermi  momentum, kp,  a t  s a t u r a t i o n  and t he  i n c o m p r e s s i b i l i t y  

p a r a m e t e r ,  K^, c a l c u l a t e d  in t he  p s e u d o p a r t i c l e  method f o r  t he  p o t e n ­

t i a l  HM2. The c o u p l i n g  c o n s t a n t s  of  t h e  p s e u d o p a r t i c l e s  a r e  chosen  to 

be e i t h e r  d e n s i t y - d e p e n d e n t  o r  d e n s i t y - i n d e p e n d e n t ,  a s  d i s c u s s e d  in 

t h e  R e f . 4.  (See F i g .  2 and 3 . )

P s e u d o p a r t i c l e

HM2 k p (fm M KfMeV)00 P a r a me t e r s

Appr ox i ma t i on  1 1 . 19 220 dens  i t y - d e p e n d e n t

Appr ox i ma t i on  2 1.37 260 d e n s i  t y - i n d e p e n d e n t
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Table  4

HM2 P o t e n t i a l

The b i n d i n g  en e r g y  pe r  p a r t i c l e ,  cha rge  r a d i u s  and s e p a r a t i o n  
16e n e r g i e s  f o r  0.

E x p t .
Unmodi f i ed 

C o u p l i n g  

Cons t a n t s

Modi f  i eda  ̂
C o u p l i n g  
C o n s t a n t s

2 1 / 2  
<r >ch 2 . 7 3  fm 2 . 7 4  fm 2 . 6 7  fm

B. E. / A 7 . 9 8  MeV 3 . 8 9 MeV 4. 67 MeV

S e p a r a t i o n  E n e r g i e s  (MeV)

n n P n P

1 8 I /  2 (40) 4 0 . 9 38 . 0 45 . 7 42.1

1 P 3 /  2 2 1 . 8 15. 8 13.5 18. 3 15. 3

1 P ! / 2

1

15 . 7

...................J

11. 0

.

8 . 8  

....... ...... J

12 . 6

_

9 . 7

L . ... 1

a)  The i n t e r a c t i o n  was mo d i f i e d  t o  a c h i e v e  t h e  ’ c o r r e c t ’ b i n d i n g  

e n e r g y  f o r  n u c l e a r  m a t t e r  ( R e f . 4 ) .
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Table  5

HM2 P o t e n t i a l

The b i n d i n g  en e r g y  pe r  p a r t i c l e ,  ch a r g e  r a d i u s  and s e p a r a t i o n  

e n e r g i e s  f o r  40Ca.

Expt .
Unmodi f i ed  

Coup l i n g  
C o n s t a n t s

Modi f  i eda  ̂
Coup l i n g  
C o n s t a n t s

< ' 2 > ^ 3 . 4 8  fm 3 . 4 9  fm 3 . 4 2  fm

B E .  /A 8 . 4 5  MeV 4 . 9 6 MeV 6 . 2 6 MeV

S e p a r a t i o n  E n e r g i e s  (MeV)

n n P n P

1 8 1 /  2 5 7 . 8 50 . 8 6 3 . 6 56 . 4

1 P 3 / 2 3 7 . 6 30. 7 41 . 7 3 4 . 6

1 P l / 2 3 4 . 6 2 7 . 6 3 8 . 2 31. 1  j

1 d  5 /  2
2 2 . 6 18.1 12. 3 20 . 7 14 . 6

2 S 1 /  2 18 . 2 12 . 3 6 . 7 13. 9 8. 1

l d 3 / 2  

1 ...........

15 . 6

- ...

12 . 7 6 . 8 14. 4 8 . 4  

_ 1

a) See no te  f o r  Table  4.
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Table  6

HEA P o t e n t i a l

The b i n d i n g  en e r g y  pe r  p a r t i c l e ,  ch a r g e  r a d i u s  and s e p a r a t i o n  
1 6e n e r g i e s  f o r  0 .

E x p t .
Unmodi f  i ed  

Coup l i ng  
C o n s t a n t s

Mo d i f i e d 8  ̂
Co u p l i n g  
Cons t a n t s

< '2>'A7 2 . 7 3  fm 2 . 9 8  fm 2 . 5 0  fm

B. E . / A 7 . 9 8  MeV 1. 12  MeV 5 . 3 0  MeV

S e p a r a t i o n  E n e r g i e s  (MeV)

n n P n P

l s i / 2 (40) 2 3 . 9 2 1 . 9 4 5 . 8 4 3 . 0

1 P 3 / 2 2 1 . 8 7 . 6 5 . 6 2 0 . 7 18 . 0

1P! / 2

1

15.7 4 . 6

.....
2 . 8

L_.......... J
10. 7 8 . 2

1

a)  See n o t e  f o r  Tab l e  4.
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Table 7

HEA P o t e n t i a l

The b i n d i n g  en e r g y  p e r  p a r t i c l e ,  cha r ge  r a d i u s  and s e p a r a t i o n  

e n e r g i e s  f o r  40Ca.

E x p t .
Unmodi f i ed 

Coup l i ng  
C o n s t a n t s

Modi f ied®^ 
Co u p l i n g  
C o n s t a n t s

3 . 4 8  fm 3 . 6 8  fm 3 . 2 3  fm

B E. /A 8 . 4 5  MeV 1. 74 MeV 7 . 3 8 MeV

S e p a r a t i o n  E n e r g i e s  (MeV)

n n P n P

1 S 1 /  2 39 . 8 3 4 . 4 6 0 . 8 5 4 . 6

1 P 3 / 2 24 . 9 2 0 . 0 4 2 . 5 36 . 7

1 P l / 2 22 . 3 17 . 3 3 7 . 3 3 1 . 3

1 d  5 /  2 2 2 . 6 10. 8 6 . 4 2 3 . 8 18 . 4

2 S l / 2 18 . 2 7 . 9 3 . 6 13 . 3 7 . 9

l d 3 / 2

L_ .. .1
15 . 6

1
6.1 1 . 8

1
12. 9 7 . 5

I
a)  See note  fo r  Table 4.
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Table  8

1 AR e s u l t s  of  c a l c u l a t i o n s  o f  t he  p r o p e r t i e s  o f  0  made by Mut her ,  

M a c h l e i d t  and Brockman ( Ref .  2 ) .  [ Here C i s  a p a r a m e t e r  which 

s p e c i f i e s  t he  p a r t i c l e - s t a t e  spec t r um and RBHF r e f e r s  t o  e i t h e r  a 

r e n o r m a l i z e d  B r u e c k n e r - H a r t r e e - F o c k  c a l c u l a t i o n  or  a n o r m a l i z e d  DBHF

c a l c u l a t i o n .  ]

N o n r e l a t i v i s t i c C a l c u l a t i o n

E x p t . BHF(C=0) RBHF(C=8)

< r 2> ! / 2 ch ( 2 . 7 ± 0 . 05)  fm 2 . 2 9 5  fm 2 . 324  fm

| B . E . / A 7 . 9 8  MeV 5. 71  MeV 6 . 6 7  MeV |

181 / 2 40±8 MeV 5 2 . 9 8  MeV 4 8 . 2 5  MeV

1P3/2 18 . 4  MeV 24. 31  MeV 2 1 . 5 5  MeV

1Pl / 2 12.1 MeV 17 . 15  MeV 15 . 55  MeV
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Table  9

1 6R e s u l t s  o f  c a l c u l a t i o n s  o f  t h e  p r o p e r t i e s  o f  0  made by Muther ,  

M a c h l e i d t  and Brockman (Ref .  2 ) .  [ Here C i s  a p a r a m e t e r  which 

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

r e n o r m a l i z e d  B r u e c k n e r - H a r t r e e - F o c k  c a l c u l a t i o n  or  a n o r m a l i z e d  DBHF

c a l c u l a t i o n .  ]

R e l a t i v i s t i c  C a l c u l a t i o n  (DBHF) 

E f f e c t i v e  D e n s i t y  Approach

E x p t . BHF(C=0) RBHF(C=8)

< 'M U ’ ( 2 . 7 ± 0 . 0 5 )  fm 2 . 464  fm 2 . 4 7 9  fm

| B . E . / A 7 . 9 8  MeV 5 . 6 5  MeV 6 . 4 2  MeV |

1 S 1 /  2 40±8 MeV 44. 11  MeV 4 1 . 3 3  MeV

1 P 3 / 2 18 . 4  MeV 19. 79  MeV 18 . 03  MeV

1 P 1 /  2 12. 1  MeV 11. 29  MeV 10 . 65  MeV
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F igure  Capt ions

F i g .  1:

C a l c u l a t i o n  o f  t he  s e l f - e n e r g y  in t h e  r e l a t i v i s t i c  q u a s i p a r t i c l e  

method.  The up p e r  p a r t  o f  t h e  f i g u r e  shows t h e  r e p r e s e n t a t i o n  of  t he

A
r e a c t i o n  m a t r i x  M by t he  Born t erms  o f  t he  p o t e n t i a l  = U + AU,

where AU d e s c r i b e s  t he  exchange  o f  t h e  p s e u d o p a r t i c l e s .  I In t he  

s e l f - c o n s i s t e n t  a p p r o x i m a t i o n ,  t h e  d e n s i t y  m a t r i x  i s  e x p r e s s e d  in 

t erms  of  t h e  f ( q , s ) .  I The second p a r t  o f  t he  f i g u r e  i n d i c a t e s ,  in a 

s c h e ma t i c  f a s h i o n ,  t he  f a c t  t h a t  t he  exchange  o f  t h e  p s e u d o p a r t i c l e s  

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

A
m a t r i x  M.
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Fig.  2:

N u c l e a r  m a t t e r  s a t u r a t i o n  cu r v e s  o f  t he  r e l a t i v i s t i c  q u a s i p a r t i c l e  

method u s i n g  t h e  ( d e n s i t y - d e p e n d e n t )  p a r a m e t r i z a t i o n  g i v e n  i n  E q . ( 1 . 1 )  

o f  Ref .  4.  Curve a d e n o t e s  t h e  s e l f - c o n s i s t e n t  r e s u l t ,  w h i l e  c u r ve  a ’ 

c o r r e s p o n d s  t o  a c a l c u l a t i o n  in which t he  d e n s i t y  m a t r i x  i s  

e x p r e s s e d  in t erms  o f  t he  s p i n o r s  u ( p , s ) ,  i n s t e a d  o f  t he  ( s e l f -  

c o n s i s t e n t )  s p i n o r s  f ( p , s ) .
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F i g .  3:

S i m i l a r  c a p t i o n  t o  t h a t  o f  F i g  2.  Here ,  however ,  we n e g l e c t  t he  

d e n s i t y  dependence  o f  t he  p s e u d o p a r t i c l e  c o u p l i n g  c o n s t a n t s  and us e  

t he  i n t e r a c t i o n  d e f i n e d  by E q . ( 1 . 1 )  o f  Ref .  4 a t  p =
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Fig .  4:

a)  The f i g u r e  shows t he  a m p l i t u d e  f o r  a n u c l e u s  o f  A n u c l e o n s  to 

dec ay  ( v i r t u a l l y )  i n t o  an o f f - m a s s - s h e l 1 n u c l e o n  and an o n - m a s s - s h e 11 

r e s i d u a l  sys t em o f  ( A—1) n u c l e o n s .  The p r o d u c t  of  t h e  v e r t e x  (open 

c i r c l e )  and t he  p r o p a g a t o r  o f  t h e  n u c l e o n  ( o f  momentum k) d e f i n e s  a 

wave f u n c t i o n  (Ref .  8 ) .  The f i g u r e  shows t h e  e q u a t i o n  which d e t e r m i n e s  

t h e  wave f u n c t i o n  i n  t erms o f  t he  s e l f - e n e r g y ,  E.

b)  Here we a p p r o x i m a t e  t he  s e l f - e n e r g y  i n  t e rms  o f  a r e a c t i o n  

m a t r i x ,  M, and a form f a c t o r  o f  t h e  ( A - l ) - b o d y  sys t em.

A
c)  The r e a c t i o n  m a t r i x ,  M, i s  r e p l a c e d  by t he  Born t e rms  of  our  

e f f e c t i v e  i n t e r a c t i o n .  (A c l o s e d  s e t  o f  n o n l i n e a r  e q u a t i o n s  i s  

o b t a i n e d  by u s i n g  t h e  same v e r t e x  f u n c t i o n s  f o r  t h e  A-body and (A—1 ) — 

body s y s t e m s . )
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F ig .  5:

1 AC o o r d i n a t e - s p a c e  wave f u n c t i o n s  o b t a i n e d  f o r  0  i n  a D i r a c -  

H a r t r e e - F o c k  c a l c u l a t i o n  u s i n g  t he  e f f e c t i v e  i n t e r a c t i o n  bas ed  upon 

t he  i n t e r a c t i o n  HM2.

a )  The upper  component s ,  R ^ ( r ) ,  o f  t he  r e l a t i v i s t i c  wave

1 0f u n c t i o n s  of  0  o b t a i n e d  i n  t h i s  work.  [See E q . ( 3 . 2 . 1 ) . I

1 cb)  Lower component s  of  t he  wave f u n c t i o n s  of  0 .
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F i g .  6:

Same c a p t i o n  as  F ig .  5, excep t  t h a t  the  n uc leus  s t u d i e d  i s  40Ca.
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F i g .  7:

1 ftMomentum-space wave f u n c t i o n s  o b t a i n e d  f o r  0  in a D i r a c -  

H a r t r e e - F o c k  c a l c u l a t i o n  u s i n g  t he  e f f e c t i v e  i n t e r a c t i o n  b a s e d  upon 

t he  i n t e r a c t i o n  HM2.

a)  The u p p e r  component ,  R ^ ( k ) ,  o f  t he  r e l a t i v i s t i c  wave f u n c t i o n s  

o b t a i n e d  i n  t h i s  work. I  See E q . ( 3 . 2 . 1 ) .  1

1 ftb) Lower component s  of  t h e  wave f u n c t i o n s  of  0 .
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F i g .  8:

Same c a p t io n  as  Fig.  7, excep t  t h a t  the nuc leus  s tu d i e d  i s  40Ca.
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F i g .  9:

A c o n t o u r  p l o t  o f  t he  p o t e n t i a l  A ( k , k ’ , c o s 0 )  o b t a i n e d  f o r  40Ca i s  

shown f o r  0 = 0 . 1  The e f f e c t i v e  i n t e r a c t i o n  c o r r e s p o n d i n g  to t he  

p o t e n t i a l  HM2 has  been u s e d .  ]
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F i g .  10:

The p o t e n t i a l  B ( k , k ’ ,cos0)  i s  shown fo r  0 = 0.  I See c a p t i o n  of

F ig .  9. 1
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F i g .  11:

The p o t e n t i a l  C ( k , k ’ ,cos0)  i s  shown fo r  0 = 0. I See c a p t io n  of

Fig.  9. I
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F i g .  12:

The p o t e n t i a l  E ( k , k ’ ,cos0)  i s  shown f o r  0 = 0. I See c a p t i o n  of

F ig .  9. 1
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F i g .  13.

The p o t e n t i a l  H ( k ,k ’ ,cos0)  i s  shown fo r  0 = 0. I See c ap t ion  of

Fig .  9. I
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Fig .  14:

1 6The e x p e r i me n t a l  ch a r g e  d i s t r i b u t i o n  o f  0  i s  shown ( s o l i d  l i n e  

and c r o s s - h a t c h e d  r e g i o n ) .  The da s he d  l i n e  i s  t he  r e s u l t  o f  Horowi t z  

and S e r o t  (Ref .  10) ,  wh i l e  t he  d a s h - d o t  l i n e  i s  our  r e s u l t  f o r  t he  

e f f e c t i v e  i n t e r a c t i o n  b a s e d  upon OBEP HM2. The d a s h - d o t  l i n e  f o l l o ws  

t he  e x p e r i m e n t a l  d a t a  t o  t h e  d e g r e e  t h a t  i t  c anno t  be d i s t i n g u i s h e d  in 

t he  f i g u r e  f rom t he  s o l i d  l i n e  f o r  r > 1 fm.
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F i g .  15:

The e x p e r i me n t a l  cha r ge  d i s t r i b u t i o n  f o r  40Ca i s  shown ( s o l i d  l i n e  

and c r o s s - h a t c h e d  a r e a ) .  The da s h e d  l i n e  shows t he  e a r l y  r e s u l t  of  

Horowi t z  and S e r o t  (Ref .  10) ,  who a d j u s t e d  t he  p a r a m e t e r s  o f  t h e i r  

c a l c u l a t i o n  to g i v e  t he  c o r r e c t  ch a r g e  r a d i u s  o f  40Ca in a D i r a c -  

H a r t r e e  a p p r o x i m a t i o n .  The r e s u l t  of  our  c a l c u l a t i o n  i s  shown as  t he  

d a s h - d o t  l i n e  f o r  t he  e f f e c t i v e  i n t e r a c t i o n  bas ed  upon OBEP HM2.



i_____________ l

0 I 2

Fig .  15
1C



-  93 -

F i g .  16:

1 fi
The e x p e r i m e n t a l  cha r ge  d i s t r i b u t i o n  o f  0  i s  shown ( s o l i d  l i n e  

and c r o s s - h a t c h e d  r e g i o n ) .  The d a s h - d o t  l i n e  i s  our  r e s u l t  f o r  t he  

e f f e c t i v e  i n t e r a c t i o n  bas ed  upon OBEP HEA.
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F i g .  17:

The e x p e r i me n t a l  ch a r g e  d i s t r i b u t i o n  f o r  40Ca i s  shown ( s o l i d  l i n e  

and c r o s s - h a t c h e d  a r e a ) .  The r e s u l t  o f  our  c a l c u l a t i o n  i s  shown as  

t he  d a s h - d o t  l i n e  f o r  t he  e f f e c t i v e  i n t e r a c t i o n  b a s e d  upon OBEP HEA.
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