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Résumé - On c a l c u l e  pour des noyaux f i n i s ,  l a  p a r t i e  imaginai re  du p o t e n t i e l  
op t ique  noyau-nucléon s u r  e t  hors  couche u t i l i s a n t  l ' approximat ion du gaz de 
Fermi l o c a l  e t  une f o r c e  d'échange à deux corps  ayant  une p o r t é e  f i n i e .  On 
compare l e s  r é s u l t a t s  avec ceux obtenus p a r  des c a l c u l s  pour l a  ma t i e re  
i n f i n i e  e t  ceux obtenus s o i t  pour l a  d e n s i t é  l o c a l e  s o i t  pour l ' approximat ion 
de Glauber.  

Abs t r ac t  - We c a l c u l a t e  f o r  f i n i t e  n u c l e i  t he  imaginary p a r t  of t h e  nucleus- 
nucleon o p t i c a l  p o t e n t i a l  on and o f f  s h e l l  by us ing  t h e  l o c a l  Fermi gas 
approximation and a  f i n i t e  range two-body exchange f o r c e .  Resu l t s  a r e  
compared wi th  those  obta ined by i n f i n i t e  n u c l e a r  ma t t e r  c a l c u l a t i o n s  a s  we l l  
a s  u s i n g  t h e  l o c a l  d e n s i t y  o r  Glauber approximation. 

I - INTRODUCTION 

The imaginary p a r t  of t he  nucleus-nucleon o p t i c a l  p o t e n t i a l  e n t e r s  d i r e c t l y  i n  
va r ious  q u a n t i t i e s  of i n t e r e s t  i n  s t a t i c  p r o p e r t i e s  of n u c l e i  o r  i n  n u c l e a r r e a c t i o n  
t h e o r i e s ,  e .g .  i n  the  e f f e c t i v e  mass 111 and t h e  s e l f  energy 12-51, t he  nucleon 
mean f r e e  p a t h  16-7 / a n d  q u a s i - p a r t i c l e  l i f e  t imes 181 o r  i n  t h e o r i e s  of i n e l a s t i c  
s c a t t e r i n g .  Whereas t h e  o p t i c a l  p o t e n t i a l  has  been o f t e n  c a l c u l a t e d  f u l l y  micro- 
s c o p i c a l l y ,  s e m i c l a s s i c a l  c a l c u l a t i o n s  e x i s t  only f o r  i n f i n i t e  n u c l e a r  m a t t e r  
/3 ,9 ,10/  o r  f i n i t e  n u c l e i  w i th  the  l o c a l  d e n s i t y  approximation /5 / .  The l a t t e r  
approximation c o n s i s t s  of r e p l a c i n g  the  Fermi energy A by i t s  l o c a l  e q u i v a l e n t  
E (R). A review over e x i s t i n g  s e m i c l a s s i c a l  c a l c u l a t i o n s  i s  g iven i n  r e f .  1111. F 

I n  t h i s  paper  we a r e  concerned wi th  f i n i t e  n u c l e i  and t ake  the  f i n i t e  s i z e  e f f e c t s  
i n t o  account e x a c t l y  wi th  h e l p  of an  average n u c l e a r  p o t e n t i a l  V(R) which we need 
n o t  s p e c i f y  e x p l i c i t l y .  Furthermore,  we a l s o  c a l c u l a t e  the  o f f  s h e l l  behaviour of 
t he  o p t i c a l  p o t e n t i a l  which has  o f t e n  been assumed t o  be weak 171. I n  o r d e r  t o  be  
r e a l i s t i c ,  we employ a  f i n i t e  range exchange p o t e n t i a l  which f o r c e s  the  o p t i c a l  
p o t e n t i a l  t o  decrease  a t  h igh  e n e r g i e s .  Resu l t s  w i l l  a l s o  be  compared wi th  those  
obta ined by use of  t he  Glauber approximation which negleco; t h e  P a u l i  p r i n c i p l e .  
Pre l iminary  r e s u l t s  have a l r eady  been p resen ted  i n  r e f s .  /12 ,13/ ,  

II - THE MODEL 

Beyond Hartree-Fock, t h e  f i r s t  c o r r e c t i o n s  t o  t h e . n u c l e a r  s e l f  energy a r e  g iven by 
core  p o l a r i z a t i o n  and c o r r e l a t i o n  c o n t r i b u t i o n s  according t o  Fig .  1 .  

Fig.  1 - The f i r s t  t h r e e  graphs 
T * - of the  n u c l e a r  s e l f  energy. 

O 
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Hartree-Fock Polarization Correlation 
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Written i n  terms of the mass operator ,  

- 
where n ,  n  and E are  the p a r t i c l e  and hole dens i t i es  and energies ,  respec t ive ly ,  
and 7t i s  the two-body i n t e r a c t i o n ,  one sees  t h a t  the po la r iza t ion  graph contr ibutes  
only i f  the energy w i s  above the Fermi energy X and the  cor re la t ion  graph only i f  
w is  smaller  than A. Rewriting the imaginary p a r t  of ( 1 )  i n  space represen ta t ion ,  
one obtains  the nonlocal imaginary p a r t  of the o p t i c a l  p o t e n t i a l ,  

Here z, p and H a r e  the p a r t i c l e  and hole densi ty operators  and the one p a r t i c l e  
Hamiltonian, respect ively.  

In  order  t o  obtain t h e  coordinate and momentum dependent o p t i c a l  p o t e n t i a l  f o r  a  
contact  exchange force 

we go over t o  r e l a t i v e  and center-of-mass coordinates accarding t o  

-f + +  + 
and Fourier transform with respect  t o  the c.m. coordinates ,  s  + P, si + pi. Then 
the matrix elements i n  eq. (2 )  can be wr i t t en  i n  semiclassical  approximat~on as 

and, s i m i l a r l ~ ,  f o r  exp(-iHt). This y ie lds  

where 8- ind ica tes  the same s t e p  funct ion i n  the  square bracket  but taken a t  
negative argument. Now the time and r e l a t i v e  coordinate in tegra t ionscan  be performed 
to give 



where we have introduced the loca l  Permi energy and the loca l  Fermi momentum 
according t o  

I n  eq. (7 )  f i n i t e  s i z e  e f f e c t s  en te r  d i r e c t l y  i n  the energy conserving ô-function 
by the  add i t iona l  l o c a l  Fermi energy. 

For s impl ic i ty ,  we now use a  Gaussian force  of range ro i n  coordinate o r  of range 
k i n  momentum space 

+ 
Then the in tegra t ion  over x i n  eq. (7 )  can be performed. Furthermore, the momentum 
conserving ô-function suggests t o  introduce the r e l a t i v e  and c.m. momentum t r a n s f e r s  
according t o  

* 
9,'F -q/z 
% = P  +5 /2  (10) 

and t o  use the angle convention 

Then the Q and pL in tegra t ions  can be performed t o  y i e l d  the f i n a l  r e s u l t  
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where R i s  the  tu rn ing  po in t  a t  which V(R ) = A .  

III - ZERO RANGE FORCE 

Eq. ( 1 2 )  s i m p l i f i e s  considerably  i f  t h e  range of t h e  f o r c e  tends t o  zero o r  k -t m. 

The f i r s t  l i n e  of eq.  ( 1 2 )  becomes cons tan t  and the  second and t h i r d  l i n e s  re8uce t o  

The dependence of W  on R  he re  i s  only contained i n  t h e  l o c a l  Fermi energy ( 8 )  so  
t h a t  eq. ( 1 3 )  can be employed f o r  a r b i t r a r y  p o t e n t i a l s .  Here and i n  t h e  fol lowing 
we normalize W  t o  a t t a i n  t h e  value  1 /4X a t  w  = P  = R = O. Momentum t r a n s f e r s  a r e  
l i m i t e d  t o  

zfF(R)+ ~ Z ~ ~ X - L O + L F  CF)) cJ4 A 
0 4  f f :  

p, ( 
t 2 f ~ n  (w-h +cr CU) w l  A j 

which provides  a l s o  a  small  energy c u t o f f .  

Resul ts  f o r  R = O  a r e  shown i n  F igs .  1  and 2 .  One observes t h e  w e l l  known q u a d r a t i c  
behaviour around w  = X  which p e r s i s t s  even f o r  l a r g e  P and which i s  f a i r l y  indepen- 
den t  of P.  However, con t ra ry  t o  the  claims i n  r e f s .  / 2 , 8 / ,  con t r ibu t ions  from t h e  
p o l a r i z a t i o n  and from t h e  c o r r e l a t i o n  graphs a r e  not  s t r i c t l y  symmetric. This e f f e c t  
i s  s t r o n g l y  pronounced a t  smal l  P .  As a  consequence of i n f i n i t e  q u a s i p a r t i c l e  l i f e -  
time a t  w  = A, W(w = X ,  P ,  R) must vanish.  F i n a l l y ,  one observes t h a t  t h e  nonlocal- 
i t y  of W  i s  r a t h e r  important  f o r  a l 1  ene rg ies  excewt w A ,  which c a l l s  i n  ques t ion  
the  o f t e n  made "innocous assumption" / 7 /  of a  l o c a l  imaginary p a r t  of t h e  o n t i c a l  
p o t e n t i a l .  

5 F ig .  1 - Contour p l o t  of W(w, P ,  R = 0 )  

f o r  a zero range fo rce .  Energy E  and 
energy t r a n s f e r  p2 /2rn  a r e  measured i n  
u n i t s  of the  Fermi energy. 

pz  
3 

1 ;  
1 

O 
- 3 - 2 - 1  O 1 2  3 4 5 

- E  

For zero momentum t r a n s f e r ,  W(w, P = O,  R = 0) can b e  ca lcu la ted  a n a l y t i c a l l y  
(E = w / A ) ,  



which provides a  ood check of numerical accuracy. This quant i ty ,  together  with the 
on s h e l l  value ( P q / î m  = u), the  P-integraled loca l  equivalent of t h e  nonlocal W, 

Fie.  2a and 2b - Same as  
,, Ff g .  1 ,  but  three dimen- ,, s ~ o n a l  ( f ron t  and back 
03 views). 
02 

O1 

O 

- E  
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and the Glauber auproximation a r e  shown i n  Fig. 3. Here the  Glauber r e s u l t  has been 
obtained by neglect ing the Paul i  p r i n c i p l e ,  i . e .  dropping t h e  second and t h i r d  8- 
funct ions i n  eq. (7 )  and neglect ing the hole  energy p12/2m i n  the energy conserving 

Local F G. 

0.3 - 

O1 - 

- 4  -3 -2 -1 O 1 

Fig. 3 - The imaginary p a r t  of 
the o p t i c a l  p o t e n t i a l  a t  R = O 
f o r  var ious values of P and i n  
the Glauber approximation. 

ô-function. One sees  t h a t  the l o c a l  equivalent  and P = O values a r e  r a t h e r  s i m i l a r  
f o r  pos i t ive  energies  but  t h a t  the on s h e l l  value d i f f e r s  d r a s t i c a l l y  f o r  l a rge  
energies .  The Glauber approximation l i e s  always above by v i r t u e  of the  add i t iona l  
phase space gained by neglect ing the Pau l i  p r inc ip le .  

I n  turning t o  f i n i t e  s i z e  e f f e c t s ,  W can be ca lcu la ted  a n a l y t i c a l l y  on s h e l l ,  
w = p2/2m + v(R),  

The dependence on P' here i s  exact ly the same as  i n  i n f i n i t e  nuclear  matter /2,10/ 
but  with X replaced by the loca l  cF(R). However, eq. (16) i s  not s t r i c t l y  the same 
r e s u l t  as  one would employ t h e  l o c a l  densi ty approximation, i . e .  r e ~ l a c i n g  h by 
E (R)  everywhere s ince the regions of v a l i d i t ~  of the d i f f e r e n t  branches do depend F on the absolute  Fermi energy h as well .  

Fig.  4 - The imaginary p a r t  of 
the on s h e l l  o p t i c a l  p o t e n t i a l  
f o r  d i f f e r e n t  values of the 

0.4 

b41 (4 

03 - loca l  Fermi energy. 

Nonlocal F: G. 
On shell 



Fig. 4 shows the dependence of W on E ~ ( R )  or ,  i n  o ther  words, on the radius R. The 
upper curve then corresponds t o  the nuclear  i n t e r i o r  and the lower ones t o  the  
surface.  I n  assuming f o r  instance a  Woods-Saxon p o t e n t i a l ,  f o r  f ixed  energy, W i s  
almost constant i n  the i n t e r i o r  and f a l l s  off sharply a t  t h e  surface.  The l o c a l  
densi ty approximation, on t h e  contrary,  would y i e l d  curves s h i f t e d  t o  t h e  l e f t  and, 
thus,  v i o l a t i n g  the  bas ic  fea ture  of W(w = A, P, R) = 0. 

I V  - FINITE RANGE FORCE 

Gaussian two-body e f f e c t i v e  in te rac t ions  have typ ica l  ranges of 2.25 fm 1141, i . e .  
k  /kF = 0.625. We therefore solved eq. (12) numerically f o r  various ranges. The 
 aussia an exp (-2q2/k02) cu t s  off e f f e c t i v e l y  the  high momentum t r a n s f e r  contribu- 
t ions and, hence, forces  W t o  decrease a t  high energy as  shown i n  W(w, O . S . ,  R = 0) 
of Fig. 5 .  The s t reng th  of the  force,  here  again, has been adjusted t o  a t t a i n  

Finite range 

Local F. G. 

Fig. 5  - Imaginary p a r t  of the  
o p t i c a l  p o t e n t i a l  on s h e l l  a t  
R = O f o r  various ranges k /k 
of the two-body e f f e c t i v e  O 

F 

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

W(w = O, P = O ,  R = 0) = 114 A .  The l a r g e r  the range, i . e .  t h e  smaller ko i s ,  the 
more concentrated is  W around small energies .  

For f i n i t e  r a d i i ,  W now depends a l s o  on the  nuclear  mass number v i a  R i n  the  RI- 
in tegra t ion .  Fig. 6  there fore  shows W(w, O . S . ,  R) f o r  a  4 0 ~ a  harmonicOoscillator 
and ko/kF = 0.625 a t  various E (R). A cornparison with the zero range equivalent ,  

F 

F~nite range 

Nonlocal E G. 
On shell 

k0/kF=0625 
i/znw,/~ =0.154 

Fig. 6  - Imaginary p a r t  of the 
on s h e l l  o p t i c a l  p o t e n t i a l  f o r  
4 0 ~ a  and various l o c a l  Fermi 
energies .  

Fig. 4, shows again the decrease of the o p t i c a l  p o t e n t i a l  i n  the  sur face  and a  
concentration near small pos i t ive  and negative energies .  

~ i n a l l ~ ,  we compare Our exact ca lcu la t ions  f o r  f i n i t e  range with those obtained 
by use of the Glauber approximation i n  Fig. 7. Here again,  the add i t iona l  f a l s e  
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10 I I I Fig .  7 - Imaginary p a r t  of t h e  on s h e l l  

w ( ~ )  Local F.G. o p t i c a l  ~ o t e n t i a l  a t  R = O and range 

On shell ,-')k.=l0 ko/kF = 0.625 compared with  t h e  Glauber 

- Finite range 
- approximation. 

0.6- 

O 2 4 6 

phase space gained by t h e  neg lec t ion  of the  P a u l i  p r i n c i p l e  enhances W roughly by a 
cons tan t  amount f o r  a l 1  ene rg ies .  

V .  SUMMARY AND OUTLOOK 

We have appl ied s e m i c l a s s i c a l  methods f o r  the  c a l c u l a t i o n  of the  imaginary p a r t  of 
the  o p t i c a l  p o t e n t i a l  W(w, P, R). F i n i t e  s i z e  e f f e c t s  have been incorpora ted  by 
means of t h e  nonlocal  Fermi gas  approximation and a f i n i t e  range e f f e c t i v e  i n t e r -  
a c t i o n .  As r e s u l t s  we found t h a t  t h e  f i n i t e  range of t h e  f o r c e  is resvons ib le  f o r  
t h e  f a 1 1  o f f  of W a t  h igh e n e r g i e s ;  t h a t  t h e  n o n l o c a l i t y  of W i s  s t r o n g l y  pronounced 
e s p e c i a l l y  f o r  smal l  P ;  t h a t  the  Glauber approximation y i e l d s  va lues  of W always too  
high by about a cons tan t  amount and t h a t  t h e  s t r i c t  l o c a l  d e n s i t y  approximation only 
roughly s imula tes  f i n i t e  s i z e  e f f e c t s .  

Fur the r  s t u d i e s  on t h i s  s u b j e c t  w i l l  be devoted t o  t h e  c a l c u l a t i o n s  of the  r e a l  Dar t  
of t h e  o p t i c a l  p o t e n t i a l  v i a  sub t rac ted  d i s p e r s i o n  r e l a t i o n s ,  thus ob ta in ing  e .g .  
the  c o r r e c t i o n  t o  t h e  Hartree-Fock v o t e n t i a l  and r e a l i s t i c  l e v e l  d e n s i t i e s  around 
t h e  Fermi energy, e f f e c t i v e  masses and momentum d i s t r i b u t i o n s .  
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