
HAL Id: jpa-00226466
https://hal.science/jpa-00226466

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

NUCLEAR GIANT RESONANCES IN COORDINATE
SPACE - A SEMICLASSICAL DENSITY

FUNCTIONAL APPROACH
P. Gleissl, M. Brack, J. Meyer, Ph. Quentin

To cite this version:
P. Gleissl, M. Brack, J. Meyer, Ph. Quentin. NUCLEAR GIANT RESONANCES IN COORDINATE
SPACE - A SEMICLASSICAL DENSITY FUNCTIONAL APPROACH. International Workshop On
Semiclassical And Phase Space Approaches To The Dynamics Of The Nucleus, 1987, Aussois, France.
pp.C2-3-C2-10, �10.1051/jphyscol:1987201�. �jpa-00226466�

https://hal.science/jpa-00226466
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE 
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NUCLEAR GIANT RESONANCES IN COORDINATE SPACE - A SEMICLASSICAL 
DENSITY FUNCTIONAL APPROACH 

P. GLEISSL, M. BRACK, J. MEYER( 2' and Ph. Q U E N T I N ( ~ )  

Institut fifr Theoretische Physik, Universitat Regensburg, 
0-8400 Regensburg, F.R.G. 

RGsum6: Dans l e  cadre  d ' une  d e s c r i p t i o n  semic lass ique de resonnances gean- 
t e s  n u c l e a i r e s  (GR) en u t i l i s a n t  l a  f o r c e  SkM* e t  l e s  f o n c t i o n n e l l e s  ETF 
completes d l ' o r d r e  4  en R ,  nous presentons des modes propres  monopola i res  
(O+) i s o s c a l a i r e s  ( I=O) e t  i s o v e c t o r i e l  l e s  ( I = l )  en bon accord  avec 1  'ex-  
per ience,  a i n s i  que l a  v a r i a t i o n  de quelques Gnergies GR t yp iques  en fonc -  
t i o n  de l a  tempgrature.  

Abs t rac t :  We d i scuss  t h e  sem ic lass i ca l  d e s c r i p t i o n  o f  n u c l e a r  g i a n t  reson-  
m ( G R )  u s i n g  a  r e a l i s t i c  Skyrme f o r c e  (SkM*) and complete ETF d e n s i t y  
f u n c t i o n a l  s. We p resen t  monopole (0') eigenmodes o f  i s o s c a l a r  ( I=O)  and 
i s o v e c t o r  ( I = l )  type, which a r e  i n  good agreement w i t h  exper imznt ,  and t h e  
cor respond ing m l  and m  sum r u l e s .  We a l s o  p resen t  the+temperatu depen- 
dence o f  some t y p i c a l  2~ ene rg ies  (Ot,l=O,l; 1 - , I = l ;  2  ,I=O) i n  ip8Pb. 

The d e n s i t y  v a r i a t i o n a l  method u s i n g  Skyrme t ype  e f f e c t i v e  f o r c e s  and semic lass i -  
c a l  ETF (extended Thomas-Fermi) d e n s i t y  f u n c t i o n a l s  has been v e r y  successfu l  f o r  t h e  
c a l c u l a t i o n  o f  average s t a t i c  p r o p e r t i e s  of n u c l e i  /1,2/. Th i s  approach has been 
shown /1/ t o  y i e l d  p r e c i s e l y  t h e  average p a r t  o f  s e l f c o n s i s t e n t  m ic roscop i ca l  HF 
(Hartree-Fock) r e s u l t s ,  l e a v i n g  o u t  t h e  s h e l l  e f f e c t s .  ( S i m i l a r  r e s u l t s  were r e c e n t l y  
ob ta ined  a l s o  f o r  t h e  Gogny f i n i t e - r a n g e  f o r c e  D l  / 3 / . )  S h e l l  e f f e c t s  i n  t h e  nuc lea r  
b i n d i n g  and de fo rma t i on  energ ies  can be recovered p e r t u r b a t i v e l y  t o  a h i g h  degree o f  
accuracy  /1,4/ by e x p l o i t i n g  t h e  S t r u t i n s k y  energy theorem /5,6/.  The d e n s i t y  func- 
t i o n a l  approach becomes p a r t i c u l a r l y  g r a t i f y i n g  f o r  h i g h l y  e x c i t e d  nuc lea r  systems: 
A t  e x c i t a t i o n  ene rg ies  cor respond ing t o  temperatures o f  k T a 2 . 5  - 3  MeV and h ighe r ,  
s h e l l  e f f e c t s  van i sh  and t h e  ETF d e n s i t y  f u n c t i o n a l s  become exac t  / 7 , 8 / ,  t hus  y i e l d -  
i n g  t h e  same r e s u l t s  as f u l l y  m ic roscop i c  HF c a l c u l a t i o n s .  

When a p p l y i n g  these ideas t o  t h e  d e s c r i p t i o n  o f  dynamic nuc lea r  processes, one i s  
a t  f i r s t  handicapped by t h e  f a c t  t h a t  t h e  ETF f u n c t i o n a l s  do n o t  app ly ,  i n  genera l ,  
t o  s i t u a t i o n s  where t h e  d e n s i t y  i s  t i m e  dependent, except  f o r  t h e  case o f  s low ad ia -  
b a t i c  mot ion .  A l though some formal  progress  has been ach ieved i n  the f o u n d a t i o n  o f  
t ime-dependent d e n s i t y  f u n c t i o n a l  t h e o r y  / 9 / ,  ready- to-use f u n c t i o n a l s  a r e  n o t  y e t  
a t  hand. 

I n  t h e  s tudy o f  g i a n t  resonances (GR) i t  has been r e a l i z e d  / l o /  t h a t  dynamical de- 
f o rma t i ons  o f  t h e  Fermi sphere i n  momentum space, wh ich  a r e  missed when u s i n g  t h e  
s t a t i c  ETF f u n c t i o n a l s  /11/, g i v e  impor tan t  c o n t r i b u t i o n s  t o  t h e  r e s t o r i n g  f o r c e s  of 
some modes (e.g.  a l l  i s o s c a l a r  e l e c t r i c  m u l t i p o l e  modes w i t h  L 3 2 ) .  These e f f ec t s ,  
which i n  an i n f i n i t e  system lead  t o  Landau zero-sound e x c i t a t i o n s ,  have been i n c o r -  
po ra ted  t o  v a r i o u s  degrees of  s o p h i s t i c a t i o n  i n  t h e  s o - c a l l e d  f l u i d -dynamica l  ap- 
proach and i t s  v a r i a t i o n s  /10,12-17/, l e a d i n g  t o  good agreement w i t h  t h e  r e s u l t s  of  
RPA c a l c u l a t i o n s  and - t o  t h e  e x t e n t  t h a t  t h i s  i s  t h e  case f o r  t h e  RPA r e s u l t s  - 
w i t h  exper iment.  I n  many o f  these c a l c u l a t i o n s ,  however, v e r y  schematic energy den- 
s i t y  f u n c t i o n a l  s  i g n o r i n g  Coulomb and s p i n - o r b i  t forces were used; t h e  h ighe r -o rde r  
g r a d i e n t  c o r r e c t i o n s  t o  t h e  k i n e t i c  energy, known t o  be impor tan t  t o  reproduce co r -  
r e c t l y  s t a t i c  nuc lea r  s u r f a c e  and de fo rma t i on  p r o p e r t i e s  / I / ,  were om i t t ed ,  too .  
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I n  t h e  p resen t  paper we want t o  r e p o r t  on a  r e l a t e d  approach which takes  f u l l  ad- 
vantage o f  t h e  complete ETF f u n c t i o n a l s  ( a l s o  a t  f i n i t e  temperatures)  and r e a l i s t i c  
Skyrme i n t e r a c t i o n s  i n  c a l c u l a t i n g  eigenmodes and sum r u l e s  cor respond ing t o  v a r i o u s  
g i a n t  resonances 118-201. (Fo r  s i m i l a r  c a l c u l a t i o n s  w i t h  approximate ETF f u n c t i o n a l s  
see a l s o  r e f s .  /21-231.) As i s  wel l -known, t h e r e  e x i s t  theorems 124-261 r e l a t i n g  RPA 
sum r u l e s  t o  HF ground s t a t e  e x p e c t a t i o n  values. I n  p a r t i c u l a r ,  one has (see re f . /26 /  
f o r  d e t a i l s )  

Hereby mk(Q) i s  t h e  k - t h  moment o f  t h e  s t r e n g t h  f u n c t i o n  cor respond ing t o  a  chosen 
e x c j t a t i o n  ope ra to r  Q; I A )  i s  t h e  s o l u t i o n  of  t h e  s t a t i c  c o n s t r a i n e d  HF problem 
6(H - XQ? = 0 w i t h  X as a Lagrange m u l t i p l i e r .  A i s  t h e  t o t a l  Hami l t on ian  o f  t h e  
system i n c l u d i n g  t h e  e f f e c t i v e  (e.g.  Skyrme) nucleon-nucleon i n t e r a c t i o n .  The v i r t u e  
o f  eqs. ( 1 ) - ( 3 )  i s  t h a t  t h e  express ions on t h e  r . h . s .  a r e  s t a t i c  HF e x p e c t a t i o n  v a l -  
ues wh ich can be eva lua ted  semic1ass;cally w i t h  t h e  s t a t i c m u n c t i o n a l s  ( a t  t h e  
p o s s i b l e  c o s t  o f  m i s s i n g  s h e l l  e f f e c t s  which, however, a r e  v e r y  smal l  f o r  t h e  g i a n t  
resonance energ ies ,  see F ig .1  below);  hereby i t  i s  e s s e n t i a l  t h a t  t h e  commutators i n  
eq. (1) be eva lua ted  quantum-mechanical l y .  The knowledge o f  t h e  t h r e e  moments ( 1 ) - ( 3 )  
a l l o w s  one t o  e s t i m a t e  t h e  mean energy E o f  a  g i a n t  resonance peak by  t h e  i n e q u a l i t y  

E ~ < ~ < E ~ .  E ~ =  /-, ( 4 )  

and i t s  w i d t h  r f o r  wh ich  i-12 i s  an upper bound. 
A 

One-body e x c i t a t i o n  ope ra to rs  Q which commute w i t h  t h e  two-body f o r c e  i n  H (e.9. 
l o c a l  and ve loc i t y - i ndependen t  i s o s c a l a r  o p e r a t o r s  i n  connec t i on  w i t h  Skyrme f o r c e s )  
can be understood as genera tors  o f  c o l l e c t i v e  s c a l i n g - t y p e  deformat ions  a  by means 
o f  u n i t a r y  t r a n s f o r m a t i o n s  o f  t h e  HF ground s t a t e :  

Here d i s  r ecogn i zed  as a  d isp lacement  f i e l d  d e f i n i n g  t h e  v e l o c i t v  f i e l d  7 = & ( t )  a 
which s a t i s f i e s  t h e  c o n t i n u i t y  equa t i on  dp/Eit + V - (pv )  = 0, where p(?,a(t))  i s  t h e  
sca led  HF ground s t a t e  d e n s i t y .  The moment m l  i s  then e a s i l y  shown t o  be p r o p o r t i o n a l  
t o  t h e  hydrodynamical  i n e r t i a l  parameter B,: 

and m3 i s  found t o  be one -ha l f  o f  t h e  harmonic o s c i l l a t o r  s p r i n g  cons tan t  Ca of t h e  
sca led  HF energy: 

Thus, t h e  energy E  i n  ( 4 )  i s  equal  t o  t h e  ( f i r s t )  v i b r a t i o n a l  e x c i t a t i o n  energy of  
t h e  c o l l e c t i v e  sca? ing Hamil t o n i a n  

i n  t h e  harmonic approx imat ion :  

Care shou ld  be taken i n t r o d u c i n g  t h e  s t a t i c  s e m i c l a s s i c a l  f u n c t i o n a l s  & fk~ t a k i n g  
t h e  d e r i v a t i v e  d2/da2 i n  eq.(7); i n t e r c h a n g i n g  t h i s  o r d e r  wou ld  l e a d  t o  t h e  hydrodyn- 
amica l  (and thus o f t e n  t h e  wrong) s p r i n g  cons tan ts  Ca. 

The s c a l i n g  approach can be gene ra l i zed  t o  a  s e t  o f  coup led modes ai (i=1,2,. ..M) 



generated by M opera to rs  Q i  /18,20,27,28/. The problem then c o n s i s t s  i n  f i n d i n g  t h e  
e igen f requenc ies  wn o f  t h e  c o l l e c t i v e  Hami l t on ian  

N 
1 

H 

H~~~~ = ~ C B ~ ~  ~l~(li + - C c i j  n i a j  + tHF 
2  i,j*4 

(10 )  
2  L,,=4 

by s o l v i n g  t h e  m a t r i x  equa t i on  

2  ( C - w n B ) Z n  = 0  (n=1,2, ... M) 

w i t h  2 2 B 1 J = m i  = fi t o  I [ Q ~ , ~ ~ , Q , J I  I o l ,  
c . .  = 

1 J 
2 m 3 ( i , j )  = - ( 0  1 [?i,[H",~.ll J I 0 ) .  

E x p l o i t i n g  t h e  gene ra l i zed  Thouless theorem /26/ f o r  t h e  mixed moments 

where IT) and En a r e  t h e  RPA s t a t e s  and energ ies ,  r e s p e c t i v e l y ,  one can e a s i l y  show 
t h a t  t h e  M eigenmodes d e f i n e d  by e q . ( l l )  exhaust t h e  m l  and m  RPA sum r u l e s  e q s . ( l ) ,  
( 2 )  f o r  any o p e r a t o r  Q wh ich  can be expanded i n  terms o f  t h e  ? i n i t e  b a s i s  o f  t h e  Q i .  
( I n  p r a c t i c e  i t  may be e a s i e r  - and sometimes more p h y s i c a l  - n o t  t o  s t a r t  from 
a  guess o f  t h e  ope ra to rs  Q .  b u t  r a t h e r  t o  i n t r o d u c e  some reasonab ly  chosen c o l l e c t i v e  
v a r i a b l e s  CL. and t o  r e c o n s t r u c t  t h e  ji and Qi by s o l v i n g  t h e  cor respond ing c o n t i n u i t y  
equat ions  /18,20,28/.) 

A  d i f f e r e n c e  o f  t h e  above approach t o  t h e  f l u i d -dynamica l  one (e.g. re fs . /14 ,16/ )  
i s  t h a t  i n  t h e  l a t t e r  one a u t o m a t i c a l l y  i s  l e d  t o  an i n f i n i t e  s e t  o f  eigenmodes. Th i s  
i s  ma themat i ca l l y  s a t i s f y i n g ,  b u t  has t h e  consequence t h a t  many ( i . e .  a lmost  a l l )  of  
t h e  eigenmodes l i e  a t  ene rg ies  where t h e  model does n o t  a p p l y  (e .g .  above t h e  p i o n  
t h r e s h o l d )  and thus some o f  t he  c o l l e c t i v e  s t r e n g t h  may appear i n  unphys i ca l  s t a t e s .  

The t rea tmen t  o f  i s o v e c t o r  ( I = l )  g i a n t  resonances and o p e r a t o r s  Q  i s  more d i f f i c -  
u l t .  The non-zero commutators o f  Q  w i t h  t h e  two-body f o r c e  i n  t h i s  case g i v e s  a d d i t -  
i o n a l c o n t r i b u t i o n s  t o  t h e  moments m l  and m3 which a r e  u s u a l l y  expressed through t h e  
so -ca l l ed  ' a c c e l e r a t i o n  f a c t o r s '  K ~ .  A1 though these may i n  p r i n c i p l e  be i n c o r p o r a t e d  
i n  t h e  s c a l i n g  approach /12/,  t h i s  becomes r a t h e r  i n v o l v e d  i n  p a r t i c u l a r  when e v a l -  
u a t i n g  m 3 ( i , j )  i n  a  mu l t i d imens iona l  t r ea tmen t .  

I n  t h e  f o l l o w i n g  we s h a l l  i l l u s t r a t e  t h e  above. ideas w i t h  ti few examples. A  more 
exhaus t i ve  p r e s e n t a t i o n  o f  o u r  c a l c u l a t i o n s  i s  i n  p r e p a r a t i o n  /20/. We used through-  
o u t  t h e  Skyrme f o r c e  SkM* /1,29/ and t h e  f u l l  ETF f u n c t i o n a l s  up t o  f o u r t h  o r d e r  i n  
h /1,7,8/; so f a r  o n l y  s p h e r i c a l  n u c l e i  were cons idered.  

I n  F i g .  1 we demonstrate t h e  smal lness o f  t h e  s h e l l  e f f e c t s  i n  t h e  ene rg ies  E3 ( 9 )  
eva lua ted  f o r  some g i a n t  resonances as f u n c t i o n s  o f  t h e  p a r t i c l e  number A. The oper-  
a t o r s  Q chosen f o r  c a l c u l a t i n g  ml and m3 a r e  

A 

Q = r f o r  o*, I = o  ( i s o s c a l a r  monopole), 
( 5 9  

(15 )  

Q = r ( i )  f o r  o', I = l  ( i s o v e c t o r  monopole), 
l - 3  

( 16 )  

A 
Q  = r: P2(cosBi) f o r  2*, 1=0 ( i s o s c a l a r  quadrupo le) .  ( 17 )  

('31 

I n  t h e  i s o v e c t o r  monopole case, t h e  a c c e l e r a t i o n  f a c t o r s  were neg lec ted  (see, howev- 
e r ,  Tab. 2 be low) .  The s o l i d  l i n e s  show t h e  semic lass i ca l  va lues o f  E3,  eva lua ted  
w i t h  t h e  s t a t i c  ETF f u n c t i o n a l s  f o r  s p h e r i c a l  n u c l e i  a l ong  a  smooth f i t  t o  t h e  6- 
s t a b i l i t y  v a l l e y  i n  t h e  (N,Z)-plane. They a r e  seen t o  g i v e  an e x c e l l e n t  approximat ion.  
t o  t h e  m ic roscop i c  HF va lues which a r e  shown by  c rosses f o r  a  sample o f  cor respond ing 
n u c l e i . ( T h e i r  shapes were c o n s t r a i n e d  t o  be s p h e r i c a l  i n  t h e  HF c a l c u l a t i o n s . )  We 
shou ld  ment ion  a t  t h i s  p l a c e  t h a t  t h i s  c l o s e  agreement between HF and s e m i c l a s s i c a l  
r e s u l t s  i s  n o t  found f o r  t h e  ene rg ies  El i n  a l l  cases; t h e  moments rn-1 i n  some modes 
a r e  much more s e n s i t i v e  t o  s h e l l  e f f e c t s  (see Tab. 2  and t h e  d i scuss ion  be low) .  
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Tab. 1: 

Eigenmode energ ies  hwi ( i =1 ,2 )  o f  coup led b u l k  d e n s i t y  and su r face  s t i f f n e s s  mon- 
opo le  (0') v i b r a t i o n s  ob ta ined  s e m i c l a s s i c a l l y  f o r  6 s p h e r i c a l  n u c l e i  w i t h  t h e  
SkMSfo rce .  The exper imenta l  GMR peak ene rg ies  a r e  taken f rom a  c o m p i l a t i o n  i n  
r e f .  1301 f o r  t h e  i s o s c a l a r  ( I=O)  and f rom r e f .  1311 f o r  t he  i s o v e c t o r  ( I = l )  case. 
A l s o  shown a r e  t h e  percentages o f  t h e  ml and t h e  m  sum r u l e s  f o r  t h e  e x c i t a t i o n  
ope ra to rs  eqs. (15,19). The a c c e l e r a t i o n  f a c t o r s  wgre neg lec ted  i n  t h e  I = 1  case. 

~ O - I I I I ~ I ~  F i g .  1: 

E - GR ene rg ies  E ~ = { W  ( w i t h o u t  a c c e l -  

30 - e r a t i o n  f a c t o r s  f o r  t h e  1=1 monopole) 
versus nuc leon number A .  

(MeV) Crosses: HF va lues,  
s o l i d  l i n e :  ETF va lues f o r  n u c l e i  a l ong  
t h e  6 - s t a b i l i t y  v a l l e y  i n  t h e  (N,Z)- 

Note t h e  smal l  d i f f e r e n c e s  which a r e  
e s s e n t i a l 7 y  due t o  t h e  s h e l l  e f f e c t s .  

10 - (M ino r  smooth d i f f e r e n c e s  i n  t h e  l i g h t  

The i dea  o f  t he  gene ra l i zed  s c a l i n g  model w i t h  coup led c o l l e c t i v e  modes was ap- 
p l i e d  t o  t h e  g i a n t  monopole resonances (GMR, " b r e a t h i n g  modes") i n  r e f s .  /18,20,28/. 
The ground-s ta te  d e n s i t i e s  o f  neut rons and p ro tons  were paramet r ized by Fermi func- 
t i o n s :  

pq ( * )  = p o q . [ l  + exp { ( r -Rq ) /oq l  ] -'q. ( q - n , ~ )  (18 )  

- x x  HF - ETF 

The b u l k  d e n s i t i e s  p  and t h e  s u r f a c e  d i f f u s e n e s s  parameters a were taken  as c o l -  
oq 9  

l e c t i v e  v a r i a b l e s  o s c i l l a t i n g  i n  t i m e  ( t h e  r a d i i  Rq be ing  a d j u s t e d  such as t o  keep 

n u c l e i  may a l s o  stem from an i n s u f f i c -  
i e n t  p a r a m e t r i z a t i o n  o f  t h e  nuc leon 
d e n s i t i e s  i n  t h e  ETF c a l c u l a t i o n . )  

o ~ ' l " " l "  loo Is0 200 2K) The c a l c u l a t i o n s .  Skyrme f o r c e  SkM* was used i n  bo th  
A 



t h e  nucleon numbers N and Z constant ;  t h e  yq  a r e  kep t  cons tan t  a t  t he  g.s. va lues ) .  
For  i s o s c a l a r  ( I=O)  v i b r a t i o n s  one imposes 3 0 n ( t ) / ~ 0 n ( 0 )  = ~ ~ ~ ( t ) / p ~ ~ ( O ) ,  f o r  i sovec-  
t o r  v i b r a t i o n s  ( I = l )  Zpon( t ) /pon(0)  = - N V ~ ~ ( ~ ) / P ~ ~ ( O ) ,  and ana logous ly  f o r  t h e  par -  
ameters a q ( t ) .  S o l v i n g  eq. (11)  g i ves  two eigenmodes i n  each case. The l ower  modes 
a r e  dominated by  t h e  b u l k  d e n s i t y  o s c i l l a t i o n  and can be i d e n t i f i e d  w i t h  t h e  experim- 
e n t a l l y  observed GMR peak energ ies ,  whereas t h e  h i g h e r  ones a r e  dominated by t h e  su r -  
face o s c i l l a t i o n  and have n o t  y e t  been i d e n t i f i e d  expe r imen ta l l y .  ( T h e i r  t r a n s i t i o n  
d e n s i t i e s  t y p i c a l l y  have two nodes i n  t h e  su r face  r e g i o n  /18,20/ and a r e  v e r y s i m i l a r  
t o  t he  ones o f  h i g h e r  l y i n g  Ot s t a t e s  found a l s o  i n  RPA c a l c u l a t i o n s  /D.Gogny, p r i v -  
a t e  communicat ion/ . )  

I n  Tab. 1 we show t h e  eigenmode energ ies  %i ( i = 1 , 2 )  ob ta ined  f o r  some s p h e r i c a l  
n u c l e i .  The i s o s c a l a r  r e s u l t s  ( I=O) correspond t o  those o f  r e f .  /18/ ,  b u t  u s i n g  y q f l  
f o r  t he  g.s. d e n s i t i e s  (18 )  i n  t h e  v a r i a t i o n a l  ETF c a l c u l a t i o n .  As a l ready  observed 
i n  r e f .  /18/, t h e  agreement w i t h  t h e  exper imenta l  GMR peak energ ies  ( g i v e n  i n  Tab. 1 
w i t h  e r r o r  b a r s )  i s  e x c e l l e n t .  A  s i m i l a r l y  good agreement i s  a l s o  found /20/ f o r  t h e  
lower  i s o v e c t o r  modes w i t h  t h e  newly measured Ot, 1=1 energ ies  /31/ .  T h i s  agreement 
i s ,  however, a c c i d e n t a l  s i n c e  t h e  a c c e l e r a t i o n  f a c t o r s  ( i . e .  t h e  commutators o f  t h e  
ope ra to rs  Qi w i t h  t h e  Skyrnie f o r c e )  have been neg lec ted  here .  T h e i r  i n f l u e n c e  w i l l  be 
d iscussed i n  connect ion  w i t h  Tab. 2  below. We a l s o  show i n  Tab. 1 t h e  percentages o f  
t he  m l  and m3 sum r u l e s  f o r  t h e  o p e r a t o r  eq. ( 1 5 )  i n  t he  1-0 and t h e  o p e r a t o r  

i n  t he  I = 1  case. ( T h i s  o p e r a t o r  i s  more c o r r e c t  than t h a t  o f  eq. (16)  which leads t o  
a  smal l  1=0 component i n  n u c l e i  w i t h  N#Z.) The d i s t r i b u t i o n  o f  s t r e n g t h  ove r  t h e  two 
modes r e f l e c t s  t h e  impor tance o f  t h e  surface component o f  t h e  o s c i l l a t i o n s ,  which i s  
e s p e c i a l l y  pronounced f o r  l i g h t  n u c l e i  i n  t he  i s o v e c t o r  modes, due t o  a  l a r g e r  coup- 
l i n g  of t h e  two modes through the  o f f - d i a g o n a l  m a t r i x  elements B l p  and C12. The r e -  
s u l t  of  t h i s  c o u p l i n  i s  t o  push t h e  e igen f requenc ies  w j  f u r t h e r  a p a r t  f r om t h e i r  un- 
coup led p o s i t i o n s  Jhi . Th is  i s  demonstrated a l s o  i n  F i g .  2  f o r  t h e  i s o v e c t o r  
GMR. The do ts  w i t h  e r r o r  bars  and t h e  crosses connected by a'dashed l i n e  show t h e  ex- 
pe r imen ta l  GMR peak energ ies  and t h e  lower  e igenenerg ies  %dl ,  r e s p e c t i v e l y ,  f rom T a u .  

t 

4 0  

(MeV 

lswector monopole resonance 
( o + , l = l )  

f exp. ++ 
- 

- -,,-, Theory ETF (SkM*) 

I I I I I I I I I 

F ig .  2: 

I s o v e c t o r  GMR energ ies  ob ta ined  i n  t h e  gene ra l i zed  s c a l i n g  model ( w i t h o u t  acce le r -  
a t i o n  f a c t o r s ) .  S o l i d  l i n e :  Energy E3 w i t h  o p e r a t o r  eq. (19 ) .  Crosses connected by 
dashed l i n e :  l owes t  eigenenergy fiul o f  two coup led modes (see t e x t ) .  ETF f u n c t i o n a l s  
and SkM* f o r c e  used. Exper in lental  p o i n t s  f rom Los Alamos (n*,ro) measurements /31/. 
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The s o l i d  l i n e  r e s u l t s  f rom a  one-dimensional  sem ic lass i ca l  s c a l i n g  c a l c u l a t i o n  and 
corresponds t o  t h e  eneray E3 ( w i t h o u t  a c c e l e r a t i o n  f a c t o r s )  w i t h  t h e  o p e r a t o r  Q eq. 
(19) .  T h i s  s c a l i n g  i m p l i e s  a  f i x e d  r a t i o  between su r face  and b u l k  d e n s i t y  v i b r a t i o n s  
( r a t i o  -1/3 between r e l a t i v e  changes i n  aq and pOq, see r e f . / l 8 / ) .  L e t t i n g  t h e  su r -  
face va ry  f r e e l y  i n  t h e  two-dimensional  c a l c u l a t i o n  lowers  t h e  e n e r g i e s n w l ,  espec- 
i a l l y  f o r  t h e  l i s h t e r  n u c l e i ,  l e a d i n g  t o  a  somewhat b e t t e r  agreement o f  t h e i r  A-dep- 
endence w i t h  exper iment.  I t  would be i n t e r e s t i n g  i f  exper iments f o r  t h e  1=1 GMR c o u l d  
be made a l s o  f o r  n u c l e i  l i g h t e r  than 4 0 ~ a ,  s i n c e  t h e r e  t h e  p r e d i c t e d  d i f f e r e n c e s  be- 
tween t h e  r e s u l t s  w i t h  one and two c o l l e c t i v e  v a r i a b l e s  would exceed t h e  expected e r -  
r o r  bars  o f  t h e  peak energ ies .  The importance o f  t h e  su r face  d i f f useness  degree of  
freedom f o r  t h e  0+, 1=1 mode has a l s o  been recogn ized i n  r e f .  /32/ .  

Tab. 2: 

A c c e l e r a t i o n  f a c t o r s  ~ 1 ,  sum r u l e s  m-1 and energ ies  E l  f o r  t h e  
i s o v e c t o r  monopole o p e r a t o r  Q eq. ( 1 9 ) ,  c a l c u l a t e d  f o r  t h r e e  
s p h e r i c a l  n u c l e i  w i t h  t h e  SkM* f o r c e .  Both sem ic lass i ca l  (ETF) 
and Hartree-Fock (HF) r e s u l t s  a r e  g i ven .  

40Ca 

go,, 

20epb 

1 n . o r d e r  t o  check t h e  importance o f  t h e  a c c e l e r a t i o n  f a c t o r s  neg lec ted  so f a r ,  we 
have c a l c u l a t e d  t h e  f u l l  moment m l  i n c l u d i n g  t h e  Skyrme f o r c e  f o r  t h e  i s o v e c t o r  mono- 
p o l e  o p e r a t o r  Q eq. (19 ) .  E v a l u a t i n g  t h e  commutators i n  eq. ( 2 )  g i ves  

where t. und x i  a r e  Skyrme f o r c e  parameters.  The va lues o f  t h e  a c c e l e r a t i o n  f a c t o r  KI 

de f i ned i i n  eq. (20 )  a r e  g i ven  i n  Tab le  2  f o r  t h r e e  s p h e r i c a l  n u c l e i .  They were e v a l -  
ua ted  bo th  m i c r o s c o p i c a l l y  (HF) and s e m i c l a s s i c a l l y  (ETF u s i n g  t h e  d e n s i t y  pa rame t r i -  
s a t i o n  eq. ( 1 8 ) ) .  The d i f f e r e n c e s  a r e  1.4% f o r  Ca and l e s s  than 1% f o r  medium and hea- 
vy n u c l e i .  We a l s o  g i v e  i n  Tab. 2  t h e  moments m- l  and energ ies  El f rom which t h e  m i  
can e a s i l y  be gained, see eq. ( 4 ) .  The m l  va lues d i f f e r  by l e s s  than 1% between ETF 
and HF i n  a l l  n u c l e i ;  thus ,  t h e  1.3% d i f f e r e n c e  i n  t h e  mean square r a d i i  o f  Ca /1/ 
m o s t l y  cance ls  t h a t  i n  t h e  ~1 va lues.  

Much l a r g e r  d i f f e r e n c e s  between HF and ETF va lues are ,  however, found f o r  t h e  s t a -  
t i c  p o l a r i s a b i l i t i e s  m-1 and thus a l s o  f o r  t h e  energ ies  E  . These d i f f e r e n c e s  revea l  
a  r a t h e r  s t r o n g  s h e l l  e f f e c t  i n  t h e  p o l a r i s a b i l i t i e s  m-l,lamounting t o  -22% i n  Ca 
and -12% i n  t h e  medium and heavy n u c l e i .  I t i s  n o t  t o o  s u r p r i s i n g  t h a t  t h e  response 
t o  a  s t a t i c  e x t e r n a l  c o n s t r a i n i n g  f i e l d ,  i n  wh ich  the  s i n g l e  p a r t i c l e  s t a t e s  have 
t ime  t o  r e a d j u s t  t h e i r  o r b i t s ,  i s  s e n s i t i v e  t o  s h e l l  e f f e c t s .  An even more d r a s t i c  
example would be t h e  quadrupole p o l a r i s a b i l i t i e s  ( i . e .  t h e  m- w i t h  Q eq . (17) )  of. 
heavy n u c l e i ,  which a r e  wel l -known t o  be dominated by t h e  s h e t l  e f f e c t s  ( t h e  sen i -  
c l a s s i c a l  o r  l i q u i d  drop p a r t  o n l y  c o n t r i b u t i n g  a  f r a c t i o n ,  see r e f s .  /5,6/). 

HF c a l c u l a t i o n s  f o r  t h e  i s o v e c t o r  GMR were r e p o r t e d  a l s o  i n  r e f .  /33/. These 
au tho rs  used, however, t h e  e x c i t a t i o n  o p e r a t o r  Q eq. (16 ) .  I n  4 0 ~ a ,  where t h e r e  i s  no 
d i f f e rence  t o  t h e  one i n  eq. (19)  wh ich  we have used, o u r  HF r e s u l t s  f o r  m-1 and E 
#agree e x a c t l y  n  N+Z n u c l e i  t h e y  o b t a i n  spur iaus i s o s c a l a r  (I=O) admix tures  amount- 
i n g  e.g. f o r  208Pb t o  -2.3 MeV i n  E l .  

El [MeV] 
ETF HF 

34 .7  30 .7  

32 .8  30 .7  

2 9 . 0  2 7 . 2  

X 
1 

ETF HF 

0.251 0.242 

0.295 0.297 

0.333 0.332 

-1 4 
r n - ~  [Mev f m  I 

ETP RF 

38 .7  4 9 . 4  

163 185 

872 986 



F i g .  3 :  

Nuc lea r  g i a n t  resonance energ ies  versus 
temperature  T. 
S o l i d  l i n e s :  HF r e s u l t s ,  dashed l i n e s :  
s e m i c l a s s i c a l  ETF r e s u l t s .  

2' ( I=O)  : energy E3 w i t h  o p e r a t o r  (17 ) .  

0' ( I =O) :  upper l i n e :  E3, l ower  l i n e :  E l  
bo th  w i t h  o p e r a t o r ( l 5 ) .  The d i f f e r e n c e  
(:shaded a rea )  i s  a  measure f o r  t h e  
w i d t h  T. 

1- ( I = l ) :  energy E l  i n c l u d i n g  ~1 (see / r e f .  /19/ f o r  d e t a i l s ) .  

7 she1 1  e f f e c t  w i t h  i n c r e a s i n g  temperature.  

The SkM* f o r c e  was used i n  a l l  cases 
2+(I= 0) 

0 I I I I 
0 1 2 3 4 

T (MeV) 

The HF va lues f o r  E l  i n  Tab. 2 a r e  seen t o  be i n  reasonab le  agreement w i t h  t h e  ex- 
pe r imen ta l  peak energ ies  i n  Tab. 1, t a k i n g  t h e  r a t h e r  l a r g e  e r r o r  bars  o f  t h e  l a t t e r  
i n t o  account.  Note t h a t  a  s i m i l a r  agreement would be ob ta ined  a l s o  f o r  t h e  ETF values 
o f  E l  i f  t h e  ~1 f a c t o r s  were neg lec ted;  t h i s  would, however, be due t o  a  f o r t u i t o u s  
c a n c e l l a t i o n  o f  two comp le te l y  d i f f e r e n t  e r r o r s ,  namely t h e  omiss ion o f  ~1 and o f  t h e  
s h e l l  e f f e c t s  i n  m-1. 

We f i n a l l y  want t o  comment b r i e f l y  on t h e  temperature  dependence o f  t h e  c a l c u l a t e d  
n u c l e a r  g i a n t  resonance energ ies .  (See a l s o  t h e  f o l l o w i n g  paper /23/ where a  more de- 
t a i l e d  d i scuss ion  o f  t h e  f i n i t e  temperature approach i s  found.)  We l i m i t  ou rse l ves  
here  t o  temperatures up t o  T1-4 MeV ( k = l )  where t h e  cont inuum e f f e c t s  p l a y  a  m ino r  
r o l e  and t h e  d e n s i t y  p a r a m e t r i s a t i o n  eq. (18)  i s  s u f f i c i e n t .  

I n  F i g .  3 we p resen t  t h e  ene rg ies  o f  va r i ous  modes as f u n c t i o n s  o f  t h e  temperature  
(see t h e  exp lana t i ons  i n  t h e  f i g u r e  c a p t i o n ) .  They a r e  seen t o  va ry  v e r y  l i t t l e  ( o r  
n o t  a t  a l l  i n  t h e  2+ mode), except  f o r  t h e  i s o v e c t o r  monopole case (O+, I = l ) .  Here 
we g i v e  t h e  energy E l  u s i n g  t h e  o p e r a t o r  Q eq. (19 )  and i n c l u d i n g  t h e  ~1 f a c t o r  bo th  
i n  HF ( s o l i d  l i n g )  and i n  ETF (dashed l i n e )  approx imat ion .  The s h e l l  e f f e c t  d iscussed 
above f o r  T=O i s  seen t o  decrease w i t h  i n c r e a s i n g  temperature  and t o  p r a c t i c a l l y  van- 
i s h  f o r  T p 3  MeV, as expected. We do n o t  b e l i e v e  t h a t  t h e  i s o v e c t o r  GMR i s  l i k e l y  t o  
be measured f o r  e x c i t e d  n u c l e i ,  b u t  we show these r e s u l t s  as ano the r  n i c e  example f o r  
t he  disappearance o f  t h e  s b e l l  e f f e c t s  a t  T  2 3  MeV e n a b l i n g  t h e  use o f  t h e  semiclas- 
s i c a l  approx imat ion .  We r e f e r  t o  r e f .  /20/ f o r  a  more d e t a i l e d  d i scuss ion  of  t h e  f i n -  
i t e  temperature  r e s u l t s  and o f  t h e  d i p o l e  ( I - ) ,  quadrupole ( 2 + )  and oc tupo le  (3 - )  
modes. 

We acknowledge s t i m u l a t i n g  d i scuss ions  w i t h  E . L i p p a r i n i ,  J. and J.P. da ProvidOn- 
c i a  and S . S t r i n g a r i .  Two o f  us (P.G. and M.B.) acknowledge t h e  w a n  h o s p i t a l i t y  o f  
t h e  I n s t i t u t  de Physique N u c l 6 a l r e  a t  t h e  U n i v e r s i t e  de Lyon, where p a r t  o f  t h i s  work 
was achieved. 
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