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R6sum6 - Nous pr6sentons un modgle decr ivant  l ' a t t 6 n u a t i o n  de 1 1 i n t e n s i t 6  des 
t r a n s i t i o n s  1 p a r t i c u l  e-1 t rou  dans des e x c i t a t i o n s  plus complexes. Les canaux 
2 par t i cu les -2  t rous  sont t r a i t &  expl ic l tement  tandis  que l e s  conf igurat ions 
d'ordre p lus grand 1 e sont approximativement. Nous empl oyons pour 1 a fonct ion 
de r6ponse l i n g a i r e  une expression gquiva lent  Z l a  d iagonal isat ion de l ' i n t e r -  
ac t ion  r6sSduelle dans l e s  sous-espaces I p - l t  e t  2p-2t combin6s. Les ' p l i c a -  
f&ns pour l e s  e x c i t a t i o n s  de p a r i t 6  n a t u r e l l e  e t  non n a t u r e l l e  dans '!lr e t  

Pb sont discut6es. 

Abst ract  - We present a model which describes damping o f  l p - l h  t r a n s i t i o n  
s t rength i n t o  more complicated nuclear exc i ta t ions .  2p-2h decay channels are 
t rea ted  e x p l i c i t l y  and h igher  conf igurat ions i n  an approximate way. We use an 
expression f o r  the l i n e a r  response func t ion  which i s  equiva lent  t o  a diagonal- 
i z a t i o n  o f  the res idual  i n t e r a c t i o n  i n  the  combined l p - l h  and 2p-2h subs aces. 
Imp l i ca t ions  f o r  na tu ra l  and unnatural p a r i t y  exc i ta t ions  i n  " ~ r  and ''$b are 
discussed. 

I - INTRODUCTION 

The microscopic understanding o f  damping o f  nuclear c o l l e c t i v e  motion has a t t r a c t e d  
theore t i ca l  i n t e r e s t  i n  the l a s t  few years. Considerable progress has been made es- 
p e c i a l l y  f o r  simple nuclear e x c i t a t i o n s  l i k e  s i n g l e - p a r t i c l e  and v i b r a t i o n a l  s ta tes 
(see r e f .  1 f o r  a recent review). 

Generally two damping mechanisms can be i d e n t i f i e d  f o r  v ibrat ions:  

( i )  pure mean f i e l d  damping which gives r i s e  t o  a spreading o f  I p - l h  s t rength due t o  
s h e l l  s t ruc tu re  ("fragmentat ion width")  and a broadening above the  continuum thresh- 
o l d  due t o  p a r t i c l e  emission ("escape w id th " ) .  

( i  i damping from res idual  two-body c o l l i s i o n s ,  which couple the l p - l h  doorway 
states t o  nuclear compound states ("spreading width").  

With increasing mass number mean f i e l d  e f f e c t s  become less  important 121, a t  l e a s t  
f o r  1 ow energy resonances, and the decay 1 argely proceeds v i a  more complicated 
s tates.  Thei r  l e v e l  densi ty  increases r a p i d l y  w i t h  e x c i t a t i o n  energy and microscopic 
descr ip t ions o f  damping become d i f f i c u l t  because o f  the enormous number o f  s ta tes t o  
be taken i n t o  account. 

We present a model which t r e a t s  l p - l h  and 2p-2h s tates e x p l i c i t l y  and h igher  com- 
pound states i n  an approximate way. I n  the r e s t r i c t e d  space of l p - l h  and 2p-2h exc i -  
t a t i o n s  a d i a g ~ n a l i z a t i o n  i t e r a t e s  the p-h i r r e d u c i b l e  diagrams o f  order v2 t o  a l l  
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orders. This procedure i s  equiva lent  t o  a d iagonal izat ion o f  V i n  the f u l l  subspace 
/ 3 / .  Since a l l  2p-2h conf igurat ions i n  a model space o f  two major s h e l l s  above and 
below the Fermi surface are re ta ined  the model i s  espec ia l l y  powerful f o r  descr ib ing 
the high energy d ispers ion o f  strength. 

I n  sect ion I 1  we g ive  a b r i e f  o u t l i n e  o f  the  theory and sect ion I 1 1  presents r e s u l t s  
f o r  and 208~b.  F i rs t ,na tu ra l  p a r i t y  e x c i t a t i o n s  are discussed. We a lso  present 
t h e  i s o b a r i c  analog s t a t e  (IAS) which i s  an approximate e igenstate o f  the nuclear 
hamil tonian. This cons t i tu tes  a s t r i n g e n t  t e s t  for  models o f  s t rength dispersion. 
Furthermore i sosp in  in te r fe rence  e f f e c t s  enhanced by 2p-2h coupl ing a re  considered 
f o r  the quadrupole response i n  '08Pb. I n  the sector of unnatural p a r i t y  e x c i t a t i o n s  
we show r e s u l t s  f o r  " the t w i s t  mode", a  mode propagatin v i a  transverse zero sound. 
The h igh energy d ispers ion o f  Ganow-Teller s t rength i n  "Zr and '08Pb i s  a lso  d i s -  
cussed. 

I 1  - OUTLINE OF THE MODEL 

The d i s t r i b u t i o n  o f  nuclear t r a n s i t i o n  s t rength S t o  a weak external  pe r tu rba t ion  

i s  given by the l i n e a r  response f u n c t i o n  

- Im - - -  
x npnh 1 rl ~ + l ( n p n h ) x ( n ~ ~ n ' h ) l  Q l >  cnn.(w+iq)-' 

n 'ph 'h  

w i t h  

Here H i s  the f u l l  nuclear hamil tonian, I > t h e  exact ground s t a t e  w i t h  energy Eo 
and q an i n f i n i t e s i m a l  p o s i t i v e  quant i ty .  The c a l c u l a t i o n  o f  S involves invers ion  Q 
o f  the complex m a t r i x  Cnn,, which i s  o f  course impossible due t o  the  huge number o f  
s ta tes involved. Empir ica l ly ,  however, the s t rength funct ion exhi b i t s  gross s t ruc -  
tu res  due t o  the f a c t  t h a t  Q i s  a  one body operator and the main c o n t r i b u t i o n  t o  SQ 
comes from n=nl=l. Therefore t o  a very good approximation we only need the inverse 
o f  Cnn1 i n  the space o f  l p - l h  exc i ta t ions .  I n  terms of a p r o j e c t o r  P onto t h i s  space 

we obta in 

The operator 1-P p ro jec ts  onto the space complementary t o  lp - lh ,  i.e. contains 2p-2h 
and higher exc i ta t ions .  I n  the s p e c i f i c  c a l c u l a t i o n  presented below the l p - l h  model 
space i s  spanned by 2 major s h e l l s  above and below the Fermi surface ( w i t h  d iscre-  
t i z e d  continuum s ta tes ) .  The hamil tonian H has been s p l i t  i n t o  a mean f i e l d  p a r t  Ho 
and a res idual  i n t e r a c t i o n  V. V can only couple np-nh s ta tes  w i t h  n<2 t o  the l p - l h  
doorway, i - e .  the  entrance channel f o r  the  decay i s  given by the Zp-2h s ta tes  only. 

We t runcate 1-P a t  t h i s  l e v e l  



and t r e a t  the more complicated s tates n=n1>2 on the average by in t roduc ing  a f i n i t e  
imaginary p a r t  i A  i n  the 2p-2h propagator (A = 3 MeV i s  used). Furthermore V i s  neg- 
l e c t e d  i n  the 2p-2h space which i s  a reasonable approximation a t  h igh frequencies 
since the l e v e l  densi ty  P2p2h (~  i s  la rge  and the d e t a i l e d  energy d i s t r i b u t i o n  u n i m  
por tant .  A f i n i t e  i A  i n  the  2p-2h propagator a lso compensates f o r  the neglected re-  
s idual  i n t e r a c t i o n  i n  the 2p-2h space which r e d i s t r i b u t e s  the s t rength coupl ing t o  
the l p - l h  states. The i n t e r a c t i o n  diagrams which are i t e r a t e d  by eq. (2.4) are given 
i n  Fig. 1. To order v2 we have selfenergy i n s e r t i o n s  on the p a r t i c l e  o r  ho le l i n e  
(which are diagonal i n  the  l p - l h  ind ices )  and ph-l inked diagrams i n  which e i t h e r  a 
ph-pair (bubble diagram) o r  a pp- o r  hh-pair ( ladder  diagram) i s  exchanged between 
ph-states. Since the se t  o f  v2 diagrams i s  complete one can show t h a t  SQ(w) i s  pos i -  
t i v e  d e f i n i t e  f o r  a l l  f requencies w>O. 

Fig. 1 - I n t e r a c t i o n  diagrams up t o  order v2 i t e r a t e d  i n  SQ (eg. (2.4)). 

We have chosen a phenomenological nuclear hamil tonian 

n2 H o = - m A  + U ( r )  

where U(_r) i s  a Woods-Saxon we l l .  The nucleon e f f e c t i v e  mass m* i s  an adjustable 
parameter. V i s  approximated by an antisymmetrized zero range i n t e r a c t i o n  

w i th  1 inear  densi ty  dependence 

The parameters o f  V and m*/m used are 1 i s t e d  i n  Table 1. 

Table 1 - Strength of the res idual  i n t e r a c t i o n  V as spec i f i ed  i n  eq. (2.7) i n  Me1 
fm3. The two values f o r  the i n t e r p o l a t i o n  rad ius Ro are i n  ' O Z ~  and '08pb respec, 
t i v e l y .  
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To discuss q u a l i t a t i v e  features o f  the  response func t ion  SQ i t  i s  usefu l  t o  def ine 
operator averaged q u a n t i t i e s  l i k e  the average ph energy 

the average i n t e r a c t i o n  s t rength t o  f i r s t  order  

< v l Q  = 1 Q ~ ~ v ~ ~ ~ ~ ~ ~ Q ~ ~ ~ ~ ~ ~  Q ~ ~ Q ~ ~  
Y h  P h 

P h '  
and the  frequency dependent second order term 

2 -1 
<v(w)  lQ = 1 v2p2h;p' h 'Qp'h" ih  ';h4ph (2 .10~)  

:. 

Since f o r  f i n i t e  7) <v2> i s  complex we obta in a frequency dependent energy s h i f t  

and a width 

I n  terms o f  these q u a n t i t i e s  one can def ine an operator averaged response as 

Here 

i s  the p r o b a b i l i t y  f o r  f i n d i n g  t r a n s i t i o n  s t rength induced by Q a t  frequency w. E! 
i n  the denominator denotes the unperturbed energy < E g h ) ~  p lus  the f i r s t  order cor-  
r e c t i o n  <V>Q. Note t h a t  i n  the  l i m i t  where the t r a n s i t i o n  s t rength i s  concentrated 
i n  a s ing le  s ta te  In> = QI> expression (2.12) becomes exact. Comparison o f  <SQ> w i t h  
the exact SQ shows t h a t  the awrage gives a good representat ion o f  the  gross features 
o f  the response l i k e  the cen t ro id  energy and the variance i f  the resonance i s  l o c a l -  
i zed  on the l p - l h  l e v e l .  

I l l  - RESULTS 
Monopole v ib ra t ions  

Monopole v ib ra t ions  are compressional modes o f  the nucleus and hence g ive  informa- 
t i o n  on the bulk moduli i n  symmetric nuclear mat ter  and ( v i a  N#Z nuc le i )  also i n  
asymmetric nuclear matter.  The damping o f  the i sosca la r  and i sovec to r  branches i s  
q u i t e  d i f f e r e n t  as we s h a l l  discuss. Bertsch /5/ f i r s t  po inted ou t  t h a t  the width o f  
the  i sosca la r  monopole v ib ra t ions  i s  very small because of a s t rong in te r fe rence  
between ph-unlinked and ph- l inked diagrams. I n  isospin synanetric nu l e a r  matter the  3 imaginary p a r t s  o f  selfenergy and bubble diagrams cancel t o  order q /k$ f o r  sp in 
scalar i sosp in  scalar  densi ty  modes as discussed i n  r e f .  6. This i s  a lko t r u e  t o  a 
very l a r g e  ex ten t  f o r  a f i n i t e  nucleus /7/. Fig. 2 d isp lays rQ(w)  i n  the long  wave- 

2 2 leng th  l i m i t  f o r  Q = r and Q = r zo. I n  the i sosca la r  channel one observes remark 



Fig. 2  - Operator averaged wid h  f o r  i sosca la r  (upper p a r t )  and isovector  ( lower 
p a r t )  monopole exc i ta t ions  i n  ' O ~ P ~ .  The dotted 1  i n e  ind ica tes  con t r ibu t ions  from 
selfenergy diagrams and the dashed and dash-double dot ted l i n e s  give ladder and bub- 
b l e  terms. The f u l l  l i n e  represents the sum. 
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able cance l la t ion  o f  se l fenerg ies and bubbles (dash-dotted and dash-double dot ted 
l i n e s ) .  The ladders (dashed l i n e s )  only play a  minor ro le .  The s i t u a t i o n  i n  the i so -  
vector  channel i s  q u i t e  d i f f e r e n t .  Bubble con t r ibu t ions  are s u b s t a n t i a l l y  reduced 
and ladders instead o f  enhancing reduce the width somewhat a t  higher frequencies. 
These average features are a lso  present i n  the f u l l  c a l c u l a t i o n  (Fig. 3). 
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The isoscal  a r  t r a n s i t i o n  s t rength (upper p a r t )  remains f a i r l y  1  ocal i zed a f t e r  2p-2h 
mix ing  i s  turned on and the increase i n  "width" has t o  be i n t e r p r e t e d  as a  r e d i s t r i -  
bu t ion  o f  s t rength between nearby l p - l h  doorway states (dot ted l i n e s )  v i a  2p-2h i n -  
teract ions.  Note t h a t  the cen t ro id  i s  s h i f t e d  due t o  a  repu ls i ve  c o n t r i b u t i o n  from 
bubbles t o  BE (w)  which i s  we l l  known i n  symmetric nuclear mat r /8/. The second 

e r  s h i f t s  Bre q u i t e  sizable. While <AQ i s  about -4 h V  i n  "Zr and -3.3 MeV i n  
q6'Pb a t  the resonance energy the s h i f t  from bubbles i s  2  MeV i n  both nuc le i .  For 
i sovec to r  modes the s i t u a t i o n  i s  d i f f e r e n t .  P a r t i c l e  and hole s ~ r e a d i n q  dominate the 
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decay and hence r i s  large.  Consequently the modes are s t rongly  damped (middle p a r t  
o f  Fig. 3).  Q 
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90 Z r 
M o n o p o l e  

2000 r2  

Fig. 3 - Monopole response i n  ( l e f t  p a r t )  and 2 0 8 ~ b  ( r i g h t  p a r t ) .  The dashed 
l i n e s  g ive l p - l h  alone whi le  the f u l l  l i n e  includes 2p-2h. 

L 

Quadrupol e  modes 

4000 

2 0 0 0  

I n  the quadrupole response we see the same features: 1 i t t l e  damping o f  the i sosca la r  
v i b r a t i o n  (upper p a r t  o f  Fig. 4) due t o  la rge  cance l la t ion  o f  se l fenerq ies by bub- 
b les  and a l a r g e  spreading o f  i sovec to r  s t rength (middle p a r t  o f  Fig. . Note the 
very long  high energy t a i l  which i n  extends up t o  50 MeV and i n  2''Pb up t o  40 
MeV. The isovector  FWHM i n  ' O Z ~  has been repor ted by P i t than  /9/ as 7-8 MeV. We f i nd  
roughly 11 MeV somewhat l a r g e r  than experiment. There are, however, theore t i ca l  un- 
c e r t a i n t i e s  i n  the i n t e r a c t i o n  as we l l  as experimental d i f f i c u l t i e s  i n  the back- 
ground subtract ion f o r  broad resonances. 

- 
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Fig. 4 - Quadrupole response i n  ' O Z ~  ( l e f t  p a r t )  and 2 0 8 ~ b  ( r i g h t  p a r t ) .  The dashed 
l i n e s  give l p - l h  alone whi le  the f u l l  l i n e  includes 2p-2h. 

Charge exchange i sovec to r  monopole 

Not only the g ian t  d ipo le,  a lso i sovec to r  monopole ~ x c i t a t i o n s  prov ide in format ion 
about the bulk and surface symmetry energies. The r %+-resonance i n  the charge ex- 
change channel i s  o f  specia l  i n t e r e s t  s ince i t s  width i s  expected t o  be much narrow- 
e r  than the r 2 T 0  - o r  the r2s -  -partners / l o / .  The l a t t e r  i s  pushed up t o  h igher  
energies by the Coulom9 displacement energy EC and the proton-neutron mass d i f f e r -  
ence Mpn r e l a t i v e  t o  r so. Monopole s tates i n  the (N+l,Z-1)-nucleus, however, are 
lowered by the same amount. The 2p-2h l e v e l  densi ty  i s  much smaller r ducing 
phase space for  the decay. The ca lcu la ted  s t rength d i s t r i b u t .  ns i n  "Zr and 8$Sp 
a re  hown i n  Fig. 5. The shape o f  the i sovector monopole i n  48Y i s  simi 1  a r  t o  t h a t  
i n  "Zr both on the l p - l h  l e v e l  (dashed l i n e s  i n  Fig. 3  and Fig. 5) and on the 
l e v e  f u l l  l i n e s  i n  Fig. 3  and Fig.  5 ) .  But there are d i s t i n c t  d i f fe rences  i n  
and "'Pb because o f  Paul i  b lock ing  e f fec ts .  Due t o  the neutron excess the 3p and 2f 
neutron o r b i t s  are occupied and there fo re  the analogs o f  the s t rong 3 p 4 p  and 2f+3f 
neutron t r a n s i t i o n s  are missing (Fig. 5 ) .  S i m i l a r l y  the 2p+3p and l f + 2 f  t r a n s i t i o n s  
are blocked. The coupl ing t o  2p-2h s ta tes  a f f e c t s  the l p - l h  s t rength only s l i g h t l y .  
The reason f o r  t h i s  i s  the reduct ion o f  the leve l  density from - 800/MeV i n  the par- 
e n t  nucleus t o  200/MeV i n  the  daughter nucleus. I n  the ca lcu la ted  width i s  q u i t e  
consis tent  w i th  i n e l a s t i c  (x-,no) sca t te r ing  by Bowman e t  a l .  /11/ which g ives 
roughly 14 MeV. I n  view of the fact,  t h a t  i n  2 0 8 ~ 1  the  escape width o f  the charge 
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exchange monopole may be small /12/ there i s  evidence from our c a l c u l a t i o n  t h a t  the 
s t rength remains l o c a l i z e d  and can be seen i n  charge exchange react ions.  

Energy [MeV] 

Fig. 5 - Isovector  charge exchange monopole i n  ' O Z ~  and 2 0 8 ~ b  ( l e f t  p a r t ) .  The e f -  
f e c t s  o f  Paul i  b lock ing  i n  2 0 8 ~ b  are displayed schematical ly i n  the r i g h t  pa r t .  

The g i a n t  d ipo le  resonance 

The g i a n t  d ipo le i s  the experimental ly best known g ian t  resonance. It s t i l l  has 
problems i n  the theore t i ca l  descr ip t ion.  The value of the nuclear matter bulk symme- 
t r y  energy B between 28-36 MeV /13/ gives d ipo le  e x c i t a t i o n  energies i n  nuc le i  ~ h i c h  
are too low. I n  Fermi 1  i q u i d  theory he e  i s  a  simple r e l a t i o n  between B, the Landau 
parameter i n  the nuclear i n t e r i o r  fAflny and the quas ipar t i c le  e f f e c t i v e  mass 

With m*=m one obtz ins from B = 28 MeV f b  = 0.53. To f i t  the d ipo le energy systemat- 
i c s  one needs f; = 1 f o r  m*=m /14/. I n  our model the Landau parameter has t o  be ob- 
ta ined  from order V and v2. The ph- l inked v2 con t r ibu t ions  t o  the energy are small 
however, such t h a t  the s t rength o f  the  TT' -p iece o f  V determines f:. We f i x e d  f; 
from a  bulk symmetry o f  30 MeV from eq. (3 . I ) .  I t  has been suggested t h a t  the  r a p i d  
"of f  the energy she l l  v a r i a t i o n "  o f  the e f fec t i ve  mass might produce add i t i ona l  r e -  
pu ls ion  t o  the d ipo le  energy. This e f f e c t  i s  included i n  our model since the rea l  
p a r t  o f  the selfenergy diagrams which gives a  w-dependent co r rec t ion  t o  the s i n g l e  
par c l e  ene 'es /15/, i s  retained. Fig. 6  d isp lays the r e s u l t s  o f  the c a l c u l a t i o n  
i n  "Zr and 'jQPb. We see almost no s h i f t  i n  the resonance p o s i t i o n  as Zp-2h s ta tes  
are coupled t o  the l p - l h  response. Decomposition i n t o  the various diagrams shows 
n e g l i g i b l e  con t r ibu t ions  from the bubbles, a  very weak repuls ion from the ladders 
and a  weak a t t r a c t i o n  from the selfenergies. The higher order co r rec t ions  are too 
weak t o  place the d ipo le  a t  the r i g h t  p o s i t i o n  i f  only nuclear matter in format ion i s  
used. The s o l u t i o n  might be provided by the surface dynamics i n  a  n o n t r i v i a l  way: 
( i )  our model neglects res idual  i n t e r a c t i o n  i n  the 2p-2h space. Par t i c le -ho le  r e -  
s c a t t e r i n g  terms (Fig. 7 )  w i l l  b u i l d  up c o l l e c t i v e  surface modes. Inc lus ion  o f  those 



Fig. 6 - Giant dipole resonances in ' O Z ~  and 208~b. lp-lh resul ts  are represented by 
the dashed l ines ,  while the full  l ines include 2p-2h. 

Fig. 7 - Rescattering diagrams in the 2p-2h space neglected in the present calcula- 
t ion.  

rescattering terms /16/ changes the U-dependence of the effective mass and therefore 
enhances off-shell effects.  ( i i )  the density dependence of VO1[P] i s  crucial for the 
r a t io  between surface and volume symmetry energy /17/. Our density dependence i s  
rather weak (Table 1) giving a small surface symmetry energy. 

The high energy dispersion of transit ion strength i s  not only a feature of the iso- 
vector monopole and quadrupole response functions, which are in an energy region of 
high level density, b u t  i s  also seen i n  the d'pole ( fu l l  l ine  in F' 6) .  The inte- 
grated strength in the t a i l  (U > 22.5 MeV i n  ''i!r and w. 16 MeV i n  ?"Pb) are 13 % 
and 10 % respectively. The classical Thomas-Reiche-Kuhn sum rule i s  exceeded by 
about 20 %. This corresponds roughly to the amount of energy weighted strength in 
the t a i l .  Thus the energy weighted strength under the peak exhausts the sum rlrte. 

Isobaric analo-ates and isospin mixing 

If effects Prom the Coul omb interaction coul d be neglected the isobaric analogue 
s t&te 
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would be an e igenstate o f  H, s ince then T- commutes w i t h  the hamiltonian. This i s  
the reason why, experimental ly,  the IAS i s  an extremely sharp resonance although i t  
l i e s  i n  a reg ion w i t h  a h igh densi ty  o f  2p-2h states. 

Enerqy M e V 1  Enerov M e V 1  

Fig. 8  - Isobar ic  analog s t rength d i s t r i b u t i o n s  i n  ''2, and '08pb (upper p a r t ) .  The 
dashed l i n e s  give l p - l h  only. The dot ted l i n e s  inc lude 2p-2h mix ing from selfenergy 
diagrams and the f u l l  l i n e s  inc lude a l l  diagrams. The lower p a r t  gives the various 
con t r ibu t ions  t o  the widths. Ladders are ind ica ted  by the dashed l i n e s ,  bubbles by 
the dash-double dot ted 1 ines and se l fenerg ies by the dot ted l i nes .  The f u l l  l i n e s  
g ive  the sum. 

We have looked a t  the width o f  t h i s  s t a t e  i n  9 0 ~ r  and '08pb as a check o f  our model. 
Fig. 8  shows the l p - l h  r e s u l t  which i s  given by the dashed l i n e .  The f i n i t e  width 
here i s  a  mathematical a r t i f a c t  coming from the  f i f i i t e  imaginary in  in t roduced t o  
a l low numerical i nvers ion  o f  the s t rength funct ion. The dot ted l i n e s  show the e f -  
f e c t s  o f  the  selfenergy i n s e r t i o n s  which r e s u l t s  i n  a broadening comparable t o  the 
s ing le  p a r t i c l e  width. The i n c l u s i o n  o f  a l l  second order terms cancels t o  a l a r g e  
extent  the s ing le  p a r t i c l e  width r e s t o r i n g  p a r t l y  i sosp in  synnnetry. The bottom of 
Fig. 8  ind ica tes  t h a t  t h i s  cance l la t ion  i s  due t o  the ladder diagrams and t h a t  the 
bubbles do no t  contr ibute.  The cancel 1  a t i o n  between se l  fenergy and 1 adder, however, 
i s  n o t  complete since f o r  ' O Z ~  and '08pb 17 % o f  the s t rength res ides i n  the h igh 
energy t a i l .  C lear ly ,  a  b e t t e r  desc r ip t ion  would requi re considerat ion o f  ground 
s t a t e  c o r r e l a t i o n s  /18/, because the  ground s t a t e  used m s t  be an e igenstate of H if 
the symmetry argument i s  t o  hold. 

Fig. 9  d isp lays the response func t ion  t o  the electromagnetic quadrupol e  operator 

5 
2 ( f u l l  l i n  i n  comparison t o  the sum o f  i sosca la r  (1/2 r YZm) and i sovec to r  

(1/2 z r Y ) response (dashed l i n e ) .  Since N#Z f o r  2 0 8 ~ b  the two curves need n o t  
2c 

c o i n c i l e  and lndeed we observe a r a t h e r  l a r g e  des t ruc t i ve  in ter ference.  This i s  due 
t o  the f a c t  t h a t  the coupl ing t o  2p-2h conf igurat ions c a r r i e s  i sovec to r  s t rength 



Fig. 9  - Isospin in te r fe rence  e f f e c t s  i n  the  qu drupole response o f  '08pb. The sum h of i sosca la r  (112 r2yZm) and i sovec to r  11/2 T o r  Y ) s t rength ind ica ted  by the 
dashed l i n e  i s  compared t o  the  electromagnetic ~l?!!!(l*~lr Y2,) response. 
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down t o  the reg ion where i sosca la r  s t rength i s  concentrated (on the l p - l h  l e v e l  the  
two peaks are we l l  i so la ted) .  The des t ruc t i ve  in te r fe rence  observed here moves 18 % 
of the s t rength ou t  o f  the i sosca la r  peak and might provide the explanation t o  the  
observed d i f ferences i n  E2 st rength from (e,el)  and (a,al) /19/. 
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The t w i s t  mode 

Energy [MeV]  

One o f  the more exo t i c  nuclear resonances t h a t  has been speculated upon /4/ i s  the 
nuclear t w i s t .  I t s  motion can be v isua l i zed  as a r o t a t i o n  of the d i f f e r e n t  layers  o f  
a  Fermi f l u i d  against  each other, the angle of r o t a t i o n  around the z-axis being pro- 
por t iona l  t o  the z-coordinate o f  the l a y e r  (Fig. 10). 

F ig .  10 - Ve loc i t y  f i e l d  f o r  the lowest exc i ted 2- " t w i s t  mode". 

I n  a f l u i d  dynamical desc r ip t ion  the v e l o c i t y  f i e l d  o f  the t w i s t  i s  pure ly  r o t a t i o n -  
a l .  Such a motion i s  only poss ib le  i f  there are tangent ia l  r e s t o r i n g  forces e f fec -  
t i v e  i n  the f l u i d .  The t w i s t  propagates v i a  c o l l  i s ion less  transverse zero sound so 
i t s  energy i s  independent o f  Fo ( i  .e. the nuclear incompress ib i l i t y )  and since i t  i s  
a spinless mode, i t  i s  o f  course a lso independent o f  Go: 

'F /- -1 45 *-I13 MeV Etw = 2.3 - - (1 + - F  )R - m* 5 3 1 

For '08pb t h i s  gives an energy o f  Etw = 7.6 MeV. 

Microscopica l ly  the t w i s t  motion i s  expressed most e a s i l y  through an operator o f  the 
form 
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a c t i n g  on the corresponding ground state.  The special  combination o f  i sosp in  opera- 
t o r s  chosen i n  (3.3) r e s t r i c t s  the t w i s t  t o  protons only. I n  t h i s  case T,, i s  the 
o r b i t a l  p a r t  o f  the electromagnetic M2 operator thus i n d i c a t i n g  a way t o  e x c i t e  the 
mode. However, the M2 operator a lso  contains a sp in p a r t  

which con t r ibu tes  80 % t o  the M2 st rength i n  2 0 8 ~ b  leav ing  only 20 % f o r  the t w i s t .  
Therefore i t  seems very l i k e l y ,  t h a t  t w i s t  s t rength w i l l  be obscured by s p i n f l i p  
s t rength i n  (e,el) experiments /20/. 

Fig. 11 - Low energy 2- response: (a )  denotes the t w i s t  p a r t  wi thout  i n t e r a c t i o n  
( lower par t ) ,  V inc luded t o  f i r s t  order (middle p a r t )  and t o  second order (upper 
par t ) ,  (b) d isp lays the  same f o r  the spin p a r t  and (c)  gives the t o t a l  electromag- 
n e t i c  strength. 

However, the s i t u a t i o n  turns ou t  t o  be much mor favourable as i s  demonstrated i n  
Fig. 11. Each f i g u r e  d isp lays the response o f  298Pb t o  the operators ind ica ted  and 
conta ins three cases and one smaller i nse t .  The bottom graph i n  each shows the 
s t rength func t ion  f o r  the  case o f  no res idual  i n t e r a c t i o n  a t  a l l  (V=O), i.e. the 
hamil ton ian i s  j u s t  made from s i n g l e  p a r t i c l e  energies. The middle sect ion d isp lays 
the case where the res idual  i n t e r a c t i o n  between l p - l h  conf igurat ions only i s  taken 
i n t o  account whereas the upper curve gives the r e s u l t  o f  the f u l l  c a l c u l a t i o n  cou- 
p l i n g  2p-2h t o  the l p - l h  states. A l l  three curves cover the energy range o f  0-10 
MeV. The i n s e t  i n  the  top graph shows the r e s u l t  o f  the f u l l  c a l c u l a t i o n  i n  the 
lp-lh+2p-2h space over the  energy range 0-30 MeV. A l l  curves are normalized t o  the  
t o t a l  electromagnetic s t rength i n  the range o f  0-30 MeV 



The most s t r i k i n g  feature exh ib i ted  by the r e s u l t s  i s  the sharp concentrat ion o f  the 
t w i s t  s t rength around 7 MeV. This concentrat ion i s  already present i n  the s i n g l e  
p a r t i c l e  energies alone. Adding a res idual  i n t e r a c t i o n  among the l p - l h  s ta tes  has 
only l i t t l e  e f f e c t  on the s t rength d i s t r i b u t i o n ,  and a c t u a l l y  a v a r i a t i o n  o f  the  i n -  
t e r a c t i o n  parameters over a l a r g e  range does not  move the t w i s t  from i t s  unperturbed 
pos i t i on .  C lear l y  t h i s  r e f l e c t s  the f i nd ings  from f l u i d  dynamical descr ip t ions,  t h a t  
t h e  energy o f  the t w i s t  does n o t  depend on the Landau parameter Fo. Coupling the 
2p-2h conf igurat ions t o  the l p - l h  s tates f i n a l l y  breaks the t w i s t  i n t o  two pieces, 
one a t  7.2 MeV and one a t  7.9 MeV. 

I n  con t ras t  t o  the twis t , the fragmentat ion o f  spin f l i p  s t rength i s  already present 
w i t h  no i n t e r a c t i o n  a t  a l l  and per ta ins  when the i n t e r a c t i o n  and 2p-2h coupl ings are 
added. The i n s e t  i n  Fig. l l b  shows t h a t  30 % o f  the sp in f l i p  s t rength res ides above 
10 MeV. 30 % however must be considered as a lower bound on the dispersion, f o r  two 
reasons: ( i  ) the  e f f e c t i v e  GA resul  t i n g  from the a n t i  symmetrized zero range in te rac -  
t i o n  used here i s  too small. Any f i n i t e  range in te rac t ion ,  which we had t o  d iscard  
because o f  computational l i m i t a t i o n s ,  would s h i f t  the spin f l i p  s ta tes  t o  higher 
energies where the density o f  2p-2h s tates i s  higher. This s h i f t  would r e s u l t  i n  an 
even stronger d ispers ion o f  the sp in f l i p  s t rength from the 2p-2h states. ( i i )  We 
have not  introduced any mechanism t o  quench magnetic s t rength such as isobar-hole 
exc i ta t ions .  Such mechanisms only a f f e c t  the sp in f l i p  modes and thus enhance the 
r e l a t i v e  importance o f  the  t w i s t  t o  the M2-sum. 

Considering these two e f f e c t s ,  i t  seems very l i k e l y  t h a t  the 25 % M2 st rength found 
experimental ly 1201 i n  the energy range between 6-9 MeV i s  almost e n t i r e l y  due t o  
the t w i s t  which con t r ibu tes  20 % t o  the M2 sum. Fig. 4 shows t h a t  even w i t h  the 
ra ther  l a r g e  amount o f  spin f l i p  s t rength located below 9 MeV the electromagnetic 
response i s  dominated by the t w i s t  peaks. 

L e t  us examine the p a r t i c l e  ho le amplitudes of the t w i s t  operator. Because a, i s  a 
sp in less 1% operat  r connecting A L = ~  s ta tes  only, the l a r g e s t  ph amplitudes are 
(n, j , r+ l ) (n , j - l , r ) - '  g i v i n g  

Therefore the t w i s t  i s  mainly b u i l t  up from states where both p a r t i c l e  and hole have 
high angular momenta. Table 2 shows some o f  the more important ph-states p a r t i c i -  
p a t i n g  i n  the t w i s t  motion where energies of s ta tes designated by an as te r i sk  have 
been measured experimental ly . 

P h (ph)-energy r e l .  weight 

Table 2 - ph-configurat ions p a r t i c i p a t i n g  i n  the  t w i s t  motion. 
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Remembering t h a t  the p o s i t i o n  o f  the t w i s t  i s  i n s e n s i t i v e  t o  the res idual  i n te rac -  
t ion,  the f a c t  t h a t  most s ing le  p a r t i c l e  energies are measured ones con t r ibu tes  
s t rong ly  t o  the s ign i f i cance  o f  the  r e s u l t s  presented. Obviously the concentrat ion 
o f  the ph energies around 7 MeV r e f l e c t s  the f l u i d  dynamical f i nd ings  t h a t  the pos i -  
t i o n  o f  the t w i s t  i s  governed by the k i n e t i c  energy alone. 

I n  con t ras t  t o  the t w i s t  the sp in f l i p  mode does no t  weigh the high angular momentum 
ph-amp1 i tudes  because one looses one power o f  a by rep1 ac ing R, i n  (3.5) by the sp in 
operator a,. Therefore the sp in  f l i p  i s  dispersed over a l l  ( i n  our bas is  86) ph 
states. 
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Fig. 12 - (e,e') spectrum o f  the Darmstandt group /20/. The arrows i n d i c a t e  the po- 
s i  ti on o f  M2-states. 

Fig. 12 shows the (e,el) spectrum from the Darmstadt Linac group /20/ where arrows 
i n d i c a t e  the p o s i t i o n  of M2 states. According t o  the arguments presented the two 
prominent peaks a t  6.9 MeV and a t  7.9 MeV rmst  conta in predominantly t w i s t  strength. 
Probably acc iden ta l l y  these two peaks agree p e r f e c t l y  w i t h  the two t w i s t  peaks c a l -  
cu l  ated. 

Gamow-Teller resonances 

The d ispers ion o f  g: st rength due t o  mu1 t i p a i r  exc i ta t ions  i s  o f  special  relevance 
fo r  the q u a n t i t a t i v e  understanding o f  isobar-hole admixtures t o  Gamow-Teller (GT) 
t rans i t i ons .  It has been suggested /18/ t h a t  the g ian t  GT-resonances have long  t a i l s  
due t o  coupl ing t o  2p-2h s t a t  s. We have analyzed the g-c- -s t rength func t ions  w i t h i n  
our model i n  both and 20BPb. The s ing le  p a r t i c l e  t r a n s i t i o n s  i n  the independent 
p a r t i c l e  model are ind ica ted  i n  Fig. 13. 

The weaker 3 p 3 p  and 2f+2f t r a n s i t i o n s  i n  2 0 8 ~ b  are not  l i s t e d  i n  the f i g u r e  f o r  
simp1 i c i t y .  The antisymmetrized res idual  i n t e r a c t i o n  V (Table 1) which has been f i t -  
ted  t o  natura l  p a r i t y  e x c i t a t i o n s  i s  too weak i n  the sp in- isospin channel t o  repro- 
duce the  features o f  the experimental fp,n) spectra /21/. We there fo re  readjusted 
Vll (eq. (1.7)) t o  opta in the proper resonance pos i t i ons  on the l p - l h  l e v e l  ( c o n t r i -  
but ions o f  order v2 t o  the e x c i t a t i o n  energy are very smal l ) .  We obtained 
Vll = 228 MeV fm3 c lose t o  the value quoted by Gaarde e t  a1 . /22/. A f t e r  coup1 i n g  t o  
2p12h e x c i t a t i o n s  the g z - - d i s t r i b u t i o n s  displayed i n  Fig. 14 were obtained. I n  both 



nuc le i  the  resonances are s u b s t a n t i a l l y  broadened compared t o  the l p l h - d i s t r i b u t i o n s  
and they e x h i b i t  l ong  t a i l s  on the high nergy side. The in tegra ted  t a i l  strengths 
(0 > 22.5 MeV i n  " ~ r  and u r 25 MeV i n  20&b1 are 25 % and 28 % respect ive ly .  Since 
our model i s  an extended TDA and Paul i  unblocking o f  s t rength due t o  ground s t a t e  
co r re la t ions  i s  not  inc luded we conserve the 3(N-Z) Ikeda sum r u l e  /23/ (Sp+ = 0).  

F ig .  13 - Dominant l p - l h  t r a n s i t i o n s  i n  ' O Z ~  ( r i g h t  p a r t )  and '08pb ( l e f t  p a r t )  i n -  
c l  uding 2p-2h mixing. 

Fig. 15 - Structure o f  the GT wave func t ion  i n  the v i c i n i t y  o f  the resonance peak. 
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The h igh- l y ing  GT-peak i n  ' O Z ~  i s  mainly b u i l t  on the j, + j, t r a n s i t i o n ,  i n  t h i s  
case nlg9/2 + ~ 1 9 ~ 1 ~ .  There i s  one s p e c i f i c  2p-2h t r a n s i t i o n  i n  which a proton i n  
the  & - s h e l l  drops t o  the j,-shell e x c i t i n g  a neutron l p - l h  t r a n s i t i o n  j, + j, 
(Fig. 15).  I f  the  one body LS p o t e n t i a l s  f o r  protons and neutrons are the same, t h i s  
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F ig. 14 - GT-strength funct ions i n  ' O Z ~  (upper p a r t )  and '08pb ( lower p a r t )  inc lud-  
i n g  2p-2h mixing. 
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con f igu ra t ion  i s  degenerate w i t h  the  nj, + pj, t r a n s i t i o n .  The coup1 i n g  mat r i x  e le-  
ment i s  a lso  large, since the r a d i a l  wave funct ions mainta in  maximum overlap such 
t h a t  t h i s  2 -2h s t a t e  becomes the  dominant decay channel i n  the v i c i n i t y  o f  the  
peak. I n  '04b the l p - l h  wave func t ion  i s  somewhat more camplicated, however, f o r  
the nl i1312 + plill/2 t r a n s i t i o n  which has the l a r g e s t  amplitude the same arguments 
hold. 
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