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1. Introduction 

Recently very excited nuclei can be produced in heavy-ion 

collisions end their properties can be studied experimentally as 

functions of temporature. Experimental evidcnces have suggested 

that a nuclear system is thermally equilibrated rapidly after 

fortnation of a compound nucleus from deep-inelastic nuclear 

collisions andheavy-ion fusion /I/. The large nuclear state 

density equally populates individual highly-excited states. 

Conacquently, average properties of the system are ueua'lly 

measured. It ia why the statistical extension of different 

microscopic approaches can be appropriate to be applied to stu- 

dy collective states at finite temperature. The first step in 

tbie extension is the finite temperature RPA (FT-RPA )/2-7/. 

To describe the fragmentation of collective states one should 

include the coupling to more complicated configurations. Thus, 

the investigations of the damping of giant resonances (GR) in 

hot nuclei have led to the exten~ion of the Nuclear Field Theory 

(NFT)'" to finite temperature based on the finite temperature 

hiat subarn f ormalism 19/, the second FT-RPA /lo/ and the finite 

temperature Quasiparticle-Phonon Nuclear M~del (PT-QPN?~I)/' 'I2/. 

The latter is an extension of the QPMM'~~' for cold even-even 

spherical nuclei to finite temperature where the damping of 

GR is understood as the fragmentation of thermal one-phonon 

states due to the coupling to (2p-2h) . configurations. 

The structures of thermal ore-phonons are calculated in the 

FT-RPA and the FT-QPNId Hamiltoninn for even-even nuclei can 

be expressed in terms of these FT-RPA operators. Thua, we have 



obta ined  i n  ~ e ~ ^ n . / ~ ~ ' ~ ~ /  t h e  s e t  of b a s i c  PT-QPNL e q u a t i o n s  f o r  

ho t  even-even s p h e r i c a l  n u c l e i .  The c ~ i l c u l a t i o n o  performed i n  

our  approach a s  w e l l  a e  i n  t h e  IWT have shown t h a t  t h e  damping 

of t h e  g i a n t  d i p o l e  resonances  (GDR) i n  h o t  oven-even o p h e r i c o l  

n u c l e i  is weakly dependent on teolpernture. 

In  odd A n u c l e i  t h e  f ragmenta t ion  of s i n g l e - q u a o i p a r t i c l e  

s t a t e s  i o  mainly governed i n  t h e  QPNN by t h e  coupl ing  t o  t h e  

" q u a s i p a r t i c l e  8 phononw s ta tes /13 / .  The p r o p e r t i e s  of e x ~ i t e d  

s t a t e s  i n  odd A n u c l e i  a t  z e r o  tempera ture  have b c e ~ i  s t u d i e d  

i n  d e t a i l  i n  many works w i t h i n  t h e  scope  of  t h e  QPNtd d u r i n g  

t h e  l a s t  decade /See 3/ and r e f s .  t h e r e i n / .  The e x t e n s i o n  

of t h e  QPNh: t o  f i n i t e  t empera ture  f o r  ho t  s p h e r i c a l  odd-A 

n u c l e i  is however a b s e n t  ao f a r .  

The aim of t h e  p r e s e n t  e f f o r t  is t o  make t h e  first s t e p  

tgwards t h e  g e n e r a l i z a t i o n  of t h e  QPMd t o  f i n i t e  t e ~ p e r a t u r e  

f q r  d e s c r i b i n g  h o t  s p h e r i c a l  odd-A n u c l e i .  We s h a l l  d e r i v e  t h e  

s e t  of t h e  FT-QPh7.1 e q u a t i o n s  i n  ho t  s p h e r i c a l  odd n u c l e i  f o r  

d ~ e  s i m p l e s t  c a s e  wi th  co lz f igura t ions  n o t  more complicated t h a n  

" q u a s i p e r t i c l e  8 phonon" ,ones. 

2. l o d e 1  Hamiltonian. Thenr.al vacuum and s t a t i s t i c a l  ensemble 

Consider  t h e  QPNhl (PT-QPNbl) Hemil tonion i n  t h e  f o m  /13/ 

where Ha d e s c r i b e s  t h e  motion of independent  q u a s i p a r t i c l e s  

d jm J lm Jm 
( 2 )  

H s t a n d s  f o r  t h e  independent  phonon p a r t  of t h e  Hamil tonian 

and correspondo t o  t h e  coupl ingo  of  q u a s i p a r t i c l e s  snd 

phonons 
dQ 

-I- I n  ~ q a .  (2 )-(4 ) E. o r e  t h e  q u a s i p a r t i c l e  e n e r g i e s ;  d. 
3 3m 

and 0(. a r e  t h e  c r e a t i o n  and a n n i h i l n t i o n  q u a s i p a r t i c l e  
Jrn 

opcro torn  , r e s p e c t i v e 1  y. t h e  pllonon o p e r a t o r s  Q' . and 

a r e  d e f i n e d  a s  At'l 

The p a i r  c r e a t i o n  ( a n n i h i l e t i o n )  A'., A end s c a t t e r i n g  8, B' 
q u a o i p a r t i c l e  o p e r a t o r s  a r e  

t j - jL l  B (jj')=(-1 B - ( ~ / I ) ,  
*tc AfL ( 9 )  

1-t' 
where t h e  t ime inveroed  n ~ t a t i o n  DAP E 8 6 f o r  a n  a r -  

b i t r a r y  o p e r a t o r  8 is used. A-P 
CL 

The n o t a t i o n  Z = { n ,  p } denotes  n e u t r o n  and pro- 

t o n  components. The change z - -Z correoponds t o  

n ~ p  . However, i n  f u r t h e r  c o n s i d e r a t i o n  we w i l l  omit Z 

i n  t h e  formulae f o r  s i m p l i c i t y .  

A t  z e r o  tempera ture  t h e  f u n c t i o n s  xXi and 9li 
i n  Eq. ( 3 )  a r e  c a l c u l a t e d  from t h e  RPA equa t ions .  T h e i r  e x p l i c i t  



express ions  have been g iven  i n  Refs. /13/. A t  f i n i t e  t empera ture  

and gai have t h e  form def ined  from the  PT-RPX 

equa t i ons ,  which can  be found i n  Refs. /G ,12/. 

The a b b r e v i a t i o n  r.? denoten 
/13/ 

31' 

9) 
where <j ,  a r e  t h e  reduced ma t r i x  elements  f o r  s i n g l e  

p a r t i c l e  o p e r a t o r s  g e n e r a t i n e  e x c i t a t i o n s .  
(-> 

The c o e f f i c i e n t  K .  i n  Eq.(lO) i n  a comhinsticjn of t h e  
11 ' 

(-1 
Bogolubov c o e f f i c i e n t s  , . It rendo f ., = U.U., - 1/: K, . U J J  1 1  
In f e e t ,  i n  t h e  H e m i l t o ~ ~ i a n  ( 1 )  we have neg l ec t ed  t h e  term 

c on t a in ing  t h e  combinat ions - BB of o p e r a t o r s  B from 

Eqs.(B)-(9). A t  z e r o  temperature t h e  e s t i m a t i o n  performed i n  

Ref. /I4/ hcls shorn  t h e  n e g l i g i b l y  s m a l l  c o n t r i b u t i o n  of t h i s  

t e r n  t o  t h e  one-phonon ene rg i e s  c a l c u l a t e d  i n  t h e  RPA. A t  

f i n i t e  t empera ture  a  p a r t  of  t h i s  term l e a d i n g  t o  new poles  i u  

inc luded  t o  t h e  d e i ' i n i t i o n  of  t h e  FT-RPA phonons and t h e r e f o r e  

r e no rma l i ze s  t h e  thermal  one-phonon ene rg i e s .  

A t  s e r o  tempera ture  i n  g e n e r a l  t ho  ground s t a t e  of odd- 

-nuc le i  is t aken  an t h e  mixed q u a s i p a r t i c l e  8 phonon vacuum 10) 

That means 

lo> = lo) @ lob , 
d 

where (02 i s  t h e  q u a s i p a r t i c l e  vacuum 

and 102 i s  t h e  phocon vacuum 

A t  f i n i t e  t e n p e r a t u r e  a s t a t i s t i c 2 1  ensembe of quas ipar -  

t i c l c  m d  phonon e x c i t a t i o n ;  i s  ob ta ined .  The vacul&m (11 ) 

can no l o n g e r  s e r v e  as a r e f e r ence  s t a t e  t o  d e f i n e  t h e  noma1  

p rod i c t .  Instepd of i t  tile thermal  vaoum (O,p> w i t h  p =  T-I 

thn  j.~iversed tempera ture  n u t  be used. I ts  explici",orm i s  
/IS/  ~ i v e n  i n  Rcf . 

It ha3 been shown i n  /I5/ t h a t  t h e  s t a t i o t i c a l  ensemble 

average of an  o p e r a t o r  6 can  be expremed a s  t h e  vacuum 

expec t a t i on  v a l u e  

where 

<8> = ~ r j w d )  

is  t h c  ensemble average  of o p e r a t o r  8 . H e r e a f t e r  t h e  

ense~nble average  (15 )  is always understood a t  f i n i t e .  temperature.  

3. Equations f o r  f i n i t e  t empera ture  Green f u n c t i o n s  i n  ho t  

spherical .  odd nuc l e i .  

A s  has been mentioned i n  Sec. 2 ,  t h e  phonon o p e r a t o r s  ( 5 )  

have q u a s i p a r t i c l e  ( fe rmion)  s t r u c t u r e .  The exac t  commutation 

r e l a t i o n s  f o r  o p e r a t o r s  ( 5 )  a s  w e l l  a s  between o p e r a t o r s  ( 5 )  

and q u a s i p a r t i c l e  ope ra to r s  have been g iven  i n  many works de- 

voted t o  t h e  QPNM. Taking i n t o  account  t h e s e  commutators is 

equ iva l en t  t o  t h e  exac t  i n c l u s i o n  of  t h e  P a u l i  p r i n c i p l e  

(See, e.g. /16-18/ ). The e f f e c t  of t h e  P a u l i  p r i n c i p l e  ha s  

been t h e  s u b j e c t  of many papers  w i t h i n  t h e  framework of t h e  

QPNM. It belongs t o  t h e  h ighe r  o r d e r  c o r r e c t i o n s  i n  t h e  

p e r t u r b a t i v e  expansion of t h e  theory .  Therefore,  i n  t h e  p r e sen t  

work, f o r  s i m p l i c i t y ,  we w i l l  n e g l e c t  i t  suppos ing  t h e  quas i -  

boson s t r u c t u r e  f o r  phonons everywhere i f  any s p e c i a l  no t e  is 

not  made. Thus, we  have approximately /13/ 
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By c los ing  the  hierarchy with the  Gre2n fu r~c t ione  (21 )-(23), 

we use the  weil-known decoubling procedure /f9 *zO/ 

where 

a r e  r e spec t ive ly  the quae ipa r t i c l c  and phonon occuphtion 

nuabers. 

Af te r  a r a t h e r  lengthy but s t r a igh t fo rb~ard  a lgebra ,  we 

obta in  t h e  s e t  of equations f o r  the  two temporal 2reen funct ions  

( 21 )-(23 ). Taking t h e i r  Four ier  images vie ob.tain f o r  them the  

s e t  of equations 

-+,+ -,+ 
. (5- ?I- 7 !A> A I I ~  ?M( ( r l ) - 2 ~ ~ ~ < ~ ~ j ~ l ~ ~ > ( n ~ +  irn J J  $,,,; Tm,(q) = 0 .  

Expressing G--'+ and G-+'+ from Eqc. (29) and (30) of 

t h i s  net through GJ+ and i n s e r t i n g  them i n t o  Xq. (28 1, we ob- 

t a i n  one equation :rith one unknown func t ion  

8 

vthere we use the  nota t ion /13/ 

We note thnt  the  Clebeh-Cordon c o e f f i c i e n t s  have been suppressed 

due t o  t h e i r  s p m e t r y  proper t ies  t o  g ive  r2 i n  the  sum 

i n  Eq. (31 ). In the  homogeneous caee ( M and r: M' a r e  

a r b i t r e l y )  we obta in  from Eq.(31) the  secu la r  equation f o r  f i n -  

ding the energy ? i n  hot sphe r i ca l  odd nuclei .  It reads  

It can e a s i l y  be seen from Eq.(33) t h a t  i n  t h e  case  a s  

T-+O ( f l j - + O , ~ i + O )  E q . ( 3 3 ) t r a m f o n n s c o m p l e t e l y i n t o  

the well-known QPmf secu la r  equation f o r  s p h e r i c a l  odd nuc le i  

with the  e f f e c t  of Pau l i  p r inc ip le  omitted /E3 The second 

term i n  the  sum i n  Eq.(33) con-taining the  denominator 
- 1 - [ E ~  - ~ ! - q  1 is st imulated by t h e  processes (23) 

which take place only a t  f i n i t e  temperature. The appearance 

of t h i s  term p-.oducas the  new poles ( &. - W , ) a t  f i n i t e  
J a1 

temperature which can be located  near zero. The ques t icn  i s  

what contr ibut ion these  new poles gove t o  the t o t z l  s t r eng th  

d i s t r ibu t ion .  As v:e \ . r i l l  see I n  Sect. 7, the  r e s u l t s  i n  a  

schematic model can however shed l i g h t  on t h i s  problem. 

We no t i ce  t h a t  i f  we have i n  mind the  fermion s t r u c t u r e  

of phonon onera tore ,  v:e must use ins tead of (16) and (19) t he  

exact comnutation r e l a t ions .  I n  t h i s  case,  we can include the  



Pa u l i  p r i? lc ip lc  betwecn " q u a s i p a r t i c l e  @ phonon" componcntc, 

a s  has done i n  Ref. /I7/ w i t h i n  t he  QPmi frme.:iorlr. Thus, i n  

t h e  so-called d i aeona l  I n  % approximation of talcine 

account t h e  Pauli-pronciple betv:een "quas ipar t ic le  @ phonon'! 

c o n f i ~ u r a t i o n s  we would h a ~ e  i n  Eqs. (31) a d  (33) I " ~ j ~ i ) [ i  + 
s(7jli)] i n s t e a d  of r2(7j>i) . %e denominators a r e  

rep laced  by [ E ~ + ~ ~ + R ( J ~ A ~ )  - and [ E~-u~-R(J~A~)  - 71 s 

r e spe s t i ve ly .  The f a c t o r  ( 1 )  = - when t he  P a u l i  prFn- 

c i p l e  i s  v i o l a t e d  m a r i n ~ l l y  and such "qua&ar t i c l e  @ phonon" 

components a r e  excluded au toma t i ca l l y  from t h e  SLT over  (Jj).i). 

The s h i f t  R(?j~i) of t h e  po les  appears  due t o  t h e  Pau l i  p r i n -  

c i p l e .  'Phe e x p l i c i t  exp re s s io r s  f o r  t h e  f a c t o r  m d  t he  

s h i f t  R a r e  g iven  Refs. and we do not  r epea t  

them here  . 
4. One -to-one corresnondence t o  t h e  co l~cep t l on  of e x c i t a t l @ n  

oDerators. D i z ,~~n .nmo t i c  r ew-z sen t a t i on  

The PPT%I uses  t h e  conception of multicomponent wave fucc t ionr :  
ob ta ined  by a c t i n g  t h e  defined ope ro to r  of e x c i t a t i p n  on t he  

cor responding  mound ~ t a t e  wove func t ion .  I n  even-even n u c l e i ,  

t h i s  ground s t a t e  has been taken  a s  t h e  phonon vacuum I O>* 

(13 1- In odd n u c l e i ,  i t  is t h e  phonon va.cuum of t h e  e-ren-even core 

which s e r v e s  t h e  wave func t i on  f o r  t h e  ground s t a t e  /13/. A s  

has been shown i n  ~ e f  ./12/, i n  t he  PT-QPNM t h e  thermal  phonon 

vacuum lo,p>a can  s e r v e  a s  t b e  t h e m a l  ground s t a t e  i n  

ho t  s p h e r i c a l  even-even nuclei .  The one-to-one correspondence 

between t h e  Green func t i ons  obtained i n  t h a t  c a se  and t h e  pho- 

non components of , the PT-QPNM e x c i t a t i o n  ope ra to r  i n  ho t  sphe r i -  

c a l  even-even n u c l e i  has been e s t a b l i s h e d  i n  ~ e f  ./ll/. In t h e  

presen t  c a s e  of ho t  odd a p h e r i c a l  n u c l e i ,  an  analogous co r r e s -  

pondence can  a l s o  be pointed out. 

Thus, i f  we d e f i n e  t h e  wave f u n c t i o n s  f o r  exc i ted  s t a t e s  

above t h e  thermal  vacuum IO,f3>a as  

10 

where 

i n  t h e  e x c i t t ~ L i o n  o p e r n t s r  f o r  ho t  s p h e r i c a l  odd n u c l e i ,  then  

t h e  one-to-one correspondence betvizen tile Green func t i ons  

( 2 j  1-(23) nnd t h e  c o e f f i c i e n t 8  C, D, F i n  ~ q .  (35) is 

Due t o  Eqs. (28)-(.31) t h e  Grecn f u n c t i o n s  (21 )-(23) do not  

depend upon t h e  a - p r c j e c t i o n  M. 

A t  z e r o  temperature t h e  Green f q n c t i o n  ~ - + ' + ( 2 3 ) ,  and 

consequent ly  t h e  c o e f f i c i e n t  F , vanish.  One then  ob t a in s  

from Eqs. (34) and (35)  t h e  u s u a l  d e f i n i t i o n  f o r  t h e  wave f u w -  

t i o n  of exc i t ed  s t a t e o  with components no t  more complicated than  

[a+@ Q+J i n  s p h e r i c a l  odd n u c l e i  of t h e  QPlniI (T--o) /13( 

The orthonormalized c o n d i t i o n  f o r  t h e  wave f u n c t i o n s  (34) 

Xi 
l e a d s  t o  t h e  fo l lowing  equa ' t i ?n  f o r  t h e  c o e f f i c i e n t s  C 4 (I) JV ' 
and F ; ~ ( J V )  

It is c l e a r  t h a t  a s  T- 0 one o b t a i n s  from Eq. ( 3 8 )  the  w e l l  

knov~n orthonormalized cond i t i on  f o r  t h e  c o e f f i c i e n t s  C- arid 

D:~(J~] i n  co ld  odd s p h e r i c a l  n u c l e i .  



The wave funct ions  f o r  excited s t a t e s  a t  T = O  can be obta- 

ined from Eq. ( 3 4 )  by pu t t ing  qU(h) = 0 . In the  caoe of 

inc luding the  Pau l i  p r i cc ip le  betbyeen "quanipar t ic le  O phonsnw 

components i n  t h e  diagonal i n  3 approximation, we have ins -  

tead of Eq.(38) the  condi t ion  

2 cJYI l -nJ+  c [ i + ~ ( ~ j ~ i ) 1 [ ( ~ 2 ) > -  n,)o+ 0 .> + 
X i j  A1 

nnich transforms i n  the  l i m i t  T -, 0 i n t o  /13,17/ 

Let us denote a  quas ipa r t i c l e  by a  d i r e c t  l i n e  and a  phonon 
I 
1 by a  wavy l i n e .  The arrows on these l i n e s  ind ica te  the  proceseee 

I of c r e a t i o n  o r  ann ih i l a t ion  of q u ~ r i p a r t i c l e  and phonon (quasi- 

ho le  and phonon-hole). The time always flows from l e f t  t o  r igh t .  
1 
I 

The point  standa f o r  the  ver tex  r ( J j a i )  (32). 

I 

I These diagrammatic elements allovrs us  t o  depic t  t he  

1 graphs summarized i n  Eq.(33) a s  i n  Fig. 1.  

I In Fig.1 t h e  pa r t  b )  appears only a t  f i n i t e  tcm~ern-cure. The 

graphs including the  Paul i  p r inc ip le  between " q u s s i p a r t i c l e ~ p h o n o ~ '  

componento i n  the  diagonal i n  2 approximation a r e  plsesented 

i n  Fig.2. 
It in c l e a r  from these  f i g u r e s  t h a t  t he re  i s  a dif ference  from 

hot even-even spher i ca l  nuc le i ,  where the phonon s c a t t e r i n g  

e f f e c t  appearing a t  f i n i t e  temperature is i n  a  highar order  

i n  the  pe r tu rba t ion  expansion a s  compared t o  the  main processes 

with c r e a t i n g  ( a n n i h i l a t i n g )  two in termedia te  phonons. In  f a c t ,  

i n  hot odd s p h e r i c a l  nuc le i  t h e  graphs from Figs. l b  and 2b 

a r e  i n  t h e  same order  with the  ones from Figs. l a  and 28. 

Therefore one can expect a  more not iceable  con t r ibu t ion  of the  

quaoiparticle-phonon s c a t t e r i n g  a t  f i n i t e  temperature i n  hot 

odd spher i ca l  nuclei .  

P i .  2 Graphs including the Paul i  p r inc ip le  between 

"quas ipar t ic le  d phononw components 

[i-tZ[~j~i)] (1- n j  + "xi) 
a  ) The sum r2(7J~i) 

Xi j Ej  + WA; + R(JjAi) - 

b )  The sum rZ(JjAi) [I+ ~ ( J J A ~ ) ]  ( nj + 3Ai) 

Aij Ej - uAi - R ( J J A ~ ) - ~  ' 

et renpth  funct ions  i n  hot odd spher i ca l  nuclei .  

Formulae f o r  the  damping and the  s p e c t r a l  i n t e n s i t y  can 

be introduced by analogy with the  system descr ib ing the i n t e r -  

a c t i o n  of e lec t rons  with the  l a t t i c e  i n  metals /I9 PO 22 . / . 
Thus, from Eq, (33) we obta in  

(41 

f o r  the  damping of the  elementary exc i tn t ions  i n  the  system 

of i n t e r a c t i n g  quas ipa r t i c l e s  and phonons, and 



with the  mnss operator 

f o r  the  s p e c t r a l  i n t ens i ty .  

Using Eqs.(41)-(43) we derive the  s t r eng th  funct ions  desc- 

r ib ing  the  fragmentation of s ingle-quas ipar t ic le  s t a t e s  a t  f i n i -  

t e  temperature a s  (See, e.g. /13/). 

where i n  d i f ference  with the  zero temperature CeEC i n  /13/ 

we have 

(E. + ~ ~ ; q ) ( l - n ~ + 3 ~ ~ )  (&.-wArq)(nj -t QAi) 
{(v) =z r2m1)[ + 

A i j  E + - 1 + A (E-  J w ?.I .- Iz+ d2/4 
I 

i - n j  + 3 .  =zr2m[ + 9 + '?~i 
Xij ( E ~ + u ~ ~ - ~ ) ~ + A ~ ~  ( E ~ - ~ ~ - ~ ) ~ + A ' ~  1 

The s t rength   function^ f o r  the  fragmentation of "quanipar t ic le  @ 

phonon" s t a t e s  a r e  defined 

f o r  the  process ( 2 2 )  depicted i n  Fig. ?c, and 

f o r  the process (23) depicted i n  Fig. Ib. 

The funct ions  i n  the  r.h.8. of Eqs. (45)  and ( 4 6 )  have 

the  form 

The funct ion C; a t  the  s o l u t i o n  pointa of Ep.(33) is 

defined a s  /13,23/. 

= - [ d 3 ( q ) / d l )  1-f (49 

1" IJy 
where 3(r7) is the  1.h.s. of Eq.(33) . 
We can a l s o  def ine  t h e  t o t a l  e t rength  Sunct ion descr ib ing the 

fragmentation i n  the  "qunsipar t ic le  @ phonon" space a s  

It is e a s i l y  oeen t h a t  in. the l i m i t  T + 0 ell  the  Eqs. 

(44 )-(49) trnnsform completely i n t o  the  u ~ ~ ~ a l  fqrmulae f o r  

s t r eng th  function0 i n  cold upherical  odd nuc le i  obtained e a r l i e r  

within the QPM franiework /See, e.g., ~ e f . / ' ~ / / .  

6. Schematic model 

In genera l ,  t o  s tudy the  frnpmentatj.on of s ing le -pa r t i c l e  

o r  "quas ipar t ic le  8 phononm s t a t e s  a t  f i n i t e  temperature one 

has t o  solve  Eq.(33) f o r  r e a l i s t i c  hot s p h e r i c a l  odd nucle i .  

Thio can be done by modifying the  computationnl procedure rea- 

l i z e d  f o r  cold nuc le i  i n  the program PHOQUSR%lthln the  QPNM 

framework. In tthis paper however we do not at tempt t o  eolve  t h i s  

task. I n  order t o  study the  q u a l i t a t i v e  e f f e c t s  of the  qussipar-  

ticle-phonon s c a t t e r i n g  i n  hot odd nuc le i  and of the  phonon 

s c a t t e r i n g  i n  hot even-even ones/''/ we employ here  an over- 

s impl i f ied  schematic model. Namely, we consider  the  e x c i t a t i o n  

operator (see Eq. ( 35)) 



c o n s i s t i n g  of one quaa ipa r t i c l e  dt with energy € and 

one phonon Q+ with energy W f o r  the  hot odd syntem. 

Analogou~ly ,  f o r  the  hot even-even system we t ake  the  c x c i t o t i o n  

opera tor  formed by two phonons with energies  LO, and 0) , 
r e spec t ive ly  

Acting (51) and ( 5 2 )  on the  thermal vacuum [o,p>, we ob- 

t a i n  the  e x c i t a t i o n  i n  hot odd and even-even systeuis, respect ivel ;  

For s impl i c i ty ,  we a l s o  assume the  i n t e r a c t i o n  v e r t i c e s  t o  be 

independent of a t n t e a  and temperature. Each v e r t e x  the re fo re  can 

be character ized by an  i n t e r a c t i o n  parameter r f o r  t h e  odd 

system and g f o r  the  even-oven one. I n  t h i s  way we cnn give 

an upper evaluntion f o r  the  phonon s c a t t e r i n g  e f f e c t  a t  f i n i t e  

temperature i n  an even-even sys te~n  becncse i n  f a c t  the vei - t ices  
2 W due t o  t h i s  e f f e c t  e r e  much smal ler  than U' /See 

~ e f  ./ll//. The graphs correoponding t o  t h i s  schematic model 

a r e  depj.cted j.n YlG. 3a and 3b f o r  the even-even and odd 

! systems, respect ively .  In t h i s  f igu re  ,wglve a l s o  the associ -  

a t ed  propagators and mass operator.  

The sccu la r  e q ~ a t i o n  i n  the  given ~ c h e m a t i c  model takes  

t h e  form 

f o r  the  hot even-even system, and 

El= b E E , = w ;  $ =  n j  N,= J G =I? (,55) 

f o r  the hat  odd oystcm. 

E-TI - ra i - n + ~  -p n + *  
€+o-q e-o-q 

b) 
Pig. 3 Graphe corresponding t o  the  schematic model f o r  

a )  hot even-even system 

b )  hot odd aystem. 

In Eqs. (53 1-(.55) cind i n  Fig. 3 the  occupation numbers a r e  

-1 ( 56)  
3 = [exp (pw) -11 

A t  T= 0 (without s c a t t e r i n g  e f f e c t )  Eq.(53) transforms i n t o  

which allows the  s o l u t i o n  

2 1/2 
~n ~ q .  (e) t he  so lu t ion  ?(0)=[2~,t E,- ( E > ~ G )  112 

i 
is  caused by the  one-phonon (o r  s i n g l e  quasipartic1e)component 
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Pig. 4 Znergies of the  hot odd system i n  the  schematic 
I ' 

1 model ca lcula ted from Eqs. (53) and (55) f o r  f i v e  s e t s  

I 
( E,  LJJ) : 
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0 2 4 6  

1 I: & =  3 M e V , u = l O M e V  

I 11: E. = 6 M e V ,  LU = 7 MeV 

1 II1: E = uJ = 6.5 M e V  

I IV : L = 7 MeV , w = 6 MeV 

I 
I V: E = 10 M e V ,  u = 3 ;./lev. 

The f u l l  curveo denote thc r e s u l t s  obtalned with r = 0 ; 

t he  dot-dashed curveo are the  r eou l t s  ca lcu la ted  with r = Z  MeV; 

the  dotted curves stand f o r  the  r e s u l t s  of ca lcu la t ions  with 

r=32 MeV end the  driohed curves display the  r e s u l t s  when 

r= 4.0 IAeV. 

T , MeV 

Fig. 5 Strength functions C; (?) calcula ted a t  

T= 0, 1, 3 and 6 MeV f o r  s e t s  I , I V , V  from the  bot odd 

system of the  schematic model i n  Fig. 4. 

The f u l l ,  dashed, dotted and dot-dashed curves denote 

the  r e s u l t s  obtained a t  T= 1, 3 ,  6 and 2 MeV, res- 

pectively. ?he th ick f u l l  curves correspond t o  

the  r e s u l t s  a t  T = O  . r= 3.2 MeV. 

t be  s t rength  funct ions  c ( , D:(?) end c(?) 
change not mucb a t  T <  4 - 5 MeV f o r  t b e  l e v e l  7F10(T) 

a r i s e n  by t h e  quasiparticle-phonon s c a t t e r i n g  i n  the  case  when 

t h i s  l e v e l  i s  local ized near zero. In  t h i s  case ,  the  s t r eng th  

functions F; (1) corresponding t o  t b s  quas ipa r t i c l e -  

ptonon s c a t t e r i n g  a t  T# 0 , influence weakly the t o t a l  

s t r eng tb  funct ions  8; (1) f o r  T( 4 - 5 MeV, althrough 

the  amplitudes of F'(?) increase  remarkably with T 



FIg.7 The a t n n ~ t h  f u n c t i o n s  3; (P) c a l c u l a t e d  

a t  T =O, i, 3 and 6 MeV (See Fig.5). 

I n  t h e  s e t  P ( E = 10 MeV, w = 3 MeV), wbere t h e  

va lue  r - 3.2 MeV is  q u i t e  s t r o n g ,  t h e  peaks cor responding  

t o  q r ( T )  and r:"(T) i n  t h e  s t r e n g t h  f u n c t i o n  c:(?) 
a r e  fused  i n  a  s i n g l e  s i z e a b l e  peak l o c a l i z e d  i n  8 MeV a t  

low ternperaturea ( ~ i g . 5 ) .  However, a s  T i n c r e a s e s ,  t h e  l e v e l  

T(T) is pulsed u p  whi le  ?ir)(~) Is s h l f t e d  down 

( s e e  f i g .  4 ,  t h e  s e t  P ). Consequently,  t h e  broad peak a t  



8 KeV s p l i t s  i n t o  two peahe l o c a l i z e d  a t  q : s ) ( ~ )  a r d  r ) ' r ' ~  
3 

going eway from each o t h e r  (Pig.5). He a l s o  s e e  t h e t  t h e  rerosr- 

kab le  change with T i e  obnerved only f o r  t h e  high-lying 

q u a s i p a r t i c l e  l e v e l s .  In t h e  s e t  I (. E = 3 MeV, w = 10 MeV)  

t h e  q u n s i p a r t i c l c  l e v e l  & = 3 I.ieV i a  l o c ~ l i z e d  in t h e  lovr- 

energy reg ion .  I n  t h i s  c a s e ,  both t h e  s t r e n g t h  func t i on0  

c;(?) end D; ( q )  change weakly w i th  va ry ing  tile 

temperature.  Por t h e  o e t e  and Y , where t h e  q u a s i p a r t i c l c  

e ne rg i e s  a r e  l a r g e  and E > W , t h e  s t r e n g t h  f u n c t i o n s  

C:CO) D: and 8,1(q) depend s t r o n g l y  

upon temperature.  The ampl i tudes  of t h e i r  peaks i n c r e a s e  n o t i -  

c e a b ly  wi th  i n c r e a s i n g  T up t o  6 MeV. In g e n e r a l ,  wi th  

t h e  oppearance of  t h e  quae ipar t ic le -phonon s c e t t e r i n g  i n  ho t  

odd system, t h e  s i n g l e - q u a s i p a r t i c l e  and n q u a s i p a r t i c l e  @ 

phononw s t r e n g t h  f u n c t i o n s  can  change much w i th  T f o r  t h e  

high-lying q u a o i p a r t i c l e  1evel.s ( & > w ) . 

7.2. Even-even syetem 

I n  a hot  even-even system one has t o  s o l v e  Eq. (53) 

having i n  mind Eq. ( 5 4 ) .  The s o l u t i o n s  (61 ) a r e  d i sp layed  i n  Pig.  

8 f o r  f i v e  s e t s  of e n e r g i e s  ( LO1, Uj2 ). The c a l c u l a t i c n s  

have been performed w i th  t h e  i n t e r a c t i o n  parameters  g I 

= 1.2, 2.0 and 2.8 !<lev. I n  t h e  even-evcn oystem t h e  i n t e n s i t y  

t h e  c f f c c t  ob ta incd  w i th  g = 2 8  IJeV i s  s i m i l a r  t o  t@e  

one i n  ti:c odd systcnl -r i th  t k c  I n t e r a c t i o n  pa.rcLmc&r ?? 
= 3.2 ;doT. Y3is i s  v:hy wc have chosen t h e  sma l l e r  v a l u e s  

for g i n  the cven-even system. 

Loolriny, a t  Z g .  8, one can s e e  t h a t  i n  c o n t r a s t  

?;it11 t5e  o d i  s y s t c n ,   here t h e  s i n g l e - p a r t i c l e  e n e r u  7, 
incl-esscs v:ith T , i n  t h e  even-evcn system t h e  one- 

pi~onnn ene r ry  l dcc r ea s se s  w i th  i n c r e a s i n g  T . The 

phonon s c a t t e r i n g  a t  f i n l t e  t empera ture  l e a d s  t o  t h e  appea- 

rance  o f  t h e  a d d i t i o n a l  l e v e l  
1 3  

i n  t h e  s p e c t r u ? ,  

ob ta ined  i n  t h e  s e t  Y ( Wi = 10 MeV, = 3 M ~ V )  

I n  s e t s  I , I1 and t h i s  l e v e l  i s  nsga t ive .  

I n  s e t  as Wi I s e q u a l t o  Cu2 9 

t h c  d i f f e r e n c e  i n  Eq. (33) vanishes  and such l e v e l s  do not  

appear (  Y2-9, = 0). 

I n  even-even n u c l e i ,  t h e  damping of g i a n t  resonances  i s  

caused by t h e  .fragmentation of one-phonon s t a t e s  under t h e  

i n f  luence  of t h e  couplinge t o  (2?-2h) con f igu ra t i ons .  Fragnen- 

t a t i o n  of t h a t  t ype  is  de sc r i bed  by t h e  s t r e n g t h  

fu l l c t i o r~  of one-phonon component. I n  t h e  e iven  schematic  model 

t h i s  s t r e n g t h  f u n c t i o n  ha s  t h e  form sinllar t o  c;(?) 
f o r  t h e  odd systeta vvhsre however one has  t o  change r l  t o  -vi , 
v to v2 , e to w, , w t o  cu2 and t o  g f o l l owine  (54). 

The s t r e n g t h  f ~ ~ n c t i o n s  of  t h i s  k i n g  ca l cu l a t ed  f o r  s e t s  1, 
and P from Fig. 8 wi th  t h e  va lue  9 equal  t o  I. 2  LieV 

a r c  displaycc? I n  Fig.  9 at T =O,I,3 ancl6MeYIlhc n o t i c e a b l e  

change wi th  tempera ture  i n  t he se  s t r e n g t h  func t iof i s  is  observed 

only i n  ~ c t  Y with ~e high-lying one-phonon s t a t e  wi = 10 M e V  

f o r  o u f f i c i e n t l y  high va lue s  of T - 6 MeV . The va lue  

Q =1,2 MeV is l a r g e  enough f o r  t h e  two-phonon component 

i n  t h i s  s e t  Y . Moreover, t h e  phonon s c a t t e r i n g  l e a d s  t o  

t h e  appearance of t h e  a d d i t i o n a l  l e v e l  ?:9)(T) a s s o c i a t e d  w i th  

t h e  peek i n  t h e  r eg ion  - 6-  3 MeV, whose ampl i tude  r i s e a  up  

wi th  i n c r e a s i n g  T . 
However a s  compared t o  t h e  hot  odd system, t h e  phonon 

s c a t t e r i n g  e f f e c t  i n  t h e  hot  even-even eystem is much weaker. 

(Compare Figs.  5 and 9 f o r  s e t  P 1. 
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o r  one-phonon energ ies .  In p r a c t i c e ,  t h e  v e r t i c e s  r2 and U' 

I a r e  much weaker t h a n  t h e  s i n g l e - q u a s i p a r t i c l e  and one-phonon 

I e n e r g i e s ,  r e e p e c t i v e l y .  Therefore ,  t h e  e c n - t t e r i n g  e f f e c t s  a t  

I f i n i t o  t empera ture  a r e  expected t o  be much weaker a s  compared 

I t o  t h e  "upper l i m i t w  i n  t h e  e v a l u s t i o n  performed here. An 

example conf i rming  t h i s  f n c t  is ehvvn 5.n Pig. 1 0 ,  where t h e  

~ t r e n g t h  f u n c t i o n  c:(?) f o r  o e t  Y i n  t h e  odd ayotem 

(Fig. 4  ) c a l c u l a t c d  w i t h  =0.4 t1e7l, is d isp layed .  Thio tlet 

I is j u s t  t h e  one, where t h e  quas ipar t i c le -phonon  s c a t t e r i n g  

1~ e f f e c t  is t h e  s t r o n g e s t .  It i e  c l e e r  t h a t  a s  compared t o  Pig. 

I 5 ,  t h e  tempera ture  e f f e c t  i n  Fig. 10 i e  n e g l i g i b l y  smal l .  

Pig. 10 The same a s  i n  Fig. 5 w i t h  r 10.4 l e v .  

I n  t h e  p r e s e n t  work, w i n g  t h e  t e m p e r a t u r e  Greeri f u n c t i o n  

technique  vie have d e r i v e d  t h e  n e t  of e q u a t i o n s  f o r  t h e  Green 

funct iorrn d e n c r i t i n g  t h e  processes  wi th  one p r o p s e a t i n g  q u a s i -  

p a r t i c l e  and t h e  t r a n s i t i o n s  from on p a i r e d  q u a s i p a r t i c l e  t o  

t h e  cov.pling of intermediate phonon w i t h  q u a s i p a r t i c l c  a s  w e l l  a s  

t h e  quas ipar t i c le -phonon  s c a t t e r i n g  f o r  h o t  odd s p h e r i c a l  n u c l e i .  

The o e c u l a r  e q u a t i o n  ob ta ined  w i t h i n  t h e  franework of t h e  

FT-QPhY from t h i s  s e t  d e f i n e s  t h e  e n e r g i e o  of e x c i t a t i o n s  

whose wave f u n c t i o n s  c o n e i s t  of  q u a e i p a r t i c l e  and " q u a e i p a r t i c l e  

@ phonon" components. We have d iecuseed  t h e  diagrams a e e o c i -  

a t e d  wi th  t h e s e  processes  and po in ted  ou t  t h e  g raphs  appear ing  

exceptionally a t  f i n i t e  temperature.  

We have a l s o  e s t a b l i s h e d  t o  one-to-ono correspondence 

betkveen t h e  def ined  Green f u n c t i o n s  and t h e  compocents i n  t h e  

FT-QFFTL1 e x c i t a t i o n  opcro tors .  

The numer ica l  e s t i m ~ t i o n e  performed i n  t h e  o v e r s i m p l i f i e d  

schematic  models f o r  hot  odd and even-aven systems have shown 

t h s t  tho  s c a t t e r i n g  e f f e c t s  a t  f i n i t e  t empera ture  t u r n  ou t  t o  

be s t r o n g i r  f o r  .odd uystem t h a n  f o r  even-even one. I n  both 

t h e  typea  of n u c l e i ,  t h e  phonon orquonipar t i c le -phonon  s c a t t e -  

r i n g  e f f e c t s  i n c r e a s e  w i t h  i n c r e a s i n g  i n t e r a c t i o n  and t h e  

ererbgg of one-phonon o r  s i n g l e - q u a s i p a r t i c l e  component. In h o t  

even-even nv.clc.1 t h e  phonon s c a t t e r i n g  e f f e c t  a t  Tf 0 may 

be n o t i c e a b l e  only a t  s u f f i c i e n t l y  h igh  tempera tures  beg inn ing  

from T 3 6  MeV. Therefore ,  a t  T < 6  MeV i t  c a n  be neg lec-  

t e d  i n  c a l c u l a t i o n s .  In p r a c t i c e ,  d u e  t o  t h e  s m a l l  v a l u e s  of 

i n t e r a c t i o n  parameters  aA compared t o  e x c i t a t i o n  e n e r g i e s  

s c a t t e r i n g  e f f e c t s  i n  h o t  s p h e r i c a l  (odd and even-even) n u c l e i  

a r e  expected t o  be n e g l i g i b l y  s m a l l  a t  moderate t empera tures  

( T < 6  MeV). The c e l c u l a t i o n s  based on t h e  s e c u l a r  e q u a t i o n  

ob te ined  i n  t h i s  work i n  r e a l i s t i c  ho t  odd s p h e r i c a l  n u c l e i  w i l l  

be t h e  s u b j e c t  of fo r thcoming  s t u d i e s .  
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