
i : 
I Nguyen Dinh Dang* 

QUANTUM AND THERMODYNAMIC 
I 
I FLUCTUATIONS 
1 IN THE DEGENERATE SCHEMATIC MODEL 
, 
i OF THE FINITE TEMPERATURE 

RANDOM PHASE APPROXIMATION 

* Moecow Shte University - on leave from the Institute 
of lboxeticd Phyni~,  Academy of Sciences of- Vietnam, 

E Nghh D6, Tu L&m, Hanoi, Vietaam. 



Recently finite temperature nuclear dynamics has been the sub- 

ject of much stimulated by the discovery of giant dipole 
resonances built on states above the yrast line of highly excited 

To these systems the finite temperature Hartree-Fock- 

Bogoliubov (FT-HFB) formalism has been applied. Properties such as 
pair gaps and deformations have been determined as functions of spin 

and temperature/". A variety of first and second order phase tran- 

sitions have been ident~fied/~-~~/. The FT-HPB theory ignores fluc- 
tuation effects of quantum and thermodynamic types. They have been 

studied in detail It has been shown in these studies 
that the thermodynamic fluctuations can wash out the second order 
phase transition, connected with the pairing collapse in finite nuclei. 
In our recent publication/5/ we have shown in the frame work of the 
finlte temperature WA(FT-RPA) how this collapse influences the cen- 

troids of the giant resonances in heated spherical nuclei. The aim 
of the present paper is to study the influence of quantum and ther- 
modynamic fluctuations on the energy of collective states in heated 
spherical systems. 

The quantum fluctuations we consider in the present paper are 

caused by violating the symmetries of the HFB Hamiltonian. In fact 
in the KFB method the conservation of particle number is taken into 
account approximately. Soloviev et al. and ~likhailov/'~/ have shown 

that the quantum fluctuations of the particle nurnber in the ground- 
state, the wave function of which is defined as the quasiparticle 
vacuum, renormalize the pair gap as 

where the fluctuation of particle nunber with single-particle energy 
Ej and chemical potential 1 is defined as 

We shall use theae results for our calculations at finite tem- 



p e r a t u r e ,  where t h e  BCS p a i r  gap A i s  g i v e n  by /16,17/ 

nj i s  t h e  occupa t ion  p r o b a b i l i t y  of  t h e  q u a s i p a r t i c l e  s t a t e  w i t h  

energy Ej  : 

5 , Vj a r e  Bogoliubov c o e f f i c i e n t s .  

 he c r i t i c a l  t e m p e r a t w e  Twit f o r  which t h e  c o l l a p e e  o f  A(T) 
t a k e e  p l a c e  i s  g i v e n  by 

T = 0.567A(T=O) cr i t  

Using e q u a t i o n  ( 3 )  t o  c a l c u l a t e  t h e  renormal ized  BCS pair gap 

(T) from e q u a t i o n  ( I ) ,  we can determine t h e  thermodynamic f l u c -  
t u a t i o n s  through/'  ' * 16/ 

A s i m i l a r  r e l a t i o n  can be t a k e n  f o r  (T) from e q u a t i o n  (3) .  The 

f r e e  energy Ir i e  

where t h e  energy of t h e  syetem and t h e  en t ropy  3 at tempera ture  T 

a r e  

I 

The average  p a i r  gap i s  now def ined  by /11,16/ 

I 
I f o r  (T)  a s  w e l l  a s  f o r  nN (T)  . 

The e n e r g i e s  o f  c o l l e c t i v e  e x c i t a t i o n s  can be found by s o l v i n g  

t h e  s e t  o f  PT-RPG equa t ions  which have been d e r i v e d  i n  our p r e v i o u s  
work/5/ ( s e e  For  s i m p l i c i t y  vre u s e  h e r e  t h e  degenera te  
schematic  model, i n  which N p a r t i c l e s  occupy N l e v e l s  w i t h  t h e  

same y a s i p a r t i c l e  e n e r g i e s  8. = E T  i n t e r a c t i n g  v i a  a s e p a r a b l e  
J 

f o r c e  la/.  I n  t h i s  c a s e  our  s e t  o f  FT-HPA equa t ions  can be so lved  
immediately,  from which we o b t a i n  

0) (A) (+) 2 
where CT =(21+412 a3 $fd,ujj,)j $$are t h e  reduced m a t r i x  elements  of  
t h e  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 g  e x c i t a t i o n  o f  m u l t i p o l a r i t y  

; 2''' i e  t h e  e f f e c t i v e  c o n s t a n t  o f  t h e  s e p a r a b l e  i n t e r a c -  

t i o n ;  n i s  o b t a i n e d  from e q u a t i o n  (4 )  by s u b s t i t u t i n g  ET f o r  
(+I e.  . U..  = UjVj/ + U ./v. . 

3 '  JJ' J J 

We i n v e s t i g a t e  t h e  b e h a v i o w  o f  t h e  d i p o l e  s t a t e  i n  t h e  l e a d  
-58(N 1 58, G = 0.3, O ( T  = 0 )  1.4 MeV) a s  f u n c t i o n  o f  t empera ture  

4) Aseuming t h e  i s o v e c t o r  i n t e r a c t i o n  t o  be r e p u l e i v e  ( Zd 4 01,  we 
choose & = 4.5 MeV a t  T = 0. C i s  a j u s t e d  t o  reproduce t h e  d i p o l e  

s t a t e  a t  zero temperature wE' -17 M ~ V / ' ~ / ,  from which we o b t a i n  
\ C = -23.11 MeV. exP 

T= 0 

The f i g u r e  1 compares t h e  average p a i r  gaps (A) and (x) 
w i t h  t h e  BCS A and . Whereas t h e  BCS A and e x h i b i t  

.) 
a sharp  second o r d e r  p h a s e t r a n s i t i o n  from s u p e r f l u i d  to.norma1, t h e  

average (A> and (2) remain l a r g e  even a t  very  h i g h  tempera- 
ture/ ' ' / .  Moreover, t h e  quantum f l u c t u a t i o n s  l e a d  t o  a l a r g e r  A 



9 n- Fig. 1. The p a i r  gap A of - 
t he  lead-58 versus  

the  temperature T. The dash- 
ed curve denotes the  BCS A whe- 

n 4.0 
r e a s  the  dot ted  curve g ives  
t h e m a  renormalized by the 

MeV p a r t i c l e  number f luc tua t ions  
( the  a: ). The s o l i d  curye 
r ep resen t s  t he  average p a i r  
gap A ( t h e  <A) ) and the  

0.0 dashed-dotted curve i s  the  
0 0.5 1.0 4.5 2.0 25 3.0 remult f o r  <A> inc luding 

T, MeV 
the  p a r t i c l e  number f luc tua-  
t i o n s  ( t h e  <E) ). 

N 

( the  renormalized A ). A t  T 5 0 the  renormalized p a i r  gap 
i s  about 30% grea t e r  t h a n A  (c+./' 5/). Consequently, t he  c r G i -  

c a l  temperature of t he  phase t r a n s i t i o n ,  where the  col lapse  of A 
N 

takes  p l ace ,  Tcrgl MeV, i s  higher than TCzt0.79 MeV f o r  t he  col lapse  

of A . By the  same reason the  average (z) i s  l a r g e r  than (A) 
and f o r  i nc reas ing  values of T from 0 t o  3 MeV t h i s  d i f f e rence  

increases  from 30% t o  50% roughly. It i s  a l s o  evident from f i g u r e  1 

t h a t  the  renormalized average (2) depends more weakly on the  tempe- 
r a t u r e  than the  average <A> . Therefore we can conclude tha t  t he  
thermodynamic f l u c t u a t i o n s  i n  wash out the  second order  phase 
t r a m i t i o n ( ~ f . ' " " ~ ~ ~ ~ ~ d  thanks t o  the  quantum f luc tua t ions  this ef-  

f e c t  becomes stronger.  

The energies of the  d ipole  s t a t e  i n  the  lead-58, ca lcula ted  

from equation (8)  a s  funct ion  of temperature T with the  p a i r  gaps 

A 'I, T , < n ( T ) >  and (X(T)>  r e spec t ive ly ,  a r e  shown 
i n  f i g u r e  2. The temperature dependen028 of t h e  d ipole  s t a t e  
energy, obtained wi th  the  BCS A and A , undergo a d i scon t inu i ty  - 
a t  the  c r i t i c a l  po in t s  TCrit and Tcrit a s  hae been shorn by u s  ear-  
l ~ e r / ~ / .  However a s  t he  thermodynamic f luc tua t ione  wash out the  se- 
cond order  phase t r a n s i t i o n ,  such d i scon t inu i ty  disappears i n  the  
temperature dependence 02 the dipole s t a t e  energy, ca lcula ted  with 
the  average (A) and (A) , and f o r  them we have smooth curves. The 
quantum f l u c t u a t i o m  i n  <s) i nc rease  the  d ipole  e t a t e  energy by 
400-600 keV roughly a s  compared with t h i e  energy, ca lcula ted  wi th  

<A) . Both the  temperature dependencee of t he  d ipole  e t a t e  energy 
i n  the  system, f o r  which the  quantum and thermodynamic f l u c t u a t i o n s  
a r e  taken i n t o  account,  show the  eame c h a r a c t e r i s t i c  f e a t u r e  t o  de- 

crease f o r  increas ing  values of temperature ch i s  i n  agreement 
with the  conclue on reached by o ther  authors  ' 2 9 4 t n d  the  experwen- 
t a l  observatiom'201. For T-2.O-2.4 MeV the  d ipole  s t a t e  energies  

I8 1 - 1 - 1  i n  f i g u r e  2 are  1.5 t o  2.0 MeV 
--me> N=58 .~ \ smaller  than a t  T = 0 when the  

measured spec t r a  i n  medium and 
heavy nucle i  a t  these va lues  of 
T g ive  the  g i an t  d ipole  resonan- 

ce energies  lower by 1-1.5 MeV 
a s  compared with those a t  T = 017! 
Because of the  s impl i c i ty  of the  
schematic model used here we can- 

not pretend t o  a more quant i ta -  
t i v e  descr ip t ion .  However our 
r e s u l t s  a r e  enough t o  conclude 

0 1.0 4.5 2.0 2.5 3.0 MeV t h a t  the qutlntum and thermodyna- 

Fig. 2. The d ipole  e t a t e  ener- mlc f l u c t u a t i o n s  a re  indoubtedly 

gy E l  of  the  lead-58 i m p o r t w t  i n  the exc i t a t ions  a t  
versus the  temperature T. A s  
i n  f i g u r e  1 the  dashed, dot ted ,  f i n i t e  temperature. Moreover f o r  
s o l i d  and dashed-dotted curves f i n i t e  systems such a s  nuc le i ,  

the thermodynamic f luc tua t ions  i n  cula ted  from equation (8) with 
the  p a i r  gap h , , <A) the order  parameter a s  the  p a i r  
and <x> respect ive ly .  

gap a r e  l a r g e  even f o r  
s t a t e s  f a r  from c r i t i c a l  point. 

They l e a d  t o  the  dramatical  e f f e c t  which wash out t he  second order  
phase t r a n s i t i o n  from the muperfluid s t a t e  t o  the  normal one, while 
the  number p a r t i c l e  f l u c t u a t i o n s  in t ens i fy  t h i s  r e s u l t .  Therefore 

such phase t r a n s i t i o n  cannot be observed ne i the r  by the temperature 
dependence of the  p a i r  gap nor by the  one of the c o l l e c t i v e  s t a t e  
energies  i n  heated sphe r i ca l  systems. It should be very des i r ab le  t o  
inves t iga t e  the  ef fec tsof  t he  quantum and thermodynamical f luc tua-  

t i o n s  on the  g i a n t  mult ipole resonance e n e r a  cent ro ids in  r e a l i s t i c  
hot  nuc le i ,  where we s h a l l  observe the  concrete quan t i t a t ive  reeul te .  

These inves t iga t ions  of such kind a r e  now i n  progress  and we w i l l  

publ ish  t h e i r  r e s u l t s  elsewhere. 
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