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n u c l e i  1121. However, a  complete s t u d y  of t h e  i n f l u e n c e  of OF 

2nd SF f o r  t h e  p a r t i c l e  number on t h e  themodynamic c h a r a c t e r i s -  

t i c s  i n  r e a l i s t i c  h o t  n u c l e i  i s  a b s e n t  so f a r .  The main purpose 

of t a e  p r e s e n t  e f f o r t  i s  t h e r e f o r e  t o  give ar'. ulswer t o  t h i s  

open q u e s t i o n  by extending t h e  Lk'method t o  t h e  nonzero tempe- 

r a t u r e  case. % averag ing  t h e  p a i r i n g  r e s i d u a l  i n t e r a c t i o n ,  

which i s  no t  included i n t c  t h e  BCS F.ar?.iltonian, over  t k e  s t a t i s -  

t i c a l  ensemble we s h a l l  e v a l u a t e  t h e  e f f e c t  beyond the  mean 

f i e l d .  Fly i n c l u d i n g  t h e  r e s i d u a l  d i p o l e  2nd quadrupole s e p e r z b l e  

i n t e r a c t i o n s ,  we a l s o  g ive  an  e s t i m a t i o n  f o r  t h e  c o n t r i b u t i o n  

of t h e  FT-P2.4 v i b r a t i o n a l  modes t o  t h e  s v e c i f i c  heat  C and t h e  

i n c r e a s e  c f  t t e  l e v e l  L e s s i t y  p a t  i ~ n i t e  t e n ~ e r a t u r e .  

The paper i s  o rgv l ized  i n  t h e  fol lowir ,g  way: i n  bec.2 

we p r e s e n t  t h e  t h e o r e t i c e l  e lements  of our d e s c r i p t i o n ;  t h e  

r e s u l t s  a r e  shown i n  Sec.3; and f i n a l l y  some conclusions a r e  

drawn i n  Sec.4. For t h e  sake of convenience t h e  d e t z i l s  of some 

express i3ns  i n  t h e  formalism a r e  c o l l e c t e d  ic t h e  h?pendix. 

2. Fomal igm 

I n  t h i s  s e c t i o n  we b r i e f l y  d e s c r i b e  t h e  main f e a t u r e s  of  

t h e  p a r t i c l e  number f l u c t u a t i o n  formulae which a r e  ob ta ined  

by extending t h e  -LN method at f i n i t e  temperature. In t h e  sub- 

s e o t i o n  2.1 we w i l l  o b t a i n  t h e  a n a l y t i c  express ions  f o r  OF and 

and t h e i r  c o n t r i b u t i o n  t o  t h e  energy of t h e  system. The 

express ion  f o r  t h e  energy & and t h e  s p e c i f i c  h e a t  C of t h e  

system a r e  g iven  i n  Subsec. 2.2, and f o r  t h e  grand p a r t i t i o n  

f u n c t i o n  , en t ropy  S, l e v e l  d e n s i t y  P and i t s  parameter  a 

- '- Subsec. 2.3 . I n  t h e s e  subaect iona t h e  r e l e v a n t   correction^ 

t o  t h e s e  n u c l e a r  thermodynamic c h a r a c t e r i s t i c s  due t o  t h e  

p a r t i c l e  number f l u c t u a t i o n s  as w e l l  a s  -to t h e  p a i r i n g  r e s i d u a l  

i n t e r a c t i o n s  a r e  given z r ; r l y t i c e l l y .  I n  subsec. 2.4 we Ciscuss  

s e p a r a t e l y  t h e  c o n t r i b u t i o n  o f  t h e  FT-RPA modes. 

2.1. Quantum aad s t a t i s t i c 3 1  p a r t i c l e  r m b e r  f1uct ; ;a t ions - - -- - -. P - 

Let  u s  cons ider  t h e  well-known monopole p a i r i n g  

% m i l t  onla? 

,...,. &..-ere 7 z r e  :he single--,zr:ic:e e n e r g i e s ,  

t h e  c r e a t i o n  ( a r n l ~ l a t l o n )  m c l e a r  ou e r a t o r s  2.2 t:ke s ing le -  

-particle o r b i t s  Cenotee by t h e  index  J; G i s  t h e  aocopole 

p a i r i n g  c o n s t a n t ;  and t h e  s t a t e s  denoted by j% a r e  t h e  t ime 

reversed  s i n g l e - p a r t i c l e  s t a t e s .  I n  genera l ,  f o r  a  two-component 

p ro ton  (Z) and ~ e u t r o n  (N) system t h e  sun i n  (I) i s  done over  

lzm, (1; m; ) and a l s o  G where 't= (< N) . Eonever, here- 
t 

a f t e r  u n l e s s  a s p e c i a l  emphasis i s  made we omit t h e  s u b s c r i p t  

% f o r  s i m p l i c i t y .  Using t h e  h g o l u b o v  t r a n s f o r m a t i o n  t h e  

% i l t o n i a n  (I) can be w r i t t e n  i n  t h e  q u a s i p a r t i c l e  b a s i s  i n  
+ t e r n s  of  t h e  q u a s i p a r t i c l e  c r e a t i o n  ( a n n i h i l a t i o n )  
dj, (djm > 

o p e r a t o r a  as 

where H,,, c o n s i s t a  of  t e rms  o r  (a+Indrn and 

'444-44 s t a n d s  f o r  t h e  t e n  n. ol'do(+o( . Thei r  e x p l i c i t  f o m s  

a r e  g iven  i n  Appendix A. 



At zero t e n p a a t u r e ,  by c o n s i d e r i n g  t h e  % n i l t o n i a n  

H +A,N + A ~ N '  where N i s  t h e  nucleon number which i s  

s e t  equa l  t o  t k e  e x r e c t a t i o n  v a l u e  of t h e  p a r t i c l e  number opera- 
A 

t o r  N i n  t h e  q u a s i p a r t i c l e  vacuum s t a t e  10) , Yogami hzs  

o b t a i n e d  t h e  ground s t a t e  energy g i v e n  by averag ing  t h i s  

:&xil toniul  over 10) a s  1 8 1  

vk.ere  AN^ i s  t h e  p z t l c l e  number f l u c t u a t i o n s .  %e c o e f f i c i e n t s  

A, and A2 have beer. c a l c u l a t e d  i n  t h e  success ive  approximation 

as d e r i v a t i v e s  of <H,> . 
A t  f i n i t e  temperature a  s t a t i s t i c a l  ensemble of quasi- 

p a r t 2 c i e  e x c i t a t i o r s  t a x e s  p lace .  ?he q u a s l p a r t i c i e  v2cu.m s ~ - .  

r ~ o  l o n g e r  se rve  a s  a  re fe re r ,ce  s t a r e  t o  Zef-ne normal products .  

Ir t h i s  case ,  t h e  t:rerzal vacuum! I c ) , ~ )  with  being t h e  
- 1 i n v e r s e  t empera ture  = T should be used i n s t e a d  of 10) . 

!Re e x p l i c i t  form of \o,f> i n  terms of JQ) has  been g iven  i n  

a e f s .  [13,14]. The averag ing  procedure i s  now performed over  t h i s  

thermal  vacuum and i s  e q u i v a l e n t  t o  t h e  average over  t h e  s t a t i s -  

t i c a l  ensemble 1 1 4 1  

where @ i s  a r b i t r a r y  and Heff i s  t h e  e f f e c t i v e  k m l l t o n i a n  

o f  t h e  system. %e Wick's theorem remains v a l i d  f o r  t h e  ensemble 

average  of o p e r a t o r s  [15,16] such a s  

wnich i s  t h e  f i n i t e  temperature Hartree-Fock-Bogolubov (FT-BB) 
2 

approximation.  The procedure of m i n i n i z i n g  <HZ0> - A , N - A L N  
goes  novr i n  p a r a l l e l  wi th  t h e  u s u a l  FT-BCS theory .  The r e s u l t s  

a r e  t h e  vrell-known FT-BCS e q u a t i o n s  ( see ,  e.g.Ll]) 

 here E. i s  t h e  q u a s i p a r t i c l e  energy; A i s  t h e  s u p e r f l u i d  
1 

energy gap; h i s  t h e  chemical p o t e n t i a l .  The Bogolubov 

c o e f f i c i e n t s  U .  and 
1 

Vj a r e  

The d i f f e r e n c e  between t h e s e  equa t ions  and those  of t h e  

convent iona l  FT-BCS theory  i s  t h e  appearance of  t h e  terms -4a2 

i n  Ej as i n  t h e  ze ro  tempera ture  case  [8] 

E, = E,~ + ( 4 ~ ~ - G ) V '  (10) 

m e  presence  of t h e  t e n u n . 4 1  2 V' j n e a r l y  auppresaes t h e  a e l f -  

energy c o r r e c t i o n  ~ G v :  . %is m e r i t  of t h e  LN method .illow. 

one t o  p u t  In f a c t  E. 3 ar EO 1 [8]. P o l l o r i n g  t h e  LN method we can 

c a l c u l a t e  t h e  c o e f f i c i e n t  kL at f i n i t e  temperature T as 
-4 n +(n!) d <%>Id N" haring l n  mind t h e  n e r n g e  (4). I h e  



e v a l u a t i o n s  a t  T=O have shown t h a t  t h e  second d e r i v a t i v e  (n-2) 

t u r ~ s  out  t o  b e  s u f f i c i e n t  f o r  a  good epproximate v a l u e  of . 
A t  T#O we t h e r e f o r e  a l s o  r e s t r i c t  3 a r s e i v e s  t o  t h e  second 

d e r j v a t i v e  n=2. C i f f e r e n t i a t i n g  both t h e  s i d e s  of Eq. ( 6 )  vre 

f i n d  

=--- ('I 2, 
2 d ~  4 d A  -[xQ,$~(~,:)]{A:[xQ.c~s(~,~)]~+ , 

I 3 3  

where 
1 

J(~,E,) I t a n h ( + p ~ , ) - ~ p  5 se*l'(ia9) (1 3) 

2,. (12) i s  t h e  f o r n u l a  f o r  t h e  c o e f f i c i e n t  of t h e  extended 

I,:< methot a t  f i n i t e  temperature.  I n  t h e  f o l l o ~ ~ % n g  we s h a l l  

omit t h e  s u p e r s c r i p t  (2) i n  I:) without  confusion. I n  t h e  

llmit T + o  we have f(B,&,)= 4 and ekl E ~ e d ? ( f f 4 ) = 0 ~  
T+ o T+o 28 j 

so Eq. (12) t r a n s f  o m s  i n t o  t h e  formula f c r  A:) obtained 

by Nogami i n  Ref. [a]. 
The p a r t i c l e  number f l u c t u a t i q n s  AN' a r e  def ined  as 

A 

w i t h  N = Z a h  aj, ; 1 n  t h e  q l u a i p ~ t i ~ l t  ~ S I S  wt  f i n d  
i m  

where a r e  QF of t h e  p a r t i c l e  number 

2 A 

and ANSF e r e  SF of N 

I n  Eos. (16) a d  (17) nj i s  t h e  q u a s i g a r t i c l e  o c c u ~ a t i o n  

2 Z 
The reasons f o r  t h e  i n d e n t i f i c a t i o n  w l t h  ANPF AHSF a r e  

t h e  f o l l o r l n e  [I@]: (1) I n  t h e  h igh  t e z r e r z t u r e  l F n i t ,  *a 

a r ~ d  fl -+ 1 / 2 ,  3F v u l i s h  a s  t h e g  e r e  s u ~ p o s e t  t o  do, (2) 
3 

I n  t k e  zero t e z r e r a t u r e  ; izit ,  n, + O  , SF go T O  zero a n d  

QF go t o :  

as one expec ts  ( See, Ref. [17] 1. I n  t h e  phase t r a n s i t i o n  at 

Twit - 0.567 AT-O t h e  FT-BCS energp gap 4 from Eqe. (6)- - 
A 

(8) c o l l a p s e s  and OF of  N w i l l  v a n i s h  a f t e r  thje t r a n s i t i o n  

haa t a k e n  p lace .  I n  genera l ,  a s  has been pointed ou t  i n  ~ef.[10], 

QP of t h e  o p e r a t o r  a s a o c i a t e d  r i t h  t h e  conserved symmetry a ~ e  

always zero. 

It i s  noteworthy that, a s  h a s  been shorn and i n v e e t i g a t e d  

thoroughly i n  many papers  Ll8-203 t h e  p a i r i n g  gap AT i n  re* 

l i a t i c  n u c l e i  does not van ish  at T  = Tcrit because of  t h e  

thermal  f l u c t u a t i o n s  due t o  t h e  f i n i t e n e s s  of n u c l e a r  ayattma. 
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The e q l i c i ' c  e q r e s s l o n s  f o r  t h e  d e r i v a t i v e s  i n  Eq. (38) 

a r e  obtained i n  Ref. [21] ard )re do not repea* then h e r e ,  

Taking t h e  p a r t i c l e  number fluctuations and the  r e s idua l  

p-lrt <H)res 1" t h e  7 a i r i n z  Sa;nlltonl&? ( 2 )  i n t o  account we have 

Q - a - p < H ,  
tot res 

I n s e r t i n g  Sqs. ( 3 9 )  and (40) i n t o  sqs. (18) we obta in  t h s  

corresponding l e v e l  d e n s i t i e s  p and kt . Tt.e re levant  

expresaione f o r  t h e  d e r i v a t i v e s  a2(dN')/db*, a ' ( ~ ~ ~ ) / a g a ~ ,  I i 

a 2 ( ~ ~ ' ) / d p 2  a r i e e n  by de r i v ing  6 i n  Eq. (38) a r e  g iven  

i n  t h e  Appendix B. By t h e  r ea son  d i s cus sed  l a t e r  i n  Sec.3, we 

i;* r e p r e s e n t  only t h e  formulae f o r  

The l e v e l  d e n s i t y  parameter  a i s  def ined  a s  usual  

According t o  t h e  aboveaen t i oned  no t a t i on ,  we ob t a in  

r e spec t i ve ly  

s' a tot = Z - B ~ < H ) R ~ / ~ T + ~ < H : ~  
2 

2.4. PT-FtPA contribution 

To study t h e  con t r i bu t i on  of t h e  v i b r a t i o n a l  modes t o  t h e  

s p e c i f i c  hea t  and t h e  l e v e l  d e n s t t y ,  we adopt t h e  FT-BCS p l u s  

zT-;?pA t r e a t n e n t  . 
The ~ n i l t o n i a n  i n  t h i s  c a se  t a k e s  t h e  form 

wi th  t h e  mul t ipo le  i n t e r a ~ t i o ~ s  

0) 
Tq Eq. (46) $) and B, s tand  f o r  t he  i s o s c a l a r  and 

i sovec to r  c o n s t a t s  of m u l t i p o l a r i t y  A >/ 1 , respec t ive ly .  

The rnul t ipole noment ope ra to r s  M+ (Z) a d  M ('t) a r e  v AP 
expressed i n  terms of t h e  q u a s i p a r t i c l e  Operators. Their  e x p l i c i t  

fqrmula can be found i n  [ 221. By i n t roduc ing  thennal  phonon 

o p e r a t o r s  Q:~~(T) and (TI (see t he  Appendix C) and 

employing t h e  method of l i n e a r i d n g  t h e  equa t ions  of motion, we 

have obta ined  i n  Ref. 1 5 1  t h e  FT-RPA equat ions  f o r  t h e  e n e r g i e s  

w .IT) of one-phanon e x c i t a t i o n s  a t  f i n i t e  temperature. A system 
Al 

l i k e  t h a t  h a s  bren obta ined  also  by o the r  au tho r s  us- d i f f e r e n t  

methods [3,14] . Using t h e se  thermal  one-phonon ene rg i e s  WAi CT) 
we can eva lua t e  t h e  con t r i bu t i on  6C of t h e  F-1, modee t o  t h e  

s p e c i f i c  h e a t  as 

FW(P# FT-RPA FFRPA 



t o  be  r a t h e r  smooth and very weak up t o  T 6 Lev. Therefore,  where 
FT-RPA d ( H FT-RPA) 

In CFT-FGh t h e  t w o - q u a s i p a r t i c l e  p o l e s  a0 ( see  Appendix) 1 u; A1 

at f i n i t e  temperature must be used i n s t e a d  of uAi . %e formula 

f o r  doA (T)/~T i s  given i n  Appendix C. 4 e  c o e f f i c i e n t  Kvib 
f o r  t h e  i n c r e a s e  of t h e  l e v e l  d e n s i t y  due t o  t h e  v i b r a t i o n a l  

nodes f s  given by L1]  

I n  t h i s  work we s h a l l  c a l c u l a t e  Kvib f o r  t h e  d i p o l e  modes 

i n  comparison wi th  t h e  quadrupole ones. The former h a s  n o t  been 

eva lua ted  so  far and has u s u a l l y  been neg lec ted  I n  c a l c u l a t i o n s .  

I 3. XumerJlcal r e s u l t s  

The calculations have been made f o r  t h e  h o t  58~i* nuoleus. 

The s i n g l e - p a r t i c l e  e n e r g i e s  E have been c a l c u l a t e d  i n  t h e  
j 

Woods-8axon p o t e n t i a l  d e s c r i b i n g  t h e  mean f i e l d  at zero temperature.  

The parameters  of this p o t e n t i a l  a r e  t aken  from Ref. [23]. I n  

genera l ,  a t  f i n i t e  temperature t h e  s i n g l e - p a r t i c l e  s p e c t r m  does  

depend upon temperature.  However, t h e  c a l c u l a t i o n s  performed i n  

Refs. 1241 have e h o m  t h a t  t h i s  t empera ture  dependence t u r n s  o u t  

i n  t h e  t empera ture  r e g i o n  of i n t e r e s t  we n e g l e c t  t h i s  dependence 

by p u t t i n g  E(T) = E,(O) . m e  p z i r l n  c o n s t a n t s  G a r e  
1 

chosen t o  be G = 0.28 f o r  n e u t r o n s  and Gz = 0.302 f o r  
N 

pro tons .  The p a i r i n g  gap a t  ze ro  temperature i s  t h e r e f o r e  found 

t o  be ( T = ~ ) z  1.4  1:ieV and A (T=o) = 0. The c r i t i c a i  t empera ture  
N t 

T c r i t  where t h e  c o l l a p s e  of t h e  FT-XS p a i r i n g  gap t a k e s  p l a c e  

i s  Tcrit= 0.73 !!:e7. I n  the  FT-WA c e l c . ~ l ? t i o n s  we use t h e  

t e n p e r a t u r e  i n d e ~ e n d e n t  d ipo le  and ~_uadrupole  i s o s c a l a r  and 
z(l,e) 

i s o v e c t o r  cons tan ts .  ' h e y  have been def ined  fo l lowing  
0,l 

t h e  procedure descr ibed  i n  d e t a i l  i n  Refs. [22,25]. 

The p a r t i c l e  number f l u c t u a t i o n s  AN' a r e  dep ic ted  i n  

Fig.1 a s  f u n c t i o ~ s  of t h e  ternoerature. At '1 < Tcrit QF dominate. 

They v u l i s ! ~  a: t h e  c r i t i c a l  p o i n t  Tcrit i n  t h e  case of phese 

t r a n s i t i o r .  wi th  t h e  FT-BCS gap A T (21) f o r  t h e  neu t ron  component 

(Fig. la) .  h t  t expera ture  T  l a r g e r  t h m  Tcrit on ly  SF remain. 

For  p ro tons ,  a s  (T) i s  a lways zero ,  t h e r e  a r e  only SF f o r  t h e  
i! 

p a r t i c l e  number o p e r a t o r  a s  shown by t h e  do t ted-dashed  curve i n  

m g . l a .  Eiy us ing  t h e  averag ing  gap (AN> (201, which i s  

ze ro  at T  = TCrst, PF does n o t  v a n i s h  but  d e c r e a s e s  f a s t l y  

at T  > Tcrit and becomes n e g l i g i b l y  small at 'I! about-3 MeV 

(Flg.lb).  m e  phase t r a n s i t i o n  i s  smeared o u t  and t h e  d i scont inu-  

ous p a i n t  i n  (AN?,,, at T  = Tcrit d i s a p p e u s .  

'Ihe coef f  i c i e n t  s \ c a l c u l a t e d  from Eq. (12) f o r  N and 

a r e  shown i n  Fig.2 a g a i n s t  t h e  temperature.  The tempera ture  

dependence6 f  o r  both 1:") and IF' a r e  r a t h e r  weak except  the 

r e g i o n  T < 2  MeV f o r  t h e  p r o t o n  component. I n  genera l ,  one 

t h e r e f o r e  can pu t  roughly ~r'n 0.1 MeV, 0.1) MeV f o r  dl 

tempera ture  i n  h o t  5 8 ~ i  . 



Fig.1. P a r t i c l e  number f l u c t u a t i o n s  AN' ve r sus  temperature. 

s) Resll l ts  obtained by u s i n g  t he  ST-BCS pa i r i ng  gap 

AT (21) 

b) Resu l t s  ob ta ined  by u s ing  t h e  average p a i r i n g  

(AT)(20) 

m e  dokted cu.rvej Zenote 3F. ';he .fashed curves de sc r i be  

t he  SF. %e dotted-dashed curve s tands  f o r  (AN') of protons.  
L 

The arrow p o i n t s  out  t h e  c r i t i c a l  temperature. 

Fig.  2. C o e f f i c i e n t s  A(') p l o t t e d  aga in s t  t h e  temperature. The 
2 

f u l l  curve i s  A2 f o r  t h e  neut ron  cmponent whi le  t h e  

dotte5-dashed cilrve s t a n d s  f o r  t h e  pro ton  Dne. 

T,MeV T,MeV 

Fig.3. ~ x c i t a t i o n  energy v e r s u s  temperature. The t h i n  curve 

corresponds t o  t h e  v a l u e  ob ta ined  i n  t h e  FT-BCS 

approximation. The do t t ed  curve i s  ob ta ined  by incl lfding 

t h e  p a r t i c l e  number f l uc tua t i ons  i n  t h e  TT-BCS IIamilto- 

nian. The dashed curve i s  ca l cu l a t ed  under t h e  i n f l uence  

of t h e  r e s i d u a l  p a r t  <H>es i n  t h e  monopole p a i r i n g  

Haail tonlan.  .The t h i c k  ourve i s  t h e  t o t a l  one. 

a)  Resu l t a  w i th  uaing t h e  FT-XS gap dl 
b) R e s l t e  w i th  uaing t h e  average gap <dl> 

We now concilier t h e  i n f l uence  of t h e  p a r t i c l e  number 

f l u c t u a t i o n s  and t he  r e s i d u a l  p a r t  <H)res on t h e  thenno- 

dynamic c h a r a c t e r i s t i c s  of 58~i* . 
The e x c i t a t i o n  ene rg i e s  E* (25) a r e  presen ted  i n  Fig.3 

ve r su s  t h e  temperature.  The s h i f t s  caused by t h e  p a r t i c l e  number 

f l u c t u a t i o n s  and <H>= eme ayatematic  and ve ry  weak. B e  seme 

s i t u a t i o n  i s  observed f o r  t h e  en t ropy  S a s  a  f unc t i on  of tempera- 



t u r e  shown i3 Fig.4. For  the  s p e c l f i c  hea t  7 t5s s h i f t s  czused 

by t h e s e  c o r r e c t i o n s  a r e  no t  sys temat ic .  (Fig.5) . This  behzvionr  

t a k e s  p l a c e  f o r  T  < Tcrit i n  c a l c u l a t i o n s  wi th  t h e  FT-BCS 

gap 4 !Fig.5a) and f o r  !I! > Tcrit i n  those  wi th  t h e  average 

gap (4) (Fig.5b). ;he p a r t i c l e  number f l u c t u a t i o n s  i n f l u e n c e  
' 

very  weakly t h e  logar i thm of the  l e v e l  denslty(Fig6). m e  e f f e c t  

of  (H) on !?IP i s  so sna11 t h a t  v:e net l lect  i t  i n  t h i s  
res 

c h a r a c t e r i s t i c .  Th is  i s  why we d i d  no t  r e o r e s e n t  t h e  f o m u l a  f o r  

the  i n f l u e n c e  of (H?es on f i n  Subsec. 2.3. Here t h e  s h i f t  

caused by  AN^ i n  t h e  trip i s  n o t  s y s t e n a t i c  a t  1 lhievs T< 2  MeV 

i n  c a l c u l a t i o n s  wi th  t h e  FT-BCS gap A (Fig.6a). 
T 

The l e v e l  d e n s i t y  parameters  d a r e  shown i n  Fig.7. I n  t h e  

phase t r a n s i t i o n  case  (Ftg.7a) w e  s e e  t h a t  t h e  parameter  a i s  

about of t h e  Fermi gas v a u e  on ly  i n  t h e  r e g i o n  1 MeV4 T S 3 . 5  MeV. 

Fig. 4. Entropy v e r s u s  temperature.  

The n o t a t i o n  as i n  Fig.3. 

T , M ~ V  T, MeV 

Fig.5. S p e c i f i c  h e a t  v e r s u s  temperature.  %e n o t a t i o n  a s  i n  

Fig. 3. 

. T ,  M e V  T,Mev 

Fig.6. Logarithm of t h e  l e v e l  d e n s i t y  v e r s u s  temperature.  

The n o t a t i o n  a s  I n  Fig.3. 
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T,MeV T,MeV 
Fig.7. Level  d e n s i t y  parameter  v e r s u s  temgerature.  The 

n o t a t i o n s  a s  i n  Fig.3. The h o r i z o n t a l  l i n e s  

correspond to t h e  Femi-gzs  v z l u e s  a = u8 and 4/10,  

r e s p e c t i v e l y .  

1 ,i.leV 

Fig.8. The c o n t r i b u t i o n  of FT-RPA modes t o  t h e  s p e c i f i c  

h e a t  C. 

!The t h i n  curve denotes  t h e  s p e c i f i c  h e a t  i n  t h e  FT-BCS 
FI- RPA 

theory.  ' h e  dzshed curve i s  bC given  by t h e  d i p o l e  

v i b r a t i o n s .  TIe 2 o t t e d  curve i s  t h e  c o n t r i b u t i o n  

of t h e  qua6rupole modes. t o t a l  s p e c i f i c  h e a t  I S  

Ln t h e  c a s e  w i t h  t h e  average p a i r i n g  gap <AT) (Fig.7b) t h e  

parameter  a i s  l a r g e r  t h a n  t h e  F e m i  g a s  va lue  and r e a c h e s  t h i s  

v a l u e s  o n l y  a t  s u f f i c i e n t l y  h i g h  temperatures .  The e f f e c t  of AN" 
and <H>- a r e  more n o t i c e a b l e  i n  t h i s  case as compared r i t h  t h e  

case  i n  Fig.7a o r  with o t h e r  thennodynamic c h a r a c t e r i s t i c s .  I n  all 

t h e  c a s e s  p e r f o m e d  i n  Figs.  4-7 t h e  phase t r a n s i t i o n  i s  sneered  

ou t  by u s i n g  &$>due t o  t h e  s t a t i s t i c a l  f l u c t u a t i o n s  a r i s e q  

as a  m a n i f e s t a t i o n  of t h e  finiteness of t h e  nucleus.  

 able . C o n t r i b u t i o n  8C of d i p o l e  and quadrupo1.e FT-WA 

modes t s  t h e  s p e c i f i c  h e a t  and t h e  corresponding 

c o e f f i c i e n t s  Kvib f o r  t h e  i n c r e a s e  o f  t h e  l e v e l  

d e n s i t y  a t  s e v e r a l  temperatures .  The c a l c u l a t i o n s  have 

been made w i t h  u s i n g  t h e  FT-BCS p a i r i n g  gag A from 
T 

Eq. (21). 

( DIPOLE (X= r )  11 OUADRUPOLE ( f=m 

d e s c r i b e d  by t h e  t h i c k  curve. 
2 0 



The c o n t r i b u t i o n  of t h e  thermal  d i p o l e  =.I quadrupole one- 

-phonon v i b r a t i o n s  t o  t h e  s p e c i f i c  hea t  i s  shown i n  l i g . 8 ,  where 

t h e  c a l c u l a t i o n s  h v e  >een made i n  t h e  phase t r a n s i t i o n  c a s e  

with t h e  FT-BCS gap AT (21). It i s  a l s o  g iven  i n  t h e  Table 

t o g e t h e r  w i t h  t h e  c o e f f i c i e n t s  KYib . It i s  e v i S e ~ t  from Fig.B 

t h a t  t h e  in f luence  o f  t h e  d i p o l e  modes on t h e  s p e c i f i c  h e a t  

i s  v e r y  weak. rhe t o t a l  s p e c i f i c  h e a t  obtaine: a  s u ~  of c"' 
6~:::~~ a 5  6C~s& FP-F.*rC h e s  a  s l i g h t  i n c r e s s e  as compares 

t o  cBCS due t o  more Important  c o n t r i b u t i o n  of t h e  quadrupole 

modes. The o o e f f i c i e n t  KYib f o r  t h e  i n c r e a s e  of  t h e  l e v e l  den- 

s i t y  i s  n e a r l y  - 1 f o r  t h e  Eipo le  modes, bu t  i n c r e a s e s  remarkably 

wi th  t h e  temperature f o r  t h e  quadrupole v i b r a t i o n s ,  z s  shown 

i n  t h e  Table (Cf. 3efs.[lI26] ) % course, i f  o r e  u s e s  t h e  

a u e ~ a g e  gap<bT)  i n  c e l m l a t i o n s ,  t h e  E l s c o n t i n ~ l t y  n t  f = T c r i t  

i n  Fig.8 should be smoothed out a s  i n  t h e  preced-g f i g u r e s  3-7 

(b). Therefore,  we do not  cons ider  t h i s  case here.  

4. Conclusions 

I n  t h e  p r e s e n t  work we have extended t o  t h e  f i n i t e  tempera- 

t u r e  c a s e  t h e  LN method t h a t  i s  a r a t h e r  simple and good appro- 

x imat ion  f o r  Improving t h e  BCS t h e o r y  at zero  temperature t a g i n g  

i n t o  account  t h e  p a r t i c l e  number f l u c t u a t i o n s   AN^ . lIhia exten- 

s i o n  h a s  been a p p l i e d  h e r e  t o  s t u d y  t h e  i n f l u e n c e  of  and SF 

f o r  t h e  p a r t i c l e  number o p e r a t o r  9 on some thermodynamic 

c h a r a c t e r i s t i c s  i n  t h e  hot  "NI* nuc leus  up t o  T  N 5 MeV. We have 

a l s o  eva lua ted  t h e  c o n t r i b u t i o n s  of  t h e  r e s i d u a l  p a r t  u s u a l l y  

neg lec ted  I n  t h e  monopcle p a i r i n g  Hamiltonian and of t h e  F T X A  

3odes t o  t h e  s p e c i f i c  h e a t  a d  t h e  coef f ic iez l t s  f o r  t h e  i n c r e a s e  

of t h e  l e v e l  d e n s i t y .  

Summarizing t h e  numerical  r e s u l t s ,  we f i n d :  

1) I f  3F f o ~  t h e  p a t i c l e  nwtber agpear  due t o  t h e  symmetry 

break ing  of t h e  FT-BCS method, SF f o r  Ii' i s  a  p h y s i c a l  q u a t i t y  

c h a r a c t e r i z i n g  all thermodynamic f i n i t e  nuc lear  systems. Below 

t h e  c r i t i c a l  t e n p e r a t u r e  I c r i t  3F f o r  t h e  p a r t i c l e  number 

laminate. Above Toit t h e  most impqrtarrt c m t r i b u t i o n  t o  AN' 
i s  a v e n  by SF which i n c r e a s e  vrlth T. 3y u s i s g  t h e  FT-ECS p a i r i n g  

Rap A T  i n  c a l c u l a t i o n s  OF f o r  t h e  p a r t i c l e  number v a n i s h  

a t  T  = Y c r i t  where t h e  gap A co l lapses .  With t a k i n g  i n t o  account  
T 

t!le a ~ 2 r a - e  &a> (A ) due t o  t h e  f i n i t e n e s s  of t h e  nuc leus ,  3F 
T 

remain nonzero f o r  T > Toit bu t  decreases  f e s t l y  t o  be n e ~ l i c i b i y  

small a t  T  3 2 MeV. 

2 )  The e f f e c t s  of t h e  p a r t i c l e  number fluctuations and of  

t h e  r e s i d u a l   art i n  t h e  monopole p a i r i n g  Fbmiltoniqn on t h e  

thermodynamic c h a r a c t e r i s t i c s  of 381ii* e x i s t  a l thouph  t h e y  a r e  

small.  I n  some c h a r a c t e r i s t i c s  l i k e  t h e  s p e c i f i c  h e a t  C,  t h e  

l e v e l  d e n s i t y  y and i t s  parameter  a , t h e  s h i f t  caused by 

p a r t i o l e  number f l u c t u a t i o n s  i s  no t  syatemaqic. m e  i n f l u e n o e  of 

AN' on t h e  l e v e l  d e n s i t y  parameter  a i s  more n o t i c e a b l e .  

3) While t h e  quadmpolc v i b r a t i o n s  g ive  a remarkable 

o o n t r i b u t i o n  t o  t h e  s p e c i f i c  h e a t  C and t o  t h e  o o e f f i o i e n t  f o r  

t h e  i n o r e a s e  of t h e  l e v e r  d e n s f t y ,  t h e  i n f l u e n o e  of d i p o l e  modes 

i s  &1. 
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Appendix 

A )  m e  monopole p a i r i n g  Harniltonian 

The e x p l i c i t  form of t h e  monopole p a i r i n g  Hamiltonian ( 2 ) 

h a s  been g iven  i n  rnw works [18,27]. Here we r e p r e s e n t  i t  

i n  t h e  form convenient  t o  t h e  con tex t  of t h e  p r e s e n t  work 

H 22 =-G~~, (u ;u ;+v ;~ : , )&&~ ,  jj/ J J J (A41 

H,, = G Z jj. a J U.V. J J  (u:,- v;)( Zj Qj,+ Q> 3) ( ~ 9  

H,o= ~ G Z ~ , ( ~ V ; + $ U ; , I ( Q ~ A ~ , + $ A , , )  jj' I ( A 6 )  

H 14-44 = - @ " . v  3)e (AT) 
1  J J  

m e  o p e r a t o r s  q., a;, aj I n  t h e s e  e q u a t i o n s  a r e  

+t dtd. 
m p  Jrn ~ r n  

+ + = Q ~ ~ ' ~  %,ajm 
3 mw * 4 = Qj t dlE $m 

m)o 

T h e i r  commutation r e l a t i o n s  are 

[T ,  Q. J ' 1 = - 2&aj 

. J J  4;,3 = 6 , j , ( i - ~ ~ 4 ~ . )  J 
3  

I n  t h e  zverag ing  procedure t h e  fo l lowing  r e l a t i o n s  t a k e  p l a c e  

i n  t h e  FT-:TB a p p r o d m a t i o n  

2 
9) !he d e r i v a t i v e s  of  AN over  d 2nd p 

I n  c a l c u l a t i o n s  of t h e  determinant  Dr (38) wi th  t h e  p a r t i c l e  

number f l u c t u a t i o n s  AP t a k e n  i n t o  account ,  we must c a l c u l a t e  

t h e  d e r l v a t l v e s  a2d~'/i3h, a2bt'f/adag and YANz/a~' . The). 

a r e  

a2(d3/aag = A, + AI + A, + A4 (01) 

A, = { 2 T j Q. J J  $(E.-A)~ I b; + J Q,[A'-(E,-A)'] bj 1 t ~1 

A 2 = M ' IQ 3 1 [4bj (a,-z+)(~-lf+ 4daj b, + [ A ~ - ( E ~ ~ ) ~ ] x  
2 4  2 - aj(aj - 5bj - p E, bj) 1 (83) 

2 2 4  A 3 = 2 ~ ~ ~ ( ~ , - ~ ) [ d - c ~ ; ~ ) 2 ~ ~ 9 a j b j - 4 ( - a ~ + ~ b , p 5 ]  I (84)  

A = - Z ~ : Q , ~ , {  4[2(5-~)~+ E:] + 2(aj-3bj)(~j-~)zj + 
4 
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Therefore,  we s e e  t h a t  a l though  one cv lno t  o b t a i n  s- obvious 

form f o r  WA from t h e  FT-RPA e q u a t i o n  (C3), t h e  a n d y t i c  

formula f o r  h / d ~  h a s  however been der ived  by u s  i n  Eq. (C6). 
A 
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I l r y e ~  A U I I ~  A a ~ r  E4-89-572 
B ~ H R H J I ~  @ n y ~ ~ y a u H f i  sHCna saCTMIl I4 B H ~ ~ ~ ~ H O H H ~ ~ X  MOA 

Ha TepMODMHaMMseCKHe XapaKTepHCTHKH HarpeTOrO HDpa 

M ~ T O A  H o r z ~ f u  pacnpocTpaHeH Ha KoHesHym TeMnepaTypy T.  
P ~ C C ~ H T ~ H O  BnMRHMe KBaHTOBbIX H CTaTMCTHseCKWX cbJIy~~yauHfi 
swcna s a c m u  B MoAenw ~ e ~ n e p a ~ y p ~ o r o  BCS Ha sHeprwm ~ 0 3 -  
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H O C T b M  Hapa. B TeMnepaTYpHOM RPA PaCCskiTaH BKnw AkinOnb- 
HbIX H KBaDpynOJIbHbIX B H ~ ~ ~ ~ M O H H ~ I X  MOD B TennOeMKOCTb 
H nn0THOCTb y p 0 B ~ e R .  
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Nguyen Dinh Dang E4-89-572 
I n f l u e n c e  of P a r t i c l e  Number F l u c t u a t i o n s  
and V i b r a t i o n a l  Modes 
on Thermodynamics C h a r a c t e r i s t i c s  of a  Hot Nucleus 

The Nogami's method i s  ex tended  t o  f i n i t e  t e m p e r a t u r e  
T. The e f f e c t  o f  quantum and s t a t i s t i c a l  f l u c t u a t i o n s  f o r  
t h e  p a r t i c l e  number i n  t h e  f i n i t e  t e m p e r a t u r e  BCS model 
on t h e  e x c i t a t i o n  e n e r g y ,  e n t r o p y ,  s p e c i f i c  h e a t ,  l e v e l  
d e n s i t y  and l e v e l  d e n s i t y  pa ramete r  i s  c a l c u l a t e d  i n  h o t  
5 8 ~ i  n u c l e u s .  The c a l c u l a t i o n s  have been performed w i t h  
t h e  f i n i t e  t e m p e r a t u r e  BCS gap and s t a t i s t i c a l  a v e r a g e  

1 gap due  t o  t h e  f i n i t e n e s s  of n u c l e u s .  I n  t h e  f i n i t e  tem- 
p e r a t u r e  RPA t h e  c o n t r i b u t i o n  of d i p o l e  and quadrupo le  
v i b r a t i o n a l  modes t o  t h e  s p e c i f i c  h e a t  and t h e  i n c r e a s e  
of  l e v e l  d e n s i t y  i s  c a l c u l a t e d .  

The i n v e s t i g a t i o n  h a s  been performed a t  t h e  L a b o r a t o r y  
o f  T h e o r e t i c a l  P h y s i c s ,  J I N R .  
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