
31-51-5 

tv 31t 

R.G.Nazmitdinov·, W.Rybaraka-Nawrocka 

ON THE QUASIPARTICLE.PHONON 

NUCLEAR MODEL 

AT FINITE TEMPERATURE 

*Institute of Applied Physics, 
Tashkent State University, 

CII••I.I. 
1.'IAllllllrl 

IICllllla 
.Alp.WI 

ICCIIAI.a.l. 
AII.8 

E4-87-579 


Tashkent 

1987 




o\!~ 

;~~ 

.'\~ X. 

! '~ 

~ "t 

.\"~ 

1"1 

VI)' 

-. 

\, 

t.,\ 

'I' 

8" 
I' 

U' ~f 

, I 

'i 

I' 

~' 
'f 

, , 

.1 il 

r 

'I 

_ 

'" 

i 

''I 

l' 

.....~~, 

l!jC $, 

, 

a' 

~h....~~_ 

.' 

j 

~l 
. ~ 

I 
\1' 
I 

!. 
'I 

I1f 

{ ~'-nlr1"_.... _ "'_____ ....._._.-.....--... 

t 
,~I 

© 061.~HHeHJ;lbIií\ HHCTHTYT IInepHblX nCC1IeAOB8HHA lly6na, 1987 

~, ~ 

1. INTRODUCTION 

The investigation of therrnal effects in a finite nuclear 
system has b€en the subject of many recent pubiications /1/. 
Among them the influence of temperature-dependent effects 
has been investigated.in connection with the collapseof 
shell corrections/2/ and with the collapse of pairing CDrre
lations /3/. The -expl í.cLt treatment of leveI densities shows 
the temperature dependence of the level-density parameters/4/ 
The recent discDvery of giant resonances built on states abo
ve the yrast line of highly excited nuclei in heavy ion fu
sion/ tl/ and deep inelastic r eac t í.ons zü/ -has caused a grea t 
interest in studying the properties of collective states 
in system with a large intrinsic energy and high spin. Thus; 
several approaches have been advanced in the framework of the 
finite temperature BCS and RPA to investigate the temperature 
dependence of such nuclear characteristics as the location 
of giant multipole resonances h / , the energy weighted sum 
rules/S / . Al so , the finite temperature HFB Cranking equations 
had been derived and applied /9/. This theory provides a frame
work for investigation of nuclear properties above the yrast 
line. In deep inelastic reactions between ions large amounts 
of the energy and angular momentum are transferred from the 
relative rnotion to the internaI degrees of freedom. The exci
tation energy which is not involved in deformation of the 
dinuclear system is distributed among many degrees of free
dom and may be interpreted in terms of nuclear temperature. 

It is the aim of this paper to develop a method that takes 
into account· the e ff ec t s of the exc i:tation energy, statisti
cally distributed among the nucleons, on t.he nuclear struc
ture. After statistical averaging over canonical ensemble of 
many nuclei alI being in different configurations we define 
grand canonical potential. The basic system of equations for 
parameters describing quasiparticle and collective excita
tions in a self-consistent manner is just the set of neces
sary conditions for grand canonical potential to be minimum. 
Although many interesting questions are posed by the inter
play between deformation and temperature, we restrict the 
discussion to the nonrotational part of the spectrum. 
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The Hamiltonian under consideration is that of the sheII mo
deI with pairing and muItipole-multipole residual interactions'. 

2. FORMULATION OF THE PROBLEM AND BASle EQUATION 

Starting with a many-body HamiItonian of the sphericaIIy 
symmetric nucIeus 

II = Hshell + IIp + HQ Q , ( 1) 

where 

. + 
H sh eU = I. (fj -À)ajmajm,	 (2),

•	 . jm
 

+

H p =-OP P, (3) 

1 + 
H Q Q = -- ,I. KLGLMQLM' (4)

2 LM 

f j -	 she I L model one-rpar tí.c Le energies, À - chemí.caI poten
t í.a'l , 

+	 j-m + +
P =	 I. (-1) ajma j_ m, (5)
 

jm
 

+	 + 
QLM	 = I. (11 q LM I 2) a J' m a J' m ' (6)

1.2 '" 1 12 2 ~ J '

<.11q ~M I2J '= ' f ~;. (x) qui x) if>2 ( x) dx, .	 (7) 

1= jlffi1: 2 = i2ffi2,	 (8) 

<Ir.M( x) =	 r 2y L M(e , if> ') , (9) 

•we perform the U - v transformation 
j-m+ 

Uj a 
+
jm + (-1 ') a j-m'	 (10)a jm 

2 2 1 ' ( u j + v j	 = i , ( 11) 

In the quasiparticIe basis the HamiItonian can be written 
as 

2'-'22 - + ( 12)HsheU= I. (f 1- À')[20 1V1 +y2n1(u 1 - VI) B t + J4n lU 1V1(A 1 + A 1 ) ],
1 

2 

2B 2 - 2 2 + 
Hp=-G{(L 20 tu 1v 1( 1 - -= )) + L,2r1tutVIV4í.1t,(ul,-vl,)(AI'+ A ,) 

1 y2'J 11
 1

--- 2 2+ 
-2 I. y2Qly401,ulVl Bt(ul,At,-Vl,Al') 

11' 

(.13 )' 
---- 2+ 2 

- 2 I. V 40 '1120 ,( u A - v A ) u , v , Bl' + 
11' 1 1 til' 1 t I 

----2+ 22 2+ 
+ I.	 y'4111V401,(ul At - VI AI )(u 1,A 1, - vl,A , ) I,111' 

HQ Q = -
1
2 L KL qL (11') QL(22' )'(A~M( 11') + 

LM 11 ' 22 ' 
(14)

L -M	 L-M + 
+ (-1) AL.M(11'»(~M(22')+ (-1) A L_M(22'»

1	 + L-M 
-2" I. KLQL(11')PL(22').(ALM(U').+(-1) ~.JH'»BLMC22')-

LM 11'22' 

-} I. KLPL.(l1')qL(22')BLJll')(ALJ22')+(_l)L-MA~.M(22'»-
LM 11' 22' 

I. K P (11 ')P (22') B1	 
L L L LM(l1') BuJ22'),2 1M t t' 22' 

where 

1 j-m
A+. = --===- L (-1) a~ a+ :A j = (A~ )+ (15) 

J y40, m jm j-m'
 
J
 

(16)B. = 1 I. a~ a 20. = 2f + 1, 
m jrn jm' JJ yW-:

J 

(I7)-j ~ fi ~	 j, 

1 I. + a + ,	 (18)AtM (12)	 = J2 (12 I LM) a j 2m2 
m	 j 1m

1
1

m 2 

(12\LM) - Clebsh coefficient,	 (19) 

j2- m2 
BL M( 12) I. ( 1- 2 I LM)(- 1) + (20) 

ajlmlaj2m2 ' 
ml m2 
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1qL (12) "j2 (u 1 v2 + v 1U ) (1 II q L II 2) (21)2 
,/20L 

(111 q L 112 )
( V V) _ (22)PL ( 12) "" li 1li 2 - 1 2 vi 2O L 

j 2- ID 2(1Ilq L I1 2 ) 
(llq 12) (-1) (1-21 LM), (23)LM
 

,/20 L
 

(Wigner - Eckart theorem).
 
For system being at a c~nstant temperature and constant che

mical potential the equilibrium state minimizes grand canoni

cal potential
 

(24)O = <H > - TS - 11 < N > , 

where <"'> means the statistical averag~ng 

<Op > == Tr (p Op ) (25) 

and the trace implies a Sum over a complete set of states, 

S == - k <In p > - entropy of the system, (26) 

f3 = k~" T -temperature, (27) 

-1" 
P = Z esp [ - f3 (H - À N ) ] • (28) 

Z~'Ir(p), (29) 

In general shell·model parameters defining one-particle 
energies Ej could depend on T, We neglect the effect of the 
temperature on E j following the resul t of /10:/. For a sys tem 
of interacting particles we have to exploit the inequality 

O ::;. 0 0 ' (30) 

where 00 is an approximate value àf n obtained with an 
approximate density operator Po' Looking for the minimum of 
0 0 with respect to alI parameters we shall find the'equilib
rium state approximation. In the following we will separate 
the Hamiltonian into the free quasiparticle part, free phonon 
part, and the interaction term describing quasiparticle
phonon interaction: 

f b tb
 
H = H + H + H (31)
o o ' 

... 

with this connections we suppose Po in the following form 

p = pf b (32)o o Po ' 

where 
-f3H f -f3H b 

o o 
e e

pf = , b 
= o Zf Po ZO (33) 

o o 
f b

-f3(H +H )o o 

(It is a crude approximation because in that case e + 
~,QH f _,Q H b 

..1. fJ o fJ o ) d í h' ho i f h d ' r e e . Accor i.ng to t IS c o t ce o t e xtens i t y 
operator we will calculate the trace in the basis constructed 
as a simple product of n-quasiparticle and m-phonons states: 

( > == In>f Im> b , (34) 

Now, we construct the boson-like phonon operators 

+
 
Qn == ~ (t/Jn1 A 1-- ePn 1 A 1). (35)
 

+ À-Il 
~ (t/I À(11;)A 1" (11;) -(-1) eP

N
À( l f ) .AA (11;», (36)QfviN 11; N I~ ~ 

with the symmetry of the coefficients as follows 
j 1+ jl;+ À
 

t/lNÀ(U;) =-(-1) t/lNÀ(l;l),
 

j 1+ j (+ À (37)

epNÀ(l1;) = -(-1) ~À(l;l),
 

We require the f ol l.owí.ng cotnmu t a t í.on relation for Qn' QÀj1N : 

[Q , Q+; ] = o , (38)J 

n n nn 

[QÀj1N ' Q~Í1;N;] = ~; 0J141 ;oNN;~ (39) 

The operators Aj ,A j ,A~ (jj;) , AÀj1 (jj;) , could be expres

séd tínearly through Qn' Q17, QÀj1N , G1u N only in that case 
if we replace the operators B j and BL M (jr) on t he right
hand side of the commutation relations 
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2B.+[A. ,A.,] = ;» (1 - J ), (40)õ 

J J JJ y'20j 

+
[L qL ( 22') AuJ22') , L r/JNÀ(l1')A~ ..(l1')]=ttÀou"L qL(l1')-r/JNÀ(l1J;
22 ....	 11' ,~ ..~ 11' 

(41) 

- 2 11~' v'20 y'20L L,(L'M'LM I À/l )G NÀL(l1', L')BL'M,(l1;), 

where-

G NÀL (11', L') = ; r/J
NÀ 

(l2) qL (21;) wnr. ÀL; L'2) , 

and W(11', ÀL; L "2)' represents a Racah coe f f i.c ent , by theí 

statistical averages in the chosen approximation. Then forward 
and backward amplitudes fulfil the orthonormality conditions 

L (1- 2f1 )(%1 r/Jrn1 - <7>nl ePrnl ) = 0rnn; L (1-2f1)(r/Jnl ifn2- ePnl ePn2') = 0 12 t	 , n 

L (l-2f1 )(r/Jnl ePrnC r/Jrnt<7>nt) = o; L (l-2f1 )(r/Jnl ePn2 - ePnl r/J rn 2) = 0,
1	 n 

L (1-f1-f1')(r/JNÀ(11')ePN'À(U')- rIINÂ(l1')ePNÀ (11')) ='0,
 
11 ' •
 

• L (1-f t - f 1')(r/JNÀ (ll')t/J.N'À (11') - <PNÀ(l1'·) ePN'À(l1'») = 0NN', (42)
11 ,.. . 

where 

B j
f j = < I __ I > [1 + exp (f3 E. ) j-l

J	 (43)\/2 n.
J 

means'the quasiparticle occupation number. Therefore the trans
formed Hamiltonian ·depends on two sets of parameters lu, v I 
and Ir/J,<p I and consists the free quasiparticle term, plus 

6 

quasiparticle interaction term, the bilinear in bosons part 
and the fermion-boson i..nteraction terms linear in Q, Q+ opera
t or s . This last terms do not contribute to trace in .the bo
son basis. 

The necessary conditions of the statistical equilibrium 
are the following

I 
a <11	 a <11i

I	 
,-- =0, ...,........--. = 0, (44)
aU k aVk 

a <11 -,- = 0, ~ = 0, (45) 
a r/Jnk aePnk!l

I 

G. 
a <11	 a <11°, = 0, (46) 

ar/JNÀ (kk') acP
NÀ

(kk') 

where the functional <11 has the form 

2 2	 2 2 
<11 = <H > - 7 /lI«u 1 + VI) - 1) - ~ wn [ (1- 2fi )( r/J n1 - <7> n1 ) - 1 ] 

,	 . . (47) 

L (UNA 1(1-f -'fl ,)[(r/JNÀ (11')) 2_(ePNÀ (11~))21_ 11,1
NÀll'.	 . 

and /lj' wNL' , (Un are the Lagrange mul t i pLi e r s , Finally we can 
write 

2<H> = L(f -À)20 V;(1-f1)) -	 +1(u 1f1+ GlCI20 1(u1V1)(1-2f1))21 1	 1 . 

--1	 2222 
+ L v'40 1 v'401, T(1-2fl)(1-2fl,)(1+2gn)[(ul-Vl )(u 1'-Vt') x 

n.rr ' 

I 
x (r/Jn1 +	 <Pn1)(r/Jnl'+ ePnt') - (r/Jnl - <7>nl )(r/Jnl'- eP n1 ,.)] - . 

(48).) 
- ~ ~ K L 20L qL (l1')qL (22')(1 - f1- f1')(1- f

2 
-f

2
, ) ,x 

LN 11' 22' 
I 

x (1 + 2gNL ) (r/JNL (11') + eP (11')( r/J NL (22') + eP (22')) ,
NL	 NL 

where gn and gNL are the boson occupation numbers: 

gn(NL) = [eJqJ (f3 W n(NL) - 1]-1. 
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h" 
'l 

.! 

formally ~dentícal with the analogous system obtained for 
The system of equations (44) can be reduced by the usual me example in ! 12/ if we identify 
thod to 

E j =(fj-À)(uf-V~)+4UjVj G~ 20 j, uj'V j'(1-2fj'), (53) 
2R u V - (U

2 
- V

2 
}r k 

0, (49) J 
k k k k k 

! 
!where	 wi th the quas i -part ic le energy. But in our case the [ u , v 1 

parameters have to be corrected by interation procedure. From- 2 2 
R = 211 ( €k- À) + G J40k L v'4{}1 (1-2f1}(U 1 -vI) x equations (45) and (46) the secular equatioh follows for thek k n,l '	 (50)•	 J collective excitation energies úl and úlNL :n 

x (rjJ + cP )( t/J + cp )(1 + 2g n ) • 
nl nl nk nk ( E . +E . ,)( q L (jj '» 2 (1 - r .. - f. )

1 J J J J 
= L -------------- ---------( 1'+ ,2g NL), (54)-

r = 2 0 2G X 211 u v ( 1 - 2f ) + 2 L KL(11Iq L fl k)(2tl QL I! 2 ' ) x \1 K L jj ,	 2 2 
k k t t t 1	 ( E j + E j , ) - co NL 

1	 LN 122' 
(51) 1 

and 
'	 I-x (U 2 V + V2 u2' )(1- fk - f f2 f2 , ) (1 + 2g NL) x2 1)(1 -	

I 

I 
x (t/JNL (1k) + <PNL (1k») (t/JNL(22') + <P NL (22'». 

The quantities Rk play the role of the one particle energies. 
The renormalization, as we see, being due to pairing vibra
tions. The quantities rk are the renormalized energy gaps, 
the renormalization being due to the multipole·vibxations. 

40. E. (l - 2 f . ) 2{}.(1·-2f.) 
-1 + GL __J_~. J (1+ 2g ) Gúl L --~- J (1 + 2g ) 

, 2 2 n
j 4E~_úl2 n J 4E j - Cú


J n n
 =0 

20. (l-2f.)k. 40j E j (1- 2 f j ) k j 
ú) n G ~ J 2 J 2 J - (1 + 2g n) -1 + G 2.: ., ~1+2g . 2 2 ' , n 

J	 J 4E j -<V4E j---úl n	 n 
(55) 

The equations for amplitudes of pairing-vibrations (45) in where k j = uI - ~2 . Therefore we can say' that even in that 
linear approximation (equivalent to RPA) have the form: simple approximation proposed by us the system of equations 

for parameters has to be solved simultaneously by the ite
Z.2E jt/Jnj + rjJ nj = G ,j 411 . X.(Un	 ration procedure. This shouÍd not be additional computing+ GJ411jJ • T:'l 2 2	 2 2 

j - ú) n 4E j -(.Vn	 complication because in alI existing approaches to the T* O 
case the quasiparticle occupation numbers f j (depending on 

(52) the quasiparticle energies Ek ) are treated as given numbers. 
This means that in each realistic calculations the itera

o/nj - <Pnj = G y' 4{}. X. 2 E j + G J 411 Z . (Un 
tion procedures have to be performed.J 4E~_ú)2 j 4E ~ _ (U2
 

J n J n
 J
 
3. PERTURBATlVE CORRECTION FROM THE QUASIPARTICLE-PHONONwhere	 n 

INTERACTION
1

X = L v' 411 ., (1 - 2 L )( t/J .» - cp ., )- (1 + 2 gn) ;	 (1
j' J J nj nj 2 We can apply the second order perturbation theory appro

) ximation to the calculation of the a fb (ae e for example:l13! ) • 

- 2 2 1
Z = ~y'411., (1-2L )(u.,-v., )(tjJ .'+<P ., )2"(1+2 g ~. 

j , J J J J nj nJ' n 

This system of equations is the same as in!l!! and would be 
solved in the analogic way, but iteratively, including the 
cquat í ons (49). The equations for t/J (kk') and <P (kk') are 

In the general case 

-{3W -(3w
e r _ e S 2

11
2

= _ ~ e{3°o L ------( <ri H i n t I s» . (56) 
r, S wS -, 'Y.i r 

8 
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f"	 ;;.. 

This correction can play some role at the specific heat
We	 sho~ pow this method works in the simple case with pairing . \ 

I calculations /11/.
forces only. In this case 

== H 
fb 

== L (C1811,~GDll')(t/rnl +cPÍ11 )(Qn +Q~ ), (57)Hint	 4. CONCLUDING REMARKS 
n, 11' 

In	 this paper, one more method has been proposed for 
wher~ a consistent consideration of quasiparticle, 'collective, and 

thermal degrees of freedom proceeding from the unique variac .	 == J 4n . (t . - À) (1 - 2 f. ) u . v . 
J J J J J J'	 (58) tionál pr~nciple for the thermodynamic potential, The obtained 

-~ 2 2 equations include the equations of other papers as particular
D.. , == 20· u . v . (1- 2f.) ,/411., 0- 2f.' ) (uJ.' - vJ" ).

JJ J J J J J' J	 cases. It is clear that even if the form of the apprqximate
 
density operator is estimated very rough~y, crossing terms
In	 abhreviabe notation do	 appear in the equations.11' One should be very cQreful with the rigorous statistical(59)H Ib == L K (QT t Q, ).	 approach as one deals with a small number of particles for n 11 nn which 'only a limited amount of one-particle-spectrum leveIs 
is	 accessible.' The proposed methos will be numerically teatedThe vectors of basis I. s > I r> look like by	 a suitable modelo 

I 5	 > == II I 5 > , (60) One of the authors (W.R.-N.)wants to express her ~ratin n 
tude for the warm hospitality at the Joint Institute for 
Nuclear Research, Dubna. n means type of phonon; 5 , number .of phonons in this state. 
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W 

L ) K
n
2 

( r 
n
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w n n 

(63) 
{3wn
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+ -e e m
 
2 n wn
 n n 
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Nazmitdinov R.G., Rybarska-Nawrocka W. E4-87-579 
On the Quasiparticle-Phonon Nuclear Model 
at Finite Temperature 

The system of equations for the parameters describing 
the quasiparticle and phonon excitations in nucleus is 
obtained from the unique variational principle for the 
thermodynamic potential. Quasiparticle-phonon interaction 
is taken into account perturbatively in the first nonzero 
approximation. 
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