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The recent discovery of giant resonances in heavy ion fusi
on/1/ and deep inelastic reactions 121 has roused а growing in
terest for the investigation of the collective motion in highly 
excited nuclei. Since the transferred energy from the relative 
motion of colliding nuclei to the internal degrees of freedom 
of the reaction products undergoes rapid equilibration in times 
оо-21 sec) comparaЬle to de-excitation times оо-16 sес) /З/ ' the 
resulting equilibrated heavy nuclei should Ье described in the 
framework of the statistical formalism. In this approach all 
nuclear levels are assigned to а given temperature (an int'rinsic 
excitation energy) with equal probabilities. 

A ·statistical theory has been advanced in the framework of 
the Enite temperature RPA (FT-RPA) ·for the description 'of the 
thermal equilibrated nuclear characteristics / 4-lЗ / . However, this 
theory cannot Ье applied to the descr iption of the giant reso
nance spreading width due to the interaction with more compli
cated configurations in highly excited nuclei, since it is bey
ond t he RPA-scope. In the quasiparticle-phonon nuclear model 
(QPNМ) 11 4/ the interaction with (2p-2h) configurations is taken 
into account Ьу using the excited state wave funct ions, which 
contain two-phonon components besides one-phonon components. 
In this way one can describe the appearance of the giant multi
pole resonance (GМR) spreading width for complex cold nuclei/ 15~ 
The modification of the wave functions Ьу including two-phonon 
component& requires the account of the phonon-ground state cor
relations and the Pauli principle between phonons. Within the 
framework of the QPNМ the phonon-ground state correlations have 
first been investigated for even-even spherical nuclei in 
Ref. /16/. In Ref./17/ а basic system of QPNМ equations has been 
derived for even-even spherical nuclei Ьу taking into account 
both the Pauli principle and phonon-ground state correlation 
effects at zero temperature. The diagrammatic r epresentasion 
for these equations allowed one to make а comparison between 
the QPNМ results and the results of other approaches, namely 
the nuclear field theory (NFT) /18-22/ and the theory of finite 
Fermi-systems (TFFS) 1231. То obtain these equations we have as
sumed that the number of phonons in the ground state is small: 
<'l'o IQ+QI'I'o> .. о 116 • 17 ( At finite temperature (Т.;, О) to consi
der the interaction with (2p-2h) configutations we shall exactly 
take into account the occupation numbers of one-phonon energy 
levels in addition, as in the case of FT-RPA, in which the ос-
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cupation numbers of quasiparticle levels are taken into acco-
unt / 4~ 131. The structure of phonons can Ье calculated in the ze
ro temperature RPA Ьу the computing program in Ref. 1241. The oc
cupation numbers of quasiparticle levels . can Ье expressed in 
terms of the phonon operators using the well-known commutation 
relations/14/ or the boson representation of fermion pairs /25/ . 

Тhе program of the present paper is the following. We are going 
to derive а set of equations taking into account the interac
tion with (2р-2~ configurations in even-even spherical nuclei at 
finite temperature. For simplicity the effects of the Pauli prin
ciple for two-yhonon components will Ье approximately accounted 
for as in Ref. 261. We will also analyse the new diagrams ari
sen at finite temperature and make а comparison with the NFT 
diagrams and the TFFS results. 

1. DIAGRAММATIC ANALYSIS OF ONE-PHONON PROPAGATORS 
АТ FINITE TEMPERAТURE 

The QPNМ Hamiltonian involves ,the terms descriЫng the mo
tion of nucleons in the average nuclear field, the superconduc
ting pairing interaction and the residual interaction in the 
form of separaЫe multipole and spin-multipole forces. In а 
further consideration we will study only the EЛ-states gene
rated Ьу ·the multipole (p-h) forces. It is convenient to rewri
te the Hamiltonian in this case in the form 

Н = .I Е j а j~ а jm + Ну+ Hyq , 
JШ 

л· л·· Хм 1 (r) + Хм 1 (r) 
1 I. Ну = - 4 Al!ii 'т V '!JЛi '1J Лi' 

т r 

х 

Л-1! + + · Л-1! 
х (Q,\ 1+ (-) Q,\ . )(Q,\ . ,+ (-) 

-IL 1!1 -1!1 
Q, . , 

"/!1 

rл (-) . .. , v 

( 1) 

1 Л-1! + 
Ну = - -- I. \[ (-) Q Л . + QЛ . ] I. 

q 2v2 Л~Li 1!1 
...,.,.

1 ii 'т 
11 ii' В(j'' vf'!jЛi J ;Л-1-L)+h.c.\. 

r 

In Eqs. ( 1) Е . is the quasiparticle energy; а j+m and а jm are 
the quasipar t icTe creation and annihilation operators re spec
tively; QA i and QA/Li are the phonon operators defined in , 
Ref. / 14/ . the structure of phonons is computed in t~e RPA, and 
one can calculat e the f unctions хЛi (т) and norms '1:1~1 114•24/ . . м 
bl sol v1ng the RPA equat1ons, where т = \n, р},- т= \р, n \ ; 
( .. , are the matrix elements for single-particle opera tors ge-
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. . . (-' h nerat1ng exc1tat1ons; v .. /= u .uj'- v.v . • , w ere u., v . are 
the Bogolubov co~fficieJl:s. orhe operktdr B(jj' ; А-1! )1 cobtainR 
the combinations а+а in the form 

. , , 
J +m 

В(Jj'; Л -1!) = I. (-) <, jm j•m'\ ,\ -1! > а:+" а . . '· 
JШ J -m 

(2) 
mm 

In Refs.f.4·1 З/ operator (2) has been 1taken into account thro
ugh the occupation numbers of quasiparticle energy levels . 
<ajma jп? · described Ьу the Fermi-Dirac distribution. As we are 
interested in the interaction between quasiparticles and pho
nonsl describe_d Ьу 'the terms Hyq of Eqs.(1), it is convenient 
to use the representation, in which the occupation numbers of 
~ne-phonon levels are taken exactly into account. This is car
ried out as follows. Using the commutation relations between -ope
rators В and Q+ 1141, we expand the Hamil tpnian ( 1) over phonon 
operators Q, Q+, as has been done in Ref. 1161 

н- ОС' Q+ -., w,i '.Ql .. + 
Al!l " "/!1 ,.,..1 

1 . z I. <Л 1 1! 1 \1!2 \ Л -1! > х 
AIL 1 

,\11!1 11 

Л21L2 1 2 

,\ i • .,. 
х [ u 2. 2 (,\1) Q + . Q + Q . + 

,\1 11 ,\11!1 11 ,\21!2 12 Л-1! 1 

л . 
Л-1! 2

1
2 + + + 

+ (-) v>.. Щ)Q, .Qл 1 Qл . +h.c.]. 
''1 11 "11!111 ~22 IJ.1 

(З) 

Eq. ( З ) can Ье rewritten in the form with normal and anomalous 
. . л2 i 2 

components for the terms conta1n1ng U Л 1 Щ) : 1 1 

+ 1 
Н=~~ wЛiQAI!iQЛI!i +2 ,\;i < ~1!1Л21"'z\Л-1! > х 

Л11L1 1 1 
Л21L2 1 2 

(4) 

- Л2 1 2 + + Л1-IL1 Лi + 
х[UЛ. (Лi)Q, .Q, . Q, .+(-) W, . (Л i )QЛ 1 Q,\ , (;[ ~ 

111 "1/L 111 "21!2 12 "-ILI "1 11 2 'J: lll1 1 2"'1-12 12 -Ар., 

,\-р. ,\212 + + + 
+ (-) v>._

1 
(Лi)Q>._ . Qл . Ql .. · + h.c.]. 

"1 1 '"11!1 1 1 21!2 12 ""'' 

Expressions for the coefficients U ~2.1 2 (Л i) 
"1 1 1 

from Eqs.(З) and (4) are given in Refs. /16,17 / . 
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- .\212 u . Щ) 
At 1 1 

~i 
and Wлl il (.\212) are defined a s fo11ows: 

- л2 i2 
U, . (Лi) 

"1 1 1 

Л 1+.Л2- Л 
= (-) v (2Л 1 + 1) (2Л 2 + 1) х 

1 

х k 
h j2j3 

л1 Н 
fjlj2 Vjlj2 

v2'!!лlil 

Л 1 Л 2 Л Лi Л2 1 2 Л! Л 2 i 2 
1 з· J J 1 < ер. . ер. . + Ф . . Ф i.. 1• > + 

3 2 1 ~13 lзll ~~3 ·<~I 

+ 

, _л~ 
1112 

(-) 
vi1 i 2 

v2'!!л2 12 

I Л1~Л l( Лi _ ,_Лli l А..Лi Л1i 1)] 
ер. . 'f' • • + '1' •. ф . . 

j 1 j 3
j 2 }зJ1 121 з 1311 1213 

л · л1 + Лг л 
Wл \ (Л2 i 2 ) = (-) у(2Л 1 + 1}(2Л 2+ 1) х 

1 1 

х k 
jl j2j3 

л2 (-) r. . v . . 
1112 1112 

v 2'!!л2 i2 

ЛtЛ"2Л 1 
J2J3 J1 

Л 1 i 1 Л i Л 1 i1 Лi 

(фjЗj1фj2jЗ +Фjзj1фi2iз ). 

1 

(5 ) 

The re1ation of coefficients (5) with u~2~ 2 (Лi) 
forward 1'1 

is straight-

-Л2i2 Лt""iLJ. Л2i2 
. UЛ1i1 (Лi)<Л11L-1Л21L2\Л-IL> + (-) WЛli1(Л i)<A 1Jl1Лil\Л2 ~ 1L2 > = 

Л2i2 
= U Л 

1 
i 
1 
(Л i) <Л11l 1 Л21L 2\ Л- р > . 

(б) 

The diagrammatic representation for the terms with U, U, w· 
and V from Eq. (4) is given Ьу Fig. 1. In Refs. 116 • 17/ an approxi
mation neglecting the number of phonons . in the ground state has 
been used, which corresponds to the zero temperature 1imit. 
Ву ana1ogy. in Ref./ 271 the zero temperature Green function 
method has been emp1oyed to one-phonon propagators. In both ca
ses these approximations are equiva1ent to the disregard of the 
anoma1ous components with W from Eq.(4), and therefore, on1y the 
vertices u ·and V from Fig. 1 were taken into account. At finite 
temperature the occupation numbers of one-phonon leve1s depend 
on the . one-phonon energies .-ил_ 1 and the temperature Т according 
to the Bose distribution 

+ ~1 v,. = < Q, . Q~ .. · > =[ ехр(.-ил . /Т) -1] 
лl лр1 ~1 1 

(7) 

In this equation the angu1ar brackets <··· > denote the therma1 -
averages in the grand canonica1 ensemЬle / 28,29/. The energies 

4 

• 

rv 

UJU 

w 

v ~ 
Fig.l. Ver>tices UJ UJ W and V .wavy lines ar>e phonons ; 
solid Unes ar>e quasipar>ticZes . 

.-и Лi of phonons are calculated in the RPA 114• 241 and the tempe
rature Т is given in MeV. 

. 

According to the formalism of finite temperature Green func
tions advanced in Refs./28, 29/, one can define the unperturbed 
Green function with the tirne depended phonon operators QЛIL1 (t) 
and QЛpl(t) / 27, 29/ 

a~:.Л'p'l'(t-t') =-i<TIQЛILi(t)Qл\· 1 • (t')l >. (8) 

Relating Q4i (t) and Q{ "j.L'i •(t) 
phonon operators in the- Schrodinger 
Eq. (7)/: we use the genera1ized Wi ck 
ducts ЗО/ to obtain 

with the tirne independent 
picture and consulting 
theorern for canonical pro-

а~~~,, , . , (t-t') "'-i{O(t-t')exp[-itu,.(t-t')](l +v, .) + 
,.,..1 •" IL 1 л1 л1 (9) 

+O(t'-t)exp[ituл· (t'-t)]vл· 18лл...? ,8 .. , . 
1 \ 1 IЦI-11 

Function (9) has the Fourier component 
1 + Vл_j 

а <о> , , . , < ТJ) = [ •-
AILi ,Л 1.1. 1 1J - .-uЛi + .. 

VЛi 

1J +. .-и Л\ - 1 Е ] 8 Л.Л., 8 ILIL, 8 ii , (\0) 
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From Eqs . (9) and (10) one can easily see that the unpertur 
bed...., pr opaga t or · а(о) used i n Ref ,1271 is the parti.cular case of 
functions (9) and (10) i n the zero tempera ture limi t, in which 
t he canon ical products a r e reduced to the norrn~l one (Cf .Ref. / 30~ . 
Simi lar functions have been applied in TFFS / 231 to construct 
two-phonon di agrams i nvolving the interaction with (2р- 2h) con
figurations . 

Ву consulting Eqs. (9), (1 0) we now expand in the interact i on 
p i cture tt1e exac t Green f unc tion in а perturbat i on theory seri
e s as i n Ref . 1291 

G JMI, j м i' (t- t ' } = 'G~~! (JM; t- t'} + ~ 8 G~~~)(JM; t- t'} .. 
n = 1 

= G <.~>,(JM ; t-t'}+(-i) ~ 
11 n=1 

(- i)2n 

2n! 

+оо 

J <TIQJMi (t) х 
-оо 

x Q;Mi'(t'}HVq(т1) .•• HVq(т2n)\ > dт1 ••• dr2n' 

(11) 

and employing the above-mentioned generalized Wick theorem for 
canonical products, we find for the Fourier components 8G~r}(JM;7J} 

(2) .... (о) .... u+V+W .... (о) 
дG ii, (JM; 7J) = [ G (JM; 7J) П (J; 7J) 'G (JM; '1/ )) li, (12) 

~q. (12) provides а generalized presentation of the functions 
BG~~- (JM; 17 ) , for which the propagators in the ri,ght-hand side 
have the form · 

,.. (О) 
'G 11 , (JM; 7J) = 

1 + VJj VJi ----'=------]8 ' = ' А (О) 
." + (i) J i - iE ii - Gii' (J; '1/) • 

'1/- (i)J i + .ic 

"'U+V + W "'U .... у "'W 
п .. ' (J; 7J) = п .. , (J; '1/) + п .. , (J; '1/) + п .. '(J; '1/). ' 

11 11 11 11 . 

.... u 
П . i,(J;ТJ )= ~ 

1 .\1 i 1 

... v 
пн, (J; 7J > 

6 

.\212 

~ 
.\111 

.\2 12 

. .\2 12 (Ji ' ) u~:.·: (JI) 
0 
'''' (1 + 'i, ,, 

7J-(i)Л1i1-(i)Л2i2 
+ vl_. ) ' 

'".l 12 

. .\2 i2 (J' ') ) Л2 12 . V 1 v • 
v . (Ji) Л1 1 1 (1 + v, . + л212 Л1 11 "111 

+ (J), • + (i),\2 12 '1/ "11 1 

(1 З) , 

" 1 

\i 

~ 
'lj 

'1 
~ 
~t 
·, 
Ji 

1 

. ' 

nu 
Fig . 2. The proper 
self- ener;pies nu .. 
П V and П · from 
Eqs. (13) . 

" 

пv 

пw 

WдJii (Л 2i2)W г: (.\2 i 2) w/ ii (Л1ir>w1i; (>.1il) ... w 
Пн-(J; ТJ> = ~ [ 11 11 ----

2 2 2 2 
.] х 

'1/ + ((i), ' - (i) \ ' ) 
"1'1 "2 1 2 

'1/ - ((i) \ . - w, . ) 
"Ji1 "2 1 2 л 111 

л 2i2 
х (v , i - v, 1 } • 

"2 2 "1 1 

In the zero temperature limit: Т-+ О OIJ.e can derive i"pпnediately 
f rom Eqs . (IЗ) the froper self-energy П~~ ;V + W(J; 17}-+ П~tV(J ; 7J} 
obtained in Ref. 12 1 • 

11 

Following the diagrammatic correspondence given "in Ref . 1171 
and the vertices in Fig. 1 we can il l us trate the proper self
energies ПU, П V and nW from Eqs. (1 З) Ьу means o.f the d iagraппna-
tic representation given in Fig.2. " 

Let us now analyse the consequences caused Ьу the diagrams 
Пwwhich appear only at finite temperature when the occupation 
numbers vдi of one-phonon levels are taken exactly into account. 
Like the appearance of the new particle-particle ~- р) and hole
hole (h -h) ~oles in the FT-RPA discussed in Refs. 4• 5• В/, the 
new terms П in the self-energy operator lead to the appearan
ce of poles of the type ± ((i)л 1 - (i)' . 1 ) besides the two-phonon 

1 1 "2 2 
poles at energies <(i)л 111 +(J)-'2 12 ) originating from Пu. Тhе form 

of these proper self-energies enaЬles us to identify the verti
ces U, V and W as the processes of one- to two-phonon . transiti
ons and vice versa, the phonon correlations and the phonon scat
tering, respectively. We also note that similar terms have been 
obtained in the, framework of the TFFS 1231 Ьу а somewhat diffe
rent method. 

7 

' 

;/lo 

~ 

~ 



Tab le 

The П~ ,-, Пiу, - апd П~i, -values (iп MeV) from the pro
per self-eпergy П'!+,V +W of the Dysoп equatioп ·а "" · а{О) + 
+ · а<о> п u + V+Wa for 

1 ~xcitatioпs built оп collective states 
2! with eпergy шц"" 1.6554 MeV апd 2~ with eпergy ш 2+"" 
""З.fi183 MeV iп tlie 118 Sn пucleus. SUM= 1П1Ч, I+IП~, 1+6 

w 1 11 
+IПн' l 

u v п;r nii:- п .. ,. 
11 

0,1723 -2 0,4741.10 -1 -0,1013.10 
-1 -о, 1262.1 о 0,2501.1 о -3 0,1927.10 -2 

6 -1 -о, 12 2.10 -3 0,2501.10 0,1927.10 -2 

0,7539.10-1 . -4 
0,1494.10 -0,2434.10 -3 

SUM 
u 

IПii'I/SUM 
v ' 

IПii,I/SUM 
w tlljyi/SUM 

0,1871 92% 2,5% 5,4% 

0,1480 85% 1 '7% 1,3% 

0,1480 85% 1 '7% 1,3% 

0,7565 99,7% <.1% <1% 

Тр evaluate the coпtributioп of the пеw roots betweeп the 
poles at eпergies ±(шл 1 1 1- ш л2 12 ) we поtе that due to the ex-

poпeпtial dерепdепсе of the пumerators iп ПW(1З) оп the ~alues 
шл 1 /Т, the val-ues of the reduced probabilities В(ЕЛ) for the 
electric traпsitioпs associated with these levels turп out to 
Ье пegligiЬle a s compared with the B(EЛ)-values for the (p - h) 
levels. То illustrate this statemeпt we show the result obtaiпed 
Ьу calculatiпg а schematic case for collective modes built оп 
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two collecti ve 2 t апd 2~ -states wi th eпergies ш 
2
+ "" 1. 655 MeV 
1 

апd ш 2+"" 3.618 MeV iп the 118 sn пucleus. А more complete iпfor-
6 

matioп about the classificatioп of collective states iп the 
QPNМ сап Ье fouпd iп Ref . / 15/ . Iп this evaluatioп we choose 
the upper bouпdary for thL fuпctioп П W puttiпg vл 1 - vл 1 "' 1. 

. " w 22 11 
Iп geпeral tl·,e te:rm5 · Пн' ar/e fuпctioпs of excit\tioп eпergies 
~. but it is eпough to calculate the values of Пii, at а fixed 
value of ~· The calculated results for ~ "" 1 MeV are collected 
iп the Table. One сап coпclude that the effects associated with 
the phoпoп-grouпd state correlatioпs апd the рhопоп scatteriпg 
at fiпite temperature are weak comparable with the опе- to two
phoпoп traпsitioпs. 

2. SYSTEM OF APPROXIМATE EQUATIONS FOR GREEN FUNCTIONS 

We are goiпg поw to derive а geпeralized set of e~uatioпs 
for Greeп fuпctioпs takiпg exactly iпto accouпt the occupatioп 
пumbers of опе-рhопоп levels (7). То realize this idea besides 
the Greeп fuпctioпs employed iп Ref. / 27 / 

· а-:-.~+ (JM; t- t') ""«QJM' (t), QJ+M., (t') » , 
11 ' 1 1 

ч~~+ (JM; t- t') = «QJ~fi (t), Q;Mi'(t') » , 
(14) 

·al2~3+ (t- t') = «Qл11l1 i1(t) Q~ll2i2 (t), Q~ll3 13 (t') » ' 

·а;;,;+ (t- t') «Q~ 11 i (t) Q~ 11 i (t)' Q~ 11 i (t') » 
1.-1 1 z.-2 2 3.-3 3 

we have to coпsider two aпomalous Greeп fuпctioпs 

·а:2-З+ (t-t') =«Q~ .(t)Q~ ·. (t),Q~ 
111 

(t') » , 
• ·11l1 11 .. zll2 12 · 3'"3 3 (15) 

·а}; 3+ (t- t') "" « Qл 1 (t) Qi 
11 1 (t) ,Q~ 11 1 (t') » = ·а 2~-3+ (t- t') 

• 11l1 1 "2'"2 2 3"3 3 • 

which пaturally appear at fiпite temperature. The double aпgu
lar brackets iп the right-haпd s i des of Eqs.(14) апd (1S) at 
fiпite temperature correspoпd to the thermal averages of -caпo
пical products. 

Ву the usual method for Greeп fuпctioпs 128 1 we obtaiпed а 
set of coupled equatioпs for the Fourier compoпeпts of fuпcti
oпs ( 14) ' ( 15) : 
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- + 1 . Л2 i2 -..., + 
(ш Ji - 71) 'G н', (JM; 71) + 2 ~ о k·\IL1 ~ IL2 \ JМ > [ U,\ i (Ji) 'G12,jMi '(71) + 

А 1/L 111 1 1 

A21L2 i2 

3( J-м VA2i2 (Jo)'G++ '+ ( \) А i \JМ [ ( )A1""1--l w Ji (Л о )'G +- ,+ ( \ 
+ -) Л 1 i 1 1 12,JMi' 71! +"J\IILгz-IL2 > - A

1
i
1 

212 12,JMi' 71!+ 

( )AГIL2 J-M Ji ( , , ; -,+ ( )]! 
+- \-) W, о A111)G21. JMo'71 = -80.,, 

1\.212 ' 1 11 

+,+ 1 А2 1 2 о ++.,+ ) 
(шJi+77)Gii,(JM;77)+2,~ oi<\IL1A21L2\JM >[U,\1il (J1)012,JMi' (71 + 

"11LI 11 
A21L2i2 

J-М A2i2 __ + Ay-IL1 Ji +-,+ 
+3(-) VA

1
i
1 

(Ji)G12,J~i,(77)+~1L1A2""1-12 1 JМ> [(-) WA
1

i
1 
(A2Ч'0 21,JMi'(71) + 

Az-112 J-M Ji +-,+ 
+ (-) (-) WA

2
i 

2 
(A,1i 1)G 12, JMi'( 71)]1 = О' 

( 16) 
-- + (ы, . + ы, о -7!)G 121'мo'(77) + ~ < A1 /.lл2 1L2 1 JM > (l+v, о + v, о ) х 

"1 11 "2 12 • 1 i о 1 "1 1 1 "212 

Azioz - ;t о з J-M Azi2 о , +,+ о 
x [UA

1
1
1

(Ji)G o
1

, (JM, 77)+-(-) V, о (J1)G ,. , (JM, 77)] =О, 
1 2 "111 11 

(ы. о + ы, о + 77)G 1+2+J,M+o ,(71) + ~ <Л 11L 1 A21L IJM >(l + v, . + v>._ о ) х 
л1 1 1 "2 12 • 1 i 2 "1'1 "2 12 

A2i 2 + .t 3 J -м A2i2 о - + 
х [ U А 1 11 

(Ji) G ii, (JM ; 71) + 2(-) VA
111 

(J1) G ii ..' (JM; 71 )] =О , 

+- + A2-1L2 
(ы, о - ы, о - 71) G 12 J'M о , (71) + I. (и о _ - v, о )[ (-) <>. ILzA 1-IL1i JM~ х 

"2 1 2 "1 1 1 ' 1 i Л1 1 1 "212 -'2 

J i о • + ,+ . А 1-IL 1 J i - ,+ о 
x W, о (Л 1 t)G .. ,(JM,'1)+(-) <ЛIL 1 A 2 -IL 2 \ JM > W, о (A 2i2)Go

1
, (JM.77)]=0, 

"212° , 11 ' -, "1 11° 1 

. А 

+- + ГIL1 
(шл i -шА i + 77)021 'Jмi'(71) + ~ (v, о -v, 1 )[(-) <Л11L1А2 -ILz i JM >x 

22 11 ' i "1 11 "22 

х wr~il (A212) 'G7i;; (~;71) + (-)A2""1-12~1LzAI -ILI \ JM> W/2ii/Ali1) 'G~i;; (JM;77)]-=0 . 

In the framework of the Hamiltonians (3) and (4) with the 
condition for closing the chain of Green functions at two-phonon 
terms (14) and (15), system (16) is exact. The Pauli principle 
between two-phonon components can Ье taken here into account 
exactly in calculations using the exact phonon commutation re
lations as in Refs. I 1S, 17/ . In the zero temperature limit the 
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numbers vA 111 and vA212 in Eqs. (16) become zero, so the two 

l ast equations f rom Eqs. (16) are identities a nd the other four 
form the s y stem obtained ealier iи Ref. 1271 . The Green functi
ons (14) and (15) can Ье put i n the one-to-one correspondence 
with the c oe f fi cients of the QPNМ excited state wav e function: 

- + J i , . ++ ,+ 2( J А2 12 ( о G .. ; н ~ о ,R о (J) , 0 12, JMi +-+ 1' PA
1
i
1 

J 1)' 11 ~ 1 

+ ,+ 'J i, а+- ,+ +-+ ~ J s.\2 12 (Ji) • (17) G ii' +-+ i' R i (J) ' 
12,JMi i' A1i1 

-- + ~ J A2 iz +- ,+ 2( J A2i 2 . 0 12,jMi +-+ i ' РА 1 1 1 (Ji)' 0 21 JM O +-+ о, SA о (Jl) • • 1 1 р 1 

Accordingly, the e xcitation operator can Ье defined in the 
form 

(fo ;сJм) Jl + + J-M Jl 
; [ ~ v (Q JMv + ~ JМ)- (-) ( v (Q J -Mv + ~ J ...:мv )] ' (18) 

where 

+ v + Л2i2 + + 
ПJМ = ~ R o (J)QJMO + ~ ~IL 1Az!Lz \ JM > РА о (Jv)QA OQ>._ i , 

v i 1 1 A11L1i1 0 111 1IL111··.tiL22 
ЛziLz 12 

+ Л1-IL1 Лzi2 + 
~Jмv = ~ (-) <A11L1Az-1L2\JM > S, о (Jv)Q, OQ>. i • 

' о "1 11 "11L1 11 o'2IL2 2 "11L1 11 

(19) 

A21L2 12 

The energies 71JI of excited states can Ье found Ьу lineari~ 
zing the following equat i ons of motion: ' 

[H •. Cf7CJM)] = 77л(f~(JM), [Н, (f
1 

(JM)] =-77л (fрм). о (20) 

As in Refs / 16• 17/ we obtain at Бirst the set of equations for 
finding the coefficients ~, (, R, Р and S. This set is equiva
lent to system (16) : 

л v A2i2 Лziz Ji Лziz -. 
~ 1 ~ 11 [ (ш Ji -77)R1 (J) + ~о Uл i (Ji) Р А 1 (Jv) + о~ W ,\ i (Л2 i2 ) S,\ 

1 
(Jv)] 

v А 1 ~ 1 °1 l 1 1 A1i 1 1 1 1 1 

Aziz ,\212 

л Лz1 z Az1z л Л:! iz 
+ ( [3 ~ VЛ . \Ji) Р,\ о (Jv) + ~ WЛ о (Л 1 i 1 )SЛ 1 

(Jv)]l =О, 11 Л 1 1 1 11 1 11 1 Л 1 i 1 212 1 1 

,\2i2 Л2 1 2 

ll 



JI v Л2i2 Л2i2 Ji Л2i2 
I.l' [(си 1. + 77)R . (J) + I. U, . (Ji) Р, . (Jv) + I. W, . (Л2 i 2 )S, . (Jv)] + 
V v 1 1 

\. "1 1 1 "1 11 \. "1 11 "1 1 1 
"1 1 1 "1 1 1 
л2 1 2 л2 12. 

л 1 л ! 2 . ' л i 
+gH[3 I V,

2
.

2
(Ji)P, 

2
. (Jv)+ I W>.~ 1. (Л 1 i 1)s, 2

•
2(Jv)]\ =0 

11 .\11·1 "1 1 1 "1 1 1 Л 1 1 1 ''2 12 "11 1 
Л212 ~ 12 

JI . Л2i2 1 
Ilgv [(си~ . +си, . -7))Р, . (Jv) + -

2 
I 

v "1 1 1 "2 1 2 "JI1 i 

л2 11 v 
U, . tJi) (l+v, . +v, . )R. (J)}+ 

"1 1 1 . "1 11 "212 1 . 

3 Jl Л2i2 v 
+- ' 11 I V, . (Ji) (1 + 11, . + 11, • ) R , (J) 1 = О, 

2 i "11 1 "Jl 1 "212 

JI Л212 1 Л2i2 v 
Il' [(си,. +си, 1. +71) ·Р,. (Jv)+-IU, . (Ji)(1+v,. 

1 
н ... )R.(J)]+ 

v 11 "1 11 "2 2 "1 11 2 1 "1 1 1 л1 1 л2 1 2 1 

(21') 
3 JI Л2i 2 v 

+- g I V, . (J1)(1 +· v, . + 11, • ) R. (J) 1 "' О , 
2 v 1 "1 11 "1 11 "2 1 2 1 

JI Л212 1 J' 
Ilgv [(cu.\..i -сил 1 -77)Sл 1 (Jv)+- I Wл 1

1 (Л 2 1 2Нvл 1 -vл 1 )R~(J)]+ v ~2 11 11 21 11 11 2 2 

1 л Ji . ) 11 ) 1 о + _, I W, . (Л 1 t 1 )(v, . - v.\ 
1 

R 
1 

(J ~ , 
2 v i "2 12 "1 11 2 2 

л Л2i2 1 Ji . v 
Il'11 Ныл 1 -сил 1 +7))Sл . (Jv)+.,..I Wл 1 (Л 2 1 2 )(vл. -vл 1 )R

1
(J)]+-

II 22 11 111 l:.j 11 11 1 22 

+ _!_ gЛ I W Ji. (Л 1 i 1 )(11Л . -llл . ) R~ (J) 1 =О, 
2 v i л2 1 2 111 212 1 

i = 1, 2, ... , n 1 ; v, I = 1, 2, ... , (n 1+ n2), where n 1and n 2 
are, respectively, the numbers of one- and two-phonon compono
nents of the wave function (18). 

The calculation of energies 77 from Eqs. (21) is straight
forward Ьу solving the secular equations .for the determinant 
of the left-hand sides of Eqs. (21) detiiM 11 =О, where М is the 
matrix for the set of Eqs.(21), At zero temperature system (21) 
~s comp}fcfrly transformed into the system of equations derived 
1.n Ref. . . 

У, 

Systems (16) and (21) correspond to the couplings represen
ted Ьу the diagrams in Fig.Зa. In the transition from the QPNМ 
to the NFT diagrams the intermediate nonco·llective phonons are 
replaced Ьу two quasiparticles (Cf. Refs. 115• 171) and the pro
per self-energy nW is transformed into the diagrams on the right 
from arrow in Fig.Зp . At the same time, the proper self-energies 

12 1 

а) 

~ 

=~ 
Ь) ., 

с) 

Fig . 3. The QPNM and NFT diagrams. а - The QPNM diagram
matia ahain. Ъ - ReuJriting t he П W diagram in t he QPNM 
(Zeft from arroы) into the aoupZings used i n the NFT 
(right f rom arroы). а - The NFT diagrammatia ahain. 

1 

\ 

П Uand П V are changed as in Refs/ 15• 171 and we obtain the re
sulting chain of suппnar'ized NFT diagrams /22/ _Aiven Ьу Fig. Зс. 
In these diagrams , as has been shown in Ref. 7/, t he d i agrams 
representing the one- to two-phonon transitions and vice versa 
in the QPNМ are the main ones(Fig.4a).In the transition to the 
NFT we obtain from these diagrams the couplings with one inter~ 
mediate phonon (Fig.4b). 

Diagrams of the type of Fig.Зb in the NFT appear because of 
mixing in the excited states, besides the components with one 
intermediate phonon, components consisting of two particle-
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' 

а) Ь) 

Fig.4. Main di agrams used in the QPNM (а) and in the 
NFТ (ЪJ. 

hole pairs. Such interactions cannot Ье interpreted as interac
tions between (р- h) pairs / Зl / . It has been shown in Ref /8/ that 
interactions of this kind are conditioned also Ьу the couplings 
of (р- р) and (h- h) types which are caused in their turn Ьу ta
king exactly into .account the occupation numbers of quasipartic
le energy levels at finite temperature. Thereby, neither the 
(р-р) and (h-h) poles in the case of simple (1p-1h) configura- · 
tions nor the poles appeared at energies ±(си, . -си, . ' ) in the 

"Jll "21 2 
case of interaction with (2Р -2h) configurations can Ье correct
ly investigated without the introduction of the temperature 
for highly excited nuclei as а physical quantity which can Ье 
defined from experiments. However, one can make also an evaluati
on of the occupation numbers of quasiparticle levels in the per
tu~bation theory at zero temperature following the introduction 
of phonons as in Ref. 1141. In this case these numbers are thought 
to Ье those of quasiparticles in the phonon-ground state. The 
evaluation of this kind has been done in Ref. 132/ for deformed 
nuclei, and its results have shown that the numbers of quasipar
ticle ~ in the phonon-ground state ate negligiЬle. For even-even 
spher ical nuclei the contribution of terms containing в+в to the 
excitation energies has been calculated in the perturbation the
ory for the RPA in Ref. 133/ ,and it turned to Ье small in the 
zero temperature approximation. At finite temperature the (р-р), 
(h-h) couplings or the couplings arisen Ьу the poles at ener-
. gies ±(си л 1 1 1 - сил2 i 2 ) can lead to an influence on the strength • 

distribution for electromagnetic transitions. 

3. CONCLUSION 

We havг developed the QPNМ to describe correctly the interac
tion with (2р- 2h) configurations ' at finite temperature Ьу taking 
exactly into account the occupation numbers of one-phonon levels 
and obtained explicitly the relevant system of QPNМ equations 
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with the effects of the phonon-ground state correlations and 
the phonon scattering. From this system one can infer all sys
tems ?f qPNМ e~~ations at zero temperature obtained in 
Refs. 14

• 
6

• 
17

• 2 as special cases. As has been mentioned, the 
tranformation from the QPNМ diagrams into the NFT and TFFS diag
rarnв takes place, which r:eans these models could Ье considered 
equivalent. It was shown that additional poles appeared , at ener
gies ±(си, . -си, . ) , which led to noncollective excitations 

"II1 "21 2 
corresponding to the phonon scattering. Our e~aluation shows, 
that at low temperatures ( Т < 1 ~1eV) the contribution of these 
poles can Ье neglected and in this temperature region the zero 
temperature limit of the QPNМ is а good approximation. The sys
tem of equations we have obtained can Ье employed to calculate 
the fragmentation of coll~ctive modes for even-even spherical 
nuclei. 

The author would like to thank Professor V.G.Soloviev and 
Dr.A.I.Vdovin for useful discussions and support. Не is grate
ful to Dr.G.Kyrchev for help and criticism. 
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Нrуен .Qмн.. Аанr 
Смс:т... ураанеммй кааамчастмчно-tононноА модепи АдР8 
с учетом Р8СС811НМJt фононОа nри конечноА темnературе 

E4·84·1t81 

IJ'O 8C!'11t7'1'8 8Дар81Х IIССМДО...... .IIJ&ra 1984 

Nguyen Dlnh Dang 
Eq(Jatlons of the Quaslperttcle•Phonon Nuclear Мodel 
wlth the Phonon Sca~terlng Effкts at Flnlte Temperature 

E4-8lt-lt81 

А genera11zatlon of the quaslpartlcle-phonon nuclear 1110de1 /Q.PN14/ for 
descrlьtng the 1nteract1on wlth ~-~ conflguratlons at flnlte teмperature 
ls presented. Ву taklng exactly lnto account the occupatlon niiiiЬers of one• 
phonon energy level~ а closed syst• of approxi~.Мt• equatlons for Green func· 
tlons wlth one- to two-phonon transJtlon, phonon·ground state correlatlon and 
phonon scatterlng propegators ln even·even spherlcal nuclel ls expllclty derl· 
ved. А one•to-one correspondence between thls syst• and the syst• of Q.PNМ · 
equatlons of .the coefflclents of the exclted state wave functlon ls estaЬII
shed. lt ls shown that ln the zero temperature llmlt one oЬtalns the standard 
baslc equatlons employed so far wlthln the 11РNМ. Тhе nuмrlca1 eva1uatlon of 
the phonon scatterlng effects has shown that for temperatures Т< 1 МеV the 
zero temperature 11mlt of the 11РNМ ls а qulte good approxlmatlon. The equlva
lence between the Q.PNМ dlagrams and the dlagr8ml of the nuclear fleld theory 
and the theory of flnlte Ferml•systems ls dlscussed. 

The lnvestlgatlon has Ьееn performed at the LaЬoratory of Theoretlca1 
Physlcs, JINR. 
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