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. 1 Introduction 

The study of phenomena occurring in hot nuclear systems in the framework 
provided by the nuclear many body ~heory hM attracted attention of many 
authors [1-6]. The problem of padicular interest is collective excitations 

· in these systems and their dependence on the temperature T. One of the 
reasons for this is the increasing amount of experimental data on the giant 
dipole resonancea in highly excited nuclei. In studying hot nuclear systems, 
theorists often follow the way of extending the known models for cold nuclei 
to the case T -:/- 0. H is well proved for cold heavy nuclei that the main part 
of the width of coUect.ive giant resonance states is due t.o the Cot!pling of the 
RPA - states with more complex ones, like 2p-2h or four quaaiparticle or two 
phonon states [7-9). The same idea has been explored for giant resonances in 
hot nuclei in the framework of the nuclear field theory a.nd within the theory 
of finite Fermi - systems extended to T-:/- 0 (see, respectively, [2] and [3]). 

We formulate here an approach based on extension of the quBBiparticle -
phonon nuclear model (the QPM) [8, 9] to T-:/- 0. The QPM gives reMonable 
description of spreading widths of giant resonances a.nd other resonance -
like structures in spectra of heavy nuclei at the excitation energies E., :$ 
20 - 25 MeV. Distinctive features of the QPM are the schematic (namely, 
separable) residual forces and the use of the RPA phonons M elementary 
blocks to describe excitntiono in even - even nuclei. Both ingredients simplify 
drMtically formulas of the model as well ns numerical calculations within it. 

2 The formalism of the thermo field dynam
ics 

To extend the QPM to T f. 0, we explore the formalism of the thermo 
field dynamics (the TFDr [10]. The main idea behind the TFD is t~ defin~ 
a thermal va-euum IO(fi)) such that the thermal expectation value of any 
operator 

1 
<A~= Tr(ezp(-f)H))Tr[A ezp(-f)ll)] 

(P = T"-1 ) equals the expectation value with respect f.o the thermal vacuum 
state 

~A;)>= (0(/J)IAI0(,8)} 

2 

1> 

The ~xtension of.quantum. field theory at T = O ·t~ finite tempei~ture 
requires a doubling of the. field degrees of freedom .. In the TFD, a tilde 

· . conjugate ~pe:rator A1s associated with any operator A acting in ordinary 
space through the· tilde cbnj11gation iules · ' · · · · 

; (AB)= AB ;·.(c~A+c2B)"',;, ciA+ c;.i}; 
. ~li~re A and B'.stand 'ror,any ·oper~tors 'and C1 and C2 ~e c-n"umb.~rs. The 
' ~terisk denotes th~ complex donjugate. The tilde operation comriiutes with 

· :._ the h~rritian conjugation .operation ~nd any tild~ a:nd non~tilde ~per~tors 
I . are assumed to commute ~r n~tfooinmutc with each other. For any systerri 
I . • .• gove'rned' by the Hamiltonian H: the wh.oJe HHbert space. now: is spanned by ' 
L · the direct product. of the eigen states of Hand those of the tilde Hamiltonia.ii 
' ' ' '.fl having the same eige~va.lti~: 'The"iime ".'.translation dperator is not the--. 

energy' operator H btit 'the· thermal Il~iltonia.n 1(, ==" Ji{ fl. This means that ·.. ' 
. the properties. of the system excitations are ·obtained. hi the diago11aliz~tion·: .. · 
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of 1l. · · · · · \ · · ' · •· · · · ·· · · · · · · 

'. · 1i is eMy to see that with the;doubling of Hilbert space the, temperature 
dep~~d~nf~uuin IO(P)}. ha's t~ be defined 'as f~Uows: - . . ' . . ' 

. · ·. ··- · ·.1.,, :, .... :.;• PE . 

I0(/3}} = ..j1'r(ezp(~fJH)) ~ ezp( ~ :· 2.,. )In}-~ .In~ 
,;:~- . . , .· :,;- ·- .... ,-

. · This state is th~ vacuum for :the thernitil quasip~icle annihilatio~-oper~:< 
.. ators: . . ' , . . 

' :·' . \. 

fJ;m.= z;a;m :...'.u;cij~' -
·, - -. ' - ' .~ , 

ft;~= z;a;m +·y;aj,,. · · 

,8;,,;.I0(/3))'==,8;~10{,8)}·~ 0. 
.. The transformation {z, 11} ;-a, unitary oji~:-arid due to .this th~ standard · 

~ticommiitation relatfops: are valid .for Pim, Ptmi P;m, Pt,.; The. C?~fficienta 
z,, y; a.re th.e thermal (Fermi i.ii ourcase),-0ccupation numbers of the states.: 

In). · ... ••, = ✓: - n;,~,_c ,/n; 

·. ~j = ~ '1 -.· .. ·. 
~ .. ... 1 + e~p(/JE;) 

\ 

.. ·; ~:rts~:i~;~7:.~~1,.i:~~~~1 :'. 
~ ..i• .• ;h>[·•-- fi!'.1;'..;L,l;t.-.. tf,;..,,t ;- .·· 
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3 The· pairing- correlations -at T<# 0 

No;., we apply [llj,12]the outlincd,foi'malis~ to a.'hot nuclear sistem go;-
erned, by the Hamiltonian of the QP_M. Th1s Hruniltoniari .c~nsists of the · 
average fields for protons ani neutrons, the monopole pp- and nn-. pairing 
interactions and the separable multipole particle- hole interactions consisting~ 
· of the isosc,alar and iso;ector parts . ·. ·. 

. . ' . . 

H = !f,p + HP4•• +Hph: 
~/.J, 

. Within the_QPM; one follows the standard way of transformation of the 
. H~iltoniiiii <>f a syst~m of interacting nuclc_ons to that. of inte~ting el~ 
m~ntary excitation modes; The :first.step along·this way _is the Bogoliubov 

: tra~forma.tion f;om th~ cre~tion ~nd annihilation operators or' particles and 
holes to the creation and annihilation operators of quasi particles. To tak~ i~to . ·· 

- accourit the i~fluenc~ of- te~pera.ture, we have. to make additional canonical~
, transformatio~ .to the op~a.tors of thermal quasiparticl~ that will-~~nihi~ 
. late the thermitl ~uum. So the final form of the transformation from the - ·· 
_nucleon creation ~nd annihilation ope~ators a; a+, .a; a+ to.thermal quasi~ 
particles ,8 ,p+, f/,.·p+, which-have I0(,8)) as a vacuum; is the following 

Js, v, 13J: - · -
~--· 

· ' ( a;m.) ' · ·· ·.· ·.· (./J;m )·.' :at-•- .·· A . B .··/Jt::- · 
, Jm - .· · . • · · :..Jm'-~= ~ {-B.. ?_) {!f.:_·.·. 
a,m, . . ,· ,. . -/J-:;;; 

"·. 
(1). 

A_=z"'_ .. ' _.,. B=y•··•' '·, .:'.._, 
. '· -v· u· · ' -v· u· .. · . . . . . J , . J J ' . .. . 

_\,~ •. ·(, .. ;-.:. -~--)·, . · _, __ ·._ ;(' 

3u·: >v·)·, •·.: 

'_To find the coefficie~ts u;~v;; ~;, y;'/we minimize the grand thei:mocIJ~ 
nainic potential ff=.{0(,B)l?t'I0(,B)k:·TS.( S isentropy of.the system) for' 

' . . . . . . . . . . I . . . I.·: .., . . . ' 
a.· system of nucleons governed by. the HR!Jllitonian .H. = H,,, + Hj,a;, at .· 
T = conat.' In th~ calculations, one should 'ha:~e in mind that the ground 
state-energy E equa.ls_(0(/J)IH'I0(/J)} but not (0(P)l?t'I0(/J)) [10]~ · 

The entropy· S. of. the sy~tem is .. · . . . , 

· . i~ -, ~)2j + i)(n; Inn; +(i- n;)ln(l ~ n;)) ; ·. ' . . . 

The calculatj011 of n is. st~aightforwiml ' ' 
"--., 

. n = {O(P)IH~.,fr) +Hpai~h)IO(/J)):... TS= . ... -. ,_, . 
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1 

-_A o/ ,(2j,+ l~u;v;,(1 _; 2n;) . -TS \ 

-~:.. We use the foUowing uotati~n; E; 'is the sfngle - particle energy; A,: is the 
chemical potential; G.- is the cohst1U1t of the pa.iring interaction. The· index 
r: is an isotopic index a.nd takes t~o ;alues, r = n, p'. We suppose that r .is .· 

· 
1
included in-the set of ;hell mo(ieltjuant_um numbe~sjnljr] t_hatjv~ ?sul!.lly · 
denote by. one index j .. The symbol -}:~ · means that_ the summation· is. ta.ken · 
only ,over neutron or. proton single_: pa~ticle_st~tes. · 

I . . , ' . . . . , 

After.variation of Hover u;, v;, n;. we have ,: 
; ' . ·- -_.., ,' .. - (,\'·- .; ,'-. 1,,, 

' I ·,. (Er~ .\.-)u;v/-"G; (u; ~ ~hE~(2i+1)µ;v;(l72~1) =-'o ••, . '. ' ',; ;:· , '' .4:- .. .' i : ,; . : :, ·.· -:· ,,, . -... ',' . ' · . 
, . , . _.,·2 <·2', ',. .• ';;.:; • , ··> ,:. · :. '• .,·· 

, (E; ~ .\.-)(u;-<v;) +u;v;G.-L,' (2J ·fl)u;y;(l -.2n;)+ . ·-- . . -r ._: > ;... . 
·--:-, 

,, :+T(lun}~·-'ln(l~n;)) ='.O 
' t . , } . ' ' . - - ;,_ '.· ~ . ~ . '.. , . .' •' ... ' .• ' ' ,.~ ' ' '._\ '';' ' . 

.E'or the coefficients uj, v;, n;. the following' relations are valid:\ , .·. · 

... ·• •/ .... ·:. ··1(····i~·;t)•··l: .. 1·(·, ··E··.~-,\ ..... ·)·"' 
'u~ = - -1 + ' , ·v~ = - 1 - 1 

· . , . . · · , \? . . : ·~; I )/. 2 ·. : ,:: e; . · 

-~/~v(E; -- .\.-)~y+ii;,· n;;; 1 , ~) {fJ ; .. · .. ·.· _ ., .. _,'. :, .· ._ .... ·.· ;,,,··,. ··, t~~P __ e;. 
1 In its turn ii.-,,\~ can be found from the equationa:.' ::, ,, 

· , ;- .. 1· - -' :.,• \,\~:-x ;:· • \:: 
µ .. ~.-E .. (2j+l) (1- · ./ · .- . · · (1-:-;2n;)) 
> .· 2. ... .. ,. '. , . . J(E· _ .\.-)2 + tl,7. .. ,·. . . 
. . .. J ,• '. '... . .. ·' . .. . 7: ,.' \ 

_-, ; ' ', ; ' ·~ ;· , 

. ·C/:'4·;,;_ ~~·(2 __ ~i~i) .i f,..,._2n; .. ··•·· .. ,; 

... 

I, 

1 <, 

(2) .. G . LJ 1 \j . ' , . : . ,. ·•. . ; • , · ~( E; - .\.- )2 + ii 2 ·, 
' .. --, ' ' ~:. ;-- '", .. - . ,: : -'·. ' ; '', . ', , ,' , _.' , .--~-- .. ·· - ' - . ...,, ' 

where lV .. is the number of nucl~ns of ,a given ty~(l. . ' .·· ' '. • . . , :· ' ' . 
· .. _Eqs.(2) are the weU known eqmitions'for pairing ,&t T f'0with,theHamil- · 

toni1:-11. of Bardeen - ,Cooper -Shri~ffer~ (see, e.g; . r~!.[141)< U~ing the TFD 
. formalism they' were derived also.in [13}.. . ·•. 1 \_ ., '. ,· -~ ·, ', 

" - ;,_ . ,.· ,i . " ,, .' . _. - . . ..... , -, . ' '·' 
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, 4 · Tlie·'.random·phlise:
0

approximation at T =I= 0 

· Art~r the tra~sformatimi (1) t~ the the;mal quiisiparticles the .thermal Hamil-
ton~an oft~e QPM tak~ th~ form ' ' ' ' ' 

; 1t = L e;.,.'(P/;,.P;m ~ PJ;;.!J;m)~' 
. ; jm ::, . . . . .· . 

, \. • :, : •· ,:,- • . --: \ - ~. • ,_,, -- ' ' : ~ ,_ • ) - ,' : ! ' ' ' • ' 

1 '. • . · ... · (l) ·.. . (l) · + · · ·. ·•· - + - . · -:'-IJ ,23 .(k0 f pk1 ){Ml,.(r).Mlµ(pr) - Ml,.(r)Ml,.(p1:-)} ,. 
2 ,\µ r;p=±l .· :. .· .. . · , ' ' • ·. ·· .. ', · ·, , / 

' ' ·, \ ; ,\,!;~\ ' .• ·, .: ';' . ' . \ 
:_Aj+:(•)··=< (-) ~ .. 1<-'>{[A+·(··'·,\ ). 
·. : ,\µ ~, ✓2,\ _; 1 LJ;;'. ;;: . p JJ ', µ +. 

. •-f(-)-'-::61p(jj\~~ ':)] .+ Bp(jj' ;'.>.11)} 

-
... L.1 · <~l , ••. '.. , . . . . :+ + . ·,.. .··, , .. · -+ ..;+•·. •. ·.· •. -·. 

, i =. zU;;' (Vi :-:-. n; /1.-:-; ,n;• [P,.,.P.;tm'],\µ -:, F;8(Pf,;;P;'m']l,.):- : 
,. ·~·,: _· ,\·." ,., ... , .·<·.::-:-·:: / -·,~--,:. -- '! ,. ; .,, .- ', .. · _, : 

~v~:\tl~ ~;j;g[Pf.,..8~ :h~ .• , t /. '• .·· · ..... , ·' ; , ,, m ; ) 

Bp(JJ ; >.µ)·=. .. 

. ·~,~_v;-;,>(Jl-~; ✓~ 2,nj' [/3/.,.P;t.,.;J~;. +·_j;r;Jni;[A~P;~.f,\,.)+, '. 
• ' •. ,, , l • - '' - ' ., . ' ' ·: 

1
: ' (' ~.•, ! ,• ' • , • ', '1 ' 

.. ' (+) . ,· ., ; <' + ;. ' ' ,\-~ -+ ,. ' 
+ujj'·✓I:::- P.;Vffl([/J;.,.,8;•m•J,l,.,+ (-::-:)_.·' [/J;""/J;•,.;.•JA~,.) 

. · .. : . Iii these•forniulatJw~\uie theJ~ll~~ing ~otation: · /~? i!!the redu~~d sfogl; ~• .. · 
.. · I . ·"'.. ., :: ., ' ·'. .· - / , I , . JJ •., . , 

particle matrix elem'ent of tlie multipole operator; ·ic~,\)' IC~,\) 'are the coupling 
,. ,constants o(the lBO~Cfl.l~r.and isovector multipole,- multipole interactions, 

•. . . . , ' . ·•. ( ) ·. . . • ' ' , ! ( ) ., . , .. . ' 

.respectively; u .: := u;v,., + u,., u; '' V -~ .. = u;u,., - v,., v;. Changing th_e sign of 
. ·,. . . ,. ' ... JJ. ., . ' . ' . " . ·.JJ ·,. ', . ' . ·.. ' " . . ' 

· r means cha;nging' ,(+-,+ p. The, square brackets 1[ ]l,. 5-tand fo! the. coupling . 
: . of single -•'particle angular momenta _j, j' to the sum angular momentulll A . 

The bar over lower ind1cEJS pn 'denotes the time reveisa.lsta.te; ·.·· ·· . ' 
. ·•-.• One· can :easily. B~_- f;om:\he expre~i~n .for. Jl. that. the ~t~ucture' of,'the 

•· themial Hamilt~min.n:in:~erms
1
of the.operators 'p+;p,p+,} is the same as 

. : of the Hamiltonian 'n in' ier~s of the '.Bogoliubov qu~iparticles a:';~ (cf. 
[9D> The riia.in differenc~ is r~definition of vertices corresponding to terms 

·, '' . . \ . ' . ' . '' ',.. .. \ . \ . . . ~ '. ' 

',6 

r 
•"'1,'..;. . ' 

·,1!. , 

r ;· 
, .{ 

,,' i 
'f, 
I· ·:i;.·,, ~- ( 

',.." C 

of the same operato_r structur~ ... j?or example; tlie_ coefficient .~t th~
1 

term . 
AtU1hi ,\µ)Al(i3J4j ,\µ) depends:n·ow not only on the: superfl_uid particlC:: 

· hole factor ~};},. -~ at. T =: 0 '. ~ut 'on ~he· particle· - p~ti~le '( or, hole. - hole) 

factor u};}, as well. The thermal vacu~m IO(P)) now formally play~ the_ ro~e . 
· which is similar to the role of the quasiparticle yacuum at T = 0. So further · 
:'derivation can.be 1done in'p~allel ~ith the T:~ 0 ca.a~:· ·.' ;.' , · ·· , ·· 

Firstly, .we introduce a thermal phonon operator and redefine the thermal 
groun{statea1i a'ph~non vacuu~ l'1To(P))·: · ' · . . 

.'.Qt,.;= .. · .-2f,L(~}j,!/J~/Jtm•]l~+ ~}j,[M,;.~: ,llµ+•·,.' · \,. 
.. , . ·,- . , . J m . 

. ' JJ ·• . / ,. 

·+2 -'•[p· +ii+·_] ·+·•·.•c·· )-'.::µ',J.i,[p;· ·P ·· 1· ·+· 
. '1jj 1 jm,.,-;;---f ,\14 ·. -:- · , 'I' jj1 jm ;'m' l-µ 

, . ', ." J m ' . •.• . .. ' 

+. c·· :>'l.:..,.i:;,[Li.i~ ':+· 2···c· .. >";.;.,.,.."; [P . .,_ .a__1 · ) 
, , -, , .·. 'Yjj'_ f'j_mf'']'mfJ,\-µ ,., _--: .. jj' jmf'j',;,,,' ,\-µ 
• . ' ' . • ' ' ' ' . ,l 

-.·. :: Qdi~cPn = o . -~ ·. 
. ' . -~- . '. . , 

' ' Then, we suppose that' the standard assumpti~ns oftheRPAare' valid, . 
, n~ely, the. number ~f thermal quasi particles in th~ ne\V tacuum

1

st~te I '1fo(P)} 
. •, is negligible·or the~al ph~n~n operators ~o~n::iute•; · ;- , i' / 

1 

. 

(w~(tJ)IPt.,./J;~IWo_(fJ)) ~ 0 / . 

':1 
·{w~(,B)l[Q~,.~ )<ir,,.,,,]lwo(P)} = 8-';'.s,.,.,(, 

~With these ~~u~ptio~s i~ is easyfo ~nd the followmg conE!trai~t on tlie 
bifermionic amplitudes o{ the thermal phonon:' ' ', I ' ' • 

_- . . ' ' , ' . -. "' . . .. ' ·. ' 

·: . ' , ,:; 

1 'v' ',\' 2 .• ( t 2 ~- _;. 2 ' ·-,\: ,2 ' ,\' ~ F ' ,\.:; . • : . 

-·i..,(1/J.!,), .;.. (ef,-~,) + (tJ,.!,) ,•- (ef,.~,) + 2(,,.!,) :... 2((.!,) = 8,\.\,8~,• 
2 . JJ .. ' JJ . ,, -\ JJ , JJ ' ' JJ ,, JJ 

: ;;'·. / ';"· .. ·, • .. ·_ ., __ :-~_,,· ----,,,,;,":-. ~. /". •·• ,.-·-·. -, .i '·,-· .·:"~,' \;· ;'. 

'Making the inve;se transfo;mationfro~ the operators Qfi,,, Ql,., _to.·.· , 
bifennionic opera.tors [/Jt pt]""\ etc. , we get t_he fallowing. e~pressiou. for· 1t in 
terms of'therm.al,quasipartic~es and plionons: . ' , .· ~· , · :' .. ·•· ' / :. 

r. ' ·. ' • -~:.... . • I· •. , , ' ., 

1(,~ ~P~ + 1tqph -~-E ~;(f3f.,.fJ;m ~ /Jf,JJ;m)~ 
; : ; ' '• , ' , . ·.· . j"i I ' ', .. , :- . - ' • : 

7;.i: 

! 

I. 



+1 ': 

1, 

I 

·; 

1' . · .. k(.\)+ k(.\) ·, .• ·· .. ,·,, --· ·,: · ·· · ··· 
'"' " 0 , p l D.\i D.\i {(Q+- ·+ ( .. ).\-µQ · . )'' -8 L., L., 2\+ l r . pr . .\µi --:- .. ·1 .\-,-pi X 

· lµii 1 r,p=::1:1 " ' . · ' 
' ' 

I' 

x(Q, _, + ,(:_).\-µq+ .,)· -
, "I" - . . . .\-µ, 

- . j. .\ ,· ·:. ·:·. ·-. . • ,.. ·-+ . : ':,-.' ,. 
-(Qt,.i +l-:) -~,.Qj-:-µi)(Q,.,.;i;t h_) -:~Q,.:...,.;•)l ,. 

' ' . ~. \ 

·. (4) 

/ , :. . (.\) ' (l). .. ' . .' / . . ' . • . . .· , .·.. .· . ( •~ . . 

. •· ~}~ · E. 
1
k

0

2t:~1 n;'~,;i;;,> { (C-:-)::-"Qff; + Q,.:,.i)Bp(jj';.\ ~ µ) :'.··• . · 
: ; _\ lµ,rp=::H . >. . .. . JJ ' . . . .' ' .. · •·. . . . 

: (( ).\:...,.Q-~+-•Q-: ')B-'c··' \. )+· h··}·•-· .-.-;- -; ._.\µi .. .\-µi pJJj11.-µ .• .C: .··.-
, I , , •:,, • I 

. . ! ._: .. ',• : . . • : ' i ·. : . !, , ' • . '. ,', : .•. . r, ; • •. 

. . ·,_. · '! .\. (+) -~ · · · · .. l' ·.. ~- ·_ · . r;;:; -r ' · -,1.· · 
·.D,.' = L f;;•[U;,1 (y 1.:..- ri;Vl - n,,(tf,,}'. +.cfo;;,) - Vniv n,,('P;j'-:t-<P;j'))-

' '. ' ;;' . .. . ' ' . ·. ' . .· . . / ,. . . 

·:' '. ( ~) ~ f;;:(' · l i · ii )] 

'-I· 
·1 

\ .• .· . 
. ' . -~ 

,{ 

, .~2vjj' V 1 --:- n; V n;1 ~,;'. + (;;' · 
> ··. In (~)~~- in~roduce the tilde operators Q.\,.;' and hp(j;'; >. ~ µ)/ for,con-· • • ·· 
: v~ni~nce, ~? oinit the te~~ like f!f(jj\..\.~ µ)Bp(!ij_; >.-~µ)etc. i_b_e~a.use· · 
- their effect is supposed to be small in the RPA as for the analogous term at 
;·T~o.:_· ·_.--•·· , . . -.· , · .. ·· · ···:"' ,; , ·_,-- 1 

•. ,. 

,,'1 

. The, expecb.tion value of 1t over the one-phonon state Q!,.;l'lfo(P)) hll.B 
the form: · ' ·· · . " · · · / 

. ' ' / , 
• ' ,. f 

. (~o(P)IQ.1·;;1tQ!,.d'Po(/J)) ,;,·. 
,.,, ' ' / . 

. _- 1·~{-·c·:• ·, -·>rc~, . .\/)2··_·_(~"i>2• :(.1.~i>·:i•·ic1.\~·>~J-<, · = - L., Cj + C·• 'I'"' + Y'"' - 'I'"' - y,--1 + . . . 2 .. , : . . J . JJ . . JJ .. · . . JJ .. ,, . ' . 
. ·" .. ·. . .· ' . ! . . , •.. , 

(5) .. 

+2(i · - ~1-,)·[·(n~!,)2 +· (?~~.)2_] - !_~', "°' (k(.\>+pJe<.\))J);n"• · 
. . .J J · .,,, ' .. ,, 4 2). + 1 L., O ·1 ; pr 

.-.:· -, ' , ·.,..·;,. ':,, ,,:. ',·.: ·<' ,'_ .'.' J .' >· ,' ' ..... --- .,.,p-:J:1,, ,_ .. ,,·,·:'·t<·~,-·,, .. '/ .· ·.-, '· 
:After varia.tion'oi (5) a.Uhe'coristra.int(3) over 'P,'P,11,(,v,,cp; one gets the. 
ho~ogeneous systemof linea.requa.tion~>It can be_resolved iftheien~rgy of:, 
the on~phoncm state Wli-~S the root of.the following secular equatipn: ' 

' f ,>' \' ., •• .. , ;' '. )', ," ,, ' • ' _,::, ,. ' ',' : ·/-, ,., ••. l •· ·• - ' . ,i,, 

-·· '[X"'(w)+X:• {w)](k(.\) +•k(.\)) - 4k<">jp> X.\i(-~)X:i'{w) = 1 
r . . , r O 1 . , . 0 1 l. r.. . , r, 

'1','' ' '/ ', , ' ' ' • I . ', I :• \i ;: . '' 

·,: 

\•· . Ii 

' 

'\~, 
?, 

. : 

,~, 
~w·· 

f( 

!°" 

l , 
.... ..: 

.. x;i~w> ·=·_--_· 1. "' .. ~1\>.2(<Jj/'>'<1- n, ""~J•><<, + ,,.) 
,•. 2..\ + 1 L., " . ( · ) . · .. ;;' • · - c;+c-, ~.-w2 . 

. . •.. ' J • . .. : ', •. -: . 

r " ·, .• . . . 
. ( - (c . ;_ c ., )2 - w2 .' . . . . \ 

~ 

._(v_~!))2 (-·_n_,· -_·. _._h,.,·). (c,: - ___ c,:,)) . .. 
. . , . ,. ' . . ' 

For tli~ bifermirinic amplitud~ ~; the orit½phono~ wa.ve;functioh o~~ gets: 
'. •. :~,-;I','. , : , , ', "" ·•:•• ,, I .. : }•j 11, , " ' •,. '. •' \ •, •, > I ': :_, '· :. : ' '.. .,' 

• I '. (.\) (+)~✓ ' . '.,,• .•· • .• . (.\)(+)_' • 

tp"' - . _. -·-·. JJ . JJ· . .· ., : . ... . .• . -rp"'' - . ll 11 V -~,v ·-,· ,._ -~l .·_J._.,u .. ,.y .. -n, __ 1-.n,-,_ .. _,-,. __ {If;f.'_ .1,._J __ .. ,u_ .. ,··tn;-_m:-:.·n_,·• 
;;' .. --:- 2.N;i - -. (c; +i-,)..:.. w.1,. . · ;;! - 2N;• (c, + c:,) + W.\i. 

' .. J . . . . . . ·. . ' J .. ' •'. i 

\ 
I/ ' ~ 

~

•: ···/(l) (;) ~i'/1. , , ; 
li-· . ..,.u ___ .. ,y_ ... -~~n,.,; .-n-, cp .. , = JJ ' JJ . . . , 

. · JJ . . • ( C '. + C •I) + W · 
r . • J. J .· . .l, . 

... _: . ' . . (.\) (~) . •' .. ' .. · 
.:., · · ~1. J .. , u .. , Inf Jn:T,., ·ip"' __ , • u. ,,v--,v·-,· 

. · jj' - 2N'_.\i (c · + C •I) - C•J,l• ,: . . . r.: J .. , J ·. • '· 

· .. , ' ~ 

·, -:. , .. ' I(.\) (~) .· ,' : . . . (l) (~) 

• .1 __ : . __ -~--,1 ._f .. ,v .. ,~_ -:-:-n,,.jn'l' :,. __ . ··&;·1 f_ .. _,.v._.,..;r=-n;vn7 I 1/•~I ::'';_;,.. '. • 1J J1' . . . '. '(".'!,,=..:.. _._._:,J,J '"; •·· ·•, 
JJ. · 2N'_.\i (e-.:..•c.,);_w~- 1 JJ. · 2.JV.li '(c-.:..e.,)+wl· 
', .. ·.' .. ,.r•• .· 1,- . .. J . ' . ·1 '-.'•';I.·- .r._· ,· ,,, ... _, J · .. • 

,·; ! ./ ·, • :·• .•. '.· -~i ·:_ (.\) ·. '(.l) \\' ··, ··. 

.. J✓."_'c-=_N,.._.(,:/;) + (1 -XT (w,1.;)(ko . + k1 >) 'N.\i -(w ·) 
! ••• r .· ,. _r. ~· • . Xli (\.., ·)(IP) ! k(.l)r . ~r, .. .\, . . / . •• < f I 7r ~I ' ? . - '1, ' ' ; . , : 

• 
1 N~~.(- ) '., 2X+ 1 8 'X"'( :)•· w-=----- w · 

• _ _ . _ .__ . . ... __ · .- · .2 __ 8w _ ... ~ , , ._ .. _ •·· .. __ _ . 
·, .Tb~ secul!U'.eq.(6) is tbes~e ~in [15] wh~r;ith~ be~~de;ived ~i.ng the. i 

_Green·.fun~pon'method;. !his ia_t~ue f~r t~e.expressi~ns_forthe,amplitudes 
. t/>, ef,, .'1: oo well. The last expresmons ca.ube found, e.g:, m rcf.(16]: One 
' should keep 1n ·mind that we define the phonon operator in terms of the 

. the;mnJ q~asipa.rticl~, thus givhtg rfuc to additi;~alf~tors proportional to • n, and (1 - n;) in our ex'p~essiomi. . . . , , 1 •. .·'. '\ • 

, With the RPA values.of. the amplitudes,p, </>,,f/, (, ;p, J.the first ,two terms•· 
~f 1t (5), which. we deu'oted by 1t,pa., ·take ·the diagonal form in· terms of the 
thermal phonon opera.tors: . i ,, · , \ . · - •· 

( I,'_. 

. :,~· •. .. '.' · .. ,· ,( r··;"• --: 

14~:= Ew.1;(Qt,.;ql,.~- - Q!,.;Ql,.i) 
; lµi ' ' ' ' 

' . 
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5 . Th~. CJ.Ul:lSiparticle .~- phbnon inte'raction ·at-
rT # 0' . . .. . .• . . 

The lBBt ten!l in (5) (we denote it.by 1lqph)is the int~r~tion term of thermal. 
quasiparticles and thermal ph,onon,s (Le., plionop.a,are l>uilt of pairs of thermal I 

qu~ipartides). This term'mixes'the states with a. different phonon number, · · 
/ and due to .this mixing the strength ~f the RPA-state is;fragmented over 
. sorn~ ~x~itati~n en~;,iY i~t~r~.: In otli~r'words, the term 1lqpiproduies a 
sprca.c.li~g ;~idth of a thermal, ~rie-phonon· state lik~ the' cage ofT = O [9}. . 

'.To des"cribe the fragmentation of thermalphonons, 'we u·se tne variational . 
method with a t~ial wave fimction of the form: : . . '.c ' • I I 

j~p(JM~)} = {t,iJJv)QjMA:, 
' ;, ·, .·, ,:-' '···,' ,·.,. :! \ • . 

~ 'p.\1i•(J) .. [Q. +; Q/::· ·] i i}c:llli (P·. ).) · •. (7) 

. ,'.\ 
. .. ~iti:i, . .\2: , V .. ·· .• .\iµ1i1. !.\2µ2i2 JM . 0 , .. · ·•. '. ·,, f .,· 

. So 'we tak~ intcL ~c~~~t, th~ eff~ct of the in~~racticm between phonon~ 
on·excited states but not on· the vacuum state which is supposed•.to be'the 
ther~alphonon vacuum l'Jlo(P)} as before. The:wave fun~tion (7)h~to be 

·no~m~liz~d ' · · ·.• ' ·. · , · · · · ' · · 

l)R.(Jv))2-+ 2 •. ,t (Pt;i;(Jr)>2·='1. · · 1 

,i,.'; . ''..\1i1.\2i2 ' , ' ,, . ' 

. . · To find the energyof the ~tate (7) 11~v and the' c~efficient~ R,J\ we again 
; minimize the expectation value of 1l over 1'11 p(J M v)) ~t the constrB.!llt (8). 

We have ... 
, .. , . , :· ·. I ·,. ,. . ·.· 

)11ll'1'v(JM)). = 2JwJ;[Jl.(Jv)]2+ 
. , - ·' "' 

;,_+'2· •·~ ·c· _ _,···."·+·: .. ··),[P•.··.\,i1(·J')']f+:, 2~, ~ n.(·J' ')p.\1,i'(J. ·.)'u· i1i1(·J.) 
. · LL . W.\1i1 ,· w.\,h .\iii ,v ...... LL, LL ·.u..; P .\2i2 · v . .\,i, • 

.\1i1.\2i2· .· .. ·> _' ·.·, ' .. ··· i1 '.\1ii.\2i,' '•',• , .,·:,. :·,., 
' , , , ' , ,,, ,' . , , , . (9), 

' 
.-.--,,---,· . 

. ,· 

. _·. . ··. ·. t '"., ·\ , : .·.· . . , .. : ·~ ·: I -·,._; 

ut::; (J.i) ==, ('1t~(P.)IQ JMi?i~:,.[QI.µ111 Q!,-Ji,,,]JMliJf o{,8)}= 
. . , . - . . ·, ' ,· , ' .~'"' 

--u.\1i,(J' -.·)·+· ·uiii'(J· · ):' - . .\2i2 1, n_ ..•. .\2i2 1,P ., 

"' 

/ 

is' the ,coupling matrix elem~nt I of one- and two: phonon configurations •. The 
l fun?tion u};f; (Ji) is.a bilinear for~ orthe phcmon amplitudes tp, ef,, '7, ~. J,(, 

Ii namely: . . ' \ . " ' , , ' ' 
. '\. 

· Where'. 

·, 
•u.\1i1c·•J· .·: )·· . l y2,\ 1' ~\. 1 
. .\2'2 .. 1,.-r. = -:-.~ · .. 1+ V~/1_2 + X 

' . ' . ' ' '~ . . ' ' 

'•.•~·· ~'[(. ·):rl~.\2i2{. 
;XLJj1j-ija ~ . ~ .. , Mi; 

~7.'.,\l·.•.·J };/C. ~l!l{i~.· 
• . . • . • . JJJlJI 

)3 ,)2 SJ1 ·· '· : . 

t_. -c.~i,-_· . .\~ r~,i;_ .. ·{ ~1_?; :f .·.}··.x:~i!ifi+ ·. 
. . , / : j' · nn, )3 )2 · )1 . JU211 . : 
·1\ -\' ·: ,' ,"' ,s , • : • ) 1., • 

~( ~ )17~, r.r( '{· J. ·:.\L: h_: '}· . .c~1 ~I ~i:i,-} ·• 
'. · · ·· , .:·• M~ 'j3 j 2 ii', . JUUi ' ; 

:, . ' . ·. . '. '5 .· . , . . . ·. . '~ . ' ·, :,, . .- . ' ' 

~~1!1!• =~(~)✓I~ n· JI -n.'(~)i,;h+.\i+Jx 
, J3JlJI . • •. J!Jl · .. c . JI, . ..;, , J2 .·. ., , , , . 

' ... , • 0 • ~ • •. T" > .. , < 

, - ~'..''. . . , ; . . . .. .-. . I' ·, :..· ·. (, 

·1 (•'h!1~1:,ri .. +··+·,i~l!l.J.,!i, +···~J!I ,!i,'+·;·(~1i1iF,)+•". 
· · X 'l'JIJ3 'Y12J3 · ,'l'JJJ3 'l'J2JJ., ,fJJIJ3 'l'f12J3.' : JIJS '>JiJ3 . ·, 

+.\,.(+) ✓I -:-n· •In-"". n· (~•). ~1·H1t,.·, x :·· . ,1,,. . . , ,1 v :·n . . ., ,, , , , . . . . 
·.·) 1,:·1 

· · ( .• , • .i, ;,· '.i, · + ..1.~1 ;; ;Ji, .. + ,, · .\ii, .7.Ji · \ ,.i, ,; iJ, . ).: · · 
. -~ 'l'j1js 'T/jsj2 . , ,'l''jijs '>jaj,. TJ;,;i 'l'jsj, •. '>j1js 'l'jJj2 -

. : ' •·1•, , ··,,,_,: -',: ' . -· • 

i 

., <_,, 

•,' "' ' - . . . ,,, ,'.. ·. , .. ,' • . -,, ~. . . ':' '; . ~: : < \.. :, ·,' . ·, : . ' ,, ,·' 
.· (+)·~\fl· . ·. (· .)J( . .\1i1.,;J, +;..\1i1~J• +· .r..\1i1 Ji. ·+·l.\1i1,.Ji) · 
-::u;,i,v n,-.~ -:-_~;,. ~ .' 'f/;,;, 'l'j2j, '>jsj1 'l'j2j1 .. f.iii1 'f/;,;, _'l'jsj '>j2j3 :-

, . · ., ' - .. ·• ·. . :;.,;- , '. : ' : . · ,:: . . • .• . • ·; . , , : > · . l i ·· 
\ (-), fii7"' ··r;,:--(···;\.i2+j,( .\1i1, Ji: +•,..\1i1fJi: +· .i..\1i1:f.Ji .··+· ll1i1'lJi '>"· / 
-v;,;,v",1v"12 -r ' !7;,;. 'T/j3j,-. '>jsj, '>j,i, · .'f'jaf1'Yjafr · 'l'jsj1 'l'jsi, . 

• • ' - • ' • \ •• ,·' ' • ' ' • •, < '. • • < - - • • " ~. ; f.·.,. . ' 

:c~1!1~2i2 ~ v<~) ./1- ~-- ✓I:~•n· (-yi+J~+ii~A,x · '\ 
,J3JlJI, ._ .·' _JIJ2 , · JI ... , ,. Jl. ·., 

'J ~· ' . . ' ' ' .,, .. 

{:1.hi1,,r..iii2'+':,)i~1:1)~i2+' ·· .\1i1r.\;;, +:fl1i1 ·.\2i2)+·\· 
X 'f'jijs 'l'j,ja , .. 'l'j1js 'Yjija 'T/j1ii '>j,js .. ,-.;i;, fJj2js .• · . . . ' . . :, ' . -. 

•·+i+-) ✓I:_ n·· F;;.(..'.:)A1+i1+ii x 
, .. ,-..Jl12.,., ... ,._J_l,;:/Z,l · ... ,.,,, ·.·.,·. , 

·. (·',.\1i1·,.~2i2+··'·'~.\1i1 '.\ii,+·' .\1i1j.\i'i1+ (·~1i1.i,,\2ii-) 
~ 'f'j1ja '>hi, , 'l'j1ja fJ;s;, _'fJ;,h 'l'j1ii, .,. ;,;a 'f'jaj, :-

. ~ . ' .... . ' ' . . . . .... ' . ! . ·., . \' ' '. " 

( +) rn-:--.(1 ' ( ).\2 (,..\, i1 .,.~,., ·+ .\1 i1 /4.\2i2 + ))1 i1 .\2i2 + .7,.\1 i1 ,.~,ii) · -u;,;,y.n;, - n;, - '>jaj, 'l'j2j1 fJ;s;, 'l'j,js 'l'i,j, '1;,;, 'f'jsj1 '>j,ia -

.. :.<-> -·~ ... ;;..(,~~;~;,<' ~,!1,.~,~i+·;~,i; ~ii,:+ .i~ii;1~,f+·· 1{,!l.;,\~!,> 
.. VJI n y nJI ynJl /, ' . 'f/J3Ji'>JJJ2 · .. '>J3JI 'f/,an , 'l'JaJI 'l'JaJl .. 1n~1 'l'JJJ2 

,, 



i 

/ 

" 

I 

L , 

' i \' - _. 

-~ 

After variation' of (9) at th~· constraint (8) oneigets the hornogen~us 
. systef!1. of linear equations with-the, coefficients depending on, energy fJJ.,: . The 
system can be resolved if f/J,;: is the root of the following secular equation:. . 

\ ~ ' . ' . ' ', 

'. 

. \:-

•d ti(, . .. ,· :·)i:. <1: ... "'. uf;f;(Ji)Uf;f;(J_i')
1
· .• _•

0 
.. (··

1
-_
0

) .. 
e WJi -.f]J., u;;' - - LJ . -· . . 

. ,, . . . 2 .\j i1.\2i2 W,\jij +_W.\2h -:-:-, f/J11· . . 

·· 6 · ·Discussion . 
!' 

E4uati~~ ;(10) for tli~ energi~ of ei~H~ states b~ilt on the thermal ground 
(compound) state· ofa hot nu~leus t~gether with the expression for uf;i; (Ji') 
gives .us the pOBBibility to calculate spreading of strength. of a collective res
onance state (a therma.l,RPA~st~te) in hot nucl~i; Formally, eq.(lQ) has,the . . . ,· •'. . . . . .· .. . •, .· .\. 
same form a.sat T.i= 0·(~; e.g.j9]). The d~fference is t~at now {J.\;tJ(Ji)\ 

. depends on .the temperature through the. thermal occupation numbers (not • .. 
only directly but· tbrongh ·. the amplitudes. t/J; ~ fJ, ek ·• as well): . Mo'reover; th~•· 
~nergies of Oll&phonon st~t~ W,\i a:i-~_ca.lculated in the thermal RPA a.nd th~' 
~umber o(ph~no~s of given ~ultipol~ity at.finite temperature is tl'Vice a.s . 
la.rge•as at.T ~ o because 6f new ·pol~ t:'; ~·e/ which appear in the thermal 
RPA equation (6). . ' . _. . _ _ . , · ",,:' _ _ . . · 

. As one can see frorii' tlie-expre813ions for the. bifermionic amplitud~1· in .' 
the lead~ng order the non-tilde ~~lit~cles .¥/ IP 'a.re prciport.i~~al to (1 -

1
n;) ; / 

the ~ixed, ~mplitudes ~, (are proportionai to nf2 
· ~d t.he' tilde 'amplitudciJ: • 

,ii,-~-- are pioportio~al t6. n;:. So, at T ~. 0 'only. the' terms containing t/,, ~ · .. 
· will survive,: and, a.s a result, one gets for. Uf;f;· (Ji) the same expression as 
in r~fs.[8, 9]. U means th1:1t there is a_ nat~ra.l corresponden~e ~etween the 

·results of our approach af T4 O and at T =. o: , . , . . . 
, :: fo the above-stated _consideration, we folltiwed quite closely the way out,> 

lined in (4, 5]. Th~ differ~'ace from,· e;g. [4]; is due fo ~ specific f~r~ of a ·. 
, residua.I interaction (which is now taken to be separable for simplicity) and · .· 
· the' phonon la.ngu~e when we go bey_ond,the thermal RPA.H seems, interest~ ' · 

ing to-clarify in detail wha~ the difference between the:second therm.a.I RPA 
approach· of [4] ani o~r ~~y to take into account the coupling :with c~miex 
config~;aticms by m~g one- and tw~ thermalphonon states is. . . . 

. .. The present TFD approach to the. damping of nuclear. exdtations at finite· 
temperature differs.' quite noticeablY from that . of papers (2,' 3]. In . those' 

' pape~1;the·Matsubarafor~a.Iisin'hasbeen used but the'm~point wa.s_th~t 
t,he thei-ma.l p~ticle .-· hole and the; th'ermal phonon excitatio~s 'ii ave b~n .. 

. considered on equal footing; i.e.,. both systems.~ere heated'a.nd both. Fermi
1 

- ., . ' . ~,; - \ . \ ~. ' . . . . . . . . ' 

....:...: 
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.... 

and Bose th·errria.l occupation numbers came into play, respectiv~y: I~ the _ · 
TFD approach, the-tlierm~l phonons a.re for.med of the thermal qua.sipa.rticles . : 

. but· the· phonon system itself is not .. heated and, therefore, Bose ·themiar· · 
occupation numbers didn't appear in our consideration.~ Certainly, one-can 

. :project the initial Hamiltonian from hifennion 'to boson space using s~me' . 
kind of boson expansion~and-only after th-~t riia.ke the TFD transformation;. 
This way has. been discussed by Hatsudii. [5], for exa.mple .. Then, Bose thermal 
occupation numbers appear naturally but the structure of bosons has to be 
calculated at T = o.· This is not the case e.g> in [2] where the structure of 
phonons have h'een calculated in the ther~al Rf A. It seems t~_~s that this 
is a. kind of double counting. . . . . - . -~ C • • •• ' • 

. This ,vork was partially. supported by the Russian· foundation for fund a:. 
,_ mental r~a.rches under grant 94-02-05137-a • . . . -
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B,!10B11H A.H., Koc0B ,n:.c. 
O606~eH11e K<l>M Ha K0Heqnbie TeMnepaT)'pbl 
MeT0,llaM11 TepMOIIOJieBOH ,!111HaMHKl1 

E4-94-275 

IIpe,!IJIO)Kell cnoco6 o6o6~eHHll KBa311qacn1q110-cpoHOHHOH MO,lleJIH ll,llpa (K<l> M) ,!IJ!ll orn1ca1111ll 
B036y)K,lleH11H narpeTbIX ll,llep C IIOMO~blO MeT0,!10B TepMOIIOJieBOH ,111111aMHKl1. IloCJie <popMaJibHOI'O 
Y.llB0eHl1ll O,!IH0qaCTHqllbIX CTenenei1 cao60,11bI ll,llpa BBe,11e11HeM TaK na3bIBaeMblX O,!IHQqaCTHqllbIX 
THJ!b,!I0BaHHbIX COCT0lIHHH IIOCJie,!IOBaTeJibll0 BblllOJIHeHbl ,!IBa Ka11011HqeCKHX npeo6paaoaa1111S1 -
OObJqHOe 11 Teimoaoe npeo6pa30BaHl1ll lioroJiro6oaa. Mx K03<p<pl1L\HeHTbl 11ai1,11eHbl H3 yCJI0Bl1ll 
M11Hl1MyMa cao60,1111oi1 :mepnm Cl1CTeMbl qaCTHL\ T0JibK0 co cnapHBaTCJibHbIM B3aHMO,lleHCTBHeM 
np11 T ,.. 0. 3aTeM BBe,lleHbl TenJI0Bbie (pOIIOIIHbie B036y)K,lleHl1ll, npe,!ICTaBJilIIO~He co6oi1 Jil1Hei111bie 
cynepn0311L\1111 nplIMbIX 11 o6paTHbIX aMnJil1T)',ll, o6pa30BaHHbIX napaMl1 onepaTOp0B TenJI0BbIX 
KBa311qaCTl1L\, H C II0M0~blO aap11aL1110HH0I'O npHHL\11Ila II0JiyqeHbl ypaaneHHll TenJI0B0I'O np11-
6Jil1)KeHl1ll CJiyqai1H0H cpa3bl. IloJiyqeno Bbipa)KeH11e ,!IJ!ll TenJI0B0I'O raMHJibTOHl1ana K <l> MB TepM11-
Hax TeIIJI0BblX KBa311qacTHL\ 11 TeIIJI0BbIX <pOHOHOB, K0TOpoe co,11ep)Kl1T B3al1M0,lleHCTBl1e 3THX .llBYX 
THII0B B036y)K,lleHHH. Bbme,11e11bl ypaaneHl1ll ,!IJ!ll C0CTQlIHl1H, npe,11CTaBJilIIO~l1X co6oi1 cynepno311-
L\l1IO 0,11110- 11 ,11ayx<pOHOIIHbIX K0l-!II0HeHT, 11 II0JiyqeH0 Bb1pa)KeH11e ,!IJ!ll MaTp11q11oro SJieMenTa 
B3al1M0,lleHCTl1ll. 
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The way of extending the quasiparticle - phonon nuclear model (the Q~M) to finite temperature 
is presented. It is based on a formalism of the thermo field dynamics (the TFD). After formal doubling 
of the single-particle degrees of freedom by introducing the so called tilde-states, the usual and thermal 
Bogoliubov transformations are made. The coefficients of the transformations are determined by 
minimizing the free energy potential of a hot nucleus in the thermal vacuum state taking into account 
only single - particle and pairing terms of the QPM Hamiltonian. Then the thermal phonon operator 
is introduced as a linear superposition of forwardgoing- and backwardgoing bi-thermal-quasiparticle 
amplitudes, and with the variational principle the thermal RPA equations are derived. The expression 
for the thermal QPM Hamiltonian in terms of thermal quasiparticles and thermal phonons is given 
which contains the interaction of these two types of excitation modes. The equation for the states taking 
into account the mixing of one- and two-thermal phonon components ·and the expression of the 
corresponding coupling matrix element are derived. 

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, JINR. 
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