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Abstract 

I The modified finite temperature random 
phase approximation (modified FT-RPA) has 
been constructed with taking the influence of 

| thermostat on the structure of quasiparticles into 
| account. The modified FT-RPA linear response 
| forelectricquadrupole(A71 = 2*)andoctupole 
j (A^ = 3 ) excitations in Ni has been 
| calculated as a function of the nuclear 
i temperature. As compared to the conventional 
I FT-RPA the modified FT-RPA has given a 
| stronger spreading for the strength distribution 
j of quadruoole excitations at finite temperature 

T< 3MeV. 
L J 
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I. Introduction 

The finite temperature random phase approximation (FT-RPA) has 
been the background of many microscopic theories studying the 
temperature-dependent effects upon collective vibrations in hot finite 
nuclear systems /1-6A Based on It, interesting features related to the 
non-vanishing thermal superfluid pairing gap HI, to the thermal splitting and 
collapse of low-lying vibrational states /1.3.5/ and to the shift and 
broadening of strength distributions for isoscalar (IS) and isovector (IV) 
giant resonances (GR) have been investigated in detail /8-10/. The difficulty 
associated with discrete FT-RPA calculations of collective roots and 
strength distributions in a pair configuration space with large dimension has 
been avoided by applying alternatives of linear response techniques 
/4,11,12A 

However in the conventional FT-RPA /1-7/ and in the approaches 
constructed on it /8-10/ the thermal single-particle orquasiparticle 
excitations have been generated by operators of zero temperature particles 
or quasiparticles immersed in the thermal Hartree-Fock or 
Hartree-Fock-Bogoiubov mean-field. The temperature-dependent effects, 
therefore, have been accounted only by averaging over the statistical 
ensemble and appeared in the single-particle or quasiparticle occupation 
numbers. The influence of the thermo dynamical ensemble, playing the role 
of thermostat, on the structure of quasiparticle operators has been ignored 
so far. 

Recently, based on the thermal Bogolubov canonical 
transformation in the formalism of thermo field dynamics (TFD) /13/ we have 
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constructed the microscopic FT-RPA operators from the zero temperature 

two-quasiparticle ones and derived for them a Dyson boson realization /14/. 

The adoption of the thermal Bogolubov transformation allowed us to take 

into account then effects of thermostat on the structure of thermal 

quasiparticles. 

In this paper we are going to construct a modified version of the 

FT-RPA making use of the FT-RPA microscopic operators constructed in 

/14/ under the influence of thermostat. We shall apply this modified FT-RPA 

to study ths quadrupole ( X31 = 2 + ) and octupde ft1 = 3~ ) vibrations 

in the case of separable multipde interactions for a superfluid spherical 

nucleus. Applying the linear response techniques in conjunction with 

Bethe-Salpeter's equation method /12/, we shall compare the results 

obtained in the modified FT-RPA with those of the conventional one. 

The paper is organized as follow: In Sect. II we discuss the theoretical 
details of the modified FT-RPA in the linear response treatment. Results of 
calculations of strength distributions for multipole vibrations X7t = 2 + and 
3~ for ^Ni are shown in Sect. III. Conclusions are drawn in Sect. IV. 

II. Formalism 

In this section for a sake of convenience we describe briefly the main 

features of the model Hamiltonian we use as well as the conventional 

FT-RPA equation /5/ based on this Hamolitonian in the Subsect. A. This 

summary will make easier the comparision with the modified version of 

FT-RPA derived in the Subsect. B. 

A, Model Hamiltonian and Conventional FT-RPA 

For the investigations of electric (EX - ) transitions with multipolarity 

we adopt the Hamiltonian /15/ which consists of terms describing, 

respectively, the nucleon motion in the mean field Hav, the monopole 

superfluid pairing interaction Hpair and the residual interactions in the form 

of separable multipole p-h forces Hph 
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H-H«+>V + H* 

where 

In Eqs. (1) and (2) we have used the standard notations widely 
employed in /15/. Namely, ajm and ajm are the single-particle operators; tz 

is the z-projection of the nucleon isospin operator; Ej(tz) are single-particle 
energies for neutron (n) and proton (p); G(tz) are the superfluid pairing 
constants; K^' and <cy) denote the IS and IV constants of separable 
multipole forces; M^(tz) and W^iipW) are the creation and annihilation 
multipole operators. The tilde (~) stands for the time reversing operation: 
a]m = (-y~"majm. Using the standard canonical Bogolubov transformation 

a I n " u i * i , + ",«fcf (3) 

the Hamiltonian (1) is expressed in terms of the quasiparticle creation ajm 
and annihilation ajm operators. At finite temperature the quasiparticle 
energies t\ are found by solving the temperature dependent BCS equations 
(FT-BCS)/16/ 
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*P - /CErA)S.A*r (4) 

where the superfluid pairing gap AT is defined as 

\ » G^O+^UjVjO-anp <5) 

with nj being the quasiparticle occupation number at temperature T : 

*j - [exp(ej/7") + 1J"1 (6) 

for both neutron and proton components. The single-particle energies Ej 

and the chemical potential A are found by the average nucleon number 

conserving condition 

N-ZH)[i- ^io-ar)] (7) 
j £i 3 

and depend, in general, also on T. Due to the finiteness of realistic nuclei 

the thermal fluctuations must be included /17,18/. Consequently the thermal 

average pairing gap (AT) which does not collapse at the critical temperature 

Tc ~ - A T = o should be adopted instead of from Eq. (5). It is defined as /17,18/ 

<V= UT^TJ^T /JP^rJ)^r (8) 

where P(AT,T) is the probability that the pairing gap in the system with the 

free energy F(AT) takes the value AT at T 

(9) P(*rJ) ~exp[-F(Ar)/r] 
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The gap (AT) will be used in our calculations in Sect.lll. 

The multiple operator K%(tz) from Eq.(2) in the quasiparticle 
representation has the form /15/ 

w ^ (10) 

+ A^(»fl + #iyHO} 

with f$? = < j ' l iR A(r)YAfl J ) being the single-particle matrix elements 
corresponding to the separable multipole interactions; uj^ ) = UJ VJ-+ u JVJ 
v w = UJ u y- VJ v j'and the well-known two quasiparticle operators 
A B.B<+' 

+ (ii) 

In ref./5/ we have introduced the microscopic collective operators called 
thermal phonon ones of type 

Q^v-iQlmf 
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and linearized the equations of motion for operators (12) to obtain the 
FT-RPA equation 

(13) 

« o 
with 

^ ( Q j - n p c t j - t p (14) 

The quasiparticle occupation number DJ in Eq,(l4) appeared as a result of 
averaging over statisticsal ensemble and by using the commutation 
relations valid to 0(nj) /1,5/ 

(15) 
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where 

<••> - 7r[...exp(-H/7-)]/^[exp(-H/7)J 06) 

We note that the same equations as (13) and (14) have been also 
obtained in /1,2/ by using the techniques of temperature-dependent Green 
function method. From Eqs.(12) - (16) one can see that the only temperature 
effects included in the FT-RPA equation (13) are accounted by using the 
thermal average (16) leading to the quasipartide occupation numbers of 
type (6). At the same time the two-quasiparticle operators forming the 
thermal phonons (12) have the same form as those at zero temperature with 
the temperature-dependent quasiparticle energies e, (T) calculated from 
Eq.(4). 

B. Modified FT-RPA 

We are going now to consider how the effects of the thermostat on 
the quasiparticle excitations modify the FT-RPAequations. According to the 
conception of the TFO /13/ the influence of temperature appears in the 
structure of quasiparticle operators ajmand a\m through the thermal 
Bogolubov transformation /13/ 

The thermal quasiparticles ajm(T) and <xjm(T) in the l.h.s. of Eq.(17) 
describe the states with quasiparticle excitation a\m and quasihole 
annihilation ajm existed due to the thermostat. Using Eqs.(3) and (17) we 
find that the transformation from particle creation and annihilation operators 
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a jm.ajm to the thermal quasiparticle creation and annihilation operators 

4m(T) and aj.nfO has the same form as Eq.(3) 

(18) 

where however 

(19) 

+ The thermal two-quasiparticle operators (with subscript T) 
^( i i )T , AJ f̂lj )T , BXfiQi )TandB,l/((jj )T have been expressed in terms of 
operators /Ci^fij) , Atyflj) , BA^dl) and Btyflj) fr°m Eq-01) based on 
Eq.(17)inref./14/as 

•/ft-iyiy ^(JiO+j^wv^ BlttA-

-rtiZ •Fnpn,- rfjj.^o (20) 
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Due to the canonical transformation (17) the thermal two 
-quasiparticles AT , AT, BTand BTfrom Eq.(20) satisfy the same 
commutation relations (15) of the zero temperature operators A + , A, B and 
B+ , immersed in the thermostat. In fact by using the Dyson boson 
realizations obtained in ref./14/ for thermal two -quasiparticle operators A ̂ , 
AT, BT and B+one can easily verifythe validity (to O(nj)) of Eqs.(15) for 
operators A^, AT ,BTand By. 

Employing Eqs.(20) we have shown in ref./14/ that the thermal 
phonon operators (12) have the same form as the conventional microscopic 
RPA phonon ones 

(21) 

Qa/ ̂  s 111 ** M « - ^ A+ CO) 1 

where the relations between the amplitudes XJJ\ yyand the amplitudes v. y. 
£ and L, in the former expression (12) of thermal phonon operators Cu î(T) 
andCU/ii(T)are/14/ 

iff - v '&"&"*> + 4^y 

(22) 
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It is noteworthy that thermal phonon operators (21) consist only of 

the thermal two-quasiparticle Afy*(jj )T and A^Qj Urom Eqs.(20). 

Applying now the usual procedure of linearizing the equations of 

motion for operators (21) with Hamiltonian (1) or the standard variational 

procedure [See, e.g., ref./15/J we obtain after some transformations the 

modified FT-RPA equation, which has the same form as Eq.(13) where, 

however, instead of matrix XT(CW) (14) the matrix Xj(w) 

is understood. In Eq.(23) functions Ujj'are combinations of coefficients UJ 

and Vj from Eq.(19): u J= uj vj'+ ujvj. We note that in Eq.(23) there are only 

the poles of type (ej+ej),while the poles (z\-?h as in the conventional 

FT-RPA equation (14) are absent. The appearance of the poles (e\-e$ in (14) 

are caused by the presence of operators B and B + in the definition (12) 

/1,2,5/ while in Eqs.(21) these operators are involved in operators AT and 

AT by the transformation (20). Working with operators AT and AT from the 

definition (21), we obtain only the poles (e\ +£/). This interesting feature of 

the present modified FT-RPA allows us to avoid the problem with (p-p)and 

(h-h) states which appear between the poles ej-^and can be localized near 

zero when e\~tf. The presence - A a great number of (p-p) and (h-h) states, 

which are generally less energetic than the (p-h) ones, has increased too 

much the dimension of pair configuration space in the conventional 

FT-RPATherefore they have complicated the computation procedure and 

posed under question the traditional choice of parameters for multipole 

interactions. In the modified FT-RPA the contribution of operators Band B + 

is accounted effectively by using the definition (21). The dimension of 

two-quasiparticle space is the same as in zero temperature RPA. 
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Writing the modified FT-RPA equation in terms of the unperturbed 
linear response matrix XT from (23) on the complex energy plane O = a> + ty 

(24) 

X r ( Q ) s I ( ^ T ) | [fJJJ uJi' ^ W * 

r__J L _ ] 

we can use the linearized Bethe - Salpeter equation to obtain the coupled 
system of linear response matrices. Since the application of this method 
has been elaborated in detail in ref./l2/, we give here only the final 
formulae of the linear response matrices XT(0^,tJ In neutron-neutron, 
proton-proton and neutron-protonchannels. They read [Cf. ref./12/J 

where 7[XT (Q )J is defined from the l.h.s. of Eq.(13) with replacing XT(Q) 
by XT(Q ) (24) for neutron and proton components respectively. 

The corresponding IS and IV linear response matrices have the form 

/12/ 

XT(ci,z.o)« RT(Q)nn+5^ + A X ^ (26) 

XV(O,t-0-^C0J^+ >?rCQ̂  " *^r^»p 
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From Eqs.(24) - (26) we can calculate the unperturbed and FT-RPA 
strength functions, S°(EA ,O>,T) and S(EA,o>,t) as the imaginary part of linear 
response matrices XT (Q) and XT (Q), respectively 

S°(EA,o),r>- ±Im X!(E.l)Q,r; 
J (27) 

S (E>, co, Z) = - ± im Xr (E*,Q,z) 

The FT-RPA moments mk(T)r are defined in the energy interval 
Ei<w<E2as 

ez 

^(r)z = j s&,»,t)Jdv (28) 

^1 

The centrokJ energy Br and the spreading width r of the multipole 
strength distributions are calculated based on Eq.(28) in a standard way 

= im*n/m0(7-;t-ir*}* 

III. Numerical results 

We are going now to present and discuss the numerical results of 
our calculations of the linear response functions in the modified FT-RPA for 
E2- and E3-excitations in hot spherical ^Ni nucleus. These results will be 

s 
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shown in comparison with those of the calculations based on the 
conventional FT-RPA equations (13) and (14). 

The single-particle energies have been calculated in the Woods -
Saxon potential W, whose parameters have been defined following ref./19/. 
This basis includes discrete and quasidiscrete states arising from the 
centrifugal and Coulomb barriers. The radial part of the single-particle 
matrix elements fyis described by FU(r) ~ r . For choosing the IS and IV 
constants <co.i of multipole interactions we have followed the method 
presented previously in ref./15/. Namely, we have firstly defined the dipole 
IS constant /c^by putting the first discrete RPA root for dipole modes at 
zero temperature equal to zero to exclude the "spurious" 1 ~ - state. The IV 
constant K^ has been defined to reproduce the location of the IV dipole 
resonance. After that by fixing the ratio *(.1V K^ for higher multipolarities 
we have found the quadruple and octupoie IS and IV constants so as to 
reproduce in the discrete RPA calculations the lowest experimental 2i and 
37 energies /20/. At finite temperature several numerical estimations 
/21,22/ have shown that the temperature dependence of the single-particle 
energies Ej as well as of the multipole constants is rather smooth and weak 
up to T ~ 6 MeV. We have therefore used in our calculations at finite 
temperature the same single-particle basis and values of multipole 
constants /r ' defined at zero temperature. 

The results for the strength functions S°(EA,O>,T) and S(EI^U,T) 

calculated in the conventional and modified FT-RPA are depicted in Figs. 1 
- 4 at T = O and 3 MeV. In Figs. 1 and 2 the unperturbed strength functions 
S°(EA,cy,r) of 2 + and 3~ excitations are shown for neutron and proton 
channels separately.The strength functions for IS and IV energy-weighted 
strength distributions are presented in Figs. 3 and 4, respectively. In 
calculating these strength functions we used a value r\= 1 MeV for the 
averaging parameter rj in Eq.(24). The choice of the averaging parameter 
rj in the linear response method has been discussed thoroughly in refs. 

/12.15/ and we do not repeat it here. From Figs. 1 and 2 we see mat the 
unperturbed neutron and proton strength functions in the conventional 
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FT-RPA are rather stable with varying temperature except for the low-lying 
region under 10 MeV [Cf. Ret./121]. At the same time the n- and p- strength 
functions calculated within th modified FT-RPA are more sensitive to 
temperature. In Fig. 1b, for example, ther is a clear transference of the 
E2-proton strength from the lower-lying pick localized at Ex= 19 MeV at T 
= O to the higher-lying one in the domain Ex« 23 MeV at T = 3 MeV 
within the modified FT- RPA. In general, the temperature dependence of 
E3-strength distributions are weaker as compared to the E2-ones in the 
high-lying domain. 

The same feature is observed for the IS and IV strength functions 
(Figs. 3 and 4). Fig. 3a shows a collapse of the first quadrupole state in the 

» conventional RPA at T = 3 MeV; an effect which has been already discussed 
in several works 13,51. At the same time the E2-IS strength function 
calculated in the modified FT-RPA is changed significantly at T = 3 MeV as 
compared to the one at zero temperature. We see in this case a large 
splitting of 2i state and a rather strong damping of the IS giant quadrupole 
resonance (IS-GQR) in such a way that the fragmented states are nearly 
fused together in a large bump up to Ex ~ 2 0 MeV. For the E3-IS states due 
to a great number of (p-p) n d (h-h) states the conventional FT-RPA 
calculations give a too strong low-lying pick at E x ~ 2 MeV at T = 3 MeV 
as a result of shifting down the 3i -state at nearly 5 MeV at T - O. This 
peculiarity is absent in the modified FT-RPA E3-IS strength function at 
T =3 MeV although the distribution is slightly broadened. 

The IV-GQR calculated within the modified FT-RPA at T = 3 MeV is 
shifted up while the results obtained in the conventional FT-RPA is-shifted 
down as compared to the pick at T = 0 . The spreading width r of the 
former is also greater as will b. discussed quantitatively later by analising 
the Tables. The behaviour of E3-IV strength distributions is nearly 
independent of temperature in both versions of FT-RPA except some little 
changes at the tail of the resonance in the lower energy domain. 

In the calculations of the centroid energies and the widths of IS and 
IV E2- and E3-states we have chosen the energy interval (Ei ; E2 ) in 
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Eqs.(28) and (29) such as the corresponding energy-weighted sum rule 
(EWSR) exhausted 88 - 90 % of the model- independent values. Thus, this 
interval is (Ei = 10 MeV; E2 = 20 MeV) for the quadruple IS-states and 
(18 MeV; 30 MeV) for the IV ones in the conventional FT-RPA calculations. 
For the calculations in the modified FT-RPA version these values are 
(10 MeV; 20 MeV) and (18; 33 MeV) respectively. For the octupole IV states 
the energy interval in both versions has been chosen to be (E1 = 18 MeV; 
E2=38 MeV). In fact these are regions where the corresponded giant 
muitipole resonances are localized. 

The linear response EWSR for quadrupole and octupole excitations 
are shown in Table I. We have used Eq. (28) for rrtk (T) which is the integrated 
energy-weighted strength of the muitipole field X71. Here also the 
temperature dependence of the EWSR for the quadrupole excitations 
calculated in the modified FT-RPA (columns (b)) is more pronounced as 
compared to the results of the conventional FT-RPA (columns (a)). The 
E2-EWSR obtained in the modified version increases remarkably at finite 
temperature. 

In Table II we present the values of the centroid energy ET and the 
spreading width r for quadrupole and octupole excitations. The most 
significant difference between the results obtained in two versions of the 
FT-RPA is found in the calculations of quadrupole excitations. The centroid 
energy for the E2 IS-excitations ( r=0) at T = 3 MeV calculated in the 
conventional FT-RPA is pulled up to 14.91 MeV while the one for the IV 
states is shifted down to 23.94 MeV as compared to the zero temperature 
values 14.48 MeV and 24.61 MeV, respectively. At the same time the 
modified FT-RPA gives an inverse result, namely the ET - 3Mev = 12.83 MeV 
for IS excitations is less than its value at T =0, while for IV excitations 
ET=3MeV=26.81 MeV is greater than ET=O- The spreading widths for IS 
and IV strength functions obtained in the modified FT-RPA increase 
significantly at finite temperature, while their values in the conventional 
FT-RPA are nearly stable with varying T. As a result of calculations discussed 
above based on Figs. 1 - 4, the calculated values of ET and for octupole 
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Figure captions 

Figure 1 Unperturbed strength distributions corresponding to 
neutron-neutron (a) and proton-proton (b) configurations for 
electric quadruple (X71 = 2 + ) excitations in ̂ Ni. Solid lines 
show the results calculated at zero temperature. Dashed lines 
are the conventional FT-RPA results at T = 3 MeV. Dotted lines 
present the results obtained within the the modified FT-RPA at 
T = 3 MeV. 

Figure 2 Unperturbed strength distribution for electric octupole 
(1*=3") excitations in ^Ni. The results are shown with the 
same notation used in Fig.1. 

Figure 3 Strength distributions for isoscalar ( r = 0)transitions in 
^Ni. Solid lines show the quadruple kn = 2 + (a) and 
octupole - ^ = 3 " (b) linear response functions at T = 0. 
Dashed lines are the conventional FT-RPA results at T = 3 
MeV. Dotted lines present the results obtained within the 
modified FT-RPA at T=3 MeV. 

Figure 4 Strength distributions for electric quadrupole and octupole 
isovector (r = 1) transitions in ^Ni. The results are presented 
with the same notation used in Fig 3. 
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Table I Energy-weighted sum rules (EWSR) for electric quadruple 
(1*= 2+ ) and octupde ( A * = 3 " ) excitations In ^Ni. 
Neutron (n), proton (p), isoscalar ( T = 0 ) and isovector 
(T=1) EWSR are displayed at T = 0 and 3 MeV. Columns (a) 
show the values obtained in the conventional FT-RPA. 
Columns (b) present the results corresponding to the 
modified FT-RPA. All values are given in single-particle units 
[s.p.u.]. 

Tabled Centroid energies (ET) and widths (T) of the strength 
distributions corresponding to isoscalar (T= 0) and isovector 
( T = 1) 2 + and 3~ excitations in ^Ni. Columns (a) show the 
values obtained in the conventional FT-RPA while the results 
of the modified FT-RPA are collected in columns (b). All values 
are given in MeV. 
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Table I 

Unperturbed values FT-RPA values 

(n) (p) (n) Tp) ( T = 0 ) (T = 1) 

a b a b a b a b 

475 475 321 321 474 474 321 321 799 799 791 791 

402 551 262 471 402 549 261 470 666 1023 661 1099 

969 969 387 387 963 963 385 385 1363 1363 1332 1332 

867 964 386 408 862 958 384 406 1259 1379 1232 1347 

E T 

Table || 

r 

0 

1 

0 

1 

T 

0 

3 

0 

3 

0 

3 

0 

3 

a 

14.48 

14.91 

24.61 

23.94 

11.09 

6.32 

31.74 

31.46 

b 

14.48 

12.83 

24.61 

26.81 

11.09 

12.51 

31.74 

31.64 

a 

1.84 

1.79 

2.65 

2.64 

8.80 

8.26 

3.13 

3.14 

b 

1.84 

4.50 

2.65 

3.28 

8.80 

8.30 

3.13 

3.11 
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