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1. Introduction

~ The validity of the mean-field theory at finite temperature and
the fluctuations in the thermal mean-field approach have been the
subject of various studies over the past few years. In the finite
temperature Bardeen~Cooper~Schrieffer theory (PT-BCS) it has been
predicted that an overall collapse of the BCS-pairing gap should
take place at a critical temperature corresponding to the phase tran-
sition from the superfluid phase to the normal fluid phase 1/. Re-
cently, it has been shown by many authors that such effect does not
exist in realistic medium and heavy nuclei. Indeed, in the calcula-
tions taking the thermal and quantum fluctuations at finite tehpera—
ture into account 2’3/,the sharp phase transition is completely wash-
ed out. However, in these studies of the phase .transition region at
finite tompevatura anlv aimnlified achematin modela with two levels
/1/, a single~]) shell 12/ or with a degenerate energy spectrum /3/
were employed, Although there is some hope that the inclusion of more
j=-shells should not appreciably alter the conclusion/2/, it is cer-
tainly interesting to study what indeed happens to the pairing gap

at finite temperature in calculations based on a realistic single-
-particle energy spectrum in realistic nuclel in order to give a
more adequate and concrete answer to this problem. On the other hand,
so far all the calculations of the collective state characteristics
in the framework of the finite temperature random-phase approxima-
tion (PT-RPA) ignore as a rule the effect of washing out the phase
traneition from superfluid to normal. The pairing gap A(T) at fini-
te temperature T in these studies is either equal to its zero tempe-
rature value ZS(O) 71,4/ or undergoes & collapse at critical tempe-
rature Toe (A(T)=0 for T}T ) as in the phase transition case

**7". By this reason up to now it is not clear how the fluctua-

tions influence the PT-RPA results in realistic nuclei with a realis-
tic single-particle spectrum.
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In this work we therefore investigate the behaviour of the giant
resonance characteristics at finite temperature in the even-even sphe~
rical 58}11 nucleus in the FT-RPA using a realistic single-particle
spectrum and taking into account the effects of thermsl and quantum
particle number fluctuations on the BCS pairing gap. The paper is or-
ganized as follows. In §2 we draw the outline of the model and the
method we employ to perform our investigation. We also discuss the
choice of parameters we use in calculations. The results are displayed
and discussed 1n§3. In the last section we summarize the paper.

2., Outline of the Model and the Method. Choice of Parameters

We use the set of PI-RPA equations in the formalism of the quasi-
particle~Phonon Nuclear Model (QPNM) 7/ tnat has recently been exten-—
ded by one of us to finite temperature 5'8/. These equations have
already been derived in our approach in /5/, 8o we do not repeat them
here. They have also been obtained by other authors by somewhat dif-
ferent methods /9/. We use the QPNM Hamiltonian consisting of the
terms describing the motion of nucleons in the nuclear mean field,
the superfluid pairing interaction and the residual interaction in
the form of the separable multipole isoscalar and isovector forces/7/.
The form of the mean-field is described in the calculations by the
Woods-Saxon potential U(r). We also use the derivative 31]09/3rfor
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-particle operators generating excitation of multipolarity A . For
details of the QPNM we direct readers to Refs./7/. Due to the high
interest in the giant dipole resonances (GDR) in hot nuclei observed
recently in experiments 10 s, we concentrate our consideration in
this paper only on the electric isovector dipole collective modes

( bad =17). The thermal fluctuations in the mean-field induced by tem-
perature T are taken here into account by the method employed in 2 ,
where the A ~dependence of mass is neglected. As has been shown in
2 , this A -dependence of mass leads only to some slight shift in
the temperature dependence of the BCS-pairing gap A . Thus, we have
for the thermal average gap {A) the expression 11/

<a>= j"M)exp[-F(A(T»/TJAA(T)Afop[-F(A(T)>/TJaAm,“’

where F'(A(T)) is the free energy /3,57

In the quasiparticle representation the quantum fluctuations of
the particle number are caused by the nucleon-number nonconservation
due to the Bogolubov transformation from particles to quasiparticles.
' It has been shown in /12 that the particle number fluctuations in

the ground-state, whose wave function is defined as the quasiparticle
vacuun, renormalize the pairing gap A =

=[1+1/AN?]A . (@)

where the particle number fluctuations AN

AN? J+4/2)A/[(E -2 +A] (3)

In Eq.(3) E are the single-proton (or neutron) energies defined
by using the set of parameters for the Woods-Saxon potential U(r)
chosen at zero temperature in /13/, A is the chemical potential

( A, for neutrons, and A, for protons, respectively). We shall
use Egs.(1)-(3) at finite temperature to define the gap<{A), wﬁhfre
the thermal fluctuations are taken into account, and the gap <A> .
where both thermal and particle number fluctuations are included.The
Zero temper;ture single-particle energy spectrum is used by us also
at finite temperature since its temperature dependence is very smooth
and weak up to T=6 MeV, as has been shown in 14/. The pairing cons-
tants are chosen to be G =0.28MeV for neutrons and G, =030MeV for pro-
tons in 2°Ni. The pairing gap at zero T is therefore found to be A”
Az 1.4 MeV and A =0. The critical temperature TM'. swhere the collap-
se of the mean-field pairing gap takes place, is evaluated to be

T +=0. 567 A(T= )/1 r 7°Fi nucleus Tyt o 0.79 MeV. It is also
wvidouv fruw Byei3J,tnav in difierence wiin /2 y WG Yuauiww parvivic
number fluctuations considered by this method exist even at T =0 .

The paremeters of the effective dipole modes, namely the isosca-
lar wg) and isovector &'S‘)constants are chosen following the procedure
discussed in 5/. Thus, at zero temperature the energy w“) for iso~
scalar dipole modes in the PT-RPA calculations is put equal to zero
for excluding "spurious" states. The isovector dipole constant 2
is defined to reproduce the empirical 1location of the isovector
dipole resonance (wzrw 17 MeV for 58y1 /15/). These values of the
constants also have a rather weak temperature dependence 16/ and -
therefore are used for all temperatures lower than 6 MeV throughout
our calculations. The electric dipole strength distributions are cal-
culated based onthe expression for the residual electric transition
proba?ilities BT (B1,w;) at finite temperature T obtained by ue
in

3. Results and Discussion

Pigure 1 depicts the temperature dependence of the BCS-pairing
gap A , the thermal average pairing gap <2) and the gap (A calcu-
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Pig. 1.
Pairing gaps versus temperatu-

re in i. The dotted curve

Jrepresents the PT-BCS gap A .

The broken curve denotes the
thermal average pairing $ap
{4), computed from Eq.(1).
The full curve describes the
temperature dependence of the
pairing gap (A) when both

{ thermal and particle number
fluctuations are taken into
account.
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lated from (2) with taking into account the particle number fluctua~
tions. The effect of washing out the phase transition obtained in the
schematic calculations due to the thermal fluctuations is also
clear in our realistic case. The particle number fluctuations some-
what intensify this effect and increase the pairing gap <{A)to <Z).
However, as compared to the schematic models, where the pairing gap-
{A) decreases noticeably with increasing T /1:3/, for 53!!1 we see
some very smooth decrease in the gaps <A) and {A) at T higher
than about 1 MeV. At higher temperatures up to 3 MeV these values of
the pairing gape remain nearly constant and eufficiently large as
compared to their values at zero temperature. Of course, for tempera-
turc highcr than abvuv J=0 EcY Wue Lewpersiure aependence oI tne
single-particle energies should be taken into account and a more app-
reciable decrease in<A> gnd(Z),with increasing T should be expected.
The temperature dependence of the particle number fluctuations
calculated from Eq.(3) 1e displayed in Pig. 2 as the velues 4/AN2' .
osof 1 /ANZ T N T - - While this temperature depen-
dence is very close to the
schematic single J-shelllz/
sk Jat T lower than Tt , it
increases slowly with increas-
ing T higher than Tt and
remains nearly constant at
I T > 3 MeV. We note that for
sufficiently high temperature
(eege,T> 5 ¢+ 6 MeV) the ex-
G‘ZZE/ . ' j:kpansion (2) turns out to be
~ ' il 1
3 poor and the higher expansion

1 :
0 1 2 T ,Mev
Pig., 2. Pgrticls nuaber fluctua- .
Tions 1in 58}('1 versus temperature, orders should be included
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Reduced electric transition probabilities for the

isovector giant dipole modes in

8Ni at several tempe-

ratures. The full curves are computed by using the phe-

nomenological Lorentzian distribution given in/{%/.

a) Results computed with the values of the thermal

average gap (A . b) Results computed with the values of
AY, 1.e, when both thermal and particle number fluctua-

tions are taken into account.



The distributions of the electric g}pole strengths computed

in the FT-RPA with the value {A)> and {A) , respectively, are repre-
sented in Pig. 3 for several temperatures. In this figure the curves
of the phenomenologicel Lorentz distribution normalized at the maxi-
mum value of B(E1ﬁlpi)are also depicted., (For the formula of the
distribution, see 7 )e With increasing temperature there is some
weak intensification of the transition probabilities in the states
at the tail of the GDR. The intensities of the strengths at the main
GDR peaks are reduced slightly to distribute more evenly over neigh-
bouring states.

171 1Pig. 4.

Isovector giant dipole reso-
nance centroids in 98Ni ver-
sus temperature. The dotted,
broken and full curves corres-—
3 pond to the resulis obtained

] by using the pairing gaps A ,
{AY and (&> from Pig. 1 res-
pectively. The chain curve
repregents the result computed
with the zero temperature pair-

13 1
ing gap A(O) .
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The most interesting result of the thermal and quantum par-~

ticle number fluctuation effects on the GDR characteristice is ob-
served in the temperature dependence of the GDR energy centroid as
depicted in Pig. 4. While the collapse of the BCS pairing gap A at
'Ew& leads to a break in the curve describing the GDR energy cent-
roid B1 as a function of temperature (the dotted curve), the thermal
fluctuations esmear out this discontinuity in the curve of E1 compu-
ted with the values {A) (the broken curve). The quantum particle
pumber fluctuations intensify this effect as shown by the full curve.
In consequence, the temperature dependence of B1 computed with the
values <2§> lies very close to the one that is obtained by calcula-
tion with the temperature independent pairing gap A(T)= A(0) (the
chain curve) Therefore, we see that for calculations in the FT-RFA

one can readily use at T # 0 the same value of the pairing gap A
defined at zero temperature. We also note that the values of the GDR
energy centroids E1 1in Pig. 4 are obtained by summation in the ener-

gy interval 10 MeV< W; § 30 MeV.The change of the energy interval

of summation may influence the values of i3 (Cf./S/). In any case the

constants if) can always be chosen so that the centroid E1 (but not

the main peak of the GDR as in our calculations presented here) be
ex]

equal to UUEI’ . However, this does not influence the behaviour of

¥1 as a function of temperature studied above.

4. Conclusions

Summarizing our results we find: The calculations in 58Ni nuc-
leus by using a realistic single-particle spectrum show qualitatively
the same effects of thermal and particle number fluctuations on the
characteristics of the IV-GDR in the PP-RPA in comparison with sche-
matic models. However, iy the temperatiure region higher than 1::rt up
to 3 MeV the pairing gap is rather stable and sufficiently large with
increasing temperature. The IV-GDR energy centroid computed by using
the thermal average pairing gap and taking the particle number fluc-
tuations into account is close to the one of the calculations with
the use of the zero temperature pairing gap A(T)= A(0) . This energy
centroid decreases slowly with increasing temperature. Our results
also show that the change of the pairing gap at finite temperature can
influence noticeably the IV-GDR energy location. This situation is
different from the zero temperature case where the effect of the alte-
ration of the pairing gap on the giant resonance location is neeli-
gible. In any case, in calculations for realistic hot nuclei the ther-
mal and quantum particle number fluctuations play an important role.
They must be undoubtedly taken into account in order to obtain cor-
rect results in the mean-field theory formalism at finite temperature.
Under the influence of these fluctuations, as in the case of schemati-
cal models, it is hardly to observe the phase transition driven by
temperature in realistic superfluid nuclei with a realistic single
particle spectrum, at least in such nuclear characteristics as the
pairing gap and the giant resonance energy location.
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Hryex oo Jlanr, Hryes 3y# Txanr E4-88-387
3¢dPexThl KBAHTOBLIX U TEPMOAHHAMHYSCKHX Iy KTy aItHi

HA THFRHTCKHO HIOBEXTOPHBIC AHTIONLHLIS MO

annR Ni B npHbnvxeHHH ClyalHLX, Pas

npi koHewHoR TeMneparyps /KTIIC®/

Ha ocHoBe peanHcTHUYeCKOIO ORHOWACTHYHOTO cnemr B notesuMane Byaca-Cax-
CoHa CPemHero nona paccudTaHa napHas wens BKI naa °® Ni B sapucumoctu o1 Tem-
NIEPATYPM € YWETOM TepMOAMHAMHYSCKHX (UIyXTYALME B KBAHTOBLIX (yKryatmil yHeaa
uactHll. B pamxax KT-TIC® ¢ raMuisToMHBHOM KBAIHYACTHYHO-(POHOHHON MOJENH
AAPA PACCYMTAHLI PacTpefie/leHHe CHII MIeKTPHYECKHX AMMONbHLIX MepexoloBP M LEHTPo-
HAL! HIOBEKTOPHOrO THrAHTCKOro AMnoasHoro pesoxanca /UB I'IP/. Ioxasano, wro
H3MEHEeHHe MapHOW WIeNH NPH KOHeYHOH TeMMepaType MOMET CYIeCTBEHHO BJIHATH H&
nonoxenne UB TNIP. C ywerom oboxx tvnop ¢ayxryaumit p napHo#t wenn spdext da-
30BOTO NEpexoda M3 CBePXTeKy4ero COCTOAHHA B HOPMAJbHO® COCTOAHHE B 'l'eMnepa—
TypHO# 3aBicHMOCTH teHTponaa MB I'JIP nonnocreio cTHpaeTca.

PaBora pumnontesa » Jlaboparopun Teopernveckolt dusnxu OUAH.

Mpenpunt O6beaMHEHHOro HHCTUTYTA AZEPHHIX HecTenopanuit. [lyGua 1988

Nguyen Dinh Dang, Nguyen Zuy Thang

Effects of Thermal and Particle Number Fluctuations
on the Giant Isovector Dipole Modes

for ®Ni-Nucleus in the Finite Temperature Random -
Phase Approximation

Using the realistic single-partjcle energy spectrum obtalned in the Woods-8axon nucleon
mean-field potential, we calculate the BCS-pairing gap for B8Ni as a function of tempera-
ture taking into account the thermal and particle number fluctuations. The strength disti-
butions of the electric dipole transitions and the centroids of the isovector giant dipole
resonance (IV-GDR) are computed in the framework of the finite temperature RPA based
on the Hamiltonian of the Quasiparticle-Phonon Nuclear Model with separable forces.
It is shown that the change of the pairing gap at finite temperature can noticeably influ-
ence the IV.GDR localization in realistic nuclei. By taking both thermal and particle num-
ber fluctuations in the pairing gap into account the effect of phase transition from super-
fluid to normal in the temperature dependence of the IV-GDR centroid is completely
smeared out,
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