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The recent discovery of giant resonances built on states
above the yrast line of highly excited nuclei in heavy ion fu-
sion’/1-3/ and deep inelastic reactions’4/ has sparked off a great
interest in studying the properties of collective states in sys—
tems with large intrinsic energy and high spin. For these
systems the microcanonical description employed to the states
of the equilibrated nucleus with a given value of the tempera-
ture’” can be applied. Thus, several approaches have been ad-
vanced in the framework of the finite temperature random phase
approximation (FT-RPA) to investigate the temperature depen-
dence of such nuclear characteristics as the location of giant
multipole resonances (GMR), their strength distributions, the
energy weighted sum rule (EWSR) 8-13/ The FT-RPA equations
in these studies have been derived in the Hartree-Fock or
Hartree-Fock-Bogolubov theory and the case of superfluid sys-
tems has been considered by solving the temperature dependent
gap equations. It is well known that in superfluid systems
there is a collapse of the pairing gap, which is complete for
a critical temperature due to the phase transition from the
superfluid state to the normal one*/6.12.14/ However, in the
investigations of the temperature dependence of giant resonan-—
ces the temperature region near this critical point has not
yet been considered. It is the aim of the present letter to
study the behaviour of giant resonance characteristics at fi-
nite temperature with emphasis on the critical temperature
region for the superfluid system and to investigate how the
change of the superfluid gap in dependence on temperature can
influence the location of the giant resonances as well as their
strength distributions.

We investigate the temperature dependence of dipole and
quadrupole modes in 58Nj-nucleus for which the superfluid
pairing interaction is large at zero temperature. For compari-
son with the case of closed-shell nuclei we show also as an
example the calculations of the isoscalar quadrupole resonance
in 298 Pb-nucleus. We are going to employ the quasiparticle-
phonon nuclear model (QPNM)'!%/ for the case of finite tempe-
rature. The set of FT-RPA equations obtained in the framework
of this approach will be used in our calculationms.

*In nuclei such a phase transition means that in the ther-
mal nuclear characteristics there are two regions with diffe-
rent energy dependences’s-
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We consider the model Hamiltonian consisting of the terms
describing the motion of nucleons in the average nuclear field,
the superfluid pairing interaction and the residual interaction
in the form of the separable multipole isoscalar and isovector
forces. The form of the average nuclear field is described in
calculations by the Woods-Saxon potential U(r). The isoscalar
and isovector multipole forces are expressed in terms of the
multipole moment operators given by /1%/
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In equation (1) et and ¢ are the creation and annihilation
quasiparticle operators; ge =W Vet v, , ¥ - V.V.,
are combinations of Bogolutov s  coefficients ujgnd %] )] 4
are reduced matrix elements of the single-particle opera{ors
generating excitations of the multipolarity A. We use for the
radial dependence of fQA), the derivative aU(O/BL As has been
noted by Ref.”'®/ guch a radial dependence provides an intensi-

fication of the residual interaction in the surface region of
the nucleus.

We define the creation and annihilation phonon operators
as
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Equation (2) shows that unlike the zero temperature phonon
operators, defined as usual/15/ the phonon operators (2) con-
tain terms with v .. B(Jj*;Ax) and v...B*(j’; A—p).

To‘obtain the Set of FT-RPA equatlons for finding the self-
energies w,, of operators (2) we express the model Hamiltonian
in terms of operators (2) and use the commutation relations
for operators A and B in equations (1):
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The brackets <...>denote the average value over the grand cano-
nical ensemble, nj is the occupation probability of the quasi-
particle state with the energy ¢; : n]--[la-exp(cj,'l')]“1

The set of FT-RPA equations derived by linearizing the equa-
tions of motion for operators (2) is now given by
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In equations (4) K(A) and x( ) stand for the isoscalar and
isovector constants o? multipolarity A, respectively. The su-
perscrlpts n or p denote neutrons or protons. The sum is car-
ried out over all quantum numbers §=(n, f,j) and j=(m, €,.39
of quasiparticles on the average field levels. System (4) coin-
cides exactly’ with the systems of equations obtained by Igna-
tyuk 8’ with the use of the Green function method or by Sommer-
mann ‘7’ with the use of the method of the density matrix. In
the zero temperature limit the occupation probability n; beco-
mes zero and equations (4) are transformed completely into the
set of RPA—equatlons for cold nuclei’!®17/. The functions
X%’m)(wAQ and X ;(p)(mk ) can be calculated by solving equa-
tions (4). The values of the reduced electric transition pro-
babilities BT(EA mkgare calculated in the long-wave length
approximation as /157
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The electric effective charge e, is given for El-transitions
as egl) N/A , e(D)=-Z/A, and for E2-transitions as e{®=
=1-"(A+N)/A® , e® = Z/A2.

In the FT-RPA moments are defined as

m, (T) = Em"B BT e, ), (6)
where the summation runs over all one-phonon states with ener-
gies w,,. The centroid E of the strength distribution and the
Landau splitting o are defined, respectively, as

Ep=m,(D/myD, o ={lm,(D/my(DI-EZ11E (7

Detailed studies of the temperature dependence for the mo-
ments have been given in Refs./9-12,18/ They have shown that
the first moment (the EWSR) is temperature independent for di-
pole states and has a weak temperature dependence for quad-
rupole states. We made our calculations based on equations
(4-7). The single-particle energies E, are defined using the
set of parameters for the Woods-Saxon potential chosen at zero
temperature by Cherpunov’/19/and Takeuchi and Moldauer’?%. This
single-particle energy spectrum is used at finite temperature
since its temperature dependence is very smooth and weak up to
T = 6 MeV, as has been shown in Ref./21/. The superfluid pairing
forces are taken into account by solving the BCS equations at
finite temperature /8/

P
A = - - ‘
e Gj2(1+2)ujvj(1 2nj)
The critical temperature T ,for which the collapse of the
pairing gap takes place, is glven by/6, 4/ T crit = 0-567A (T=0).
The excitation energy E* of the equilibrium state for each tem-

perature has the form E*= &(T) -~ &(T =0), where &(T)is the ener-

gy of the system at temperature T

E, -
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i
A is the chemical potential. The quasiparticle energy e, is
calculated through the single particle energy E. and the gap
Ay as follows € =[(Ej -A)2 4 Aa'r]1/2~ i
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w,MeV w, MeV constants so as to repro-

duce the lowest 2+ -energy,
defined emplrlcally for each nucleus at zero temperature by
Sakai”®2/ Calculations performed by B} khin and Ignatyuk/23/ have
shown that the multipole constants «*/ have a very weak tempe-
rature degendence. Therefore, we use the zero-temperature con-
stants K01 all through our calculations.

The strength distributions of the isovector (IV) dipole EI
and isoscalar (IS) quadrupole excitations as the distributions
of the reduced transition Erobabilities B(E1?%) and B(E2?) at se-
veral temperatures T in 58Ni are shown in fig.l. The RPA re-
sult at T = O MeV gives a collective El resonance near Wy =
=17 MeV exhausting 807 of the EWSR and a collective E2 resonance

near w,; = l4 MeV exhausting 727 of the IS EWSR in the energy
interval 10<w,; <25 MeV. Empirical evidence has been reported
at around o, = 17.3 MeV having (94+10)7 of the EWSR value in

the energy interval ]O<(u,\ <30 MeV for the giant dipole re-
sonance (GDR) 724:25/The giant quadrupole resonance (GDR) has
been extracted at around w); = 14 MeV by Kocher and Auble/24/
and at around w,; = 16 MeV having (65t10)Z of the IS EWSR value
in the energy interval 10 <@); <30 MeV by Pitthan et al.’2%
While at zero temperature the quadrupole strength of the 1owest
2*-states is mainly concentrated on a single level at

1.4545 MeV/2%/,at finite temperatureit is spread over several
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states with smaller B(E27values. As has been shown by Ig-
natyuk ‘8’ and Sommermann’?/ at finite temperature the poles
of the (p-h) excitations at energies ¢, + € .. remain essentially
in their original location, but simultanéously the poles of
(p-p) and (h-h)excitations appear at energies ¢, -¢.-(see equa-
tion (4)). The additional poles are caused by the terms con-~
taining vy~ B(jj"Ap)and v;;-B* (jj“iA-p) in eq.(1). Our calcula-
tions show that the new poles at energies ¢ —¢ . correspond to
quite noncollective (p-p) and (h-h) configurafiods with very
weak B(EA")-values. Thus, for the quadrupole modes, for example,
at T ~ 0.3 MeV the B(E20)-values due to the states appearing
between the new poles ¢.— ¢., at energies <l MeV are smaller
than 10™% % of the B(E2+)-value for 2j-state in °8Ni defined at
T = 0 MeV. However, the new configurations lead to a less
transition strength and to a spreading of the giant resonances
at higher temperature. The location of the giant resonances is
shifted to the lower energy side for the IV GDR and toc the
higher one for the IS GDR (fig.!). This is in agreement with .
the general feature of the results obtained in Refs./841-1&26C
To investigate the behaviour of the giant resonance energy
and their widths in the dependence on temperature including
the critical region due to the phase transition from the super—
fluid state to_the normal one we show in the Table and figure 2a
the centroids E of the main peaks of IV dipole and IS quadru-
pole resonances in the region near Tere = 0.79 MeV. As has
been shown by Landau and Lifshitz/!%/and for nuclei by Igna-
tyuk 8/ this phase transition is a second order one be-
cause of the presence of a break in the behaviour of
the excitation energy E* at this critical point, corres-
ponding to a finite discontinuity in the first order
derivative for the entropy (see fig.3). In the region
Tz'{c”t the gap A 1is zero. Our results show that while
the E behaviour of giant resonances has a smooth and weak
temperature dependence at T far from T, ,it undergoes a ben-
ding in the critical region and a break at T=T gy (fig.2a).
The jump of the E behaviour at T near T, is somewhat larger
for the IV dipole resonance as compared with the one for the IS
quadrupole resonance. The occurrence of this bending in the
behaviour of giant resonances is undoubtedly an important pro-
perty for superfluid at zero temperature nuclei. In closed-
shell nuclei, for which the pairing gap A(T=0) is zero, there
is no such a discontinuity and the temperature dependence of
giant resonance energies gives smooth curves, as has been shown
in Refs.’/7:8.10/ 1Thig discontinuity is absent also in the cal-
culations, where the superfluid pairing forces are not taken
into account or are temperature independent. This is confirmed
by the dashed lines in figs.2a and 3 for the E-behaviour of
giant resonances and the excitation energy E*wnich are obtained
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Fig.2. a = Centrotds E of the IV
dipole and IS quadrupole reso-
nances as functions of temperature
in ®8Ni. Dashed lines correspond to
the case A.=A(T=0) b - Centroid
E of the }S quadrupole resonances
as a funetion of temperature in

208 py,.
1 1
0 1 2 3
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Fig.3. Excitation energy E* 0 F 7 4
as a function of temperature, ob- 4
tained in %8Ni by solving the tem— ’ : : |
perature dependent gap equation 0 i L
(solid line), and with A =A(T=0)
(dashed line). T, MeV

with AT=A(T=OL and by fig.2b which presents the E beﬁiyiour of
the IS quadrupole resonances in 2°8Pb (cf.also Refs. ' ' ).Ring
et al./?% have shown that in rotating nuclei at finite tempera-
ture the pairing forces can play also an important role in the
behaviour of GDR. We note that in rotating nuclei there is
another kind of phase transition connected with the nuclear
deformations. Thus, the features of nuclear deformations pro-
duced by the alignment of individual particles or pairs and

the first order phase transition in rotating nuclei have been
investigated in detail in Ref./28/.

The analysis of the experimental results, recently reviewed
by Snover’29/ show a large broadening of the GDR width when the
temperature increases as well as a downward shift by 1-1.5 MeV.
Our calculations, which give a downward shift of the centroid
of the IV dipole resonance and a spreading of collective states

8

at higher temperatures are in agreement with these observa-
tions. The values of the Landau splitting in our calculations
tend to increase for IV dipole resonance and to decrease for

IS quadrupole resonance in the region T>T_;  as the tempe-
rature T increases (the Table). However, for a correct study
of the temperature dependence of the giant resonance width one
must consider both escape I'" and spreading I'* widths. The first
is caused by taking into account the continuum. The broadening
of the giant resonance width at finite temperature appearing

as a consequence of the effects of the continuum has been in-
vestigated recently by Sagawa and Bertsch “1/in the framework
of the self-consistent temperature response function. The sprea-
ding width I'* is caused by the interaction with more complica-
ted configurations. In the QPNM the interaction with 2p~2h
configurations at zero temperature is studied in detail by
taking into account two-phonon components in the wave function
excitation operator/!%/ In this way a description of the giant
resonance spreading width has been given in good agreement with
the experimental data’3¢/ It is highly desirable to develop this
method for describing the giant resonance spreading width at
finite temperature. It is a goal for future studies.
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B 0GbeaMHEHHOM MHCTUTYTe AAEPHBIX MCCNefoBaHui Hauan
BuxoauTb cbopHuk "Hpamrue coobyerus OHAHU"., B Hem
GyAyT noMewaTbCA CTaTbu, COAEPKAWME OPUIMHANbHME HayuHue,
Hay4HO-TeXHMYECKHE, METOAUYECKME W NPUKNajHHE pesynbTaTh,
Tpebyoumre cpouHoir nybnukaumm. Byayum uacTew ''CoobueHnit
OMAM', craTem, Bowepwue B cOOPHMK, MMEOT, KaK M Apyrue
uanavua OWAW, cTaTyc oduumanbHux nyGauxauwmii.

C6opHuk '"KpaTkue coobueHus OUAU" 6yaeT BuMXOAMUTEH
perynspHo,

The Joint Institute for Nuclear Research begins publi-
shing a collection of papers entitled JINR Ropid Communi-
cattons which is a section of the JINR Communications
and is intended for the accelerated publication of impor-
tant results on the following subjects:

Physics of elementary particles and atomic nuclei.
Theoretical physics.

Experimental techniques and methods.

Accelerators.

Cryogenics.

Computing mathematics and methods.

Solid state physics. Liquids.

Theory of condenced matter.

Applied researches.

Being a part of the JINR Communications, the articles
of new collection 1ike all other publications of

the Joint Institute for Nuclear Research have the status
of official publications.

JINR Rapid Communications will be issued regularly,
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