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Relation between damping of the hot giant dipole resonance and the complex admittance of an
irreversible process
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It is shown that the complex admittance, which describes the dissipation of the giant dipole resonance
(GDR) in hot nuclei, can be derived from the microscopic double-time Green function for the propagation of
the GDR. The damping width of the GDR is calculated directly from the complex admittance without explic-
itly solving the equation for the poles of the Green function. Using this method, a systematic study of the width
of the GDR as a function of temperatuFes carried out in'2°Sn and?%Pb. The quantal width, caused by the
coupling toph configurations decreases slowly with increasingrhe thermal width, caused by the coupling
to pp andhh configurations af # 0, increases sharply at low temperatures uf to 3 MeV, and slowly at
high temperatures, where it reaches a saturation in the regidn~08—4 MeV. The calculated values of the
total damping width of the GDR are found in reasonable agreement with the experimental data in heavy-ion
fusion reactions and inelastie scattering. The mechanism of the “disappearance” of the GDR at high
temperatures is analyzed. The evidence of motional narrowing in the hot GDR is investigated.
[S0556-28188)01906-2

PACS numbd(s): 24.30.Cz, 05.70.Ln, 24.10.Pa

I. INTRODUCTION In the microscopic extrapolation to nonzero temperature

the conventional approaches to hot GDR have included the

It is now well-established that the width of the observedeffect of temperature via a simple replacement of the average
giant dipole resonance in hot nucléihe hot GDR increases  over the ground state dt= 0 by the one over the thermal

strongly as the excitation energy increases up to around 13Qatistical ensemble. This means that the hot GDR has been

MeV in tin isotopes. At higher excitation energies the width considered as a quantal eigenstate built on top of the thermal

increases slowly and even saturaf¢s-6]. (See also Refs. equilibrium ensemble. The results show that the average

[7’8]. for the reviews A conS|dlerabIe number of theoreucal_ uantities of the system such as the Landau splitting calcu-

studies have been performed in the last decade on the SUb]ef {ed within the self-consistent random phase approximation

of the damping of hot GDR9-19. While theories can re- i L i
produce the centroid energy of the hot GDR, many of them(SC RdPA) at T&TgﬁlteTE)ﬁra;u;éZ%gTRPa [12';:3] and trll.e
still give different, sometimes controversial explanations re-SPreading wi ot the ho » arsing arter coupling

garding its width. The hot GDR has been observed first ir‘Fhe ph states to p2h ones[14,15, remain stable against

the compound-nuclear reactions induced in heavy-ion colli¥aying T. In order to understand the increase of the ob-

sions[1-6]. In these experiments the hot compound nucleuserved width of the hot GDR other thermodynamical effects
was usually formed at high angular momentum. The deperstch as thermal fluctuations of shapes, temperature-
dence of the width of the hot GDR on the excitation energydependent transferred angular momentum, etc. were intro-
E* contained then both effects of the angular momentunfluced[16,17. Thermal fluctuations have also been taken
and the temperatufB. Recently two new experimental meth- into account in the recent theory on the hot GDR widt8].
ods have been introduced. The first one involves compoundhe authors of Ref 6] have pointed out, however, that the
nuclear reactiong20], where large arrays of detectors have increase of the width, offered by the theory in Rf8], is
been set up to measure the GDR of a hot system at a definigdill quite slow in order to account for the experimental sys-
angular momentum. The second di2d] is based on a new tematics. Referende], therefore, has called for a search of
technique usingy particles to excite the target nucleus via a missing effect, emphasizing the role played by thermal and
inelastic scattering at a small angular momentum. These neangular momentum effects in the low excitation energy re-
methods have offered a possibility to individually study thegion (E*< 200 MeV). The most recent theoretical evalua-
effects of temperature and of angular momentum on théions in Ref.[22], which include the thermal shape fluctua-
damping of the hot GDR in a direct comparison with theo-tions within an adiabatic model, agree nicely with the
retical predictions. scattering data in Ref21] for the GDR width in*?%Sn and
208pp at temperatures 1 Me¥. T< 3 MeV (30 MeV <E*
< 130 MeV). The increase of the evaporation width, due

*Present address: Department of Physics, Faculty of Sciencety a finite lifetime of the compound nuclear stafé$], has
Saitama University, 255 Shimo-Okubo, Urawa, 338-8570 Saitamaalso been included to improve the result§at 3 MeV. The
Japan. Email: dang@rikaxp.riken.go.jp - On leave of absence frontheoretical predictions of Refl22] are given forT<3.4
the Institute of Nuclear Science and Technique, VAEC, Hanoi,MeV. It is not clear whether the adiabatic model can describe
Vietnam. with the same success the region of the width saturation
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(E*> 130 MeV), where a considerable number of heavy-iondirection by answering the second issue mentioned above.
fusion data has been accumulated upEtb~ 450 MeV. Namely, we would like to study here a connection between
These results have also shown that the effects due to anguléite microscopic description and a macroscopic interpretation
momentum on the data set of interest are negligible. Thi®f the hot GDR. As a result we shall propose an alternative
observation is important as it confirms the domination ofway to estimate the damping width of the GDR via the com-
thermal effects in the increase and saturation of the GDMlex admittance of an irreversible process. This work is or-
width. ganized as follows. In Sec. Il we study the dissipation of the
From the macroscopic point of view the GDR built on the hot GDR, ConSidering it as a statistical state, which is
ground State'(: O) (the g.s. GDR can be considered as the Sl|ght|y deviated from the thermal equilibrium under the in-
Landau zero sounf23]. The damping of the hot GDR has fluence of a temperature-dependent external perturbation. As
been studied within the framework of the Landau-Viasova matter of fact, in intermediate-energy heavy-ion collisions
theory (See Refs[24,25 and references thersiriThe width the hot GDR can be present as a thermal excitation and the
of the GDR within this approach shows a continuous in-detectedy rays are emitted predominantly in the nonequilib-
crease as the temperature increases. The width saturation'#m phase. The evolution of this weakly nonequilibrium
T= 3 MeV and the “disappearance” of the GDR at high State can be described by the transport equation of a linear
temperature T> 4.5 ~ 5 MeV), observed in some heavy- |rreverS|bIe process. An alternative treatment within the
ion fusion experiment§26], are interpreted within this ap- time-dependent Hartree-FockTDHF) approach can be
proach mainly as a result of an exceedingly large width. Infound in Ref.[32]. However we shall use the double-time
the recent Ref[27], it has been shown, however, thatTat Green function method to derive the complex admittance of
= 2 MeV the regime of rare collisions, where the randomf‘his process in a microsco.pic way without explicitly recours-
phase approximatiofRPA) method can be applied in the ing to the transport equation. T.he' systematic numerical cal-
theory of Fermi liquid, must be replaced with the regime ofculations are carried out in realistic nucléf®sn and?%%b,
frequent collisions. Including the memory effects in the col-Within a large range of temperatufep to at leastT= 6
lisional integral and the quadrupole distortion of the FermiMeV) in Sec. lll. The results are compared with the recent
surface, the collisional width of the GDR, obtained in Ref.€xperimental data for the hot GDR in these nuclei in heavy
[27], turns out to be rather independent on temperature in al®n fusion reactions and inelastie scattering. The paper is
agreement with the predictions of microscopic theoriessummanzed in the last section, where some conclusions are
[14,15. Thermal shape fluctuations have also been takeRrovided.
into account based on the Landau theory of nuclear shape
transitions in Ref[28]. The latter provides a nice macro- |I. EVOLUTION OF THE HOT GDR IN AN IRREVERSIBLE
scopic description of thermal fluctuations in all quadrupole PROCESS
shape degrees of freedom. With all parameters fixed at zero

temperature this theory shows good agreement with the data We consider the dissipation of the hot GDR as a statistical
for hot GDR up toT= 2 ~ 3 MeV. state, which is slightly deviated from the thermal equilibrium

In the present situation we see two particularly importantnder the influence of a temperature-dependent external per-
issues in the theoretical study of the behavior of the GDR adurbation. The weakly nonequilibrium state can be con-
a function of temperature. The first one is the need of atructed, considering the response of a system, which is de-
consistent description of the hot GDR width as a function ofSC'ibed by a time-independent Hamiltonidy,, on an
temperature, including both regions of the width increase agxternal perturbationd; [33,34 under the assumption that
low temperature$0 <T< 3 MeV) as well as of the width there is no external perturbation at the titwe— . The total
saturation T= 3 MeV) up to the region where the GDR is Hamiltonian is
thought to disappeaf(> 4.5~ 5 MeV). The second one is 1 1
the connection between the microscopic and macroscopic H=H,+H;, Hi_.=0. 2.1
understandings of the damping mechanism of hot GDR. Re- R
cently we have shown in a series of wof29,3( that the  The evolution of a dynamical variabl®, whose average

coupling of the RPA phonon to thep and hh configura- iy - - o .
tions, which appear at nonzero temperature, leads to the the\@llue isO(t) Tr{p(t)O}, can be studied in te.rm.s of a time
mal damping of the collective vibratiofphonon. In our dependent density operatp(t). The latter satisfies the von

most recent work31] we gave our answer to the first issue. t’\e"f#ri';ai?]nthegltjﬁet'f’r:a\fvghﬁigﬁﬂgﬁ'on thattat —c the sys-
Namely, we have performed a systematic study of the damp- q )
ing of the GDR in%%Zr, 2°Sn, and?%®Pb as a function of
temperaturel. The results have shown that the coupling of
the collective vibration to th@p andhh excitations, which
causes the thermal damping width, is responsible for the in-
crease of the total width with increasing temperature up to p(—o)=p=e PinTr{e P B=T"1 (2.2
T~ 3 MeV and its saturation at higher temperatures. Our
results are found in an overall agreement with the experiSince the external perturbation is assumed to be small, Eq.
mental data for the GDR width obtained in the inelagtic (2.2 can be solved by linearizing the density opergi¢t)
scattering and heavy-ion fusion reactions at excitation enewith its first-order(small) incrementA p(t)
giesE* < 450 MeV.

In the present paper we will make a further step in this p(t)y=p+Ap(t), (2.3

G _ 1
iZrP(D=[Hn+HEp(D)],
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o) thathlAp(t) can be neglected. Under these conditionsand phonon structure under a specific effective coupling

the evolution of the dynamical variabte is described by the

equation well-known in the statistical mechanics of irrevers-Ref.[36], e.g., the coupling verte

ible processe$33,34]. With switching on a periodic pertur-
bation, for example, this equation takes the form

o) =(0)+27, e—iﬂqt+st<<<5;vq>>§;nq, (2.9
q

F(Q)

sg’

. In the quasiparticle-phonon mod&DPM) [35] or in

&Y is a sum of products

of the coupling strength and the coupling-matrix elements.
The coupling strength contains the RPA amplitudesg bf
configurations in the collective oscillation. The coupling ma-
trix elements can be obtained through the derivative of the
central potential. In the QPM, e.g., phonon opera(@ﬁsand

Qg have the fermion structure, being built from the coherent

where( ...) denotes the average over the grand canonicaPh or quasiparticle pairs. Recently, the form in ER.7) has

ensemble:

Tr{...exd—BHy)}
Tr{exp(—BHp)}

(..)=Trp...}= (2.5

been derived rigorously from the QPM Hamiltonian in Ref.
[30]. In the simplest case when the two-body term consists of
only a separable isovector dipole-dipole interaction, one re-
covers from Eq.(2.7) the Hamiltonian widely used in the
literature to describe the GDR37]. The term, containing a
sum of products of twep (hh) pairs, is omitted in Eq2.7)

the sumzqquHl is the time-independent part of the exter- as it has a little influence on the damping of phonon excita-

nal perturbationH?}, and 4 is the energy of elementary

excitations, characterizing the distribution of the wave

tions [38].
We introduce the double-time Green functioh39],

packet associated with the evolution of the dynamical variwhich describe the following: _
able under consideration. The retarded Green function (1) The propagation of a free particle (or hole)

((@;Vq))ret, taken at energfE={1, (the after-effect func-
tion), is related to the complex admittangg({),) as[33,34

Xo( Q)= = 27O Vg)EL 0, 2.6

whereV,, is the operator part of,.

In order to estimate microscopically the complex admit-

tance x4(E) in Eq. (2.6) we adopt in Eq.(2.1) a model
Hamiltonian, which includes the coupling of collective oscil-
lations (phonons to the field ofph, pp, andhh pairs in a
form of a sum of three terms:

H:ES Esa;ras+2q 0QIQq+ X Flalay (Q+Qy).
ss'q

(2.7

The first term in the RHS of Eq2.7) describes the field of
independent single particl@ and a;. The second term
stands for the phonon fiel{:Qg,Qq}. The last term repre-
sents the coupling between the two fieldS,=es— ef,

where ¢, is the single-particle energy ang is the Fermi
surface’s energy. Hereafter the enekyyis simply called the
single-particle energy. The phonon energy is denotedas
This form of the model Hamiltonian in Eq2.7) is quite

Gy s(t—t)=((ag(D;al(t)), 28
(2) The propagation of a free phonon
Ggriq(t—t")=((Qq/(1); QL ))), (2.9

(3) The particle-phonon coupling in the single-particle
field:

Fogdt=t)=((as(HQq(t);al(t")), (210

I t—t)=(as(Qknsalt))), (.11

(4) The transition between a nucleon pair and a phanon

Gowq(t—t)=((al(Dag (1;Q4(t))). (212

The effect of the backward process, described by the Green
function ((QE,(t);Qé(t’)}), is small[30], so we neglect it
here. In Eqs(2.8—(2.12 the standard notation is used for
the double-time retarded Green functif83,39. A set of
coupled equations for an hierarchy of Green functions is ob-

tained, applying the standard method of the equation of mo-
tion for the double-time Green functior|83,39,40. We

general and common in many microscopic approaches tolose this hierarchy to the functions in Eq®.8—(2.12,
nuclear collective excitations. The difference is in the way ofusing a decoupling approximation as described in Refs.

defining the single-particle enerdys, phonon energyw,

((as, Q;Qq’§al)> = 8ggvyGoyisy  ({as, Qq’Qg;aD) = gq'(1 + 1) Gy,
e e’ NS

(( (QJ;' + Qq); QD) = 6831nqu’;q>

ala,
1
——

[33,39:

(2.13

((aslazl ag,;al)) = 8, (1 — Ny )Gyl (2.19
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In Egs. (2.13 and (2.14 ns=(ala,) and vq=<Q(§Qq> are Closing the hierarchy to the functions in Eq2.8)—(2.12
the single-particle and phonon occupation numbers, respeg¢estricts the couplings in the single-particle mass operator
tively. The time variable is omitted for simplicity. Making Ms(E) to at most »1h configurations if the one-phonon
the Fourier transformation to the energy pldband elimi- ~ Operator generates the collectipé excitation. On the other
nating then functiong’ ~(E), I'* (E), andG(E) by express- hand the g.s. GDR acquires the spreading width
ing them in terms of5¢.¢/(E) andGyq(E), we obtain a set mostly via coupling to 22h_ conflgura_tlons. The Ia_tter
of two equations foG (E) andGg.q (E), which describe can be included by.extendmg fhe hlerarchy”to higher-
the p (h) and phonon propagations, respectively. For theordfr Green furlrctlons Of. flh®phonon” type
propagation of a single (or h) states=s’ and a single {(@n(1)ap(t)Qq(1);Qq/(t'))) as in Ref.[14] or two-phonon
phonon statej=q’ these equations have the simple form: type<(Qq1(t)Qq2(t);Q;/(t'))), etc. as in Ref[15]. The re-
sult would then include the graphs in Figs. 3 and 4 of Ref.
GJ(E)= i[E—ES—MS(E)]_l. [14] or in Fig. 1 of Ref.[15] for the phonon polarization
2w operatorP4(E). The numerical calculations in Refd4,15
have shown, however, that the effects of these graphs on the
spreading width of the GDR are almost independent of the
temperature. Therefore, in order to maintain the simplicity,
we will include the spreading due to these effects in the
where the masd¢(E) and polarizatiorP (E) operators are  parameters of the model definedTat 0 in the next section.
The explicit inclusion of these higher-order double-time

Nl Vot long Ngr + vg Green functions is reserved for our forthcoming study.
My(E)=2 F R\ 2 + g study
q/s/

1
Gq(E):E[E—wq—Pq(E)]*l, (2.15

—Eg—wq E—Eg+og ' The dampingsys(w) of the single-particle angy(w) of
the phonon states are derived as the imaginary parts of the
N Nwr analytical continuation in the complex energy plane w
Py(E)=2> FOFN_— = (216  *ie of the massM(E) and polarization operatom,(E),
s E-Eg+Es respectively:

ys(w)ZWIZ, FOF I (vg+1-ng)8(0—Eg —wg)+(Ng +vq) 80— Eg + 0g)], (2.17

q's
yo(@) =72 FOFY(n—ny)8(w—Eg +Eg). (2.18

ss’

The single-particle occupation numbey (phonon occupa- s in Eq. (2.17). While the escape widtR' is known to be
tion numberv,) in Egs. (2.16—(2.18 has the form of a only a small fractionfaround few hundreds kg\of the ob-
Fermi(Bose distribution, which is folded with a Lorentzian served width of the GDR in heavy nuclei &t=0, its contri-
with a width of 2y4(w) (2y4(w)) and centered dE = E, bution to_the total damping of GDR may become si_gnific_ant
M(E) [De=wg+Po(@)]. In Ref. [30] it has been at very high temperature. The rple of the evaporation ywdth
SVS a "—a " ar"q . . I'e, at T# 0 has been studied in Refdl9,27] and also in
shown in an example of a damped harmonic oscillator thaget [41]. In the latter, it has been suggested that the “dis-
Yq(w) is indeed the half-width of the oscillator damping, gnpearance” of the hot GDR at very high temperatures may
Wh-|le .the real part of the .analyt|cal continuation of the po-pe ass0ciated with the growth of the evaporation widih.
larization operatorP,(E) into the complex energy plane Eyen though the continuum is not explicitly included in our
gives the frequency shift of the damped oscillator. A Similarformansm, we can say that the effect of Coup”ng to the con-
proof can be extended to the single-particle damping widthinuum can be incorporated here, at least partially, in an ef-
¥s(w) in a straightforward manner. lfs is small, the single-  fective way. Indeed, as will be discussed in the next section,
particle occupation number can be well approximated by afhe numerical calculations in our formalism use the single-
exact Fermi distribution function with enerdy,. For the particle energy spectra, defined within the Woods-Saxon po-
phonon occupation number this is not valid becaygeis  tential. These spectra include not only the levels near the
large. Fermi surface, but also high-lying bound states and quasi-
In Ref. [19] it has been proposed that the states of thebound states. Therefore, the poles in E18 can be lo-
compound nucleus have a definite lifetime or width. In thecated at rather high excitation energies in the continuum re-
most general case, the energy levels of the compoundion. Hence, the effects caused by coupling to these high-
nucleus include both discrete and continuum parts. Since thlging discrete states can simulate the effect of coupling to the
high-lying bound states of the single-particle spectrum maycontinuum.
acquire an appreciable width via the coupling to the con- If we assume that before the coupling the GDR is gener-
tinuum, this certainly affects also the single-particle dampingated by a single phonon, associated with a strongly collective
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vibration at energyw,, the full width at half maximum
(FWHM) T gpg of the GDR, caused by the coupling, is cal- f P(E*)o(E;E*)dD
culated from Eq(2.18 as (o(E;E*))= , (2.21)
*
T gor=27q @=Ecor(T)]. (219 | pEoo

This width " ;pg must be compared with the FWHM of the where the excitation enerdy*, in general, is a function of
GDR, extracted in the experiments. The enelgppr(T) of  temperaturel, angular momentunh, and deformation pa-
the hot GDR is defined as the pole of the Green functiorrametersg and y of the system. The probabilit(E*) is
Gy(w) at the real energw from the equation proportional to

0— 05— P4(w)=0. (2.20 P(E*)xexd —F(E*)/T], (2.22

The width I'gpg in Eq. (2.19 has been calculated in Ref. where F(E*) is the free energy of the system. The metric
[31] for %%Zr, *°Sn, and®®%Ph. The results have been found dD (volume elementdepends on the deformation param-
in overall agreement with the experimental data in heavy-ioreters. In the approach based on the Landau theory of shape
fusion reactions as well as in inelasticscattering. The cal- transitions[42], the free energy (E*) can be expanded in
culations also showed that the effect of single-particle dampterms of the “deformation” parameters,,,, which deter-
ing on the width of the GDR is rather small up to high mine the deviations of the compound nucleus from the
temperatures. The increase of the GDR width at low temspherical shape. Hence the shape fluctuations must include in
peratures and its saturation at high temperatures are eYeneral the couplings to all possible multipolarities, not only
plained within this model as follows. AT=0 the single- the quadrupole-quadrupole one. The approach in R&
particle occupation number; is equal to one for a hole state then concentrated only on the most important deformation—
(En< 0) and zero for a particle oneée(> 0). Therefore the  the quadrupole one, which corresponds to the second order
GDR widthI'spg has a nonzero value only through the cou-in this expansionr,,,, and determined an effective free en-
pling to ph pairs, wheren,—n,= 1 [Eq. (2.18]. As the  ergy as a function of temperature amg}, only. Another way
temperature increases, the quantal damping which we denog taking into account thermal shape fluctuations is based on
asl' decreases as the differengg—n, decreases from one a model using a collective quadrupole plus GDR Hamil-
at T=0 to zero afT =. At the same time there appear the tonian to generate the quadrupole deformatiofi-at0 [43].
pp andhh configurations because the difference-ny,# 0 In this case the mean field of oscillator type is deformed
also for (5,s")=(p,p’') or (h,h") atT+# 0. The coupling to  already atT= 0 with three frequencies;, (i=x,y,z), re-
pp andhh configurations leads to the thermal damping lated to the Hill-Wheeler deformation parametgdsand y
[30], which increases first with increasinig However, be-  [37]. This scheme has been applied in the most recent calcu-
cause of the factans—ng,, the total phonon dampinig, will lations of thermal shape fluctuations with the adiabatic-
decrease a®©(T™ 1) at largeT. Therefore, it must reach coupling model in Ref[22]. In the present paper only g.s.
some plateau within a certain region of temperature. This is @pherical nuclei are studied. Still the effects of thermal shape
natural explanation for the width saturation of the GDRfluctuations, being dependent only on temperature, can be
within the present model. considered via the coupling tpp and hh configurations.

We would also like to point out a possible connectionindeed, app or hh pair operatorB,y =alas can be ex-
between the coupling tpp andhh configurations and the panded in the lowest order as a sum of tensor produgsof
the thermal shape fluctuations. In our opinion the coupling I®air operators: Eh[B;T)h® Bpnle if (s,8)=(p,p’) or

pp and hh configurations may offer an alternative way to Ep[B;h'®Bph])\” if (s,5')=(h,h") [44]. Therefore the cou-

take thermal shape fluctuations into account microscopically, S
To this end, first of all, it is worth noticing that there are pling of the last term of the Hamiltonia in Eq. (2.7) can

1 1 ry — !
several ways to include thermal shape fluctuations. A compe rewritten, e.g., for the case with,¢') =(p,p’), as

mon way is to use a model, in which the motion of nucleons

is described in_ terms of a d(_aformed osci.IIator,_Woods.—Saxon, Hc—Hgo= > Fiqu,z [B;h® Bp,h]w(QawL Qq)-

or cranked Nilsson potential. The residual interaction be- pp'q h 22
tween nucleons in the intrinsic system can be described by (2.23
the dipole-dipole force for the GDR case. This scheme ha A . + +
been proposed in Refl6], according to which the cross l'i:xpress_mngh (Bprn) in tgrms Oqul an_d qu (qu and.
section, averaged over all possible thermal fluctuations oRq,) using the well-known inverse canonical transformation,
shapes, is given by one obtains

Hog= 3 P 3 LOG QL Vi Qe) © (X0, =i Qa1 @l Qo (224
142
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Equation (2.24) suggests that i’Q:; and Q, are the GDR yo(®)

phonon operatordQy Qq ) and{Qg , Qq,} can have the Sy(w)=— 4 TR
. Lo + 2 m [w_wq_Pq(w)] +7q(w)

moment and parity agl~, 27), (27, 37), etc. so that the

total coup_led mo(T)entu(gn) IS aga:g )eqLégll))tdEl‘. The  Knowing the complex admittancdthe Green function

RPA amplitudesx,”, Y, I", and X *, Y " can be calcu- G (E)], one can derive the spectral intensity of the GDR

lated microscopically using the residual interactions, whichexcitation from the relation

include dipole-dipole, quadrupole-quadrupole, octupole- _ _ _ T

octupole, etc., forces. This can be seen clearly when the re-  Gg(o+ie) —Gylw—ie)=—i(exp” —1)Jg(w),

sidual interactions are separable. In this case the coupling (2.29

(@) ; ;
verteleSS, in I.Eq.(2.7)' can pe evaluated in terms of the RPA which is equal td39]
amplitudes with multipolarityn as[30]:

(2.28

Jg(@)=Sy(w)(expw)— 1)L, (2.30

k™) i )
N _ ) (M) e (A) (A1)
F(ss’)_ 4(20+1) fjsjgz, fjlji(xj 1j1+YJ 11;)’ (2.29 The normalized relaxation functiobi (t), associated with the
s energy dissipation of the GDR to noncollective degrees of
freedom in the single-patrticle fielghe heat bath is defined
from the complex admittance after a Fourier transformation

as[34]

with k™ being the parameter of the multipole-multipole in-
teraction(details can be found in R€eff35]). This means that
the coupling topp andhh configurations in the last term of
Eq.(2.7) orin Hgq in EQ. (2.24 in fact already includes, via
multiphonon configuration mixing a&k# 0, the coupling to
different multipole-multipole fields. Taking into account the Xa(0)
high-lying ph, pp, andhh configurations, as has been dis-
cussed above, the coupling to high-lying multiphonon state
is also incorporated in our formalism. It is well-known that
the configuration mixing of fplh with 2p2h stateq 35,49 1
[or ph with phonon ones discussed abota. also Ref. | (t)]?=e Ye=elt, T'=—, (2.32
[36])] is decisively important to account for the spreading Te

width I'!. In addition to the quantal coupling foh configu-

Xq(E)

—1=iEf°°\1f(t)eiEtdt. (2.3
0

‘L‘f the corresponding probability (t)|? displays a good ex-
ponential decaying behavior

rations, a quite similar mechanism takes placf &t O via :raect\évéjdg]sllhgf rtehveiar(s-;eDcI?f ?rt]reerr]grzxgtli?;[rr:tiiunggnHZir::ebeng-
the coupling topp andhh configurations. As the latter takes have found an alternative way to estimate the width of the

place only aff # O, it is tantamount to the thermal effects in : ) . . )
the fluctuations of multipole deformations of nuclear shapes(r?] EaRn;VI\t/\r/]guctacnaI;%eilgngirgléﬁmlgﬂ\(/rr)\) mEéqZ.(g)Z%v?]‘icthiz
around the spherical one. Yy g &Y,

In the present paper we are going to find an alternativ uch more complicated, especially when the number of col-

way for estimating the damping of the GDR through the (_ectlve phonons are not small. Moreover, the detail informa-

. . . fon of each fragmented excitation would not have much
complex admittance of an irreversible process. The complei . gmer .
N sense since we are interested only in the average or gross

admittance in Eq(2.6) for the case withD=Q, can be ex-  structure of the hot GDR. In confronting the calculated value
pressed in terms of the Green functiGg(E) defined in Eq.  to the experimental data the attention must be paid to the
(2.195. After some simple derivations we obtain following point. As has been mentioned above, the GDR
width was usually extracted in experiments as the FWHM of
a Lorentzian, which is centered at the GDR energy and must
be compared to the widthspg, calculated in Eq(2.19. In
terms of the complex admittance, this means the withhr
Equation(2.26) is the microscopic expression of the complex must be extracted from the relaxation functigpr(t) [Eq.
admittance in terms of the energy, of the collective vibra-  (2.31)], which is calculated in turn from the complex admit-
tion, corresponding to the GDR excitation, and of the polartanceygpr(w) according to the equation

ization operatorPy(E), characterizing the damping of the

collective phonon. The information about the transport equa-

tion (2.4) is now defined by the real and imaginary parts of xeor(E)=—27Ggpr(E) =
the complex admittandeEq. (2.26)] (in the complex energy
plane, from which the imaginary part is directly related to
the strength functior$,(w) of the hot GDR, namely

Xq(E)=—27Gy(E)=— (2.26

E—wq— Pq(E)’

~ E—Egpr—Poor’
Pepor=Pg(®@=Egpr), (2.33

instead of Eq(2.26). In the present model, where the effects
Yq(w)+e of coupling to more complicated configurations such as
_ 2 2 2p2h ones are incorporated in the parameters, the result
[©= @q=Pq(@) "+ (7q(@) +e) from Eq. (2.33 is more reliable than the width from the
=75(w) Iif &<y, (2.27  total strength function. In the next section we will represent
the results of calculations of both quantities: the wilithEq.
where (2.32] of the total dipole strength distribution over the

IM xq(E=w+ie)]=
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whole energy interval up to 40 MeV and the widlhypg  iN constructing the collective vibrational modes. Therefore,
using the complex admittance in E@.33. they are treatetleyondthe ph FTRPA, if the latter is used to
The present formalism can be also used to examine thdefine the microscopic structure of the collective phonon.
evidence of motional narrowing in the hot GDR. The appli-Under this treatment they induce an irreversible coupling of
cation of the theory on motional narrowirig4] to the hot the collective phonon to the noncollective subspace. In real-
GDR is given in the Appendix. It is shown in the Appendix istic nuclei the number obp andhh configurations is large.
that motional narrowing would occur in the long-tifeud-  If the average single-particle damping widkh , is small,
den limit when the effective half-widthy of the stochastic Which is actually the case, thep andhh configurations can
frequency modulation in EqA25) became much narrower P& well approximated by a heat bath. Hence the coupling
than the frequency sprealil (the standard deviation of the Petween the collective phonon and thp andhh configu-

Gaussian distributionin the adiabatic(short-time limit. ~ rations is a de facto GDR-heath bath coupling. The increase
This is possible if the following criteria hold: of the anharmonicities in the coupling of the collective di-

(i) The adiabaticity parameter is much less that 1: pole mode with noncollective states when the temperature
increases has also been a decisive feature in the TDHF de-
scription of the hot GDR irf°Ca in Ref.[32].

7 <1. (2.39

a I‘IGDR

lll. NUMERICAL RESULTS

(i) The frequency spread decreases with increasing
temperature T.

(iii) The effective half-width

In this section we present the results of the calculations of
the GDR width for'?°Sn and?°%Pb as a function of tempera-
ture in a wide range €T< 6 MeV. The results are com-
(2.35 pared with the experimental data of the GDR’s width in

heavy-ion fusion reactions and inelasticscattering. Since

decreases as increasing temperalyretarting from a certain W€ a&re interested in the evolution of the hot GDR via its
valueT,. The valueT, would then denote the lower limit of c0UPling to the single-particle field, we assume that the mi-
the temperature region where motional narrowing took placeS"0Scopic description of th? structure of the g.s. GOR~(
Even though several efforts have been undertaken t§ @nd its spreading widtli' is known. Such a description
search for the evidence of motional narrowing in the hotc@ be found in a number of works such as Refs.
GDR[45-47, it is still debated whether this effect is indeed [35,36,48,4% The microscopic calculations &t*0[12-15
present in realistic situations. The advantage of the presef@ve also shown that the GDR can be considered as a
approach as compared to the adiabatic mddé] and the strongly collective excitation, which is stable against chang-
macroscopic approadi7] is that the parameten can be ing the temperature. Therefore, in order to have a simple and
evaluated microscopically rather than being adjusted to fif'€ar picture, we assume that the g.s. GDR can be generated
the experimental width as in Refi6,47). The present ap- by a single collective and structureless phonon W|_dth energy
proach is also free from the adiabaticity limitation. The fre-@q closed to the energ¥gpr of the g.s. GDR. This GDR
quency spreaad in Egs.(2.34 and (2.35 is determined in Phonon is damped via coupling fth, pp, andhh configu-

terms of the polarization operatét,(w) [Eq. (2.20] as rations. We employ the realistic single-particle energies, cal-
culated in the Woods-Saxon potential =0 for °zr,

p 1205n, and?%®Pb. The parameters of the Woods-Saxon po-
f P3(®)Sy(w)dw tentials have been defined in Rg80]. In 2°%Pb we replace
0 (2.36 the levels near the Fermi surface with the empirical ones.
* d These energies are extended to nonzero temperatures. The
fo Sy(@)dow self-consistent calculations in R¢b1] have shown that the
dependence of the single-particle energies on the temperature
Therefore, examining the temperature dependence ahd  is rather weak up td= 5 ~ 6 MeV. The matrix elements of

7, we hope to be able to clarify the issue related to motionafh€ coupling toph and pp or hh are parametrized a5}
narrowing in hot GDR within the present formalism. =F, for (s,s')=(p,h) and F{=F{Q=F, for (s,s’)

It is worth emphasizing that the obtained results are=(p,p’') or (h,h"). As the ph interaction in the GDR is
physically different from those of the conventional SC-dominated only across the two major shells, which are clos-
FTRPA, which considers thpp and hh configurations at est to the Fermi surface from both sides, the uniform distri-
finite temperature as elementary excitations asptheones.  bution of theph strength over all the levels can be justified if
The pp andhh configurations in the SC-FTRPA, therefore, FZ<F3. The phonon energw,, F;, andF, are three pa-
participate in forming the collective motidphonon. As the  rameters in our model. Their values are chosen for each
FTRPA is in fact a one-phonon approximation, the higher-nucleus so that the empirical quantal widfly and energy
order effects, related to the thermal shape fluctuations anBgpg of the g.s. GDR in these nuclgb2] are reproduced
coupling to more complicate configurations, are averaged oudfter the coupling is switched on, and that tgpr(T), de-
of the FTRPA. The remaining part is only some Landaufined from Eq.(2.20, does not change appreciably with
splitting, which is almost independent on temperature as hagarying temperature. Referen®/] has shown that this kind
been mentioned in the Introductidti2,13. In our formal-  of selection of parameters already include the vibration of
ism, thepp andhh configurations are expressed in terms ofprotons against neutrons in the collective phonon, which
noncollective degrees of freedom and they do not participatgenerates the g.s. GDR. On the other hand, the coupling to

Yert= 7A
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TABLE |. Parameters of the model used in calculations. calculations with a Lorentzian with a width. We have
checked and found that the results of calculations do not vary
wq (MeV) F1 (Mev) F2 (MeV) appreciably in the interval 0.2 Me¥e<1.0 MeV. The re-
1205, 17.0 0.313 1.02 sults, obtained witte= 0.5 MeV, are discussed below.
208py, 13.8 0.103 0.548 Shown in Figs. 1-3 is the imaginary part[lgy(E)] [Eq.

(2.27)] of the complex admittancg,(E), divided by =, for
the GDR in12°Sn at several temperatures. The results in Fig.

2p2h configurations, which leads to the microscopic 1 are obtained via coupling to gih, pp, andhh configura-
temperature-independent spreading wiflth is effectively ~ tions. Figure 2 represents the results of the calculations,
included in the parameté;. The best sets of parameters for which include only the coupling tph configurations. In Fig.
12051 and?°%Pb are presented in the Table I. These values the results, obtained via coupling pg andhh configura-

are kept unchanged throughout the calculationg &t 0.  tions, which appear at # 0, are displayed. The effect of
This ensures that all thermal effects are caused by the micraingle-particle dampingEq. (2.17)], although small, is in-
scopic coupling between the GDR and the single-particleeluded in the calculations. These figures show that the GDR
field, but not by changing parameters. Théunctions inthe bump in a realistic nucleus is a superposition of many
RHS of Egs.(2.17) and (2.18 are replaced in numerical Lorentzians. The quantal effects due to the couplinglo
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FIG. 1. Imaginary part of the complex admittance of the GDRA6n at several temperatures: Results obtained via the coupling to all
ph, pp, andhh configurations.
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FIG. 2. Imaginary part of the complex admittance of the GDRSn at several temperatures: Results obtained via the coupling to only
ph configurations.

configurations(Fig. 2) are getting weaker with increasing nuclei is significantly larger and spreads up to high energies,
temperature. As the result the GDR bump becomes narrowéncluding the GDR region and above it. This makes the GDR
until its width I' g vanishes at high temperatures. At the samepersist even up to very high temperature with all its strength
time the thermal effects due to the couplinggp and hh preserved. As a matter of fact, we also show in these figures
configurations(Fig. 3 enlarge the GDR as the temperaturethe case withif= 10 MeV to demonstrate that the behavior
goes up. Higher thali~ 3—4 MeV the gross structure of the of the hot GDR becomes insensitive to the change of tem-
GDR, caused by thermal effects alone, ceases to change. Therature aff> 3 MeV within this model, even though the
combined effectgFig. 1) give a gross structure of GDR, maximum temperature a realistic finite system could sustain
which changes drastically with increasifigup to 3—4 MeV, is aboutT= 5-6 MeV. As seen from the figures, a pro-
but becomes temperature-independent at highatonserv- nounced structure in the low energy region, which spreads
ing the Thomas-Reiche-KuhiTRK) sum rule for the GDR. up to aroundw= 10 MeV, is developed at= 2 MeV. On
Already in Ref.[30], it has been shown in a simplified the other hand, a part of the GDR strength is shifted to the
model, that there is an energy dissipation from the bump irhigher-energy wing. As the result, the centroid energy of the
Fig. 2 to the one in Fig. 3. We can see here that the realistiGDR remains almost unchanged with varying the tempera-
situation is driven by the same mechanism. The difference iture. As has been pointed out in RE30], the appearance of
that the space opp and hh configurations in realistic hot the low-lying structures may serve as the origin of the “dis-
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FIG. 3. Imaginary part of the complex admittance of the GDR%6n at several temperatures: Results obtained via the couplipg to
andhh configurations.

appearance” of the GDR at high excitation energy in someneutrons, is reduced, vanishing completelyrat 5—-6 MeV
experimentg 26]. In fact, these calculations show that it is because of the increase of stochastic motion of noncollective
hard to isolate such low-lying structures when subtractinglegrees of freedom constituting the heat bath. A similar con-
the exponential background in the experimental spectra. Iflusion has been given in Rdf32] within the TDHF ap-
this is the case, the remaining part can be taken as a GDgroach, which shows a possibility for a rapid loss of collec-
with less collectivity or even as a disappearing GDR. Hencetivity of the isovector dipole mode due to the growing
the hot GDR does not seem to disappear within the presemtisorder in the motion of protons against neutrons. These
model. This result must be understood in the context that theesults are similar to those obtained from directly solving Eq.
damping mechanism of the GDR at high temperatures come&®.20. The strength functio,(w) in Eq. (2.28, calculated
mainly from thermal effects via the coupling fgp andhh based on this solution with the coupling to alh, pp, and
configurations. The quantal effects are due to couplinglto hh configurations taken into account, is presented in Fig. 4.
states, which are responsible for the damping of the g.SComparing this figure with Fig. 1, one can see that they
GDR as the zero sound vanishes at high temperatures. Thisdeed give the same gross structure of the GDR strength
confirms the feature, which has been pointed out in our predistribution at various temperatures. The fine structure is
vious work[30], that as the temperature increases, the possmoother in Fig. 1. The reason is that the calculations of the
sibility for the development of pure quantal collective exci- imaginary part of the complex admittance in Fig. 1 with the
tations, such as the coherent motion of all protons against alame parametes have resulted in a stronger smearing as
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FIG. 4. Strength function of the GDR itfSn, calculated from the poles of the Green functidy(w) via the coupling to alph, pp,

andhh at several temperatures.

compared to the strength functiod,(w) [Compare Egs.
(2.27 and(2.28)].

Shown in Fig. 5 are the probabilitie® (t)|? (upper fig-
ure9 and| ¥ gpr(t)|? (lower figures, deduced from the com-
plex admittancesy(E) [Eqg. (2.26] and xgpr(E) [EQ.
(2.33], respectively. They are plotted as a function df @

MeV, but slowly atT> 3 MeV. It reaches a saturation Bt-
4—-6 MeV.

The width of the GDR, extracted from Fig. 5, and its
components int?°sn and?°®Pb are displayed as a function of
temperature in Fig. & and Gb) in comparison with the
recent inelastiax scattering datg21]. The quantal widtd’q

that the abscissa of the crossing point between them and ti{dashed curveis obtained through the coupling to onfh

horizontal line exp{1) is just equal to the value of the ex-

tracted width 1¢#.=1I" (upper figuresor I" 5pr (lower figures

states. The thermal width; (solid curve comes from the
coupling topp and hh configurations aff# 0. The total

at a given temperature. Another way of plotting these figuresvidth I" ;pg (solid with diamond curveis calculated through

as a function oft instead of 1/ would reveal an obvious
exponential decay of function® (t)|? and| ¥ gpr(t)|?. Fig-
ures %a) and 5b) represent the results obtained 1°Sn,
while Figs. %c) and §d) show the results irf°¥Pb at various

the coupling to allph, pp, andhh configurations, including
the effect of single-particle damping. The width of the
total dipole strength distribution in Fig. 1 is represented by
the dotted curve. In generdlgpg is not the sum ol and

temperatures. The total width of the GDR obviously in-I'y because the poles of the Green functi®g(w) are dif-

creases sharply with increasing temperatliraip to 2—3

ferent due to the coupling to different configurations. It is
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FIG. 5. ProbabilitiegW (t)|2 (upper figuresand| ¥ gpr(t)|? (lower figures for the GDR in*2%Sn (a), (b) and 2°%Pb(c), (d) as a function
of the inversed time 1/at various temperatures. The value of temperaturdleV), at which a curve was calculated, is given by a number
near the curve. The horizontal line is exfX).

clear from this figure that the quantal effect is getting weakehot GDR as a single Lorentzian, centered at the GDR energy
in hot GDR ad' is slowly getting smaller witfT going up.  Egpr(T), which just coincides with the theoretical value
The thermal damping widtf'+, on the contrary, becomes I'gpr. On the other hand, it is experimentally difficult to
rapidly larger with increasingr. As the result,I'gpg in- extract the widtH" of the total dipole strength distribution at
creases sharply &raises up to 3 MeV and slowly at higher T= 3 MeV because of the ambiguities in isolating the low-
temperatures. It reaches a saturated value of around 13lgng structure from the background at high temperatures, as
MeV in 12951 and 10 MeV ir?°®Pb atT= 4—6 MeV. These has been discussed aboigigs. 1 and 4 This may also
evaluations also show that the GDR width at higher temperaS€Vé as an explanation of why some authors have consid-
tures is driven mostly by the thermal width, . The results ered the saturation of the GDR width as the signature of the
of our calculations forl'gpg are in reasonable agreementG‘DRh d|sappe'c_1rance.. h . for 1205

with the experimental data. This agreement is as good as the ShoWn in Fig. &) is the same widt'gpr for “'Sn (a),

one given recently within the adiabatic model in Ref2]. ut plotted as a function of excitation enerfgy in compari-

Our results also cover a much wider temperature region. It iSON With the FWHM of the GDR from the heavy-ion fusion
also seen that the width of the total dipole strength distri- data in tin |sotop¢§1—6]. An OV‘?ra” agreement between.the
bution over the whole interval from 0 up to 40 MeV is found th€ory and expenTe_ntaI data is seen in the whgle region of
in a large discrepancy with the experimental data. In bottfXCitation energie™, including the data at 256E* < 450
nuclei the widthl" increases much more rapidly at low tem- M&V [2]. The predictions of Ref$18] (solid curve and[24]

peratures and reaches the saturation at a lower temperattfféoned curvg are algo shc_>wn. They are S"_“"ar to ours at
T~ 2.5 MeV as compared to the widfigpg. The reason E* < 150 MeV. In this region there is a notlcegblg discrep-
for this discrepancy is a consequence of the fact that th8"CY bftween the dependenceljpr on the excitation en-
effect of coupling to p2h configurations is incorporated in €9y Em, evaluated in the thermal mean-fiesolid with

the present model via choosing the paraméterto repro- ~ diamonds (see Ref[53] for detaily, and the one orEz
duce the empirical value of the quantal widty of the g.s. ~ from the Fermi-gas model with the level density parameter
GDR. Therefore, while the valuBgpg is good as an average a=A/12.(das_he§d The contribution qf h.|gher—mult|pole col-
one for comparing with the experimental data, the Conﬁgujectwe vibrations also affect the excitation energy in the ther-
ration mixing in the calculated strength function is fairly mal mean-field53]. As the resultE,, ¢ is pushed closer to
coarse in order to be well approximated by a single LorentErg.- Therefore we also plot in Fig(6) the same width as a
zian as it is the case in the experiments. This result justunction of E* = (E7 ; + Ef ;)/2 for comparisor(solid curve
confirms the fact that the experiments have approximated theith asterisks
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20 - . T T T Finally, using criteria(i)—(iii), let us examine whether
there is an evidence of motional narrowing in the tempera-
ture dependence of the hot GDR. We have calculated the
adiabaticity parametef;, the frequency spread, and the
effective half-width y., using Egs.(2.34, (2.36, and
(2.35), respectively, in*?°Sn and?°%Pb. The results are plot-
ted as a function of temperature in Fig. 7. Starting frdm

= 1.5 MeV in 2%Sn andT= 1 MeV in 2%%Pb, the value of

7, calculated via coupling tpp andhh configurationgsolid
curves in the top part of Fig.]7 becomes continuously
smaller than one and decreases with increasingThis

0 : : : . : means that criteriofii) is fulfilled, although not so strongly.
@) T (,ﬁev) This criterion is also fulfilled with the values of, calculated

via couping to onlyph configurationgdashed curves in the
top figures, or to allph, pp, andhh ones(solid curves with
diamonds in the top figurgsin order to see the source of
motional narrowing, we have to examine the behavior of the
frequency spread\ [criterion (ii)] and the effective half-
width y« [criterion (iii )]. Taking into account the coupling
to pp and hh configurations,A continuously increases in
general with increasing temperatufsolid curve in the
middle figureg. This means that thermal fluctuations of
shapes are not associated with motional narrowing. At the
same time, the value ok, calculated via coupling t@h
configurations(dashed curves in the middle figuyegon-

I (MeV)

0 1 2 3 4 5 6 tinuously decreases dsgoes up, showing a clear effect of
(b) T (MeV) motional narrowing with the fulfillment of criteriofii). This
90 e effect has a direct connection with the narrowing of the
quantal widthl'g asT increases, as has been discussed pre-
18 ¢ ] viously. It is stronger in?%%Pb. As a result, the value d,
—~ 16} Sn calculated via coupling to apph, pp, andhh configurations,
% behaves differently in two nuclei, namely it increases in
= 47 12051, and slightly decreaséat T= 1.5 MeV) in 2°Pb with
- 12+ increasingT. The resulting effective half-widthy of the
% stochastic frequency modulation of the hot GDR, shown in
= or 4k the bottom part of Fig. 7, decreases continuously with in-
L sl /W - creasingT when the coupling to onlyph configurations
(dashed curvess taken into account. This decrease is also
gt ] seen in the thermal fluctuations of the hot GOBvlid
0 50 100 150 200 250 300 350 400 450 curveg at T= 1-2 MeV. The resulting effective half-width
(c) E (MeV) vei, Calculated via coupling to apph, pp, andhh configu-

rations, starts to decreasesTat 1 MeV in 12°Sn and afT
= 1.5 MeV in 2°%b. From this analysis we conclude that
motional narrowing in the stochastic modulation of the GDR

FIG. 6. Widths of the GDR as a function of temperaturé3?sn
(a) and 2°%b(b), and as a function of excitation energy’if?Sn(c).

The open squares represent the experimental data from inedastic .
scatterind (a) and(b)] and heavy-ion fusion reactiofs). In (a) and energy(frequency modulation of the hot GDRdeed takes

(b), the solid curves with diamonds denote the willigpr, calcu- place atT= _1_1'5 MeV .and t,h's effect. CQ_mes from the
lated at the GDR energy with the coupling to ph, pp, andhh quantal coupling tqz_)h conﬁguratlonicrlt_erla(l|_| )]. Thermal
taken into account. The quantal widfl , obtained via coupling to  €ffect due to coupling tpp andhh configurations(thermal
only ph configurations, is denoted by the dashed curve, while theShape fluctuationsare not associated with motional narrow-
thermal widthl';, caused by coupling tpp andhh configurations, g [criteria i) is not fulfilled] and can be considered as an
is represented by the solid curve. The dotted curves represent tiagliabatic process dt< 1 MeV wheren> 1. In general, the
width T of the total strength function from Fig. 1. The GDR widths, behavior of the hot GDR at high temperatures can be ap-
evaluated in Refl.22] without and including the evaporation width, proximated by the long-timésudden timg limit where cri-

are shown by the dash-dotted and short dashed curves, respectivelgrion (i) holds.
In (c), the solid curve with diamonds represents the wilghg in

(@), plotted as a function dE;, ; (see text The dashed curve is the

same width, but plotted as a function &g, from Fermi-gas

model. The SO_|id curve with asterisks is the same width, plotted as |n the present paper we have proposed an alternative
a function of E* (See text The width, obtained in Ref.18], is  method to calculate the damping width of the hot GDR via
represented by the solid curve, while the result of Ré#] is  the complex admittance of an irreversible process. The rela-
shown by the dotted curve. tion is established between the microscopic theory for the

IV. CONCLUSIONS
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FIG. 7. Adiabaticity parametey (top), frequency spread (middle), and effective half-widthy of the stochastic frequency modulation
in the hot GDR as a function of temperature'#iSn (a)—(c) and 2°%b (d)—(f). The solid curves are the results, obtained via couplingpo
andhh configurations. The dashed curves denote the results, obtained via coupling phamdgfigurations. The solid curve with diamonds
represents the results obtained via coupling tgall pp, andhh configurations.

damping of hot GDR and the macroscopic one for the evoobtained in the heavy-ion fusion reactions and inelastic
lution of the dynamical variable, which describes the evolu-scattering. An overall agreement between theory and experi-
tion of the hot GDR. The microscopic expression for thement is achieved. In comparison to the recent theoretical
complex admittance is derived from the Green function predictions by other theories in Ref4.8,22,24, the present
which describes the propagation of the GDR vibrationapproach is free from the constraint on adiabaticity and also
through the field of noncollective degrees of freediieat  gives a reasonable agreement with experiments within a
bath. much larger temperature interval, including the region of the
The present formalism was then applied to a systematiwidth’s saturation, where the adiabaticity is brokep<( 1).
study of the behavior of the GDR as a function of tempera- The present paper confirms that the thermal effects due to
ture in the nuclei*?®sn and?°%Pb. The values of the calcu- the coupling of the GDR collective vibration to thpgp and
lated damping widthl'gpr of the hot GDR, centered at hh configurations are the source of the increase of the
Ecpr(T), were compared with the recent experimental dataGDR’s width at low excitation energietup to 130-150
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MeV) and of the width saturation at high excitation energieswhere the variationw4(t) is a stochastic process. We can
These effects are fairly enough to account for the thermalvrite down the equation of motion of the phonon propaga-
fluctuations in the hot GDR in finite nuclei. The quantal tion as
width I' due to the coupling of the GDR to onfyh con- _
figurations decreases slowly with increasing temperature Qq(t) =i wg(1)Qq(t). (A2)

Analyzing the calculated strength distribution of the hot
GDR, we see that refined experimental methods are calle@ihe solution of Eq(A2) is
for to explore the low-energy region of the GDR distribution .
in order to isolate a possible low-lying structure. In particu- _ ; Nt
lar, the appearance of the low-lying structure and the diffi- Qq(t)—Qq(O)EX[{I fﬁqu(t dt } (A3)
culties of extracting it from the background are proposed in
this work as one possible reason of the “disappearance” offhe correlation functioF(t) for the GDR phonon propa-
the hot GDR in some experiments. On the other hand a morgation is directly related to the spectral intensiy(w) in
detailed study on the relation between the excitation energiq. (2.30 as
and the temperature in finite nuclei at temperatures below
T= 5 MeV is needed in order to avoid the large uncertainties
when comparing theoretical results and the data.

Finally our results seem to indicate the presence of mo-
tional narrowing in the hot GDR at= 1-1.5 MeV as a Conversely, the spectral intensity is derived from the corre-
consequence of the quantal couplingptio configurations. lation function via the Fourier transform as

A0 =(Q}0Qy(0)= [ 3w do. (a9

1 (= .
Jq(w)=—f Fq(t)e ' dt. (A5)
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t
APPENDIX: RANDOM FREQUENCY MODULATION OF ¢(t)=<ex+f wg”(t’)dt’D. (A7)
THE HOT GDR AS A STOCHASTIC PROCESS 0

Motional narrowing as a feature, which takes place inLet us define the power spectruhjw’) of the stochastic
stochastic processes, has been studied by Kubo and Andq:rrocesgugl)(t), characterizing the frequency modulation, as

son more than four decades gg@,55. Recently the Kubo-  the Fourier transform of the correlation functigi{t) as
Anderson process has been applied to study the possibility of

motional narrowing in hot nuclei in Ref46]. A stochastic 1 (= L,
macroscopic approach to GDR in hot rotating nuclei has also l(w")= ﬁf_m‘b(t)e @ dt, (A8)
been developed in Rdi47] based on the generalized Lange-
vin equation due to Morj56]. Details of the general theory \yhere
on motional narrowing in stochastic processes can be found
in Ref. [34]. A direct application of this theory to the hot o' =0—w, (A9)
GDR within our model is given in this Appendix.

We have shown that the hot GDR can be considered asia the frequency difference measured from the unperturbed
damped oscillator due to the coupling of the collective phofrequencyw,. Assuming that the procemgl)(t) is station-
non to theph, pp, and pp configurations. The broadened ary and Gaussian with the average vaju,’(t))=0, one

frequency spectrum, expressed in terms of the complex agzan define its correlation function from the equation
mittance or the strength function in E.27), is related to

the stochastic nature of the time modulation of the_ phonon (wgl)(to)wl(toﬂ))=<(wgl))2>¢/(t). (A10)
energy(the oscillator frequengy In order to study this, we
assume that the collective phonon, which generates the h@the correlation function(t) is then related with the relax-

GDR, is randomly perturbed so that the phonon energy isition functiony(t) of this Gaussian stochastic process as
modulated in time as

t
wq(t)za)q-ngl)(t), (A1) ¢(t)=ex[{—<(w((:]l))2>fo(t—7)l,b(7')d7 . (A1D)
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Substitutinge(t) in Eq. (A8) with its value from Eq(Al1l),
one can see that the power spectrujfw) of the stochastic
processw{) becomes

()= %fidtem{—iwt—Azf(I(t—T)w(T)dT}.
(A12)

In Eq. (A12) the quantities

A= \((w{?),

(A13)

and

» 1 (=
Te= fo Y(r)dr= PJO (w1(tg) w1(to+1))dt (Al4)

represent the magnitudepread and the rate of the random
frequency modulation, respectively. This leads to €032,
which states that,=T"1 is just the decay time if the cor-
relation functiony(t) of (" (or the probability| ¥ (t)|?)
exhibits a simple exponential decay as

P(t)=e Ve, (A15)
We come to a parameter
\/_2
w
n=Ar.= (1) (A16)

F ’

which characterizes the behavior of the power spectriu)
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o (t)dt' |, (A20)

) t
Qq(t)=Qq(0)e"”qexp{i f

is a Brownian motion on a unit circle in the complex plane.
If the duration time is shorter than the characteristic time,
needed to maintain a frequency shift,

2

od’

T= (A21)

the modulation is averaged out and cannot be seen.

In order to derive the clear criteria of motional narrowing
we must study the duration time, concerning which there are
two extreme cases, namely the short-tintér{<1) and
long-time {/7.>1) limits.

(&) The short-time limit(t/ 7.<<1). The short-time limit
just corresponds to the approximation in E¢A18) and
(A19) when#>1. The correlation function in this case is the
average of exp”) over all possible distributions of the
modulationw?, such as all possible quadrupole shape de-

c q
formations

dod
qs(t):f expli oY) exil — (V) 2202}

J2mA

(A22)

This is an average over an ensemble of oscillators with fre-
quencieSwgl). Each oscillator describes a collective motion
during this short time. In terms of quadrupole shape fluc-
tuations, this dynamical coherent picture takes place if the
guadrupole deformation changes slowly enoughi¢ large

of the stochastic process(l). This parameter is called the enough for the GDR to feel these changes. Hence the short-

adiabaticity parameter in R#47], where it was fitted to the

experimental data of the hot GDR width within an adiabatic
in Refs.

model with shape fluctuations included as
[16,22,28.
If the exponential decay in EqA15) is assumed, the

correlation functiong(t) in Eq. (A7) becomes

d(t)= exp[— AZTc[t_ Te(1— eitlfc)]}

=exd — 7(lr,—1+e V7)]. (A17)

In the limit whereyp—o or r,—o the correlation function
¢(t) in Eq. (AL17) is approximated by
2

A
¢(t)=exp< - ?tZ . (A18)

The power spectrurh(w) of the stochastic process,” then
takes a Gaussian form with the standard deviation

(w)= (A19)

1 w? )
exp ————|.
J27A 2A2

time limit here is nothing buthe adiabatic limitdiscussed in
Ref. [47].

(b) The long-time limift/7.>1). In the long-time limit,
which corresponds tg<1, the correlation functiomb(t) in
Eqg. (A1l) behaves as

P(t)=e Yerltl+2, (A23)

The power spectrur(w) of the stochastic processt) has
a good Lorentzian form

l(w)=— a,zfi 7 (A24)
where the effective half-width is equal to

Yeir=A27c= A <A, (A25)
and

5=A? f : rp(r)dr. (A26)

This long-time limit was calledhe sudden limitn Ref.[47].

This power spectrum becomes narrower and narrower whehhe effective half-widthy.; of the power spectrum(w) in
the parameteA decreases. This phenomenon is known aghe sudden limi{long-time becomes much smaller than the
motional narrowing. Physically it means that the motion ofstandard deviatio of the Gaussian in the adiabatshort-
Qq(t) in Eq. (A3), which is rewritten as time) limit. Hence the sudden limiflong-time limit) is the
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region where motional narrowing may start to show up. Asthis conclusion. AtT# 0 all the quantitiesn, A, and vy
such motional narrowing is incompatible with the adiabaticdepend onT. Therefore the criteriéi)—(iii) of motional nar-
approximation (short-time limi). The recent adiabatic- rowing, mentioned in Sec. Il, are given as a function of tem-
coupling calculations in Ref22], which did not present any perature. In this way one can clearly point out the tempera-
evidence of motional narrowing, is a good confirmation ofture region where motional narrowing takes place.
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