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Time-Dependent Thermal Fluctuations and the Giant Dipole Resonance in Hot, Rotating Nuclei
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A model accounting for the time dependence of thermal shape fluctuations in hot nuclei and their
eff'ects on the giant dipole resonance (GDR) is presented. Experimental data for Er and Sn isotopes are
compared with theoretical calculations, and evidence for the motional narrowing of the GDR is investi-
gated.

a„(E) Z ' „drexp[ —F(P, y, 0;J,T)/Tl

x g„(P,y, fi;E,J),
where E is the photon energy, 0 represents the Euler an-

gles (&, H, tir), F is the free energy, dr is the volume ele-

ment, and Z=fdrexp( F/T) is the pa—rtition func-
tion. This procedure for including thermal shape Auc-

tuations was followed by Gallardo et al. , Pacheco,
Yannouleas, and Broglia, ' and Alhassid, Bush, and
Levit. " A schematic estimate of the spread in dipole
frequencies implied by this procedure can be obtained by
using liquid-drop parameters for the free energy. One
ynds[2

Dms —1.3JT MeV. (3)

It is expected, however, that the time available for the
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Heavy-ion collisions permit the study of the giant di-

pole resonance (GDR) built upon states with relatively

high excitation energy. This has prompted an extensive
experimental investigation of the properties of the GDR
in hot nuclei. ' s The GDR acts as a probe of the nuclear

shape because of its coupling with the quadrupole shape
deformation, which can be characterized by the parame-
ters p and y, defining an ellipsoid with radii Rk

Roexp[ —J5/4trPcos(y+2trk/3)], where k 1, 2, and
3 denotes the x, y, and z axes. The coupling between the
dipole and the quadrupole shapes then leads to three fun-

damental vibrations with frequency

mk moexp[ —v 5/4trPcos(y+2trk/3)],

where too is the frequency of the spherical shape. In ad-

dition to the equilibrium shape, thermal fluctuations al-
low the nucleus to sample a variety of shapes and orien-
tations. If the time scale of these fluctuations is slow

compared to the changes in the frequencies induced by
the fluctuations, then the frequency changes may be
viewed as adiabatic, and the photoabsorption cross sec-
tion for the pth spherical (+1,0) component in a nu-

cleus with temperature T and spin J may be written as

nucleus to experience each deformation and orientation
decreases with increasing excitation energy. ' ' In this
case, the nucleus spends, on the average, a time r at a
given deformation and orientation before "hopping" to
another. When hopping is considered, the simple idea of
superimposing the line shapes at each deformation and
orientation is inadequate. In particular, when I =1/r is
much larger than the spread in frequencies, Ro, caused

by the ensemble of shapes and orientations, a narrowing
of the line shape is expected. This phenomenon, known

as motional narrowing, occurs whenever a periodic reso-
nant process undergoes a time-dependent perturbation
with a rate of frequency shifts that exceeds bm (i.e.,
bm/r«I).

The first discussion of the time dependence in the
thermal fluctuations of the GDR was that of Lauritzen
et al. ' This model, based on the formalism for
strength-function phenomena (cf. Appendix 2D of Ref.
14), although having the correct general behavior for a
one-dimensional resonant process, did not allow for ei-
ther fluctuations in the orientation or a coupling between
resonant lines, features that are essential for the proper
description of the GDR in excited nuclei. In this Letter,
we propose a model making use of the Kubo-Anderson
process' to describe the giant dipole in a hot, rapidly ro-
tating nucleus that is free from these limitations. Com-
parisons with experimental data for Er and Sn isotopes
are made, and a discussion of the current theoretical
problems is given, along with suggestions for future ex-
periments that may isolate the phenomenon of motional
narrowing in nuclei. %'e note that, recently, Alhassid
and Bush's addressed this same problem using a
different technique based on the Langevin equation.

The collective vibration of the GDR is simulated by a
rotating, three-dimensional classical harmonic oscillator,
whose equations of motion in the rotating frame are'

dk+I jdk+tot, ds —[mtt x (mg xd)lk

—2(mtt xd)t, —(mt' xd)t, , (4)

where I [ is the intrinsic dipole width, mt, is given by Eq.
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(I), and aiR is the angular velocity of the rotating nu-

cleus, which was obtained by integrating the equations of
motion for a rotating rigid body with spin J Ji in the
fixed laboratory frame.

The intrinsic width I I, is composed of two parts. The
first, which we refer to as I o, is due to the coupling be-

tween the GDR and low-lying 2p-2h states, and finite-

temperature calculations have found it to be roughly in-

dependent of temperature. ' The second is due to
nucleon-nucleon collisions, and is estimated to increase
with temperature according to I „~1 0.35T' MeU. '

This calculation, however, did not include surface effects,
and being conservative, we estimate the uncertainty in

I „~~ to be approximately a factor of 2. In keeping with

this information, and making use of the parametrization
of Ref. 20, we take the total intrinsic width as

Ii (I o+ I os) (cpk/coo) (5)

P(a, t i ap, tp) = e

+(1 —e "' "')p(a), (6)

where I is the mean jumping rate and p(a) is the sta-
tionary probability distribution, Z 'e

The mean time between jumps may be viewed as a re-
laxation time for the quadrupole degree of freedom. No
clear knowledge of this quantity exists, and different esti-
mates depend on the Ansatz made concerning the nature
of the nuclear configurations (each having a definite de-
formation and orientation) participating in the com-
pound-nucleus eigenstates. Assuming these configura-
tions to be uncorrelated, multiquasiparticle states, one
can relate I to the single-quasiparticle width, obtaining
I =0.341*=0.034AT . ' Making the Ansatz that the
(unperturbed) nuclear configurations are coherent sur-

face states, information on the relaxation time may be
obtained from fission data, which lead to I (0.1 MeV
for A ) 150 (T= 2 MeV, J=40h). Comparing with

Eq. (3), it is seen that the first estimate implies motional
narrowing already at T~ 1 MeU, whereas the second
leads to an adiabatic situation. Furthermore, it is entire-

ly possible that the jumping rate for the deformation
coordinates P and y may be different from that associat-
ed with the Euler angles. This last quantity is likely to
be connected with the damping width I,«of rotational

where I p, cop, and b' are parameters determined from ex-
perimental data on the GDR built on the ground state.

To account for time-dependent thermal IIuctuations, a
mechanism allowing for jumps between the various de-

formations and orientations must be introduced. The
simplest model for such a jumping is what is known as a
Kubo-Anderson process (KAP). '5 2' In this model,

jumps are made between the various deformations and
orientations independent of the initial starting point.
The conditional probability P(a, t

~ ao, to) of having the
deformation a (P, y, Q) at time t after having been at
the point ap at time tp is simply

"" "'a(a —a, )

motion. |3 With these points in mind, it remains an op n

question as to the proper time scales for the variety of
thermal Auctuations relevant to the study of the GDR
observed in compound-nuclear reactions.

The photoabsorption cross section can be obtained by
applying a harmonic, external force to Eq. (4). If the
magnitude of the force is unity, then

(E) 4rr 6 ZiV 2 (P (E))
mc A 3

(7)

where the external force is composed of spherical tensor
(p) components in the laboratory frame with frequency
cp E/h, and (P„(E)) is the average power delivered by
the force (cf. p. 50 of Ref. 17). In general, experiments
from heavy-ion collisions do not measure the individual
components of the GDR directly, but rather the total
cross section, crT —g„cr„. In the case of the rotating nu-

cleus, however, information regarding the individual
components may be obtained from the angular distribu-
tions. In particular, the az angular distribution coef-
ficient, a2 [0.5crp —0.25(cri+ a- ~)]/aT.

In this work, cr„was evaluated via Eq. (7) by first
selecting an ensemble of 400 initial points, and then in-

tegrating the equations of motion for the time periodt,„200I, i.e., approximately 200 jumps. 2 At each
time-integration step, t; t; —1+At, the probability of a
jump to a new deformation and orientation a; (p, y, 0);
is htI . If this probability is satisfied, then a new point is

selected from the stationary probability distribution

p(a) by applying the von Neumann rejection technique.
After each jump, the angular velocity was adjusted so
that the angular momentum of the rigid rotor was con-
served. In addition, after each change in orientation of
the intrinsic system, the dipole coordinates d; and d;
were adjusted so that the corresponding quantities in the
fixed laboratory frame were continuous.

The free energy for each nucleus was calculated using
the standard Nilsson-Strutinksy procedure2s with the
liquid-drop parameters of Ref. 26 and the Nilsson-model
parameters given in Ref. 27. At finite spin, the rotation-
al part of the free energy was taken to be that of a rigid
rotor. The general features for the two nuclei studied in

this work are that for Er the shell corrections lead to a
prolate deformed nucleus at zero temperature with

P=0.3, disappearing gradually at T=2 MeV. For
'' Sn, the shell corrections are essentially negligible and
the free energy is governed by the liquid-drop part.

For comparisons with experimental data, we note that
in compound-nuclear reactions, GDR y rays are emitted
from all angular momenta up to the maximum value,
and from all daughter nuclei of a light-particle cascade.
Here, the summations were replaced by inserting proper-
ly averaged angular momentum and temperature. '

Given the uncertainties in the estimates of I men-
tioned above, rather than make comparisons with experi-
rnental data at each temperature, we focus on two sets of
experimental data to see if evidence for motional narrow-
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ing in the GDR exists. In Fig. 1, a comparison between
experimental data and our model for the compound-
nuclear systems '' Sn at T= 1.3 MeV (Ref. 1) and
T=2.8 MeV, and ' Er at T=1.2 MeV (Ref. 2) is

shown. The calculations were performed with up=15. 5
MeV, I o=4.5 MeV, and 8=1.6 for '' Sn and o)p=14.3
MeV, I o=3.97 MeV, and 8=1.8 for ' Er. For com-
parison, three values of I were used: I =0 MeV (adia-
batic), I =Au, and I =6bro (motionally narrowed). Al-
though experimental information is not available, we
have also performed the calculations for the ' Er com-
pound system with T=2.8 MeV and (J) =40t'i [Fig.
I(d)1.

At T = 1 MeV the Sn data seem to indicate the pres-
ence of motional narrowing. The experimental centroid,
Eo=15.5 MeV, and the full width at half maximum,
I FwHM =6.0 MeV, are inconsistent with the adiabatic
calculation, Eo 14 MeV and I FwHM=7. 8 MeV, but
are in good agreement with the motionally narrowed re-
sults. We point out that the narrowing of the line shape
in the motionally narrowed limit in our calculations is
primarily caused by rapid fluctuations of the orientation
variables. This eff'ect is easily understood by noting that
jumps in the orientation effectively transfer a vibration
from one principal axis to another. If the time scale of
these transfers is very short, then the system cannot dis-

200--
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FIG. 1. Comparison between experimental data (solid hnes

representing the results of cascade calculations) and our model

for the compound systems " Sn at (a) T =1.3 MeV, (J) =216
and (b) T=2.8 MeV, (J) =406, and ' ~Er at (c) T=1.2 MeV,
(J)=15h (with I „i|=0.9T' ) and (d) T=2.8 MeV, (1)
=406. Results for three values of I are shown: I =0 (dashed

line), I =Bc@ (dash-dotted lines), and I =68co (dotted lines).
Typical experimental errors (not shown) amount to = 10/o of
the corresponding cross section. Experimentally, the total
GDR strength is rather poorly determined, and in the figure
the data were normalized to 100% of the classical sum rule.
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tinguish the different frequencies along each axis, and at
zero spin the response to an external force is with a fre-
quency that is the average of the fundmental modes (cf.
Ref. 21, pp. 138-145). If, on the other hand, the jumps
in the orientation variables are very slow, while those in

the P and y variables are fast, the individual peaks corre-
sponding to vibrations along the intrinsic axes may be
motionally narrowed but in practice lead to a total cross
section oT that is essentially the same as the adiabatic
result because of the large intrinsic dipole width. The a2
coefficient, on the other hand, would be enhanced some-
what over the adiabatic result.

Finally, with regard to " Sn at T=l MeV, the adia-
batic cross section could be brought into agreement with

the experimental data only in the event that " Sn were
to have very strong spherical shell corrections at T= 1.3
MeV. This is not very likely, however, because, although
the protons fill a complete major shell (Z =50), the neu-

trons have an open-shell con6guration, leading to a near
cancellation in the proton and neutron shell corrections.

At higher temperatures, we note that all calculations
yield a I FwHM that is somewhat smaller than the experi-
mental value for '' Sn. However, the collisional contri-
bution to the intrinsic width is somewhat uncertain, and
we find that if I „11 is increased by approximately a fac-
tor of 2, the motionally narrowed calculation is in overall
agreement with the experimental data.

For ' Er, the data seem to favor the adiabatic pic-
ture, which is not inconsistent with the relaxation times
obtained from fission data in this region. In the motion-
ally narrowed limit, the strength function tends towards
one peak, apparently destroying the deformation effects.
This is again due to rapid fluctuations in the orientation
of the system.

In Fig. 2, we display the coefficients aq for the four
systems shown in Fig. 1. We note that the differences in

the two regimes are more apparent in the high-spin and
high-temperature limits. In particular, we observe a
clear repolarization in the case of " Sn with increasing
temperature [see Fig. 2(b)]. We note that even though
the average spin is increased by = 20 units, the adiabat-
ic prediction for the a2 coefficient is essentially un-

changed from the low-temperature result. However, if
motional narrowing occurs, then there should be a clear
enhancement in the a2 coefficient with increasing tem-
perature, even though there is no clear difference in the
total cross section, as is evident in Fig. 1(b). The experi-
mental measurement of aq is quite diflicult, and given
the current quality of the data, the differences shown in

Fig. 2 are not yet observable. However, with the devel-

opment and deployment of large solid-angle y-ray detec-
tors, it may be possible to improve the experimental pre-
cision to the point that such a comparison is possible.

We conclude by noting that the observation of the gi-
ant dipole resonance in hot nuclei is affected in an essen-
tial way by large-amplitude thermal fluctuations. In this
work, a model simulating the GDR in hot, rotating nu-
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FIG. 2. The aq-angular distribution coefficients for the four

systems shown in Fig. 1, with I =0 (dashed lines), I bco

(dash-dotted lines), and I 6b'co (dotted lines).

clei taking into account the time dependence of these
fluctuations was presented. Further, experimental data
on the Sn system support the hypothesis that the time
scale of these thermal fluctuations may be such that the
GDR is motionally narrowed even at relatively low exci-
tation energies, T = 1 MeV. On the other hand, data at
comparable temperatures for the Er system do not sup-
port this conclusion. However, the Ansatz of a single re-
laxation time for all the quadrupole degrees of freedom
is not likely to be valid in the case of deformed nuclei.
In fact, the Er data could still be compatible with
motional narrowing provided that the relaxation width
associated with the orientation I „ is small compared to
Ra, while that for the P and y degrees of freedom is

larger than 8'co. In order to clarify this question, experi-
mental data at higher excitation energies for the ' Er
compound system are needed, as are higher-resolution
data for the angular distributions, and data on the fission
relaxation time in Sn nuclei.
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