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Evidence for DiN'erent Time Scales Controlling Thermal Fluctuations in Hot Nuclei
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A comparison between the predictions of a theoretical model describing the giant dipole resonance in

hot nuclei, which includes the coupling to time-dependent thermal fluctuations of the nuclear surface,

and experimental data on the cross section and the angular distribution associated with the dipole decay

of Mo* is presented. EA'ects of diA'erent time scales for fluctuations in the deformation and orientation

degrees of freedom are observed.

PACS numbers: 24.30.Cz, 23.20.En, 24.60.Dr, 24.60.Ky

The study of nuclear structure at finite temperature is

one of the central issues lying at the forefront of nuclear

research. In it, the interplay between single-particle and

collective degrees of freedom typical of nuclear structure
studies [1] acquires a new dimension because of the ubi-

quitous role played in this coupling by the compound nu-

cleus.
The modern view of nuclear research at finite tempera-

ture is based on the Axel-Brink hypothesis, which states
that one can build a giant dipole resonance (GDR) upon

any excited state. Recent work [2-5] has shown the need

to generalize this hypothesis by taking into account the
fact that the excited states do not merely act as an

undifferentiated base upon which one builds a collective
excitation, but can also couple to it and modify its proper-
ties in an important way. The study of this coupling is

proving to be important in the understanding of the sta-
bility of collective motion in nuclei (cf., e.g. , Ref. [6])
and the role played by the time dependence of fluctua-
tions of the nuclear surface in the damping of the GDR,
in particular, the relevant time scales related to thermal
fluctuations of the deformation and orientation degrees of
freedom [4,5].

In the present paper, we analyze the strength function
and angular distribution associated with the recently
measured decay of Mo* [7]. We primarily investigate
the influence of time-dependent thermal fluctuations of

the nuclear surface on the properties of GDR, focusing

the attention on the possibility that fluctuations in the de-

formation and orientation degrees of freedom may exhibit

different time scales.
The coupling between the dipole and the quadrupole

shape leads to three fundamental vibrations with frequen-

cy

mk =mD exp[ —45/4trP cos(y+ 2trk/3)],

where k =1,2, 3 denote the principal axes in the intrinsic

frame. The quadrupole deformation is characterized by
the parameters P and y which measure the ratio between

axes of the ellipsoid and its departure from axial symme-

try [1].
In the calculations presented below, the GDR is simu-

lated by a rotating, three-dimensional harmonic oscilla-

tor, whose equation of motion in the rotating frame is [5]

dk+I idk+to/dk = —[mtt x(mtt xd)]& —2(m xd)„,
(2)

where I f, is the intrinsic dipole width, mk is given by Eq.
(1), and mt' is the angular velocity of the rotating nu-

cleus. The rotational frequency was assumed to be along
the fixed laboratory z axis, and was determined from the
average angular momentum for the compound nuclear re-
action including thermal fluctuations, i.e.,

(J) =Z ' dr d(p, y, 8, tlt)tottexp[ —[Fo(p, y, T) ——,
' d(p, y, 8, y)tott]/Tj, (3)

where dr =P dPsin3ydydQ, Z=fdre I, Fo is the
nuclear free energy at mR =0, and dt(p, y, 8, tlr) is given by

d'(p, y, 8, y) =op'icos tlrsin 8+d'2sin @sin 8+83cos 8,
where y and 0 are two of the Euler angles defining the
orientation of the system, and the cled are the nuclear mo-
ments of inertia and are functions of P and y. Here,
rigid-body values were used, assuming the radius to be

l R =1.2A ' fm. Also, the free energies were evaluated
using the Nilsson-Strutinsky method and the Nilsson and

liquid-drop parameters of Refs. [8] and [9], respectively.
Including the eAects of thermal fluctuations, we find for
2Mo at T =2.0 MeV and (J) =33h, hmtt =1.11 MeV

The intrinsic dipole width I / appearing in Eq. (2) is

due to the coupling between the GDR and low-lying
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two-particle-two-hole states. M"king use of the parame-
trization of Ref. [10], the intrinsic width for each com-
ponent k is taken to be I k =I [tok/toD], where I, coD,

and 6 are parameters generally determined from the
ground-state data of the GDR.

The GDR photoabsorption cross sections can be ob-
tained by applying a harmonic, external force f(t) to Eq.
(2) [5]. If the magnitude of the applied force is unity,
then

(E)=4K'6 ZN 2(P(E))
M A 3

(4)

where f(t) is composed of spherical tensor (p) com-
ponents in the laboratory frame with frequency to =E/ft,
and (P„(E))=1/T J p f„(t) d(t)dt is the average power
delivered by the external force. The total cross section is

given by the sum oT=+o„, while the angular-distribu-
tion quadrupole a2 coeScient, defined in the relation
tr(E, 8) =aT(E) [I +a2(E)Pz(cos0)], is given by

1
[0.5op —0.25(ol+ o —1)], (5)

where for the cases studied here 0 is the angle between

the emitted photon and the incident beam direction.
As the excitation energy of the nucleus increases,

large-amplitude, thermal fluctuations of the nuclear

shape become important [2-4,11]. If the time scale of
these fluctuations is long compared to the shift in the
GDR frequency induced by the shape changes, the adia-
batic approximation is valid, and the GDR cross section
is given by the superposition

o„(E)=Z ' dr o„(E,P, y n)e (6)

where X is the mean jumping rate andy(a) is the station-

ary probability distribution Z 'e . A general fea-
ture of time-dependent fluctuations on the GDR is that as

k increases, the eAects of thermal fluctuations on the line

shape are mitigated: a phenomenon known as motional
narrowing.

We evaluate o„via Eq. (4) by selecting an ensemble of
500 (1000 for the adiabatic calculations) initial points
distributed according to the stationary probability distri-
bution, and then integrating the equations of motion for

However, as the time scale for the fluctuations decreases,
Eq. (6) is no longer valid, and we have accounted for
time-dependent fluctuations using a model based on the
Kubo-Anderson process [12]. In this model, jumps are
made between the various deformations and orientations
independent of the initial starting point, and the condi-
tional probability P(a, t, ap, tp) of having deformation
a—= (P, y, 0) at time t, after having been at the point ap at
time to, is

P(a, t, ap, tp) =e ' 8(a —ap)+ (I —e ' )p(a),

the time period t~,„=IOOX (=100 jumps) using a
fifth-order Runge-Kutta algorithm with time step h, t
= 2tr/40toD. The time step was chosen so as to conserve
the energy in the undamped and adiabatic limit to within

1 part in 10 for approximately 200oscillator periods. At
each integration time step the probability of making a

jump to a new deformation and orientation is Xht. Final-

ly, o„ is then taken as the ensemble average. We note
that in the adiabatic limit (X =0), this procedure is iden-

tical to integrating Eq. (6) using Monte Carlo techniques.
The theoretical uncertainties were obtained from the en-

semble variance and were largest in the adiabatic limit,
but were typically less than 0.5 mb.

The quantity I/l may be viewed as the relaxation time
for the quadrupole degrees of freedom. We note that it is

possible that the relaxation times for deformation and

orientation coordinates may be diflerent, as they are re-

lated to the coupling of vibrations and rotations in a hot

nucleus with states of the compound nucleus. Here, we

account for diff'erent time scales by treating deformation
and orientation jumps separately. Assuming two relaxa-
tion times kp~ and X&, with Xp~» Xo, the probability of
making a jump in the (p, y) coordinates in the time inter-
val ht is kp„At If this . condition was satisfied at any in-

tegration step, the conditional probability of k„/A, ~„was
used to determine if a jump also occurred in the orienta-
tion coordinates. In either case, the new deformations
and/or orientations were chosen according to the station-

ary probability distribution.
Very little information regarding Xp„and ko is known,

and, therefore, we have evaluated OT and a2 with dif-
ferent combinations of lp„and X& in order to best repro-
duce the experimental data by minimizing the error-
weighted g between the theoretical and experimental
points for both the cross section and a2 coeScient for en-

ergies greater than 10 meV. We define g /v as

g'/v = (g ', +g 2, )/(N —
n~ ),

where 1V is the number data points, n~ is the number of
fitted parameters, and g, and g, , are the error-weighted

chi square between experiment and theory for the cross
section and a2 coefticient, respectively. The cutoA' in the

experimental data was introduced because below this en-

ergy the gamma-ray spectra are dominated by statistical,
nondipole E1 transitions, and the quoted experimental
uncertainties do not reflect any uncertainties in the un-

folding of the statistical E1 spectrum.
The two remaining parameters that enter our calcula-

tions are the total strength of the resonance and the in-

trinsic width I. For the total strength of the resonance,
we multiply Eq. (4) by the factor S and minimize the

g /v with respect to S. Generally, we find S=0.9-1.1.

As for the intrinsic width, the zero-temperature value of
I is —5 MeV [13],but the cross section is not described

by a single Lorentzian with this width very well. Also, we

note that although theoretical studies indicate that the in-
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