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Scaling Properties of the Giant Dipole Resonance Width in Hot Rotating Nuclei
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We study the systematics of the giant dipole resonance widthG in hot rotating nuclei as a function
of temperatureT , spin J, and massA. We compare available experimental results with theoretical
calculations that include thermal shape fluctuations in nuclei ranging fromA  45 to A  208.
Using the appropriate scaled variables, we find a simple phenomenological functionGsA, T , Jd which
approximates the global behavior of the giant dipole resonance width in the liquid drop model. We
reanalyze recent experimental and theoretical results for the resonance width in Sn isotopes and208Pb.
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Hot rotating nuclei are usually produced in heavy io
fusion reactions through transfer of the energy and ang
momentum of the relative motion into internal degrees
freedom. The resulting hot nucleus can decay through p
ticle andg-ray emission. From the decay patterns of the
nuclei one can hope to understand their properties un
extreme conditions such as high temperature and spin
particularly useful experimental probe in the study of h
nuclei has been the giant dipole resonance (GDR) [1
At zero temperature, the GDR vibrational frequency is
versely proportional to the length of the axis along whi
the vibration occurs, and the quadrupole deformation of
nucleus can be inferred from the splitting of the GDR pe
At finite temperature the nuclear shape fluctuates, and
relationship between the shape and the observed reson
properties is more complex. In the adiabatic limit the o
served GDR strength function is calculated through an
erage over a thermal ensemble of shapes correspon
to all quadrupole degrees of freedom [3]. These inclu
both the intrinsic shape and the nuclear orientation with
spect to its rotation axis. The fluctuation theory expla
successfully both the observed cross section and ang
anisotropy of the GDR radiation [4–6].

In recent years, a wealth of experimental results for
GDR has become available in wider regions of tempe
ture and spin [6–9]. In the fusion experiments, high
excitation energies are usually accompanied by lar
amounts of angular momentum transfer. However,
recent inelastic scattering experiments of light partic
(e.g., a particles) from heavy nuclei the GDR could b
excited over a range of temperatures without substan
angular momentum transfer [9]. Although detailed the
retical analyses of the GDR have been done in many
clei, a comprehensive study of its global features has b
lacking. In this Letter we present a systematic analysis
the GDR width as a function of temperatureT , spinJ, and
massA. We compare available experimental results w
theoretical calculations in nuclei ranging fromA , 45 to
A , 208. The calculations include thermal shape fluctu
tions using both Nilsson-Strutinsky (NS) and liquid dro
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(LD) free energy surfaces. We find that by introducin
appropriate scaling of the variables it is possible to a
proximate the GDR widthGsA, T , Jd in the LD regime by
a simple phenomenological function.

A theory of hot rotating nuclei was developed in the
framework of the Landau theory, where the quadrupo
deformation parameters in the laboratory framea2m (m 
22, . . . , 2) play the role of the order parameters [10]. Th
free energy at constant temperatureT and angular velocity
v is expanded in the form

FsT , v; a2md  FsT , v  0; b, gd

2
1
2

sv̂ ? I ? v̂dv2, (1)

where b, g are the intrinsic shape parameters. Th
quantity v̂ ? I ? v̂  Ix0x0 sin2 u cos2 f 1 Iy0y0 sin2 u 3

sin2 f 1 Iz0z0 cos2 u is the moment of inertia about the
rotation axis v̂, expressed in terms of the principa
moments of inertiaIx0x0 , Iy0y0 , Iz0z0 , and the Euler angles
V  sc, u, fd that describe the nuclear orientation with
respect to the rotation axis. In the finite nuclear sys
tem, fluctuations in the order parameters are importa
and the probability of finding the nucleus in a stat
with deformationa2m is given by the Boltzmann factor
expf2FsT , v; a2mdyT g [11–14]. At high spins it is
necessary to project on constant spin [15], and in th
saddle point approximation the free energy at spinJ is the
Legendre transform of (1)

FsT , J; a2md  FsT , v  0; b, gd 1
sJ 1 1y2d2

2v̂ ? I ? v̂
. (2)

In the nonrotating (v  0) case, the GDR absorption
cross section at a fixed shapea2m is described by a su-
perposition of Lorentzians with centroids inversely pro
portional to the lengthsRj of the corresponding principal
axes:Ej  E0sR0yRjd, and widths satisfying a power law
Gj  G0sAdsEjyE0dd (with d  1.6). TheRj depend on
the intrinsic shape through the Hill-Wheeler parametriza
tion Rj  R0 expf2

p
5y4p b cossg 2 2pjy3dg. E0 and
© 1998 The American Physical Society
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G0sAd are the mass-dependent energy and width, resp
tively, for a spherical shape and are assumed to be te
perature independent. Forv fi 0, the eigenfrequencies
Ejsvd are affected by the Coriolis force, and it is nece
sary to transform from the rotating frame to the laborato
frame [13].

At constant temperature and spin, the observed GD
cross section is calculated by a thermal average of
shape-dependent cross section [15]

ssEg ; J, T d 
1
Z

Z
D fag

3
e2FsT ,J;a2mdyT

sv̂ ? I ? v̂d3y2 ssEg; v, a2md , (3)

where the measure is given by [13]D fag 
b4 j sin3g j dbdgdV, and Z 

R
D fag expf2FyTgy

sv̂ ? I ? v̂d3y2 is the partition function.
The free energy surface atv  0 and the principal

moments of inertia are calculated using either an N
approach (which includes shell corrections), or the L
model. At higher temperatures, shell effects melt and bo
approaches agree well with each other.

We have carried out a comprehensive study of t
GDR over a wide range of nuclei for which experimenta
data exist [7]: 45Sc, 59,63Cu, 90Zr, 92,100Mo, 106 120Sn,
156Dy, 166,168Er, 188W, and208Pb. We find that a simple
behavior emerges in the LD model. We first examine t
spin dependence of the widthG at fixed temperatureT .
Figure 1(a) showsG versus spin for59,63Cu. The symbols
are the experimental results and the lines are theoret
LD calculations. The overall agreement between theo
and experiment is good (except at lowT where the LD
model does not apply); the width is insensitive to sp
for J & 20h̄ and increases at higher spins. Similarly
in Fig. 1(b) we show the spin dependence of width
106Sn, where our LD calculations atT  1.8 MeV (solid)
reproduce well the experimental behavior [8], and accou
for up to ,20% enhancement at high spins over th
calculations of [8] (dashes). For106Sn the width remains
insensitive to spin up to a higher spin ofJ & 30h̄. In
Fig. 1(c) we show the LDG versusJ at T  2 MeV
for several nuclei in different mass regions for spins u
to their respective fission limit. The sensitivity of the
GDR width to spin is larger for the lighter nuclei as i
expected from their smaller moment of inertia. We hav
investigated several possible scalings to relate the redu
widths GsT , J, AdyGsT , J  0, Ad of various masses. At
high spins, the rotational energyJ2y2I dominates. Since
for a rigid bodyI ~ A5y3, this suggests a scaling of the spi
by A5y6. Figures 1(d) and 1(e) show the reduced wid
as a function ofj ; JyA5y6. At a fixed temperature the
reduced width for various masses falls approximately on
single curve. While this is clearly not an exact scalin
of the theory described by Eqs. (2) and (3), it provide
a rather good approximation. The scaling improves wi
increasing temperature. We remark that a significant m
dependence of the width is observed when plotted eith
ec-
m-
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FIG. 1. Spin dependence of the GDR widthG. (a) Compari-
son between experiment (symbols) and LD theory atT  1.8
(solid line) and T  1.5, 2.1 MeV (lower and upper dotted
lines, respectively) in59,63Cu. (b) The experimental widths
in 106Sn [8] compared with our LD widths (solid line) and
those calculated in [8] (dashes). (c) Systematics ofG vs spin
J (using LD surfaces) atT  2 MeV for 59Cu, 90Zr, 120Sn,
and 208Pb. (d) GsT , J , AdyGsT , J  0, Ad vs j ; JyA5y6 for
all nuclei shown in (c) and forT  2 MeV. (e) Same as
(d) but for T  1, 4 MeV displaying temperature dependence
at j . 1. (f) fGsT , J , AdyGsT , J  0, AdgsTyT013dy4 vs j for
T  1, 2, 3, 4 MeV for the nuclei in (c). The solid curve is
the scaling functionLsjd (see text).

versus angular velocityv or the rotation parametery of
the LD [16].

The scaling curves in Fig. 1(e) exhibit a significan
temperature dependence. We choose the reduced wi
GsT0, J, AdyGsT0, J  0, Ad at T0  1 MeV to be our
“reference” function Lsjd with j  JyA5y6. The re-
duced widths at different temperatures are related throu
the power lawfGsT , J, AdyGsT , J  0, AdgsTyT013dy4 as is
shown in Fig. 1(f). Hence the approximate spin depen
dence ofG is described byGsT , J, AdyGsT , J  0, Ad ø
fLsjdg4ysTyT013d.

Next we examine the temperature (and mass) depe
dence of the width at zero spinGsT , J  0, Ad. In the
left panel of Fig. 2 we show the experimental width
at low spin (J & 20h̄) for 59,63Cu as a function ofT
in comparison with exact LD calculations (solid line).
The quantity GsT , J  0, Ad 2 G0sAd [where G0sAd is
the width for a spherical shape] increases monotonical
from zero as a function ofT . At high temperatures
it behaves as

p
T : using the leading order termBb2
543
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FIG. 2. Temperature dependence of the width. Left:G (for
J & 20h̄) as a function ofT for 59,63Cu from experiment
(symbols) and theory (solid line). Right:GsT , J  0, Ad 2 G0
as a function ofT for 90Zr from the LD calculations (boxes), a
fit to csAd lns1 1 TyT0d (solid line) and a

p
T behavior (dotted

line) which generally fits well at largeT .

for the LD free energy (withB constant), we can re-
move the temperature dependence in the Boltzmann fac
expf2Bb2yTg, by scalingb by

p
T . This works well only

for temperaturesT * 2 MeV, and a much better global fit
is obtained fromGsT , J  0, Ad 2 G0sAd ø csAd lns1 1

TyT0d, whereT0  1 MeV is the reference temperature
and csAd is a constant depending weakly onA. In the
right panel of Fig. 2, we show this fitting function for90Zr
(solid line) and compare it with the liquid drop calculation
(squares). The dashed line demonstrates the

p
T behavior

at largeT . The functioncsAd depends on the choice ofG0,
since increasing the widthG0 does not result in a constant
shift of the width at all temperatures, but rather a mod
fication of the prefactorcsAd. A parametrization which
seems to work well over the mass range studied (and
our physical choices ofG0) is csAd ø 6.45 2 Ay100.

We conclude that a good phenomenological formula
describe the global dependence of the LD GDR width o
temperature, spin, and mass is

GsT , J, Ad  GsT , J  0, Ad

"
L

√
J

A5y6

!#4yfsTyT0d13g

GsT , J  0, Ad  G0sAd 1 csAd lns1 1 TyT0d .
(4)

G0sAd is usually extracted from the measured ground sta
GDR, andT0  1 MeV is a reference temperature.Lsjd
is the scaling function shown in Fig. 1(f), which can be ap
proximately fitted byLsjd 2 1 ø 1.8f1 1 es1.32jdy0.2g21.
Equations (4) provide an approximate description of th
systematic behavior of the GDR width in nuclei where th
LD model is valid, i.e., in nuclei where shell effects ar
small or at temperatures where shell effects have alrea
melted. In the top panel of Fig. 3 we correlate the the
retical estimates based on (4) with known experimental r
sults [6–9]. In the bottom panel of Fig. 3(b) we show th
ratio between the experimental widthGexpsT , J, Ad and the
“theoretical” widthGsT , J  0, Ad calculated from (4) as
a function ofj.
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FIG. 3. Comparison of experimental widths with the phe
nomenological width formula (4). Top: ExperimentalG vs
theoretical scaledG for selected nuclei in the mass range
A , 45 to 208. Bottom: Ratio of experimentalG to theoreti-
cal scaledGsT , J  0, Ad vs j  JyA5y6. The solid line is the
scaling functionLsjd.

The scaling functionLsjd is seen to be essentially con-
stant forj & 0.6 [indicated by dashed line in Fig. 1(f)].
Thus the width is approximately spin independent up t
a spin of J1 , 0.6A5y6. It is interesting to compareJ1

with the maximal angular momentaJmaxsAd for which the
fission barrier height is still larger than,8 MeV, guaran-
teeing reasonable stability against fission [16]. We fin
that for nuclei withA * 200, Jmax # J1, and there is no
significant spin dependence of the GDR width [see, e.g
208Pb in Fig. 1(c)].

Shell corrections can play a role at lower tempera
tures. Here we focus on two nuclei of recent experi
mental [9] and theoretical [17] interest,120Sn and208Pb.
Figure 4 shows the results of our calculations of the widt
as a function of temperature using both LD (dotted line
and NS (solid line) free energy surfaces. We have use
G0  3.8 MeV [13] for 120Sn and208Pb. Our results are
compared with the recent calculations of Ref. [17], als
shown in Fig. 4 (dashes and dot-dashes) [18]. For208Pb
our calculated widths at temperatures above 1 MeV a
significantly larger than those of Ref. [17]. Similarly,
for 120Sn, our calculated widths are larger than those o
Ref. [17] at large temperatures even though our assum
G0 (3.8 MeV) is smaller than the one used in Ref. [17
(5 MeV). When compared with our newly calculated
widths, the experimental results of Refs. [9] (open dia
monds in Fig. 4) show significant deviations. We have
reevaluated the temperatures corresponding to the120Sn
and 208Pb inelastic scattering data, and found new tem
peratures (solid diamonds in Fig. 4) that are substantial
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FIG. 4. Temperature dependence of the GDR width in120Sn
(left) and 208Pb (right). Top: our calculated widths using NS
(solid) and LD (dots) are compared with similar lines calculate
in Ref. [17] (dashes are LD and dot-dashes are NS), and w
the experimental results of Refs. [9] (open diamonds). O
calculations give larger widths at higher temperatures. Botto
Our theoretical curves compared with the revised data poi
(solid diamonds). In addition, fusion evaporation data a
included (crosses) [7].

smaller than the values quoted in Refs. [9]. These revis
data points are in better agreement with our calculatio
(except for the two highest temperature points in Sn). F
208Pb they are also in better agreement with the fusion d
(shown by3’s). With the above revision of both theory
and experiment, the new results confirm the conclusio
of Ref. [17]: shell effects on the GDR width are negligibl
in Sn, while the large shell corrections in Pb cause a su
pression of the width at low temperatures. Similar su
pression of the width due to shell effects can be seen in
calculations for140Ce in Ref. [13]. In revising the experi-
mental temperatures, we have included the effect of ene
lost by particle evaporation prior tog decay [1] in both
120Sn and208Pb by using the computer code Cascade [1
to average over the decay cascades [20]. In addition
208Pb we included the effect of the strong shell correctio
on the temperature, and in120Sn we assumed the Reisdor
[21] level density, which has a small shell correction an
a nearly constant level density parameter [22]a ø Ay9
consistent with experiment [23]. All of these correction
reduce the temperatures quoted in Refs. [9].

In conclusion, we have studied the systematics of t
GDR width in hot rotating nuclei over a broad range o
nuclear masses in the framework of the thermal fluctu
tion theory. In the liquid drop limit we have found a
phenomenological formula that describes well the wid
behavior as a function of temperature, spin, and mass.
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