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Damping width of giant dipole resonances of cold and hot nuclei: A macroscopic model
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A phenomenological macroscopic model of the giant dipole resonance~GDR! damping width of cold and
hot nuclei with ground-state spherical and near-spherical shapes is developed. The model is based on a
generalized Fermi liquid model which takes into account the nuclear surface dynamics. The temperature
dependence of the GDR damping width is accounted for in terms of surface and volume components.
Parameter-free expressions for the damping width and the effective deformation are obtained. The model is
validated with GDR measurements of the following nuclides:39,40K, 42Ca, 45Sc, 59,63Cu, 1092120Sn, 147Eu,
194Hg, and 208Pb, and is compared with the predictions of other models.
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I. INTRODUCTION

A long-standing problem of considerable interest and
tense debate in nuclear physics is the theoretical descrip
of giant dipole resonances dealing with the temperature
spin dependence of the damping width. Previously, three
proaches were followed to describe the temperature de
dence of the giant dipole resonance~GDR! damping width:
the Landau model of adiabatic coupling of the GDR to th
mal shape fluctuations~TSF! @1,2#; the Fermi liquid model
~FLM!, treated in the framework of the linearized Landa
Vlasov kinetic equation@3–5#; and the phonon dampin
model, whereby correlated particle-hole states are couple
more complicated configurations, such as incoherent ph,
and hh states@6#. None of these models can successfu
account for the detailed shape and magnitude of the m
sured GDR damping widths in the temperature range from
to 4 MeV. As an example, a statistical analysis of gamma-
spectra produced by inelastic scattering of alpha particles
120Sn demonstrated that neither the TSF model nor the
lisional damping model can describe in detail the data
probably a combination of the two models can result in b
ter agreement with the measurements@7#. The TSF model,
which attributes the temperature dependence of the dam
width to surface effects, predicts a dependence of the f
T1/2, where T is the nuclear temperature. In contrast, t
Fermi liquid model, which accounts for the temperature
pendence in terms of quasiparticle collisions in the nucl
interior, predicts a quadratic temperature dependence. In
dition, recent theoretical results@8#, which reported a smal
change in the GDR width~about a 14%) in the temperatur
range 0–4 MeV, have generated renewed debate as reg
the magnitude of the width calculated in the framework
the TSF model. This result is at variance with previous t
oretical calculations@1,2#.

The purpose of this paper is to address this challeng
problem by following a different approach, based on a m
roscopic generalized Landau Fermi liquid model~GLFM! for
zero sound mode, which was quite successful in unifying
quantitative description of theE1 photon strength function
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of spherical and deformed nuclei@9,10#. We note here that
the possible transition from zero to first sound propagat
for the hot dipole mode has been suggested recently@11,12#.

First, we briefly present our macroscopic model and th
apply it to measured ground-state GDR damping widths
determine one global parameter of the model, which is
lated to the in-medium nucleon-nucleon scattering cross
tion. This parameter would shed some light on the op
question of this cross section. Second, we derive a sim
expression for the GDR damping width and average quad
pole deformation of excited nuclear states in the framew
of the coupling of the GDR to surface vibrations, as d
scribed by the dipole quadrupole interaction. Then we de
mine and discuss the global parameters of the model
follow it with validation on the basis of extensive measur
ments of GDR widths and deduced quadrupole deformati
of hot rotating nuclei, as obtained from intermediate-ene
heavy-ion collision measurements. Finally, we give a su
mary and conclusion.

II. NUCLEAR MODEL

According to Landau’s Fermi liquid model, the spreadi
width has two components: one is due to the decay
particle-hole states; the other results from the collisions
quasiparticles in the nuclear interior. The former compon
is weakly temperature dependent, while the latter follow
quadratic temperature dependence. In previous stu
@9,10#, the FLM expression of the GDR damping width wa
generalized by taking into consideration the contribution
the surface component, as described by the coupling of
GDR to quadrupole surface vibrations@13,14#. At the outset,
we make the following assumptions: the dipole-quadrup
interaction term for the excited state on which the GDR
built has the same form as that of the ground state; the G
mode is adiabatically coupled to quadrupole shape fluc
tions; quadrupole deformation depends on temperature
well as angular momentum; the effect of motional narrowi
on the GDR is not considered@15#. There are limitations to
the adiabetic coupling assumption at temperatures larger
about 3 MeV. With this in mind, we then can write the fo
lowing equation@9,10#:
©2002 The American Physical Society20-1
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G~A,T,J!5C1~EGDR
2 14p2T2!1C2b~A,T,J!EGDR ,

~1!

whereG(A,T,J) is the GDR damping width of a hot rotatin
nucleus with a nuclear temperatureT, angular momentumJ,
and nuclear massA; EGDR is the centroid energy of the
GDR; b(A,T,J) is the average, effective nuclear quadrupo
deformation. Here, we note that the measurements
theory @7,16,17# showed that there is little change ofEGDR
with temperature and angular momentum. The above rela
then can be written in terms of the ground-state damp
width G0 in the following form:

G~A,T,J!5G0~A!14p2C1T2

1C2EGDR@b~A,T,J!2b0~A!#, ~2!

where

G0~A!5C1EGDR
2 1C2EGDRb0~A!. ~3!

We stress that in these expressions,C2 is set to the theoret
ical value, 2.35A5/8p51.05, where 2.35 is a conversion fa
tor from standard deviation to full width at half maximu
for a Gaussian distribution. In addition, the global parame
C1 can be computed from the theoretically calculated
medium nucleon-nucleon~NN! cross section. For details, re
fer, for example, to Ref.@3#. However, because of the larg
uncertainty in this theoretically calculated cross sect
@18,19#, theC1 parameter is determined phenomenologica
from the ground-state damping widths, as described in
next section; the result of the analysis givesC150.0131
60.004 MeV21.

From the results of the liquid drop model@1,2,20#, in
combination with our previous findings on the reduced m
nitude of the TSF damping width@9,10# required to fit the
data, we derive an expression for the effective quadrup
deformation term on the right-hand side of Eq.~2!. Follow-
ing Ref. @21#, we assumed that the two mechanisms wh
produce the spin-induced and thermally induced damp
widths are independent. Then the dipole-quadrupole wi
2.35A5/8pEGDR@b(A,J,T)2b0(A)#, is equated to the sum
of the widths, added in quadrature, due to thermal sh
fluctuation and angular momentum. At this point, we rec
from Refs.@9,10# that the TSF width of Ref.@2# had to be
changed by one-third of its value, or equivalently by one-h
of the liquid drop model prediction of Ref.@20#,
2.35EGDRAT/V, in order to describe the120Sn and 208Pb
experimental data by surface and volume components@9,10#.

Then it follows that

b~A,T,J!2b0~A!5A8p

5 S T

4V0
1

25

32

y2

~12x!2D 1/2

, ~4!

where

V050.80asA
2/3~12x!, ~5!

x50.019
Z2

A F121.7826S N2Z

A D 2G21

, ~6!
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as is the surface energy,as517.94 MeV@22,23#, I e f f is the
effective moment of inertia, andI rigid is the moment of in-
ertia of a rigid rotor. The spin dependence and deformat
dependence ofI e f f were taken into account by examining th
superdeformed rotational bands and by following the p
scription of Ref.@14#.

In the absence of measurements for ground-state G
widths, such as45Sc, 147Eu, and194Hg, Eq.~3! was applied
in this evaluation. We emphasize that Eqs.~2! and ~3! are
parameter free, except for the global parameterC1, which is
derived from measured ground-state GDR widths.

III. IN-MEDIUM NUCLEON-NUCLEON SCATTERING
CROSS SECTION

Although two different theoretical approaches were a
to reproduce reasonably well the free-space nucleon-nuc
scattering cross section for laboratory energies 0–300 M
a large disagreement resulted in the predicted in-med
cross section; for details see Refs.@18,19#. In one model
@18#, the in-mediumNN cross section is appreciably reduce
from its value in free space throughout this energy region
the other@19#, the predicted in-mediumNN cross section
shows a resonance behavior at laboratory energy of abou
MeV for nuclear densities of half the saturation value. Sp
cifically, the cross section is suppressed below about 50 M
and is enhanced relative to the free one in the energy re
50<Elab<130. Because of this large disagreement in
predictions@18,19# of the in-medium NN cross section, th
global parameterC1 is determined here from the extensiv
measured data of ground-state GDR widths (T50) of
spherical and near-spherical nuclei of nuclear masses f
40 to 209@23# by a nonlinear least-squares fitting procedu
The result of the analysis on the basis of Eq.~3! yields C1
50.013160.004 MeV21; the uncertainty of the constan
corresponds to a 95% confidence interval. This value is
excellent agreement with a calculated value
0.0135 MeV21, derived on the basis of a cross section of
mb in the CM system@3#.

From our result, it follows that a cross section of 4962
mb is obtained for the in-mediumNN cross section at the
Fermi enegy, which is not in agreement with the theoreti
values of Refs.@18,19#. The error reflects the uncertainty i
C1 and does not include the theoretical uncertainty due to
approximations, which is difficult to assess. The present
sult shows that the in-mediumNN cross section is neithe
suppressed nor enhanced relative to the free-space on
addition, we would like to remark that theC1 value can also
be easily obtained from the measured temperature de
dence of the GDR widths for low angular momenta with t
help of Eq.~2!.

IV. VALIDATION OF THE MODEL

At the start, the validity of the temperature dependence
the quadrupole deformation for low angular momenta,
0-2
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DAMPING WIDTH OF GIANT DIPOLE RESONANCES OF . . . PHYSICAL REVIEW C 65 044620
cording to Eq.~4!, is tested by comparing its estimates wi
the TSF predictions for120Sn @8#. The results are displaye
in Fig. 1. As shown, very good agreement between both
culations is obtained.

Next, our model is tested by comparing its predictions
G(A,T,J) and b(A,T,J) with experimental values for a
wide range of hot rotating nuclei. Experimental studies ha
been carried out for the following cases:39,40K, 42Ca, 45Sc,
59,63Cu, 1092120Sn, 147Eu, 194Hg, 208Pb. The outcome of the
comparison is a remarkable agreement between our mo
predictions and the experimental data. Due to space lim
tions, however, we will restrict our discussion to five rep
sentative cases:45Sc, 109Sn, 118Sn, 147Eu, and 194Hg. For
these nuclei, equilibrium deformation is sustained up to
angular momentum of 60\.

A. 45Sc

The experimental values@24# are shown in the left panel
of Fig. 2. The quadrupole deformations were deduced in R
@24# from the energy splitting of the GDR peak. The so
and dashed lines are our model predictions for two temp
tures, 1.7 and 2.3 MeV, respectively corresponding to
temperature range of the measurements@24#. It is of interest
to note that the GDR widths for̂J&513\,18.5\ and ^J&
521.4\,23.5\ line up with the curves associated with tem
peratures of 1.7 and 2.3 MeV, respectively, in agreem
with measurements@24# ~left-top panel!. In addition, the pre-
dicted deformations in the spin range from 13\ to 23.5\
~left-bottom panel! are in agreement with the measurene
@24#.

FIG. 1. Quadrupole deformation (b) as a function of nuclear
temperature~T! for 120Sn. The solid and dashed lines represent
model predictions and those of Ref.@8#, respectively. For details
see the text.
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B. 109Sn

Measurements were performed at angular momenta ra
ing from ^J&510\ to 54\, and average temperatures fro
1.4 to 1.8 MeV@25,26#. The top-right panel of Fig. 2 dis
plays the experimental widths along with our model pred
tions for T51.4 MeV ~solid line! andT51.8 MeV ~dashed
line!. The bottom-right panel shows our predictions for t
deformation as a function of angular momentum at two te
peratures, 1.4 and 1.8 MeV. Since only one Lorentzian sh
fit was made to the GDR, the experimental deformation
rameters for this nucleus were not determined.

C. 147Eu

Measurements were performed at an average tempera
around 1.3 MeV and angular momenta in the range^J&
537\ –55\ @27#. The b values were deduced from the e
ergy splitting of the two Lorentzian fits@27#. The widths
~deformations! are displayed in the left-top~left-bottom!
panel of Fig. 3. The solid lines are our model calculations
T51.3 MeV. The reported TSF predictions, calculated
two temperatures of 1.2 and 1.4 MeV, are represented by
and dot-dash lines, respectively@27#.

D. 194Hg

This nucleus exemplifies the decreasing influence of
moment of inertia on the GDR width with increasing nucle
mass. As shown on the top-right panel of Fig. 3, the m
sured GDR widths at̂J&524\, 27\, 36\ and averageT of
1.3 MeV exhibit a constant value of 6.260.5 MeV @28#. Our

r

FIG. 2. GDR widths (G) and quadrupole deformations (b) as a
function of angular momentum for45Sc ~left panels! and 109Sn
~right panels!. The solid and dashed lines represent our model p
dictions at two temperatures. The data points with uncertainties
from Ref. @24# for 45Sc and from Refs.@25,26# for 109Sn. For de-
tails, see the text.
0-3
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model reproduces the observed constancy of the width in
J range and gives an estimate of 6.6 MeV for the GDR wid
in this spin range.

E. 118Sn

To illustrate the dependence of the GDR width on te
perature and angular momentum, we summarized in Fi
the available experimental results for118Sn and nearby tin
nuclei @29–35#. This problem was recently investigated
Ref. @29#. The dashed line, which is reproduced from R
@29#, represents the TSF predictions. This is to be compa
with our estimate, described by the solid line. In carrying o
these calculations, we took into consideration the dep
dence of the angular momentum on temperature as repo
in Ref. @29#.

V. SUMMARY AND CONCLUSION

In the present detailed study, we demonstrated that
new approach, which is based on a generalized Lan
Fermi liquid model, is successful in well describing the d
pendence of the GDR damping width on the nuclear te
perature up to 3 MeV and angular momentum up to 60\ for
a wide range of hot rotating nuclei. Two very rewarding fe
tures of the model are its simplicity and its accuracy. W
have also shown that the influence of the angular momen

FIG. 3. GDR widths (G) and quadrupole deformations (b) as a
function of angular momentum for147Eu ~left panels! and 194Hg
~right panels!. The data points with uncertainties are obtained fro
Refs.@27, 28# for 147Eu and194Hg, respectively. The solid lines ar
our model predictions at a nuclear temperature of 1.3 MeV. T
dotted and dotted-dashed lines are the thermal shape fluctua
predictions~TSF! @27# at temperatures of 1.2 and 1.4 MeV, respe
tively.
04462
is
h

-
4

.
d
t
n-
ed

ur
au
-
-

-
e
m

on the GDR width comes into play at particular values d
pending on the nuclear mass. ForA around 45, 110, and 180
these angular momenta areJ510\, 30\, and 40\, respec-
tively. In addition, we derived a simple parameter-free e
pression for the quadrupole deformation of excited nucl
states, which was tested and validated with45Sc and147Eu
measured data. The most significant results of this study
~i! the GDR width of hot rotating nuclei can be well ex
plained in terms of two mechanisms, the collisional damp
model and the thermal shape fluctuations model;~ii ! the
GDR width contains fundamental nuclear information, su
as the effective nuclear deformation and the in-medium
cross section which can be readily deduced from our sim
model; ~iii ! this model can be applied to other finite Ferm
systems and other vibrational modes, such as the giant q
rupole and octupole resonances, which presently are u
investigation. An important by-product of the present inve
tigation is the determination of the in-medium nucleo
nucleon cross section at the Fermi energy, which shows
this cross section is neither suppressed or enhanced from
one in free space.
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FIG. 4. GDR width (G) as a function of temperature for118Sn
and nearby tin nuclei. The measurements are obtained from
@29# and references therein. The solid line is our model predict
and is compared with the TSF calculations of Ref.@29# ~dashed
line!.
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