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Temperature Dependence of the Width of the Giant Dipole Resonance in120Sn and 208Pb
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The giant-dipole resonance (GDR) in120Sn and 208Pb is studied as a function of excitation
energy, angular momentum, and intrinsic width. Theoretical evaluations of the full width at half
maximum (FWHM) for the GDR strength function are compared with recent experimental data
and are found to be in overall agreement. Differences observed between120Sn and 208Pb are
attributed to strong shell corrections in208Pb favoring spherical shapes at low temperatures. At
high temperature, the FWHM in120Sn exhibits effects due to the evaporation width of the compound
nucleus. [S0031-9007(96)00743-0]
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The study of the properties of the giant-dipole resona
(GDR) at finite excitation energy (or temperature) has b
the objective of many experimental programs during
past decade (see the reviews in Ref. [1]). These exp
ments yield important information regarding theoretic
models of the GDR; most importantly, the role play
by quantal and thermal fluctuations in the damping
the giant vibration. Toward this end, the four importa
issues are (1) the temperature dependence of the intr
width [2], (2) the time scale for thermal fluctuation
testing the validity of either the adiabatic picture [3,
or the occurrence of motional narrowing [5,6], (3) th
existence of a limiting temperature for the observation
collective motion in nuclei [7], and (4) the influence of th
lifetime of the compound nucleus on the observed wi
of the GDR [8]. To address these issues a system
comparison between experiment and theory over a ra
of temperatures for several nuclei is needed.

One of the principal experimental techniques for o
serving the GDR in hot nuclei has been compound-nuc
reactions induced in heavy-ion collisions [1]. For th
most part, the wide range of experiments performed so
indicate that the full width at half maximum (FWHM) o
the GDR strength function increases as a function of te
perature, as is predicted by theories for the GDR in
nuclei that account for adiabatic, large-amplitude therm
fluctuations of the nuclear shape [3]. Many of these
periments, however, involve slightly different compou
systems and are often analyzed using different parame
Also, because of the dynamics of heavy-ion collisions,
compound system is generally formed at high angular m
mentum, and it is difficult to separate the effects due
thermal fluctuations of the shape from those due to an
lar momentum.

Recently, two experimental methods for studying t
effects of excitation energy and angular momentum s
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arately on the GDR have been introduced. In expe
ments involving compound nuclear reactions, large arra
of gamma detectors have been used in order to iden
GDR photons associated with a system at a definite an
lar momentum. With this configuration, the GDR may b
studied within an angular momentum window that is us
ally of the order 10–15 units of angular momentum wid
and centered in the range (30–50)h̄ [9]. An alternative
technique is to excite a target nucleus from the inelas
scattering of a light particle [10], which yields an excite
system with a fairly small angular momentum. Thus, it
now possible to analyze experimental data for the GDR
hot nuclei in terms of the effects due to thermal fluctu
tions and angular momentum individually.

In this work, we present a systematic study of th
properties of the giant-dipole resonance (in particular,
FWHM) as a function of temperature, angular mome
tum, and intrinsic width for the nuclei120Sn and208Pb
in comparison with recent experimental data from i
elastic alpha scattering [10]. Because of the system
analysis over a range of temperatures and the relativ
low angular momentum of the emitting system, it is no
possible to draw conclusions regarding the roles play
by shell corrections, angular momentum, and the lif
time of the compound nucleus on the observed width
the GDR.

The description of the GDR in hot nuclei begins by no
ing that at a finite temperature,T , large-amplitude thermal
fluctuations of the nuclear shape play an important role
the observation of nuclear properties. Under the assum
tion that the time scale associated with thermal fluctuatio
is slow compared to the shift in the dipole frequency caus
by the fluctuations (adiabatic motion), the observed GD
strength function consists of a weighted average over
shapes and orientations. Projecting angular moment
J, the GDR cross section is evaluated via [11,12]
© 1996 The American Physical Society 607
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tal
ues
nce
ssEd  Z21
J

Z D fag
I sb, g, u, cd3y2

ss $a, vJ ; Ed

3 e2FsT , $a,JdyT , (1)
where D fag  b4db sins3gddg sinududfdc is the
volume element,E is the photon energy,ZJ 

R
D fagy

I 3y2e2FyT , andI sb, g, u, cd is given by
I sb, g, u, cd  I1 cos2 c sin2 u 1 I2 sin2 c sin2 u

1 I3 cos2 u , (2)
where theIk represent the deformation-dependent princi
moments of inertia. The free energy is given by

FsT , $a, Jd  FsT , $a, vrot  0d

1 sJ 1 1y2d2y2I sb, g, u, cd , (3)
whereFsT , $a, vrot  0d is the free energy evaluated in th
cranking approximation with rotational frequency,vrot,
equal to zero. We note that Eq. (1) has been used in
past to describe the GDR at very high spin [11], and a fi
rotational frequency framework has been used previo
at lower spins [3–6]. We have performed calculatio
using both approaches, and have found that Eq. (1) yi
FWHM that are approximately 100 keV smaller than t
fixed rotational frequency approach.

Although Eq. (1) refers to a thermal averaging at co
stant angular momentumJ, which includes fluctuations
of the rotational frequency, it is not feasible to evalu
the GDR cross section at finite temperature and fixedJ.
As such, we proceed as in previous studies [3–6,11],
model the GDR with a rotating, three-dimensional h
monic oscillator. Within this context, the GDR is com
posed of three fundamental modes whose energies
deformation dependent and given by [13]

Ek  E0 expf2
q

5y4pb cossg 1 2pky3dg , (4)

whereE0 ø 80A21y3 is the centroid energy for the sphe
cal shape. Including the Coriolis term, the Hamiltoni
for the GDR in the intrinsic frame may be written as [1

HD 
X

k

1
2

sp2
k 1 E2

kd2
kd 2 $vrot ? s $d 3 $pd , (5)

where dk and pk are the coordinates and conjuga
momenta associated with the dipole vibration and$vrot
is the rotational frequency, which is chosen along thz
axis in the external reference frame. In addition,vrot

is taken to bevJ  sJ 1 1y2dyI sb, g, u, cd, i.e., the
saddle-point value that maximizes the exponential fa
while projecting angular momentum onto the partiti
function (see Refs. [11,12]).

The GDR cross section evaluated in the intrinsic fra
is evaluated with the three eigenstatesj nl of HD , and
may be written as

sints $a, vJ ; Ed  s0

X
m,n

jkn j dm j 0lj2

3 EfBWsE, En , Gnd

2 BWsE, 2En , Gndg , (6)
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where s0  s4p2e2h̄y3mcd2ZNyA, dm is the dipole
coordinate written in terms of spherical componen
BW sE, E0, Gd  Gy2pfsE 2 E0d2 1 G2y4g, and Gn is
the intrinsic damping width for the resonance. In kee
ing with experimental findings [15],Gn depends on the
centroid energyEn via Gn  G0sEnyE0dd, where G0 is
the width for the spherical shape andd ø 1.8. The
laboratory cross section for each deformation and o
entation used in Eq. (1) is evaluated by rotating t
matrix elementskn j dm j 0l from the intrinsic frame to
the fixed external reference frame and by shifting t
dipole energies associated with the intrinsicm compo-
nents by2mvrot [14]. Finally, the parametersE0 and
G0 were taken from ground-state data and areE0 
14.99 MeV and G0  5.0 MeV for 120Sn and E0 
13.65 MeV andG0  4.0 MeV for 208Pb.

The free energies were computed using the Nilss
Strutinsky [16] procedure extended to finite temperatu
[17] using the Nilsson and liquid-drop parameters
Refs. [18] and [19], respectively. The shell corrections
120Sn were found to be quite small, and effectively can
ignored. This is in sharp contrast to208Pb, where, at low
temperatures, strong shell corrections (,14 MeV) were
found that favor the spherical shape.

We have also found that effects due to pairing a
significant only for temperatures below 0.75 MeV, whic
is lower than that for which experiments have be
performed. In addition, Nilsson-Strutinsky calculation
including pairing, indicate that, for the most part, th
effects on the free energy are negligible. This is beca
208Pb is a doubly closed-shell nucleus with pairing ga
equal to zero for the spherical shape, while the sepa
proton and neutron contributions tend to cancel in120Sn.

In Eq. (2), shell corrections obtained from cranke
Nilsson-Strutinsky calculations were also applied to rig
body moments of inertia with radiusR  1.2A1y3 fm.
We found that although the shell corrections to t
moment of inertia can be quite large for the spheric
shape in208Pb, in practice they have very little effec
at low spin beyond that produced by the free ener
This is primarily because of theb4 factor in D fag
that suppresses the spherical shape and the fact tha
b $ 0.1 the moments of inertia are nearly equal to t
rigid-body values. It should be noted, however, th
the b4 factor provides less suppression on the effe
due to the shell corrections to the free energy beca
of the dependence on the exponential factor in Eq. (
A detailed discussion on the effects of spin projectio
moments of inertia, and the factorD fagyI 3y2 on the
GDR is given in Ref. [12].

Shown in Fig. 1 are the results obtained for the FWH
of the GDR strength function for120Sn and208Pb as a
function of temperature in comparison with experimen
data [10]. The solid line represents the theoretical val
obtained with zero angular momentum. The depende
of the FWHM for 120Sn and208Pb on angular momentum
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FIG. 1. The FWHM of the GDR strength function as
function of temperature for120Sn and 208Pb. Experimental
data are represented by the filled circles, while the solid
represents the theoretical results obtained forJ  0h̄. For
208Pb, the dashed line is the FWHM obtained assuming no s
corrections. For120Sn, the dashed line represents the FWH
obtained by including the increase to the intrinsic width,Gcn,
due to the evaporation of particles from the compound syste

at T  1.6 MeV is illustrated in Fig. 2, where it is see
that for J # 25h̄ the FWHM is essentially unchange
from the J  0h̄ value. Given that the largest averag
angular momentum in the systems studied experiment
is of the order 20h̄ [10], the effects due to angula
momentum are expected to be negligible.

FIG. 2. The FWHM in 120Sn (dashed line) and208Pb (solid
line) at T  1.6 MeV as a function of angular momentum.
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To be noted in Fig. 1 is the overall agreement betwe
the theory and experiment; in particular, the depende
in the FWHM on temperature is different between120Sn
and 208Pb. The FWHM in208Pb is suppressed at lowe
temperatures relative to120Sn. This is due to the strong
shell corrections in208Pb that favor the spherical shap
at low temperatures. The effect of such strong shell c
rections is to limit the influence of thermal fluctuation
at low temperatures, thereby reducing the FWHM. Th
is also illustrated in Fig. 1, where the dashed line f
208Pb indicates the FWHM, assuming no shell correction
We note that the shell correction effect and the angu
momentum dependence were also observed for140Ce in
Ref. [4]. The fact that the adiabatic model slightly ove
estimates the FWHM may be due to (1) uncertainties
the extracted temperature, (2) the shell corrections be
more persistent at higher temperatures than expected
the fact that the experimental cross sections were fit
a single Lorentzian, while theoretically they are a sup
position of many Lorentzians, andyor (4) the presence of
nonadiabatic effects that would lead to a motional narro
ing of the FWHM [5]. Note that the temperatures inferre
from experiment are sensitive to the choice of the lev
density parameter, and, as a consequence, are uncerta
the level ofø0.1 0.2 MeV.

The FWHM shown in Fig. 1 are consistent with th
adiabatic picture for the GDR, and do not present any e
dence for the phenomenon known as motional narrow
[5,6], which tends to lessen the effects of thermal broa
ening, and, hence, reduce the FWHM. As is pointed o
in Ref. [6], however, because of a lack of reliable theore
cal estimates for the time scales associated with ther
fluctuations, the FWHM is not sufficient in of itself to
exclude motional narrowing, in particular, when the tim
scales for theb andg degrees of freedom are much fast
than those associated with the orientation of the syste
In this case, both the response function and the ang
distributiona2 coefficient are needed.

Finally, we note some slight discrepancies between
adiabatic model and experiment for120Sn. To begin with,
the FWHM atT  1.24 MeV is significantly lower than
the theoretical prediction and is difficult to explain withi
the framework of the model. This datum seems to po
to the existence of strong shell corrections that quick
disappear atT  1.5 MeV, which is in disagreement with
the expectations of the Nilsson-Strutinsky procedure.
temperatures above 2.8 MeV, experiment is somew
larger than theory, and may indicate a systematic tre
to be observed at still higher temperatures. Shown
Fig. 3 is the FWHM for 120Sn at T  3.12 MeV as a
function of the intrinsic widthG0. At this temperature,
the experimental FWHM is11.5 6 1.0 MeV, and we
may infer from this datum a value ofG0  7.711.8

22.1 MeV,
as indicated by the solid square and open circles
Fig. 3. We note, however, that this is consistent w
the concept that the width observed for the GDR in h
609
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FIG. 3. The FWHM in120Sn atT  3.12 MeV as a function
of the intrinsic widthG0 (solid line). The experimental value o
11.5 6 1.0 MeV is represented by the filled square (11.5 Me
and the open circles (61 MeV).

nuclei should be affected by the evaporation of partic
from the compound nucleus [8]. At higher excitatio
energies, the decay rate for particle evaporation increa
and, because of the uncertainty principle, the energy o
emitted GDR photon cannot be known with a precisi
better thanGcn  Gbefore

ey 1 Gafter
ey , whereG

beforesafterd
ey is

the width for particle evaporation before and after t
emission of the GDR photon. To account for this effe
in our calculations,Gcn was folded into the GDR respons
function by increasing the intrinsic widths viaG0

n !

Gn 1 Gcn. We estimateGcn for 120Sn from Fig. 2 of
Ref. [7], whereGey is plotted as a function of excitatio
energy. At T ø 3.1 MeV, we deduceGcn ø 2.1 MeV
MeV, which is in good agreement with the experimen
results (see Fig. 3). To further see the influence of
evaporation width, we have computed the FWHM f
120Sn as a function of temperature includingGcn, which
is shown in Fig. 1 by the dashed line. On the whole,
inclusion ofGcn leads to a better overall agreement w
experiment.

We conclude that a systematic study of the FWHM
the GDR as a function of temperature for the nuclei120Sn
and 208Pb confirms the overall theoretical picture of th
GDR in hot nuclei at low spin. In particular, the ro
played by adiabatic, large-amplitude thermal fluctuatio
of the nuclear shape. In fact, overall agreement betw
theory and experiment is observed over a range of t
peratures for both120Sn and208Pb, which display quite
different behaviors for the FWHM as a function of tem
610
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perature. This difference can be attributed to the pr
ence of strong shell corrections favoring spherical sha
in 208Pb that are absent in120Sn. Finally, the increase
in the FWHM over that expected from thermal averagi
at temperatures of the order of 3.0 MeV is in accorda
with the increase expected from the evaporation of p
ticles from the compound system.
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