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Temperature dependence of the giant dipole resonance in120Sn
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Complete statistical model calculations including temperature- and spin-dependent theoretical strength func-
tions of the giant dipole resonance~GDR! have been performed for the decay of excited120Sn for the first time.
Previous analyses of GDR data with theoretical models compared the centroid and full width at half maximum
of the theoretical strength functions with the extracted GDR parameters. In the new approach presented, the
entire shape of the strength functions is considered and the theoretical spectra obtained can be directly com-
pared with the experiment. This analysis does not rely on the accuracy of extracting the GDR parameters
and/or the nuclear temperature of one data point. The nature of the temperature dependence of the GDR in the
hot 120Sn nucleus within the thermal fluctuation and collisional damping model is discussed in this new
perspective.@S0556-2813~98!50209-9#

PACS number~s!: 21.10.Pc, 24.30.Cz, 24.10.Pa, 29.30.Kv
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The study of the properties of the giant dipole resonan
~GDR! in hot nuclei is of major interest in nuclear structu
~see Refs.@1,2# for reviews of the subject!. The damping
mechanism of the GDR as a function of spin and tempera
has been highly debated and remains a central question i
field @3#. Two of the theoretical models aiming to explain th
temperature dependence of the GDR are the thermal fluc
tion model in the adiabatic coupling scheme@4–6# and the
two-body collisional damping model@7,8#. Whether the tem-
perature dependence of the GDR arises from thermal fl
tuations of the nuclear potential landscape or collisio
damping of nucleons is still unclear@9,10#.

Experimentally, it has been shown that the GDR depe
on the angular momentum of the states the vibration is b
on @3,11,12# and the nuclear temperature@9,13,14#. In most
previous analyses, the comparisons between experimen
theoretical models relied on the capability of extracting GD
parameters that assumed that the spectra could be well re
duced by statistical calculations including a Lorentzi
strength function. These parameters, the resonance en
EGDR and the full width at half maximum~FWHM! GGDR,
were then compared with the centroid and FWHM of the
retical GDR strength functions at the~average! nuclear tem-
perature deduced from the experiment. The extraction of
nuclear temperature, crucial to obtain a meaningful comp
son between the measured and calculated GDR parame
includes an inherent uncertainty due to the level density
rametrization and the contribution of daughter nuclei po
lated by the hot compound nucleus to theg-ray spectra. It is
often unclear if the calculations were compared with an
perimental nuclear temperature derived from the compo
nucleus in the first decay step or by a mean tempera
averaged over all daughter nuclei populated, the latter be
significantly lower at high excitation energies@15#. We re-
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port in this Rapid Communication on a new approach
which the theoretical models are directly incorporated in
full statistical decay calculations and thus can be direc
compared with the data. This analysis does not rely on
extraction of the GDR parameters and the nuclear temp
ture of one data point from the experiment.

The GDR built on highly excited states has been mai
studied via fusion-evaporation reactions, and more rece
by inelastica scattering in120Sn @13# and 208Pb @14#. The
experimental data on120Sn were used for the analysis of th
present work. An interesting feature of the inelastica-
scattering technique is that it decouples the GDR from
influence of the effects of spins. The angular moment
transferred to the target by thea particles scattered at for
ward angles is relatively low (<20\) when compared to
typical fusion-evaporation reactions (;40250\). This de-
coupling from the angular-momentum degree of freedom
important to study the effects of temperature on the G
discussed in this work. For the inelastic scattering reactio
the excitation energy of the target was determined from
energy loss of the detecteda particles and by assuming tha
all of the energy loss was converted into target excitation
the 120Sn experiment, the excitation function of the GDR w
determined for excitation energies ranging from;30 to
;130 MeV. Recently, the energy deposition associated w
inelastic a scattering in coincidence with evaporated lig
particles was measured@16,17# and it was shown that;80%
to ;95% of thea energy loss was converted into targ
excitation, indicating a 5220 % reduction of the excitation
energy previously deduced@13,14#.

The statistical decay calculations were performed with
modified version of the computer codeCASCADE @18# includ-
ing high-energyg-ray decay from GDR states@19#. The
original level density description ofCASCADEhas been modi-
fied @9,10# and the formalism of Reisdorf@20,21# was em-
ployed to achieve a smooth level density description ove
large range of excitation energies. In addition, the tempe
ture dependence of the level density was included base
the work of Shlomo and Natowitz@22,23# with a parametri-
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zation by Finemanet al. @24#. Following the notations and
analyses of Refs.@9, 10#, a level density parameterda8
59 MeV was chosen. It should be noted that this level d
sity description is based on a parametrization of the inve
level density parameterKE and notKSE which should be
used in calculations such as inCASCADE ~see@25# and refer-
ences therein!. At low temperature (T<3 MeV), as it is en-
countered in the present work, there is only a small diff
ence between the two parameters and in order to
consistent with the previous analysis the parametrization
ing KE was retained.

The main modification ofCASCADE was the substitution
of the ~temperature independent! phenomenological Lorent
zian strength function for the theoretical strength functio
from the thermal fluctuation and collisional damping mod
In the first model, the spreading of the GDR strength fu
tion arises from the increasing shape fluctuations in
nuclear potential landscape with temperature. A comp
adiabatic coupling is assumed, i.e., the time scale assoc
with thermal fluctuations is long compared to the shift
dipole frequency caused by the fluctuations. All possi
shapes and orientations can be explored by the nucleus
the final result consists of a weighted average over b
shape and orientation degrees of freedom. In the two-b
collisional damping approach, the increase of the GDR wi
arises from a decrease of the relaxation time due to two-b
collisions at higher temperature and the magnitude of
spreading width depends strongly on the nucleon-nucl
scattering cross section. It should be noted that the effec
nucleon-nucleon collisions on the GDR spreading width
still controversial@27,28#.

The photo-absorption cross section for the GDR in
thermal fluctuation model~TF! was calculated as in Ref.@4#.
The calculations were performed for temperatures rang
from 0.1 to 3.3 MeV in steps of 0.2 MeV, for angular m
mentaJ from 0 to 30\ in steps of 3\, and for the isotopes
1112120Sn, 1082119In, and1062116Cd corresponding to the pre
dominant xn, pxn, and axn evaporation channels of th
initial excited120Sn. The GDR strength function was derive
from the calculated cross-sectionsTF(Eg) by the relation

f GDR
TF ~Eg!5

sTF~Eg!

Eg

2

3p\2c2 SGDR, ~1!

whereSGDR is the sum rule strength parameter andf GDR
TF (Eg)

is in units of MeV23. Previous analyses of GDR data wi
this model@4,5,9,10# compared the FWHM of the calculate
photo-absorption cross section with the extracted GDR w
GGDR from the experiment. However, the transformation
cross section into a strength function related bysGDR(Eg)
} f GDR(Eg)3Eg does not conserve the FWHM whereas t
GDR width GGDR of a Lorentzian strength function is ap
proximately the same under this transformation. The wid
of the theoretical strength functions of the thermal fluctu
tion model shown in Fig. 1 are narrower than those extrac
from the corresponding cross sections used in previ
works. At temperature of 3 MeV, the FWHM of the streng
function is ;8.7 MeV while the cross section exhibits
larger value of;10.2 MeV. Therefore, the comparison d
pends on whether the extracted GDR parameters are c
pared with the calculated cross sections or strength functi
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By contrast, a direct comparison of experimental data t
theoretical spectrum calculated from theg-ray decay prob-
abilities provides an unambiguous test of the relevant mo

For the collisional damping model~CD!, the spin-
independent strength function was calculated~only for the
120Sn isotope! following the formalism described in Refs.@7,
26# for temperatures ranging from 0.1 to 3.3 MeV in steps
0.1 MeV, for a free-space and an in-medium nucleo
nucleon scattering cross section. The GDR strength func
was derived from the calculated strength functionf GDR

CD (Eg)
in units of MeV21 fm23 by use of the relation@26#

f GDR
CD ~Eg!5

2h f CD~Eg!

3p\2c2 SGDR, ~2!

whereh.1.91NZ/A1/3 (fm5) with N, Z andA taken as neu-
tron, proton, and mass number, respectively. In Fig. 1,
calculated strength functions are plotted for temperatures
1, 2, and 3 MeV for both models~solid lines!. For compari-
son, the phenomenological Lorentzian strength function
the GDR

f GDR~Eg!5
8

3mc2

e2

\c

NZ

A

EgGGDRSGDR

~EGDR
2 2Eg

2!21Eg
2GGDR

2 ~3!

with EGDR516.0 MeV andGGDR55.5 MeV ~dotted lines!,
and EGDR514.8MeV and GGDR512.0 MeV ~dashed lines!
is shown. These values were used previously@9,10# to repro-

FIG. 1. Theoretical GDR strength functions~solid lines! of the
120Sn isotope for the two-body collisional model~upper and mid
panel! and the thermal fluctuation model~lower panel!. They are
shown for nuclear temperatures 0.1, 1, 2, and 3 MeV. The stren
function in the collisional damping model was calculated with
in-medium~upper panel! and a free-space nucleon-nucleon scatt
ing cross section~mid panel! @7#. A single-Lorentzian strength func
tion with GDR parametersEGDR516.0 MeV andGGDR55.5 MeV
~dotted line!, andEGDR514.8 MeV andGGDR512.0 MeV~dashed
line!, used previously@9,10# to reproduce the experimental spect
at excitation energies 30240 MeV and 1102120 MeV, respec-
tively, is also plotted in the figure.
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duce the experimental spectra at excitation energ
30240 MeV and 1102120 MeV, respectively.

For each decay step inCASCADE, the nuclear temperatur
was calculated from the excitation energies w
T5AEeff /a(Eeff) where Eeff5E*2Erot2EGDR is the excita-
tion energy for which the collective rotational and vibr
tional energy has been subtracted anda(Eeff) is the energy-
dependent level density. The high-energyg-ray decay
probability was computed with the theoretical strength fu
tions at the calculated temperature and a linear interpola
was applied for intermediate temperatures~both models! and
spins ~thermal fluctuation model only!. For the collisional
damping model, only the strength function for120Sn was
used whereas in the thermal fluctuation model the stren
functions corresponding to the daughter nuclei~xn, pxn,
andaxn predominant evaporation channels! were employed.
It should be noted that the transformation between the
servable quantityE* and the nuclear temperatureT is still
model dependent. However, in this case, the resulting spe
are an average over all decay steps of the the hot compo
nucleus and the final result does not rely on the extractio
the temperature for one data point~e.g.,GGDR!.

In Fig. 2, the results of the calculations for the therm
fluctuation~left panel! and collisional damping~right panel!

FIG. 2. High-energyg-ray spectra for120Sn at several excitation
energies. The thin lines~shaded area! correspond toCASCADE cal-
culations ~uncertainties of the width! that reproduced the exper
mental data of Refs.@9,10#. The right panel shows the theoretic
spectra of the collisional damping model for a free~dotted line! and
an in-medium~dashed lines! nucleon-nucleon scattering cross se
tion. For both cross sections,SGDR was chosen to be one. The le
panel shows the theoretical spectra of the thermal fluctuation m
for a sum rule strength parameterSGDR51 ~dashed lines! and
SGDR50.8 ~dotted lines!.
s
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model are shown. These theoretical spectra are comp
with the results ofCASCADE calculations~thin lines with
shaded area! with parameters that fit the experimental da
from Refs.@9,10# where the shaded area is the experimen
uncertainty of the width. The spectra of Refs.@9,10# include
contributions from bremsstrahlung and were folded with
detector response whereas Fig. 2 only shows the rawCAS-

CADE calculations. Although both models reproduced the
tracted widths@9,10# neither of them can reproduce the d
tailed shape of theg-ray spectra in this refined description
The collisional damping model using a free-space cross
tion ~dotted lines! and a fixed value ofSGDR51 shown in the
right panel of Fig. 2 yields the best overall agreement w
the experiment. However, a slight excess in the GDR reg
at higher excitation energies~902100 MeV and 110
2120 MeV! and a lack of strength at lower excitation ene
gies shows that the temperature dependence of the G
spreading width is larger than predicted by the model. T
use of the in-medium nucleon-nucleon scattering cross
tion ~dashed lines! exhibits a large excess in the GDR regio
relative to the experimental curves. This excess is cause
the narrower FWHM of the strength function with an in
medium scattering cross section, as it is seen in Fig. 1.
resonance energies are also overestimated by the mode
both cross sections used.

For the thermal fluctuation model andSGDR51 ~dotted
lines!, a good agreement is achieved at low excitation
ergy, however, a discrepancy in the regionEg;10 MeV of
the calculated spectra increases with the excitation ene
The use of a reduced value of 0.8 for the energy weigh
sum rule improves the agreement with the experimen
higher energies in the spectra, however, discrepancies re
in the low-energy part. The strength functions were also
calculated by including the evaporation width@29,30# with
the values taken from Ref.@4#. Although this yielded a bette
agreement with the extracted GDR widthGGDR of previous
analyses@9,10#, the overall spectra resulting from a comple
CASCADE calculations, are essentially identical to tho
shown in Fig. 2, even for the higher excitation energies. T
contribution to the total spectrum by the evaporation wid
significant only for the first few decay steps (T;3 MeV), is
small relative to the total spectrum including all decay ste
We also compared the experimental spectra with calculat
using lower energy bins to correct for the 15220 % system-
atic reduction due to incomplete energy transfer@16,17#.
This did not have a significant impact on the comparis
with the data and the inherent problem in theEg;10 MeV
g-ray region of the spectrum was still present. A variation
the level density parameterda8 from 7 to 12 MeV did not
improve the overall discrepancies between the data and
calculations. This is consistent with a previous study wh
the influence of the level density on the GDR parameters
studied@31#. It was found that for an increase of the lev
density parameterda8 from 8 to 9 MeV, the resonance en
ergy and width changed by not more than 5%.

In order to emphasize the GDR region of the spectra,
spectra of Fig. 2 at low~30–40 MeV! and high~110–120
MeV! excitation energy were divided by a statistical dec
spectrum obtained by replacing the strength function of
GDR with a constantg-decay strength of 0.2 Weisskop
units. The divided spectra are shown in Fig. 3 on a lin

el
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FIG. 3. Divided spectra at low (30240) MeV and high (1102120) MeV excitation energy. In each panel, the thin lines with shaded
are the experimental divided spectra where the shaded area is the experimental uncertainty of the width. In the right panels, th
spectra are plotted for the collisional damping model with a free~dotted! and an in-medium~dashed! nucleon-nucleon scattering cros
section. In the left panels, the divided spectra for the thermal fluctuation model are plotted with an energy weighted sum rule exh
1 ~dashed! and 0.8~dotted!.
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scale. The transformation favors the agreement of the h
energy part of the spectra while it attenuates the low-ene
discrepancies between the data and calculations.

The lack of strength in the regionEg;10 for the theoret-
ical spectra of the thermal fluctuation model can be see
Fig. 1. For the higher temperatures, the strength function
this model rapidly drops atEg;10 when compared to th
Lorentzian strength function used to fit the data at 110–
MeV excitation energy. This effect has also been observe
the previous comparison of the thermal fluctuation mo
with the GDR width at an average temperature@3#. While it
is suggested by the experiment that the GDR strength fu
tions remain Lorentzian in nature even at high excitat
energies, the calculated strength function in the thermal fl
tuation model does not keep its Lorentzian-like shape
contrast to the collisional damping model.

Although a better agreement with the experiment is fou
for the collisional damping model in the present analysis
must be tested and verified in other systems and conditi
For example, the model predicts a spin-independent stre
function inconsistent with the spin effects on the GDR o
served by Braccoet al. @3,12#. If the effects of temperature
discussed in this work can be explained within this theor
cal framework, it would certainly be an incomplete theor
ical picture of the evolution of the spreading width for bo
spins and temperature. The magnitude of the GDR width
this model is also highly dependent on the nucleon-nucl
scattering cross section introduced as a free parameter
contrast to the analysis of Ref.@7# where a comparison o
calculated and extracted GDR widths led to a better ag
ment of the model using an in-medium scattering cross s
tion, it is found in this work that the use of the streng
function calculated with the free-space nucleon-nucleon s
tering cross section provides a theoretical spectra in be
agreement with the experiment.

The thermal fluctuation approach with its spin-depend
strength function is potentially a more complete theoreti
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framework to explain both the temperature and spin dep
dence observed in the120Sn isotope. However, this mode
exhibits a discrepancy in the low-energy region of the sp
tra when analyzed with the present detailed calculations.
achieve a good agreement with the data at high-excita
energy, the model requires a reduced value of 0.8 for
energy weighted sum rule, while a better agreement w
SGDR51 is found at low-excitation energy. The loss
strength at high excitation energies could be due to proce
like preequilibrium emission that do not result in high targ
excitations, but nevertheless contribute to theg-ray spectra
up to 8 MeV @10#. Finally, we emphasize the fact that th
good agreement between the model and GDR data foun
previous analyses was achieved by comparing the calcul
FWHM with the experimental GDR widths at the nucle
temperature derived from the compound nucleus in the
decay step@4,9,10#, thus neglecting the contribution to th
spectra of daughter nuclei populated at lower temperat
The present analysis shows that only a comparison of
FWHM and resonance peak of the calculated quantitie
not accurate but the complete shape of the GDR stren
function should be considered and included into statist
model calculations to achieve a meaningful comparison
tween theory and experiment.

In conclusion, the analysis of GDR data with theoretic
models has been improved by the inclusion of temperatu
and spin-dependent theoretical strength functions into sta
tical model calculations. This new approach is a more co
plete test for GDR theoretical models since the entire sh
of the strength function is now taken into account. Neith
the thermal fluctuation model nor the collisional dampi
model could reproduce the data in this detailed analysis.
not excluded that the increase of the GDR width can only
explained by including processes due to both model. W
the availability of more detailed models it would also b
desirable to reduce the systematic uncertainty of the d
Other nuclei, such as208Pb, should also be investigated
the same manner.



un
o.
PS
o

a-
-

RAPID COMMUNICATIONS

PRC 58 R1381TEMPERATURE DEPENDENCE OF THE GIANT DIPOLE . . .
This work was supported by the National Science Fo
dation ~NSF! under grant No. PHY-95-28844 and N
9603006, by the NSF Cooperative agreement No. E
9550481, and by the U.S. Department of Energy under c
o,

v

n

f

-

c

e

-

-
n-

tract No. DE-FG02-96ER40985. One of the authors~G.G.!
acknowledges receipt of support from Fonds pour la Form
tion de Chercheurs et l’Aide a` la Recherche du Gouverne
ment du Que´bec ~FCAR!.
, P.
v. C

r,
. C

L.

a,

s.

k-
@1# K. A. Snover, Annu. Rev. Nucl. Part. Sci.36, 545 ~1986!.
@2# J. J. Gaardho” je, Annu. Rev. Nucl. Part. Sci.42, 483 ~1992!.
@3# A. Braccoet al., Phys. Rev. Lett.74, 3748 ~1995! and refer-

ences therein.
@4# W. E. Ormand, P. F. Bortignon, R. A. Broglia, and A. Bracc

Nucl. Phys.A614, 217 ~1997!.
@5# W. E. Ormand, P. F. Bortignon, and R. A. Broglia, Phys. Re

Lett. 77, 607 ~1996!.
@6# W. E. Ormand, F. Camera, A. Bracco, A. Maj, P. F. Bortigno

B. Million, and R. A. Broglia, Phys. Rev. Lett.69, 2905
~1992!.

@7# M. DiToro, V. M. Kolomietz, A. B. Larionov, Proceedings o
the Dubna Conference on Heavy Ions, 1997.

@8# V. Baran, M. Colonna, M. DiToro, A. Guarnera, V. N. Kon
dratyev, and A. Smerzi, Nucl. Phys.A599, 29c ~1996!.

@9# T. Baumann, E. Ramakrishnan, and M. Thoennessen, A
Phys. Pol. B28, 197 ~1997!.

@10# T. Baumannet al., Nucl. Phys. A~in press!.
@11# A. Braccoet al., Phys. Rev. Lett.62, 2080~1989!.
@12# A. Braccoet al., Nucl. Phys.A569, 51c ~1994!.
@13# E. Ramakrishnanet al., Phys. Rev. Lett.76, 2025~1996!.
@14# E. Ramakrishnanet al., Phys. Lett. B383, 252 ~1996!.
@15# G. Gervais and M. Thoennessen, to be published.
@16# D. Fabriset al., J. Phys. G23, 1377~1997!.
@17# D. Fabriset al., Istituto Nazionale di Fisica Nucleare, Sezion
.

,

ta

di Padova, preprint, DFPD 98/NP/05, 1998.
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