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Temperature dependence of the giant dipole resonance itf°Sn
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Complete statistical model calculations including temperature- and spin-dependent theoretical strength func-
tions of the giant dipole resonan®DR) have been performed for the decay of excité¥n 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 12%Sn nucleus within the thermal fluctuation and collisional damping model is discussed in this new
perspective[ S0556-28138)50209-9

PACS numbg(s): 21.10.Pc, 24.30.Cz, 24.10.Pa, 29.30.Kv

The study of the properties of the giant dipole resonanceport in this Rapid Communication on a new approach in
(GDR) in hot nuclei is of major interest in nuclear structure which the theoretical models are directly incorporated into
(see Refs[1,2] for reviews of the subjett The damping full statistical decay calculations and thus can be directly
mechanism of the GDR as a function of spin and temperatureompared with the data. This analysis does not rely on the
has been highly debated and remains a central question in tigtraction of the GDR parameters and the nuclear tempera-
field [3]. Two of the theoretical models aiming to explain the ture of one data point from the experiment.
temperature dependence of the GDR are the thermal fluctua- The GDR built on highly excited states has been mainly
tion model in the adiabatic coupling schefe-6] and the  studied via fusion-evaporation reactions, and more recently
two-body collisional damping modg¥,8]. Whether the tem- by inelastica scattering in'?°Sn [13] and 2°%Pb [14]. The
perature dependence of the GDR arises from thermal fluexperimental data ot?%Sn were used for the analysis of the
tuations of the nuclear potential landscape or collisionapresent work. An interesting feature of the inelastie
damping of nucleons is still unclef®,10]. scattering technique is that it decouples the GDR from the

Experimentally, it has been shown that the GDR dependinfluence of the effects of spins. The angular momentum
on the angular momentum of the states the vibration is builtransferred to the target by the particles scattered at for-
on[3,11,13 and the nuclear temperatur@,13,14. In most  ward angles is relatively low<20%) when compared to
previous analyses, the comparisons between experiment atypical fusion-evaporation reactions-@40—504). This de-
theoretical models relied on the capability of extracting GDRcoupling from the angular-momentum degree of freedom is
parameters that assumed that the spectra could be well reprioaportant to study the effects of temperature on the GDR
duced by statistical calculations including a Lorentziandiscussed in this work. For the inelastic scattering reactions,
strength function. These parameters, the resonance enertf)e excitation energy of the target was determined from the
Egpr and the full width at half maximuntFWHM) T ¢pg, energy loss of the detectedparticles and by assuming that
were then compared with the centroid and FWHM of theo-all of the energy loss was converted into target excitation. In
retical GDR strength functions at tifaverage nuclear tem-  the 12°Sn experiment, the excitation function of the GDR was
perature deduced from the experiment. The extraction of thdetermined for excitation energies ranging from30 to
nuclear temperature, crucial to obtain a meaningful compari--130 MeV. Recently, the energy deposition associated with
son between the measured and calculated GDR parametenselastic « scattering in coincidence with evaporated light
includes an inherent uncertainty due to the level density paparticles was measurét6,17] and it was shown that 80%
rametrization and the contribution of daughter nuclei poputo ~95% of the a« energy loss was converted into target
lated by the hot compound nucleus to theay spectra. It is  excitation, indicating a 520 % reduction of the excitation
often unclear if the calculations were compared with an exenergy previously deducdd3,14.
perimental nuclear temperature derived from the compound The statistical decay calculations were performed with a
nucleus in the first decay step or by a mean temperaturmodified version of the computer codascape[18] includ-
averaged over all daughter nuclei populated, the latter beingng high-energyy-ray decay from GDR stategl9]. The
significantly lower at high excitation energig$5]. We re-  original level density description @fAscADE has been modi-

fied [9,10] and the formalism of Reisdoff0,21 was em-
ployed to achieve a smooth level density description over a
*Present address: Department of Physics and Astronomy, NortHarge range of excitation energies. In addition, the tempera-
western University, Evanston, IL, 60208-3112 and Physics Divi-ture dependence of the level density was included based on
sion, Argonne National Laboratory, Argonne, IL 60439. the work of Shlomo and Natowit22,23 with a parametri-
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zation by Finemaret al. [24]. Following the notations and collisional damping o,
analyses of Refs[9, 10], a level density parameteta’ 12} ~0.1 i

=9 MeV was chosen. It should be noted that this level den-
sity description is based on a parametrization of the inverse
level density parameteKg and notKgg which should be
used in calculations such as@scADE (seg[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 differ-
ence between the two parameters and in order to be
consistent with the previous analysis the parametrization us-
ing Kg was retained.

The main modification oCASCADE was the substitution
of the (temperature independenihenomenological Lorent-
zian strength function for the theoretical strength functions 8
from the thermal fluctuation and collisional damping model. 6
In the first model, the spreading of the GDR strength func- 4t
tion arises from the increasing shape fluctuations in the 2
nuclear potential landscape with temperature. A complete , L
adiabatic coupling is assumed, i.e., the time scale associated 0.0 10.0 20.0 30.0
with thermal fluctuations is long compared to the shift in Ey (MeV)
dipole frequency caused by the fluctuations. All possible
shapes and orientations can be explored by the nucleus and FIG. 1. Theoretical GDR strength functiofsolid lineg of the
the final result consists of a weighted average over botf{?°Sn isotope for the two-body collisional modelpper and mid
shape and orientation degrees of freedom. In the two-bodpane) and the thermal fluctuation modébwer pane). They are
collisional damping approach, the increase of the GDR widtrehown for nuclear temperatures 0.1, 1, 2, and 3 MeV. The strength
arises from a decrease of the relaxation time due to two—bodSW”Ctiof‘ in the collisional damping model was calculated with an
collisions at higher temperature and the magnitude of thd"medium(upper pangland a free-space nucleon-nucleon scatter-
spreading width depends strongly on the nucleon-nucleofd €ross sectiofmid pane) [7]. A single-Lorentzian strength func-
scattering cross section. It should be noted that the effect (Hém Wc'jtrl]. GDR garamfterEgDRz 16'0d':flev indzrgDR:ai Mre]vd
nucleon-nucleon collisions on the GDR spreading width isl(inzt)teusgf’ an .EGDlR_ 14' MeV ‘Zn GDr?_l 0 Mev( ?S ©
still controversial[27.28, » used previously9,10] to reproduce the experimental spectra

. . . at excitation energies 3040 MeV and 116-120 MeV, respec-

The photo-absorption cross section for the GDR in thetively is also plotted in the figure

thermal fluctuation mod€ITF) was calculated as in Rg#]. ' '

The calculations were performed for temperatures ranging, conirast, a direct comparison of experimental data to a

from 0.1 to 3.3 MeV in steps of 0.2 MeV, for angular mo- qqretical spectrum calculated from theray decay prob-

mentaJ from 0 to 3Gk in steps of &, and for the isotopes  gpjjities provides an unambiguous test of the relevant model.
Sn, An, and %Cd corresponding to the pre- £, "the collisional damping mode(CD), the spin-

dominantxn, pxn, and axn evaporation channels of the jngependent strength function was calculatedly for the
initial excited'?°Sn. The GDR strength function was derived 1205, jsotopg following the formalism described in Ref&,
from the calculated cross-sectiori (E,) by the relation 26] for temperatures ranging from 0.1 to 3.3 MeV in steps of
oTF(E.) 5 0.1 MeVv, for a free-space .and an in-medium nucleo_n—
fiER(E,)= Y »— SeoR (1) nucleon scattering cross section. The GDR strength function
7 E, 3wh was derived from the calculated strength functf@BR(Ey)
in units of MeV ' fm~2 by use of the relatiofi26]

| thermal fluctuation 01

Strength Function (10-%/MeV®)
N -‘h o o

whereSgpr is the sum rule strength parameter dgfx(E.,)
is in units of MeV 3. Previous analyses of GDR data with D 27f°P(E,)

this model[4,5,9,1Q compared the FWHM of the calculated fepr(E,) = WSGDR’ @
photo-absorption cross section with the extracted GDR width

I'spr from the experiment. However, the transformation ofwheren=1.9INZ/AY? (fm% with N, Z andA taken as neu-
cross section into a strength function related dypr(E,) tron, proton, and mass number, respectively. In Fig. 1, the
«fspr(E,) XE, does not conserve the FWHM whereas thecalculated strength functions are plotted for temperatures 0.1,
GDR width I'gpg of a Lorentzian strength function is ap- 1, 2, and 3 MeV for both modelksolid lineg. For compari-
proximately the same under this transformation. The widthson, the phenomenological Lorentzian strength function of
of the theoretical strength functions of the thermal fluctuathe GDR

tion model shown in Fig. 1 are narrower than those extracted 5

from the corresponding cross sections used in previous o - 8 e NZ E,I'cpbrSebr 3
works. At temperature of 3 MeV, the FWHM of the strength eor(Ey 3m& hic A (EZpr— E§)2+ EiréDR

function is ~8.7 MeV while the cross section exhibits a

larger value of~10.2 MeV. Therefore, the comparison de- with Egpr=16.0 MeV andI'gpr=5.5 MeV (dotted line$,
pends on whether the extracted GDR parameters are corand Egpr=14.8MeV and I'gpr=12.0 MeV (dashed lines
pared with the calculated cross sections or strength functionss shown. These values were used previo{i8]{Q] to repro-
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thermal fluctuation model |\ collisional danping model m_odel are shown. These theoreticz_il spec_tra are cqmpared
\_\ Y with the results ofcASCADE calculations(thin lines with
106 - ,\,\ shaded areawith parameters that fit the experimental data
\ \ . from Refs.[9,10] where the shaded area is the experimental
\ \3 1ot \ \ " uncertainty of the width. The spectra of Ref8,10] include
105 [\ e D contributions from bremsstrahlung and were folded with the
) vy R MeY) [\ \ TN E¥(MeV) detector response whereas Fig. 2 only shows the cas¢

g A XN LAY =0 .

SV RN SEER N LN 0 N 110120 CADE calculations. Although both models reproduced the ex-
IR Nan . o) T Nl tracted widthg[9,10] neither of them can reproduce the de-
‘g’ \ \ S RN \\ \ D YN \.\ tailed shape of the~ray spectra in this refined description.

T 1030\ 5 N R SR AN N AN The collisional damping model using a free-space cross sec-

o \ v x10 2\ S\ S x10? 3, R . . . -

o vy NEL oootool\ VTS N tion (dotted lineg and a fixed value 0B;pr=1 shown in the
£ \ A S, (VL s, Y% right panel of Fig. 2 yields the best overall agreement with

10% Vo 10 \ \\ B \\ Y 10 ™ \\\‘_‘ the experiment. However, a slight excess in the GDR region
“\ NN Y \ \f N N at higher excitation energie$90—100 MeV and 110
Lo ™ RN 2080 N \‘\-\70-80 —120 MeV) and a lack of strength at lower excitation ener-
10 \ A\ Y AN gies shows that the temperature dependence of the GDR
N Ny N NN spreading width is larger than predicted by the model. The
100 \\ \\ Y ™ '\_‘ W use of the in-medium nucleon-nucleon scattering cross sec-
A 3. 50-60 \"?\ 1.50-60 tion (dashed lingsexhibits a large excess in the GDR region
\ \ R ";».,‘_ relative to the experimental curves. This excess is caused by
107~ 3) T YO the narrower FWHM of the strength function with an in-
h\ 3040 medium scattering cross section, as it is seen in Fig. 1. The
102 R aasd B O resonance energies are also overestimated by the model for
5 10 15 20 5 10 15 20 both cross sections used.
Ey (MeV) For the thermal fluctuation model arfpr=1 (dotted

lines), a good agreement is achieved at low excitation en-

ergy, however, a discrepancy in the regiép~10 MeV of

the calculated spectra increases with the excitation energy.

mental data of Refd.9,10]. The right panel shows the theoretical The use O.f a reduced value of 0.8 for. the energy welghted
sum rule improves the agreement with the experiment at

spectra of the collisional damping model for a ffeetted ling and hiah ies in th tra. h di . .
an in-medium(dashed lingsnucleon-nucleon scattering cross sec- . Igher energies In the spectra, however, discréepancies remain

tion. For both cross sectionSgpr Was chosen to be one. The left N the low-energy part. The strength functions were also re-
panel shows the theoretical spectra of the thermal fluctuation mod&@lculated by including the evaporation wid29,30 with

for a sum rule strength parametSupr=1 (dashed linesand  the values taken from Reff4]. Although this yielded a better
Scor=0.8 (dotted lines. agreement with the extracted GDR widilypg of previous

analyse$9,10], the overall spectra resulting from a complete

duce the experimental spectra at excitation energiesASCADE calculations, are essentially identical to those
30—40 MeV and 116-120 MeV, respectively. shown in Fig. 2, even for the higher excitation energies. The

For each decay step iLASCADE, the nuclear temperature contribution to the total spectrum by the evaporation width,
was calculated from the excitation energies withsignificant only for the first few decay steps+ 3 MeV), is
T= JEei/a(Eey) Where Ec4=E* —E,;— Egpr is the excita- small relative to the total spectrum including all decay steps.
tion energy for which the collective rotational and vibra- We also compared the experimental spectra with calculations
tional energy has been subtracted até ) is the energy- using lower energy bins to correct for the-120 % system-
dependent level density. The high-energyray decay atic reduction due to incomplete energy transf&6,17.
probability was computed with the theoretical strength func-This did not have a significant impact on the comparison
tions at the calculated temperature and a linear interpolatiowith the data and the inherent problem in g~10 MeV
was applied for intermediate temperatu(esth modelsand  j-ray region of the spectrum was still present. A variation of
spins (thermal fluctuation model only For the collisional the level density parametera’ from 7 to 12 MeV did not
damping model, only the strength function f&#°Sn was improve the overall discrepancies between the data and the
used whereas in the thermal fluctuation model the strengtbalculations. This is consistent with a previous study where
functions corresponding to the daughter nudben, pxn, the influence of the level density on the GDR parameters was
andaxn predominant evaporation channelgere employed. studied[31]. It was found that for an increase of the level
It should be noted that the transformation between the obdensity parameteda’ from 8 to 9 MeV, the resonance en-
servable quantitfe* and the nuclear temperatufeis still ergy and width changed by not more than 5%.
model dependent. However, in this case, the resulting spectra In order to emphasize the GDR region of the spectra, the
are an average over all decay steps of the the hot compourspectra of Fig. 2 at low30—40 MeV} and high(110-120
nucleus and the final result does not rely on the extraction ofMeV) excitation energy were divided by a statistical decay
the temperature for one data poietg.,I'gpr)- spectrum obtained by replacing the strength function of the

In Fig. 2, the results of the calculations for the thermalGDR with a constanty-decay strength of 0.2 Weisskopf
fluctuation(left pane) and collisional dampingright panel  units. The divided spectra are shown in Fig. 3 on a linear

FIG. 2. High-energyy-ray spectra fot?%Sn at several excitation
energies. The thin linetshaded arg@acorrespond tacASCADE cal-
culations (uncertainties of the widjhthat reproduced the experi-
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FIG. 3. Divided spectra at low (3040) MeV and high (116 120) MeV excitation energy. In each panel, the thin lines with shaded area
are the experimental divided spectra where the shaded area is the experimental uncertainty of the width. In the right panels, the divided
spectra are plotted for the collisional damping model with a fig®tted and an in-mediun(dashed nucleon-nucleon scattering cross
section. In the left panels, the divided spectra for the thermal fluctuation model are plotted with an energy weighted sum rule exhausted of
1 (dashegland 0.8(dotted.

scale. The transformation favors the agreement of the highframework to explain both the temperature and spin depen-
energy part of the spectra while it attenuates the low-energgence observed in th&%n isotope. However, this model
discrepancies between the data and calculations. exhibits a discrepancy in the low-energy region of the spec-
The lack of strength in the regida,~ 10 for the theoret- tra when analyzed with the present detailed calculations. To
ical spectra of the thermal fluctuation model can be seen ifichieve a good agreement with the data at high-excitation
Fig. 1. For the higher temperatures, the strength function iftnergy, the model requires a reduced value of 0.8 for the
this model rapidly drops a.,~10 when compared to the energy wgughted sum rule, W.hl|('3 a better agreement vylth
Lorentzian strength function used to fit the data at 110-12Feor=1 is found at low-excitation energy. The loss in
MeV excitation energy. This effect has also been observed iftrength at high excitation energies could be due to processes
the previous comparison of the thermal fluctuation modef'k€ Préequilibrium emission that do not result in high target
with the GDR width at an average temperat[8& While it excitations, but neV(_artheIess contnbutg to theay spectra
is suggested by the experiment that the GDR strength funceP to 8 MeV[10]. Finally, we emphasize the fact that the
tions remain Lorentzian in nature even at high excitationgooq agreement between t_he model and GDR data found by
. S previous analyses was achieved by comparing the calculated
energies, the calculated strengt_h function n th? thermal flucgyy with the experimental GDR widths at the nuclear
tuation model does not keep its Lorentzian-like shape byemperature derived from the compound nucleus in the first
contrast to the collisional damping model. , decay stefd4,9,10, thus neglecting the contribution to the
Although a better agreement with the experiment is foundspectra of daughter nuclei populated at lower temperature.
for the collisional damping model in the present analysis, itrhe present analysis shows that only a comparison of the
must be tested and verified in other systems and conditiong\WHM and resonance peak of the calculated quantities is
For example, the model predicts a spin-independent strengtiot accurate but the complete shape of the GDR strength
function inconsistent with the spin effects on the GDR ob-function should be considered and included into statistical
served by Braccet al. [3,12]. If the effects of temperature model calculations to achieve a meaningful comparison be-
discussed in this work can be explained within this theoretitween theory and experiment.
cal framework, it would certainly be an incomplete theoret- In conclusion, the analysis of GDR data with theoretical
ical picture of the evolution of the spreading width for both models has been improved by the inclusion of temperature-
spins and temperature. The magnitude of the GDR width irand spin-dependent theoretical strength functions into statis-
this model is also highly dependent on the nucleon-nucleotical model calculations. This new approach is a more com-
scattering cross section introduced as a free parameter. Byete test for GDR theoretical models since the entire shape
contrast to the analysis of Rdf7] where a comparison of of the strength function is now taken into account. Neither
calculated and extracted GDR widths led to a better agreghe thermal fluctuation model nor the collisional damping
ment of the model using an in-medium scattering cross seanodel could reproduce the data in this detailed analysis. It is
tion, it is found in this work that the use of the strength not excluded that the increase of the GDR width can only be
function calculated with the free-space nucleon-nucleon scaexplained by including processes due to both model. With
tering cross section provides a theoretical spectra in betteghe availability of more detailed models it would also be
agreement with the experiment. desirable to reduce the systematic uncertainty of the data.
The thermal fluctuation approach with its spin-dependenDther nuclei, such a8’®b, should also be investigated in
strength function is potentially a more complete theoreticathe same manner.
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