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Probing the role of photon strength function models in determining
the properties of the hot giant dipole resonance
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Temperature-dependent photon strength function (PSF) models, along with the widely accepted temperature-
independent Brink-Axel Lorentzian model, are investigated in their application to determine the properties of
the giant dipole resonance (GDR) built on the excited states of nuclei up to a temperature ~1.5 MeV. Three
temperature-dependent models, namely, the simple modified Lorentzian model, the hybrid model by Goriely,
and the generalized Lorentzian model of Kopecky and Uhl, are studied. The statistical model calculations with
all PSF models reproduce the high-energy (E, ~ 5-25 MeV) y-ray spectra originating from the decay of 027n
and 2! T compound nuclei reasonably well, and put forward approximately the same peak energy and strength
of the GDR. Nevertheless, at a given temperature, significant variation is observed in the predicted GDR width,
which may influence the theoretical models used to calculate the GDR width.
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I. INTRODUCTION

The atomic nucleus is a many-body quantum system en-
dowed with various giant resonances, wherein all nucleons
participate collectively [1]. The isovector giant dipole res-
onance (IVGDR or commonly referred to as GDR) is one
such resonance perceived macroscopically as an out-of-phase
vibration of protons and neutrons within the nucleus. In a
microscopic picture, it is described as a coherent superposition
of 1p-1h configurations across one major shell. The GDR built
on the ground state has traditionally been studied by photoab-
sorption reactions. The resonant lineshape is approximately
represented by a Lorentzian curve given by [2,3]
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where org = 60% mb MeV is obtained from the Thomas-
Reiche-Kuhn (TRK) dipole sum rule. Egg, ['Gp, and Sgo are
the GDR energy, width, and the fraction of the TRK sum rule
exhausted by the GDR, respectively. The GDR lineshape in
Eq. (1) is commonly referred to as the Brink-Axel Lorentzian
or the standard Lorentzian (SLO). Conversely, the GDR built
on the excited states [4—8] is studied by measuring the y decay
from an excited compound nucleus (CN) which is populated
through fusion evaporation reaction [9-16] or by inelastic
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scattering reaction [17]. Typically, the y rays in the energy
range of E, ~ 5-30 MeV are measured with large-volume
scintillation detectors. The parameters of the GDR are deter-
mined by fitting the measured y-ray spectrum with the result
of the statistical model calculation performed traditionally by
using the CASCADE code [18], modified to include the y decay
from the GDR. Generally, the y-decay rate is calculated using
the photon strength function (PSF) obtained from the SLO
photoabsorption cross section in the inverse channel and is
given by

og1(Ey)

fei(E)) =K E,

(@)

where K Il = 3(7hc)?. The GDR parameters Eg, ['g, and Sg
are determined by fitting the experimental data. Eg (I'g and
Sg) is different from Egy (I'go and Sgp) in the sense that it
represents the energy (width and strength) of the GDR built
on the excited state of the nucleus. Interestingly, the PSF given
by Eq. (2) solely depends on the y-ray energy, not on the spe-
cific properties or absolute energies of the states involved in
the transition [19,20], though a few conflicting experimental
results have been observed in recent years [21-25]. In a few
studies [17,26,27], the PSF is varied along the decay cascade
by varying the GDR width. However, in general, the PSF is
kept unchanged throughout the decay cascade. It has been
also observed that the SLO model [Eq. (1)] overestimates
the measured absorption cross sections below the peak of the
GDR and underestimates it above the peak [28].

©2024 American Physical Society
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In recent years, the PSF has attracted substantial exper-
imental and theoretical efforts owing to its pivotal role in
astrophysical reaction model calculations aimed at under-
standing elemental abundances in the universe. Notably, the
studies performed by using the Oslo method [29-34] are
worth mentioning, where the low-energy part of the PSF
(E, 510 MeV) is determined together with nuclear level
density (NLD). Theoretically, various modified PSFs have
been proposed, namely, the generalized Lorentzian model by
Kopecky and Uhl (KLO) [35], the hybrid model by Goriely
(GLO) [36], the simple modified Lorentzian model (SMLO)
[28,37,38], building upon the works of Kadmenskij et al. [39]
in the framework of the Fermi liquid theory of finite systems.
The primary feature of these PSFs is that, they depend on the
y-ray energy as well as the temperature of the state to which
the transition occurs. By using the modified PSF, Kopecky
and Uhl showed that the thermal neutron capture cross sec-
tions substantially improved as compared to the SLO model
[35]. Additionally, it seems that the choice of the PSF model
significantly affects the elemental abundances in astrophysical
reaction models [36]. These temperature-sensitive PSFs may
have significant impact on the properties of the GDR built
on the excited states of nuclei, as well as, various properties
of excited nuclei, namely isospin mixing [40-43], nuclear
viscosity [44,45], fission time scale [46—48], etc which are
studied by using the y-decay from the GDR as a probe, and
the SLO model is utilized in the analysis of the experimental
data.

In a recent study, coordinated by the International Atomic
Energy Agency, a reference database for the PSFs has been
created from the photoabsorption data, where the parameters
of the GDR built on the ground state of the nuclei, have
been evaluated both by the SLO and SMLO models [28].
Therefore, it is apparent that the temperature-dependent PSF
models, which were primarily proposed to take care of the
overestimation of the absorption cross section near the particle
threshold by the SLO, warrants exploration at high excita-
tions. In this paper, we report the results of the analyses of the
measured high-energy y-ray spectra for ©2Zn and 2°' Tl with
four different prescriptions of the PSF, namely, SLO, KLO,
GLO, and SMLO.

II. EXPERIMENTAL DETAILS

©2Zn compound nucleus was populated at high excita-
tions by bombarding pulsed “He-ion beam from the K-130
room-temperature cyclotron at the Variable Energy Cyclotron
Centre (VECC), Kolkata, India on self-supporting **Ni target.
The data for 2°!TI were taken from an earlier experiment
performed at VECC by our group using *He-ion beam on self-
supporting '’ Au target [13]. The initial excitation energies
(E*) of 21T were 32.8, 39.6, and 47.5 MeV corresponding
to the beam energies of 35, 42, and 50 MeV, respectively,
whereas, 2Zn was excited at 29.5 and 40.8 MeV with 28
and 40 MeV beam energies, respectively. The high-energy
y rays were detected by using a part of the LAMBDA spec-
trometer [49]. A total of 49 BaF; scintillators, each measuring
3.5 x 3.5 x 35 cm?, were arranged in a 7 x 7 matrix config-
uration which was positioned at a distance of approximately

50 cm from the target, at an angle of approximately 90° with
respect to the beam direction. In addition, a low-energy y -ray
multiplicity filter [50] was utilized to determine the angular
momentum (J) distribution of the CN population. A total
of 50 BaF, scintillators each measuring 3.5 x 3.5 x 5 cm?
were divided into two groups of 25 detectors. Each group was
arranged in a 5 x 5 closed-packed, staggered-castle type ge-
ometry and placed on the top and bottom of the target chamber
approximately 4.5 cm away from the target position. The mas-
ter trigger was generated by the triple coincidence of the OR
signals from the LAMBDA, top, and bottom multiplicity filters.
In each event, the energy and time for each element of the
LAMBDA were recorded, along with the number of multiplicity
detectors fired (referred to as fold) using a VME-based data
acquisition system. The start trigger for time measurement
was taken from the multiplicity filters. The time spectrum of
the cyclotron radiofrequency was recorded to minimize the
random coincidences. The high-energy y-ray spectra were
generated using the cluster summing technique, where cos-
mic events were rejected by their hit pattern in the LAMBDA
array [49]. The neutron and pile-up events were rejected by
applying prompt gates in the time-of-flight and pulse shape
discrimination (PSD) spectra, respectively, of each element of
LAMBDA. The PSD technique was implemented by measuring
the charge deposition over two integrating time intervals of
approximately 30 ns and 2 ps.

III. STATISTICAL MODEL CALCULATIONS

The GDR parameters were determined from the measured
high-energy y-ray spectra by the statistical model calculations
performed within the Hauser-Feshbach formalism with ver-
sion 1.95 of the TALYS code [51] (TALYS-1.95). The crucial
inputs for calculating the y-ray yield are the angular mo-
mentum distribution of the fusion cross section of the initial
CN, the y-ray transmission coefficients, and the NLD. Since
the master trigger was generated by taking the top-bottom
coincidence of the multiplicity detectors, events with slightly
higher angular momentum were selected. Therefore, the CN
population was simulated from the measured fold distribution
using GEANT3 toolkit. A triangular distribution is utilized as
input in the simulation, and the CN population distribution
is determined by comparing the measured and simulated fold
distributions. As an example, the measured and simulated fold
distributions are shown in Fig. 1(a), and the simulated CN
population distribution is shown in Fig. 1(b) along with the
input distribution. In Figs. 1(c) and 1(d), the simulated CN
populations as a function of J are shown at different excitation
energies for ®Zn and 2°'TI, respectively. The details of the
procedure can be found in Ref. [50]. The statistical model cal-
culations have been performed by incorporating these initial
populations into the TALYS code. The decay width of a y-ray
of energy E,, type X, and multipolarity L is proportional to
the transmission coefficient [Tx; (E, )] and level density of
the final state. The y-ray transmission coefficient is given by
TxL(Ey) = 27 fxL(E, )EZ*HD. In the present study, y rays
up to L = 2 are considered. However, the y-ray spectrum
is primarily governed by the E'1 strength function for which
four different models, as mentioned earlier, are investigated in
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FIG. 1. (a) Measured and simulated fold distributions for ®*Zn at
E* =29.5 MeV. (b) Input and selected CN population distribution
in the simulation are shown as a function of J for ®Zn at E* = 29.5
MeV. All simulated CN population distributions as a function of J are
shown for () ®*Zn and (d) ?°! T1. The areas under the distributions are
normalized to 1000.

the present study. The general form of these E1 PSFs can be

expressed as

G{E}/v EGv F(E}M T)}
Ey

fe1(Ey, T) = K101rK SG , ¥

where T is the temperature of the final state. The absorption
cross section in the inverse channel can be calculated from
Egs. (2) and (3) as

op1(E,, T) = orkScGHE,, Eg, I'(E,, T)}. 4

The function G{E,,Eg,I'(E,,T)} can be expressed in
general as

GlE,,EG,T'(E,, T)}
T(E,,T)E;
R )
(E2 —E3)" +T(E,,T)E2

= EC(Ey, T) 5)
T

The functions C(E,,T) and I'(E,, T') vary for different
PSF models, as shown in Table I. In the KLO model, a zero-
energy limit of the strength function is added to Eq. (3) (see

TABLE I. Expressions of C(E,,T) and I'(E,, T') for different
models of the PSF.

PSF model C(E,.T) T(E,,T)
SLO 1 To

SMLO m [E, + )
KLO 1 %[Es + 47272
GLO 1 0.748[E, + =]

Eq. (2.4) in Ref [35]). In the GLO model, I'(E,,, T)? in the
denominator of Eq. (5) is replaced by I'cI'(E,,, T'). Sg may be
considered, by definition, the fraction of the TRK sum rule
exhausted by the GDR, if [ G{E,, Eg,T(E,, T)}E, =
1. This holds true for the SLO model. However, for the
temperature-dependent PSFs, this is not the case. Therefore,
for these models, temperature-dependent corrections are ap-
plied to normalize the value of the integration to that obtained
for the SLO model in the range of E,, = 0-30 MeV. These cor-
rections, however, do not significantly affect the high-energy
y-ray spectra. The fits were achieved by varying the GDR
parameters Eg, ['g, and Sg [see Eq. (3) and Table I]. In the
SLO model, the same value of I'g was used throughout the
decay cascade. However, for the temperature-sensitive PSF
models, since the strength is dependent on I'(E,,, T'), it varies
along the decay cascade. The Eg is scaled according to the
A~1/3 law, relative to the value of the initial CN, for all nuclei
in the decay cascade. We remark here that, except for the
SLO model, I' in Table I should be denoted as I'gg, because
the I'(E,, T') for these models is originally parameterized in
terms of the ground state GDR width. However, since we have
utilized it as a free parameter to fit the high-energy y-ray
spectrum, it has been denoted by I'G.

Apart from the strength function, the y-decay width de-
pends on the NLD, as mentioned earlier. In this study, we
utilized two phenomenological models, e.g., the back-shifted
Fermi gas model (BFM) and the constant temperature model
(CTM) as introduced by Gilbert and Cameron [52]. The Fermi
gas level density, at an excitation energy Ex and angular mo-
mentum J, is given by

2 +1 J+ 1)
+ exp|:——( . 2 ]pﬁ-(Ea, ®)
o}

E,J)=
p(Ex,J) 752

where o2 is the spin cut-off parameter and pf(Ey) is the total
Fermi gas level density at excitation energy Ex given by

1 /7 expl2Va(Ey — A)]
V2ro 12 giE — A

where a is the level density parameter (LDP) and A is an
empirical parameter closely related to the pairing energy. In
the BFM, Eq. (7) is utilized to calculate the total level density
for all Ey. On the other hand, the total level density up to an
energy Ey is approximated by a constant temperature formula
in the CTM viz.

) 1 E, —E,
perm(Ex) = T exp T (8)

PL(E) = ™

and above Ey, the total level density is calculated by the
Fermi gas formula [Eq. (7)]. Within the TALYS code, Ey,
Ey, and Ty are determined from the smooth matching of the
level densities predicted by the CTM and BFM at Ex = Ey,
along with the available experimental values of the NLD at
low excitation energies. The shell effect is incorporated into
the level density parameter by the prescription of Ignatyuk
etal. and s given by a(U) = a[1 + 23{1 — exp(—yU)}1 [53],
where U = Ex — A. AS represents the ground state shell cor-
rection and y is the shell damping factor given by y = ﬁ.
In the TALYS code, the asymptotic level density parameter is
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FIG. 2. Experimental high-energy y-ray spectra (symbols) orig-
inated from the decay of %2Zn compound nucleus along with the
results (lines) of statistical model calculations with different PSF
models. The dashed lines represent the bremsstrahlung component.

expressed as @ = aA + BA?/3. The global values of «, 8, and
y) for the BFM and CTM can be found in Table 4.3 of TALYS-
1.95 manual as well as Ref. [54]. It should be emphasized
that the y-decay rate is influenced by both the strength func-
tion and level density prescriptions. Since we are exploring
the various strength function models, the same level density
prescription is utilized for a given reaction. The default values
of the level density parameters, as implemented in the TALYS
code, were employed. To fit the high-energy y -ray spectra, the
GDR parameters were adjusted in different strength function
models, as previously mentioned.

IV. RESULTS AND DISCUSSIONS

In Figs. 2 and 3, measured high-energy y-ray spectra are
shown for %2Zn and 2°'TI, respectively, along with the re-
sults of the statistical model calculations. The y rays above

L L e
104 4
102 4

104 4
102 4

104 4

Counts/ 0.5 MeV
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10 15 20 5 10

E, (MeV)

FIG. 3. Experimental high-energy y-ray spectra (symbols) orig-
inated from the decay of 2°'Tl compound nucleus along with the
results (lines) of statistical model calculations with different PSF
models. The dashed lines represent the bremsstrahlung component.

E, Z 10 MeV originate primarily from the initial stages of
the decay cascade in competition with particle evaporation,
while those below E,, < 10 MeV, are produced from the decay
below the particle emission threshold. There is some contri-
bution of bremsstrahlung y rays, which is parametrized by
o = opexp(—E, /Ep). These bremsstrahlung y rays originate
from the nucleon-nucleon, especially, the neutron-proton in-
teractions in the initial stages of the reaction [55,56]. The
parameters oy and E, were selected to fit the region of the
spectrum dominated by the bremsstrahlung, e.g., for 2°'Tl,
the bremsstrahlung fit was done for y rays above E, =~ 18
MeV, whereas, for 2Zn, the fit was done above E, ~ 22
MeV. For a given reaction at a given beam energy, the same
bremsstrahlung parameters were utilized while using differ-
ent strength function models. The calculated y-ray spectra
were convoluted with the response function of the LAMBDA
spectrometer, simulated using the GEANT3 toolkit, before
comparing with the experimental spectra. It is important to
highlight that, with the default parameters of the NLD as im-
plemented in the TALYS code, the BFM prescription was found
to be appropriate for ®*Zn, whereas for 2°!'Tl, the CTM was
more suitable. In general, for a given PSF, the CTM predicts a
lower yield of high-energy y rays compared to that obtained
with the BFM. It happens because the value of a is large in
the CTM which results in a steeper increase in level density
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FIG. 4. Total level densities as a function of excitation energy for
27n (upper panel) and 2! T1 (lower panel).

as function of excitation energy as shown in Fig. 4. Thus,
the value of & determines the shape of the high-energy y-ray

spectrum, which cannot be fully compensated by varying the
GDR parameters. For example, using the CTM, the spectrum
for ®2Zn populated at E* = 40.8 MeV could be reasonably
reproduced with an extra strength of ~40% compared to the
TRK limit. However, the spectra at E* = 29.5 MeV could
not be described by using the CTM with reasonable variation
in the GDR parameters. One potential approach could be to
modify the slope of the NLD by adjusting the value of & for the
nuclei in the decay cascade. However, instead of an arbitrary
variation of @, we have employed BFM with default values of
the level density parameters which are determined from the
best description of level densities over a wide range of nuclei
[54]. A similar discussion holds for **' Tl for which the CTM
was found to be preferable. Interestingly, as can be seen from
Table II, the high-energy spectra originating from the decay of
the same initial CN populated at different excitation energies
could be described by the same value of a.

Figures 5 and 6 present the divided spectra for ®*Zn and
20171, respectively, where the symbols (line) are obtained
by point-wise division of the experimental (calculated) high-
energy y-ray spectrum with the results of a statistical model
calculation performed using a constant dipole strength instead
of the GDR strength. The effects of the variation of the GDR
parameters are more discernible in the divided spectra com-
pared to the high-energy spectra. In Table II, the deduced
GDR parameters which were obtained by using different PSF
are shown along with other relevant parameters. For a given
reaction at a given beam energy, different PSF models put
forward approximately the same energy (within &~ 1 MeV)
and strength of the GDR. However, relatively large variations
were observed in the predicted GDR widths by different PSF
models. It is also interesting to note that the data for ®*Zn at
both excitation energies could be reproduced using the same

TABLE II. Different model parameters utilized in the analysis and deduced from the measured data.

E* <J> T Ey a Eg T I(T)
CN  MeV h MeV MeV  MeV™' PSFModel  MeV Sc MeV MeV
“Zn 295 124£39  09+04  50£02 754 SLO 171£02  1.00£0.03 67403 67403
SMLO  17.6£02 090£0.03  6.5+£03 72407
KLO 175402 1.00£0.03  7.1+£04  7.9+0.8
GLO 169£02  1.00£0.03 71403 55406
408 13.6+£41  15+£02 52402 754 SLO 164£02  1.17£0.02  7.0£03  7.0£03
SMLO  17.1£02 119£0.02 65+03 8.6+0.7
KLO 1724£02  1.00£0.03 71403  9.4£0.7
GLO 162£02  1.00£0.03 71403  6.6+0.7
DITI 328 169+£6.0  092+0.04 25+£02 2362 SLO 145403  098£006 3.6+05 3.6+05
SMLO  144£03 1.00£0.06 38+£04 44405
KLO 148£03  1.02£0.05 45+£05 52+06
GLO 147403  1.00£006 48405 3.9+0.6
396 190£65 1.08£003 28£02 2362 SLO 140£02  1.06£0.06 38+03 3.8+03
SMLO  144£02 1.00£0.04 40£03 49+04
KLO 145£02  097+£0.04 48+03 59404
GLO 143£02  1.00+£0.04 48+£03 41+04
475 211467 1244003 3.1£02 2362 SLO 131£02 1.00£0.04 45+£04 45+04
SMLO  13.1£02 1.00£0.03 43+03 58404
KLO 135402 1.00£0.04 55+£03 74+04
GLO 128£02 1.00£0.04 52£03 49+04
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FIG. 5. Experimental (symbols) and best-fit (lines) divided spec-
tra for 2Zn.

value of I'g for a given temperature-dependent PSF model.
In contrast, for 2°'T1, different values of I'g are required,
for a given PSF model, to fit the data at different excitation
energies.

It is intriguing to note that, although the data could be
reasonably reproduced for both the nuclei by all PSF models,
the extracted values of the GDR parameters, especially the
width, are different. It occurs because at each step along the
decay cascade, the values of the strength function is different
for different models. In Fig. 7, the PSFs for different models
are presented, as an example, for 2°!TI at 7 = 1.08 MeV
corresponding to E* = 39.6 MeV, along with the absorption
cross section in the inverse channel. These plots are generated
by using the GDR parameters obtained from fitting the high-
energy y-ray spectrum with the respective PSF models. The
temperature is calculated using the relation T = /U /a(U),
where U = E* — Eg — E;ot — A, where the rotational energy
of the hot nucleus is given by E., = %ﬁ*“hz, I being
the rigid-body moment of inertia and < J > is the average
angular momentum of the CN. A is the pairing shift as used
in the level density prescriptions, and Eg is the average of
the GDR energies obtained from different PSF models at a
given excitation energy. In Fig. 8 the GDR widths at finite
temperature, defined as I'(T') = I'(E,, = Eg, T) are plotted as

1 ]
] T
¥ SMLO-35 ﬁf” SMLO-42

A

7

] ¢ ]
2 - :

1 ¥ GLO-35 Tﬁ%.

Yield / 0.5 MeV
w
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FIG. 6. Experimental (symbols) and best-fit (lines) divided spec-
tra for 2°' TI.

E, (MeV)

FIG. 7. (Upper panel) Different PSF models used to fit the data
of 2!l at T = 1.08 MeV. (Lower panel) Corresponding absorption
cross sections in the inverse channel.
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FIG. 8. The GDR widths, determined by using different PSF
models, are plotted as a function of temperature for ®*Zn (upper
panel) and 2°! T1 (lower panel).

a function of T. The values of I'(T") are deduced using the
relations described in Table I with the best-fit values of Eg
and I'g determined from the experimental data. It is crucial
to note that, at a given temperature, the widths obtained using
the different PSF models vary approximately by 2-3 MeV.
In addition, the variation patterns with temperature are dif-
ferent, especially for 2! TI. Thus, the GDR widths at finite
temperatures depend entirely on the PSF model used in the
statistical model calculations. In this context it worth men-
tioning that in Ref. [28] the width of the GDR built on the
ground state of the nucleus has been determined by fitting the
experimental photoabsorption cross section with the SLO as
well as SMLO. Both models put forward approximately the
same width. However, as observed in the present study, the
widths of the GDR built on the excited states of the nuclei
differ for various PSF models at finite temperatures.

Several models have been proposed earlier to explain the
variation of the GDR width with temperature. The thermal
shape fluctuation model (TSFM) [57-59] calculates the GDR
lineshape at finite temperature by taking the weighted average
of the lineshapes corresponding to different nuclear defor-
mations. However, it tends to overestimate measured widths

at T < 2 MeV. Notably, the microscopic phonon damping
model (PDM) [60,61] and the critical temperature included
fluctuation model (CTFM) [13] describe the temperature vari-
ation of the GDR width reasonably well. Within the PDM,
the width at finite temperature emerges from coupling of the
GDR state with particle-hole (ph), particle-particle (pp), and
hole-hole (hh) configurations. Within the CTFM, the width
remains constant up to a mass-dependent critical temperature
and increases thereafter. These insights are drawn primarily
from GDR widths determined by using the SLO strength
function. However, as observed in the present study, the PSF
model dependence of the deduced widths should be taken
into account. Additionally, as mentioned earlier, the SMLO
describes the y-ray spectra for >Zn at both the excitation
energies with an identical ground-state width. However, for
fitting the measured spectra for 2°!'T1 different ground-state
widths were required. Similar observations hold for the KLO
and GLO models with the caveat that the required ground state
widths were a bit higher, especially for 2°!' T1. This suggests
that the underlying mechanism of the increase in the width in
light mass systems could be explained within the temperature-
sensitive strength function models. On the other hand, other
mechanisms might have significant influence for heavy mass
systems. However, more systems should be studied with these
modified strength function models before drawing any definite
conclusion. It will also be interesting in the future to study
isospin mixing, nuclear dissipation, etc., which were studied
earlier in hot nuclei using the SLO model strength function,
using the temperature-dependent PSF models.

V. SUMMARY AND CONCLUSION

To summarize, we have investigated four different phe-
nomenological photon strength function models in their
application to determine the properties of the GDR built on
the excited states of both light and heavy mass nuclei. All the
models corroborate the measured high-energy y-ray spectra
reasonably well. The variation in the peak energy of the GDR
remains within ~1 MeV for different PSF models. However, a
large variation is observed in the predicted GDR width at finite
temperatures. This observation may significantly influence the
theoretical models which perform calculations of the GDR
width at finite temperature. The temperature-sensitive strength
function models could illuminate new insights into the diverse
properties studied in excited nuclei using the GDR as a probe.
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