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ABSTRACT

Photonuclear reactions were studied for the samarium isotopes 144Sm, 148Sm,
150Sm, 152Sm, and 154Sm over an energy range of 8–22 MeV using the EMPIRE
3.2.2 nuclear reaction code. Total photoabsorption cross sections, particularly the
Giant Dipole Resonance (GDR), were analyzed by considering contributions from both
compound-nucleus and pre-equilibrium mechanisms. The Hauser–Feshbach model was
employed to describe the compound-nucleus contribution, while the exciton model was
used for the pre-equilibrium process. The results showed that the compound-nucleus
mechanism is dominant across the studied energy range, although pre-equilibrium effects
become more noticeable at higher energies. Furthermore, the influence of various
gamma-ray strength function models, including MLO and EGLO, was evaluated. It
was observed that different MLO variants yield consistent results, whereas the EGLO
model fails to reproduce the double-peaked GDR structure characteristic of deformed
samarium isotopes. These findings contribute to a better understanding of photonuclear
reaction mechanisms and the applicability of gamma-ray strength function models in
nuclear structure studies.
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1 INTRODUCTION

G iant resonances (GRs) are high-frequency collective
excitations in atomic nuclei, and their study reveals

important information about nuclear properties. The
isoscalar giant dipole resonance (GDR) is of particular
interest because its energy is directly related to nuclear
deformation; differences in oscillation frequencies along
the major and minor axes can split the GDR [1, 2].
Giant dipole modes have been widely used to probe
the properties of hot, rotating nuclei. For instance, the
emergence of a double-peak structure in the photoab-
sorption spectrum of isotopes such as 152Sm indicates
nuclear deformation [3]. Although deformation splitting
is less noticeable for GRs with higher multipolarity, peak
broadening has been observed in these cases as well,
reflecting changes in the distribution of strength. By
systematically studying GRs, unique insights into phase

transitions in nuclear shapes can be gained. Unlike low-
energy excitations, GRs provide a more direct reflection
of the bulk properties of nuclear matter [4–6].

Nuclear reaction cross sections are consequential for
various applications in astrophysics, nuclear energy, and
national protection. When these cross sections cannot be
measured directly or predicted reliably, indirect methods
for determining the relevant reaction rates become nec-
essary [7]. Nuclear reaction mechanisms are commonly
separated into three types (direct, compound, and pre-
equilibrium). A direct reaction is the first type, in which
the incident particle interacts on a short timescale with
a single proton and a single neutron, generally near the
surface of the target nucleus. Furthermore, the time
that a nucleon takes to cross the nucleus is short (about
10-22), and this allows it to interact with only a small
number of nucleons near the surface of certain nuclei.
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Therefore, only a limited part of the target participates in
the earliest stage of the interaction. Such reactions are
typically forward-directed, unlike compound reactions,
and are often discussed as the “reverse” limit of compound
formation. Direct reactions remain a very active field in
nuclear physics: they are used as experimental tools, as a
playground for new ideas developed in nuclear reaction
theory, and as direct probes of nuclear structure [8, 9].

Second, compound nucleus formation occurs when
a large number of protons and neutrons are involved in
a complex sequence of two-body reactions for a long
enough time to create a relatively long-lived intermedi-
ate. In this case, thermal equilibrium is reached in the
remaining system, and this type of mechanism is most
prominent at low energies for the given target system.
The cross section of this type varies strongly for small
variations in the incident particle energy [10, 11]. The
third type, pre-equilibrium, is an intermediate mechanism
between direct and compound reactions. It occurs on a
longer timescale than direct interaction but on a shorter
timescale than compound-nucleus formation. This type
is distinguished by an incident particle that continuously
undergoes subsequent scattering. As scattering proceeds,
increasingly complex states are created in the remaining
system, and the information contained in the initial
interaction is gradually lost. This interaction type is
especially important when considering highly energetic
incident particles; if the remaining system has sufficient
excitation energy, the emission of subsequent particles
may become more likely [12]. Pre-equilibrium processes
are crucial mechanisms in nuclear reactions induced
by light projectiles with incident energies above 10
MeV [13,14].

The exciton model for nuclear reactions describes
the full spectrum of reactions, ranging from very fast,
direct reactions to relatively slow compound-nucleus
processes [15]. The exciton model is a phenomenological
description based on phase-space arguments, in which
energy balance in a compound nucleus is treated in terms
of the creation and destruction of pairs of particle–hole
degrees of freedom [16]. It describes the reaction as
a multistep process in which transitions occur between
various classes of states. The exciton number, i.e., the
number of excited particles and/or holes, characterizes
these classes [17]. Griffin proposed the model in 1966
as a simple framework for describing diverse nuclear
interactions in an energy range around 10 MeV, in which
the incident particle shares its energy with the target
nucleus in two-body collisions. These collisions increase

the number of excitons by exciting particles above the
target nucleus’s Fermi sea and creating holes below it.
Each state is treated statistically, allowing transitions
to states with different exciton numbers or emission
of particles into the continuum. The model and its
modifications have been widely used in the analysis of
excitation functions and particle energy spectra, and the
results of these studies generally show good agreement
between experimental and theoretical results [18, 19].

This model includes phenomenological parameters,
but they are few and approximately constant over large
mass and energy ranges, which has improved the under-
standing and practical description of nuclear reactions.
It is appropriate for practical applications, especially for
evaluating cross sections of neutron-induced reactions. It
continues to be developed and has been used not only for
predicting cross sections and energy spectra (including
𝛾-ray competition) but also for angular distributions.
One of the most important developments is the inclusion
of explicit angular-momentum and parity conservation,
with the requirement that the Hauser–Feshbach model be
recovered as a limiting case [20].

Gamma-ray strength function (GSF) models are con-
sequential in nuclear structure studies because they are
essential ingredients in compound-nucleus calculations of
capture cross sections, 𝛾-ray spectra, and the competition
between 𝛾-ray and particle emission. They also provide
average characterizations of electromagnetic properties
of excited nuclei and characterize the average 𝛾-decay
behavior of a nucleus as a function of excitation energy.
In addition, they contribute to statistical nuclear theory
in astrophysics, reactor design, and waste transmutation,
and they are used as tools applied in nuclear reaction
model calculations [21,22]. Gamma emission is a crucial
channel for deexciting nuclei at energies below 1 MeV
and accompanies most nuclear reactions. Accordingly,
selecting an appropriate strength function is important for
obtaining reliable calculated observables across diverse
practical cases. Radiative strength functions (RSF)
include two types that describe 𝛾 decay and photoab-
sorption: a downward intensity function that determines
the average radiative width of 𝛾 decay, and an upward
intensity function for photoexcitation that is associated
with the cross section for absorbing a gamma ray [23].

In this study, the contributions of the compound
nucleus and pre-equilibrium mechanisms to the total
photoabsorption cross section were investigated using
the Hauser–Feshbach and exciton models, respectively.
The total cross sections for some samarium isotopes were
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also studied using different gamma-strength functions.
The default EMPIRE-specific level densities, adjusted to
RIPL-3 experimental average neutron resonance spacings
and to discrete levels, were used. A suitable optical
potential model for the energy range and atomic number
of the isotopes under study was also used [24]. These
calculations, performed with the EMPIRE 3.2.2 code,
were compared with available experimental data adopted
from the EXFOR database.

2 MATERIALS AND METHODS
The cross-section of a photon that is absorbed by

a nucleus can be calculated in EMPIRE and by using
the nuclear code by using two unique nuclear reaction
processes: the quasi-deuteron (QD) photo-absorption
process and the giant dipole resonance (GDR) [25, 26].
The photo-absorption cross-section 𝜎𝑎𝑏𝑠 (𝐸𝛾 ) equation
that is observed experimentally incorporates both of these
two mechanisms, as shown below:

𝜎𝑎𝑏𝑠

(
𝐸𝛾

)
= 𝜎𝐺𝐷𝑅

(
𝐸𝛾

)
+ 𝜎𝑄𝐷

(
𝐸𝛾

)
(1)

The GDR cross section can be calculated by adding the
contribution of the compound nucleus and preequilibrium
cross sections. The basic feature of the compound nucleus
model, as applied to photonuclear reactions, is that the
nucleus is excited by the absorption of the photon via
dipole interaction. After the absorption, a compound
nucleus is formed, which subsequently deexcites by the
evaporation of one or more particles.

In the Hauser-Feshbach model, the cross–section for
the (a, b) reaction is expressed as follows [27]:

𝜎𝑎,𝑏 (𝐸) =
∑︁
𝐽 𝜋

𝜎𝐶𝑁
𝑎 (𝐸, 𝐽𝜋)𝑃𝑏 (𝐸, 𝐽𝜋) (2)

Where 𝜎𝐶𝑁
𝑎 (𝐸, 𝐽𝜋) : The CN creation cross-section in

a state characterized by spin and parity (J).𝑃𝑏 (𝐸, 𝐽𝜋) :
The CN decay probability of a given energy Ex into the
b channel.

In terms of transmission coefficients, the probability
of decay:

𝑃𝑏 (𝐸, 𝐽𝜋) =
𝑇𝑏 (𝐸𝑥 , 𝐽𝜋)∑
𝑐 𝑇𝑐 (𝐸𝑥 , 𝐽𝜋)

(3)

for p particle-emission:

𝑇𝑝 (𝐸, 𝐽𝜋) =
𝐼=𝐽+ 𝑗∑︁
𝐼= |𝐽− 𝑗 |

∫ 𝐸𝑥−𝐵𝑝

0

∑︁
𝑙 𝑗

𝑇𝑝,𝑙 𝑗
(
𝐸𝑥 − 𝐵𝑝 + 𝜀

)
𝜌 (𝜀, 𝐼𝜋𝐼 ) 𝛿

(
𝜋𝜋𝑙, (−1)𝑙

)
𝑑𝜀

(4)

where 𝜌 (𝜀, 𝐼𝜋𝐼 ) is the density of levels in the residual
nucleus with the spin and parity 𝐼, 𝜋𝐼

𝑇𝑝,𝑙 𝑗 is the transmission coefficient having channel
energy

(
𝐸𝑥 − 𝐵𝑝 + 𝜀

)
, and the orbital angular momentum

1 , which together with the particle spin s couples to the
channel angular momentum j used to select in the residual
nucleus spins I populated for a given compound nucleus
spin J. 𝛿

(
𝜋𝜋𝐼 , (−1)𝑙

)
is the factor that stands for parity

conservation.
For gamma (𝛾) decay, coefficient displays the similarly

expression by:

𝑇𝛾 (𝐸𝑥 , 𝐽𝜋) =
∑︁
𝑥𝐿

|𝐽+ 𝑗 |∑︁
𝐽 ′= |𝐽− 𝑗 |

∫ 𝐸𝑥

0
𝑓𝑥𝑙

(
𝜀𝛾

)
𝜌
(
𝐸𝑥 − 𝜀𝛾 , 𝐽′, 𝜋′

)
𝛿

(
𝜋𝜋′, (−1)𝐿

)
𝑑𝜀𝛾

(5)

where XL is defined as the photon type and multipole
and 𝑓𝑥𝑙

(
𝜀𝛾

)
is the Gamma-ray strength function.

Currently, the exciton model module PCROSS is used
to calculate pre-equilibrium emission in photo-nuclear
interactions: as the one-particle-one-hole excitation for
the GDR fraction and as the two-proton-two-hole excita-
tion for the QD fraction. However, this method does not
account for the relationship of two holes that are created
by the QD mechanism, which would necessitate a first
shape that is nearer to a 2p1h one than a 2p2h one [28].

The exciton model of Kalbach has been used to
calculate pre-equilibrium cross-sections for each particle
that is emitted in binary reactions, as well as to calculate
the compound nucleus cross-section for each binary
reaction, besides the continuous level collections of
residual nuclei that can increase the decay to calculate
the corrections [29].

The basic assumption is that the intermediate states
of the composite nucleus are characterized by a number
called the exciton number n (or number of excited particles
P and holes h) and by the excitation energy E. In general,
for a given state and energy range, the probability of
finding a particle is determined by the state densities.
The density of the particle-hole state given by [18]

𝜔(𝑝, ℎ, 𝐸) = 𝑔
(
𝑔𝐸 − 𝐴𝑝,ℎ

) 𝑝+ℎ−1

𝑝!ℎ!(𝑝 + ℎ − 1)! (6)

with 𝑔 is the state density of single particle g = 6a/𝜋2
in which a is the level density parameter in the equal

© 2026 The Author(s). 212 CC BY 4.0

https://creativecommons.org/licenses/by/4.0/


Journal of University of Anbar for Pure Science Vol. 20, No. 1 (2026)

spacing model. 𝐴𝑝,ℎ = 1
4
(
𝑝2 + ℎ2 + 𝑝 − 3ℎ

)
is the Pauli-

exclusion first order correction effect.
The pre-compound reaction cross sections can be able

to be calculate if the transition rates and particle decay
rates are known, which are the transition rates of creating
a particle-hole pair ( Δ𝑝 = Δℎ = +1 ), annihilating
a particle-hole pair (Δ𝑝 = Δℎ = −1), or simply by
exciton-exciton scattering ( Δ𝑝 = Δℎ = 0 ), or undergo
particle emissions with a certain decay width. These
transition rates determined according to the first order
time dependent perturbation theory as [30–32].

𝜆+(𝑝, ℎ, 𝐸) =
Γ+(𝑝, ℎ, 𝐸)

ℏ
=
𝜋

ℏ
|𝑀 |2 𝑔

(𝑝 + ℎ + 1)(
𝑔𝐸 − 𝐶𝑝+1,ℎ+1

)2
(7)

𝜆− (𝑝, ℎ, 𝐸) =
Γ− (𝑝, ℎ, 𝐸)

ℏ
=
𝜋

ℏ
|𝑀 |2𝑔𝑝ℎ(𝑝+ℎ−2) (8)

𝜆0(𝑝, ℎ, 𝐸) =
Γ0(𝑝, ℎ, 𝐸)

ℏ
=
𝜋

ℏ
|𝑀 |2𝑔

(
𝑔𝐸 − 𝐶𝑝,ℎ

)
×[

𝑝(𝑝 − 1) + 4𝑝ℎ + ℎ(ℎ − 1)
𝑃 + ℎ

]
(9)

where 𝐶𝑝,ℎ = 1
2
(
𝑝2 + ℎ2) is the Pauli-exclusion first

order correction effect. |𝑀 |2 transition matrix element
of two body

(
|𝑀 |2 = |𝑀 |2+ = |𝑀 |2− = |𝑀 |20

)
.Γ+, Γ− , and

Γ0 are the transition widths from the (p, h) state to
(p + 1, h + 1), (p − 1, h − 1) states and remaining in a
given (𝑝, ℎ) state, respectively. A general pre-equilibrium
formulation of probability per unit time of a decay particle
𝛽 with channel energy 𝜖 from a state with p particle and
h hole is [15, 33–35]:

𝑊𝛽

(
𝑝, ℎ, 𝐸, 𝜖𝛽

)
=

[
𝜔
(
𝑝 − 𝑝𝛽 , ℎ,𝑈

)
𝜔(𝑝, ℎ, 𝐸)

𝑅𝛽 (𝑝)𝛾𝛽𝜔
(
𝑝𝛽 , 0, 𝐸 −𝑈

)
𝑑𝜖

]
𝜆𝑐𝛽 (𝜖)

=
2𝑠𝛽 + 1
𝜋2ℏ3 𝜇𝛽𝜎𝛽 (𝜖)𝜖𝑑𝜖 ×

𝜔
(
𝑝 − 𝑝𝛽 , ℎ,𝑈

)
𝜔(𝑝, ℎ, 𝐸) ×

𝜔
(
𝑝𝛽 , 0, 𝐸 −𝑈

)
𝑔𝛽

𝑅𝛽 (𝑝)𝛾𝛽

(10)

where 𝑠𝛽 is the spin, 𝜇𝛽 reduced mass, and 𝜎𝛽 the inverse
reaction cross section for the emitted particle 𝛽.U and E
are the residual and composite nuclei excitation energies.

𝑝𝛽 is the number of particle emitted. 𝑅𝛽 (𝑝), is the
probability that of the outgoing particle 𝛽 at p excited
particles has the right combination of protons and neu-
trons and 𝛾𝛽 is the probability formation of particle 𝛽
in the composite nucleus to have the right momentum
to undergo emission as an entity. 𝜆𝑐

𝛽
(𝜖) [15, 34] is

the emission rate for a particle 𝛽 at energy 𝜖 into the
continuum:

𝜆𝑐𝛽 (𝜖) =
𝜎𝛽 (𝜖)𝑣𝛽𝑝𝑐𝛽 (𝜖)

𝑔𝛽𝑉
(11)

where V is the laboratory volume, 𝑣𝛽 =
(
2𝜖/𝜇𝛽

) 1
2 is

the 𝛽 particle velocity with continuum state density
𝑝𝑐
𝛽
(𝜖) =

(
𝑉/4𝜋2ℏ3) (2𝑠𝛽 + 1

) (
2𝜇𝛽

)3/2
𝜖

1
2 [15,34]. The

total decay probability per unit time for particle 𝛽 from
the (p, h) state i.e.,

Γ𝛽 (𝑝, ℎ, 𝐸)
ℏ

= Λ𝛽 (𝑝, ℎ, 𝐸) =
∫ 𝐸−𝐵

0
𝑊𝛽 (𝑝, ℎ, 𝐸, 𝜖)𝑑𝜖

(12)
where B𝛽 is the 𝛽-particle separation energy, Γ𝛽 (𝑝, ℎ, 𝐸)
is total decay width for particle 𝛽 at state (p, h). The total
particle decay probability per unit time Λ𝑐 (𝑝, ℎ, 𝐸) is
simply the sum over all possible decay channels, that is

Λ𝑐 (𝑝, ℎ, 𝐸) =
Γ𝑐 (𝑝, ℎ, 𝐸)

ℏ
=
∑︁
𝑣

Γ𝑣 (𝑝, ℎ, 𝐸)
ℏ

=
∑︁
𝑣

Λ𝑣 (𝑝, ℎ, 𝐸)
(13)

𝑣 includes contributions from particles such as neutrons
(n), protons (p), deuterons (d), tritons (t), helium-3 (3He),
and helium-4 (4 He). Based on equations (2) through
(8), the total decay width of an intermediate exciton state
characterized by (𝑝, ℎ) can be expressed as:

Γ(𝑝, ℎ, 𝐸) = Γ+(𝑝, ℎ, 𝐸) + Γ− (𝑝, ℎ, 𝐸) + Γ𝑐 (𝑝, ℎ, 𝐸)
(14)

The mean lifetime associated with a specific (𝑝, ℎ)
state is given by:

𝜏(p, h,E) = ℏ

Γ(𝑝, ℎ, 𝐸) = [𝜆+(𝑝, ℎ, 𝐸) + 𝜆− (𝑝, ℎ, 𝐸)

+Λ𝑐 (𝑝, ℎ, 𝐸)]−1

(15)

Γ+(𝑝, ℎ, 𝐸)/Γ(𝑝, ℎ, 𝐸), Γ− (𝑝, ℎ, 𝐸)/Γ(𝑝, ℎ, 𝐸), Γ𝑐 (𝑝,ℎ,𝐸 )Γ (𝑝,ℎ,𝐸 )
are the transition probabilities (or branching ratios) from
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a given (p, h) state to the (𝑝+1, ℎ+1) state, (𝑝−1, ℎ−1)
state, or to particle emission are defined, respectively,
respectively. Under the "never come back" approximation,
which neglects the Γ−term, the probability of reaching any
intermediate state starting from an initial state (𝑝0, ℎ0) is
determined accordingly.

P(p, h,E) =
𝑝−1∏
𝑝′=𝑝

Δ𝑝′=+1

Γ+ (𝑝′, ℎ′, 𝐸) /Γ (𝑝′, ℎ′, 𝐸) (16)

Where 𝑝′ − ℎ′ = 𝑝0 − ℎ0 and 𝑃 (𝑝0, ℎ0, 𝐸) = 1. With
this assumption, the pre-equilibrium decay probability
for a particle 𝛽 with energy between 𝜖 and 𝜖 + d𝜖 can be
obtained by summing from initial (p0, h0) state to the
most probable (𝑝, ℎ̄) state, that is

𝐼
𝑃𝐸𝑄

𝛽
(𝐸, 𝜖)𝑑𝜖 =

𝑝̄∑︁
𝑝=𝑝0
Δ𝑝=+1

[
𝑊𝛽

(
𝑝, ℎ, 𝐸, 𝜖𝛽

)
Γ𝑐 (𝑝, ℎ, 𝐸)

]
[
Γ𝑐 (𝑝, ℎ, 𝐸)
Γ(𝑝, ℎ, 𝐸)

]
P(p, h,E)

(17)

or

𝐼
𝑃𝐸𝑄

𝛽
(𝐸, 𝜖)𝑑𝜖 =

𝑝̄∑︁
𝑝=𝑝0
Δ𝑝=+1

𝑊𝛽 (𝑝, ℎ, 𝐸, 𝜖)𝑑𝜖𝜏𝑃𝐸𝑄 (p, h,E)

(18)
with

𝜏𝑃𝐸𝑄 (p, h,E) = ℏ

Γ(𝑝, ℎ, 𝐸)P(p, h,E)

= 𝜏(p, h,E)P(p, h,E)
(19)

where 𝜏𝑃𝐸𝑄 (p, h,E) is the time spent by the composite
nucleus in the (p, h) state at pre-equilibrium stage. Taking
the contributions of "come back" into account, neglecting
higher order contributions, the total pre-equilibrium decay
probability with energy 𝜖 of a particle 𝛽 [35]:

𝐼
𝑃𝐸𝑄

𝛽
(𝐸, 𝜖)𝑑𝜖 =

𝑝̄∑︁
𝑝=𝑝0
Δ𝑝=+1

[
Γ𝛽 (𝑝, ℎ, 𝐸, 𝜖)𝑑𝜖
Γ𝑐 (𝑝, ℎ, 𝐸)

] [
Γ𝑐 (𝑝, ℎ, 𝐸)
Γ(𝑝, ℎ, 𝐸)

]
×
[ ∏𝑝−1

𝑝′=𝑝 Γ+ (𝑝′, ℎ′, 𝐸) /Γ (𝑝′, ℎ′, 𝐸)
Δ𝑝′ = +1

]
×
[
1 + Γ+(𝑝, ℎ, 𝐸)

Γ(𝑝, ℎ, 𝐸) ×
Γ− (𝑝 + 1, ℎ + 1, 𝐸)
Γ(𝑝 + 1, ℎ + 1, 𝐸)

]
(20)

Γ𝛽 (𝑝, ℎ, 𝐸, 𝜖) = ℏ𝑊𝛽 (𝑝, ℎ, 𝐸, 𝜖) particle 𝛽 width emis-
sion, and the time of the composite nucleus in a given
p-h state:

𝜏𝑃𝐸𝑄 (p, h,E)𝜏(p, h,E)P(p, h,E)

×
[
1 + Γ+(𝑝, ℎ, 𝐸)

Γ(𝑝, ℎ, 𝐸) ×
Γ− (𝑝 + 1, ℎ + 1, 𝐸)
Γ(𝑝 + 1, ℎ + 1, 𝐸)

] (21)

Then the pre-equilibrium emissions fraction is:

𝐹𝐸
𝑃𝐸𝑄 =

∑︁
𝑣

∫ 𝐸−𝐵𝑣

0
𝐼
𝑃𝐸𝑄
𝑣 (𝐸, 𝜖)𝑑𝜖

=

𝑝̄∑︁
𝑝=𝑝0
Δ𝑝=+1

Λ𝑐 (𝑝, ℎ, 𝐸)𝜏𝑃𝐸𝑄 (p, h,E)
(22)

with 𝐹𝐸𝑄 (E) = 1 − 𝐹𝑃𝐸𝑄 (𝐸).
The photonuclear reaction energy spectrum for pre-

equilibrium stage:

𝑑𝜎
𝑃𝐸𝑄

𝛽

(
𝐸𝛾

)
𝑑𝜖

= 𝜎𝑎

(
𝐸𝛾

)
𝐼
𝑃𝐸𝑄

𝛽

(
𝐸𝛾 , 𝜖

)
The gamma decay intensity function that limits the

average radiative width of the gamma-decay for gamma-
ray emission of multi-pole sort XL is identified as [27]:

←−
𝑓 𝑋𝐿

(
𝐸𝛾

)
=
𝐸
−(2𝐿+1)
𝛾

〈
Γ𝑋𝐿

(
𝐸𝛾

)〉
𝐷𝑙

(23)

with 𝐸𝛾
−(2𝐿+1) 〈Γ𝑋𝐿

(
𝐸𝛾

)〉
is the average reduced partial

radiation width, 𝐷𝑙 is the average level spacing, and
𝐸𝛾 is the gamma-ray energy [23]. Photo-absorption
cross-section of dipole 𝛾-ray with energy (E 𝛾 ) by non-
deformed cold nucleus as an example of the radiative
strength functions (RSF) is proportional to the (RSF) of
photo-absorption operation ®𝑓

(
𝐸𝛾

)
where (RSF) is an

essential component of the statistical theory of nuclear
interactions by the relation [36]:

𝜎
(
𝐸𝛾

)
= 3(𝜋ℏ𝑐)2𝐸𝛾

®𝑓
(
𝐸𝛾

)
(24)

The photo-excitation strength function ®𝑓𝐸𝐿 is linked
to the cross-section for 𝛾-ray absorption and is limited by
the average of

〈
𝜎𝑋𝐿

(
𝐸𝛾

)〉
summarized overall probable

spins of the last states:

®𝑓𝐸𝐿

(
𝐸𝛾

)
=
𝐸
−(2𝐿+1)
𝛾

(𝜋ℏ𝑐)2

〈
𝜎𝑋𝐿

(
𝐸𝛾

)〉
2𝐿 + 1

(25)
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Lorentzian parameters of (GRs) are essential to calcu-
late gamma-ray strength functions with closed-shape mod-
els [23, 37, 38]. The emission and absorption of dipole
gamma rays from atomic nuclei in the energy region up
to E𝛾 ≈ 20MeV is principally governed by the excitation
of the isovector giant dipole resonance (IVGDR). The
brink hypothesis in the standard Lorentzian model (SLO)
has been widely used to compute dipole gamma-ray
strength. The dipole radiative strength function in this
model is a singular Lorentzian for non-deformed nuclei
with an energy autonomous width (Γ) that is taken to be
equivalent to the GDR width Γ𝑟 :

←
𝑓
(
𝐸𝛾

)
= ®𝑓

(
𝐸𝛾

)
≡ 𝑓𝑆𝐿𝑂

(
𝐸𝛾

)
= 8.674.10−8 × 𝜎𝑟Γ𝑟

𝐸𝛾Γ𝑟(
𝐸2
𝛾 − 𝐸2

𝑟

)2 +
(
𝐸𝛾Γ𝑟

)2

(26)

The enhanced Generalized Lorentzian model (EGLO)
for non-deformed nuclei includes two ingredients and the
following:

®𝑓𝐸𝐺𝐿𝑂

(
𝐸𝛾

)
= 8.674.10−8 × 𝜎𝑟Γ𝑟×[

𝐸𝛾Γ𝑘

(
𝐸𝛾 , 𝑇 𝑓

)(
𝐸2
𝛾 − 𝐸2

𝑟

)2 +
(
𝐸𝛾Γ𝑘

(
𝐸𝛾 , 𝑇 𝑓

) )2 + 0.7Γ𝑘

(
𝐸𝛾 =

0, 𝑇𝑖
𝐸3
𝑟

)]
(27)

where Ti (Tf ) is the temperature of the first (last)
states. The GFL dipole strength function in non-deformed
nuclei is well-identified as:
←−
𝑓
(
𝐸𝛾

)
=
←−
𝑓 𝐺𝐹𝐿

(
𝐸𝛾

)
= 8.674.10−8 × 𝜎𝑟Γ𝑟𝐾𝐺𝐹𝐿

𝐸𝛾Γ𝑚
(
𝐸𝛾 , 𝑇 𝑓

)(
𝐸2
𝛾 − 𝐸2

𝑟

)2 + 𝐾𝐺𝐹𝐿𝐸𝛾
2 (Γ𝑚 (

𝐸𝛾 , 𝑇 𝑓

) )2

(28)

where𝐾𝐺𝐹𝐿Γ𝑚𝐸𝛾
2 has been included in the denominator

to prevent the GFL approach’s singularity around the
GDR energy. 𝐾𝐺𝐹𝐿 is the factor involved in maintaining
the standard correlation between the strength function at
the GDR energy and the hump value of or. The expression
for the dipole gamma-ray strength function with the MLO
model

←−
𝑓 (𝐸1) ≡

←−
𝑓 𝑀𝐿𝑂

(
𝐸𝛾

)
) is obtained by computing

the average radiative width of nuclei with microcanon-
ically distributed first states where the function has the
next shape for non-deformed nuclei

←−
𝑓
(
𝐸𝛾

)
=
←−
𝑓 𝑀𝐿𝑂

(
𝐸𝛾

)
= 8.674.10−8 × Λ

(
𝐸𝛾 , 𝑇 𝑓

)
𝜎𝑟

Γ𝑟
𝐸𝛾Γ

(
𝐸𝛾 , 𝑇 𝑓

)(
𝐸2
𝛾 − 𝐸2

𝑟

)2 + 𝐸𝛾
2 (Γ (

𝐸𝛾 , 𝑇 𝑓

) )2

(29)

where Γ
(
𝐸𝛾 , 𝑇 𝑓

)
is the strength function width dependent

on the temperature ( 𝑇 𝑓 ) of the last state, and the gamma-
ray energy [23].

3 RESULTS AND DISCUSSION
The total giant dipole resonance (GDR) cross sections

for the 144,148,150,152,154Sm isotopes were first calcu-
lated by adding the contributions from different nuclear
reaction models and then compared with the experimental
data within the studied energy range. At the same time,
the effect of gamma-ray strength functions on these total
cross sections was investigated to identify the function
that best agrees with the experimental data. Figure
1a-e illustrates the total cross sections for the isotopes
under study with experimental data points compared
to the theoretical contributions from different reaction
components. It can be observed that the computed GDRs
for all Sm isotopes reproduce the form of the GDR cross
section perfectly. The theoretical total GDR cross section,
which includes all contributions and is shown as the solid
black curve, was fitted to align with the experimental data
and represents the overall behavior of the resonance. The
pre-equilibrium and compound nucleus contributions,
labeled with red and black curves, are also shown in
this figure. The pre-equilibrium contribution arises from
nucleons that do not fully equilibrate before emission and
is relatively small compared with the compound nucleus
contribution, which is the dominant process within the
GDR energy range and follows the characteristic GDR
shape. It becomes more noticeable at higher energies,
especially in the second peak for the deformed 152,154Sm
nuclei, and may provide a subtle enhancement to the
overall cross section, yielding excellent agreement with
the experimental one.

The shape of the total GDR curve reflects the overlap
of different oscillation frequencies along the two principal
axes of the nucleus, resulting in a broader resonance than
in spherical nuclei and two or more resonance peaks in
deformed nuclei. These two peaks, with different ener-
gies, correspond to nucleon oscillations along the long
(low-energy) and short (higher-energy) axes, respectively,
and reflect prolate or oblate deformation.
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Fig. 1 Giant dipole resonance cross section and its contributions for samarium isotopes (a) for 144Sm, (b) for 148Sm, (c) for 
150Sm, (d) for 152Sm, and (e) for 154Sm along with experimental data 

 
The compound nucleus contributions for the samarium isotopes are shown in Figure 2. These calculations were performed 
using the Hauser–Feshbach statistical model, which assumes that a compound nucleus is formed following photon 
absorption and subsequently decays via particle emission. The compound nucleus contribution decreases with increasing 
mass number and follows the characteristic GDR shape. This reveals an inverse relationship between the compound cross 

Fig. 1 Giant dipole resonance cross section and its
contributions for samarium isotopes (a) for 144Sm, (b) for
148Sm, (c) for 150Sm, (d) for 152Sm, and (e) for 154Sm along
with experimental data

The compound nucleus contributions for the samari-
um isotopes are shown in Figure 2. These calculations
were performed using the Hauser–Feshbach statistical
model, which assumes that a compound nucleus is
formed following photon absorption and subsequently
decays via particle emission. The compound nucleus
contribution decreases with increasing mass number
and follows the characteristic GDR shape. This reveals
an inverse relationship between the compound cross
section and nuclear deformation: more spherical isotopes
(e.g., 144Sm) exhibit higher compound nucleus cross
sections, with peak values exceeding 350 mb, whereas
more deformed isotopes (e.g., 152Sm and 154Sm) peak
at noticeably lower values (≈250 mb and below).

This behavior can be interpreted within the Haus-
er–Feshbach framework. In more spherical nuclei, the
reaction flux proceeds predominantly through compound
nucleus formation, yielding a stronger compound con-
tribution. In more deformed nuclei, the higher-level
density and the increased number of accessible configura-

tions facilitate faster dissipation through non-equilibrium
pathways, thereby reducing the fraction of reactions
that proceed via full compound nucleus formation and
lowering the compound contribution.

The onset of a significant compound cross section
appears similar across all isotopes (≈10 MeV), whereas
the resonance width and peak position show only minor
variation. The more spherical 144Sm shows a sharper and
higher peak, while the more deformed isotopes exhibit
broader but lower peaks. Overall, as the mass number
increases from 144Sm to 154Sm, the compound nucleus
contribution decreases, opposite to the trend observed for
the pre-equilibrium mechanism.

Figure 3 presents the pre-equilibrium reaction cross
sections for the samarium isotopes under study as a func-
tion of incident 𝛾-ray energy, calculated using the exciton
model implemented in the PCROSS subroutine [27].
The results highlight the contribution of pre-equilibrium
processes within the GDR region (8–22 MeV) and the
effects of nuclear deformation and mass number on
the cross-section behavior. Nuclear deformation clearly
enhances the pre-equilibrium 𝛾-induced reaction mech-
anism. Deformed isotopes, such as 152Sm and 154Sm,
exhibit higher and broader pre-equilibrium peaks than
the more spherical 144Sm. This behavior is consistent
with the higher level density in deformed nuclei, which
increases the number of available intermediate exciton
configurations. In Griffin’s exciton model [39], the pre-
equilibrium stage evolves through successive two-body
interactions within the composite nucleus; deformation
facilitates access to higher-order particle-hole states,
increasing the emission probability before statistical
equilibrium is reached.

In addition, the energy threshold for noticeable pre-
equilibrium emission is lower for the more deformed
isotopes. For example, 154Sm and 152Sm begin to show
clear pre-equilibrium contributions around 9–10 MeV,
whereas the more spherical 144Sm shows a delayed onset
near 11 MeV. This may reflect stronger coupling between
the 𝛾-ray field and collective dipole modes in deformed
nuclei, which can favor earlier non-equilibrium emission.

A further observation is the increase in the peak pre-
equilibrium cross section with increasing mass number.
Heavier isotopes, such as 154Sm, exhibit larger magni-
tudes and a slight shift of the pre-equilibrium peak toward
higher photon energies. While this trend also tracks
the increase in atomic number, it is likely dominated
by the larger quadrupole deformation (𝛽2) in heavier
samarium isotopes, which enhances level density and
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dipole response. Overall, these results support the exciton
model’s sensitivity to nuclear-structure effects, especially
deformation and mass number. As implemented in
PCROSS and EMPIRE, the model describes the transition
from initial dipole excitation to particle emission through
non-equilibrium pathways and provides a consistent expla-
nation for the isotope-dependent behavior of photonuclear
reactions in the GDR region.

Fig. 2 The compound nucleus reaction cross-section for Sm
isotopes

Figure 4a, b, c, d, and e display the calculation of the
GDR cross-section for samarium isotope based on vari-
ous gamma-ray strength functions, which differ in their
treatment of nuclear deformation, damping mechanisms,
and resonance parameters. The results were overlaid
with the experimental data and then compared across
the different strength-function options. The modified
Lorentzian (MLO) models incorporate temperature and
deformation effects and aim to describe both the GDR
peak region and the high-energy tail. Variations among
MLO parametrizations introduce refinements such as ad-
ditional energy- or temperature-dependent terms, which
can improve agreement over a broader energy range and
better reflect the GDR splitting observed in deformed
nuclei.

Fig. 3 The pre-equilibrium reaction cross-section for Sm
isotopes

The standard Lorentzian (SLO) model is closer to
a global Lorentzian description, typically implemented
with deformation corrections, but it is generally less
flexible at reproducing the peak and tail simultaneously.

EGLO (RIPL) is an enhanced generalized Lorentzian
formulation tuned to the Reference Input Parameter
Library (RIPL) and is often adopted for practical calcula-
tions in deformed nuclei. It includes an energy-dependent
width and a damping mechanism that helps capture the
spreading of the strength function at lower energies;
accordingly, it can better reproduce the experimental
low-energy behavior when temperature effects become
relevant in an excited nucleus. The generalized Fermi
liquid (GFL) approach also considers deformation, but
it differs in how the resonance is parametrized and, in
its simpler treatment, can miss deformation effects. As
a result, it typically provides intermediate agreement,
capturing some aspects of the resonance, while lacking
precision in the tail or peak regions and sometimes
underestimating the resonance-peak cross section. In
contrast, the EGLO (Uhl–Kopecky) option fails to repro-
duce the broader GDR shape and tends to overestimate
the peak cross section because deformation is not treated
adequately [40].
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 Fig. 4 The total cross-section for Sm isotopes calculated with different Gamma strength functions 
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along different nuclear axes in deformed nuclei. In a spherical nucleus, the GDR exhibits a single peak because the 
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Fig. 4 The total cross-section for Sm isotopes calculated with
different Gamma strength functions

The variation in the cross-section behavior across Sm
isotopes is not solely quantitative; it also reflects deeper
structural differences associated with nuclear deformation.
One of the most important deformation effects on the
GDR is the splitting of the resonance into two distinct
components. This splitting arises from anisotropic os-
cillations of protons against neutrons along different
nuclear axes in deformed nuclei. In a spherical nucleus,
the GDR exhibits a single peak because the oscillation
frequencies are identical along all axes. In contrast, in
axially deformed nuclei (prolate or oblate), the resonance
separates into two modes, associated with oscillations
along the short and long axes. In practice, the split
peaks correspond to different oscillation frequencies, and
their overlap broadens the overall response compared to
spherical nuclei. The resulting double-humped structure
reflects the distribution of photoabsorption strength over
a wider energy range.

Physically, the energy separation between the split
GDR peaks is directly connected to the nuclear moment
of inertia and the quadrupole deformation parameter

(𝛽2). Greater deformation increases the asymmetry in
the restoring force for proton–neutron oscillations, which
in turn increases the GDR splitting. For example, 152Sm
and 154Sm, known to have significant prolate deformation
(𝛽2 ≈ 0.3 − 0.35), show broader and flatter cross-section
peaks compared with 144Sm, which is nearly spherical
(𝛽2 ≈ 0.0). This behavior is consistent with theoretical
predictions based on hydrodynamic models and collective
excitations.

Moreover, the position and width of the GDR peaks
offer indirect insight into temperature-dependent shape
evolution. At finite excitation energy, the nucleus may
undergo shape changes (e.g., spherical-to-deformed) or
experience enhanced surface vibrations. The broader
response observed in heavier, more deformed Sm isotopes
might therefore also reflect finite-temperature effects,
where the nuclear shape fluctuates around an average
deformed configuration. Overall, the observed GDR
splitting and the corresponding cross-section profiles
across the Sm isotopic chain not only quantify reaction
mechanisms but also encode information about the under-
lying nuclear shape, the deformation energy surface, and
collective motion at finite excitation. Correlating these
features with known deformation parameters highlights
the structural sensitivity of photonuclear reactions and
supports their use as a spectroscopy tool for probing
deformation systematics across isotopes.

4 CONCLUSION
The theoretical components combine to describe

the total GDR, emphasizing the dominant role of the
compound nucleus while accounting for the smaller pre-
equilibrium process, which becomes more noticeable
at higher excitation energies. The compound nucleus
contribution captures deformation-induced splitting and
closely follows the experimental data, indicating that de-
formation effects are properly reflected in the broadening
and splitting of the GDR. The compound mechanism
accounts for most of the cross-section, whereas the pre-
equilibrium component contributes mainly to the high-
energy side. Deformation might also slightly influence
pre-equilibrium emission, because nuclear-surface geom-
etry can affect particle-emission probabilities and, in turn,
the total theoretical cross section.

The calculations also highlight the sensitivity of the
computed GDR cross section to the selected gamma-ray
strength function. Including deformation and energy-
dependent effects generally improves agreement with
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experimental data. The splitting produces a broader
resonance with a two-component shape, which is well
captured by most strength functions, except the simpler
models (GFL). This comparison is important for select-
ing appropriate models for accurate predictions across
different samarium isotopes.
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