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Abstract: Modelling of neutron-induced reaction cross sections is essential for applied nuclear science and nuclear
data evaluation. In this study, excitation functions for the reactions 32S(n,p)32P, 3°Cl(n,a)32P, and 3°Cl(n,p)3>S were
investigated from threshold energies up to 20 MeV. The calculations were performed using the EMPIRE 3.2.3 nu-
clear reaction code with different pre-equilibrium model options, namely MSD (Multi-Step Direct), MSC (Multi-Step
Compound), PCROSS (Pre-equilibrium cross section), and HMS (Hybrid Monte Carlo Simulation). The theoretical
results were compared with available experimental data over a broad energy range up to 20 MeV. The calculated
cross sections show good agreement with experimental data near threshold energies, indicating the dominance of
the compound nucleus mechanism in this region. However, as the incident neutron energy increases above approxi-
mately 5 MeV, noticeable discrepancies emerge among the model predictions, reflecting differences in the treatment
of pre-equilibrium processes. In particular, the PCROSS model tends to produce relatively higher cross sections in
the energy region between 7 MeV and 12 MeV, where multi-step pre-equilibrium effects become more significant.
Overall, the results demonstrate that the choice of pre-equilibrium model has a substantial impact on the predicted
cross sections. This study highlights the sensitivity of neutron-induced reaction calculations to reaction-mechanism
inputs and provides useful guidance for the appropriate selection of model options within the EMPIRE framework
for nuclear data evaluation and related applications.

Keywords: Energy-Dependent; EMPIRE 3.2.3; Preequilibrium Emission; Sensitivity Analysis; Sulphur; Chlorine
Isotopes

1. Introduction

Accurate neutron-induced reaction cross-section data are fundamental to a wide range of applications in nu-
clear science and technology, including: radiation shielding, production of radioisotopes, reactor design, nuclear
medicine, and the study of geological environments [1]. Experimental cross-section data are sparse, inconsistent,
or unavailable; in many cases does not cover the energy range of interest [2-4]. Therefore, supplementing the the-
oretical models with measurements plays an important role by providing evaluated data for nuclear data libraries.
Modern reaction codes, such as EMPIRE, TALYS, and CoH3 reaction codes, are used widely for this purpose, since
their predictive power depends strongly on the chosen reaction mechanism and the underlying physics of the nu-
clear structure [5-7]. In parallel to nuclear reaction codes, machine learning approaches are also emerging as
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powerful tools for nuclear data prediction, as recently demonstrated for fission product yields [8].

Neutron-induced reactions on light and medium-mass nuclei provide a precise test of reaction models from
the theoretical perspective since multiple reaction mechanisms contribute across the energy range [9]. At low in-
cident energies, the reaction is predominantly governed by compound nucleus formation, which is well described
by the Hauser-Feshbach theory [10]. However, as neutron energy increases, the pre-equilibrium processes are
predominant for particle-emission channels, especially (n,p) and (n,a). The relative contributions of the reaction
mechanisms are influenced by the sensitivity of the chosen optical-model potentials, as well as the compound nu-
cleus parameters (such as level density and gamma-ray strength), and the pre-equilibrium models [11,12]. Differ-
ent modelling options led to different predictions within the given EMPIRE reaction code. Most especially as the
incident energy increases.

Several in-built models’ options are provided in the EMPIRE 3.2.3 statistical reaction code that differ in the
treatment of collective enhancement, level density, and preequilibrium emission. For preequilibrium emission, the
Multi-Step Direct (MSD), Multi-Step Compound (MSC), Pre-equilibrium cross section (PCROSS), and Hybrid Monte
Carlo Simulation (HMS) model options were designed for predictive capability improvement for a wide range of en-
ergies, and their performance varies from the reaction type and target nucleus [12,13]. Comparisons of these model
options against experimental data are important in systematically identifying the models’ strengths and limitations,
and for guiding their use in nuclear reaction data evaluation [14].

This work presents a comprehensive sensitivity of neutron-induced cross sections to pre-equilibrium modelling
using the EMPIRE 3.2.3 model options for 32S(n,p)32P, 3°Cl(n,a)®?P, and 3°Cl(n,p)3°S reactions. Calculated cross sec-
tions were compared with available experimental data over the incident neutron energy range from threshold to 20
MeV. Due to the relevance for fundamental and applied contexts, the isotopes of sulphur and chlorine were of par-
ticular interest. Neutron-induced 3S and 3°Cl targets for the production of 32P and 3°S are important beta-emitting
radionuclides that are relevant to agricultural, biological tracing, and medical research [15]. Chlorine isotope plays
an important role in molten salt reactor design, reaction rate calculation for new astrophysics [16-18]. In particular,
this study focuses on understanding the energy-dependent discrepancies among EMPIRE 3.2.3 preequilibrium model
options, and the differences are linked with the underlying physical assumptions of each model. The study provides
a unified assessment of EMPIRE 3.2.3 model performance within the preequilibrium mechanism and offers guidance
for future nuclear data evaluations involving sulphur and chlorine isotopes.

2. Theoretical Calculation

Theoretical EMPIRE 3.2.3 nuclear reaction code was used to investigate neutron-induced reactions on 32S and
35Cl targets for the reaction channels of 32S(n,p)32P, 3°Cl(n,a)3?P, and 3°Cl(n,p)3°S from threshold up to 20 MeV
neutron energies.

The optical model was treated in EMPIRE as the sum of the elastic and absorption cross secti ons, calculated
using the inbuilt ECIS06 code [19].

s
ot =0+ 00 = 33 ) (2 +1)(1 = ReS) M

where gy, is the total cross-section, o,; is the elastic scattering cross-section, and g, is the absorption cross-section.
k is the wave number of the incident neutron, j is the total angular momentum quantum number, and S; represents
the scattering matrix element for each partial wave.

This expression in Equation (1) accounts for flux loss due to both scattering and absorption of the incident
plane wave.

The formation of compound nucleus decay is dominated at low incident energies. The reactions described
using the Hauser-Feshbach formalism [10].
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Here T™ are transmission coefficients gotten from optical model potentials, and J,  are the spin and parity of
the compound nucleus. Pre-equilibrium emission is included using the intermediate and higher energies, exciton
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model, where the energy-dependent cross section is given by:

op(E) = ) P(n,E)on(E) 3)

Here, P(n, E) represent the occupation probability of an exciton configuration, n = p + h, and o0,,(E) is the
emission probability from that configuration.

The EMPIRE implemented four pre-equilibrium approaches: the Multi-Step Direct Model (MSD), the Multi-Step
Compound Model (MSC), the PCROSS Exciton Model, and the Hybrid Monte Carlo Simulation approach (HMS).

2.1. Multi-Step Direct (MSD) Model in EMPIRE 3.2

The statistical Multi-Step Direct (MSD) approach in EMPIRE is based on pre-equilibrium scattering to the con-
tinuum theory proposed by Tamura, Udagawa, and Lenske [20].

MSD theory employs a combination of Direct Reaction, microscopic nuclear structure, and statistical methods.
The effective Hamiltonian H within the EMPIRE framework is presented as:

H = HOPt 4+ gintr 4 yres (4)

where each term has a distinct physical role in the reaction dynamics.

The optical model Hamiltonian H°P? represents the motion of the incident particle in an average complex po-
tential generated by the target nucleus. It accounts for elastic scattering as well as absorption into non-elastic
channels and defines the initial interaction stage of the reaction.

The intrinsic Hamiltonian, H™7, describes the internal structure of the target nucleus and can be formulated
within the shell model framework, where nucleons occupy discrete energy levels. It can be written as:

gintr — H(i)ntr 4 pintr (5)
where H{™" corresponds to the independent particle motion in a mean-field potential, while V™" represents the
effective nucleon-nucleon interaction responsible for coupling between different particle-hole configurations.

This interaction governs the equilibration process characteristic of the Multi-Step Direct (MSD) mechanism.

The residual interaction V"¢° provides the coupling between the projectile motion and the intrinsic excitations
of the nucleus. It drives transitions between channels of increasing complexity and is accountable for particle-
hole states during the Multi-Step Direct (MSD) process. In this context, V"¢* acts as the transition operator linking
successive stages of the reaction, while V" governs the mixing and redistribution of strength within the intrinsic
system.

The assumption is that the mixing configuration stochastically exists between classes of np — nh in nature,
which is randomly distributed in amplitude with a mean value of zero [21].

The probability of finding an energy system within the given configuration can be written as spectroscopic
densities.

P.(E) = —%Im U dE'g(E — EN)(c|G™" (EY)|c) (6)

P.(E) is spectroscopic density, representing the probability of populating a configuration c at excitation energy
E, G'™7(E) is the intrinsic Green’s function, describing the propagation of the system within the space of intrinsic
(particle-hole) configurations, (c |Gi”" (E1)| c¢) represent the diagonal matrix element of the Green’s function for
the configuration c, giving the response of that configuration at energy E, Im is the imaginary part, which ensures
that the expression corresponds to a physical density of states, g(E — E') is an energy averaging (or smoothing)
function, typically introduced in the EMPIRE formalism to account for finite energy resolution and to smooth fluc-
tuations in the discrete spectrum, and E? is intermediate excitation energy over which the intrinsic response is
integrated.

Furthermore, the energy-averaged population operator is written as:

Pw)=fdﬂgw—EU%me) %
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Where P(E) is an energy-averaged population operator, 2,,;.,-,(E) is a microscopic population operator de-
fined in the discrete intrinsic configuration space, and g(E — E?) is a smoothing function, ensuring a continuous
representation of the population distribution.

While at energy E, the total level density is:

BE)=) [ORE)] (®)
C=[npnh]

gives the npnh states of a partial level, and where P, (E) represents the total density of accessible nuclear states at

energy E.

2.2. Multi-Step Compound (MSC) Model

The Multi-Step Compound (MSC) follows the formalism of Nishioka [22]. In this approach, the equilibration
of the composite nucleus is described by a series of transitions through closed channels, categorized into classes
based on the number of excitons. Therefore, the sum of the excited particle-hole pair number (n) and the incoming
nucleon or excitons was defined in terms of classes (i.e., the number of exciton N for nucleon-induced reactions is
given by N = 2n + 1). Thus, the expectation cross section of MSC that proceeds from the incident channel a to the
exit channel b of the intermediate state is summed over the spins and parities and is written as:

dO'ab a b
ﬁ = (1 + 6ab) Ty 7Tn,me (9)
Where %ab is the differential cross-section for the transition from the incident channel a to exit the channel b,

84p represent the Kronecker delta, accounting for identical entrance and exit channels, n, m denote the indices la-
belling classes of intrinsic nuclear configurations (e.g., particle-hole excitations), T, is the transmission coefficient
describing the coupling of the incident channel a to configuration class n, T} represent the transmission coeffi-
cient for decay from the configuration class m into the exit channel b and m, ,, is the propagation (or transition)
probability between configuration classes n and m, representing the internal evolution of the system.
The transmission coefficient T,# describes the coupling between classes n and channel a is written as:
4r?Ug

= Av s, U5y (o)

Here Uy is the coupling strength between channels a and configuration class n. The coupling term Uj; =
n pling g 8 pling n

pb (Wn,a) is microscopically defined in terms of p% and W, , and pJ is the average bound level density of class n,

W, q is the average matrix element connecting channel a with the states in class n.

2.3. The PCROSS Exciton Model

The PCROSS exciton module includes the pre-equilibrium mechanism, which is defined in the exciton model
incorporated in the master equation in the form proposed by Cline [23] and Ribansky et al. [24]. Which can be
written as:

Qg = A (En+2)t(n+2) + A_(E,;n—2)t(n — 2) — [A4+(E,n) + A_(E,n) + L(E,n)]t(n) (11

where —q,_,(n) is the initial occupation probability of the composite nucleus in the state with the exciton number
n, A, (E,n) and A_(E,n) are the transition rates for the decay to neighboring states and L(E, n) represent the total
emission rate integrated over emission energy for particles including protons (1), neutron (v) clusters, and y rays.

2.4. Hybrid Monte Carlo Simulation (HMS) Pre-Equilibrium Model

The Hybrid Monte Carlo Simulation (HMS) approach to the pre-equilibrium emission of a nucleus is inspired
by a hybrid model version of the Intra-Nuclear Cascade [25]. It treats all excitons, including holes, on equal footing,
giving each of them a chance to interact or to be emitted with a priori equal probability and ending the cascade
when all excitons are bound. For an incident neutron, we have P,,, as the probability of exciting a neutron given as:

(A-2)

b = Ay 532 (12)

44



New Energy Exploitation and Application | Volume 05 | Issue 02

While By, as the probability of exciting a proton is given as:

Pnp=1_Pnn (13)
Similarly, for an incident proton, we have:
po—_ Z
PP 7 4+3(4-2) (14)
Bon =1 = Pyp

The factors of 3 in Equations (12)-(14) arise from the statistical weighting associated with the relative transi-
tion probabilities between neutron and proton states, reflecting the underlying nucleon-nucleon interaction asym-
metry in the exciton model.

The energy distribution of the scattered particle P(¢) when n = 2 or 3 is given as:

Pn-1(E — €)g

P(é‘) = Wdé‘ (15)

Here, where V is the Potential well depth,

p2(E) = g(gV)/2ifE>V;

: (16)
p2(E) = g(gE)/2ifE<V
and

ps(E) = g3[V(Q2E — V) /4ifE> V. 17)

The emission probability P, (E) is calculated as:

Ac(e=0Q)
AR RCEI RN (o)
Where the emission rate 1.(e — Q) is given as:

Ao Q) ~ DEZDE= Q@S+ Dy 19)

g

Here, o, is the inverse reaction cross section, Q is the binding energy, g is the single particle density, S is the
nucleon Spin, p,, is the reduced nucleon mass, and A, (¢), the transition rate is calculated from the mean free path
of a nucleon in nuclear matter according to the hybrid model.

3. Results and Discussions

Calculated excitation functions were compared directly with available experimental data without normaliza-
tion. Energy-dependent deviations were analysed to link model performance to the relative strength of contribution
to pre-equilibrium mechanisms.

This concise approach enables a transparent assessment of how EMPIRE 3.2.3 model assumptions influence
neutron-induced reaction cross sections on Sulphur and chlorine isotopes.

The results of 32S(n,p)3?P cross-section are presented in Figure 1. These became significant around 2 MeV,
with the cross section rising steeply from 0.30 to 3.5 barns within the neutron energy range from 2 MeV to 5 MeV.
The differences among the EMPIRE 3.2.3 model options (MSD, MSC, PCROSS, and HMS) at a neutron incident energy
of 8 MeV may arise from the distinct treatments of pre-equilibrium emission and collective nuclear effects as imple-
mented in each model option. The MSD calculation shows a smooth increase in the cross section and begins to fall
at an incident energy of 9 MeV. The MSC model suppressed the reaction strength in the 9 MeV energy region, which
may arise mainly from faster damping of collective enhancements in the level density at high excitation energies.
In contrast, the PCROSS and HMS increase the probability of emission of a proton by enhancing the evolution of
exciton and nucleon mean free paths by delaying the cross-section falloff at higher energies at about 15 MeV. As a
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result, the spreading of the cross section reflects how each model’s partition between the decay of the compound
nucleus and the preequilibrium process.
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Figure 1. Excitation functions for 32S(n,p)32P reaction using the EMPIRE 3.2.3 code with MSD, MSC, PCROSS, and
HMS model options, compared with available experimental data.

Predicted results are compared with the available experimental data of Allen et al. (1957) [26] and Paulsen
and Liskien (1966) [27]. The MSD, MSC, PCROSS, and HMS model options are consistent with the trend of mea-
sured cross sections up to 5 MeV, while the HMS falls off with reduced pre-equilibrium contributions between 5-
10 MeV. Additionally, MSC and PCROSS calculations were observed to maintain higher cross sections that decrease
more gradually with increasing incident energy. This behaviour suggests that, at higher incident energies, MSC
pre-equilibrium processes remain significant for the 32S(n,p)3?P reaction. The observed agreements and discrep-
ancies between the models and the measurements can be ascribed to differences in the prescription of level-density
and exciton dynamics. These results underline the sensitivity of (n,p) reaction modelling inputs and highlight the
importance of carefully selecting or constraining model parameters in data evaluation work.

Figure 2 presents the excitation function of the 3°Cl(n,«)3?P reaction. The observed differences among the
pre-equilibrium model options (MSD, MSC, PCROSS, and HMS) is subtle but consistent with the conservative level-
density parameterizations and reduced strength of collective enhancements. While modest predictions with higher
values were observed in PCROSS and HMS options because of the inclusion of more detailed multistep compound
and multistep direct contributions, enhancing the probability of gamma-emission following higher exciton config-
urations.

The results of the reaction cross section of 3>Cl(n,a)3?P were compared with the experimental data from the
EXFOR [28]. It can be observed that the theoretical predictions from the MSD, MSC, PCROSS, and HMS models gen-
erally align with the experimental data from Batchelder et al. (2019) [17], Kuvin (2020) [18], Sansarbayar et al.
(2021) [2], and Hanselman et al. (2024) [29]. Most experimental points lie close to or slightly above the model
curves, indicating reasonable agreement across the energy range. The logarithmic scale emphasizes the wide vari-
ation in cross-section values, so small deviations are visually less pronounced, but the overall trend shows that the
models capture the behavior of the experimental data. The dense cluster of data points at energies between 5-10
MeV, where data points cluster densely, MSC exhibits the closest agreement with the experimental data, confirming
that the active multistep gamma-emission channels are important in this reaction. At energies above 10 MeV, all
EMPIRE options converge and decline consistently, showing no strong high-energy enhancement.
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Figure 2. Excitation functions for 3>Cl(n,«)32P reaction using the EMPIRE 3.2.3 code with MSD, MSC, PCROSS, and
HMS model options, compared with available experimental data.

Figure 3 presents the excitation function of the 3°Cl(n,p)3°S reaction. The model options of EMPIRE 3.2.3
(MSD, MSC, PCROSS, and HMS) display a broadly similar behaviour, but differences appear near and above the
reaction peak cross section of 0.2 b at neutron incident energy of 8-12 MeV. At low energies (<2 MeV), all models
closely overlap because the reaction is dominated by compound nucleus formation, where the level density prescrip-
tion and pre-equilibrium effects have minimal influence. As the incident energy increases, MSD, MSC, and PCROSS
curves tend to remain slightly higher than HMS predictions as the incident energy increases above 5 MeV. The differ-
ence arises due to MSD and MSC employing more conservative level-density and optical-model treatments, which
consequently reduces the contribution of the pre-equilibrium proton emission. These shapes produce a higher
cross-section and a broader cross-section peak in the 8-12 MeV region for MSD and MSC.
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Figure 3. Excitation functions for 3°Cl(n,p)3°S reaction using the EMPIRE 3.2.3 code with MSD, MSC, PCROSS, and
HMS model options, compared with available experimental data.
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The assumptions of the underlying physical models directly influence the level of agreement with experimental
data. The recent measurements of Hanselman et al. (2024) [29] show good agreement with the pre-equilibrium
model predictions (MSD, MSC, PCROSS, and HMS) up to 5 MeV, indicating that pre-equilibrium processes play a
significant role in proton emission. All EMPIRE pre-equilibrium options exhibit a peak approximately between 8
and 9 MeV in Figure 3, followed by a similar decline. In contrast, the earlier data from Batchelder etal. (2019) [17]
lie noticeably below both the main cluster of experimental data and the model predictions, while the results of
Hanselman et al. (2024) [29] suggest a possible outlier rather than a systematic physical deviation.

The energy-dependent differences among the EMPIRE 3.2.3 model options arise from variations in level-density
formulations, optical-model transmission coefficients, and the treatment of pre-equilibrium processes.

Table 1 presents the peak energy corresponding to the peak cross-section values in the reaction channel for
325(n,p)3?P, 3°Cl(n,a)*?P, and 3°Cl(n,p)3°S. This demonstrates the influence of the Preequilibrium model options in
the EMPIRE 3.2.3 code. The highest peak cross section was observed in the PCROSS option, indicating sensitivity of
325(n,p)32P, 3°Cl(n,a)32P reaction to the evolution of exciton and emission of the charge particle at an intermediate.

Table 1. Peak Energies Correspond to Peak Cross Sections for the Studied Reactions.

Peak Cross Section (barns)
Reaction Peak Energy (MeV)

SMD (barns) SMC (barns) PCROSS (barns) HMS (barns)
325(n,p)%2P 7-9 0.34983 0.34922 0.34922 0.31491
35Cl(n,a)%2P 10-12 0.26385 0.25428 0.31430 0.24849
35Cl(n,p)3°s 8-10 0.20467 0.16407 0.19479 0.16407

In contrast, the 3>Cl(n,p)3°S reaction has its peak cross section between 8-10 MeV, with the MSD exceeding
PCROSS. This suggests that the sensitivity of MSD for the 3>Cl(n,p)3°S reaction is much stronger than compared to
the other preequilibrium models’ options. Table 1 indicates that, for the reactions considered in this study, the
PCROSS contribution tends to increase the peak cross section; in contrast, MSD, MSC, and HMS yield relatively con-
servative peak estimates, particularly for reactions dominated by compound-nucleus decay. However, a quantita-
tive measure of how different model assumptions influence reaction output is provided in Table 1, which supports
the importance of selecting an appropriate model for accurate nuclear data evaluation.

4. Conclusions

This study compared pre-equilibrium model options in the EMPIRE 3.2.3 code (MSD, MSC, PCROSS, and HMS)
against experimental data for the reactions 32S(n,p)*?P, 3°Cl(n,a)*2P, and 3°Cl(n,p)*°S. As reflected in Figure 2, all
model options reproduce the general shape of the excitation functions, showing a gradual increase in cross section
up to a peak around 8-10 MeV, followed by a decline at 10-20 MeV.

At incident energies from threshold to 5 MeV, the close overlap of all model predictions and their agreement
with experimental data in Figures 1-3 indicate that compound nucleus contributions are dominant and reason-
ably well constrained. As the energy increases, small but noticeable deviations among the model options emerge,
consistent with differences in the treatment of pre-equilibrium emission.

Overall, the experimental data are reasonably well reproduced by all models within the observed scatter, with
no single model showing consistent superiority across the entire energy range. The results highlight the sensitivity
of calculated cross sections to the choice of pre-equilibrium model, particularly in the energy region where pre-
equilibrium effects become more relevant. These findings provide useful guidance for model selection in nuclear
reaction calculations involving sulphur and chlorine isotopes.
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