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ABSTRACT

This study focuses on obtaining precise knowledge of reaction cross-sections and excitation
function to enhance our understanding of nuclear interactions involving alpha particles. The
cross-sections for producing isotopes of Barium, Lanthanum, and Cesium were evaluated
using the EXIFON code. Notably, our findings indicate that the production of
13205(a,3n)**3La is not observed within the energy range considered. Additionally, the
reaction  cross-sections, and excitation functions for the production of
136135134) ; 135134pg and 3%131(Cs, along with their respective threshold energies were
obtained. These results contribute to a better understanding of nuclear processes involving
alpha particles and the production of specific isotopes.

Keywords: Nuclear Reactions, Cross-Section, Alpha Particles, Isotopes, EXIFON code,
Threshold Energies.

1.0 Introduction

Cesium has several important applications due to its unique physical properties, including its
high atomic number and low melting point. One of its key applications is in atomic clocks,
which are extremely accurate timekeeping devices that use the vibrations of cesium atoms
to measure time [1]. Cesium is also utilized in radiography to inspect the integrity of
pipelines, welds, and other industrial equipment [2][3]. In medicine, it plays a role in cancer
treatment by delivering targeted radiation therapy. Additionally, cesium serves as a catalyst
in chemical reactions, including the production of synthetic rubber and other polymers [5]. In
glass production, cesium compounds enhance the clarity and durability of glass [6].

Cesium-132, however, is not a naturally occurring isotope; it is artificially produced through
nuclear reactions. This radioactive isotope has a very short half-life of approximately three
minutes and undergoes rapid decay, emitting high-energy beta and gamma particles. One
method of producing cesium-132 involves irradiating stable cesium isotopes, such as
cesium-133 or cesium-137, with neutrons in a nuclear reactor or with charged particles in a
particle accelerator [7]. Due to its instability and short half-life, cesium-132 is not widely used
in practical applications but is primarily of interest for nuclear reaction research and the
study of radioactive isotopes [8].

The behavior of cesium-132 during particle interactions depends on the nature of the
interaction. It undergoes rapid decay through the emission of high-energy particles, making
it crucial to obtain more experimental cross-section data to better understand its nuclear
interactions and decay processes. However, experimental data on the nuclear properties of
cesium-132 remain limited. The nuclear cross-section, a fundamental parameter in nuclear
reaction studies, determines the probability of a specific nuclear reaction occurring when an
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incident particle interacts with a target nucleus. The cross-section varies based on the
energy of the incident particle and the properties of the target nucleus, such as its mass and
atomic number. [3,5].

Accurate cross-section data for cesium-132 is essential for modeling nuclear fuel behavior
and understanding the effects of neutron irradiation on reactor materials. Additionally, such
data is valuable for nuclear astrophysics, which examines the formation and evolution of
stars and galaxies. Certain nuclear reactions involving cesium-132, such as neutron capture
or beta decay, may contribute to the production or destruction of heavier elements in stars.
Reliable cross-section data is crucial for accurately modeling these processes and
understanding the chemical evolution of the universe. Furthermore, cesium-132 cross-
section data is important for radiation dosimetry, which involves measuring and calculating
radiation doses received by individuals or populations. This information helps estimate
radiation exposure and its biological effects. [7,8].

While studies of nuclear reactions involving cesium-132 have primarily focused on its
nuclear structure, decay modes, and cross-section data for reactions like neutron capture
and beta decay, excitation function measurements could provide additional insights. These
measurements would help determine the energy dependence of cesium-132 nuclear
reactions, which is relevant for various applications in nuclear physics, nuclear energy, and
astrophysics. [1,8].

In this study, the interaction cross-section of alpha particles with cesium-132 was
calculated, and the excitation functions of elements produced through cesium-132 and alpha
particle interactions were investigated within an energy range of 1-30 MeV. The threshold
value, maximum cross-section, and energy corresponding to the maximum cross-section
were identified.

2.0 Theoretical background

Statistical multistep reactions are also commonly used to describe nuclear reactions. In a
nuclear reaction, a target nucleus is bombarded by a projectile, resulting in the formation of
a compound nucleus. The compound nucleus then undergoes a series of reactions, leading
to the emission of one or more particles or photons. In statistical multistep reactions, the
formation and decay of the compound nucleus are treated as a series of elementary steps,
each of which involves the absorption or emission of one or more particles or photons. The
rate of each elementary step is determined by the thermodynamic properties of the system,
such as the temperature and the level density of the states in the compound nucleus.

The overall rate of the nuclear reaction is determined by the rate of the slowest elementary
step, which is usually the formation or decay of the compound nucleus. The other
elementary steps are assumed to be in equilibrium, so that their rates can be calculated
using statistical thermodynamics.

Statistical multistep reactions are widely used in nuclear physics to model a variety of
nuclear processes, including nuclear fusion, fission, and spallation. They are also used in
astrophysics to model the formation and evolution of stars and other astrophysical objects.

In the statistical multistep model, the total emission spectrum of the process (a,xb) is
divided into three main part[9];[10],

d0axp(Ea) _ dospP(Ea) | doj)®(Eq) +do¥§§<aa> )
dEp dEy dEy dEy

The first term on the right hand side of Equation (1) represents the statistical multistep direct
(SMD) part which contains from single-step up to five-step contributions. The second term
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represents the statistical multistep compound (SMC) emission which is based on a master
equation. Both terms together (SMD+SMC) represents the first-chance emission process.
The last term of equation (1) represents the multiple particle emission (MPE) reaction which
includes the second-chance, third-chance emissions, etc. These terms are summarized [11]:

2’1}&])5 (Ea) z do-a,cb (Ea) Z doa cdb (Ea) )
dE, dE, dE,

Activation Cross-sections
The following relations between the optical model (OM) reaction Cross-section and the
energy-integrated partial Cross-sections should be satisfied (at each incident energy (E,))

[11]
OgM = Oab 3)
2

Oab = z Oacb and Oach = Z Oacdb %)
d

with o,p = o3P +0§"{,’C the total first-chance emission, in this context, activation Cross-

sections are given by;

Gaby = Oab — Z Oa,cb (5)
c#y
Oa,cby = Oacb — Z Oa,cbd (6)
d=y

where b,c,d # vy
For example, the (n,p)-activation Cross-sections have the form

Oapy = Onp ~ Onpn ~ On,2p ~ Onpa (7)
The SMD Cross section is a sum over s-step direct processes given by[12] :
doS¥P(E,) Z doj p(Ea) ®
dE, i dE,
The SMD Cross section has the form
oSMe
E Tn(E
( a) SMC(Ea) Z N( ) Z r(AV) (E Eb) 1. 9)
dEb
(av)
where Ty satisfies the time-integrated master equation
—hdny, = F 2(E) $Tn2(E) +
N+2 (E) 4 Tng2(E) — M (E)Tn (E) (10)
and
reY () 1= 2mZp (E) (11)
The multiple partlcle emission is expressed as:

21/[)1(315 (Ea) Z do-a,cb (Ea) Z doa cdb (Ea) (12)
dEy dEy,
C
To keep the model tractable, a S|mple two- body mteractlon is assumed:[11]
I(ry,r2) = —amr2 [xnl(R)] *5(r; = 1,)8(r; — R) (13)

F, = 27.5 MeV taken from nuclear structure considerations[13].

The factor [x,,(R)]*contains the wave function at the nuclear radius R = roA'/3
The single-particle state density of particles C = n, p, a with mass p_is given by [10];
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1
) = 4mvp (2w, Ec) /2
Pl =—0m)
_ —3£.-3 -3/ 3 /2
= (4.48 x 10~3fm~3MeV z) ro®AE, (14)

4TRS3
where V = ﬂT is equal to the nuclear volume.

The single-particle state density of bound particles (at Fermi energy) is then defined by

g = 4p(Ep) (15)
where the factor 4 considers the spin and isospin degeneracy

3.0 Methodology

The EXIFON code is a nuclear reaction software that provides a continuous and smooth
description of nuclear reactions over a wide energy and mass range. It is based on an
analytical model for statistical multistep direct and multistep compound reactions (SMD/SMC
model) [14]. This model predicts emission spectra, angular distributions, and activation
cross-sections for neutrons, protons, alpha particles, and photons [10]. The calculations rely
on random matrix physics using the Green’s function formalism [15][16]. All calculations
were performed without any free parameters, and results were generated for bombarding
energies below 30 MeV [17][18].

Theoretical calculations of cross-sections were conducted using the EXIFON nuclear model
code. The program was executed by defining the input and output directories, specifying the
target nucleus, and selecting the incident particle and excitation function in the general
options section. The number of incident energies was set to be zero (0) MeV, starting from a
specified initial value with a defined energy step of 2 MeV. The cross-section corresponding
to each particular energy was obtained.

3.0 Data Analysis

The computed cross-section values obtained from EXIFON were systematically analyzed to
identify trends in reaction probabilities across different energy levels using Microsoft Excell.
The output data (OUTEXI) files generated by EXIFON were stored in the designated output
directory, along with DAT files for further processing. These data were visualized using
graphical representations to observe the variation in cross-section values as a function of
energy. The threshold energy for each reaction channel was identified and recorded, and
dominant reaction mechanisms were determined by comparing neutron, proton, and alpha-
particle emission cross sections. Additionally, the results were evaluated against existing
experimental data to assess the accuracy of the EXIFON model predictions.

4.0 Results and Discursions

The results of the calculated cross-section as a function of energy are given in the tables.
Graphs of the cross section against energy were plotted as shown in Figures 1 to 4.
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Table 1 presents cross-section values in millibarns, (mb) for various nuclear reactions
involving cesium-132 as a function of incident alpha particle energy in MeV. Most reactions
have a threshold energy above 10 MeV, meaning they do not occur at lower energies. Some
reactions, such as (a,y) and (a,p), start appearing around 13-15 MeV.

As the energy increases, the cross-section values generally increase, peaking at higher
energies. The highest values are observed at 30 MeV, particularly for reactions like (a,2p)
and (a,xn). The most dominant reactions at higher energies appear to be (a,p), (a,n), and
(a,2n), which have significantly higher cross-section values compared to others.

The neutron-emitting channels (a,n, a,2n, etc.) tend to have higher cross-sections than
proton or gamma emission channels at high energies. The presence of (a,2p) and (a,xn) at
30 MeV suggests complex reaction mechanisms involving multiple particle emissions.

The increasing cross-section at higher energies suggests that cesium-132 is more reactive
under high-energy alpha bombardment. These values are crucial for nuclear reaction
modeling, astrophysical studies, and radiation shielding calculations.
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Figure 1. Cross-section vs energy of (a,pn), (a,2n) and (a,n) reactions

Figure 1 shows the cross-section reaction of :'3?Cs(a,n)**°La as the compound nuclear
formation of lanthanum where by the incident alpha particle marge whith the nucleus of the
cesium forming nucleus of *3°La isotope, later eject neutron from that nucleus. The reaction
cross section increases with increase in energy at around 13 MeV, This shows that
production of 13°La through this route is possible at this energy range.

The Figure also shows that, the cross-section reaction of :*?Cs(a,2n)*La as the
compound nuclear formation of lanthanum where by the incident alpha particle marge whith
the nucleus of the cesium forming nucleus of **La isotope, which is later eject two neutrons
from that nucleus. The reaction cross section increases with increase in energy at around 13
MeV, This shows that production of 3*La through this route is possible at this energy
range.

44



Bayero Journal of Physics and Mathematical Sciences / Vol. 16, No. 1/ March, 2025. ISSN: 1597 — 9342, Online ISSN: 2795 - 3866

The Figure further shows the cross-section reaction of :'*2Cs(a, pn)'**Ba as the compound
nuclear formation of Barium where by the incident alpha particle marge whith the nucleus of
the cesium forming nucleus of 3*Ba isotope, then later eject a proton and one neutron from
that nucleus. The reaction cross section increases with increase in energy at around 13
MeV, This shows that production of '**Ba through this route is possible at this energy
range.

From Table 1, It is observed that the cross-section reaction of :1*2Cs(a,3n)**3La as the
compound nuclear formation of lanthanum were by the incident alpha particle marge with
the nucleus of the cesium forming nucleus of *?3La isotope is not possible at the energy
range provided. The reaction cross section is zero throughout the energy range, This shows
that production of *3La through this route is not possible at this energy range.
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Figure 2. Cross-section vs energy of (a,2ng), (a,ng),(a,g) and (a,pg)
reactions

Figure 2 shows the cross-section reaction of :**2Cs(a, g)**°La as the compound nuclear
formation of lanthanum where by the incident alpha particle marge whith the nucleus of the
cesium forming nucleus of 1*La isotope. The gamma energy were ejected from the nucleus
of lanthanum.The reaction cross section increases with increase in energy at around 13
MeV and it reaches maximum at energy around 15 MeV, the maximum cross section is
about 9.4 mb This shows that production of **®La through this route is possible at this
energy range even though the cross section values is very small.

The Figure also shows the cross-section reaction of :'*2Cs(a,ng)'*°La as the compound
nuclear formation of lanthanum where by the incident alpha particle marge whith the nucleus
of the cesium forming nucleus of 3¢La isotope, later eject a neutron and gamma particles
from that nucleus. The reaction cross section increases with increase in energy at around 13
MeV and it reaches maximum at energy around 22 MeV, the maximum cross section is

about 702 mb, this shows that production of 3°La through this route is possible at this
energy range.
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The Figure further shows the cross-section reaction of: 32Cs(a, pg)**°Ba as the compound
nuclear formation of lanthanum where by the incident alpha particle marge whith the nucleus
of the cesium forming nucleus of **®La isotope, later eject a proton and gamma particles
from that nucleus and produce®®°Ba. The reaction cross section increases with increase in
energy at around 13 MeV, the maximum cross section is about 800 mb, this shows that
production of 3°Ba through this route is possible at this energy range.

The Figure 2. Also shows the cross-section reaction of :*32Cs(a, 2ng)***La as the compound
nuclear formation of lanthanum where by the incident alpha particle marge whith the nucleus
of the cesium forming nucleus of ***La isotope, then later eject two neutrons and a gamma
particles from that nucleus and produce '3*La. The reaction cross section increases with
increase in energy at around 13 MeV, This shows that production of **La through this route
is possible at this energy range.

Figure 3, Shows the cross-section reaction of :*?Cs(a,a)'*?Cs as the elastic collision
where by the incident alpha particle interact elastically with the nucleus of the cesium. The
reaction cross section increases with increase in energy at around 15 MeV, this is the
threshold values of the reaction.

The Figure also shows the cross-section reaction of :'32Cs(a,an)'*'Cs as the pickup
reaction where by the incident alpha particle removed a neutron from the nucleus of the
cesium forming nucleus of 131Cs isotope. The reaction cross section increases with increase
in energy at around 16 MeV, This shows that production of **!Cs through this route is
possible at this energy range.

The Figure further shows the cross-section reaction of :*2Cs(a, ag)***Cs as the inelastic
collision were by the incident alpha particle interact inelastically with the nucleus of the
cesium. The nucleus of cesium was left at the excited state, later it decays through gamma
emission. The reaction cross section increases with increase in energy at around 16 MeV.
This is the threshold values of the reaction.
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Figure 3. Cross-section vs energy of (a,an), (a,ag),(a,na) and (a,a) reactions
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.The Figure 3. Also shows the cross-section reaction of *?Cs(a, an)*3'Cs as the pickup
reaction were by the incident alpha particle interact with the nucleus of the cesium and

removed a neutron from nucleus of "*2Cs7] isotope. The reaction cross section increases

with increase in energy at around 16 MeV, This shows that production of ¥eson through
this route is possible at this energy range.

In Figure 4, the total cross-section reaction of (a,xa) where by the incident alpha particle
interact whith the nucleus of the cesium forming nucleus of different channels that produce
gamma particle. The reaction cross section increases with increase in energy at around 13
MeV and also shows the cross-section reaction of (a,xa) where by the incident alpha
particle interact with the nucleus of the cesium forming nucleus of different channels that
produce neutron.
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Figure 4. Cross-section vs energy of (a,xg), (a,xn), and (a,xa)
reactions

The reaction cross section increases with increase in energy at around 14 MeV and also
shows the cross-section reaction of (a,xa) where by the incident alpha particle interact
whith the nucleus of the cesium forming different nucleus that produce alpha particle. The
reactions that produce gamma particles have the highest cross section compared with the
reactions that produce neutrons particles. The reaction that produced alpha particles have
the lowest cross section compared with the gamma and neutrons producer.
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Figure 5. Cross-section vs energy of (a, a) reactions compares with other work at ENDF [19-20]

5. Conclusion

This study investigates the interaction of alpha particles with the radioactive isotope cesium-
132 through theoretical modeling using the EXIFON code. The reaction cross-sections and
corresponding excitation functions were calculated to determine the likelihood and energy
dependence of various nuclear reaction channels.

A precise understanding of alpha-induced reaction cross-sections is critical for
characterizing nuclear processes and improving predictive models in nuclear physics. In this
work, Nuclear reactions were studied and the cross section for the production of isotopes of
Barium, lanthanum and cesium were evaluated using EXIFON code. Our results show that

production of 1*2Cs(a, 3n)**3La is not observed at considered energy range. The reaction

cross section for the production of 136’135‘134La, 1?’5’134Ba, and B?13YCs  were obtained
and their respective threshold energies. We also compare our results with others available

evaluated nuclear data files to validate the results and are in good agreements.
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