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Abstract

The lunar surface is constantly and directly exposed to Galactic Cosmic Rays (GCRs) due to the
lack of the atmosphere and the magnetic field around it. The high-energetic alpha particles subsequently
contribute to the generation of the secondary neutrons through either the spallation reaction or the
low-energetic (o, n) process along with the cosmic protons. In this study, the contribution of the alpha
particles to the production of the albedo neutrons as well as the albedo gamma rays in the lunar regolith
is studied by using the Monte Carlo simulations based on the GEANT4 toolkit. The incident alpha
particles are referenced from the PAMELA spectrometer over the interval between 0.14 and 52 GeV
and executed as a probability-based primary particle source. The present simulations demonstrate the
production of the albedo neutrons and gamma rays upon the process of cosmic alpha irradiation in the
lunar regolith. The albedo neutron production is predominantly situated within the near-surface region
of the lunar regolith and progressively diminishes with the increasing depth. The population of the
secondary neutrons is primarily distributed over the low-energy region and reduces towards the high
energies. These results imply that the cosmic alpha particles have also quantifiable contribution in the
generation of the secondary radiation at the lunar surface together with the cosmic protons, and this study
demonstrates a computational framework in the evaluation of the lunar albedo, the radiation transport,
the surface composition, and the radiation environment for the further lunar exploration missions.

1 Introduction

Unlike earth, the Moon lacks in substantial atmosphere or global magnetic field for the effective shielding
against the high energetic particles. Galactic Cosmic Rays (GCRs), originating from outer space therefore
interact directly with the lunar surface. GCRs consist predominantly of protons, followed by alpha particles
and other heavy nuclei [1-4]. The alpha particles contribute around 10-15% of the total GCR flux after pro-
tons and hence have a significant role in the generation of secondary particles such as the secondary neutrons
via the spallation reaction or the low-energetic (a, n) process. When the energetic cosmic-ray particles pen-
etrate lunar regolith, they undergo electromagnetic and nuclear reactions with the constituent nuclei. These
interactions further result in the nuclear cascades and lead to the production of the secondary particles,
which include the neutrons and the gamma rays. A part of these secondary particles propagates towards the
lunar surface and escapes, forming the lunar particle albedo. The characteristics of this albedo depends upon
various factors such as type and energy distribution of primary incident particles, the elemental composition
and density of lunar regolith, also the physical models used to illustrate particle-matter interactions [5—7].
The albedo neutrons play a significant role due to their ability to propagate through the lunar regolith
without continuous interactions. Their energy distribution and transport are influenced by the factors such
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as regolith composition, nuclear reactions, and scattering. The albedo neutrons further react with other
nuclei, resulting in the generation of secondary gamma radiation via the inelastic (n,n’y) scattering or
the absorption (n,) process. Consequently, the neutron and gamma ray emissions provide some valuable
information about both the lunar radiation environment and the particle interactions occurring beneath the
surface. This line of investigation builds on the previous work addressing the influence of hydrogen and
particle-generation methodology on lunar albedo neutrons [$8-10]. As the incident cosmic-ray spectrum is
strongly energy dependent and ideally unachievable by a uniformly distributed particle source, the present
study uses experimental measurements obtained by the PAMELA spectrometer over the kinetic energy
interval between 0.14 and 52 GeV [11,12]. The primary alpha particle energies are randomly sampled
according to the corresponding spectral probability distribution and directed towards the lunar surface.

The objective of this study is to analyze the contribution of the cosmic alpha particles to the generation
of lunar albedo neutrons and gamma rays by using the GEANT4 simulations [13]. A particular emphasis
is placed on the energy distributions of secondary particles emerging from the lunar surface and the depth
dependence of neutron generation within the regolith. The simulation results are then utilized for the
further characterization of alpha-induced secondary radiation and for an improvement in the understanding
of cosmic-ray interactions with the lunar surface. This study is organized as follows. In section 2, the
simulation scheme in the GEAN4 framework is described. While the simulations results are exhibited in
section 3, the conclusions are drawn in section 4.

2 Simulation scheme

The Monte Carlo simulations based on the GEANTA4 toolkit [13] are carried out to examine the generation
of the secondary neutrons and gamma rays from the irradiation of lunar regolith by cosmic alpha particles.
As illustrated in Fig. 1, the computational geometry consists of a lunar regolith volume of 3x2x3 m? that
is surrounded by a vacuum environment providing a regolith depth of 200 cm, along with a density of 1.93
g/cm?, following the previously developed voxelized bulk lunar surface geometry [14] and implemented in
the dedicated simulation package released for the present study [15]. A thin surface detector is positioned
immediately above lunar regolith as a scoring volume to record the secondary particles leaking out the lunar
surface.
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Figure 1: Simulation setup for irradiation of lunar regolith with cosmic alpha particles in GEANT4.
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Nine elemental constituents are integrated according to their mass fraction as listed in Table 1. This
material composition consists of 43.7 wt.% oxygen, 0.3 wt.% sodium, 5.6 wt.% magnesium, 9 wt.% aluminum,
21.1 wt.% silicon, 8.5 wt.% calcium, 1.5 wt.% titanium, 0.1 wt.% manganese, and 10.2 wt.% iron, which is
extracted from another study [5]

Table 1: Elemental composition of lunar regolith.

Element Mass fraction (%)
Oxygen (O) 43.7
Silicon (Si) 21.1

Iron (Fe) 10.2

Aluminium (Al) 9.0
Calcium (Ca) 8.5
Magnesium (Mg) 5.6
Titanium (Ti) 1.5
Sodium (Na) 0.3
Manganese (Mn) 0.1

The primary incident cosmic-ray particles are selected as the cosmic alpha particles that are directed
vertically towards the lunar regolith along the negative (y)-axis. The primary energies of these particles are
taken from the PAMELA spectrometer covering the kinetic-energy interval from approximately 0.14 to 52
GeV [11,12]. The alpha flux decreases strongly with increasing kinetic energy over the selected interval as
shown in Fig. 2(a).
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Figure 2: Energy spectrum of cosmic alpha particles from the PAMELA spectrometer: (a) flux and (b)
discrete probabilities.

To carry out the Monte Carlo simulations, The PAMELA alpha spectrum is converted into a discrete
probability distribution with 68 discrete intervals as shown in Fig. 2(b), each associated with a probability
derived from the measured spectral distribution, which follows the energy-discretization based particle-
generation approach described in [9, 10]. The kinetic energies are selected randomly according to the im-
plemented probability distribution for each generated particle. The initial planar coordinates of the alpha
particles are also randomly distributed over the irradiation region. The FTFP_BERT_HP reference physics
list is utilized to model the particle interactions with matter and the transport. This physics configuration is
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applicable over a broad energy range and incorporates the high precision of the low-energy neutron transport.
The simulation properties are summarized in Table 2.

Table 2: Simulation properties.

Particle a
Beam direction Vertical
Momentum direction (0, -1, 0)
Source geometry Planar
Initial position (cm) ([-0.5, 0.5], 85, [-0.5, 0.5])
Number of particles 10°
Energy interval (GeV) [0.14, 52]
Energy distribution PAMELA
Material database G4/NIST
Reference physics list FTFP_BERT_HP

A thin scoring volume is placed just after the lunar surface to identify the emerging secondary particles
from the regolith material. During the particle transport, the GEANT4 stepping action is implemented to
examine the properties of particles entering the surface detector. The records of each neutron and gamma ray
are noted separately. For each detected particle, their parameters such as the track identification number,
the spatial coordinates, the kinetic energy, the particle type, the detector volume, and the transport defining
process step are stored.

The GEANT4 simulation outcomes are further analyzed by using Python. The neutron and gamma
ray data files are imported to extract the kinetic energy values of the recorded particles. The particle
energies then aggregated into intervals to represent using histograms and corresponding energy distributions
are obtained. The produced datasets are then further utilized to obtain the albedo neutron spectrum, the
albedo gamma ray spectrum, their neutron generation depth, and the alpha range.
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3 Simulation outcomes

10°

— Range of primary alphas in Moon surface

—
o
=

,_.
<.
™

Counts
1 11 IIIIII

—
o
T

—
o

100 |||||||||||||||||||I||||I||||||||||||||I||||I||||||||||||||I||||I|||||||||I||||I||||I|||||||||I||||
0 10 20 30 40 50 60 70 80 90 100110120130 140150160170 180 190200
Range [cm]

Figure 3: Range of cosmic alpha particles with the lunar regolith.

In the initial analysis, the penetration range of cosmic alpha particles into the lunar regolith is studied
as demonstrated in Fig. 3. As the penetration depth increases, the range of the cosmic alpha particles is
decreased, which also means that large amount of the incident alpha particles travel very short range within
the lunar regolith. As a result, the number of particles reaching depths decreases. The simulation setup
shows the alpha particle range distribution up to approximately 200 cm. This behavior can be associated
with the broad range incident alpha particles referred from the PAMELA-based spectrum over the kinetic-
energy range from 0.14 to 52 GeV. The incident alpha particles with different energies exhibit different
penetration ranges, and a low number of alpha particles propagating deeper regions of regolith. These
penetration patterns are relevant to the depth-dependent production of secondary particles.
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Figure 4: Energy spectrum of secondary radiation due to bombardment of lunar surface with cosmic alpha
particles: (a) albedo neutrons and (b) albedo gammas

In the next stage, the generated secondary neutrons escaping from the lunar regolith are recorded
by a pseudo surface detector positioned above the lunar surface. Correspondingly, the resulting energy
spectrum of generated albedo neutrons is shown in Fig. 4(a). The albedo neutron spectrum extends over a
broad kinetic-energy interval and depicts decreasing pattern on the logarithmic scale. The largest neutron
population is observed over the low-energy region, and a significant decrease is observed as the higher
kinetic-energy region. Even though spectrum extends towards the order of MeV, few neutrons are observed
in the high-energy region. This spectral behavior is a result of both initial production and subsequent
transport of albedo neutrons through the regolith. Alpha-induced neutrons may undergo through different
nuclear reactions and scattering before they escape from the surface. This transport phenomenon results into
modification in energy distribution of albedo neutrons and have larger population at comparatively lower
energies. The high energy component depicts that only a small number of albedo neutrons with high kinetic
energies reach to the lunar surface. Thus, it demonstrates that albedo neutron population generated by the
cosmic alpha irradiation is predominantly shifted towards the lower-energy region, with a gradual decrease
in population towards higher energies.

The generated secondary gamma rays escaping the surface are similarly recorded by using the pseudo
surface detector, and the resulting gamma-ray energy is depicted in Fig. 4(b). The simulated gamma ray
spectrum also exhibits a strong energy-dependent behavior. Comparatively, a large number of gamma ray
population is observed at the lower energies, followed by a significant decrease in counts with ascending
gamma ray energy. A quantifiable reduction in the population is visible in several MeV regions, while a
sparse high energy component extend towards and beyond the MeV region. The albedo gammas originate
from the nuclear processes occurring during the alpha-induced particle cascade within the lunar regolith.
The incident primary alpha interactions produce the secondary albedo neutrons which subsequently interact
with the constituent nuclei of the lunar regolith material. The nuclear interactions and de-excitation process
are carried out by the particles throughout this cascade resulting into production of the gamma rays. The
low energy gamma rays are majorly observed escaping the lunar surface. However, the presence of high-
energy tails demonstrates that a part of produced radiation includes energetic gamma rays as a result of
alpha-induced nuclear interactions and subsequent secondary-particle process.
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Figure 5: Secondary neutral particle emission (green) from lunar regolith due to alpha irradiation (blue).

As displayed in Fig. 5, the integrated simulation results indicate that the cosmic alpha particles con-
tribute to the production of both secondary neutrons and gamma rays in lunar regolith. The generation
depth curve in Fig. 6 shows that most of the secondary particle generation is concentrated primarily within
the upper regolith region and decrease towards greater depths.
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Figure 6: Generation depth of secondary particle in lunar regolith due to cosmic alpha irradiation: (a)
secondary neutrons and (b) secondary gammas

The evaluated surface spectra further demonstrate that both albedo neutrons and gamma ray popula-
tions are primarily governed by lower-energy particles, with gradually diminishing counts at higher values.
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Regardless of the smaller fraction of alpha particles in the galactic cosmic rays compared with protons, their
interaction with the multiple elements present in the lunar regolith initiates nuclear cascades capable of
producing detectable secondary radiation. As a result, the present simulation isolates the contribution of
cosmic alpha component and demonstrates its role in the generation of lunar albedo neutrons and gamma ray
environment, complementing earlier findings on the proton- and hydrogen-related contributions to the lunar
albedo neutron population [8] as well as global dose-rate assessments of the lunar radiation environment [6].

4 Conclusion

The current computational analysis investigates the contribution of the cosmic alpha particles to the gen-
eration of the lunar albedo neutrons and gamma rays in the lunar regolith by using GEANT4 simulations.
The PAMELA alpha particle spectrum within the energy range of 0.14 to 52 GeV is taken into considera-
tion for the incident primary particles. The derived results show that the population of the alpha particles
gradually decreases with the increasing penetration range. The generation of the secondary particles due to
the alpha irradiation is mostly concentrated in the near-surface region and shows a quantifiable decrease at
greater regolith depth. The obtained energy spectra also depict a higher distribution of secondary particles
in the lower-energy regions, followed by a significant drop towards higher energies. Therefore, the results
indicate that the cosmic alpha particles, although they constitute a smaller fraction than the protons in
the cosmic rays, yet make a prominent contribution to the lunar radiation environment. This study also
demonstrates the utility of GEANT4 simulations in understanding cosmic-ray interactions and secondary
particle production within the lunar regolith.
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