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Abstract The topographic influence of the radiation environment on the Martian surface radiation is crucial
for future human exploration. Topographic maps help assess radiation flux variations, aiding in hazard
evaluation. Creating a global radiation map requires accounting for seasonally varying atmospheric density,
heliospheric modulation, and topography. Here, we use a radiation model to derive the flux of secondary
downward particles generated by the interaction of primary protons with the Martian atmosphere. Our model
examines two key factors: (a) the dependence of atmospheric column depth on the zenith angle, affecting
radiation directionality as horizon-arriving particles traverse more atmosphere than vertical ones and (b)
atmospheric conditions at surface heights in Gale Crater, crucial for developing radiation dose maps that
incorporate topographic effects. Our model is validated against Radiation Assessment Detector measurements
and benchmarked with existing models. We construct response matrices representing the ratio of secondary
particles at the Martian surface to primary inputs across zenith angles, assessing atmospheric effects. We
combine these matrices with the incident spectrum to compute secondary particle fluxes from all zenith angles
for Galactic Cosmic Rays and Solar Energetic Particles. These fluxes will be integrated into a topographic map
of Mars in a follow-up study, providing a detailed representation of surface radiation levels across different
terrains. This approach aids mission planners in identifying safe landing sites for astronauts.

Plain Language Summary Radiation on the surface of Mars is influenced by the planet's
topography, which is an important factor for future human exploration. Understanding how radiation levels vary
across different terrains can help identify safer landing sites for astronauts. To study this, we used a radiation
model to calculate how high-energy protons from space interact with the Martian atmosphere, producing
secondary particles that reach the surface. Our model focuses on two key aspects: (a) how the amount of
atmosphere particles travel through, depends on the angle at which they enter the atmosphere, which affects
radiation levels at different locations, and (b) how atmospheric conditions at different surface heights, such as in
Gale Crater, impact radiation exposure. We validated our model using data from the Radiation Assessment
Detector on the Curiosity rover and compared it with previous models. By analyzing how secondary particles
form at different angles, we created a method to calculate radiation fluxes from Galactic Cosmic Rays and Solar
Energetic Particles across the Martian surface. In future work, we will integrate these results into a topographic
radiation map of Mars, which will help assess radiation risks in different regions and support mission planning
for future astronauts.

1. Motivation and Introduction

Missions beyond low-Earth orbit, such as those to the Moon or Mars, expose astronauts to significantly higher
cosmic radiation due to the loss of Earth's magnetic shielding present in low-Earth orbit. Deep space exploration
entails exposure to two main sources of high-energy particle radiation: Galactic Cosmic Rays (GCRs) and Solar
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Energetic Particles (SEPs). GCRs are characterized by their constant presence, mainly composed of protons and
helium ions, accounting for approximately 87% and 12% of their overall composition, respectively (Guo, Zeitlin,
et al., 2021; Simpson, 1983). GCRs also include trace amounts of heavier nuclei like carbon, nitrogen, oxygen,
and iron (Simpson, 1983). In contrast, SEPs primarily consist of rapidly accelerated protons and electrons
originating from sporadic solar eruptions. Subsequently, these highly energetic particles disperse throughout
interplanetary space, adding complexity to the intricate radiation environment that astronauts face during mis-
sions beyond Earth's protective magnetosphere (Guo et al., 2024; Jun et al., 2024).

Space missions face challenges both during the cruise phase and while staying on Mars (Barcellos-Hoff
et al., 2015; Cucinotta & Durante, 2006). SEPs and GCRs play critical roles in the context of space radiation
exposure. The former can induce acute biological and technological effects due to their high fluxes during solar
events, posing immediate hazards to astronauts (Kamiya et al., 2015). In contrast, GCRs, characterized by their
higher energy and persistent presence, are of greater concern for long-term astronaut safety and radiation
exposure on the Martian surface, especially given the limited shielding provided by the Martian atmosphere (Guo,
Zeitlin, et al., 2021; Lobascio et al., 2018). Long-term exposure to GCRs can lead to serious health issues like
cancer, cataracts, and nervous system damage (Cucinotta et al., 2014; Kennedy, 2014; Khaksarighiri et al., 2021).

After traversing the interplanetary expanse to Mars, GCRs undergo dynamic interactions with the Martian at-
mosphere. These interactions result in energy loss via ionization and the production of secondary particles
through spallation and fragmentation.

The atmospheric cutoff energy for primary protons on Mars is approximately 160 MeV/nuc (Guo, Wimmer-
Schweingruber, et al., 2019). This energy represents the minimum required for a proton to penetrate the
Martian atmospheric column at Gale Crater, which has an average depth of about 21 g/cm? of CO,. Protons with
energies below this threshold are largely stopped by the atmosphere, and the resulting surface dose is primarily
due to secondary particles—electrons, gamma rays, and neutrons—produced by interactions of these primary
protons.

Given a requisite energy threshold, these particles can reach the Martian surface and penetrate into the subsurface
strata, where their interaction with the soil generates albedo particles that also contribute to the radiation envi-
ronment on the Martian surface. Consequently, the radiation environment extant on the Martian surface diverges
notably from the conditions prevalent in deep space (Guo, Zeitlin, et al., 2021; Wilson et al., 2004).

In deep space, radiation is nearly isotropic, emanating uniformly from all directions across the full 4n steradian
solid angle. However, when located on the Martian surface, the planet itself acts as a robust shield, against en-
ergetic particle radiation that would come from the bottom half of the full solid angle. The local topographical
features can also play a crucial role in surface radiation (Ehresmann et al., 2021; Guo, Khaksarighiri, et al., 2021).
Depending on the characteristics of these features, they can either enhance health risks to astronauts or provide
potential shelter during their missions.

One key aspect of this radiation environment is the variation in the flux of radiation at the Martian surface
regarding the zenith angle (Khaksarighiri et al., 2023; Wimmer-Schweingruber et al., 2015), with this variability
closely related to changes in the column mass of the Martian atmosphere. The Martian atmosphere, although
significantly thinner than Earth's, still exerts a notable influence on the radiation reaching the surface, especially
for particles below a few GeV/nuc. As the incident angle of incoming particles changes with the zenith angle, so
does the interaction between these particles and the Martian atmosphere. The modulation effect of Mars' at-
mosphere on the surface radiation has been shown to be present at both daily and seasonal time scales (Guo
et al., 2015, 2017; Rafkin et al., 2014).

Obtaining precise insights into radiation flux variations with changing zenith angles is critical for establishing
guidelines and protective measures to mitigate radiation exposure during surface operations. Understanding the
intricate dynamics of radiation flux is important because of Mars' diverse topography and its effect on zenith angle
variations, particularly in the context of missions spanning various regions. This understanding plays a crucial
role in assessing Mars' habitability, as it allows us to refine our comprehension of how the Martian atmosphere
influences radiation flux at varying zenith angles and identify promising areas for future exploration and
colonization.
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The Radiation Assessment Detector (RAD), onboard the Mars Science Laboratory's (MSL) Curiosity rover, has
been monitoring the surface radiation on Mars for more than a decade since its landing in August 2012 (Hassler
et al., 2012).

As MSL Curiosity rover traverses the Martian surface, its orientation in relation to the planet's topography
fluctuates, leading to variations in its inclination. In a study by Wimmer-Schweingruber et al. (2015), these
variations were used to investigate the shielding impact of the Martian atmosphere on radiation. The findings
indicated that the radiation field exhibits nearly isotropic characteristics, with a slight increase in shielding

observed at higher zenith angles. However, this study was constrained to rover tilt angles of < 15°.To gain a more
comprehensive understanding of the radiation directionality across a broader zenith angle range (), we conducted
a three-dimensional Monte Carlo simulation using GEANT4 (Khaksarighiri et al., 2023). This simulation allowed
us to establish the dependence of surface dose rates on 8 by modeling the interaction between incoming GCRs and
the Martian atmosphere. The results from our model reveals that the surface radiation dose is non-isotropic on
Mars, particularly at zenith angles exceeding 60°. While an isotropic behavior cannot be excluded at the 95%
confidence level within the ~25° inclination angle range experienced by Curiosity during its mission on Mars,
this observation aligns with and extends the previous study by Wimmer-Schweingruber et al. (2015), which had a
narrower coverage of inclination angles.

Additionally, a fraction of the radiation encountered on the Martian surface exhibits an upward trajectory. These
secondary, upward-directed albedo particles originate as by-products of the interaction between GCRs and the
Martian soil. Notably, Guo, Khaksarighiri, et al. (2021) estimated that albedo radiation, quantified in terms of the
absorbed dose measured by RAD, accounts for approximately 19% of the total surface dose on flat terrain and
slightly higher with surface structures such as buttes or mountains. In essence, this implies that the preponderance
of the radiation detected on the Martian surface stems from downward-directed particles.

At a zenith angle of & = 0°, the atmospheric column depth is about ~21 g/cm? at Curiosity's location in Gale
crater averaged over a Martian year (Gémez-Elvira et al., 2012). For comparison, at a zenith angle of ~90° the
corresponding column depth is as large as ~400 g/cm?.

In this study, we seek to quantify the flux of secondary particles reaching the Martian surface, while investigating
the role of the Martian atmosphere and topography in their production and transport. To achieve this, we employ a
zenith angle-dependent model to construct a multidimensional look-up table, which will facilitate the estimation
of radiation doses based on the flux of secondary particles. This table will incorporate critical parameters such as
elevation angle, atmospheric pressure, and solar modulation, thereby enabling a comprehensive evaluation of
radiation exposure under varying environmental conditions.

Our methodology involves generating flux spectra at the lower boundary of the Martian atmosphere, which will
subsequently serve as inputs for radiation dose calculations. Here, we will focus on the impact of protons
originating from GCRs and SEPs as they interact with the Martian atmosphere. This will allow us to assess the
atmospheric influence on primary radiation, with a particular emphasis on how atmospheric conditions alter the
incoming radiation flux.

In the following chapters, we begin by outlining the development of our Mars atmospheric model, describing how
it was constructed and refined using Geant4. A central part of this model involves building matrices that represent
the ratio of secondary particles reaching the Martian surface to the corresponding primary particles introduced at
the top of the atmosphere. These matrices are parameterized by the zenith angle, defined as the angle between the
trajectory of the incoming primary particle and the local vertical at the surface—that is, the angle at which
particles are directed toward the surface. This approach allows us to assess how the Martian atmosphere modifies
radiation transport as a function of particle injection angle. Once established, the matrices can be applied to any
incident radiation spectrum—such as those from GCRs, SEPs, or other sources—by convolving them with the
modeled response. We then present our simulation results and explain how we convolve the Geant4 output
functions with both SEP and GCR spectra. This method enables accurate estimation of secondary particle fluxes
generated in the atmosphere by primary protons in different zenith angles and arriving at the surface, provided the
particle trajectories intersect the ground (i.e., for elevation angles greater than 0°). We also compare our results
with other established models. The final chapter summarizes our findings and discusses their significance. In
follow-up work, we will apply these results to develop a topographic radiation map of Mars, offering a detailed
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Figure 1. Left: Schematic view of a full-size spherical Mars as a substrate; and is a representation of the real-world system.
The hemisphere of Mars is depicted in red. The position of Radiation Assessment Detector is indicated by a circle on top of
surface. The red ring is an example of ring sources and the magenta point represents the source with € equal to 0°. More
information can be found in the text. Right: CO, column depth for different zenith angles on the surface of Mars (Adopted from
(Khaksarighiri et al., 2023)).

view of surface-level radiation across varying terrains. This will help mission planners identify safer landing
zones and improve shielding strategies for long-duration human presence on the planet.

2. Materials and Methods
2.1. Mars Atmospheric Model: Atmospheric Column Mass as a Function of Zenith Angle

We have employed a mathematical model to calculate the atmospheric column depth as a function of the zenith
angle on the Martian surface. As a first step, we derived the column depth for varying zenith angles using a set of
equations, with the left panel of Figure 1 serving as a reference. The left panel provides a full-scale, conceptual
representation of Mars, accurately reflecting the physical properties of the Martian surface. The hemisphere of
Mars is depicted in red, while the position of the RAD instrument on the surface is indicated by a circle. A red ring
illustrates an example of ring-shaped particle sources, and the magenta point represents a directional source with a
zenith angle @ equal to 0°. These sources simulate the incoming radiation flux at different orientations relative to
the detector. The right panel shows the CO, column depth as a function of zenith angle on the Martian surface,
illustrating how atmospheric shielding varies with the trajectory of incoming particles. This schematic highlights
the combined effects of Martian surface geometry and atmospheric depth on particle interactions measured
by RAD.

A key parameter influencing Martian atmospheric behavior is the atmospheric column depth, ¢, which represents
the integrated mass of the atmosphere along a given path. As illustrated in Figure 1, this depth increases with the
zenith angle 6, as the path through the atmosphere becomes longer when moving from vertical to horizontal
directions.

As illustrated in Figure 1, to geometrically estimate the path length through the Martian atmosphere, we model the
line-of-sight from the surface to a given point in the atmosphere and apply the law of cosines:

(R, + D)* = R2 + L(0)* + 2R,,L(0)cos (6). )

Here, R, is the radius of Mars, D is the vertical distance between the RAD instrument and the top of the at-
mosphere, and L(6) is the effective atmospheric path length for a given zenith angle 6. Equation 1 is rearranged to
solve for L(6), yielding:

L(0) = —R,, cos(0) + \/ R2 cos2() + D* + 2R,,D. ?)

This expression defines the effective slant path through the Martian atmosphere as a function of the zenith angle 6.
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Figure 2. Schematic view of the zenith-angle (6) dependence of the Mars atmospheric simulation setup (Adopted from
(Khaksarighiri et al., 2023)). The red and blue rings are example ring sources with 6 being 30° and 60°, respectively, and the
magenta point represents the source with 6 equal to 0°. More information can be found in the text.

To relate this path length to the atmospheric column depth, we adopt the barometric approximation for atmo-
spheric density:

D
o= / poe ™ dh, (©))
0

where p, is the atmospheric density at the surface, H is the atmospheric scale height, and 4 is the vertical height
above the surface. Equation 3 defines the vertical column depth for 6 = 0°.

To extend this to oblique angles, we assume that the density remains roughly constant along a given path segment
L(6). Under this approximation, the atmospheric column depth can be estimated as:

o(0) = py X L(6), )

where 6(0) is the slant column depth corresponding to zenith angle 6, and L(0) is the effective path length
computed from Equation 2.

As already mentioned, Figure 1 serves as a reference for the derivation of Equation 4 by illustrating the
geometrical and physical relationships that connect the zenith angle 6, the effective atmospheric path length L(6),
and the column depth (6). Figure 1 (right panel) displays the resulting o(6) values derived from this model.
These values are then used to parameterize the atmospheric geometry in our simulation framework, as shown in
Figure 2, where each hemisphere corresponds to a specific zenith angle and its associated column depth.

Figure 2 represent a schematic view of the zenith-angle (8) dependence of the Mars atmospheric simulation setup
used in our simulations. The Martian atmosphere in this figure is modeled as pure CO,, reflecting the fact that
carbon dioxide constitutes approximately 95% of its composition. The vertical column depth (6 = 0°) of the
atmosphere is approximately 21 g/cm?, corresponding to an average surface pressure of about 800 Pa, as
measured by REMS at Gale crater (REMS, Goémez-Elvira et al., 2012, Rover Environmental Monitoring Station).
The column depth increases with an increasing 0 angle toward the horizon, as demonstrated in the right panel of
Figure 1. The angular distribution of radiation on the Martian surface is affected by interactions in the atmosphere,
since particles approaching from near the horizon pass through much more material than those coming vertically.
As aresult, the interaction of SEPs and GCRs with the atmosphere leads to a change in the isotropic nature of the
radiation field, which results in a higher directional flux of primary particles from the zenith than from the
horizon.

Our model is set up to quantify the above effect and to determine the flux of secondary particles on the Martian
surface from different zenith angles. To optimize our simulations, we adopted a compressed representation of the
atmosphere. Instead of illuminating the entire top of the Martian atmosphere and tracking particles along
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extensive trajectories (most of which would not reach the detector) we initiated the atmospheric representation
just 23 cm above the detector to accurately model the portion of the Martian atmosphere that directly interacts
with incoming radiation at the measurement site. Additional CO, layers with increasing density were added to
account for larger zenith angles, effectively simulating the longer atmospheric path lengths encountered by
particles arriving from off-vertical directions. By extending the total column height to 162 cm, corresponding to a
cumulative mass depth of 400 g/cm?, the model captures the integrated shielding effect of the Martian atmosphere
rather than just its geometric height. This approach ensures that both the vertical and angular dependence of the
atmospheric column are realistically represented, providing an approximation of particle interactions and energy
deposition in the vicinity of the detector while remaining computationally efficient. In this way, the model allows
for the study of how incident particles at different angles experience distinct energy loss and secondary particle
production as they propagate through the Martian atmosphere.

The detector is modeled as a hemisphere with a radius of 5 cm placed on the surface of Mars. To validate this
setup, we performed simulations for two scenarios, in which particles originate at different distances above the
detector: 25 cm, corresponding to the position of the first CO, layer, and 100 cm. In both cases, the particles are
emitted at the same zenith angle. These simulations are intended to verify that the number of particles reaching the
detector is consistent when considering particles that have already exited the CO, layers and no longer undergo
interactions, ensuring that the detector effectively records the relevant flux. After normalizing the data to the
primary source flux, we observed a negligible difference of less than 4% between these two simulations, con-
firming the validity of our approach. ¢ calculated in Equation 4 represents the column depth of the atmosphere,
which increases with the zenith angle from vertical to horizontal directions, as shown in Figure 1. The gray scale
in Figure 2 represents the Mars atmosphere which is set to be 100% CO, in this model. The red and blue rings are
example sources with @ being 30° and 60° placed in various layers with corresponding column depth of atmo-
sphere, respectively. The magenta point represents the source with @ equal to 0° corresponding to 21 g/cm? of
CO,, placed on top of the first layer of CO, with 30 cm of radius. The detector itself has been placed in a high
vacuum hemisphere, which means all the primary and secondary particles will follow their direction, after passing
through the CO, layers. In this model, the zenith angle does not directly reflect the actual zenith angle of particles
at the Martian surface. The assumption is that the zenith angle of a particle reaching the surface is the same as that
of the primary particle at the top of the atmosphere. In other words, particles from different angular rings are
assumed not to mix or cross into one another during their passage through the atmosphere.

Due to the interaction of particles with the atmosphere at the uppermost layer of Mars' atmosphere, they deviate
from the black line labeled L, in Figure 2. These particles can undergo ionization process, leading to energy loss,
and, if they possess sufficient energy, they may generate secondary particles or even initiate a cascade of sec-
ondary particle production. Our methodology involved placing primary particle sources along distinct spherical
segments, each characterized by a constant zenith angle. These segments are visually depicted as the red and blue
rings at 30° = 1°and 60° £ 1°in Figure 2, respectively.

Particle emissions were initiated from the inner surface of each ring, following an inward cosine-directional
distribution with a spectral power-law index of —1. This configuration yields an isotropic and homogeneous
particle field within the sphere, as illustrated by the red arrows for the magenta source primary protons were
assigned a range of modeled energy spanning from 1 MeV to 100 GeV and distributed across 50 logarithmically
spaced bins. This approach facilitates subsequent re-binning and enables the convolution of our modeling results
with various GCR and SEP spectra, as detailed in Section 3.1. For each zenith angle, a total of 5 X 107 particles
were simulated, corresponding to 10° particles per energy bin. However, for the 90° zenith angle, we performed
simulations with 1.5 x 10° particles to ensure more robust statistical results, as most particles are stopped by the
CO, column depth before reaching the detector.

2.2. Geant4 Toolkit

Geant4 (version 10.7.4), a robust three-dimensional Monte Carlo particle transport toolkit, was employed in this
study. The simulations were performed using the QGSP_BERT_ HP physics list, which provides detailed
modeling of electromagnetic and hadronic interactions, including high-precision neutron transport. This physics
list uses the standard electromagnetic physics (G4EmStandardPhysics), providing accurate treatment of
electromagnetic interactions such as ionization, bremsstrahlung, Compton scattering, and pair production.
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Geant4 (Agostinelli et al., 2003) provides a comprehensive set of tools for simulating the passage of particles
through matter. It includes a geometry description package that allows users to define the physical and material
properties of the target, as well as the placement and orientation of detectors. The QGSP BERT physics list
encompasses the quark-gluon string model for high-energy particles (with energies equal to or greater than
20 GeV) and the Bertini cascade model tailored for middle and low-energy ranges. Within this framework,
excited nuclei generated by high-energy interactions are directed to the percompound model, which is used to
describe the de-excitation process. The high precision (HP) component refers specifically to the HP Neutron
Package in Geant4, which is designed to handle low-energy neutron interactions (typically below 20 MeV) with
high accuracy. In modeling the Martian radiation environment, it has been found that different physics lists can
affect the generation of secondary particles, especially those produced via spallation processes (Guo, Banjac,
et al., 2019). However, the surface absorbed dose agrees within ~5% for different physics lists (Matthid
et al., 2016).

3. Simulation Results and Comparison With Previous Studies
3.1. Procedure of the Model Application

As previously mentioned, in our simulations, we consider only protons as the primary source above the Martian
surface, emitting particles isotropically from different rings at varying zenith angles and recording all secondary
particles that reach the surface. We then construct a lookup table representing the ratio of secondaries to primary
particles upon reaching the surface, which can be used to convolute with SEP or GCR proton spectra in deep space
and on the surface of Mars.

Figure 3 visually summarizes the process of incorporating SEP fluence to calculate the flux of secondary particles
generated on the surface of Mars using Geant4 simulation results. The figure also presents the outcomes for
proton flux on the Martian surface at various zenith angles, serving as an illustrative example.

Figure 3a shows the simulation results from Geant4 for the fluence ratio of secondary protons produced at the
Martian surface relative to the input primary proton fluence used in the simulation. This ratio is presented as a
function of secondary particle energy E’, for several zenith angles 6, and is integrated over all primary energy
bins. These ratios effectively represent a transfer function F,, (E’, E,0)/f(E), indicating how efficiently incident
protons of varying energies contribute to secondary production at different angles.

Figure 3b shows the GCRs in various solar modulations as well as the reconstructed SEP event of 15 February
2022, analyzed by (Zhang et al., 2024) at the vicinity of Mars. This wide spread SEP event was observed at
multiple locations in the inner heliosphere, including Earth, Mars, STEREO-A, Parker Solar Probe, and Solar
Orbiter. This event was associated with a fast coronal mass ejection exceeding 2,300 km/s at 25 solar radii (Khoo
et al., 2024). Although not directly aimed at Mars, its flank was likely magnetically connected to the planet, as
indicated by the increased proton flux observed by surface and orbital detectors (Zhang et al., 2024). Given its
broad observational coverage and significant impact, we use this event to convolve with our functions and analyze
SEP effects on the Martian surface.

To compute the resulting surface flux from a specific SEP event, we multiply this transfer function with the input
SEP proton spectrum F(E), shown in Figure 3b. This operation integrates over the primary energy E, yielding the
expected secondary flux F(E’,0) at the Martian surface. The resulting spectra for different @ values are shown in
Figure 3c. This methodology can be extended to calculate surface fluxes for various secondary particle species
and incident angles.

Mathematically, this procedure is summarized in Equation 5:

FE',0) = f [F’" (f(/Ef -0) -F(E) dE, 5)

where:

e F,(E',E,0) is the fluence of secondary particles of species m (e.g., protons) with energy E’, produced by
primaries with energy E and incident angle 6, as obtained from Geant4 simulations, in units of particles per
2
cm” MeV;
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Figure 3. Convolution of the pre-calculated flux ratio functions with input Solar Energetic Particle (SEP) spectra to calculate the Martian surface flux of various species.
Panel (a) presents the ratio of secondary particles produced in the simulations to the incident primary proton fluence for the $0\circ$ zenith-angle configuration. This
ratio is calculated in discrete energy bins and is displayed here after integration over all primary energies. (b) Represents the Galactic Cosmic Rays in different solar
modulations and reconstructed SEP event of 15 February 2022, The maximum and minimum values of the SEP spectra, represented by the shaded area, reflect the full
range of 10,000 Band function fits that account for uncertainties the reconstructed spectra (Zhang et al., 2024). Finally, panel (c) illustrates the results of convolving the
flux-response functions with the SEP spectrum from panel (b) in each corresponding energy bin and subsequently integrated over all primary energy bins. More details
can be found in Section (3.1).

« f(E)is the normalized input primary fluence spectrum used in the simulation in unit of particles per cm> MeV;
e F(E) is the SEP event oR GCR spectrum, in units of particles per cm?> MeV;
e F(E',0) is the resulting surface flux of secondaries at energy E’ and angle 6, in units of particles per
2
cm” MeV.
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This equation represents a convolution over the primary energy E, in which the incident SEP and GCR spectra is
transformed into the resulting secondary particle spectrum at the Martian surface, using a response function
obtained from the Geant4 simulations.

Figure 3c presents the variation in proton fluence on the Martian surface as a function of secondary energy for
different zenith angles, ranging from vertical (0°) to horizontal (90°) particle incidence. As already mentioned the
data were obtained by convolving pre-computed response functions with the reconstructed SEP spectrum from
the solar event on 15 February 2022. The results show that as the zenith angle increases, the overall proton fluence
decreases, especially at lower and higher energies. This is primarily due to the longer atmospheric path length
particles must traverse at oblique angles, leading to greater attenuation and reduced surface penetration. The peak
fluence appears near 100 MeV for more vertical angles and gradually diminishes with increasing angle. Sharp
drops or gaps in fluence at larger angles are also evident, which may reflect geometric constraints or atmospheric
shielding effects. This analysis underscores the significance of zenith angle in shaping the radiation environment
on Mars and highlights the need to consider angular dependence when modeling surface radiation exposure
during solar particle events. Subsequently, utilizing this data, we create lookup tables that depict the varied flux of
secondary particles. Employing these matrices alongside the incident spectrum enables the calculation of sec-
ondary particle flux from all zenith angles on the Martian surface.

In the following sections, we compare our results with previous studies that have estimated the surface flux of
secondary particles on Mars (Guo, Banjac, et al., 2019; Matthid & Berger, 2017; Charpentier et al., 2024). To
facilitate this comparison for the SEP and GCR spectra, we calculate the total downward flux in our study by
integrating the flux of secondary particles reaching the Martian surface from different zenith angles. To compute
the integral of the flux over the full 360° azimuth and 0°-90° zenith angle range (i.e., downward-directed particles
on the Martian surface), we sum the contributions from each differential solid angle, weighted by the corre-
sponding flux values. This calculation is performed for zenith angles between 0° and 90°, after which the result is
multiplied by 2z to account for the half-sphere of the azimuthal distribution.

3.2. SEP-Induced Secondary Particle Fluence on the Martian Surface

In this part, the interaction of primary solar energetic protons with the Martian atmosphere was modeled to assess
the resulting secondary particle fluence on the surface of Mars. The simulations considered various Martian
atmospheric shielding in different zenith angles and involved a convolution of the resulting surface response
functions with a representative SEP proton event spectrum. To implement this methodology, our model confines
the primary particles to distinct rings, as detailed in Section 2.1, at various zenith angles. These angles correspond
to different column depths of the Martian atmosphere's surface, enabling the calculation of secondary particle
fluxes resulting from particle interactions with the atmosphere and their subsequent arrival at the Martian surface
from different zenith angles. The resulting differential fluences for various secondary particle species such as
gamma rays, electrons, neutrons, and protons are presented as a function of secondary energy, with corresponding
uncertainty bands.

Figure 4 shows the modeled fluxes of various particle species—gamma rays, electrons, neutrons, and protons—
reaching the Martian surface, along with comparisons to the Atmospheric RAdiation Model for Ionizing Spectra
on the Martian Surface (ARAMIS) model and RAD measurements for protons. The results from our model were
obtained by convolving the simulated particle transport data for each species with the observed SEP spectrum
from the 15 February 2022 event, yielding integrated fluxes. This convolution approach enables an effective
translation of the incident SEP spectral characteristics into surface-level response functions representative of the
Martian radiation environment.

The shaded regions in different panels of Figure 4, represent the full range of possible SEP spectra derived from
10,000 realizations of the Band function, each incorporating variations in the model parameters. These re-
alizations are used to capture the uncertainties inherent in the spectral fits of the primary proton spectrum at Mars,
and the resulting envelope—bounded by the maximum and minimum values across all simulations—effectively
illustrates the spectrum's statistical spread. This approach provides a robust quantification of the uncertainties
associated with the SEP spectral shape and intensity, ensuring that both the central trend and the variability of the
input spectrum are adequately represented in the subsequent analysis (Zhang et al., 2024).
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Figure 4. Integrated flux of secondary particles induced by the February 2022 Solar Energetic Particle (SEP) event on the
Martian surface, as calculated using our model and Atmospheric RAdiation Model for Ionizing Spectra on the Martian
Surface for different particle types: (a) Gamma, (b) Electron, (c) Neutron, and (d) Proton. The proton results are additionally
compared with Radiation Assessment Detector measurements. The shaded regions in each panel represent the full range of
possible SEP spectra obtained from 10,000 realizations of the Band function, each incorporating variations in the model
parameters.

To further validate and compare our findings, we employed the same input SEP spectral distribution in the
ARAMIS model—a well-established framework for simulating particle transport in planetary atmospheres
(Charpentier et al., 2024)—to calculate the corresponding surface fluxes of the same particle species on Mars.
ARAMIS is a computational framework designed to efficiently simulate radiation transport and particle in-
teractions in the Martian atmosphere. ARAMIS employs a response-function methodology, allowing for rapid
recalculations of surface fluxes for varying input spectra of GCRs and SPEs. This approach significantly enhances
computational efficiency while maintaining accuracy. Built upon Monte Carlo simulations, ARAMIS has been
validated against observational data from the RAD, as well as against previous radiation transport models. The
model leverages GEANT4-based simulations with the FTFP_INCLXX_HP physics to reconstruct the particle
flux at the Martian surface, employing a response-function technique that preserves the structural integrity of the
results while offering flexibility in exposure scenario modeling (Charpentier et al., 2024).

By implementing this approach, we computed and compared the resulting spectra of different species for the SEP
event on the Martian surface in Figure 4. Our findings agree well with the ARAMIS model in multiple species, as
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illustrated in Figure 4. This consistency reinforces the reliability of our model in accurately reproducing the
behavior of energetic particles in the Martian environment. As shown in this figure, the ARAMIS model predicts
higher fluxes for most particle species in the 10-100 MeV energy range, except for protons, which our model
shows a higher surface flux over 50 MeV. The observed differences can likely be attributed to variations in the
underlying physics models of GEANT4 and assumptions between the two simulation frameworks, particularly in
terms of the atmospheric interaction modeling, and the angular dependence of particle transport. Additionally, our
simulations account for angular effects by running at various zenith angles and integrating the resulting fluxes
over the upper hemisphere, thereby capturing the influence of different atmospheric path lengths encountered by
inclined particles. The ARAMIS results were also refined by simulating monoenergetic primary particles with
energies from 70 MeV (below the cutoff) to 1 GeV in 10 MeV increments, followed by convolution with input
spectra to obtain the realistic surface flux. The modeling results are also validated against RAD measurements, as
shown in the proton panel. Here, we use the stopping proton fluxes observed by RAD for the same event.
Determining the onset time of SEP impact on the stopping flux is limited by the narrow field of view of RAD's
geometry factor. The measured fluxes are scaled by a factor of 2x divided by the Solid angle of the RAD view
cone to estimate the flux over the full 2r steradians and enable direct comparison with the modeling results.

The results show characteristics of secondary particle production on the Martian surface in response to SEP
events. Notably, the SEP-induced secondary fluence leads to significant surface fluxes of gamma rays, electrons,
and neutrons at low energies. This is particularly notable given that the corresponding primary proton spectrum
exhibits minimal intensity in the same low-energy range. SEP events can also produce elevated fluxes of low-
energy secondary particles at the surface. This is primarily attributed to the ability of high-energy primary
protons to penetrate the atmosphere and initiate nuclear interactions—particularly spallation reactions—which
generate cascades of secondary particles. Consequently, even when the low-energy component of the primary
spectrum is negligible or absent at the Martian surface due to the atmospheric column depth and the atmospheric
cutoff energy for primary protons on Mars being approximately 160 MeV/nuc as reported by (Guo, Wimmer-
Schweingruber, et al., 2019), protons with energies below this threshold are largely stopped by the atmosphere
at Gale Crater, which has an average depth of about 21 g/cm® of CO,. Nonetheless, the secondary particle
spectrum can still exhibit significant enhancements at low energies resulting from atmospheric cascade processes
initiated by higher-energy primary protons. This behavior underscores the complex interplay between the energy
distribution of primary SEPs and the resulting secondary radiation environment on the Martian surface. It
highlights the need to account not only for the direct transport of primary particles but also for the indirect
generation of secondary radiation when evaluating surface radiation exposure risks.

Furthermore, to assess the influence of primary particle directionality on secondary particle production, we
employed the ARAMIS model to simulate proton propagation with an incident zenith angle of 0°. By considering
a flux of protons coming vertically at the Martian surface, we calculated the resulting spectra of various secondary
particles generated through interactions with the atmosphere in Figure 5. Panel (a) presents the gamma fluence,
representing the surface gamma flux produced by secondary atmospheric interactions, where both models exhibit
good overall agreement, with only minor deviations at intermediate energies. Panel (b) shows the electron flu-
ence, corresponding to the energy spectrum of secondary electrons, with similar spectral shapes and magnitudes
in both models, reflecting a consistent treatment of electromagnetic cascades. Panel (c) illustrates the neutron
fluence arising from nuclear interactions, demonstrating strong agreement at higher energies, with minor dis-
crepancies at lower energies. Finally, panel (d) displays the proton fluence, characterizing the surface flux of
secondary protons. Despite methodological differences, such as the use of different physics lists and modeling
approaches, the results from the vertical incidence case in Figure 5 show overall agreement with our model's
predictions, highlighting the robustness of our approach in reproducing the key features of secondary particle
production on the Martian surface. To reduce uncertainties in the low-energy range of the surface proton flux, the
ARAMIS input spectrum was refined with an energy resolution of 10 MeV between 70 MeV (below the at-
mospheric cutoff) and 1 GeV.

This analysis highlights the consistency of our simulation framework in capturing the spectral characteristics of
secondary radiation under different primary particle incidence conditions.
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Figure 5. Fluxes of secondary particles induced by the February 2022 solar Solar Energetic Particle event on the Martian
surface, evaluated using both our model and the Atmospheric RAdiation Model for Ionizing Spectra on the Martian Surface
framework for primary particles entering vertically (0° incident angle) at the top of the atmosphere. Panels show the resulting
surface fluxes for (a) gamma, (b) electron, (c) neutron, and (d) proton species.

3.3. Spectra of Different Particle Species From GCRs at Various Zenith Angles on the Surface of Mars

Here, we apply the same procedure for GCRs on the Martian surface as described in Section 3.2 for SEPs. The
resulting particle fluxes on the Martian surface are presented in Figures 6 and 7.

Figure 6 shows the flux of protons reaching the surface of Mars for different zenith angles, folded with GCR
spectra with a solar modulation of 400 MV. Since the primary source consists of protons, this figure specifically
illustrates the proton flux, including contributions from both primary cosmic rays and secondary particles pro-
duced in the Martian atmosphere. The variation with zenith angle highlights the angular dependence of the surface
proton environment, which is shaped by atmospheric shielding and particle cascades.

The plot in Figure 6 reveals an angular dependence of the surface proton flux under GCR conditions. For
vertically incident protons (0°), the surface flux is highest across nearly the entire energy range, particularly
between 100 MeV and several GeV. This outcome is expected, as particles arriving at normal incidence encounter
the shortest atmospheric path length and are thus least attenuated. As the zenith angle increases, the path through
the Martian atmosphere lengthens, effectively increasing the atmospheric column depth and enhancing both
energy loss and absorption, resulting in a significant reduction in the surface proton flux—especially at low
energies. For extreme angles near the horizon (88°-90°), this attenuation is most pronounced, with fluxes
dropping by several orders of magnitude below 100 MeV.

Interestingly, the spectra for intermediate zenith angles (particularly below 74°) suggest that an increase in
column depth may initially enhance secondary particle production due to a higher probability of nuclear in-
teractions along the extended path. These secondaries, particularly low-energy protons produced via spallation
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Figure 6. Primary and secondary proton spectra generated only by primary
protons reaching the Martian surface at various zenith angles modeled in this

and inelastic collisions, can contribute to an elevated surface flux in the mid-
energy range (100 MeV to a few hundred MeV). This effect gradually di-
minishes at larger zenith angles, where the increasing atmospheric shielding
outweighs the additional secondary production, leading to an overall sup-
pressed flux at the surface.

The other species shown in the panels of Figure 7 represent secondary par-
ticles generated exclusively by the interaction of primary protons—assumed
as the only incident GCR species in our simulations—with the Martian at-
mosphere. These particles include gamma rays, electrons, neutrons, positrons,
positive pions (n+), and deuterons. The surface fluxes are shown as a function
of energy for a wide range of incident zenith angles, from vertical (0°) to near-
horizontal (90°).

The effect of zenith angle on the surface flux of these secondary particles is
markedly less pronounced than for protons (as shown earlier in Figure 6).
This is expected, as most of these secondaries are produced in situ at various
depths in the atmosphere rather than being primary particles incident from
space. Consequently, their flux at the surface depends more on the integrated
particle production and transport through the atmosphere than on the initial
direction of the primary protons.

study.
For gamma rays, electrons, and neutrons, the fluxes show relatively modest
angular variation across the entire energy spectrum. These species are pre-
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Figure 7. Secondary particle spectra reaching the Martian surface at various zenith angles, derived from primary protons and folded with Galactic Cosmic Rays at
400 MV solar modulation. The spectra include secondary gamma rays, electrons, neutrons, positrons, deuterons, and tritons.
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dominantly produced through electromagnetic and hadronic cascades and have relatively long interaction lengths
or large angular spreads due to scattering processes. Therefore, their generation is more distributed across the
atmospheric column, and their flux at the surface remains relatively isotropic, especially at lower and intermediate
energies. The observed attenuation at the highest zenith angles (88°-90°) is present but not as significant as for
protons.

The dip observed in the gamma-ray spectrum between 10 and 100 MeV, as illustrated in Figure 4 of Fujiwara
et al. (2025), arises from the transition between distinct dominant gamma-ray production mechanisms. At photon
energies £, $ 10 MeV, gamma-rays are mainly produced by nuclear de-excitation and radioactive decay, which
give rise to distinct line features. In contrast, at E, 2 100 MeV, the spectrum is dominated by hadronic decays,
primarily n° — yy, which create a smooth high-energy continuum. In the intermediate range, bremsstrahlung
from secondary electrons contributes a broad, but relatively weak, flux that does not connect the low- and high-
energy components. Consequently, the combined spectrum exhibits a relative minimum, or “dip,” in the 10—
100 MeV range, where neither nuclear de-excitation nor hadronic decay is the primary emission process.

In contrast, positrons exhibit a slightly stronger dependence on the zenith angle, particularly at higher energies,
though still less pronounced than for protons. This may be attributed to the fact that positron production is closely
tied to electromagnetic cascades initiated by secondary gamma rays, which themselves originate from hadronic
and nuclear interactions. The overall flux remains more uniform than that of primary-origin particles due to the
broader angular distribution and multiplicity of production channels.

The behavior of positive pions and deuterons is notably different. Both species show distinct spectral shapes and
more pronounced angular trends. For n+, the surface flux is generally low and shows a peak in the few hundred
MeV range. The flux decreases with increasing zenith angle, indicating that their production is more forward-
peaked and less efficient at larger angles due to increased atmospheric path lengths and energy losses. Simi-
larly, deuterons, which are rare fragments produced through nuclear spallation, exhibit sharp drops at high zenith
angles, with a highly structured and low-statistics spectrum. Their flux is significantly suppressed beyond 1 GeV
for oblique angles, reflecting both their low production probability and high attenuation in the extended atmo-
spheric path.

As mentioned above, to compare our results with RAD measurements and previous studies that have estimated
the surface flux of secondary particles on Mars such as the Atmospheric Radiation Interaction Simulator (AtRIS),
The PLANETOCOSMICS toolkit and ARAMIS (Guo, Banjac, et al., 2019; Matthid & Berger, 2017; Charpentier
et al., 2024), we computed the total downward flux by integrating the flux of secondary particles reaching the
Martian surface across different zenith angles.

AtRIS (Banjac et al., 2019; Guo, Banjac, et al., 2019) is a specialized GEANT4 model designed to simulate the
interaction of radiation with planetary bodies. This particle transport code has been meticulously developed to
offer unparalleled flexibility in specifying planetary details, including atmosphere and soil geometry, composi-
tion, and more. Its adaptability makes it particularly suitable for modeling the radiation environment of exo-
planets. AtRIS has been employed with a tailored implementation of the Martian atmospheric and regolith
structure to accurately model the radiation environment on Mars. The results obtained from AtRIS are bench-
marked against the energetic particle spectra measured by RAD on the Martian surface, affirming its reliability
and precision in capturing real-world data (Guo, Banjac, et al., 2019).

The PLANETOCOSMICS toolkit (Desorgher et al., 2006) is an adapted version of GEANT4. In PLANET-
OCOSMICS, particle transport through the simulated Martian environment is performed with GEANT4.10.01.
p03. For inelastic hadronic interactions, the toolkit employs the Liege Intra Nuclear Cascade Model for inter-
mediate energies (<20 GeV for protons and neutrons, <12 GeV for alphas, <54 GeV for heavier nuclei) (Boudard
et al., 2013). At higher energies, the Fritiof-Percompound (FTFP) model is used (Andersson et al., 1987). For
neutrons below 20 MeV, the GEANT HP model applies an evaluated neutron data library (G4NDL) based on
ENDEF/B-VI data (Rose, 1991), and the ARAMIS model has already been explained in Section 3.2.

As discussed in Section 3.1, our function was convolved with GCRs using a solar modulation parameter of
400 MV. For comparison, we employed AtRIS data modeled under the same solar modulation condition.
PLANETOCOSMICS/GEANT4 simulations used primary GCR nuclei with atomic numbers ranging from Z = 1
to 28, encompassing elements from hydrogen to nickel. The corresponding energy spectra were modeled
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Figure 8. Comparison of our results with Radiation Assessment Detector measurements, as well as Atmospheric Radiation
Interaction Simulator, PLANETOCOSMICS, and Atmospheric RAdiation Model for Ionizing Spectra on the Martian
Surface. The plotted results are restricted to this energy range to enable a direct comparison and ensure an accurate ratio
calculation.

following the approach of Matthii et al. (2013) for the period from 15 November 2015, to 15 January 2016, during
which the GCR intensity was at an intermediate level, following the minimum observed after the relatively weak
solar maximum at the end of 2014 and the beginning of 2015. Given that solar modulation fluctuates between 300
and 1200 MV throughout the solar cycle, the modulation values applied by PLANETOCOSMICS/GEANT4
during this period align with those used in our study, thereby reinforcing the comparability of our results.

Figure 8 presents a comparison of our results, expressed as the integrated surface flux (Our study), with RAD
measurements, as well as with the results reported by (Guo, Banjac, et al., 2019; Matthid & Berger, 2017,
Charpentier et al., 2024). The downward fluxes were calculated using AtRIS, PLANETOCOSMICS, and
ARAMIS, respectively, as previously discussed for protons. The lower panels illustrate the ratio of our results to
those from each of these studies, demonstrating a consistent level of agreement. Since RAD measurements are
limited to energies below 100 MeV, we have restricted our plotted results to this energy range to enable a direct
comparison and ensure an accurate ratio calculation. In the upper panel, our integrated surface flux (black line) is
shown to align closely with the RAD data (purple points with error bars), particularly for proton energies above
approximately 20 MeV. The fluxes computed using different transport codes show some variation at lower en-
ergies but converge within a factor of 2 across the energy spectrum considered. Notably, our simulation results fall
well within the experimental uncertainty bounds provided by RAD, which reinforces the validity of the employed
modeling framework. The lower panel provides a ratio-based comparison of our results to the other referenced
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Figure 9. Comparison of our Galactic Cosmic Ray (GCR) flux integrated over the entire 2z with those reported in (Guo, Banjac, et al., 2019; Matthid & Berger, 2017;
Charpentier et al., 2024) for proton, electron, gamma, and neutron spectra reaching the Martian surface. The lower panel in each figure shows the ratio of the integrated
GCR flux in our results for downward particles to those from other models.

models. The ratio remains close to unity over most of the energy spectrum, particularly in the 10-100 MeV range,
further emphasizing the good agreement. Deviations below 10 MeV can be attributed to differences in physics
used in the models, atmospheric modeling assumptions, or primary spectrum implementations in the respective
models.

The upper panels of Figure 9 present a comprehensive comparison of secondary particle fluxes—protons,
electrons, gamma rays, and neutrons—on the Martian surface, as calculated using our model, the AtRIS model,
and the PLANETOCOSMICS model, along with ARAMIS. For protons, observational data from the MSL-RAD
instrument are also included, enabling direct validation against in situ measurements. Across the entire energy
range considered, a generally good agreement is observed among the models, with only minor deviations,
particularly at low and high energy extremes. Notably, the proton fluxes predicted by our model align closely with
those derived from MSL-RAD data. For electrons, gamma rays, and neutrons, the fluxes generated by the
different models display similar spectral shapes, though small systematic differences in magnitude become
evident, particularly at lower energies. These differences can be attributed to varying modeling assumptions,
including differences in the physical processes and primary particle compositions employed.

The lower panels quantify these differences by displaying the ratios of fluxes predicted by our model to those
from the other approaches, thereby offering a clearer view of model-to-model consistency. The ratios remain
relatively stable across most energy ranges, indicating a robust level of agreement. However, some deviations are
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more pronounced in the case of neutrons and gamma rays, particularly at energies below 10 MeV, which can be
linked to discrepancies in the treatment of low-energy transport and secondary production. Such deviations are
further exacerbated by the fact that our model exclusively considers protons as primary particles, while other
studies may include heavier nuclei such as helium or carbon, leading to enhanced production of certain sec-
ondaries through nuclear fragmentation and spallation processes. Consequently, while direct comparisons must
account for these methodological differences, the consistency between our model and existing frameworks af-
firms the reliability of our approach in simulating secondary radiation on the Martian surface.

4. Summary and Conclusion

The consideration of zenith angle dependence in the Martian surface radiation environment is crucial for planning
future human exploration missions to Mars and for developing a comprehensive global radiation map. Creating
such a map requires accounting for multiple factors that influence the radiation dynamics on the Martian surface.

In this study, we employed a Monte Carlo simulation-based approach to calculate the flux of secondary particles
reaching the Martian surface, generated by incident primary protons at various zenith angles at the top of the
atmosphere. We computed the secondary particle fluence on the Martian surface induced by both SEPs and
GCRs.

The SEP-induced results were compared with the ARAMIS model, while the GCR-induced results were validated
against measurements from the RAD aboard the Curiosity rover, as well as with previously GEANT4-based
established models such as ARAMIS, AtRIS and PLANETOCOSMICS. To enable a consistent comparison,
we calculated the total downward flux in our study by integrating the flux of secondary particles reaching the
Martian surface over a range of zenith angles. The comparison revealed a generally acceptable level of agreement
between our results and those reported in earlier works, thereby validating the reliability of our approach.

In our model, we have concentrated on two crucial factors. First, we investigated the impact of zenith angle on
atmospheric column depth. This is of paramount importance because particles reaching the surface from the
horizon encounter a greater atmospheric column depth compared to those arriving from the vertical direction.
This discrepancy results in changes in the directionality of radiation on the Martian surface. Second, our simu-
lations were conducted under atmospheric conditions specific to surface elevations characteristic of the Gale
Crater region—an area of particular scientific interest due to its extensive exploration by the Curiosity rover.

The goal is to elucidate the essential steps required for developing radiation dose maps that accurately incorporate
topographic effects. This focused approach enhances our understanding of the radiation environment specific to
the target region and contributes valuable insights to the broader context of human exploration planning on Mars.

We derived the flux of downward secondary particles generated through the interaction of primary protons with
the Martian atmosphere. These interactions were simulated for different incident zenith angles, each corre-
sponding to a different atmospheric column depth due to the curvature and density profile of the Martian at-
mosphere. As primary particles enter the atmosphere at varying angles, they experience different path lengths and
interaction probabilities, influencing the production and energy distribution of the resulting secondaries. By
accounting for these angle-dependent effects, our model enables a more accurate characterization of the radiation
environment on the Martian surface across different directions of particle incidence. This directional dependency
is critical for understanding surface radiation dose rates, particularly in the context of habitat design and site
selection for future crewed missions.

To assess the influence of the Martian atmosphere on radiation transport, we generate matrices that quantify the
relationship between incoming primary particles at the top of the atmosphere and the resulting secondary particles
detected at the surface. These matrices are parameterized by the zenith angle of atmospheric entry, enabling an
angle-dependent analysis of how the atmosphere modulates particle propagation.

Once developed, the matrices can be convolved with any radiation spectra incident at the Martian atmosphere's
upper boundary, such as those from GCRs, SEPs, and other potential sources. This method allows for estimation
of secondary particle fluxes at the Martian surface across a broad range of entry angles, as long as the particle
trajectories intersect the surface. Such a framework provides a flexible and efficient approach for evaluating
surface radiation levels under diverse environmental and solar conditions.
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Here, we convolved our developed functions with the SEP event of 15 February 2022, as well as GCRs modulated
at different levels of solar activity. As a representative case, we present results corresponding to a solar modu-
lation potential of 400 MV.

The convolution of our response functions with SEP spectra reveals notable surface fluxes of low-energy gamma
rays, electrons, and neutrons, despite the low intensity of primary protons in that range. This is mainly due to high-
energy protons penetrating the atmosphere and initiating spallation reactions, which generate secondary particle
cascades. Through this study, we determined the spectra of all secondary particles reaching the Martian surface
for the given SEP event across different zenith angles. By extending our analysis across a range of incident angles,
we provide a comprehensive characterization of particle fluxes in response to SEP events.

The surface proton flux under GCR conditions shows a dependence on the zenith angle. Vertically incident
protons experience minimal attenuation and dominate the flux, especially between 100 MeV and several GeV. At
larger angles, increased atmospheric path length leads to stronger energy loss and absorption, significantly
reducing low-energy flux. Interestingly, moderate zenith angles can enhance secondary production via nuclear
interactions, slightly boosting mid-energy fluxes (100-300 MeV). However, this effect fades at extreme angles
due to atmospheric shielding. The spectral peak in the 100-300 MeV range reflects the optimal balance between
GCR input and atmospheric interaction efficiency.

Secondary particles produced by primary GCR protons—such as gamma rays, electrons, neutrons, positrons,
pions, and deuterons—show varying sensitivity to zenith angle. Unlike primary protons, most secondaries are
generated within the atmosphere, resulting in relatively modest angular dependence, especially for gamma rays,
electrons, and neutrons. Positrons show slightly stronger angle effects due to their link to gamma-ray cascades. In
contrast, positive pions and deuterons exhibit more distinct angular trends and spectral features, with pronounced
attenuation at high zenith angles due to their forward-peaked production and greater energy loss.

Our results reveal a pronounced dip in the gamma-ray spectrum between 10 and 100 MeV, which corresponds to
the transition between dominant production mechanisms as described by Fujiwara et al. (2025). Nuclear de-
excitation and radioactive decay dominate at lower energies, hadronic (J‘CO - y}/) processes prevail at higher
energies, and bremsstrahlung contributes weakly in the intermediate range. This agreement confirms the physical
interpretation of our observations and demonstrates consistency between our measurements, simulations, and
established gamma-ray emission models.

The development of these adaptable matrices holds promise in providing valuable insights into the Martian ra-
diation environment. The resulting data will play a role in constructing topographic maps of Mars in a follow-up
study, offering insights into radiation flux variations on the planet. This information allows for assessments of
radiation hazards, aiding mission planners in identifying safe areas and natural shelters for astronauts during their
exploration and landing on the Martian surface.
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