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• 6 sites of interest and in total 10 different
points :
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Main objective :

Reproduce surface flux (including albedo) 
with MC simulation for any local topography 

with special focus for albedo neutrons 

• The horizon masks have been computed on the
basis of a Digital Elevation Model (DEM) of the
Gale Crater created by JPL/NASA/USGS/University
of Arizona. This DEM has a resolution of 1m/pixel.

• The viewpoint was set up 1m above the surface to
mimic RAD elevation, while the elevation angle of
the horizon line was determined for azimuth
angles intervals of 0.25° from 0 to 360°.

• For each azimuth angle the horizon elevation
angle has been calculated using the horizon
distance and planet curvature, within a radius of
20 km around the view point.
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Any Location Any date

• Radiation Assessment Detector (RAD), on board Curiosity rover, 
provides to date the only measurements of flux and dose from the 
Martian surface

• Atmospheric RAdiation Model for Ionizing spectra on martian
Surface (ARAMIS)

• Monte-Carlo simulations with Geant4 (C++) and Python post-
treatment

• Using the High Performance Computing (HPC) center from CNES

Any GCR or SPE 
exposure 

Photon
Neutron

Proton
e+/e-

Charpentier, et al. (2024), ARAMIS: a Martian radiative environment model built from GEANT4 
simulations, J. Space Weather Space Clim. 14 35 (2024) DOI: 10.1051/swsc/2024032
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Comparison with flat 
geometry:

Mean reduction ratio for 
neutron flux :  33.2%  but it 

depends of the energy

Ratio of blocked solid angle: 
34.4%
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• The sky blockage lead to a reduction in thermal, epithermal and fast neutrons fluxes

• A linear regression for the different reduction enabled to find a reduction of 2.52
%/°, 2.35 %/° and 1.97 %/° in thermal, epithermal and fast neutrons flux.
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HYPOTHESIS:

No interaction between the albedo

generated and the atmosphere
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For different
secondary
energies

It has been shown that angular distribution of scattering neutrons is 
isotropic at low energy levels, and tends to quasi unidirectional at high 

energy [Thornton, A. (2016)], [Kalend et al,(1983)] . 

Low energy : wide
scattering angle

High energy : small
scattering angle

This confirm results from : Gonçalves, et al. (2022). Validation of dMEREM, the detailed mars energetic 

radiation environment model, with RAD data from the surface of Mars. Frontiers in Astronomy and Space 
Sciences, 9, 833144.

𝜃

From 100 GeV Primary H

This confirm results from : Gonçalves, et al. (2022). Validation of dMEREM, the detailed mars energetic 

radiation environment model, with RAD data from the surface of Mars. Frontiers in Astronomy and Space 
Sciences, 9, 833144.
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𝜃

After 100 MeV, shift toward high 𝜃
For different primary energies : 100 MeV, 500 MeV, 1 GeV, 5 GeV, 10 GeV, 

50 GeV, 100 GeV, 500 GeV, 1 TeV
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𝜃

𝒇𝒑
𝒂 𝜽, 𝑻∗, 𝝋 =

𝑁𝑓𝑙𝑎𝑡
𝑎𝑙𝑏𝑒𝑑𝑜 𝜽, 𝑻∗, 𝝋

𝜽׬ 𝑁𝑓𝑙𝑎𝑡
𝑎𝑙𝑏𝑒𝑑𝑜 𝜽, 𝑻∗, 𝝋 𝒅𝜽

𝒇𝒑
𝒅 𝜽, 𝑻∗, 𝝋 =

𝑁𝑓𝑙𝑎𝑡
𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝜽, 𝑻∗, 𝝋

𝜽׬ 𝑁𝑓𝑙𝑎𝑡
𝑑𝑜𝑤𝑛𝑤𝑎𝑟𝑑 𝜽, 𝑻∗, 𝝋 𝒅𝜽

The downward neutron distribution is not 
taken into account in the further modeling
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Visibility Map :

Visible surface



13

This is only dependent of the 
local terrain  

𝛼

𝜃𝑇
𝜃𝑅

𝒇𝒑
𝑻 𝜽𝑻, 𝝋 =

𝑁𝑝𝑖𝑥𝑒𝑙𝑠
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑖𝑒𝑤𝑒𝑑

𝜽𝑻, 𝝋

𝜽׬ 𝑁𝑝𝑖𝑥𝑒𝑙𝑠
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑖𝑒𝑤𝑒𝑑

𝜽𝑻, 𝝋 𝒅𝜽
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This is only dependent of the 
local terrain  

This is dependent of Mars atmospheric parameters
and GCR input spectra, through convolution, but not 

of the local terrain  

𝒇𝒑
𝑻 𝜽,𝝋 =

𝑁𝑝𝑖𝑥𝑒𝑙𝑠
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑖𝑒𝑤𝑒𝑑

𝜽,𝝋

𝜽׬ 𝑁𝑝𝑖𝑥𝑒𝑙𝑠
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑣𝑖𝑒𝑤𝑒𝑑

𝜽,𝝋 𝒅𝜽
𝒇𝒑
𝒂 𝜽, 𝑻∗, 𝝋 =

𝑁𝑓𝑙𝑎𝑡
𝑎𝑙𝑏𝑒𝑑𝑜 𝜽, 𝑻∗, 𝝋

𝜽׬ 𝑁𝑓𝑙𝑎𝑡
𝑎𝑙𝑏𝑒𝑑𝑜 𝜽, 𝑻∗, 𝝋 𝒅𝜽

𝒅𝚽

𝒅𝑻∗𝑨𝒍𝒃𝒆𝒅𝒐

𝑹𝒆𝒄𝒐𝒏𝒔𝒕𝒓𝒖𝒄𝒕𝒆𝒅

න
𝝋

න
𝜽

න
𝑻

𝜷 𝜽, 𝑻∗, 𝝋 .
𝒅𝚽

𝒅𝑻∗𝑨𝒍𝒃𝒆𝒅𝒐

𝑴𝒂𝒔𝒌𝒆𝒅

𝑻∗ 𝒅𝑻𝒅𝜽𝒅𝝋

𝜷 𝜽, 𝑻∗, 𝝋 = 𝒇𝒑
𝑻 𝜽,𝝋 ⋅ 𝒇𝒑

𝒂 𝜽, 𝑻∗, 𝝋
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• Increase of thermal neutrons with local terrain : as
thermal are only coming from albedo : this cross
checks findings of DAN

• On the high energy range the reconstructed flux is
lower than for a simulation with flat terrain. It
means that the contribution of particle blocked by
the landscape is higher than for those ‘created’ by
the terrain.

• The terrain will still providing protection here in
term of dose
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• Unlike the first step; the reconstruction is compared for sites with different points :
as the amount of the reconstruction depend of the original filtered flux, point with
similar heliospheric and atmospheric conditions must be considered

• For thermal neutrons, the increase is quantified at 3.86 %/° of view zenith angle
difference. For epithermal neutron this increase is softer : 0.75%/°.
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• MSL – Curiosity parked for ~2 sols
in the Approach of paraitepuy
pass

• Rover Site 96 & Drive 2470

• DAN was off

• MSL – Curiosity parked for
~1 sol in the Approach of
paraitepuy pass

• Rover Site 96 & Drive 3096

• DAN was off
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To compare with RAD neutral counts the 
same methods is used to also reconstruct

gamma spectra

Same procedure for Gamma reconstruction 
of the flux !

Gamma + 
neutron : 
simulation

RAD 
Neutral
Counts
Difference

Simulation
Neutral flux diff

This is not the same quantity !
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RAD 
Neutral
Counts

Neutron Gamma Neutron 
+
Gamma

RAD Neutron 
+ Gamma 
Count

Mean reduction
ratio (%)

14.52 ±
1.47 (%)

2.7 ± 1.05
(%)

10.31 ±
0.98 (%)

14.14 ± 3.53 
(%)

Ratio on computed
reconstructed flux

Ratio on RAD 
(D+E) counts

• Compared with RAD measurements
on similar range as for neutron
counts

• The reduction between the
approach and the pass is on the
same order of magnitude between
RAD and modeling

• Although tends to have a low
estimation of it (on the errors bars)

RAD 
Neutral
Counts
Difference

Simulation
Neutral flux diff
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• Even though the RAD error bars are
important, a trend appears with a
bigger difference (in the fast
neutron range) with more
obstructed terrain
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Charpentier et al., 2025. Influence of Mars Topography on Neutral Surface Radiation: Modeling and 
MSL/RAD Observations. ESS Open Archive . July 24, 2025 DOI : 10.22541/essoar.175337668.89983018/v1

PREPRINT HERE :

Submitted to JGR : Planets, under review

https://doi.org/10.22541/essoar.175337668.89983018/v1
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Future possible advances

Key points

• Analysis of possible landing sites to assess the behaviour of neutral particle, and estimate the local dose 
• Integration of this features in local radiative cartographies

• Similar modeling on the Moon surface

• A method to assess surface neutral spectra according to real local topography : can be adapt to any point 
on the Martian surface

• Thermal neutrons are increasing with local topography for every site encountered. The more surface 
viewed the more thermal neutrons. This same behaviour has been observed by MSL/DAN.

• On the high energy range the reconstructed flux is lower than for a simulation with flat terrain. It means that 
the contribution of particle blocked by the landscape is higher than for those ‘created’ by the terrain. 

Similar observation than with MSL/RAD measurements.



 While in close vicinity to substantial terrain obstruction, RAD

sees a distinct decrease in dose rate

 Question: How can we assess the amount of radiation that is

shielded? (i.e., when compared to an unshielded case)

 Approach: Use a RAD particle counter that only counts charged

particles coming from a narrow range of zenith angles from the

sky -> A*B coincidence (dashed lines in schematic)

 A*B coincidence will in almost all cases only count particles

coming from an unobstructed sky view (as terrain features are

not large / high enough to reach into the A*B FOV)
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 Dose rate measurements (in detector E) are shown in

red

 Red shaded area show considered time of shielding

 Bottom panel (black) shows the ratio of dose rate to

scaled A*B counter

 Ratio is ~1 before and after entering the shielded area

 Decrease in radiation: 3.2%

 Average angle of sky obstruction: 8.5°
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 Dose rate measurements (in detector E) are shown in

red

 Red shaded area show considered time of shielding

 Bottom panel (black) shows the ratio of dose rate to

scaled A*B counter

 Ratio is ~1 before and after entering the shielded area

 Decrease in radiation: 3.6%

 Average angle of sky obstruction: 8.6°
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 Dose rate measurements (in detector E) are shown

in red

 Red shaded area show considered time of shielding

 Bottom panel (black) shows the ratio of dose rate to

scaled A*B counter

 Ratio is ~1 before and after entering the shielded

area

 Decrease in radiation: 3.5%

 Average angle of sky obstruction: 7.3°
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 Three separate instances where the shielding

effect was observed (a,b,c)

 (a) Decrease in radiation: 3.0%

 Average angle of sky obstruction: 6.9°

 (b) Decrease in radiation: 5.8%

 Average angle of sky obstruction: 8.3°

 (c) Decrease in radiation: 3.1%

 Average angle of sky obstruction: 6.5°
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 Decrease in radiation: 12.8%

 Average angle of sky obstruction: 23.5°

 Only consider the closest approach at the 

tightest position when moving through the 

pass

 Unscaled A*B counter showed a decrease 

during the traverse through the pass

 Comparing to orbital HEND GCR proxy 

counter (blue), we see that there is some 

shielding effect in the A*B counter (potential 

scattering effect) 
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 Considered two positions, (a) approaching the 

pass, (b) traversing the pass

 (a) Decrease in radiation: 6.6%, average angle 

of sky obstruction: 16°

 (b) Decrease in radiation: 9.2%, average angle 

of sky obstruction: 20°

 Dip in dose rate ~ sol 3580 due to solar effects 

(HEND shows strong increase in count rate)
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 Making use of the natural terrain on Mars as 

radiation shelters provides a great benefit to 

resource constraints

 RAD has so far observed 11 instances where 

a significant shielding effect was detectable

 To first order, the decrease in radiation dose 

linearly scales with the average angle of sky 

obstruction

 Simplification! Modeling shows that radiation 

field on the Martian surface becomes more 

anisotropic the closer to the horizon

 For full modeling the shielding capabilities 

provided by natural terrain, need to consider 

terrain in as much detail as possible (DEMs) 
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