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Different sites of interest along MiSL/RAD traverse path

* 6 sites of interest and in total 10 different I
points : Fon w ’

@;ﬁ?ﬁﬁ)
2,

Location Parking Sols Rover Site/Drive

Hidden Valley 706-708 40/200

Tower Butte 2734-2742 79/1222

Bloodstone Hill - 1 2797-2800 80/2388

Bloodstone Hill - 2 2800-2802 81/0

Mont Mercou - 1 3052-3072 87/792

Mont Mercou - 2 3072-3074 87/834

Mont Mercou - 3 3076-3079 87/1444

Maria Gordon Notch 3324-3326 92/84

Paraitepuy Pass Approach  3556-3558 96/2470

Paraitepuy Pass 3564-3565 96,/3096

e ¢ TRAD

Tests & radiations

cnes YT
Egalttti ; 2 HiEico o pe®




Different sites of interest along MiSL/RAD traverse path
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The example of Paraitepuy Pass

Deepdale Hill T Bolivar Hill
* The horizon masks have been computed on the g 5 — :

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°.

mmmm Approach 0° (c)

= Pass

315° 45°

e 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.

270 0°

Main objective :

Reproduce surface flux (including albedo)
with MC simulation for any local topoqgraphy
with special focus for albedo neutrons
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ARANMIS Environnent MModel

on board Curiosity rover, oo o e
. L —— ARAMIS - Geant4 (FTFP_INCLXX_HP) L —— ARAMIS - Geant4 (FTFP_INCLXX_HP)
provides to date the only measurements of flux and dose from the T —— OLTARIS - HZETRN o —— OLTARIS - HZETRN
. = —— PHITS - Matthia 2016 = —— PHITS - Matthia 2016
Martian surface n —— Geant4 - Matthia 2016 T —— Geant4 - Matthi& 2016
% 20 :
T T
w w
g 0 h
£ £ 10
S 1o S
Monte-Carlo simulations with Geant4 (C++) and Python post- sl £l
treatment W 1075 %
2 Neutron 2"
. . . o o
Using the High Performance Computing (HPC) center from CNES g 107 ; - g
5 5
v 107 ) N 10-%
10° 10t 102 10% 104 10° 10t 10° 10° 10%
Secondary energy, T" [MeV] Secondary energy, 7" [MeV]
~ 1073 100
Any Location Any date Any GCR or SPE S --- direction-averaged proton 5 —— ARAMIS - Geant4 (FTFP_INCLXX_HP)
exposure g —— cone-viewed downward proton g . —— OLTARIS - HZETRN
) 7 T
w w + -
7 - 10 e /e
Geant4 Execution :3 N"f S ——
Surface location ) )
characteristics : ) € 10* g 10°
* For all ions up to Z=28 Databases Postprocessing Databases A=A =
5 ) * For specific energies => Treatment
* Altitude, location; dates Count of all secondary Surface spectra for each %E % ‘éig 10-8
) - (see Table 1) particles with their (o pgthOﬂ secondary particles type fo ) ARAMIS - Geant4 (FTFP_INCLXX_HP) 9
. Soil composition )6 GEANT 4 P a specific primary energy 5 ———— OLTARIS - HZETRN 5
e oSl o PHITS - Matthia 2016 o 10101
b —— Geant4 - Matthia 2016 =
lL ‘g —— MSL- RAD ‘g -—- e
GCR spectra models R @ 107 20 40 60 80 100 n 107”100 10 107 10° 107 10°
Secondary energy, T" [MeV] Secondary energy, T [MeV]

GCR models integration

« Badhwar-O'Neill, 2022 Databases

@ puython
g?’ﬁ“tm PY Suitcn peikn oo mach Charpentier, et al. (2024), ARAMIS: a Martian radiative environment model built from GEANT4
) J simulations, J. Space Weather Space Clim. 14 35 (2024) DOI: 10.1051/swsc/2024032
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Distance Y [m]

Natural terrain : resuits for Paraitepuy Pass

0°

—3845.73
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—— Horizon line
O MSL/RAD

—3875.43
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—3883.53
—3886.23
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25 0
Distance X [m]
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—- —— Horizon mask filtered
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10°

Secondary energy, T* [MeV]

Horizon masked ratio, 6(T™) [%]

Mean zenith blockage: 69.88°
—--— Ratio of blocked sky: 34.40%
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10°

80

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%




g ° | Thermal " H/.,"

[’} b

s 15} Tfﬁyg'

c 2 P 4 M | Location Mean horizon masked ratio, o [%] Oy [°] Oany (%]
[T ’

é ;,/;A Downward Upward Total

e Pl 5252058 2219 Hidden Valley -1.086 + 3.818  -1.989 + 2816 -1.671 £3.146 8501 87
N oL Tower Butte -4.638 + 3.485 -15.742 + 2.680 -11.646 + 2.896 81.21  15.27
e Bloodstone Hill - 1 -4.506 £ 3.635 -15.602 &+ 2.779 -11.234 4 3.031 82.34  13.32
X A Epithermal Ml"'fy Bloodstone Hill - 2 -4.377 £ 3.877  -14.968 +£ 2.9  -10.793 + 3.027 82.45 13.14
l:; ~15} T, BB:"S . Mont Mercou - 1 -3.735 £ 3.745 -12.6 £+ 3.124 -9.180 + 3.224  82.9 12.36
© ,,/ M: Mont Mercou - 2 -5.406 & 3.473 -20.250 £ 2.724 -14.469 £ 2.812 81.46 14.85
g3 - Mont Mercou - 3 23.526 £ 3.725  -12.6 £ 2.829  -9.069 + 3.020 83.21  11.82
2L _ Maria Gordon Notch -24.995 £ 2.822 -54.132 £ 1.575 -43.744 £ 1.951 66.42  40.00
< #*~ 5=2.34728,-205.33 Paraitepuy Pass Approach -16.793 4+ 3.326 -42.576 + 2.062 -32.708 £+ 2.291 73.84  27.83
Q M R%=0.9681

= g - Paraitepuy Pass -16.985 + 3.312  -43.187 + 1.978 -33.222 + 2.214 69.88  34.40
— 0

=

e}

g ~15 .. .

B * The sky blockage lead to a reduction in thermal, epithermal and fast neutrons fluxes
2 -30

£ _ss s 1roae] * A linear regression for the different reduction enabled to find a reduction of 2.52
g R?=0.9734 %/°, 2.35 %/° and 1.97 %/° in thermal, epithermal and fast neutrons flux.

=

%5 70 75 80 8 90
Mean blocked zenith angle,
6y [°]
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Natural terrain : Albedo Generation correction factor

HYPOTHESIS:

No interaction between the albedo
generated and the atmosphere
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fy and fj distribution

Natural terrain : Albedo directionality on MIC results
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Natural terrain : Neutron albedo directionality on MIC resulits
Dependent on PRINIARY and SECONDARY ENERGY
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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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Natural terrain : Albedo directionality on MIC results
Convolution with GCR spectra to get the distribution
corresponding to sol 3564 (Paraitepuy pass passage)
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The downward neutron distribution is not
taken into account in the further modeling




Natural terrain : Albedo reconstruction with surface viewed

msmmm  Visible surface

Visibility Map :
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Natural terrain : Albedo Generation correction factor
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Natural terrain : Albedo Generation correction factor

J lbedo *
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Natural terrain : Albedo Generation correction PARAITEPUY
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Different
computational
steps
Unfiltered

Horizon mask
filtered

Reconstruction
with visible
local terrain

Neutron Origin
Total

Downward
Upward

Zenith angle of viewed terrain, 6g [°]

0

20
40
60
80

100 1 48

120

140

50 100 150 200 250 300 350
Azimuth angle, ¢ [°]

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




Mean reconstruction ratio, dp [%]

Thermal

Epithermal

Fast

o [°]

Or [°]

Sa00 [mz]

-12.119 £ 0.642
31.789 £ 3.686
42.338 £ 1.915
57.350 £ 2.271
10.524 = 1.116
10.585 £ 0.543
5.410 £ 1.404
26.418 £ 1.889
52.002 £ 0.0
64.793 = 0.895

-3.466 £ 1.563
24.681 £ 1.108
35.548 £ 0.978
46.590 £ 1.556
7.463 = 0.732
13.515 £+ 0.709
3.456 £ 0.591
17.534 = 0.677
40.668 = 2.050
47.510 £ 1.232

-14.825 £ 0.459
9.890 £+ 1.316
7.698 = 0.970
10.256 £ 0.835
-3.711 = 0.583
-5.464 + 0.670
-6.637 = 0.661
-2.182 = 0.910
10.273 &= 1.086
-0.743 = 0.817

83.78
77.37
77.9
78
76.94
76.81
76.59
77.57
72.34
71.01

88.03
95.04
95.36
95.24
84.33
84.79
86.99
93.56
82.26
78.49

9340.56
16454.17
27976.5
27250.17
50619.46
50855.17
47371.7
15798.29
12811.12
7071.37

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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Neutral D+E counts (good Q) per second

Comparison with RAD neutral counts
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Comparison with RAD necutral counts This is not the same quantity !

x10~3
- -0
Gamma + RAD V—
neutron : Neutral -2 é‘:&?
. : eutra
To compare with RAD neutral counts the n simulation Counts :C.I:J 5
i -1 . = U
same methods is used to also reconstruct 5 10 Difference | _, 53—
gamma spectra -
|
” (b)
o r ' u '
IE 10-* 10° 10* 10% 10° 10°
o
— Simulation
N Neutral flux diff - 10 =
Same procedure for Gamma reconstruction T IT ™
of the flux ! % 0 Qo
~ 5 2
1072 ~-10 % o
2
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- Paraitepu
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Comparison with RAD neutral counts

x10~3

RAD
Neutral
Counts

(b)

Difference |

1071

|
N

I
N

10° 10! 102 10°® 10°

Simulation
i Neutral flux diff 10
'Il S
Q= . .
n 0 Q
TRk
%:3 -10 80
L o kT
=) =
a -20 3
-30

10-! 10° 10! 102 103 10%
Energy [MeV]

Neutron | Gamma Neutron RAD Neutron

+ + Gamma
Gamma

Mean reduction 14.52 + 2.7+1.05 1031+ 14.14 + 3.53

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)

ratio (%) 1.47 (%) (%) 0.98 (%) (%)
\ Y J \ v )
Ratio on computed Ratio on RAD
reconstructed flux (D+E) counts
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Comparison with RAD ncutral counts : other locations

Location ARAMIS flux variation [%)] RAD count variation [%]
Neutron Gamima Neutron + Gamma Neutron + Gamma
B,/B;, 272+ 064 927 +2.79 2.72 + 1.35 2.34 + 3.21
M,/M,  3.79 £ 0.62 3.67 + 0.89 3.94 + 0.58 10.92 + 8.67
My/Ms 397 +0.6 215+ 0.76 2.8 + 0.5 6.58 + 5.45
P/A 14.52 £ 1.47 2.7 + 1.05 10.31 =+ 0.98 14.14 + 3.53
g_, 251 ® RAD count | | | ¥ RAD count
=2 | mami X Modeled Flux | | T Modeled Flux |
= 8 T Mz/Ma
85 1 / |
o -
5o M2/Ms 1 e Even though the RAD error bars are
C = | 11 d . .
3o 10 P/A Ma/Ms / important, a trend appears with a
© > ) . .
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Influence of Mars Topography on Neutral Surface

Radiation: Modeling and MSL/RAD Observations

ALBEDO RADIATION  MARS SCIENCE LABORATORY  RADIATION ENVIRONMENT  SURFACE TOPOGRAPHY

(@ +12 Gabin Charpentier ¥ (2, Jingnan Guo (), Salman Khaksarighiri{2, Rémi Benacquista,
Bent Ehresmann (), Jean-Christophe Malapert, Robert Ecoffet, Julien Mekki,
Alexis Paillet, Sven Loffler, Robert F. Wimmer-Schweingruber >/, Donald M. Hassler
Cary Zeitlin2, Philippe Valet, Yves Gourinat

Abstract

Since landing in 2012, the Radiation Assessment Detector (RAD) onboard the Curiosity rover has

encountered different local landscapes, which have induced variations in the local surface

environment. The aim of this study is to include realistic and site-specific local topography for

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/ess0ar.175337668.89983018/v1
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https://doi.org/10.22541/essoar.175337668.89983018/v1

Natural terrain: CONCLUSION

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.

e 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.

* 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
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ASSESSING THE IMPACT OF TERRAIN
SHIELDING ON THE RADIATION DOSE

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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TOWER BUTTE POSITION 1

. 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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TOWER BUTTE POSITION 2

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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BLOODSTONE HILL

« 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 " ™ ' "RAD E dose ——
scaled A*B counter el ¢ 7 \ P <
310 1/ \/ \ / B

. Ratio is ~1 before and after entering the shielded
area
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. Decrease in radiation: 3.5%
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MT. MERCOU

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% v ———
Average angle of sky obstruction: 8.3° s p\ (b))
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(c) Decrease in radiation: 3.1% S — —
Average angle of sky obstruction: 6.5° D T
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MARIA GORDON NOTCH

« 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

320
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280 frt IR
« Unscaled A*B counter showed a decrease | \\\/
during the traverse through the pass 2 ‘ ‘ ‘ ~
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« Comparing to orbital HEND GCR proxy , OQQW

counter (blue), we see that there is some e I i — | ]
shielding effect in the A*B counter (potential ) S S SO S— —
scattering effect)
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PARAITEPUY PASS

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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SUMIMARY

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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Location MSI. Sol Radiation Average Angle of
Decrease Sky Obstruction

Hidden Valley 707 — 708 1.5% (£0.7%) 4.9°

Murray Butte (a) 1456 — 1467 3.8% (x0.4%) 8.4°

Tower Butte — Position 1 2658 — 2691 3.2% (£1.1%) 8.5°

Tower Butte — Position 2 2735 — 2741 3.6% (+x1.2%) 8.6°

Bloodstone Hill 2798 — 2801 3.5% (£0.6%) 7.3°

Mt. Mercou 1- Drill 3053 — 3072 3.0% (£1.0%) 6.9°

Position (position a)

Mt. Mercou 2 - Close 3073 5.8% (£1.0%) 8.3°

Approach (position b)

Mt. Mercou 3 (position ¢) | 3077 — 3078 3.1% (+£1.0%) 6.5°

Maria Gordon Notch 3324 — 3325 12.8% (£1.2%) 23.5°

Paraipetuy Pass Approach | 3551 — 3562 6.6% (+1.3%) 16°

Paraitepuy Pass 3563 — 3567 9.2% (+1.3%) 20°

(a) from Ehresmann et al. (2021)
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