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This technical report documents the comparison and validation of proton-beam measurements performed at the
Paul Sherrer Institute (PSI) Proton Irradiation Facility (PIF) with MRADSIM simulations for Martian regolith
simulants once processed by Spark Plasma Sintering at the University of Cagliari. Thin targets of two regolith
formulations (MGS-1 and JEZ-1) with thicknesses of 2 mm and 3 mm were irradiated under multiple degrader
settings, spanning approximately 30-151 MeV proton energies at the regolith surface. Experimental detector-
response spectra were calibrated using regolith-free reference runs, and peak energies were extracted using
Gaussian fits. The PIF geometry was imported into MRADSIM toolkit via GDML, and the regolith simulants
were implemented as composite materials. Simulated detector observables were obtained in a downstream
50 mm-thick LYSO scintillator detector volume, enabling direct experiment-simulation benchmarking of the
peak deposited energy and the transmitted-proton fluence. In addition, several Geant4 hadronic physics lists
were evaluated using a reduced chi-square (y?/v) analysis to select a robust baseline model for regolith

transport within the validated energy range.

1. Introduction

Human activities on Mars will take place in a radiation environment
that is fundamentally different from Earth’s, with limited atmospheric
shielding and continuous exposure to energetic charged particle [1,2].
Among these, protons represent a major contribution over a wide en-
ergy range and are a primary driver of dose, material degradation, and
secondary-particle production in surface and near-surface scenarios [3].
Given the availability of regolith in situ and its potential use as both
a structural and shielding materials [2,4], a quantitative description
of proton transport through realistic regolith simulants is required for
credible shielding design and radiation risk assessment [5].

Accurate Monte Carlo modeling of proton transport through Mar-
tian regolith simulants is required to establish validated simulation
settings for subsequent radiation-transport studies [6,7]. Proton-beam
measurements performed at the Proton Irradiation Facility provide such
a benchmark for thin-target energy degradation and transmission [8].

In these experiments, regolith simulant samples were irradiated under
multiple degrader configurations, producing a set of well-defined in-
cident conditions spanning approximately 50-151 MeV at the regolith
surface. Two regolith simulants were studied—MGS-1 and JEZ-1—after
being processed via Spark Plasma Sintering (SPS) to obtain dense
samples, according to Casu et al. [9]. In particular this study focuses on
thin regolith targets (2-3 mm thick) and assesses agreement between
calibrated experimental energies and simulated detector observables,
including energy deposition and proton fluence.

Monte Carlo simulation was performed taking advantage of MRAD-
SIM [10], a Geant4-based [11] framework designed for radiation trans-
port and shielding analyses. This software provides tools to work with
complex 3D geometries (including GDML-based models), define materi-
als and radiation sources, and extract detector-level quantities through
scoring. Depending on the module and configuration, this software
supports the evaluation of key observables such as deposited energy
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and particle fluence (and, more generally, dose-related quantities), with
options for component-based and 3D-mapped analyses [12,13]. In Sec-
tion 2.4, the simulation setup adopted for the PIF benchmark (geometry
import, material definitions, source, and scoring) is presented. The goal
of this report is to reproduce and validate these measurements using
MRADSIM simulations, providing a controlled experiment-simulation
comparison before applying the same modeling chain to more complex
Martian radiation scenarios. The experimental geometry supplied by
PIF was imported in GDML form to preserve the beamline layout
and material arrangement. The regolith simulants were implemented
as composite materials in simulation framework according to oxide
weight fractions indicated by the producer [14,15] and the densities
of the produced SPS samples. Downstream scoring was performed in a
50 mm thick LYSO detector volume, providing a consistent definition of
transmitted-proton energy deposition and fluence across all configura-
tions. This setup enables direct, like-for-like comparison of (i) deposited
energy and (ii) transmitted-proton fluence between experiment and
simulation across regolith types, thicknesses, and incident energies.

Beyond agreement at the observable level, a second objective is
to identify a robust hadronic physics [16] configuration for proton
transport in this validated energy regime. Because simulation is based
on Geant4(version 11.3.0) [17], physics-list selection can lead to mea-
surable differences in predicted energy deposition and transmission,
which is critical when quantifying regolith shielding effectiveness. For
this reason, several candidate hadronic physics lists were benchmarked
against the PIF dataset and ranked using a quantitative goodness-
of-fit criterion (reduced chi-square with combined experimental and
simulation uncertainties). The outcome of this benchmarking step is
used to justify the baseline physics list adopted for subsequent regolith-
transport analyses within the same validated energy range.

The scope of this work is the modeling validation performed against
PIF thin regolith targets (2-3 mm thick) using proton energy deposition
and fluence observables. This provides a controlled test of proton
transport and detector response over the energy range considered.
Extensions to broader Martian environmental spectra (including sec-
ondary neutrons and wider particle mixtures) should be treated as a
subsequent step built on the validated foundation established in this
report.

The remainder of the paper is organized as follows. Section 2 de-
scribes the PIF experimental configuration, the regolith sample prepa-
ration and material definitions, the detector-response calibration proce-
dure, the MRADSIM implementation of the experimental setup, and the
physics-list benchmarking methodology. Section 3 presents the experi-
mental detector-response results, the simulated energy-deposition and
transmitted-proton fluence spectra, the Geant4 physics-list comparison
used to select the baseline model, and the quantitative experimental—
simulation comparison across the tested degrader and regolith con-
figurations. Finally, Section 4 summarizes the main validation out-
comes and discusses the relevance of the validated modeling chain for
subsequent Martian regolith radiation-transport studies.

2. Materials and methods
2.1. Experimental configuration at PIF

The experimental data analyzed in this study are originated from
proton irradiation experiments conducted at PIF [8]. The experimental
campaign, including beam delivery, detector operation, and data acqui-
sition, was performed by the SE2S team. A proton beam with a primary
energy of 200 MeV upstream of the degrader was delivered to the
experimental line and propagated from left to right (see schematic in
Fig. 1). The incident beam energy at the regolith sample was tuned by
selecting dedicated copper (Cu) degrader configurations with different
total thicknesses; each degrader setting produced a distinct energy
spectrum at the regolith surface. The transmitted energy spectrum
was measured with a AE-E (d E-E) nuclear telescope placed directly
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Fig. 1. Schematic view of the PIF proton irradiation setup. The beam passes
through an ionization chamber, a set of degraders (Degraderl, D2, D3, D4, D5,
Degrader6, D7), and a collimator before irradiating the regolith target and the
downstream detector.
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Fig. 2. PIF experimental detection setup. Protons propagate from right to left
and traverse the regolith before entering the downstream telescope comprising
BC400 scintillators and a Tedlar layer, with the signal recorded in a 12 mm,
50 mm-thick LYSO detector.

behind the sample. The Fig. 2 illustrates the experimental geometry
and detection system; the reported data correspond to the 50 mm-
thick LYSO detector [18]. Representative photographs of the actual
experimental arrangement are shown in Fig. 3, where the regolith
sample is positioned immediately upstream of the LYSO detector and
aligned with the ionization chamber along the beam axis.

2.2. Regolith samples and thickness configurations

The PIF datasets correspond to proton irradiation measurements
of two Martian regolith simulant compositions. To obtain the 2 and
3 mm thick dense samples, original powders were sintered via SPS at
1050 °C —35 MPa and 1100 °C —15 MPa for the cases of MGS-1 and
JEZ-1, respectively [9]. Oxide composition and final achieved densities
(2.74 g/cm® for MGS-1 and 2.80 g/cm? for JEZ-1) are given in Table
1. Multiple degrader configurations (given in Table 3) were used to
modify the incident proton energy prior to its interaction with the tar-
get. Regolith-free reference measurements were provided for identical
degrader settings and were used as the baseline for the detector energy
calibration. The dataset corresponding to measurements performed
without regolith comprises 12 copper degrader configurations with
total thicknesses ranging from 16.5 to 42.0 mm (16.5, 19.5, 20.5, 25.0,
28.0, 30.0, 32.5, 34.5, 36.5, 39.5, 40.5, and 42.0 mm). Experiments
including regolith were conducted only for total thicknesses of 16.5,
28.0, 36.5, and 39.5 mm (see Table 3).
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Fig. 3. On the left, the regolith sample is mounted immediately upstream of
the LYSO detector. On the right, an ionization chamber, the regolith sample,
and the LYSO detector are mounted along the beam axis.
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Fig. 4. Energy calibration obtained from regolith-free reference measure-
ments, showing the quadratic relationship between detector response ampli-
tude (Uypy) and proton energy. The fitted calibration function was applied to
all experimental datasets.

2.3. Data acquisition and energy calibration

Experimental data were provided in the form of detector signal am-
plitude spectra expressed in millivolts (mV). The detector response was
converted to proton energy using a calibration derived from regolith-
free reference measurements. The main peak in each spectrum was
fitted with a Gaussian function to extract the peak position Uy;py and
width. The fitted calibration function was applied consistently to all
experimental spectra across degrader configurations, regolith types,
and thicknesses (see Fig. 4). Regolith-free reference data were addi-
tionally used to establish the relationship between degrader thickness
and proton energy (see Fig. 5), which defines the proton energy at the
regolith surface Eg .. for each configuration.

2.4. MRADSIM simulation framework

MRADSIM (Matter-RADiation Interactions SIMulations) is a mod-
ular simulation software toolkit developed to numerically evaluate
radiation effects in electronic components, human tissues, and a wide
range of materials. Its goal is to model radiation-matter interactions
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Fig. 5. Relationship between degrader thickness and proton energy derived
from regolith-free measurements, used to define the surface energy (E,
for each degrader configuration.

surface)

with high parameter control, reduce computational cost, and provide
application-specific analysis capabilities, especially for space missions.
The MRADSIM ecosystem includes a geometry converter that translates
CAD models (e.g., STEP) into GDML for simulation, as well as dedicated
packages such as MRADSIM-Dose for dose/energy-deposition outputs
and MRADSIM-Space for space-radiation applications. In MRADSIM-
Space, Geant4-based particle transport is performed within the defined
geometry to compute metrics such as dose, fluence, LET spectra/flux,
charging, and 3D depth-dose distributions [10]. In this work MRADSIM
is used to reproduce the experimental proton irradiation setup and to
model proton interactions with regolith simulant materials. The exper-
imental geometry provided by PIF in GDML format was imported into
simulation framework as the baseline setup. While the beamline layout
and overall geometry were preserved, the regolith sample materials
were redefined to implement composite material models for MGS-1 and
JEZ-1 (for details, see Section 2.5). The primary source was defined
in simulation framework as a monoenergetic proton point beam with
an initial energy of 200 MeV. The beam was emitted from (x, y,z) =
(0,0,365)mm and directed along the —Z axis with § = 0°. For each
configuration, 10° primary protons were simulated, with no additional
source normalization applied. Separate simulation configurations were
generated for each copper degrader setting and regolith thickness. After
the physics list benchmarking described in Section 2.6, QGSP_BIC
was adopted as the baseline physics list for the final proton transport
simulations.

Detector definition. To represent the experimental telescope detector,
a downstream LYSO detector volume was modeled as the scoring
region. The scintillator layers were modeled as cylindrical volumes with
dimensions (r = 6mm, ¢ = 0.2mm) and (r = 6mm, t = 0.4mm), re-
spectively, using the Plastic_SC_Vinyltoluene material, while
the LYSO detector was modeled as a (50 x 50 x 50)mm> box made
of Lutetium_Yttrium_OxyorthoSilicate (LYSO). Simulated
observables include (i) the energy-deposition spectrum in the LYSO
volume and (ii) the transmitted-proton fluence spectrum, extracted
using an identical scoring definition for all configurations. As shown
in Fig. 6, the simulation represents the experimental geometry and
detector system.

2.5. Regolith material modeling

MGS-1 and JEZ-1 regolith simulants were implemented as compos-
ite materials in simulation framework. Individual oxide constituents
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Fig. 6. Simulation software visualization of the imported PIF geometry and
scoring setup. Simulated observables were collected in the downstream 50 mm
thick LYSO detector volume.

Table 1
Regolith simulant compositions (wt.%) and bulk density of MGS-1 and JEZ-1
Martian regolith simulants used in Simulation framework.

Compound MGS-1 JEZ-1
Sio, 45.57 44.2
AlL,O, 9.43 11.3
FeO 16.85 9.5
MnO 0.10 0.10
MgO 16.5 25.9
CaO 4.03 3.5
Na,O 3.66 1.9
K,0 0.43 0.3
TiO, 0.30 0.2
P,0; 0.37 0.6
Cr,04 0.12 0.3
SO, 2.63 2.1
Sintered sample density (g/cm?) 2.74 2.80

were defined using NIST-based material definitions and combined ac-
cording to their weight fractions, as reported by the producers [14,15].
Samples densities were estimated with the Archimedes’ method. Table
1 summarizes the material definitions used in this report.

2.6. Benchmarking of simulation data against Geant4 physics models

This analysis aimed to identify the most robust GEANT4 physics
list for simulating the interaction of the broader Martian radiation en-
vironment with regolith shielding. Several candidate Geant4 hadronic
physics lists (FTFP_BERT, QGSP_BERT, QGSP_BERT HP, QGSP_BIC,
QGSP_BIC_HP, Shielding, QBBC) were benchmarked against the PIF
experimental dataset for JEZ-1 targets at 2 mm and 3 mm thickness
[16]. Table 2 summarizes the energy-deposition results (MeV) in the
LYSO detector for JEZ-1 at regolith thicknesses of 2 mm and 3 mm across
all tested physics lists. These results are presented in Section 3.3.

The mathematical framework employed for benchmarking the
physics lists against experimental proton beam data, based on a reduced
chi-square (y2/v) analysis, is implemented through a weighted least-
squares linear regression. For each physics list and thickness, simulated
energy deposition values y;, (with uncertainty o,;) measured in the
LYSO detector were compared to experimental calibration energies x;
(with uncertainty o, ;) using a weighted linear model,

y=mx;+c @
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where m is the slope, c is the intercept. The total uncertainty for each
measurement is calculated by combining experimental and simulation
uncertainties in quadrature,

O = \/02, + 02, 2)

X, i

Weighted linear regression was performed to determine the optimal
parameters m and ¢ by minimizing the chi-square statistic,

(v = (mx; + ©)°
= Z Y o2 : )
i=1 tot,i

3

where n is the number of data points (4 points per thickness). The
reduced chi-square is then computed as,

xn=x @

where the degrees of freedom v = n — 2 (two parameters estimated: m
and ¢). Based on this analysis, the QGSP_BIC model is recommended
as the optimal overall physics list for Martian radiation simulations.
The combined 42 values for the 2 mm and 3 mm configurations
indicate that QGSP_BIC demonstrates the most balanced performance
across different regolith thicknesses [19]. Consequently, QGSP_BIC
is selected as the primary validated physics model for all subsequent
PIF benchmark analyses. The complete set of benchmarking results is
presented in Section 3.3.

3. Results
3.1. Experimental results

This section presents the experimental results from the PIF pro-
ton beam measurements, including the detector response spectra and
the derived energy-deposition trends for MGS-1 and JEZ-1 regolith
samples. Fig. 7 presents representative experimental detector response
spectra provided by PIF for a nominal proton energy of 50.8 MeV,
corresponding to MGS-1 regolith thicknesses of 2 mm and 3 mm, as
well as a reference measurement without regolith. Gaussian fits were
applied to the main spectral peaks to extract peak positions and widths.
An increasing regolith thickness results in a systematic shift of the peak
toward lower detector response values, reflecting enhanced energy loss
in the material. The spectra shown are representative examples, and the
same analysis procedure was consistently applied to all experimental
datasets for different degrader configurations, regolith types (MGS-1
and JEZ-1), and material thicknesses.

Fig. 8 shows the relationship between the measured proton energy
at the regolith surface (Eg,.,.) and the deposited energy of detector
(Ege) for MGS-1 and JEZ-1 regolith samples with thicknesses of 2 mm
and 3 mm. The detector energies were determined using the no-regolith
calibration described in 2.3. The dashed red line represents the case
Egi = Eguracer corresponding to the absence of energy loss in the
regolith. For both regolith types, the measured energies lie systemat-
ically below the y = x reference line, indicating energy loss within
the material. A larger deviation is observed for the 3 mm samples
compared to the 2 mm samples, demonstrating the thickness-dependent
energy degradation, as expected for these materials [5]. As the proton
energy increases, the difference between E,, and E,,. decreases,
demonstrating that the regolith becomes increasingly transparent to
higher energy protons and its energy degrading effect diminishes. A
systematic difference between JEZ-1 and MGS-1 regolith samples is
observed, reflecting differences in material composition and effective
density. These differences lead to slightly different energy loss behav-
iors for the same regolith thickness, highlighting the sensitivity of the
measurements to regolith material properties.
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Fig. 7. Representative experimental detector response spectra provided by PIF
for a nominal proton energy of 50.8 MeV. The spectra include a reference
measurement without regolith and measurements performed with JEZ-1 and
MGS-1 regolith samples of 2 mm and 3 mm thickness. The detector response
is shown as a function of signal amplitude, and Gaussian fits are applied to
the main peaks for the extraction of peak position and width parameters.
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Fig. 8. Deposited energy of detector (E,,) as a function of proton energy at
the regolith surface (Eg,,.) for (a) MGS-1 and (b) JEZ-1 regolith samples with
thicknesses of 2 mm and 3 mm.

3.2. Simulation results

A consistent analysis of energy deposition and transmitted-proton
fluence was adopted to derive comparable detector observables from
the simulations for validation against the experimental calibration data.
Simulated energy deposition and transmitted-proton fluence spectra
were extracted in the LYSO detector volume using identical scoring
definitions across configurations. The spectra shown in Figs. 9 and
10 are representative examples selected to demonstrate the scoring
and peak-extraction procedure; the same Gaussian-fitting workflow was
applied consistently to all simulated configurations (degrader settings,
regolith types, and thicknesses).

Fig. 9 shows the simulated energy-deposition spectra in the LYSO
detector for the 36.5mm degrader configuration, for (a) no regolith,
(b) JEZ-1 (2mm), and (c) JEZ-1 (3 mm). Increasing regolith thickness
shifts the peak toward lower deposited energies, from ~68.3 MeV (no
regolith) to ~64.1 MeV (2mm) and ~61.8 MeV (3 mm), consistent with
increased energy loss in the regolith layer. The peak also broadens with
thickness (e.g., o increases from ~2.8 MeV to ~3.7 MeV), reflecting
energy straggling and scattering.
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(b) JEZ-1, 2mm.
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Fig. 9. Simulated energy-deposition spectra in the LYSO detector for the
36.5mm degrader configuration: (a) no regolith, (b) JEZ-1 2 mm, and (c) JEZ-1
3 mm.

Fig. 10 presents the transmitted-proton fluence spectra after the
36.5mm degrader for the same configurations. The fluence peak posi-
tion, extracted via a Gaussian fit, provides the characteristic
transmitted-proton energy reaching the detector region. As the regolith
thickness increases, the peak shifts systematically to lower kinetic
energies and the distribution becomes broader, indicating thickness-
dependent energy degradation and straggling in the regolith. The fitted
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Fig. 10. Simulated transmitted-proton fluence spectra for the 36.5mm de-
grader configuration: (a) no regolith, (b) JEZ-1 2mm, and (c) JEZ-1 3 mm.

peak energies decrease from ~68.3 MeV (no regolith) to ~64.2 MeV
(2mm) and ~61.8 MeV (3mm), in agreement with the corresponding
trend observed in the energy-deposition spectra. These representative
examples illustrate the peak-extraction workflow that was applied
consistently to all simulated configurations.
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JEZ-1 / 2 mm Regolith: All Physics Lists
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Fig. 11. Simulated versus experimental energies for JEZ-1 at (left) 2 mm and
(right) 3 mm thickness for the tested physics lists. A linear fit is applied to
the data in each plot to compute the y? and reduced y2/v values for model
validation.

3.3. Physics-list benchmarking results

The benchmarking of candidate GEANT4 physics lists against the
PIF proton-beam calibration data was performed using an energy-
deposition comparison and the reduced- y? criterion to select the model
for subsequent Martian simulations.

Table 2 summarizes the results of energy deposition(MeV) inside the
LYSO detector for JEZ-1 at 2 mm and 3 mm across all tested physics
lists. Fig. 11 compares the simulated energy deposition in the LYSO
detector against the corresponding experimentally derived calibration
energies for JEZ-1 regolith at thicknesses of 2 mm and 3 mm, for each
tested physics list. Fig. 12 summarizes the resulting reduced- 2 values
for all physics lists, separately for 2 mm (blue) and 3 mm (green).
For the 2 mm case, all tested lists yield very similar performance,
with reduced- y? values in the narrow range ~2.47-2.52 (lowest value
observed for QGSP_BERT, 42/v = 2.47). For the 3 mm case, the reduced
z? values are systematically higher, spanning ~3.58-3.64, indicating
an increased sensitivity of the energy-deposition response to model
differences at larger regolith thickness. The lowest y?/v values at 3 mm
are obtained for QGSP_BIC and QGSP_BIC_HP (both y2/v = 3.58).
Although differences between models are small, considering both thick-
nesses together, QGSP_BIC provides the most robust overall agreement
and is therefore selected as the best-performing physics configuration
for the subsequent Martian-flux simulations.
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3.4. Experimental-simulation comparison

In this section, experimental results are quantitatively compared
with simulations to assess the agreement in proton energy and fluence.
Fig. 13 presents the normalized energy difference as a function of
experimental proton energy for the regolith-free configuration. Fig. 14
compares the thickness dependence of proton energy obtained from
experimental data and simulations. Both datasets exhibit a consistent
linear decrease of energy with increasing degrader thickness, with
comparable slopes and correlation coefficients, demonstrating that the
simulation reproduces the experimentally observed energy degradation
trend.

Table 3 summarizes the experimental calibration outputs and the
corresponding simulation results for all degrader and regolith con-
figurations. The “Degrader” column denotes the thickness (in mm)
of the upstream energy-degrading absorber used in the PIF setup to
reduce the nominal 200 MeV beam to the desired proton energy at
the regolith surface. For each configuration, the experimental detector-
response peak (“Mean of mV [fit]”) was converted to a calibrated
peak energy (“Calib. Energy”) using the no-regolith calibration, and
compared to the simulated energy deposition in the LYSO detector.
The last column reports the relative difference between simulation and
experiment, showing generally good agreement across configurations
(typically within a few percent, with the largest deviation occurring
at the lowest-energy no-regolith point). Here, “Energy Deposition”
and “Proton Fluence” denote the Gaussian-peak observables extracted
from the simulated spectra in the LYSO volume using identical scoring
definitions across runs. In the energy deposition dataset below, values
reported as Mean + correspond to the Gaussian peak position y and
its 1o statistical uncertainty (standard error) obtained from the fit
covariance matrix.

4. Conclusions

This technical report documents the comparison and validation of
proton-beam measurements performed at the Proton Irradiation Facil-
ity (PIF) with MRADSIM simulations for Martian regolith. Spark Plasma
Sintering (SPS) was used at the University of Cagliari to produce the
materials to be tested with future aim of evaluating their radiation
shielding on Mars. To this two different types of regolith simulant (JEZ-
1 and MGS-1) were processed by SPS to provide 2 and 3 mm thick disks,
which were irradiated with proton energies spanning approximately
29.3-150 MeV at the regolith surface. These energies were obtained by
using copper degraders of varying thicknesses downstream of an initial
proton beam energy of 200 MeV.

The PIF experimental setup includes beamline instrumentation com-
prising a series of degraders for energy adjustment, a collimator, several
ionization chambers for beam monitoring, and a downstream detector
system used to measure the particle response. SE2S team provided
the experimental spectra in four-column datasets: the first column
corresponds to the bin index, the second and third columns define the
lower and upper edges of the detector signal-amplitude bins (in mV),
and the fourth column gives the number of counts recorded in each bin.
Using the regolith-free calibration data supplied by PIF—specifically,
signal amplitude (mV) versus energy—a conversion function was de-
rived to determine particle energies from measured signal amplitudes
for all subsequent experimental configurations, including those involv-
ing different degrader settings and regolith samples. Peak energies
were extracted consistently via Gaussian fits to the dominant spectral
features.

The complete PIF beamline geometry, provided in GDML format,
was implemented in the MRADSIM simulation framework, and all
experimental configurations were simulated accordingly. Candidate
GEANT4 physics lists were benchmarked against the PIF proton-beam
calibration energies for JEZ-1 at 2mm and 3mm using an energy-
deposition comparison and a reduced-y?/v criterion, leading to the



Z. Guzel et al.

Nuclear Inst. and Methods in Physics Research, B 580 (2026) 166252

Comparison of Reduced Chi-Square Values
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Fig. 12. The reduced chi-square (y?/v) was computed for each physics list for the JEZ-1 regolith configuration. The blue bars represent the results for the 2 mm
thickness, while the green bars correspond to the 3 mm thickness. The physics list exhibiting the lowest average reduced chi-square across both thicknesses —
QGSP_BIC in this case — is identified as the best-performing model.

Table 2

PIF degrader benchmark for JEZ-1 regolith (2 mm and 3 mm): calibration energies and MRADSIM-simulated energy deposition (MeV) for the tested physics lists
(mean + uncertainty).

Degrader  Regolith Calibration Energy deposition (MeV) Percentage
(mm) thickness energy difference
(MeV) (%)
QGSP_BERT_HP QGSP_BERT FTFP_BERT (QBBC QGSP_BIC Shielding QGSP_BIC_HP
16.5 JEZ-1/2 mm 147.3 + 2.0 147.7 + 0.05 147.7 + 0.05 147.7 £ 0.05 147.7 + 0.07 147.7 + 0.07 147.7 + 0.07 147.7 + 0.07 +0.3
28 JEZ-1/2 mm 107.5 + 1.2 105.5 + 0.05 105.5 + 0.05 105.4 + 0.05 105.5 + 0.05 105.5 + 0.05 105.5 + 0.05 105.5 + 0.05 -1.9
36.5 JEZ-1/2 mm  61.6 + 1.4 64.2 + 0.08 64.1 + 0.08 64.1 + 0.08 64.1 + 0.09  64.1 + 0.08 64.1 + 0.09  64.1 + 0.08 +4.2
39.5 JEZ-1/2 mm 438 + 1.6 43.7 + 0.03 43.7 + 0.11 43.6 + 0.06 43.7 + 0.14  43.7 + 0.05 43.7 + 0.06  43.7 + 0.06 -0.3
16.5 JEZ-1/3 mm 1451 + 1.9 146.4 + 0.05 146.4 + 0.05 146.4 + 0.06 146.4 + 0.06 146.4 + 0.07 146.4 + 0.07 146.4 + 0.04 +0.9
28 JEZ-1/3 mm 107.0 + 1.2 103.8 + 0.05 103.8 + 0.05 103.8 + 0.05 103.8 + 0.04 103.8 + 0.05 103.8 + 0.05 103.8 + 0.05 -3.0
36.5 JEZ-1/3 mm  60.6 + 1.4 61.8 + 0.12 61.8 + 0.12 61.8 + 0.12 61.8 + 0.13  61.8 + 0.11 61.8 + 0.13  61.8 £ 0.13 +2.0
39.5 JEZ-1/3 mm  42.0 + 1.6 40.4 + 0.13 40.4 + 0.11 40.5 + 0.13 40.4 + 0.12  40.5 + 0.05 40.4 + 0.13 405 + 0.14 -3.6
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Fig. 13. Normalized energy difference as a function of experimental proton
energy for the no-regolith configuration. For the no-regolith configuration, the
normalized energy difference remains centered around zero across the full
energy range, indicating very good agreement between experiment and simu-
lation, with larger uncertainties at lower energies due to increased straggling
and statistical fluctuations.

Energy (MeV)

Fig. 14. Proton energy as a function of degrader thickness obtained from
experimental data and simulations. Quadratic fits are shown for both datasets
to illustrate the thickness-dependent energy degradation.
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Table 3
Experimental calibration results and corresponding simulation outputs for all degrader/regolith configurations. Uncertainties are given as +lo.
Degrader (mm) Regolith Thickness (mm) E, (MeV) Experimental Simulation
Mean of mV [fit] Calib. energy (MeV)  Energy deposition (MeV)  Proton fluence Percentage
difference (%)

16.5 NO 0 200 0.359828 150 +£0.11 150.25 £ 0.03 81444 +1651.3 0.17
19.5 NO 0 200 0.341268 1412 +0.15 140.22 +0.07 54064.4 +2936.1 -0.69
20.5 NO 0 200 0.322465 137 +£0.15 136.78 + 0.05 50056.2 +2186.5 -0.16
25.0 NO 0 200 0.309474 121 +£0.10 120.45 +0.03 32065.7 +511.1 —0.45
28.0 NO 0 200 0.285641 109.7 +0.12 108.66 + 0.05 22995.7 £ 509.1 —-0.95
30.0 NO 0 200 0.266116 101 +0.11 100.26 +0.02 174572 +176.7 -0.73
325 NO 0 200 0.235434 90.1 +£0.11 88.98 +0.03 26272.1 + 900 -1.24
34.5 NO 0 200 0.208012 80.4+0.11 79.06 + 0.07 19129.3 +582.9 -1.67
36.5 NO 0 200 0.175010 69.7 +0.09 68.27 +0.09 14272.8 +369.3 -2.05
39.5 NO 0 200 0.121493 50.8 +0.06 48.83 +0.08 7707.9 + 187.3 -3.88
40.5 NO 0 200 0.099329 43.0+0.07 40.90 +£0.12 6370.4 +220.5 —4.88
42.0 NO 0 200 0.060864 29.3 +0.08 2643 +0.26 3441.4 +188.6 -9.80
16.5 MGS-1 2 200 0.353900 147.01 + 1.94 147.80 + 0.03 79265.1 + 1566.9 0.54
28.0 MGS-1 2 200 0.279100 107.83 +£1.20 105.56 + 0.05 22215 +423.6 -2.11
36.5 MGS-1 2 200 0.164400 63.07 +£1.42 64.28 +0.09 12146 + 235 1.92
39.5 MGS-1 2 200 0.108100 44.65 + 1.52 43.66 +0.19 5943.4 +272 -2.22
16.5 MGS-1 3 200 0.350100 144.99 + 1.84 146.55 £ 0.03 77723.5 £ 1327.2 1.08
28.0 MGS-1 3 200 0.272100 106.62 + 1.23 103.99 +0.05 217922 +414 —2.47
36.5 MGS-1 3 200 0.154100 59.47 + 1.39 62.02+0.13 10807.4 +332.5 4.29
39.5 MGS-1 3 200 0.095800 41.02 +1.68 40.86 £ 0.16 4917.5 £ 160.9 —-0.39
16.5 JEZ-1 2 200 0.354400 147.28 + 1.96 147.72 £ 0.03 79403.1 +1503.3 0.30
28.0 JEZ-1 2 200 0.274000 107.49 +1.22 105.47 £ 0.05 22327 +£407.3 -1.88
36.5 JEZ-1 2 200 0.160100 61.55 + 1.40 64.15+0.10 11977.6 +240.4 4.22
39.5 JEZ-1 2 200 0.105200 4378 + 1.55 43.59 +0.11 5937.6 + 146.4 -0.43
16.5 JEZ-1 3 200 0.350300 145.10 + 1.85 146.44 +0.03 77631 +1314.8 0.92
28.0 JEZ-1 3 200 0.273000 107.03 +1.23 103.84 +0.05 21803.1 +418.1 -2.98
36.5 JEZ-1 3 200 0.157300 60.58 + 1.40 61.76 +0.13 10793.1 + 344 1.95
39.5 JEZ-1 3 200 0.099100 41.98 +1.63 40.56 +0.17 4852.1 +160.6 -3.38

selection of QGSP_BIC as the most robust baseline for subsequent
Martian-flux simulations. Using the selected physics list, the simulated
LYSO peak energy deposition reproduces the calibrated experimen-
tal peak energies with good overall agreement: the relative differ-
ences are typically within a few percent across most degrader and
regolith configurations, and remain below 10% for the full dataset. The
largest deviation is observed for the lowest-energy, no-regolith con-
figuration (calibrated peak energy ~29.3 MeV), where the simulation
underestimates the experimental value by ~9.8%.

Detailed information on systematic uncertainties in the experimen-
tal setup—such as detector energy resolution, counting efficiency, un-
certainties in measured distances, and degrader thickness tolerances—
was not available. Nevertheless, considering the statistical uncertainties
from the Gaussian fits and the observed residuals across configura-
tions, the combined experimental uncertainty is expected to be at the
few-percent level, potentially approaching the ~5-10% range for the
lowest-energy cases.
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