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The radiation exposure from galactic cosmic rays (GCRs) presents a significant
challenge for human spaceflight to Mars. In this study, we employ our previously
published GCR radiation dose calculation model to estimate the GCR radiation
dose rates during a Mars mission from the Earth. Using this model, we calculate
the absorbed dose rates of GCRs during the flight to Mars and compare our
results with observational data from the Mars Science Laboratory Radiation
Assessment Detector (MSL-RAD) and computational results from the Badhwar-
O'Neill (BON) GCR model. First, we compute the energy spectrum of GCRs
during the Earth-to-Mars transit using the GCR modulation model. Then,
using the fluence-to-dose conversion coefficients (FDCCs) from ICRP 123, the
absorbed dose rates of 15 human organs/tissues during the Earth-to-Mars transit
are calculated to represent the general absorbed dose rate of the body (in
water). Furthermore, considering the contributions of different elements and the
underestimation of the modelin 2012, we calculate the total absorbed dose rates
of charged GCRs in silicon during the flight. Our results generally align with the
BON11 model (excluding pions) and are consistently ~20% lower than the central
value of the MSL-RAD/B observational data within expected uncertainties. This
work may provide help for the future mission with radiation protection.

galactic cosmic rays, radiation dose, Mars, simulation, solar activity

1 Introduction

Galactic cosmic rays (GCRs) are high-energy particles originating from outside the
solar system, consisting primarily of protons, helium nuclei, and heavier ions [1]. These
particles travel at close to the speed of light and can penetrate spacecraft shielding, posing
significant radiation risks to both astronauts and electronic equipment [2]. GCR radiation
poses a significant concern for long-duration space missions, such as a Mars expedition, due
to the extended exposure duration and the current inadequacy of shielding technologies
to effectively mitigate the impact of such high-energy particles [3]. Understanding and
accurately predicting GCR radiation doses are therefore critical for ensuring the safety of
future manned missions to Mars and beyond.

The radiation environment in free space differs significantly from that on Earth's surface.
On Earth, the shielding effect of the ground limits GCR exposure to a 27 geometry.
Furthermore, the presence of Earth's magnetic field and atmosphere significantly reduces
the harmful effects of GCR radiation on humans and the environment. However, once
outside the protective shield of Earth, during interplanetary travel, humans are exposed
to substantially higher levels of GCR radiation, which poses serious health risks [4]. For
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example, in the International Space Station (ISS), typical GCR
dose rates range from 90 to 110 uGy/day, excluding the influence
of the South Atlantic Anomaly (SAA). In deep space near
Earth, typical GCR dose rates increase to 250-500 uGy/day,
reflecting the significantly higher radiation levels encountered
during interplanetary travel [5]. In terms of observational data,
the Radiation Assessment Detector (RAD) on board the Mars
Science Laboratory (MSL) provided valuable observations of the
GCR radiation doses during the spacecraft's journey to Mars
[6]. [3] reported measurements of the energetic particle radiation
environment inside the MSL during its cruise to Mars from
6 December 2011, to 14 July 2012, offering important insights
for future human missions to Mars. In addition, several GCR
modulation models have been developed to predict GCR radiation
doses under various conditions. These include the Badhwar-O'Neill
(BON) model, the Heliospheric Modulation Model (HelMod), and
the Cosmic Ray Effects on Micro-Electronics (CREME96) model,
among others (e.g., [2,7]). These models estimate radiation exposure
by incorporating factors such as solar modulation, spacecraft
shielding, and particle transport [8]. However, the discrepancies
between the observed and simulated data highlight the need for
further refinement of these models [9].

The radiation environment in free space and exposure to GCR
radiation are considered among the primary health risks for future
long-duration human exploration missions [5]. [10] estimated the
GCR radiation dose rates around the lunar surface, using a GCR
radiation dose calculation model. Although the modeling results
generally agreed with spacecraft observation, they underestimated
the observations in the year 2012 (indicated as underestimation of
the model in 2012 hereafter). In this study, following [10], we employ
numerical simulations using the GCR modulation model developed
in previous work [11-13] to calculate the GCR energy spectra for
the four predominant GCR nuclei (protons, helium, oxygen, and
iron ions) during the Earth-to-Mars transit. By combining these
simulation results with the FDCCs from ICRP Publication 123
[4,14,15] and considering the contributions of different elements
(based on the contribution percentages in Table 1 of [10]), as well as
the underestimation of the model in 2012, we derive time-dependent
GCR absorbed dose rates during the transit period, accounting for
all 26 GCR nuclei. In Section 2, we introduce the methodology
for calculating the GCR radiation dose during a flight to Mars.
In Section 3, we present the calculated results and compare them
with observations. Finally, in Section 4, we provide a summary and
discussion of our study.

2 Methodology
2.1 Experiment

The RAD on the MSL rover “Curiosity” is a comprehensive
instrument designed to measure the energetic particle radiation
environment. The RAD instrument, which includes a telescope
comprising silicon detectors (A, B, C) and scintillators (D, E,
F), provides comprehensive measurements of the radiation field.
Detector B provides the absorbed dose rate in silicon for charged
particles, while detector E, due to its tissue-equivalent composition,
provides a more biologically relevant tissue dose rate and is also
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more sensitive to neutrons. During the cruise to Mars, RAD was
housed inside the spacecraft, enabling it to measure the mixed field
of primary galactic cosmic rays and secondary particles generated in
the spacecraft shielding. This makes its data particularly relevant for
assessing the radiation exposure for a crewed mission in a similarly
shielded vehicle [6].

2.2 GCR model

This study extends our prior GCR dose model, which computes
radiation dose by numerically solving the Parker transport equation
to obtain GCR fluxes and converting them to dose rates using ICRP
123 FDCCs, a methodology validated against lunar radiation data
(LRO/CRaTER, Chang'E-4/LND) [10]. For the present study, we
validate the model against the Mars transit radiation environment
using data from the MSL-RAD.

Building upon this work, we employ the GCR modulation
model developed by Shen & Qin [11-13] to calculate the GCR
energy spectra. The primary advancement here is the application
of this model to the specific trajectory and time period of an
Earth-to-Mars transit. This section provides a concise overview of
the model implementation; for complete methodological details
and theoretical foundations, we refer the reader to our prior
publications.

2.2.1 Transport equation

The transport of GCRs in the heliosphere is fundamentally
modulated by solar activity. This process is governed by the Parker
transport equation [16], which accounts for diffusion, convection,
particle drifts, and adiabatic energy changes of charged particles in
the heliospheric magnetic field,

af

ot

of

(Vo (V) V4V (V) + 5 (V- V) 57,

1)
here, f(r,p,t) represents the omnidirectional distribution function
of cosmic rays, where r is the spatial position in heliocentric
coordinates, p is particle momentum (typically in GeV/c), and
t is time. Key parameters include: V,, solar wind velocity
(~400-800 km/s in the ecliptic plane); {V,), pitch-angle-averaged
drift velocity; K, symmetric diffusion tensor component. The
differential flux j is related to the distribution function through
j=p*f. The right-hand side terms represent convection, drifts,
diffusion, and adiabatic energy changes, respectively.

2.2.2 Source spectrum

Since our GCR model does not include modulation effects
beyond the heliospheric termination shock, for high energy
particles, we follow previous studies [11-13] by setting the
modulation boundary at the termination shock (assumed to be at
85 AU) and adopting an input spectrum [17]. Following [10], we
express the GCR source at 85 AU as follows: for protons source, the
local interstellar spectrum (LIS) by [17] is applied,

Js=jus = ]0P3'6P(m3‘32 +P2)_1'8> (2
for heavy ion sources (He-Fe), the model from [13] is used,
o E+E,\7
=il () ®)
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where J; is a normalization constant, p, = 1 GeV/c, p is the particle
momentum, ¢ is the speed of light, and m, is the particle mass. E,
represents the rest energy per nucleon, E. = 1 GeV n™', and j, § and
y are free parameters (values provided in Table 2 of [13]).

2.2.3 Numerical methods

To numerically solve the Parker transport equation, we
employ the time-backward Markov stochastic process method
developed by [18]. This approach transforms the partial differential
equation (Equation 1) into the following set of stochastic differential
equations [18,19]:

dx; = A;(x;)ds+ Y B;(x;)-dW, (4)
j

where x; (i € (r,0,¢,P)) are Itd processes, dW; ~N(0,1), A is a

multidimensional vector governing continuous slow variations, and

Bj; is a matrix describing the rapidly varying stochastic process, all of

the variables can be obtained from the transport equation of cosmic

rays [11,18,20,21].

We track the trajectories of multiple pseudo-particles in the
backward direction from the observer's position until they reach
the outer boundary, and calculate their intensities using the GCR
source spectrum (Equations 2, 3) in conjunction with the stochastic
process method (Equation 4). For each month, we assume a locally
static heliosphere, where the interplanetary conditions (e.g., B, dB,
P,, V) at position r and time t are determined by the states
at the source surface r, at an earlier time, as outlined by [22].
Consequently, we implement a time-delayed heliosphere model,
as proposed in previous studies [11-13], and solve the transport
equation at monthly intervals.

2.3 Radiation dose rates model

Following [10], we have the radiation dose rates model as below.
Considering the particle differential flux j(r, E, t) and the fluence-
(absorbed-FDCCs)
dy (E), with the coefficients evaluated for an isotropic irradiation
on a water phantom, the absorbed dose rate can be written as:

to-absorbed-dose conversion coefficients

ny

2.2

nr 1R

L

D, J J dyx (B)j (r,E,1) dOdE, 5)
EJQ

where j(r,E,t) is the particle differential flux (in units of m™ s~

st™! GeV~!/n™!); the absorbed-FDCCs drr(E), as released by [4];
[14,15], are in units of pGy cm?; T represents a given organ/tissue;
R represents the radiation type; Q is the solid angle, and ng
is the number of organs/tissues. Here, because the true particle
differential flux j(r, E, ) is inaccessible, we evaluate Equation 5 with
the differential flux simulated by our GCR modulation program,
jSim(r,E, t), where label “mod” indicates “simulation”

For a given organ/tissue T and radiation type R, we use our GCR
modulation model to calculate the differential flux j(r,E,t) of the
four predominant GCR nuclei (protons, helium, oxygen, and iron
ions) during the Earth-to-Mars transit. According to Equation 5,
we combine the differential flux j(r, E, t) with the absorbed-FDCCs
dr (g from ICRP Publication 123 [4,14,15], with Q = 47, energy E
ranging from 1 MeV/nucleon to 100 GeV/nucleon, and R € H, He, O,
Fe, and ny = 15, to obtain the time-dependent absorbed dose rates
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for the four main GCRs during the transit, D{“ai“. Here, we obtain the
simulated differential flux, jSim (r,E, 1), of the four predominant GCR
nuclei (H, He, O, Fe) by numerically solving the Parker modulation
equation for GCRs. Among them, following [10], we adopt the
approximation that energy deposition is nearly uniform across all
tissues under high-energy GCR irradiation. This approximation
allows us to use the averaged value over 15 organs/tissues as a
representative whole-body dose rate. Next, following [10], to save
computational resources and improve efficiency, we incorporate the
radiation doses from the remaining 22 nuclei (~26.5%) into the
results for the four main GCR nuclei based on the pre-calculated
contribution percentages of radiation absorbed doses (listed in
Table 1 of [10]). This approach, which uses the heavy ion oxygen
(~8.5%) as a key reference, represents the total radiation absorbed
dose rates for all 26 GCR nuclei (H to Fe). We assume this as the
modeling results of the absorbed dose rate D{md, which serves as
an approximation to the true absorbed dose rates D,. From [10],
the model systematically underestimates the true physical quantity,
so the total radiation absorbed dose rates with correction,
D{°", during the Mars transit in free space (in silicon) can be
obtained with
D = ADP, (6)
Here A denotes a correction factor that compensates for the
systematic underestimation, as illustrated in Figure 7 of [10], which
was attributed to the oversimplified GCR modulation model failing
to accurately capture the relatively weak solar activity around 2012
during Solar Cycle 24 (as indicated by long-term sunspot data),
leading to underestimated flux and dose. We have adopted A =
1.321 to account for the underestimation observed in 2012, and
we adhere to the water-silicon conversion factor of 1.333, both
as recommended by [10]. Furthermore, to consider the secondary
charged particle radiation produced by GCR interactions inside the
spacecraft, the total absorbed dose rate inside the spacecraft, DI™,
during the journey to Mars can be written as

Dint — (foorr) (7)
with a scale factor a. This empirical factor « link our free-space
GCR dose calculation with the in-situ measurement by primarily
accounting for the net contribution of secondary charged particles
from spacecraft shielding.

3 Results

In the following, we present observational and numerical results
for the radiation absorbed dose rates of GCRs during a flight to
Mars (in silicon). The MSL spacecraft was launched to Mars on 26
November 2011. During most of the 253-day, 560-million-kilometer
cruise to Mars, the RAD instrument made detailed measurements
of the energetic particle radiation environment inside the spacecraft
[23]. In the following, we use the dosimetry data from the MSL-RAD
silicon detector B, as our model focuses on the dose rate from GCR
charged particles in free space (excluding neutral particles such as
neutrons), which aligns with the measurement capability of detector
B. The data are sourced from the digitization of Figure 5 in [23],
with the radioisotope thermoelectric generator (RTG) background
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The GCRs radiation absorbed dose rates during a flight to Mars (in silicon). The silver solid line with solid circles represents the absorbed dose rate
detected by MSL-RAD/B, while the black solid line shows the smoothed result. The blue solid and dash-dotted lines show the modeling results from
the BON11 model without and with pion contributions, respectively. The red dashed line indicates the absorbed dose rates from the four main GCR
particles calculated by our model, D™, The red dotted line represents the absorbed dose rates for 26 GCR particles from the model, D™, The red
solid line shows the correct modeling results incorporating the 2012 underestimation, according to [10], Df°". The red dash-dotted line represents the
scaling results, D‘t”‘, using an optimal factor « that forces the mean to equal the observed mean.

already subtracted. The radiation measurements during the 7-month
cruise to Mars exhibit characteristic variability patterns - including
~27-day solar rotation effects, Forbush decreases, and SEP spikes.
We have filtered the dataset by removing the five identified SEP
events to ensure our analysis focuses exclusively on GCR-induced
variations. A complete list of these SEP events can be found in the
cruise phase analysis by [24]. Considerable work has been done
comparing the measured and calculated dose rates (e.g., [25,26]).
[3] reported that the BON11 GCR flux model used the HZETRN
radiation transport code to calculate the dose rate of GCRs during
the flight to Mars and estimated the contribution from pions and
their decay products (including muons, electrons, and y rays) during
the flight to Mars [27,28].

Figure 1 shows the GCR radiation absorbed dose rate (in silicon)
with the horizontal axis tracking the spacecraft's transit time from
Earth to Mars. The silver solid line with solid circles represents the
absorbed dose rate detected by MSL-RAD/B, while the black solid
line shows the smoothed result. As can be seen from the figure,
the observed values of absorbed dose rate exhibit relatively severe
fluctuations, which may be caused by local disturbances in the space
environment. The blue solid and dash-dotted lines represent the
modeling results from the BON11 model, without and with pion
contributions, respectively [3].

In order to calculate the absorbed dose rates, we performed
numerical simulations to solve the modulation model, i.e., the
Parker transport equation of GCRs in the heliosphere, Equation 1,
during the MSL spacecraft's traveling from the Earth to the Mars.
Figure 2 illustrates the interplanetary conditions, including the
solar tilt angle, magnetic turbulence magnitude (&b), sunspot
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numbers, and spacecraft position in heliosphere, as a function of
time during the Earth-to-Mars transit period (December 2011 -
June 2012). These parameters — solar tilt angle, magnetic turbulence
magnitude (6b), and spacecraft position in heliosphere - are also
key inputs for our model of GCR modulation. The top panel
shows the computed tilt angle of the heliospheric current sheet
(HCS) for the new model from the WSO (http://wso.stanford.edu/
Tilts.html). The second panel shows the square root of the magnetic
field variances (magnetic turbulence magnitude) calculated
following [10]. The third panel shows the monthly sunspot number
from the WDC-SILSO (https://www.sidc.be/SILSO/datafiles). The
bottom panel shows the radial distance of the MSL spacecraft from
the Sun (https://omniweb.gsfc.nasa.gov/coho/helios/helihtml). In
summary, the period was characterized by a fluctuating heliospheric
current sheet (HCS) tilt, which is inversely related to radiation
intensity; that is, the greater the tilt, the weaker the radiation. There
was also increasing magnetic turbulence, which similarly correlates
with weaker radiation as its magnitude grows. Additionally, there
was a near-term decrease in sunspot numbers, despite the ongoing
ascent of the current solar cycle, and this reduction in sunspot
activity is associated with weaker radiation. Conversely, there was
an increase in solar distance, which is directly related to radiation
intensity; the greater the distance from the Sun, the stronger the
radiation observed. During this period, the overall variation in
absorbed dose rates (in silicon) is the combined effect of these
several factors. We input these parameters into our numerical model
to obtain numerical results.

In Figure 1, we present the GCR absorbed dose rates (in
silicon) as predicted by our model. The red dashed line represents
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https://doi.org/10.3389/fphy.2025.1715300
http://wso.stanford.edu/Tilts.html
http://wso.stanford.edu/Tilts.html
https://www.sidc.be/SILSO/datafiles
https://omniweb.gsfc.nasa.gov/coho/helios/heli.html
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

10.3389/fphy.2025.1715300

Lyu and Qin
2.
@ 65
(@)}
C 60
<
@ 551
= . . . . . . .
=
E 3.5
— 3.0f
Q0
W 25k
]
a
& 1o0r
c
S
[7p}
50 L 1 1 1 1 1 1 1
_ 150
o)
<125}
o
1.00 = \ . . . . 1
2011-12 2012-01 2012-02 2012-03 2012-04 2012-05 2012-06
Time [2011-2012]
FIGURE 2

Interplanetary conditions during the Earth-to-Mars transit (December 2011 - June 2012). Top panel: Tilt angle of the heliospheric current sheet from
the WSO website using the new model. Second panel: Square root of the magnetic field variances, representing the magnetic turbulence magnitude.
Third panel: Monthly sunspot number from WDC-SILSO. Bottom panel: Radial distance of the MSL spacecraft from the Sun.

the absorbed dose rates due to the four main GCR species-
hydrogen (H), helium (He), oxygen (O), and iron (Fe)-calculated
using simulations based on the GCR modulation equation, denoted
as D™ The red dotted line corresponds to the absorbed dose
rates for a comprehensive set of 26 GCR particles, as forecasted
by the model, labeled D™, The red solid line illustrates the
modeled results after correction, D{°"", which incorporates the 2012
underestimation factor, as detailed by [10]. The red dash-dotted
line depicts the results, D™, obtained by scaling the corrected dose
rates D{°" with an optimized scaling factor a = 1.286. This scaling
factor « was determined by forcing the model mean to equal the
observational data, which corresponds to a relative difference RD
= 2.51% against the observational average. The silicon detector B
detects a mixed radiation field of GCR and secondary particles inside
the spacecraft, whereas our model is specifically for charged GCR
in free space. Therefore, we propose that this scaling is primarily
due to the secondary charged particle radiation resulting from
GCR interactions with the spacecraft, which is not accounted for
in our model. Additionally, other factors, such as uncertainties in
estimating less abundant particle species, organ-averaging, and the
constant water-to-silicon conversion coeflicient, could also partially
contribute to the observed discrepancy.

The results from Figure 1 indicate that, after correcting for the
underestimation noted by [10], the results of D{°"" closely align with
the BON11 model without pions, both of which are slightly lower
than the MSL-RAD/B observed data, showing a reduction of ~20%
compared to the background trend value inferred from the MSL-
RAD/B observations within expected uncertainties. In contrast, the
BONI1 model with pions yields results that are very similar to
the background trend value of the observations. These findings
suggest that the secondary charged particle radiation (e.g., from
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pions) produced by GCR interactions inside the spacecraft during
the journey to Mars significantly impacts the overall radiation dose
rate. Assuming that the influence of secondary charged particle
radiation produced by interactions of GCRs within the spacecraft
can be represented by a scaling factor, we have adjusted our
model D{°", the scaling factor o =1.286 to match the observed
data, thus creating the scaled model DI™. We acknowledge that
detector E provides a more comprehensive measure of the total
dose, including neutral secondaries, and is recommended for
future studies aiming to model the complete internal radiation
field. Our analysis demonstrates that the results of the model
D™ are in good agreement with the background trend value of
the observations. Specifically, the GCR radiation levels exhibit a
general, albeit slight, decreasing trend. This is consistent with
the approach to the solar maximum of Solar Cycle 24 during
this period [24], a pattern that is captured by both our model
and the MSL-RAD observations. Furthermore, by comparing the
interplanetary environment during the flight shown in Figure 2
with our radiation simulation results in Figure 1, it is evident that
the modulation of GCRs is complex and influenced by multiple
interplanetary factors.

4 Summary and discussion

In this study, we calculate the charged GCR radiation absorbed
dose rate during a flight to Mars in free space, based on the
GCR radiation dose rate model developed in previous work by
[10]. Firstly, we use the GCR modulation model to calculate
the differential flux j(r,E,t) of the four predominant GCR nuclei
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(protons, helium, oxygen, and iron ions) during the Earth-to-
Mars transit from December 2011 to June 2012. Next, using
Equation 5, we combine the differential flux j(r,E,t) with the
absorbed-FDCCs dpy(E) from ICRP Publication 123 [4,14,15],
where Q = 47, E ranges from 1 MeV/nucleon to 100 GeV/nucleon,
R € H, He, O, Fe, and n, =15, to obtain the time-dependent
simulated absorbed dose rates for the four main GCR nuclei
(~73.5%) during the transit, D™, To save computing resources
and improve efficiency, as done by [10], we use the calculated
heavy ion oxygen (~8.5%) as a reference and incorporate the
radiation doses from the remaining 22 particles (~26.5%) into
the results for the four main GCR nuclei, yielding the radiation
absorbed dose rates for all 26 GCR nuclei (H to Fe), Df’"d.
Finally, based on the results in Figure 7 of [10] that reveal a
~24.3% underestimation in our 2012 GCR absorbed dose model,
we corrected for this underestimation proportionally to obtain
the final modeling charged GCR absorbed dose rates (in silicon)
for free space during the Mars transit, D{®" with Equation 6.
Our simulation results are similar to those of BON11 without
pions, both being slightly lower than the observed data from
MSL-RAD/B during the flight. However, the results from BON11
with pions in the simulation, align well with the observed central
values from MSL-RAD/B. Furthermore, considering that the MSL-
RAD was placed inside the spacecraft during the Mars transit, it
was exposed to a complex shielding environment, which resulted
in significant secondary charged particle effects, such as those
from pions, that contributed substantially to the radiation levels.
To quantitatively account for the net effect of these unmodeled
processes, we empirically determined a scaling factor («) through
an average fitting procedure that minimizes the discrepancy between
our model results and the MSL-RAD observations. This empirically-
derived factor a = 1.286 was optimized to bring the total radiation
dose rate for the 26 particles into closer alignment with the measured
data, with Equation 7. This approach allowed us to quantify the
aggregate radiation contribution from secondary charged particles
generated by GCRs within the spacecraft's shielding. This suggests
that the radiation effects of secondary charged particles (e.g., from
pions) generated by GCRs inside the spacecraft during the Mars
flight should be carefully considered as well.

The scaling factor « introduced in this study aims to correct
discrepancies between model results and measurements from the
MSL-RAD silicon detector B. It is important to note that silicon
detector B is primarily sensitive to charged particles and insensitive
to neutral particles such as neutrons and p rays. Therefore,
factor « primarily quantifies dose discrepancies attributable to
unmodeled charged secondary particles (e.g., pions) and other
potential systematic model errors, rather than representing the total
contribution from all secondary particles. To accurately assess the
total absorbed dose within spacecraft shielding (encompassing all
charged particles and neutral components), data from MSL-RAD
plastic scintillator detector E is both necessary and more appropriate.
Detector E's tissue-equivalent properties and sensitivity to neutral
particles (neutrons, y rays) enable it to provide dosimetric data
more directly relevant to human radiation effects. Consequently,
in future work, we will employ detector E measurements as a
key benchmark for developing and validating advanced models
capable of fully simulating the radiation fields of primary and all
secondary particles within shielded environments. It should be
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noted that the MSL-RAD dose rates include particles from the
spacecraft's RTG power supply, which emits a steady background
of neutrons and y rays. The RTG background contributions
require correction for the data from detector B. In contrast,
the influence on the dose measured by detector E is negligible
because its energy threshold is high enough to exclude this
background.

The discrepancies between our simulation results and
observational data primarily stem from the following sources:
First, inaccuracies in the GCR modulation model arise due to
an oversimplified representation of magnetic turbulence and the
heliospheric structure, along with insufficient consideration of
localized and transient solar variations. These limitations diminish
the model's ability to fully reproduce the observed particle fluxes.
Second, uncertainty is introduced in the estimation of contributions
from less abundant particle species. Rather than performing
explicit numerical simulations for these minor components, we
relied on widely accepted abundance ratios from established
literature, which may not capture the specific environmental
conditions during the observation period. Third, the calculation
of dose averages across 15 organs/tissues specified by the ICRP
reference phantoms [4] -while providing a representative whole-
body value-may overlook anatomical variations and tissue-specific
energy deposition patterns, potentially introducing inaccuracies in
biological dose estimation. Fourth, the use of a constant conversion
coefficient between water and silicon-based dose measurements
neglects energy-dependent and material-specific effects in radiation
energy deposition. This simplification fails to fully represent
the complex particle interactions within different detector and
tissue materials. Finally, methodological differences between
computational dose assessments and physical measurements
contribute to the discrepancies. While our simulation follows
ICRP guidelines for radiation protection quantities, the MSL-
RAD measurements were obtained using a silicon detector
located inside the MSL spacecraft during its journey to Mars,
positioned directly beneath the descent stage and above the
heat shield. This difference in phantom geometry, material
composition, and shielding configuration between computational
models and physical detectors introduces inherent inconsistencies
in dose comparisons. Our model is currently primarily used
for calculating GCR radiation doses in free space and does
not yet account for secondary particle effects under different
shielding conditions. Therefore, future work will require the
use of a dedicated simulation model, such as GEANT4, to
evaluate radiation doses under various shielding conditions. For
such validation, measurements from the MSL-RAD scintillator
detector E will be prioritized, as its tissue-equivalent composition
and heightened sensitivity to low-energy secondary particles
(e.g., electrons, gammas, and neutrons) provide a more relevant
benchmark for assessing the total absorbed dose inside a
spacecraft.
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