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Galactic cosmic rays (GCR) are among the biggest hin-
drances to crewed space exploration. The ions contributing
the most to fluence and absorbed dose in free space are 1H
and 4He. In addition, their contribution to dose equivalent
increases behind thick shields. In this work, the results of
depth-dose measurements performed with high-energy 1H
and 4He ions (2 GeV and 480 MeV 1H, and 430 MeV/u 4He)
in structural (aluminum alloy), standard (PMMA and high-
density polyethylene), innovative (lithium hydride) and in
situ (Moon regolith simulant) shielding materials are pre-
sented. A strong dose build-up effect, due to target fragments
and secondary protons, is observed in the first part of the
Bragg curve for all the tested ion beams. The experimental
results are compared to the Monte Carlo simulation tools
most used for radiation protection in space, i.e., different
physics lists of Geant4, PHITS, and FLUKA. � 2025 by Radiation

Research Society

INTRODUCTION

The prolonged exposure of the human body to space
radiation and the consequent biological effects are one of
the major risks for human long-term missions in deep space
and planetary habitats (1–5). Despite its limitations (6), pas-
sive shielding is currently the most promising radiation pro-
tection strategy (1, 2, 7).

Low-Z (low atomic number) materials are considered the
best option for passive shielding purposes (2, 8–12) and
high-density polyethylene (HDPE) is commonly considered
the gold standard for radiation protection in space (2, 9). Dur-
ing the past decades, several experimental campaigns have
been dedicated to testing the shielding capabilities of various
materials (10, 13–21). Most of them were performed with
56Fe ions, and only a few with light ions. However, the main
contributors of GCR to fluence and dose in free space are 1H
and 4He ions (2). The energy spectra of 1H-ions peak around
500 MeV for solar minimum and 1 GeV for solar maximum,
while the one of 4He ions peaks around 200 MeV/u for solar
minimum and 500 MeV/u for solar maximum (22). In addi-
tion, the relative contribution of such ions to the blood-
forming organ dose equivalent increases from 10% in free
space, up to around 70% in a 30 g/cm2 aluminum sphere (23,
24). An accurate knowledge of the processes underlying their
dose deposition is, therefore, required for radiation transport
codes and risk assessment models.
While the dose equivalent is a significant parameter for

radiation protection and inverse shielding effects, nonethe-
less, dose equivalent and radiation quality have been dem-
onstrated for several space-relevant shielding materials
(25–27). Depth-dose curves represent a useful benchmark
for radiation transport codes and, at the same time, allow a
direct comparison of the shielding efficacy of different
materials. Similar approaches have been used by several
investigators (15, 18, 28).
In this work, experimental depth-dose distributions in tar-

gets relevant to space radiation shielding applications (alu-
minum, polyethylene, PMMA, lithium hydride, and Moon
regolith simulant) are presented for 2 GeV and 480 MeV
1H beams and a 430 MeV/u 4He beam. A particular focus is
placed on the entrance region where large build-up effects,
extending up to several tens of g/cm2 of target thickness,
are observed. When crossing a target, nuclear interactions
occur between the beam and the target creating a spectrum
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of low-energy particles that varies depending on the pri-
mary beam particles, the beam energy, and the material of
the target. In the case of proton beams, only fragmentation
of the target can take place. These secondary particles typi-
cally have short ranges (in the order of tenths of microns
for the heavy fragments, up to a maximum of a few centi-
meters for the light ions) and increased linear energy trans-
fer (LET). They, therefore, contribute strongly to the local
dose deposition, especially in the entrance channel. Data
on nuclear build-up effects have been published in the liter-
ature for proton beams both in therapy (28, 29) and in
space radiation (15, 20, 30, 31) energy range, but only for a
few target materials and, to our best knowledge, only for
proton and helium beams. This study focuses on secondary
charged particle production. Dedicated studies focusing on
neutron production for the same beams, shielding materi-
als, and similar experimental conditions have also been car-
ried out but are presented in a separate publication (32).
The experimental data presented in this work are divided

into two parts, as they were acquired in two independent
experimental campaigns and with slightly different experi-
mental setups. The measurements for the 480 MeV 1H and
430 MeV/u 4He beams were performed at Heidelberg Ion
Therapy Center (HIT) as part of the European Space
Agency, Continuously Open Research Announcement
Investigating Biological Effects of Space Radiation (ESA-
CORA-IBER) project named DosE build-up Measurement
of energetic proton and helium ions for space radiation
Shielding applications (DEIMOS). The data for 2 GeV 1H
were obtained in the medical vault of GSI (Cave M) within
the context of the ESA-funded project ROSSINI3.
Monte Carlo simulations have also been performed for all

experimental scenarios. In particular, the 2 GeV 1H-beam data
were compared with the outcomes of commonly used Monte
Carlo codes for radiation protection in space purposes, i.e.,
FLUKA (33–36), PHITS (37, 38) and Geant4 (39–41) These
codes were also compared to previous ROSSINI3 experimen-
tal campaign results (18). Simulations for the 480 MeV 1H
and 430 MeV/u 4He data sets have been performed using only
the FLUKA code. This code showed suitable performance for
the 2 GeV 1H data presented in this work, lower Z material
results for the case of 1 GeV/u 56Fe ions (18), and was already
proven to reproduce the proton dose build-up in the therapeu-
tic region. Additionally, the code was recently improved for
4He ions on 12C and 16O targets, in the therapeutic energy
range (42–44).

MATERIALS AND METHODS

Depth-dose curve measurements of the structural (aluminum alloy),
innovative [lithium hydrid (LiH)], standard (HDPE and PMMA), and in
situ (Moon regolith simulant) shielding materials, have been performed
with 480 MeV 1H and 430 MeV/u 4He beams at HIT and a 2 GeV 1H
beam in the GSI Cave M. An overview of the experimental campaigns
and a description of the ion beams used are shown in Table 1. Detailed
descriptions of the experimental setups, target materials, and Monte
Carlo simulation approaches can be found below.

Target Materials

LiH appears to be very promising shielding material from heavy
ions during interplanetary flights. This material has already proven to
offer an optimal compromise between shielding performances and
costs of the material mass load (19, 21). In this work, LiH pellets
were prepared starting from powder, with a purity higher than 97%
(Alfa Aesar; CAS number: 7580-67-8). A suitable amount of hydride
powder was loaded into a mold, which progressively pressed up to
13 tons, leaving it under a maximum pressure for 5 min. The mold
was moved to a lab glove box to extract the pellet. The sample was
then weighed and measured. Finally, the pellet was packaged in a
sealed bag to prevent contact with moisture. Similar targets were
used in a series of experimental setups in the context of the ESA-
founded ROSSINI projects (15, 16, 18). In this work, 14 LiH cylin-
drical pellets with a diameter of »6.5 cm and a total thickness of
8.56 g/cm2 were used. Different from the other investigated materi-
als, in the case of the LiH, only the initial part of the build-up region
was investigated. Due to the small lateral dimensions of the LiH tar-
gets, the addition of more targets would have resulted in a loss of
absorbed dose outside of the IC2 area due to lateral scattering. This
was tested through Monte Carlo simulations before the experimental
campaign took place. Details about the material dimensions and den-
sities can be found in Table 2, while target production and character-
ization have been described elsewhere (18).

Moon regolith simulant. The use of in situ material can represent a
practical strategy to build permanent or semi-permanent habitats on the
Moon. The abundance of material and the minimized transport costs
would allow the construction of very thick shields against cosmic radia-
tion. In this work, the OPRH2N Near-Side Highland Lunar regolith sim-
ulant from Off Planet Research (https://www.offplanetresearch.com/)
was used for depth-dose curves measured at HIT. This target material
has already been used in different experimental and simulation studies
(18, 45). It consists of sand grains with a diameter between 250 and
500 lm, and its composition is reported in Table 3. The simulant was
irradiated inside PMMA containers with a lateral area of 25 3 25 cm2,
and a thickness of 11 cm. One box was 6 cm thinner, to allow for a finer
depth resolution. The box wall thickness was 0.5 cm on each side.

Aluminum alloy. Aluminum is one of the main structural compo-
nents of spacecraft. In this work, plates made of an aluminum alloy
with 3% (weight fraction) magnesium in aluminum were used. The
plates have a lateral area of 30 3 30 cm2 and thicknesses of 20 mm,
25 mm, and 30 mm were used as target materials. The alloy composi-
tion is provided in Table 4, while the density and target characteriza-
tion are provided in Table 2.

HDPE and PMMA.High-density polyethylene (HDPE) is the gold
standard for space radiation protection and was often used in

TABLE 1
List of the Ion Beams, Energies, Beam Sizes (full-width-half-maximum FWHM), Target

Materials, and Facilities of the Experiments

Ion Energy FWHM Targets Facility

1H 2 GeV » 20 mm PMMA, LiH GSI
1H 480 MeV » 5 mm HDPE, LiH, aluminum alloy, Moon regolith simulant HIT
4He 430 MeV/u » 5 mm HDPE, LiH, aluminum alloy, Moon regolith simulant HIT
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experimental campaigns as a comparison (2). In this work, a series of
plates with a thickness of 5 cm or 10 cm and a lateral area of 30 3
30 cm2 was used to measure the full depth-dose distribution of the
480 MeV 1H and 430 MeV/u 4He beams. PMMA plates of 20 3
20 cm2 have been used to measure the build-up region for the 2 GeV
1H beam, for a maximum areal density of 37.0046 0.097 g/cm2.

Experimental Setup

Schematics of the experimental setups for the HIT and GSI experi-
ments are shown in Fig.1a and b, respectively. The HIT setup con-
sisted of variable target thicknesses placed in between two large-area
ionization chambers (ICs). The closest to the beam exit window
(here referred to as IC1) was operated as a reference monitor for nor-
malization. In this way, the results were not affected by unavoidable
fluctuations in the beam intensity. The second chamber (here referred
to as IC2) was placed after the target and used to measure the energy
loss after the target, which is proportional to the dose at this thick-
ness. The target material was stacked as close as possible to the IC2
to minimize beam widening due to scattering effects, leading to dose
deposition outside the sensitive volume of the ionization chamber.

The charge readout of the ionization chambers was realized with
high-precision electrometers (model 6517b, Keithley). This is our
GSI internal standard technique for precise depth-dose distribution
measurements and very similar setups have been used in the past (15,
16, 18, 28, 46–48). In the cases where the full dose deposition curves
were measured, the fine steps around the Bragg peak position were
obtained by using the so-called range shifter.

This device consists of a set of thin foils and plates with well-
defined areal densities, each roughly doubling the previous one in
thickness. Being remotely controlled, this device allows quick
changes in the amount of material in the beam path. In the case of the
polyethylene and Moon regolith simulant depth-dose distributions,
the range shifter was equipped with polyethylene plates, while in the
case of aluminum-alloy depth-dose measurements, a set of plates
made of the same aluminum alloy were used in the range shifter. For
the GSI measurements, the setup was almost identical, except for the
range shifter, which was not used, and a third large area parallel plate
IC (IC3) was placed right upstream of the target material to measure
the dose deposited by backscattered particles.

The protection plates reported in Fig. 1 are 0.4875 cm thick and
made of PMMA. The only exception was aluminum-alloy measure-
ments, for which the IC2 protection plate facing the target was made
of aluminum. The thickness of this plate is 0.5 mm.

Data Analysis

The laterally integrated depth-dose distributions were obtained
from the ratio of the signals collected by the two ICs as a function of
the target thickness. The values presented are normalized to the no
target value as described in Eq. (1):

D2

D1

¼ Q2=Q1

Q2; no target=Q1; no target
(1)

An accurate description of the error calculation and data analysis
process can be found in greater detail elsewhere (18).

480 MeV 1H and 430 MeV/u 4He Beams at HIT Monte Carlo
Simulation

The results of the HIT experimental campaign were compared
with the FLUKA code (version 2021.2.3), in combination with the
graphical user interface flair (version 2.3-0). The simulations were
performed with 5 3 106 primary particles to keep the uncertainty
below 1% and using the PRECISION DEFAULTS card. Transport
cuts for e- and c were set to 100 keV, as the delta ray production cut.
Projectile and target electromagnetic dissociation and coalescence
processes were activated.

The beam momentum distribution was assumed to be Gaussian
and set at Dp/p ¼ 10�3 for both ion beams. The beam shape was
assumed to be Gaussian with full-width-half-maximum in the x and
y-directions as given in Table 1. The full experimental setup was
simulated according to the schematic shown in Fig. 1(a). The HIT
beam nozzle, which consists of several ionization chambers and two
multi-wire proportional chambers, was substituted with a water thick-
ness of 1.7 mm.

ICs were described with an active gas layer 2 cm of 80% Ar/20%
CO2 mixture, surrounded by 1 cm air and a 2.5 lm thick Mylar foil
per side. The gas density was calculated from its molar mass and set
to 1.694 3 10�3 g/cm3. The USRBIN scorer type was used to score
the dose in the regions filled with ArCO2. The AUXSCORE card
was also used to score the dose contribution of all fragments.

The compositions and properties of the target material were estab-
lished as described in Materials and Methods. For the complex targets,

TABLE 3
Highland Moon Regolith Mass Percentage Composition

Element
Mass

contribution (%) Element
Mass

contribution (%)

SiO2 47.89 Al2O3 27.06

Ti O2 0.52 FeO 3.68

MnO 0.06 MgO 2.84

CaO 14.19 Na2O 2.43

K2O 0.25 P2O6 0.2

LOI 0.88

Note. LOI stays for low order.

TABLE 4
Aluminum Alloy Average Mass Percentage Composition

Element
Mass

contribution (%) Element
Mass

contribution (%)

Al 94.2 � 97.4 Cr ,0.3

Cu ,0.1 Fe ,0.4

Mg 2.6 � 3.6 Mn ,0.5

Si ,0.4 Ti ,0.15

Zn ,0.2 LOI ,0.15

Note. LOI stays for low-order impurities.

TABLE 2
List of the Materials Used for the Irradiations, Alongside
Their Mass Densities (q), Areas Perpendicular to the

Beamline (A), and Maximum Irradiated Thickness (tmax)

Material q (g cm�3) A (cm2) tmax
a (g cm�2)

LiH (ROSSINI3) 0.5279 (48) 33.20 (51) 3.096 (29)

LiH (DEIMOS) 0.5279 (48) 33.20 (51) 8.56 (6)

PMMA 1.183 (11) 400.300 (60) 37.004 (97)

HDPE 0.9340 (96) 900 (2) 112.62 (33)

Moon regolith simulant 1.345 (91)b 625 (20) 169 (3)

Aluminum alloy 2.6674 (19) 900.0 (4) 148.089 (54)

Notes. The thicknesses are given in areal densities. In parentheses,
the associated uncertainties are reported. They apply to the least sig-
nificant digits.

a The maximum areal density includes several additional materials
in the beamline, e.g., protection plate, PMMA layers of the Moon
boxes, and plastic bag layers for LiH.

b The Moon regolith simulant was stored and irradiated in PMMA
boxes with a lateral area of 25 3 25 cm2. Nevertheless, the boxes
were not filled to the top due to practical reasons, therefore the large
uncertainty.
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such as the LiH and Moon regolith simulant, the support materials
(consisting of the plastic bags and support plates for the LiH and
the PMMA boxes for the Moon simulant) were also included in the
simulation.

A modification was made to the properties of the FLUKA standard
polyethylene material: The I value was changed from 57.4 eV (the
standard in FLUKA) to 64.6 eV. This modification helped reduce an
11% relative shift in the Bragg peak position, which was initially
observed between the experimental and simulated data. The value of
64.6 eV is also in agreement with the polyethylene I-value obtained
from depth-dose data with uranium ions (48). This value has been
used for the simulations whose results are reported in this work. This
is valid for both the HDPE target and for the HDPE plates placed in
the range shifter.

2 GeV 1H Beam at GSI Monte Carlo Simulation

Simulations reproducing the experimental GSI campaign (2 GeV
proton beam) have been carried out using the Monte Carlo particle
transport codes PHITS (version 3.20), Geant4 (version 10.6 patch-
02), and FLUKA (version 2020.0.3) in combination with the graphi-
cal user interface flair (2.3-0). For the Geant4 simulations, different
physics lists have been tested: QGSP_INCLXX, QBBC_EMY, and
FTFP_BERT. In all simulations, the number of primary ions gener-
ated has always been selected high enough to decrease the statistical
errors to less than 3% (104 to 105 ions).

The beam was modeled with a Gaussian shape with 2-cm full
width-half maximum (FWHM) and no divergence. In the PHITS and
Geant4 simulation setups, the ICs were filled with the actual ArCO2

mixture with no detailed internal electrode structures. The dose was

scored in the active regions of the two ICs: In Geant4 the dose was
calculated by summing up the energy deposition in the scoring vol-
umes and dividing it by the mass, while in PHITS, t-deposit tally was
used. In PHITS, a 1.03 10�3 MeV energy cut has been used for elec-
trons, gamma rays, and positrons, while the production threshold for
delta rays was set to 0.1 MeV. In Geant4, the default range cut of
0.1 mm was used. The FLUKA simulations were run with the same
parameters as described for the 480 MeV 1H beam.

RESULTS AND DISCUSSION

Dose-Ratio Experimental Data

480 MeV protons and 430 MeV/u helium ions. In Figs. 2

and 3, the experimental depth-dose profiles are shown for

480 MeV proton and 430 MeV/u 4He beams, respectively.
For all targets, a strong build-up effect is observed in the

first part of the curves. It reaches a maximum between

14–15 g/cm2 for HDPE and Moon simulant and 21 g/cm2

for aluminum alloy. An increase in the dose ratio of up to

35% for protons and 23% for He ions was measured. This

effect is mostly due to the target fragments and secondary

protons. They have low energy and high LET. Therefore,

they contribute strongly to the local dose deposition, espe-

cially in the first g/cm2. The depth of the dose build-up

effect is proportional to the range of such particles in the

FIG. 1. Schematics of the experimental setups used at HIT (panel a) and GSI (panel b). d1 ¼ 12.3 cm for
the aluminum alloy and 26.5 cm for HDPE, LiH and Moon regolith simulant, d2 ¼ 107.2 cm for the alumi-
num alloy and 135 cm for HDPE, LiH and Moon regolith simulant, d3 ¼ 35.6 cm, and d4 ¼ 4 cm.
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target material. The build-up reaches a maximum at a depth
where the projectile fragmentation takes over and the dose
ratio starts to decrease.
As shown in Figs. 2 and 3, the depth-dose distribution of

the aluminum alloy, HDPE, and Moon regolith simulant is
similar in the build-up region, suggesting that the production
of secondary particles is quite similar in the three materials.
However, it must be considered that the Moon regolith simu-
lant was irradiated inside PMMA boxes. For both the beams,
instead, the LiH target shows a weaker build-up compared
to the other investigated materials. Monte Carlo simulations
were performed to investigate this effect in detail. Their
results suggest that this effect is likely due to the secondary
particles laterally escaping the target volume (49). The
Bragg peak position is different for the three target materials
because of their different electron density: 1/q energy loss
per unit pathlength (dE/dx)! ZT/AT.

When comparing proton and helium depth-dose distribu-
tions (see Fig. 4), it can be observed that the build-up is
higher for the proton beams. This is due to the higher dE/
dx of helium (dE/dx ! Zp2), which increases the entrance
channel and makes the relative contribution of the second-
ary particles smaller, combined with the fragmentation of
the primary ions, which pulls the depth-dose curve down
because of the lower dE/dx of the secondary particles.
Additionally, in Fig. 4d, the results obtained with LiH and
the 2 GeV proton beam are also reported. For higher proton
beam energies, the build-up effect is also stronger. This can
be explained again by a reduced stopping power of the
more energetic proton beam (dE/dx ! vp�2) and, thus, a
larger relative contribution to the energy deposition of the
secondary fragments produced via nuclear interaction. The
ranges of 4He ions are shorter because of the lower kinetic
energy per nucleon of the beam.

FIG. 2. Experimental depth-dose distribution curves obtained with 480 MeV protons. Panel a shows the full Bragg curves in the aluminum
alloy, HDPE, Moon, regolith simulant and LiH. Panel b is a zoom-in. The dashed lines connect the experimental points.

FIG. 3. Experimental depth-dose distribution curves obtained with 430 MeV/u 4He ions. Panel a shows the full Bragg curves in the aluminum
alloy, HDPE, Moon, regolith simulant and LiH. Panel b is a zoom-in. The dashed lines connect the experimental points.
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2 GeV protons. The dose ratios obtained with 2 GeV pro-
ton beams at GSI, Fig. 5 shows the two target materials
used in this experimental campaign, i.e., PMMA, and LiH.
Figure 5a shows a very strong build-up effect can be
observed for both target materials, reaching a maximum of
80% dose increase for the PMMA between 25 and 30 g/
cm2. Because of the reduced measured thicknesses (up to
only 4 g/cm2) of the LiH target, the maximum of the build-
up was not reached. However, from the trend shown by the
measurements in the first g/cm2 of LiH, a lower build-up
maximum is expected for LiH compared to PMMA.
As discussed in the Experimental Setup section, a third

ionization chamber (IC3) was placed in front of the target
to measure the dose increase due to the electrons and
nuclear fragments emitted in the backward direction (see
Fig. 1). The results obtained with IC3 are shown in Fig. 5b.
For the PMMA, an increase up to 12% is observed in front
of the target in the first 20 g/cm2, after which a plateau is
reached. This means that only the first layers of the target
material contribute to the backscattered dose, while the
electrons and nuclear fragments produced at deeper

locations get reabsorbed within the target itself before

reaching the edge. This is due to the relatively short ranges

of most of these backward-directed secondary particles,

which are presumably produced mostly through nuclear

evaporation. A similar trend is shown by the LiH, where a

dose increase of approximately 6% is observed in the first

4 g/cm2.

Comparison with Monte Carlo Simulations

480 MeV protons. Figure 6 shows the comparison

between the simulation results and experimental dose ratios

for the 480 MeV/u 1H ion beam. Together with total dose

distribution, the contribution of protons and secondary tar-

get fragments is also shown. To distinguish between the

impact of primary protons and protons originating from

nuclear interactions, the curve for beam-particle dose is

displayed alongside the total proton dose. A good agree-

ment between the simulated and experimental data was

found, confirming the transport models in FLUKA for 480

MeV protons.

FIG. 4. Same results of Figs. 2 and 3 plotted by grouping the curves by target: HDPE data (panel a), Moon regolith simulant (panel b), the
aluminum alloy (panel c) and LiH (panel d). The dashed lines connect the experimental points.
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The build-up region is very well reproduced by FLUKA
in all the investigated materials with deviations of less than
5%. For the targets with which the full depth-dose distribu-
tion curves were measured, the Bragg-peak positions were

matched with a 1% accuracy after previously described
modifications to the FLUKA standard PE I-value. For the
aluminum-alloy and Moon-simulant targets (Fig. 6b and c),
an overestimation of the predicted FLUKA dose is observed

FIG. 5. Dose buildup (D2/D1 and D3/D1) of 2 GeV protons in PMMA and LiH.

FIG. 6. Comparison between experimental points and FLUKA simulation outcomes for the 480 MeV/u 1H ion beam.
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in the central region of the depth-dose distribution curve.
This effect can be due to an underestimation of the lateral
scattering in FLUKA. If the predicted angular spread is
smaller than a larger number of ions (which are laterally
scattered outside of the target) reach the IC2 and increase
the dose D2 in the simulations. This effect is expected to
be larger in heavier targets and with lighter ions (50),
which would explain why it is not observed in HDPE and
for helium ions. This hypothesis is also supported by addi-
tional simulations where the effect is reproduced by
reducing the sensitive area of the IC2 in the FLUKA
geometry from a surface of 26 3 26 cm2 to a chamber size
of 20 3 20 cm2 (49). It could also be due to double-
differential nuclear cross-sections that overestimate the
production angle of secondaries. In the case of the Moon-
simulant target (Fig. 6c), the simulated Bragg peak is
about 22% higher and it is also sharper than measured.
This effect is most probably due to inaccuracies in the
material description in FLUKA, i.e. in the Monte Carlo
simulations, the granularity and density inhomogeneities
in the Moon sand are not accounted for.
430 MeV/u helium ions.. Figure 7 shows the comparison

between simulation and experimental data, alongside the

simulated fragment contribution to the dose deposition. For
all targets, protons are the main contributor to the dose
build-up, exceedingly even the dose contribution from the
primary helium beam in some regions of the HDPE curve
(see Fig. 7a). Due to the higher relative importance of frag-
mentation cross-section to dE/dx for the low-Z materials, the
secondary fragment production is larger for HDPE and sig-
nificantly reduced in the aluminum alloy. In the case of the
Moon simulant, the non-negligible amount of PMMA in the
containers also contributes significantly to the production of
proton and light fragments. Overall, a very good agreement
between the measured curve and the FLUKA simulation is
found with deviations lower than 2% in the buildup region
for all the targets investigated. Also, the Bragg peak position
matches within 1% for all targets where the full depth-dose
distribution has been measured. Similar to what is observed
in the proton experiment, in the Moon simulant target the
predicted dose in the Bragg peak is 30% higher compared
to the measured values, Fig. 7c. As already mentioned,
this can be due to density inhomogeneities deriving from
the fact that the Moon target is sand. Additionally, this
can be explained as the optimization of the Tripathi nuclear
cross-section model was implemented in FLUKA for 12C

FIG. 7. Comparison between experimental points and FLUKA simulation outcomes for the 430 MeV/u 4He ion beam. The Monte Carlo-
predicted contribution of the single fragments is also given for each target material.
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and 16O targets only (42, 43), and not for heavier targets

(44, 51). It was highlighted that this model, which is used

within FLUKA, cannot match the experimental cross-

section data for these combinations of projectile and tar-

gets (44, 51, 52).
The same holds valid for the aluminum alloy targets, as

the FLUKA predicted dose ratio in the Bragg peak area is

20% higher than the measured values (Fig. 7b). In this

case, deviations are also observed in the entrance channel,

where the FLUKA prediction slightly underestimates the

doses, and in the region proximal to the Bragg peak, where

the simulated dose is a bit higher than the measured one.

These observations might point to a slight underestimation

of the primary ion fragmentation cross-sections (44, 51) as
more helium ions would contribute to the dose in the Bragg

peak. An optimization of the Tripathi model to match alu-

minum targets has been published previously (51).
In the case of HDPE, target deviations are observed in

the region between 45 g/cm2 and 80 g/cm2 with a maximum

relative deviation of 5.81% (Fig. 7a). A likely explanation

for the observed deviation is an underestimation of the 3He

fragment production. Its position matches the expected

average range of the 3He fragments [»3/4 of the primary

beam range (47)] and is the region where the dose contribu-
tion of the 3He fragments is the maximum. 3He production

cross-sections for 4He projectiles on HPDE that can be

used to optimize nuclear models have been published pre-

viously (44).

Comparison with Monte Carlo Simulations: 2 GeV Protons

Monte Carlo simulations of the 2 GeV 1H-beam are

reported in Fig. 8 for D2/D1 and in Fig. 9 for D3/D1. For

this data set, several different Monte Carlo codes were

used, namely FLUKA, PHITS, and Geant4. Three different

Geant4 physics lists were used, namely QBBC_EMY and

FTFP_BERT and QGSP_INCLXX. The error bars of the

simulation results are the statistical deviations of the Monte
Carlo. FLUKA is the code that provides the best overall

agreement. It closely reproduces the experimental data of

the depth-dose distributions for both target materials. It
only slightly underestimates the predictions for backscat-

tered dose build-up in LiH (Fig. 9b). Our data agrees with

what was observed in previous findings (18).
The PHITS code overestimates the measured values in all

cases, except for PMMA (Fig. 8a), where it predicts a

slightly shorter and lower build-up. Geant4 results are
strongly affected by the chosen physics lists. In particular,

the QGSP_INCLXX list always overestimates the measured

data, while the QBBC_EMY and FTFP_BERT lists overesti-
mate the experimental values for PMMA and underestimate

them for LiH. The results obtained with QGSP_INCLXX

are quite surprising. Contrary to previous studies with iron
beams (18), where the Geant4 physics lists better reproduc-

ing the experimental data, it overestimates both the knockout

of secondary protons (D2/D1 results) and the production of
evaporation nucleons (D3/D1 results). This might suggest

that the Leige Intranuclear Cascade model for low energies

used in QGSP_INCLXX reproduces well the evaporation
results of a nuclear fragmentation interaction undergone by a

high-energy heavy projectile such as iron, but not of a spall-

ation reaction of a high-energy proton.

CONCLUSION

Absorbed depth-dose distribution measurements for high-
energy light-ion beams were performed in well established

(aluminum, PE and PMMA), innovative (LiH), and in situ

(Moon regolith simulant) materials for long-term deep-
space exploration. These beams are the main GCR contrib-

utors to fluence, absorbed dose in free space, and dose

equivalent in blood-forming organs behind thick shields.
Thick shields are becoming more relevant due to the

increasing interest in long-term missions foreseen in the

FIG. 8. Comparison between D2/D1 experimental data and Monte Carlo simulation results for PMMA and LiH irradiated with the 2 GeV
1H beam.
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next couple of decades, e.g., the mission to Mars or a
Moon base. In all conditions, a significant dose build-up
is observed in the first tens of g/cm2 and it is to be attri-
buted to nuclear fragmentation processes. This behavior
is of interest because of the inverse shielding effect for
light ions. It also allows the study of the impact of pro-
jectile and target fragmentation and provides valuable
data for Monte Carlo benchmarking. All data were com-
pared to Monte Carlo simulations. For the 2 GeV proton
beam, three different simulation codes have been used,
showing significant and systematic differences among
codes that are used for the same radiation protection pur-
poses. FLUKA fits the experimental data the best. Only
FLUKA was used for the 480 MeV/u 1H and 430 MeV/u
4He beams and it showed good agreement. Although
large ionization chambers were used, the limited avail-
able shielding material size showed a contribution of
scattering effects, especially in the case of the LiH tar-
get. For the case of the Moon regolith simulant, discrep-
ancies between the experimental data and FLUKA
simulations also pointed out a Bragg peak broadening
effect due to the granularity of the target material.
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