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Geant4 Monte Carlo simulations were carried out to investigate the possible shielding materials of aluminum,
polyethylene, hydrides, complex hydrides and composite materials for radiation protection in spacecraft by
considering two physical parameters, stopping power and fragmentation cross section. The dose reduction with
shielding materials was investigated for Fe ions with energies of 500 MeV/n, 1 GeV/n and 2 GeV/n which are
around the peak of the GCR energy spectrum. Fe ions easily stop in materials such as polyethylene and hydrides
as opposed to materials such as aluminum and complex hydrides including high Z metals with contain little or no
hydrogen. Attenuation of the primary particles in the shielding and fragmentation into more lightly charged and
therefore more penetrating secondary particles are competing factors: attenuation acts to reduce the dose behind
shielding while fragmentation increases it. Among hydrogenous materials, °Li'°BH, was one of the more ef-
fective shielding materials as a function of mass providing a 20% greater dose reduction compared to poly-
ethylene. Composite materials such as carbon fiber reinforced plastic and SiC composite plastic offer 1.9 times
the dose reduction compared to aluminum as well as high mechanical strength. Composite materials have been
found to be promising for spacecraft shielding, where both mass and volume are constrained.

1. INTRODUCTION

space for round-trip travel to Mars is expected to be ~660 mSv from
GCRs based on the assumption of a 180 day one way duration and si-

Manned space explorations are currently being carried out in the
International Space Station (ISS) and will soon extend to the Moon and
beyond. Space crew members are exposed to space radiation consisting
of energetic charged particles, which can cause harmful radiation ef-
fects. ISS operates in in low-Earth orbit (LEO) and so crews are partially
shielded from galactic cosmic rays (GCRs) and solar energetic particles
(SEPs) by the geomagnetic field. Beyond LEO the radiation environ-
ment is hostile because magnetic shielding as provided in LEO is
practically absent. On the planned Lunar Orbital Platform Gateway
(Crusan et al., 2018) and on future missions to Mars and deep space,
space crews will be exposed to much higher space radiation levels due
to the long flight durations. The accumulated dose equivalent in free

milar flight conditions and similar shielding as for the Mars Science Lab
(MSL) cruise with additional highly variable contributions from SEP
events (Zeitlin et al., 2013). Radiation shielding is one of the radiation
countermeasures under consideration as human operations are ex-
tended, into deep space.

The US National Aeronautics and Space Administration (NASA) has
described health hazards to humans during space activities
(Cucinotta, 2015). Exposure to protons and high atomic number and
high energy (HZE) particles from He to Fe nuclei in GCRs increases
radiation risks. The HZE particles contribute substantially to the ra-
diation dose due to high linear energy transfer (LET), resulting in sig-
nificant biological effects even if contributions of HZE particles to the
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GCR composition are small (e.g. Cucinotta, 2014). Dosimetry in the
space environment has been carried out in manned missions in the
Apollo era (English et al., 1973), the space shuttle (e.g. Badhwar et al.,
1996; Doke et al., 2001), the Mir station (e.g. Beaujean et al., 2002) and
the ISS (e.g. Ambrozova et al., 2011; Kodaira et al., 2013; Berger et al.,
2016). Crews on the Lunar Orbital Platform Gateway will encounter
much higher radiation dose rates compared with the crews in missions
in LEO.

Dose reduction strategies in space including passive shielding, ac-
tive shielding and reducing mission durations have been investigated in
several studies (e.g. Durante, 2014). One of the practical solutions to
reduce space radiation dose is the use of shielding materials attenuating
HZE particles, i.e. passive shielding. HZE particles lose their energies
via electromagnetic interactions or breakup into lighter nuclei and
neutrons through nuclear fragmentation in the shielding materials.
While it is not feasible to completely stop all high energy particles in the
shielding materials because of their extremely long ranges. A passive
shield can reduce radiation dose. The shielding effects of various ma-
terials such as aluminum (Al) and polyethylene (PE, (C,H,4),) have been
verified by accelerator beam experiments on the ground (e.g.
Miller et al., 2003; La Tessa et al., 2005; Guetersloh et al., 2006;
Zeitlin et al., 2006; DeWitt et al., 2009). Hydrogen is the most effective
element for obtaining large shielding efficiency per mass density (e.g.
Wilson et al., 1997; Zeitlin et al., 2005), but it is not easy to handle and
not stable. On the ISS dose reductions by PE blocks and packages made
of water soaked sanitary towels have been investigated (Shavers et al.,
2004; Kodaira et al., 2014).

In this paper, we investigated the space radiation properties of
several materials as a function of two parameters, stopping power and
nuclear fragmentation cross section using a Monte Carlo simulation in
the Geant4 toolkit (Agostinelli et al., 2003; Allison et al., 2006;
Allison et al., 2016).

2. MATERIALS AND PARAMETERS
2.1. Shielding parameters: stopping power and fragmentation cross section

Here, the two physical parameters for radiation protection are de-
scribed. The first parameter is S, the stopping power of a material,
which is defined by the Bethe-Bloch equation,

dE
S =4 <NZn, D
where E and x are, respectively, the particle energy and depth in the
medium, N is the number of molecules per unit volume and Zr is the
atomic number of the target material. The S contributes to moderation
of charged particles in the target material. The stopping power per unit
density is obtained by dividing S by the material density p,

S Zy

25 LT
e Ar ()
Here, Ay is the atomic mass of the target material. S is ~1/2 for many
elements, but it is 1 for hydrogen. In the case of a chemical compound,
the stopping power is described as

N ZMZTi Zrttotal
Zx & 17 2ot
P P At

’ 3
where subscript i represents each element in the compound and Zrqa is
the sum of the atomic numbers of all elements in a molecule of the
compound.

The second parameter is the total nuclear fragmentation cross sec-
tion. Fragmentation of the primary beam produces more lightly charged
and therefore less ionizing secondary particles. However, the total ef-
fect on dose due to fragmentation of the primary HZE particles will
decrease since the LET of ions with a given energy per nucleon is
roughly dependent on its electric charge squared. The cross section of a

70

Life Sciences in Space Research 26 (2020) 69-76

nuclide 0,,ciqe follows the Bradt-Peters semi-empirical formula. It is
roughly described by using Ar and the atomic mass of the primary
particle A, as

2. .
Ohuclide & A;/ 3 + A*)’increases with AZ/3.

4

Note that o,ycde describes only the inclusive fragmentation cross
section, which does not take into account the number of secondary
particles yielded by the interaction. In considering the total fragmen-
tation cross section of a molecule 0y, the average atomic mass of the
molecule should be used. In other words, At has to be replaced by the
average atomic mass Arave With the total number of atoms in the mo-
lecule 1; i.e. Gpmoie  NAZLS.. For example, Opore of PE 0pg is obtained by

12.01 X 2 + 1.01 x 4)2/3

gpg «x 6 X
PE ( 6

)

The number of molecules N is required to obtain the material cross
section 0y,,;, and the material cross section per unit density is obtained
by dividing 0, by p as well as the stopping power per unit density
(Eq. 2) (Durante, 2014),

2/3 2/3
P n‘ATave P A Tave P
Omat & NOmole X x X —
AT ATaVE ATave (6)
Imat —-1/3
& ATave . @

The idea that hydrogen is the most effective shielding material is
based on the relations in (Eq. 3) and (Eq. 7). The shielding efficiency
denotes the dose reduction rate for per unit density which follows from
Zreora/Ar (Eq. 3) and A2 (Eq. 7). Materials with large values of both
shielding parameters are favored for space radiation shielding.

2.2. Materials

The target materials as listed in Table 1 were chosen for the purpose
of verifying Eqs. 3 and 7 across a range of material compositions. They
include Al and materials containing hydrogen, such as PE, hydrides,
complex hydrides and composite materials. Current spacecraft are
constructed largely of aluminum, and some ISS modules incorporated
PE shielding (e.g. Shavers et al., 2004). Hydrides and complex hydrides
have been developed as possible solid state hydrogen storage materials
for future “hydrogen economy” (e.g. Orimo et al., 2007). These mate-
rials release and absorb hydrogen via a reversible reaction depending
on the temperature. Some complex hydrides have larger hydrogen
concentrations than polyethylene. Other complex hydrides have a large

Table. 1
The density, hydrogen mass fraction, stopping power parameters, and cross
section parameters of materials.

Meterial Group Density H fraction S Omat  Zrtotal/AT A_lfalv/e 3
(g/em?  (wt%)
Al (iv) 2.7 0.00 1.30 0.90 0.48 0.33
PE (if) 0.94 14.40 0.54 0.56 0.57 0.60
LiH @ 0.78 12.70 0.39 0.49 0.50 0.63
°LiH (i 0.78 14.38 0.44 0.51 0.57 0.66
LiBH, 0] 0.67 18.51 0.37 0.44 0.55 0.65
SLi'°BH, @ 0.67 20.13 0.40 0.45 0.60 0.67
LizB1oHi 2 @ 1.18 7.77 0.59 0.65 0.50 0.55
LisBH4(NHy)s (i) 0.99 11.14 0.52 0.58 0.53 0.58
NH3BH; (if) 0.78 19.63 0.45 0.50 0.58 0.64
NH; (i) 0.70 17.19 0.41 0.43 0.59 0.62
Mg(BH,), (i) 0.78 14.96 0.43 0.46 0.56 0.59
AlH; (iii) 1.49 10.10 0.79 0.76 0.53 0.51
MgH, (iii) 1.45 7.67 0.77 0.70 0.53 0.48
Mg,FeHs (iv) 2.76 5.47 140 1.20 0.51 0.43
Mg,NiH, (iv) 2.71 3.62 1.36 1.08 0.50 0.40
CFRP (iii) 1.17 8.87 0.63 0.64 0.54 0.55
SCP (iii) 1.36 7.63 0.73 0.70 0.54 0.52
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density with moderate hydrogen concentration. These characteristic
features of complex hydrides have the potential for use as radiation
shielding. Here, possible hydrides and complex hydrides with various
hydrogen concentrations (3.62-20.13 wt%) and densities (0.70-2.76 g/
cm®) were investigated. We also investigated two composite materials,
carbon fiber reinforced plastic (CFRP) and SiC composite plastic (SCP).
Composite materials are composed of resin and reinforced to enhance
mechanical strength. By selecting appropriate resins and reinforcement,
the composite material becomes more resistant to shock and heat than
the resins and reinforcement separately. They are being used in auto-
mobiles, aircraft and spacecraft because of their low density and high
mechanical strength (e.g., Chen, 1997). In order to optimize mass in
spacecraft, composite materials ideally should be multi-functional,
serving as radiation shielding and as strong, light weight spacecraft
structures and components. In this work, CFRP and SCP made of C/SiC
reinforcements and polypropylene resin ((C3Hg),) in a volume ratio of
2:8 were investigated.

2.3. Numerical simulation

Using a monte carlo simulation we investigated the dose reduction
for various materials as a function of the two parameters: stopping
power and nuclear fragmentation cross section. The production and
transport of radiation were calculated using the Geant4 code
v10.05.p02 (Agostinelli et al., 2003; Allison et al., 2006; Allison et al.,
2016) with the Geant4 reference physics model “Shielding”. This model
employs intra-nuclear cascade models of QMD (Koi, 2010), Bertini
(Bertini, 1969) and Fritiof (Andersson et al., 1993) for hadronic inter-
actions. Electromagnetic interaction was included by Geant4 standard
physics (Agostinelli et al., 2003; Allison et al., 2006; Allison et al.,
2016). ENDF/B-VIIL.O (Brown et al., 2018) was chosen as a data library
for neutron cross sections.

First, we calculated the GCR elemental contribution to effective
dose equivalent in free space in order to find the element contributing
to dose. The GCR energy spectra at the 2010 solar minimum were taken
from Matthid et al., 2013. The energy spectra were converted to the
effective dose equivalent by fluence-to-dose conversion coefficients for
isotropic exposure (ICRP, 2013). The GCR elemental contribution to
effective dose equivalent is shown in Fig. 1. The hydrogen and helium
contributions are 33.2% and 9.8% of the total, respectively, and the

Figure 1. GCR elemental contribution to effective dose equivalent in free space
during solar minimum.
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HZE particles contribute the remainder despite their small abundances
in the GCR. These contribution ratios are consistent with previous
studies of the differences in GCR models, solar modulation and methods
used to obtain the effective dose equivalent (e.g. Ballarini et al., 2006;
Dobynde and Shprits, 2020). Hydrogen and helium are difficult to
shield against due to their low stopping power. Moreover, their con-
tributions increase behind shielding materials due to secondary parti-
cles produced by target fragmentation in the shielding material. The
reduction of effective dose equivalent due to the HZE particles is im-
portant because HZE particles occupy about 50% of the total. Iron
nuclei (Z=26) are the heaviest significant contributors and therefore
are milestone commonly used benchmark for shielding effectiveness
against GCRs. In this work, we investigated the dose reduction by
shielding materials against Fe nuclei with energies of 500 MeV/n, 1
GeV/n and 2 GeV/n spanning the peak of the GCR energy spectrum.

The materials were exposed to a mono-energetic iron pencil beam
(Fig. 2). Fluence vs. energy spectra of the primary (i.e. Fe ions) and
secondary particles (neutrons, electrons, positrons, photons, pions,
muons and charged particles) behind the target material (thickness: 0-
40 g/cm?) were calculated. The effective dose equivalent was obtained
by using the ICRP conversion coefficient (ICRP, 2013) as well as the
GCR elemental contribution.

2.4. Benchmark experiment

To verify the numerical simulations we made measurements at
HIMAC (Heavy Ion Medical Accelerator in Chiba) of QST, Japan. Target
materials of Al, PE and composite materials (CFRP and SCP) slabs were
stacked with CR-39 nuclear track detectors (TechnoTrak, Chiyoda
Technol Corp., Japan) for measuring LET distribution (Kodaira et al.,
2016). The thickness of the Al slab was 10 mm and the thickness of
other materials was 20 mm. The total thickness by stacking target
materials ranged from 20 to 60 mm. Each stack was exposed to 500
MeV/n Fe ions with a fluence of 2 x 10 cm ™2 (The hydrides and
complex hydrides were not available for these measurements.) The
procedure for analyzing the CR-39 is described in Kodaira et al., 2016.

LET spectra behind targets of several thicknesses are shown in
Fig. 3. The peak around 200 keV/um (showing as Fe;) is due to the
primary Fe ions registered in CR-39 in front of target materials. The
peak LET increases with increasing thickness of target materials due to
the ionization energy loss, while the number of counts decreases due to
the nuclear fragmentation. Each distribution was fitted with a gaussian
function for analyzing the mean LET and number of counts for com-
parison with the numerical simulation. Figure 4 summarizes the var-
iations of LET and number of Fe counts as a function of target material
thickness as obtained by the experiment and simulation. The numerical
results are in good agreement with the experimental results within =
10% except around Bragg-peak, where small trivial differences be-
tween the ideal set-up in the simulation and the actual experimental
set-up can lead to large differences between simulation and measure-
ment. The results confirm that the numerical simulation generally re-
produces the fragmentation and transport of Fe.

3. RESULTS AND DISCUSSION
3.1. Parameters of shielding materials

The shielding parameters of the target materials are summarized in
Table 1 and Fig. 5. The shielding efficiency depends on the hydrogen
mass fraction in the material as expressed by Eqs. 3 and 7. Shielding
efficiency (due to stopping power and fragmentation) and material
density is trade-off, in the sense that materials with high shielding ef-
ficiency are typically low density. We classified the materials into four
groups (i-iv) based on the shielding efficiency and the density. Colors in
Fig. 5 represent the four groups.

Group (i) materials (blue) are low density hydrides (0.67-1.18 g/
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cm?). The shielding efficiency is low in the stopping power parameter
(Zrwota/Ar) and relatively high in the fragmentation cross section
parameter (Ar..>). The neutron rich nuclides of “Li and *'B contained
naturally 10w Zpoq/Ar. If these hydrides consist of °Li and '°B as

Pencil beam
(Fe 500 MeV/n,
1 GeV/n, 2 GeV/n)
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0-40 g/cm?
Shielding
material
(20 cm x 20 cm) N
Measurement
surface

Figure 2. Schematic drawing of the numerical simulation.

shown in the open symbol (°LiH and °Li'°BH,), the Zz;ow/Ar value is to
be high. Note that this effect is not related to the neutron capture.
SLil°BH, has the highest shielding efficiency in this group.

Group (ii) materials (magenta) are low density hydrides (0.70-0.78

2500 2500
Al —— Omm PE —— O0mm
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2000 | Counts1 6376 Fe, ——— 30mm | 2000 | Countsl 6686 |
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Figure 3. LET spectra behind the targets (Al, PE, CFRP and SCP) of several thicknesses (0 — 60 mm). 0 mm denotes in front of target. Fragments are clearly observed
in the enlarged view of PE data for the LET range 150-300 keV/pum.

72



M. Naito, et al.

Life Sciences in Space Research 26 (2020) 69-76

—— Al —— SCP_ ®m  LET —— Al —— SCP_ ®m LET —— Al —— SCP_®  LET
—— PE —— CFRP o Counts —— PE —— CFRP o0 Counts —— PE —— CFRP o0 Counts
25 2.5 15
Experiment Simulation ‘é Comparison
- - o
g 20 g 20 S
5] 2 5
O o
5 8 5 /
LET
= =~ ~ i
E 15 EJ_]J 15 g ¥
> LET > LET =
= = =
§ 1.0 3 E G i
N e N » ounts
= TG = K] b
g Counts g o g g
S 05 5] .
z Z 5
=
&
0.0 0.0 0.5
0 2 4 6 8 10 0 2 4 6 8 10 2 4 6 8 10

Thickness [g/cmz]

Thickness [g/c1n2]

Thickness [g/cmz]

Figure 4. Variations of LET and number of counts of Fe ions as a function of material thickness obtained by experiment (left) and numerical simulation (center). The
rightmost panel shows the ratios of experiment to simulation for LET and number of counts. The dotted lines denote + 10%.

g/cm®) showing high shielding effectiveness due to the large hydrogen
concentration. PE (black), which is conventionally used as a shielding
material, is in this group. NH; gives better shielding efficiency in this
group. However, NH; (ammonia) is a hazardous chemical and the li-
quid ammonia requires careful handling, similar to hydrogen. The use
of ammonia in combination with some absorbing materials
(Klerke et al., 2008) may provide stability and eliminate the hazardous
features so as to make practical and effective materials with high
shielding efficiency. NH3BHj3 is also one of better materials. NH; and
NH;3BH; have a high composition ratio of H:B and/or N of 3:1 an im-
provement over PE (H:C = 2:1).

Groups (i) and (ii) are low density materials, so a thick material and
therefore large total volume is required to obtain significant shielding
effect, which may be an issue given the size limitations of spacecraft. (It
may however be practical for future lunar and planetary habitats.)

Group (iii) materials (red) are intermediate density (1.17-1.49 g/
cm®) materials, which show intermediate shielding efficiency. The
balance between shielding efficiency and material density requires
trade studies, given the severe restriction in both mass and volume in
spacecraft. The composite materials (CFRP and SCP) are better mate-
rials for practical use due to the strong mechanical properties.
Spacecraft structures and components made of composite materials will
be better for shielding compared with conventional Al. Note that the

CFRP and SCP evaluated here are representative examples. Customized
composites with different resin, reinforcement and fractions can be
evaluated for optimal balancing of shielding and mechanical properties.
Group (iv) materials (cyan) are high density materials (~2.7 g/
cm?®), which exhibit low shielding efficiency. The high density offers the
favorable property of low volume. Al (green), which is conventionally
used in spacecraft, is in this group. Mg>FeH¢ and Mg,NiH, offer better
shielding than Al due to their relatively high hydrogen fraction.

3.2. The effective dose reduction with shielding materials

The variations of effective dose equivalent of total (pri-
mary + secondary), primary particles (i.e. Fe ions) and secondary ra-
diations (neutrons, electrons, positrons, photons, pions, muons, and
charged ions) as a function of material thickness for 2 GeV/n, 1 GeV/n
and 500 MeV/n Fe beams are shown in Fig. 6. The values within each
group of materials are very close, so representative materials from each
group are shown. The data points are normalized with the data of total
effective dose equivalent in front of the target materials (i.e. 0 g/cm?).
The dose reductions generally follow the two shielding parameters. The
ranges of Fe ions in the target materials are seen in the data of primary
particles (Figs. 6(b), (e) and (h)) depending on the primary particle
energies. The difference of range depends on the stopping power

= GH, +  Li,B,H;, + MgH,
= Al v  Li,BH,(NH,), Mg,FeHy
e LiH = NH;BH, Mg,NiH,
o SLig . 3 = CFRP
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Figure 5. Relationship between material density and shielding parameters of stopping power (left) and fragmentation cross section (right). Hydrides, complex
hydrides and composite materials are classified by colors (group (i): blue, (ii): magenta, (iii): red, (iv): cyan, Al: green and PE: black).
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Figure 6. Variations of effective dose equivalent as a function of each material thickness for 2GeV/n (a-c), 1GeV/n (d-f) and 500 MeV/n (g-i) Fe beam simulation.
The values within each group of materials are very close, so representative materials from each group are shown. Data points are normalized with the data of total
effective dose equivalent at 0 g/cm?®. (a, d and g): Total effective dose equivalent (primary + secondary). (b, e, and h): Primary particles (i.e. Fe). (c, f and i):
Secondary radiations such as neutrons, photons, electrons, positrons, pions, muons and charged ions.

parameter of target material as clearly shown in 1 GeV/n data
(Fig. 6(e)). Fe ions easily stop in the high hydrogen fraction materials
(group (i) and (ii)) as opposed to the materials containing little or no
hydrogen (group (iv)). The dose due to secondary radiation increases
due to fragmentation and then decreases following the survived number
of primary particles (Fig. 6(c), (f) and (i)). The peak of the secondary
dose shifts to greater thickness depending on the material density. This
is because of the decrease in the fragmentation coefficient (survived
number of primary particles for a given depth in the target material) in
high density and heavy metal materials (group (iv)). As clearly shown
in 2 GeV/n data (Fig. 6(b)), the fragmentation coefficient strongly de-
pends on the cross section in the target material. The dose reduction at
2 GeV/n is dominated by fragmentation, while that of 500 MeV/n Fe
ions is dominated by the ionization energy loss. 1 GeV/n data reveal an
intermediate situation for both energy loss and fragmentation. The
natural-group (i) materials represent high dose reduction rates com-
pared to PE for 2 GeV/n Fe, while the 1 GeV/n data are similar to PE
data. This is explained by their high cross section and low stopping
power. Although the fragmentation of primary particles decreases the
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primary dose effectively, the dose from secondary particles is not re-
duced by energy loss. In accordance with Giraudo et al., 2018, LiH is
better than PE for dose reduction as indicated by both calculation and
experiment using < 6.1 g/cm? LiH target. The results indicate that the
thick LiH is not as effective as PE. The idea of multilayered shielding
suggested in Giraudo et al., 2018 may be more efficient by combining
group (i) and group (ii) materials. We found that the dose reduction
rate of °Li and '°B enriched group (i) materials having high hydrogen
fraction are better than natural-group (i) materials and PE due to higher
nuclear fragmentation cross section and greater hydrogen fraction.
Figure 7 summarizes and compares the calculation results for 1
GeV/n Fe ions. Figures 7(a) and (b) show the scatter plots of each
parameter (stopping power and cross section) and the normalized ef-
fective dose equivalent behind the target materials of 20 g/cm?
Figure 7(c) compares the normalized effective dose equivalent for each
material. Figure 7(d) shows a three dimensional view based on Figs. 7
(a) and (b). The higher dose reduction rates of 77.2% and 80.3% were
obtained in °LiH and °Li'°BH, in the group (i) materials, respectively.
SLi'°BH, is 1.2 times better than PE (67.9%). NH;BHj in the group (ii)



M. Naito, et al.

Life Sciences in Space Research 26 (2020) 69-76

= Al s LipB,H, s+ MgH,
= GH, v Liy;BH4(NH,); Mg,FeH,
e LiH =  NH;BH, Mg,NiH,
- o 6LiH ° NH; ] CFRP «
= = %iBllgé; ~+  Mg(BHy), v SCP g
gﬁ o °Li""BH, o AlH, %’D
< 0.70 w ‘ < 0.70
I\ * x *
] =
Y ~
§ 0.60 1 § 0.60 1
< <
= 2
2 050 | {1 B oos0f 1
(] (0]
Q i 2 s
S 040 | ¥ 1 S o040} ¥ ]
) LS L ) L3
2 1 PO = e
— ~—
2 030 ¢ . . e | 3030} .e ]
fat L] &= L]
) o o ©
g 0201 (a) 4 B 020 (b) D
N N
s ‘ ‘ E ‘
é 0.45 0.50 0.55 0.60 g 0.30 0.50 0.70
g”& Stopping power Zy /AT £ “g W Cross section A'lef,e
§ -
& 0.70 — 2
S S o6 W
5 0.60 S
= 5
§ = 0.5
s 0.50 2
g Z 04
g 0.40 o
2 g 03
(=] ko] B
< 030 °
>
2 5
5 020 5 02
g Y 045
15} =&
b=} S
X 0.10 = 'ov%‘o.so
= s 2
g 0.00 TR LSS NS0 S o e T g G"Q% 0.55
z THSEERZEELEIEREEES 7 % 07
" HAa%E & £ S 0.60 O ion AT
° 3 i = %; Y03 Cross section ATave
3 s
Materials >

Figure 7. Scatter plots of (a) the stopping power parameter (Zyow1/At) and (b) fragmentation cross section parameter (AT-;VQ) and the effective dose equivalent
behind of the target materials of 20 g/cm2 for 1 GeV/n Fe beam simulations. (c): Comparison of the normalized effective dose equivalent for each material. (d): Three

dimensional view based on (a) and (b).

materials exhibited a high dose reduction rate of 73.4%. The dose re-
duction rates of composite materials, CFRP and SCP, in the group (iii)
materials were 63.1% and 59.6%, respectively. These dose reduction
rates were ~1.9 times better than conventional Al (33.0%). Composite
materials have potential both for spacecraft construction as well as for
effective shielding. The group (iv) materials, Mg>,FeH¢ and Mg,NiHy,
did not provide significant dose reduction, being comparable to Al
despite having higher shielding parameters. This is because the heavy
nuclides (Fe and Ni) yield a lot of secondary particles via target frag-
mentation.

4. CONCLUSION

We have evaluated the effectiveness of several materials as shielding
against space radiation as a function of two physical parameters,
stopping power and nuclear fragmentation cross section using Geant4
Monte Carlo simulation. Fe ions are the heaviest particles in GCRs that
contribute significantly to the effective dose equivalent in space. In the
simulation, Fe ions at GCR-like energies were directed at shielding
materials and the effective dose equivalent behind the materials was
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calculated Highly hydrogenous materials such as polyethylene and
hydrides are compared to materials such as aluminum and complex
hydrides including high Z metals with little or no hydrogen content.
The dose due to secondary particles increases due to the fragmentation
and then decreases due to loss of primary particles. °Li'°BH, demon-
strated the highest shielding efficiency, 1.2 times better than poly-
ethylene. °LiH and NH;BHj; also were superior in shielding efficiency
compared to polyethylene. Composite materials such as carbon fiber
reinforced plastic and SiC composite plastic have shielding effectiveness
of 1.9 times greater than aluminum; their mechanical strength makes
them a good option for fabricating spacecraft structures. The stopping
power and fragmentation cross section are useful parameters for in-
vestigating the properties of spacecraft shielding materials.
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