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A B S T R A C T

The health effects of galactic cosmic radiation are a serious impediment to crewed exploration of the solar
system. OLTARIS, an interface for the 3DHZETRN deterministic radiation transport code, was used to assess the
response of aerospace materials to this constant radiation exposure. Traditional aerospace structural materials
like aluminum can, after a certain mass, increase the health effects of such radiation. However, materials with
lower atomic mass may mitigate this build-up in secondary radiation with increasing areal density. As such,
lower atomic mass structural alloys of magnesium and magnesium–lithium are promising candidates. These
alloys may reduce the mass of structures when substituted for aluminum alloys. Reinforcement with boron
carbide could further reduce atomic mass while also improving the mechanical properties of such lightweight
alloys. This study found that the lower atomic mass of these materials increased nuclear fragmentation upon
cosmic radiation interactions, leading to a softening of the secondary (neutron) radiation spectra. This softened
spectra reduced the effective dose equivalent, a measure of health effects, for magnesium(-lithium) alloys and
their boron carbide-reinforced composites when compared to aluminum.
1. Introduction

Space radiation threatens both human health and microelectronics
operation, impacting mission safety [1]. The risks remain difficult to
quantify and understand because space radiation energies and types
differ so drastically from known terrestrial sources [2]. There are both
primary and secondary sources of space radiation. Primary sources
include galactic cosmic radiation (GCR), solar particle events (SPEs),
and particles trapped by the Earth’s magnetosphere [1]. These primary
sources also create secondary radiation, primarily neutrons, upon inter-
action with spacecraft structures due to fragmentation of the structure’s
nuclei by the incident radiation [1–4]. Understanding how space radi-
ation evolves through its interactions with spacecraft materials, and its
eventual effect on equipment and persons, is a continuing challenge in
ensuring safe spaceflight [5].

Space radiation risks cannot be eliminated by rote addition of ma-
terial mass. For instance, several hundred g cm−2 of common materials
like aluminum (Al) would be necessary to eliminate GCR exposure [6]
— an impracticable requirement for mass-constrained spaceflight. In-
deed, sufficiently thick materials can actually increase the space ra-
diation risk above from incident radiation alone due to a build-up
in radiation (despite an initial decrease) [2–4]. This increase after a
certain areal density is due to particle-material reactions and cascades
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resulting in a ‘‘build-up of light particles (𝑍 < 2) and localized [sec-
ondary radiation] production’’ near GCR ion tracks [1]. For Al exposed
to GCR in free space, the secondary radiation begins to dominate
and increases risks above initial beginning around 100 g cm−2 to
200 g cm−2 [3,4].

As such, the aerospace community continues to investigate ad-
vanced, lightweight materials for passive space radiation shielding [7–
10]. The 2020 NASA Technology Taxonomy [11] recommends devel-
opment of lightweight radiation shielding materials (TX06.5.3 ‘‘Protec-
tion Systems’’). It also notes that multifunctional materials also hav-
ing structural utility can further reduce mass requirements (TX12.1.1
‘‘Lightweight Structural Materials’’). Thus, the response of lightweight
materials to space radiation is of interest. Al alloys are common in
aerospace applications [12–14]. However, magnesium (Mg) alloys have
about 35% lower mass density than Al [15–18]. Recently, Mg alloys
have seen renewed interest in the aerospace community due to their
lightweight, structural nature [18–21]. Studies have lessened corrosion
and flammability concerns [22–25], leading to updates to standards
for airplanes and spacecraft have loosened restrictions on the use
of Mg alloys [26,27]. Furthermore, alloying Mg with lithium (Li) is
especially promising to achieve even further lightweighting [28–30],
with some alloys such as Mg-14wt%Li having roughly 24% lower
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mass density than pure Mg. Meanwhile, particle reinforcement, such
as boron carbide (B4C) has been shown to increase the strength and
tiffness of these alloys, improving their mechanical properties [31–
7]. Furthermore, Mg and Mg-14wt%Li have lower atomic mass than
l, which may mitigate the build-up in space radiation [2,5]. Mg-
4wt%Li may also serve as a minor neutron absorber because it should
ontain some fraction of 6Li that readily absorbs thermal (low energy)
eutrons. However, the benefit of such neutron absorption is disputed
ith respect to space radiation [9]. As such, these lightweight and

ow atomic mass materials should be investigated for their potential
o mitigate space radiation build-up.

Previous studies have shown the evolution of secondary (neutron)
adiation with increasing areal density, but these did not include Mg
r Mg-14wt%Li [3,4,6,9]. This work extends the previous literature by
pecifically considering Mg and Mg-14wt%Li alloys with B4C addition.
he effect of these materials on secondary (neutron) radiation build-up

s considered and contrasted with the effect on proton radiation. An up-
ated transport model for the OLTARIS space radiation simulation tool
ombined with a spherical shell geometry more accurately represents
eutron transport. And the use of NASA radiation quality factors aligns
his work with the latest NASA space health standard [38]. Ultimately,
he ability of Mg and Mg-14wt%Li alloys and B4C addition to mitigate
pace radiation by suppressing secondary neutron build-up is shown.

. Material and methods

.1. Geometry and environmental setup

Pure Al, pure Mg, and Mg-14wt%Li in the reinforced and unrein-
orced conditions were chosen for this study. Reinforcement comprised
4C added homogeneously to Mg and Mg-14wt%Li at 10% by volume.
real densities in the range 0.1 g cm−2 to 500 g cm−2 were explored.
he areal densities beyond 50 g cm−2 could represent large on-orbit
omplexes or extraterrestrial habitats [39], especially when consider-
ng that a point could see a higher apparent areal density than the
hickness of a single wall when the space radiation traverses through
ultiple nearby walls or other surrounding structures to reach the point
nder investigation. For example, certain locations on the International
pace Station have a higher apparent areal density than the roughly
5 g cm−2 of a single wall due to transport through nearby modules and
tructures [40].

Fig. 1 is a schematic cross-section through the spherical geometries
sed in this study. The central dot denotes the point detector used
or dose tallies and the placement of phantoms. It is surrounded by
380 cm diameter void region representing the internal spacecraft or
odule volume. A variable areal density shell composed of the material

f interest surrounds this constant void volume. Space radiation is
sotropically incident on this shell.

All calculations were performed using the Tool for the Assessment
f Radiation in Space (TARIS) version 5.0 using the On-Line TARIS
OLTARIS) interface [41]. TARIS performs 3-dimensional radiation
ransport using the deterministic High Charge and Energy Transport
3DHZETRN) code. There are still some inaccuracies in 3DHZETRN
ith respect to its treatment of neutrons with energies less than 20MeV
nd electrons [42] despite it performing favorably with Monte Carlo
adiation transport codes overall [43]. Results presented here may
e more accurate than those generated using prior TARIS versions
ecause photon, electron, positron, muon, and pion transport is now
oupled to neutrons and ion transport and transport itself is now
-dimensional [42]. This 3-dimensional treatment appears necessary
o reveal the build-up in dose and protection quantities from GCR
een with increasing areal density [4,6]. The accuracy of neutron
ransport was further increased by using a spherical (instead of slab)
eometry and using a void to represent the interior volume of the
pacecraft [40,44]. The radiation tallies were taken at the central point
f the sphere instead of throughout the interior volume, which has been
38

1

rgued to improve accuracy [45] although others have questioned its
ecessity [46]. Overall, the primary purpose of this study is to inform
elative structural metal selection so the absolute accuracy of OLTARIS
s not as important as the relative trends between the studied materials.

The GCR environment was set to the 1977 solar minimum according
o the NASA Design Specification for Natural Environments (DSNE)
ith boundary conditions computed using the Badhwar-O’Neill 2020
odel [44]. All quantities were computed for a period of one Earth

ear. A free space environment was selected, avoiding the effects of
lbedo radiation from reflections and interactions with nearby surfaces
nd structures. GCR at solar minimum provides maximum contribution
o the overall space radiation environment [6].

.2. Response functions

Health risks were evaluated through 𝐻𝑄,𝑇 and compared against
urrent NASA limits [38]. Effective dose equivalent was computed
sing the NASA quality factor (𝑄 (𝑍,𝐸)) relationship [47] and a fe-
ale phantom1 (FAX2005 [49]) using ‘‘Average US Population’’ tissue
eighting.

OLTARIS does not provide a user-accessible breakdown of dose or
𝑄,𝑇 by particle type. Therefore, dose conversion coefficients (DCCs)

rom International Commission on Radiological Protection (ICRP) Pub-
ication 123 [1] were used to compute whole-body female 𝐻𝑄,𝑇 from
eavy ions, alphas, protons, neutrons, pion, and muon fluence. Again,
(𝑍,𝐸) was used. DCCs from ICRP Publication 116 [50] were used for

lectrons and photons, assuming isotropic irradiation conditions and
ex averaging. Dose conversion coefficients and quality factors were
inearly interpolated by energy.

. Theory

Some results from OLTARIS deserve cautious interpretation. For
xample, the uncertainties for computations approaching and beyond
00 g cm−2 have not been quantified [51]. As OLTARIS only computes
etween 10−2 MeV to 106 MeV, radiation exposures outside this en-
rgy range, such as thermal neutrons, cannot be assessed. However,
he ICRP [1] attributes substantial biological relevance to energies
etween 10−2 MeV to 105 MeV for space radiation.2 Thus, this approach
an broadly assess space radiation risks, especially when comparing
aterials in the same conditions.

After an initial decrease, a sufficiently thick material can para-
oxically increase radiation risk in space due to the generation of
econdary radiation upon GCR interaction with structures [2–5,52,53].
or instance, primary neutrons are almost non-existent in free-space
ue to their short lifetimes (approximately 14min) [54]. Instead, sec-
ndary neutrons are generated by incident radiation interactions with
he nuclei of surrounding materials and subsequently moderated by
urther interactions with low-𝑍 nuclei [55]. The magnitude of the
uild-up is apparently dependent on a material’s atomic mass, with low
tomic mass materials generating less energetic and massive secondary
adiation [2,5,52,56].

Both atomic mass and number of the target nuclei contribute to
topping primary space radiation and to breaking up heavy incident
rojectiles into less harmful fragments [2,5,52,56]. The Bethe–Bloch
elationship for electronic stopping power indicates that increasing
tomic number or decreasing atomic mass for the target material
spacecraft structure) will improve the stopping power of a material per
nit mass density [5,57], ostensibly reducing exposure from primary

1 A female phantom was chosen as it typically resulted in higher radiation
uantities [48].

2 Charged particles are evaluated within an even more restrictive range of
MeV to 105 MeV.
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Fig. 1. Notional geometry model for space radiation simulations; cross-section through sphere.
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space radiation. Accordingly, low mass yet high charge elements slow
down incident ions most effectively on a per mass basis [1,3,52,58].
𝜎
𝐴𝑇

∝ 𝐴−1∕3
𝑇 (1)

The Bradt–Peters relationship for nuclear fragmentation (Eq. (1)) in-
dicates that decreasing atomic mass of the target (𝐴𝑇 ) will increase
particle fragmentation (𝜎) by incident particles per unit mass [5].
ragmentation breaks up high-𝑍, high-energy ions (HZE) with high

quality factors and linear energy transfer (LET) into less damaging
fragments with lower quality factors and LET [2,5], ostensibly reducing
protection quantities and thus radiation risks. Therefore, it is typically
desirable to use low atomic mass materials3 [57,58].

4. Results

Table 1 gives both the calculated stopping power and nuclear
fragmentation for pure Al, pure Mg, Mg-14wt%Li, and B4C. According
to the stopping power metric, Mg and Mg-14wt%Li will stop charged
particles more effectively than Al with Mg appearing slightly more
effective than Mg-14wt%Li. However, B4C is the least effective at stop-
ping charged particles. According to the nuclear fragmentation metric,
Mg, Mg-14wt%Li, and B4C are all more liable to cause fragmentation
than Al, B4C being most likely.

4.1. Overall radiation exposure by areal density

In Fig. 2, dose increases with increasing areal density for all ma-
erials, becoming especially pronounced after 10 g cm−2. This is the
onventional build-up in radiation exposure with increasing thickness
ue to secondary radiation generation. Initially, the increase in radia-
ion from this secondary particles outpaces the attenuation of primary
CR. However, after a certain thickness, more secondary radiation

s eliminated than produced and thus the overall radiation exposure
egins to decrease [4,39,59]. Magnesium and Mg-14wt%Li reduce dose

3 Paradoxically, lower-energy secondaries may cause a higher dose than
he originally incident GCR particle since they are more numerous and may
e more penetrating [53,57]. However, these lower-energy secondaries may
ave lower quality factors and thus reduce protection quantities overall.
39
Table 1
Stopping power (𝑆∕𝜌) and nuclear fragmentation (𝜎∕𝐴𝑇 )
metrics indicating that Mg and Mg-14wt%Li are more
effective than Al at stopping charged particles while
B4C is less effective and that Al is the least liable to
cause fragmentation.
Material 𝑆∕𝜌 𝜎∕𝐴𝑇

Al 0.482 0.333
Mg 0.494 0.345
Mg-14wt%Li 0.491 0.358
B4C 0.471 0.449

compared to Al at areal densities less than 100 g cm−2 but increase
beyond this point. The relative increase at higher areal densities may
be due to increased fragmentation, leading to the increased production
of secondary radiation. Boron carbide addition increases dose at nearly
all thicknesses, becoming apparent beyond 10 g cm−2. As B4C has the
owest atomic mass of all studied materials (Table 1), this supports
ncreased dose as being due to increased fragmentation which generates
dditional secondary radiation.

In Fig. 3, effective dose equivalent (𝐻𝑄,𝑇 ) initially decreases with
ncreasing areal density up to 20 g cm−2 but then builds-up similarly to
ose with a peak around 200 g cm−2. At its maximum, 𝐻𝑄,𝑇 exceeds the
00mSv NASA career limit4 on an annual basis. Mg and Mg-14wt%Li
learly reduce 𝐻𝑄,𝑇 compared to Al beyond 1 g cm−2 and especially
educe it near 100 g cm−2 to 300 g cm−2. This contrasts with the increase
n dose seen for Mg and Mg-14wt%Li (Fig. 2). Fig. 3 also shows that B4C
ddition clearly reduces 𝐻𝑄,𝑇 beyond 50 g cm−2 despite also increasing

the dose at these same areal densities (Fig. 2). The maximum extent
of reduction in 𝐻𝑄,𝑇 through Mg and Mg-14wt%Li substitution or B4C
ddition is centered about 200MeV and is roughly 10% at most.

.2. Radiation exposure by type and energy

Investigation of radiation exposure at constant areal density allows
ifferentiation between materials by radiation type and energy. An

4 The career limit for all astronauts has been set to an 𝐻𝑄,𝑇 of 600mSv,
irrespective of age or sex [38].
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Fig. 2. Mg and Mg-14wt%Li initially reduce annual dose before the trend becomes
nconsistent; B4C slightly increases annual dose.

Fig. 3. Mg and Mg-14wt%Li reduce annual effective dose equivalent by 1 g cm−2 while
he reduction from B4C addition appears by 100 g cm−2.

areal density of 100 g cm−2 was chosen because it is near the typical
crossover point where the build-up of secondary radiation exceeds the
reduction in primary radiation and it is where Mg-14wt%Li exceeds
the NASA career limit. As aforementioned, previous literature indicated
that protons and neutrons are the greatest contributors to primary
and secondary radiation, respectively, at this point [3,4]. Additional
results from OLTARIS for other radiation types such as heavy ions,
alpha particles, and muons indicated that these were not substantial
contributions to radiation exposure at this areal density. There was
some build-up in electrons, photons, and pions, but their contribution
to 𝐻𝑄,𝑇 was much lower than that of protons and neutrons at this areal
density. Fig. 4 demonstrates how increases in secondary radiation –
mostly neutrons with some pions, photons, electrons, and secondary
protons – outweighed the decrease in primary radiation – mostly heavy
ions like 16O, alpha particles, and primary protons – until thicknesses
exceeding 100 g cm−2. As such, protons and neutrons were chosen as the
focus of this study.

Fig. 5 gives the fluences by radiation type in the chosen materi-
als. Proton fluence varies little with target material — Mg-14wt%Li
and B4C additions slightly increase fluence in the range 100MeV to
2000MeV, but the trend for Mg is inconsistent. This slight increase may
result from fragmentation leading to the enhanced generation of lower
mass projectiles like protons [56]. Conversely, neutron fluence varies
substantially with target material. There is a small increase for Mg, Mg-
40

14wt%Li, and B4C addition around 100MeV and a somewhat larger
Fig. 4. Protons and neutrons dominate annual 𝐻𝑄,𝑇 by areal density in Al.

Fig. 5. At 100 g cm−2, Mg and Mg-14wt%Li, and B4C addition shift annual neutron
fluence from more to less energetic regions; there is not much difference by material
for annual proton fluence.

increase below around 0.2MeV. However, there is a strong reduction
or Mg, Mg-14wt%Li, and B4C addition between 0.2MeV to 20MeV,

compared to Al. Mg reduces neutron fluence by approximately 25%
and Mg-14wt%Li by nearly 40% at the maximum extent near 1MeV.
Boron carbide addition further reduces neutron fluence by roughly
20% for all matrices. There is a noticeable shift from higher to lower
neutron energies with respect to integrated fluence. This is probably
not due to neutron absorption by 10B in B4C as the neutrons in this
study are too energetic for substantial absorption. As such, this shift
from higher to lower neutron energies may be attributed to increased
nuclear fragmentation due to lower atomic mass, thereby generating
lower energy and quality projectiles [52,56].

Fig. 6 shows that there is a small increase in 𝐻𝑄,𝑇 from protons
below 1000MeV for Mg, Mg-14wt%Li, and B4C addition. For 𝐻𝑄,𝑇
from neutrons, Mg, Mg-14wt%Li, and B4C addition greatly suppress
the build-up between 0.2MeV to 20MeV — the same range of fluence
depression. The increase in fluence below 0.2MeV does not result in
a substantial increase in 𝐻𝑄,𝑇 as the 𝑄 (𝑍,𝐸) is much lower in this
range than for that where the fluence is depressed. While there is some
increase in 𝐻𝑄,𝑇 from neutrons above 30MeV, this is much smaller in
absolute terms than the reduction at lower energies. Thus, the neutron
fluence depression occurs precisely in the most biologically impactful

energy range, intensifying the overall 𝐻𝑄,𝑇 reduction.
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Fig. 6. At 100 g cm−2, Mg and Mg-14wt%Li, and B4C addition reduce annual 𝐻𝑄,𝑇
from neutrons in the biologically relevant range from 0.2MeV to 20MeV while that
from protons is relatively unaffected.

4.3. Proton and neutron radiation exposure by areal density

Integrating 𝐻𝑄,𝑇 by radiation type enables analysis of the evolution
of the space radiation risk by primary and secondary contributions.
Thus, the influence of target material – and its atomic mass – can be
readily evaluated.

Fig. 7 shows that 𝐻𝑄,𝑇 from protons remains unchanged until
1 g cm−2, then builds up to a maximum around 40 g cm−2, and finally
apidly decreases beyond this. In the build-up region, Mg/Mg-14wt%Li

and B4C additions slightly increase 𝐻𝑄,𝑇 compared to Al. This may
be a result of nuclear fragmentation increasing lower mass projectiles
like protons rather than ions [56]. The maximal increase is slight, not
exceeding 3.5% over Al.

Fig. 7 also shows that 𝐻𝑄,𝑇 from neutrons shows a consistent and
substantial reduction with Mg/Mg-14wt%Li and B4C addition com-
pared to Al. The build-up also demonstrates the solely secondary nature
of these neutrons. Beyond about 25 g cm−2, Mg and Mg-14wt%Li reduce
𝐻𝑄,𝑇 from neutrons by about 20% at maximum. In this same areal den-
sity range, B4C addition also reduces 𝐻𝑄,𝑇 by about 10% at maximum.
This reduction in neutron 𝐻𝑄,𝑇 appears responsible for the reduction
in overall 𝐻𝑄,𝑇 build-up as seen in Fig. 3. While protons constitute a
substantial but not majority of overall 𝐻𝑄,𝑇 prior to 100 g cm−2, neu-
trons are mostly responsible for 𝐻𝑄,𝑇 past this. Thus, the suppression
in neutron build-up suppresses overall 𝐻𝑄,𝑇 build-up. The consistent
reduction in 𝐻𝑄,𝑇 from neutrons may be attributed to the decrease in
energetic neutrons with a high 𝑄 (𝑍,𝐸) and the increase in neutrons
being less energetic ones with a comparatively low 𝑄 (𝑍,𝐸) as shown in
Figs. 5 and 6. Increased fragmentation by lower atomic mass materials
leads to lower mass projectiles like protons and neutrons [52,56] and,
importantly, generates these projectiles in less biologically relevant
energies — at least for neutrons weighted according to 𝑄 (𝑍,𝐸).

5. Discussion

Dose, depicted in Fig. 2, shows the conventional build-up with
increasing areal density due to secondary radiation generation from
nuclear fragmentation of the target material’s nuclei. Pure Mg and Mg-
14wt%Li reduce dose before 100 g cm−2 despite having an inconsistent
trend beyond this. Interestingly, B4C addition causes a relative increase
in dose at most areal densities. The effective dose equivalent (𝐻𝑄,𝑇 )
exhibits a two-stage suppression profile with Mg, Mg-14wt%Li, and B4C
addition: a moderate 5% reduction at lower areal densities and a larger
10% to 15% reduction at great areal densities.

Fig. 7 indicates that pure Mg, Mg-14wt%Li, and B4C addition reduce
𝐻𝑄,𝑇 compared to Al mostly due to the reduction in neutron build-
up. This may be due to increased fragmentation of the lower atomic
41
Fig. 7. Mg, Mg-14wt%Li, and B4C addition slightly increase annual 𝐻𝑄,𝑇 from protons
beyond 1 g cm−2 while that from neutrons is reduced beyond 25 g cm−2.

mass nuclei in these materials, leading to lower mass and less energetic
and less deleterious projectiles. These trends from lower atomic mass
materials comport with the relative increase in nuclear fragmentation
relative to Al predicted from Table 1. Mg, Mg-14wt%Li, and B4C
addition increase the proton dose and 𝐻𝑄,𝑇 relative to Al. However, this
increase is small in absolute terms. The increase in charged radiation
may be attributed to a shift in lighter fragmentation products from
lighter nuclei in the lightweight materials [52,56]. Bond et al. [9] found
a similar benefit to lighter elements and materials, though they did not
describe the composition of the secondary radiation produced.

The majority of build-up beyond 100 g cm−2 arises from secondary
neutrons and not protons (Fig. 7). This is in contradistinction to the
findings of Slaba et al. [4] who claimed that protons were the largest
contributor to build-up. This discrepancy may be resolved by not-
ing that the referenced study only evaluated areal densities up to
100 g cm−2, did not use a spherical geometry, and reported dose equiva-
lent using the ICRP Publication 60 quality factor (𝑄 (𝐿)). There is a ben-
efit to Mg/Mg-14wt%Li and B4C composites with respect to dose and,
especially, 𝐻𝑄,𝑇 build-up in most circumstances evaluated. This benefit
is apparently due to suppression of the secondary neutron contribution,
which dominates the overall 𝐻𝑄,𝑇 at high areal densities. This sup-
pression arises from the spectral softening of the neutron contribution
from energetic and high 𝑄 (𝑍,𝐸) to less energetic and lower 𝑄 (𝑍,𝐸).
Mg, Mg-14wt%Li, and B4C addition leads to this spectral softening.
The decrease in mass of projectiles from fragmentation apparently also
extends to a softening in their energy spectra, reducing their 𝑄 (𝑍,𝐸)
and thus health risks as shown by 𝐻𝑄,𝑇 . Horst et al. [39] similarly
ascribed the build-up in radiation as due to secondary neutrons, but in-
stead suggested a two-layer polyethylene shielding to attenuate neutron
produced in an initial Al layer rather than the present study’s findings
of secondary neutron suppression from inherently lower atomic mass
metals and composites.

6. Conclusions

Pure Mg and Mg-14wt%Li can substitute for Al, resulting in more
lightweight aerospace structures. Reinforcement with B4C may also
ameliorate mechanical properties, enabling further lightweighting if
component masses can be reduced. Fortuitously, these materials may
decrease health risks from space radiation as shown by the reduction in
effective dose equivalent compared to Al, especially beyond 10 g cm−2.
The reduction relative to Al for lighter materials was found to be

−2 −2
at most 5% for areal densities between 1 g cm to 50 g cm and a
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more substantial 10% to 15% reduction at areal densities greater than
0 g cm−2. This reduction is mostly due to a suppression in build-up of
econdary neutron radiation, which originates from the lower atomic
ass of these materials that increases fragmentation of incident GCR.
he secondary neutron contribution to effective dose equivalent is
reater than that of primary and secondary protons, the next most
ubstantial contributor, by 50 g cm−2 and only increases in relevance

beyond this. The build-up in neutrons is shifted from energetic, bi-
ologically relevant ranges to less energetic, less biologically relevant
ones. The effective dose equivalent builds up less overall and thus
space radiation health risks are reduced. Mg and Mg-14wt%Li are
thus beneficial not only for lightweighting but also space radiation
mitigation compared to Al. Boron carbide addition to these metals can
additionally mitigate the build-up in secondary space radiation.

Further refinements to the 3DHZETRN code include improved neu-
tron diffusion models and the introduction of data libraries for neutron
scattering [60]. This study should be repeated once these changes have
been introduced into OLTARIS. Other space radiation environments like
SPEs and even artificial radiation sources like nuclear reactors could
also be considered.
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