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Abstract

The rising number of proposed nanosatellite missions with Commercial Off-The-Shelf electronics to higher orbits necessitates inno-
vative, compact, and lightweight radiation shielding. In this study, several thousand multilayer radiation shielding configurations were
simulated against trapped particle spectra predicted for a geostationary transfer orbit to demonstrate how material combinations and
layer structures can be selected to minimise the total ionising dose inside nanosatellites with constrained mass budgets. The Geant4 Radi-
ation Analysis for Space (GRAS) application was used to calculate ionising dose deposition behind multilayer shielding. Thousands of
planar shielding stacks were procedurally generated and simulated on top of silicon plates representing sensitive semiconductor devices.
To allow for comparison between configurations, all shielding stacks had a total mass of 1.5 g/cm?, and shielding performance was eval-
uated based on the total ionising dose absorbed by the silicon plates. The simulations consistently show that configurations with low-
atomic-number (low-Z) materials on top of high-Z materials yield the lowest doses. The two- and three-layer mass allocation optimisa-
tions demonstrate the non-linear dependence of ionising dose on mass allocation between materials. Optimised polyethylene-lead shields
achieved up to 30% lower ionising doses compared to an equal mass of either of the two materials or up to 50% lower than the same mass
of aluminium. Contrary to previous claims about Z-graded shielding, no significant improvements were observed for using more than
two different materials, and optimisation of multilayer shields tends to reduce them to two-layer structures. Optimal multilayer radiation
shielding depends on various factors and must be tailored to specific radiation environments and mission requirements. The primary
contributions of this article are the methods presented for achieving this tailoring using open-source software and parallel computing.
The multilayer simulations performed for this work resulted in an extensive dataset for multilayer shielding performance that enabled
novel visualisations of the ionising dose dependence on shielding composition based on quantitative results.
© 2023 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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budgets of nanosatellites prevent the use of generous radi-
ation shielding, necessitating innovative solutions. Despite
these concerns, several CubeSat missions have been pro-
posed to geostationary transfer orbit (GTO) (Madry and
Pelton, 2020; Kopacz et al., 2020) or other high-radiation
space environments: SpectroCube (Elsaesser et al., 2020),
GTOSat (Blum et al., 2020), Orbital Factory II (Everett
et al., 2018), and Shields-1 (Thomsen et al., 2015).

The near-Earth radiation environment comprises the
Van Allen radiation belts, galactic cosmic rays, and solar
energetic particles (Vainio et al., 2009). For all three radia-
tion sources, models are available to predict the particle
fluxes experienced by a satellite traversing the radiation
environment (Ginet et al., 2013; Badhwar and O’Neill,
1996; Jiggens et al., 2014). The trapped particle spectra of
the Van Allen belts are the most significant source of total
ionising dose on GTO, as shown in Fig. 6, which is why
they were chosen as the example environment to demon-
strate the multilayer optimisation.

Without the ability to carry a heavy radiation shield for
their electronics, CubeSat missions beyond LEO require
innovative radiation mitigation strategies. Alternative
materials can improve shielding performance (Emmanuel
et al., 2014). Further improvements can be achieved by
combining different materials into multilayer radiation
shielding, which has been investigated since the 1940s
(Sasse, 1965). However, which materials to combine to
achieve minimal TID depends on the specific radiation
environment (Arif Sazali et al., 2019).

Rohach reported in 1966 that encasing heavy materials
with lighter ones achieves weight-efficient shielding
(Rohach, 1966). Rossi and Stauber investigated the optimi-
sation of two-layer shielding configurations for space appli-
cations using particle transport codes in 1977 (Rossi and
Stauber, 1977). Two-layer optimisation against electron-
bremsstrahlung was performed by Barnea et al. in 1987
(Barnea et al., 1987). Recently, attempts have been made
to identify effective shielding for specific environments
using the Monte Carlo N-Particle Transport Code
(MCNP) and genetic algorithms to optimise multilayer
shielding against gamma rays and neutrons for nuclear
applications (Hu et al., 2008) as well as electron and proton
spectra in low-Earth orbit (Daneshvar et al., 2021). Multi-
layer configurations have been constructed with foils and
tested against electron beams (Ibarmia et al., 2013).

While ground-based accelerator tests with measure-
ments in controlled laboratory environments are the only
way to reach definite conclusions about radiation shielding
performance, accelerator facilities cannot fully reproduce
the broad particle spectra in space that span several orders
of magnitude in energy (Emmanuel and Raghavan, 2016).
Simulations are not limited in this way and allow arbitrary
particle spectra to be simulated (Allison et al., 2016). Mod-
ern computing hardware, in combination with free, open-
source simulation software, provides a fast and affordable
alternative to estimate the performance of spacecraft radi-
ation shielding.
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The motivation for the presented simulations is the pro-
posed Foresail-2 mission to geostationary transfer orbit
(GTO), which intersects the most intense regions of the
radiation belts (Anger et al., 2023; Anger et al., 2022).
Despite the challenging radiation environment, Foresail-2
aims to use COTS electronic components, which sets ambi-
tious requirements for the radiation shielding of the
spacecraft.

The work presented in this article identified and opti-
mised multilayer shielding configurations to minimise the
total ionising dose received in a nanosatellite on orbit
through the central regions of the Van Allen radiation
belts. Several thousand multilayer configurations with up
to five layers were simulated and analysed with publicly
available open-source tools to identify suitable configura-
tions that minimise the ionising dose received behind the
shielding. Single-event effects and displacement damage
are not discussed in this analysis, as these require different
mitigation strategies that cannot be discussed in sufficient
depth in the scope of this article (Winokur et al., 1999).
The trapped particle spectra of the Van-Allen belts were
used as an example environment, but the proposed multi-
layer optimisation can be performed for all particle species
and energies that the Geant4 physics models cover.

The following Section 2 describes the methods and tools
used for the ionising dose simulations. The results of the
simulations are presented in Section 3, which also discusses
the implications of the findings. Finally, Section 4 sum-
marises the main conclusions of the article and provides
recommendations for future work in radiation shielding
optimisation for nanosatellites.

2. Total ionising dose simulation methods

The simulation approach for this study is outlined in
Fig. 1. The first step is to model and estimate the particle
spectrum for the orbit of the spacecraft. Several mathemat-
ical space radiation models are publicly available for this
purpose. These models use historical data combined with
physical relationships and assumptions to generate particle
flux spectra along the orbit defined by the user (Ripa et al.,
2020).

In the second step, a description of the geometries and
materials with which the particles interact must be sup-
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Fig. 1. Data- and workflow for space shielding simulations. The inputs in
black are derived from published scientific data and models. User-specified
inputs are marked in yellow, while the output is highlighted in green.
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plied. To simulate the radiation interaction with the given
materials and geometry, the particle simulation software
generates a random sample of particles that follow the
energy distribution of the input spectrum. These particles
interact with the user-defined geometries and materials,
depositing energies in the volumes of the simulated geom-
etry according to the chosen physics models (Agostinelli
et al., 2003). The energies deposited in detector volumes
are summed up to calculate the Total Ionising Dose
(TID) that would be received by sensitive components
onboard the spacecraft.

In the third step, the TID values are further processed
and visualised in their proper context, depending on the
specific simulation.

2.1. Particle spectra estimation

The ESA Space Environment Information System
(SPENVIS) (Heynderickx et al., 2000) was used to obtain
the particle spectra for all simulations presented in this
publication. SPENVIS provides standardised access to sev-
eral recent space environment models through a user-
friendly web interface (Heynderickx et al., 2004;
Heynderickx et al., 2005). The trapped particles of the
Van-Allen belts are the primary source of ionising dose
on GTO, as shown in Fig. 6. It was therefore decided to
use the trapped particle spectra as the example environ-
ment to demonstrate multilayer optimisation. As of 2023,
the AP-9/AE-9 models are the de facto standard for calcu-
lating trapped electron and proton fluxes in Earth orbit
(Ginet et al., 2013).

Table 1 shows the parameters used to generate the AP-
9/AE-9 spectra using SPENVIS. The orbit is defined based
on the launch date and perigee and apogee altitudes. Ver-
sion 1.5 of the AP-9/AE-9 models was used in percentile
mode with 97% confidence level. Only electrons above
500 keV and protons above 10 MeV deposit significant ion-
ising doses behind 1 mm of aluminium shielding. Simulat-

Table 1

Parameters used for the SPENVIS orbit generator and AP-9/AE-9 models
on SPENVIS. The generated trajectory does not account for solar
radiation pressure or atmospheric drag.

Parameter Value
Orbit start 01. Jul. 2025 00:00:00
Trajectory duration 30 days
Perigee altitude 300 km
Apogee altitude 36000 km
Inclination 0°

Right Ascension of Ascending Node 0°
Argument of perigee 0°

True anomaly 0°
Particle models AE9/AP9
Model version 1.5
Model run mode percentile
Percentile 97%

Electron Energies
Proton Energies
Interpolation type

0.5 MeV to 10 MeV
10 MeV to 1200 MeV
power-law
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ing particles with energies below these thresholds wastes
computational resources, which is why the low-energy
parts of the spectra were excluded from the simulations.
The generated proton spectrum contained a trailing zero,
which was removed to prevent issues with the power-law
spectrum interpolation.

Fig. 2 displays the expected average differential flux of
protons and electrons, which would be received by a space-
craft on equatorial GTO according to AP-9/AE-9 with the
parameters provided in Table 1.

For comparison, SEP spectra generated with the SAP-
PHIRE total fluence model (Jiggens et al., 2018) and
GCR spectra from the ISO-15390 model (International
Organization for Standardization, 2004) were also simu-
lated. For both, the version provided by SPENVIS was
used with the orbit parameters shown in Table 1. For SAP-
PHIRE, 97% confidence level was selected, while the ISO-
15390 standard model was used in +2 Sigma mode. Both
models generate flux spectra for ion species ranging from
hydrogen to uranium. However, only some of the species
contribute significantly to the total flux of solar and cosmic
ions. To simplify the simulations only a selection of the
most dominant species was simulated for each model.
For SEPs, the chosen species were H, He, C, O, Ne, Mg,
Si and Fe. For GCRs, the species H, He, C, N, O, Mg,
Si and Fe were selected. The flux spectra of these ion spe-
cies were simulated separately, and their deposited doses
were summed to calculate the TID attributable to SEPs
and GCRs. As shown in Fig. 6, their contribution to the
TID received on GTO behind aluminium shielding is neg-
ligible compared to the TID due to trapped particles.

2.2. Particle-matter interaction simulation setup

The Geant4 Radiation Analysis for Space (GRAS) sim-
ulation application was used for this publication. GRAS is

Differential AP-9 and AE-9 spectra on GTO
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Fig. 2. Average differential flux spectra of trapped protons and electrons
on GTO with 300 km perigee and 36 000 km apogee altitude, according to
the AP-9/AE-9 models for trapped particle fluxes with 97% confidence
level and other parameters as shown in Table 1 (Donder et al., 2018).
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an executable software application for simulating space
environment effects, based on the Geant4 toolkit (Santin
et al., 2005) and was developed as a result of the European
Space Agency’s (ESA) involvement in the Geant4 collabo-
ration (Lei et al., 2002). Geant4 is a Monte Carlo particle
simulation toolkit for the passage of particles through mat-
ter and “incorporates a large part of all that is known
about particle interactions” (Agostinelli et al., 2003, p.
253) (Allison et al., 2006; Allison et al., 2016; Geant4
Collaboration, 2022).

GRAS uses the physics and application libraries of
Geant4 to provide a flexible application that can be con-
trolled interactively or through macro files (Santin et al.,
2005). The Geant4 default FTFP_BERT physics model
was used for all simulations (Geant4 Collaboration,
2023a; Geant4 Collaboration, 2023b; Ivantchenko et al.,
2012; Banerjee, 2012).

The particle simulations presented in this publication
were performed using the processing power and data stor-
age space of the Triton computing cluster provided by the
Aalto University ”Science-IT” project. The heterogeneous
computing cluster consists of over 100 computing nodes
with various multithreaded server CPUs, such as Xeon
ES 2680 and Xeon Gold 6248. The cluster runs CentOS
7, with the SLURM scheduler and batch system (Aalto
Science-IT, 2022). The GRAS simulation software and
the Geant4 toolkit are platform-independent, which means
the simulations could be performed on any computer, with
the only difference being the run time. A trade-off between
the computation time and the statistical significance of the
results has to be made. The simulations presented in this
publication were usually performed with more than 10°
electrons and more than 107 protons each. In some cases,
even higher numbers of particles were required to achieve
acceptable statistics, with more than 10" electrons simu-
lated in a single run. The number of particles to be simu-
lated was equally distributed across hundreds of GRAS
instances, running in parallel on different threads of the
computing cluster. Using this approach, most simulations
were completed in under 12 h.

GRAS sums up the energies deposited by the particles
and their secondary particles within the designated detector
volumes of the simulation. Each GRAS instance generates
a comma-separated values (CSV) file containing the energy
deposited in each detector volume. The output can be
expressed in MeV per simulated particle or in rad, which
uses the GRAS internal analysis module, accounting for
the detector volume, particle source surface area, and dif-
ferential mission fluence. Python scripts were used to col-
lect raw data from the output files of all GRAS
instances, to process the data further, and to produce the
visualisations presented in this publication.

GRAS produces all ionising dose results together with
an estimate of the statistical error of the result. This error
was considered and propagated through quadratic summa-
tion, assuming independent, normally distributed errors.

Advances in Space Research xxx (Xxxx) xxx

The error contribution from the uncertainty in the particle
spectra was neglected as the spectra are used merely as an
example to demonstrate the optimisation methods under
the assumption of a given particle environment. The sys-
tematic error of the FTFP_BERT Geant4 physics model
cannot be directly quantified and was therefore also
neglected. The uncertainties and errors for ionising dose
values presented in all line plots and tables are therefore
purely based on the statistical error of the Monte-Carlo
simulation.

Before conducting the main simulations with Geant4
and GRAS, the setup and method were verified by compar-
ing results with outputs from the SHIELDOSE-2Q tool for
ionising dose estimates for simple geometries (Seltzer, 1980;
Seltzer, 1994). SHIELDOSE-2Q calculates the ionising
dose behind different thicknesses of simple shielding
geometries containing a single material under irradiation
from a given input particle spectrum. The SHIELDOSE-
2Q implementation, available on SPENVIS, was used for
this (Spenvis, 2018).

2.3. Simulation geometry setup

To optimise multilayer shielding, many shielding config-
urations must be simulated. The geometry of the configura-
tions should therefore be simple to implement, replicable
and fast to simulate. The planar geometry, as used by
Emmanuel and Raghavan (2015), can be placed side by
side in large numbers. It also ensures that all particles that
traverse the shield will reach the detector volume. This
makes efficient use of computational resources, maximising
statistical accuracy.

Each multilayer configuration is implemented by stack-
ing square shielding plates on top of one another, with a
detector plate at the back, as shown in Fig. 3.

Shielding stacks consist of N material layers with thick-
nesses #; to ¢ty and corresponding layer depths d; to dy. The
total shielding depth is D in g/cm? The detectors are
0.5 mm thick silicon plates, representing the sensitive vol-
umes of integrated semiconductor devices. The particles
are generated on the surface of layer 1 with an inward-
facing cosine angular distribution to represent the isotropic
radiation environment of space. The energy distribution of
the particles follows the input spectrum. The combination
of a multilayer shielding stack and detector acts as the basic
building block of the simulated geometries and is referred
to as a shielding tile in the following.

The geometries for Geant4 simulations are implemented
using the Geometry Description Markup Language
(GDML)(Cern, 2020; Chytracek et al., 2006). It allows
for text-based procedural generation of many radiation
shielding tiles in a virtual three-dimensional world, as
shown in Fig. 4.

In Fig. 4, the layer thicknesses are exaggerated to make
the layer structure visible. To reduce effects on the edges of
the tiles, sufficiently large tiles are needed compared to the
few mm thick layers. In the actual simulations, the tiles
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Fig. 3. Geometry of a planar multilayer shielding configuration with
shielding layers and detector. The shielding stack has N layers, each with
their respective thicknesses 7, to #y. The particles are generated on the
surface of layer 1 with a cosine angular distribution, and the detector is
placed at the back of layer N. Any energy deposited by the particles or
their secondary particles in the silicon detector is registered and used to
calculate the TID result of the simulation.

Fig. 4. Render of procedurally generated two-layer shielding tiles placed
side by side. The particle tracks were simulated with Geant4. The thickness
of the layers was increased for this visualisation to make the layer
structure visible. The red and blue layers are shielding materials, and the
grey layers are detector volumes.

measure 10 m by 10 m and are up to several millimetres
deep. The silicon detector plates behind the shields are
0.5 mm thick.

As illustrated in Fig. 3, the blue and red layers represent
two different shielding materials, while the grey layer at the
back is a silicon plate that acts as the particle detector. The
tiles are placed side by side such that their top layers form a
smooth surface. Electrons and protons are generated at
random locations on this surface, with each tile receiving
an even share of the simulated particles. The number of
particles must be sufficiently large to achieve statistical sig-
nificance. This must be considered in the trade-off between
computational time and statistical uncertainty in the
results. The computation time also depends on the number
of tiles. A significant increase in computation time was
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observed for simulations with over 1000 tiles, which is
why most simulations were limited to this number.

2.4. Material permutations

A multilayer configuration is defined by its materials,
the order in which they are arranged and the thicknesses
t;.n or depths d; y of each layer. This leads to an infinite
number of possible configurations P even if the number
of layers N and the number of possible materials M are lim-
ited. A systematic approach is needed to investigate this
parameter space. Effective multilayer material combina-
tions can be identified by simulating all permutations of a
list of materials for a specified number of layers. The depth
of the layers must be fixed to the same value to reduce the
number of possible configurations to a finite value and to
allow for comparison between configurations. Once a suit-
able selection and order of materials are found, the depth
ratio between the layers can be further optimised.

Geant4 allows the procedural generation of large num-
bers of multilayer configurations through GDML scripts,
as shown in Fig. 4. If M is the number of possible materials
and N the number of layers, then the number of possible
material permutations P in the multilayer stack is

P=M". (1)

To be able to compare the different configurations, the
thicknesses ¢y of the layers are calculated from the densities
of the materials p,. This ensures that all layers have the
same depth d, y = d = D/N in g/cm?® Consequently

D 4
Py N py

(2)

Iy

Due to the different p, of the materials, the actual #,_y can
vary significantly despite having the same depth.

2.5. Two-layer mass allocation optimisation

The permutation simulations introduced in 2.4 allocate
a fixed ratio of the shielding mass to each layer. However,
the shielding performance can be further improved by opti-
mising the mass ratio assigned to the different layers. To
allow for a fair comparison between different configura-
tions, all tiles must have the same total shielding depth
D, which is defined as

D=3, = (01, ()

n=1

An example of such a configuration is shown in Fig. 4. The
thicknesses #; and ¢, are calculated based on their position
x, which enumerates the tiles from left to right with X being
the number of tiles and x € 0,..,X — 1, therefore
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D x
== (1-— 4
h pl( Xfl)’ “)
D x
tz_p_z'X—l' (5)

Egs. 4 and 5 ensure that the total shielding depth of the
stack is equal to D, while the mass allocation between the
two shielding materials changes linearly with increasing
x. The leftmost tile only consists of layer one, and the right-
most tile only of layer two. The example geometry in Fig. 4
was generated with X = 11 such that the mass allocation
between the two layers changes in steps of 10% between
the tiles. The first tile is 100% layer 1, the second tile is
90% layer 1 and 10% layer 2, etc. The two-layer optimisa-
tion simulations presented in 3.3.1 were performed with
X =101 tiles to provide more granular results. Fig. 10
shows the results of such a two-layer optimisation.

2.6. Three-layer mass allocation optimisation

The same concept can be extended for three materials by
adding a second gradient. To allow for direct comparison,
the total depth of each shielding configuration must be the
same. Three-layer optimisation can be visualised as ternary
plots, as demonstrated by Alfred F. Rohach in 1967
(Rohach, 1966). The simulation geometry was imple-
mented in GDML as a planar triangle comprised of 900 tri-
angular tiles, where L =30 is the total number of tiles

100

Fig. 5. Ternary plot illustrating the material allocation of the 900
triangular tiles, coloured according to their composition as RGB values.
The top corner tile contains only material one, the lower right corner only
material two, and the lower left corner only material three. The tiles in
between contain combinations of the three layers according to their
coordinates in the ternary plane. In the centre, the three layers have equal
mass contributions, represented by the RGB values combining to white.
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along one side of the equilateral triangle as in Fig. 5. Each
tile has three shielding layers and one detector layer. The
total depth of the three layers adds up to 1.5 g/cm?, and
the detectors are 0.5 mm thick silicon plates.

In the triangular grid, x and y represent the coordinates
of a tile along the two sides of the equilateral triangle. For
a given x, the value of y starts from 0 and goes up to
L —x—1. This constraint ensures the tiles are placed
within the equilateral triangle, forming a grid that respects
the triangular shape. The upward- and downward-pointing
triangles are calculated separately to form a coherent grid
without gaps and the layer thicknesses are calculated
depending on their location in the triangle.

For upward-pointing triangles

D X

T (1= __ry

L pA( =1 o) ©)
D X

1Tz .~

Z‘B_pB L_17 (7)
D y

= .2

tC_pC L_17 (8)

while for the downward-pointing triangles

tj:2.<1_x+1/3_y+1/3>’ 9)

04 L—-1 L—-1
D x+1/3

L=z I/

tB_pB T (10)
D y+1/3

L=

tc_pc T (11)

where ¢}, 1}, 1., ¢}, 5, and ¢.. are the layer thicknesses of
materials A, B, and C in upward and downward pointing
triangles. The terms p,, pg, and p. represent the respective
densities, while D is the total shielding depth. The thick-
nesses vary depending on the position (x,y) of the tile
within the equilateral triangle, ensuring a discrete gradient
of the material allocation.

3. Results and discussion
3.1. Simulation setup verification

To validate the GRAS/Geant4 simulation setup, a com-
parison with the SHIELDOSE-2Q tool on SPENVIS was
performed as introduced in Section 2.2. Fig. 6 shows the
results of simulating 4.6 x 10® electrons and 9.7 x 10® pro-
tons with GRAS/Geant4 to produce ionising dose data
with low statistical uncertainty. Between 0.5 g/cm?® and
1.5 g/em?, the results from Geant4 and SHIELDOSE-2Q
agree up to a few percent deviation, which validates the
simulation setup. The target ionising dose rate to which
the spacecraft should be shielded was chosen to be 1 krad
per month to allow for a mission duration of up to one year
using COTS electronic components. Geant4 and
SHIELDOSE-2Q agree that 1.5 g/cm? are sufficient to
reduce the expected TID to 1 krad per month assuming
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Comparison between Geant4 and SHIELDOSE-2Q
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Fig. 6. Comparison between ionising dose results from simulations with
Geant4 and SHIELDOSE-2Q. The two software agree that 1.5 g/cm?® of
aluminium shielding are sufficient to reduce the expected TID to 1 krad
per month assuming the particle spectra shown in Fig. 2. TID results for
solar particles and cosmic particles were added for comparison.

the particle spectra introduced in Section 2.1. All following
simulations have been performed with 1.5 g/cm? of total
shielding depth to allow for direct comparison between dif-
ferent configurations.

Fig. 6 also shows TID results for solar and cosmic par-
ticles on the GTO specified in Table 1. The dose contribu-
tion of the solar and cosmic particles is negligible compared
to the trapped particles, and all following simulations were
only performed with the trapped particle spectra.

The selected Geant4 default FTFP_BERT physics list
was further validated by comparison with other Geant4
physics lists. For this purpose, the two-layer optimisation
for polyethylene on top of lead (Fig. 10) was also per-
formed with the other Geant4 reference physics lists
QBBC, QGSP_BERT and QGSP_BIC as well as the elec-
tromagnetic physics options EM Opt3, EM Opt4 and
EM Livermore. The maximum relative deviation between
the dose values generated by the different models was less
than 1.5% for both electrons and protons, which supports
the validity of the results generated with the FTFP_BERT
model.

3.2. Shielding stack material permutations

As introduced in Section 2.4, suitable material combina-
tions can be found by simulating all possible layer permu-
tations of a selection of materials arranged in a finite
number of layers. To limit the number of possible permu-
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tations, equal mass was assigned to each layer. This also
compensates for the different densities of the materials
but requires further optimisation once suitable material
combinations are found.

3.2.1. Single-layer shielding

To get a first understanding of the shielding perfor-
mance of different materials, all chemical elements from
hydrogen with Z-number 1 up to californium with Z-
number 98 were simulated in planar slabs on top of
0.5 mm thick silicon detector plates as introduced in Sec-
timzl 2.3 with each of the shielding plates weighing 1.5 g/
cm”.

Fig. 7 shows the excellent shielding properties of hydro-
gen against both electrons and protons. The dose due to
protons increases with the Z-number of the shielding mate-
rial, while the dose due to electrons decreases for higher Z-
numbers. The explanations for this behaviour are outside
the scope of this study but can be found in literature such
as the Review of Particle Physics chapter 34 (Workman
et al, 2022). The simulation was performed with
4.3 x 10" electrons and 1 x 10® protons, which results
in statistical uncertainties below 0.5%. This is why the error
bars of the data points are too small to be visible in the
plot. Therefore, the fluctuations around the trend in
Fig. 7 are not statistical fluctuations but represent differ-
ences in the simulated shielding performance between the
materials. All simulation results contain systematic errors
due to the physics model or the imperfect implementation
of the materials, but these could not be quantified without
physical measurements.

3.2.2. Two-layer permutations
The simulation of Section 3.2.1 was extended to two
shielding plates on top of each other, with each of the

lonizing dose behind 1.5 g/cm2 of shielding

24 —}— AE9 Electrons
AP9 Protons
—f— Total dose

os]

0.25 A

Total ionizing dose per month in silicon [krad]

0 20 40 60 80 100
Z-Number of shielding material

Fig. 7. Tonising dose deposited by the trapped particle spectra in 0.5 mm
silicon behind 1.5 g/cm? shielding consisting of the first 98 chemical
elements. High-Z materials shield well against electrons, while low-Z
materials shield well against protons. The full dataset is publicly available
on Zenodo (Fetzer, 2023a).
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shielding plates weighing 0.75 g/cm? for a total of 1.5 g/
cm?. With 98 chemical elements in the database, there
would be 9604 possible combinations, which slowed down
the simulation significantly. The two-layer simulation was
therefore performed for only the first 50 elements, which
gives 2500 combinations. The full ionising dose results of
this simulation for all 2500 combinations are published
on Zenodo (Fetzer, 2023e).

Both Figs. 8 and 9 show the good shielding performance
of hydrogen. Shielding combinations with lithium, beryl-
lium, and boron perform significantly below average
against electrons, while they do not stand out in the proton
dose map. The performance differences between materials
with high Z-numbers are minor, which gives the upper
right quarter of the plots a uniform appearance. The pro-
ton map appears almost symmetrical along the diagonal
from lower left to upper right. The electron map shows a
slight gradient from the upper left to the lower right, indi-
cating that low-Z combinations on top of high-Z materials
generally perform better than high-Z materials on top of
low-Z when shielding against trapped electrons.

3.2.3. Three-layer permutations

With three layers, the number of materials had to be
reduced significantly to keep the total number of combina-
tions low enough to run the simulation in a reasonable
amount of time. It was decided to simulate only a selected
list of ten materials that are commonly used in the aero-
space industry or general radiation shielding, instead of
chemical elements. If not otherwise specified, the material
implementations in Geant4 were taken from the Geant4
material database (Geant4 Collaboration, 2021). The
CubeSat standard specifies the aluminium alloys 7075,
6061, 5005 and 5052 to be used in CubeSats (The

Electron dose for two layer shielding
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Fig. 8. Ionising dose deposited by trapped electrons in 0.5 mm silicon
detectors behind shielding configurations consisting of all possible two-
layer combinations of the first 50 chemical elements with each of the layers
weighing 0.75g/cm? for a total of 1.5 g/em? (Fetzer, 2023e).
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Proton dose for two layer shielding
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Fig. 9. Ionising dose deposited by trapped protons in 0.5 mm silicon
detectors behind shielding configurations consisting of all possible two-
layer combinations of the first 50 chemical elements with each of the layers
weighing 0.75 g/cm? for a total of 1.5 g/em? (Fetzer, 2023e).

CubeSat Program, 2022). Alloy 6061 is more than 95% alu-
minium (The Aluminum Association, 2018) and is repre-
sented by elemental aluminium in the simulation. The
aluminium alloy 7075 is up to 6.1% zinc, 2.9% magnesium
and 2% copper, with other elements contributing less than
one percent (The Aluminum Association, 2018) and the
alloy was implemented with these mass percentages. Poly-
ethylene and Kevlar have been investigated on the Interna-
tional Space Station as shielding materials (Narici et al.,
2017). Kevlar is simulated as the pure material itself, as
implemented in the Geant4 material database and not as
a composite material. Lead is a common shielding material
for ground-based radiation shielding and has been investi-
gated for use in multilayer shielding systems (Arif Sazali
et al., 2019). Tungsten has been proposed as part of a com-
posite or multilayer shielding for space applications
(Klamm, 2015). Stainless steel has been proposed as a
spacecraft material by SpaceX (Scoles, 2022). The stainless
steel implemented in the Geant4 database is 304 steel with
18% chromium and 8% nickel (Geant4 Collaboration,
2021). CubeSats contain significant amounts of printed cir-
cuit boards, which are usually made from FR4. Spacecraft
structures can nowadays also be made from carbon fibres
(Martins et al., 2018). The FR4 and carbon fibre implemen-
tations used in the simulations for this publication are
taken from source code of Andrii Tykhonov (Tykhonov,
2019). Tantalum is used on a shielded satellite to GTO
(Lucas et al., 2022). Teflon is used in space applications
due to its low friction and high durability (Rutledge
et al., 2001). Titanium is commonly associated with aero-
space engineering, and the alloy Ti-6AL-4 V with 6% alu-
minium and 4% vanadium was chosen to represent
common titanium alloys (Kumar et al., 2021).

Table 2 shows that multilayer configurations with poly-
ethylene in the upper layer perform well against trapped
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protons and electrons when combined with high-Z materi-
als like lead, tantalum or tungsten, which seem to be inter-
changeable as material for the bottom layer. Kevlar, a
carbon-based low-Z material, performs slightly worse than
polyethylene and is the only other material that appears in
the middle and top layers of the five highest-ranked results.
The five configurations that achieved the lowest TID values
all have a high-Z material as their bottom layer. The con-
figuration only containing the common spacecraft struc-
ture material Al-7075 performs poorly and ranks in the
bottom 20%. The five combinations that resulted in the
highest TIDs from this set all contain Teflon. The shield
containing only Teflon resulted in more than twice the
TID of the best-performing combination.

3.2.4. Four-layer permutations

With four layers, the number of materials had to be fur-
ther reduced to only six, which gives a total of 1296 combi-
nations. The materials were selected from the best
performing materials of the three-layer simulation and
are the aluminium alloy Al-7075, polyethylene, Kevlar,
tungsten, stainless steel and FR4. All were implemented
as explained in Section 3.2.3. The material lead was dis-
qualified due to its weak structural integrity and toxicity.
Tantalum was removed because it is interchangeable with
tungsten. Due to their poor performance, carbon fibre,
Teflon and titanium were removed from the material
selection.

The top five best-performing four-layer shielding config-
urations of Table 3 all contain polyethylene in at least one
of the two top layers or both of the upper layers, while all
of them have tungsten as their bottom layer. As already
seen in the three-layer results, Kevlar can replace individual
layers of polyethylene but appears to perform slightly
worse. The aluminium alloy that was part of the material
list does not appear at all in the five best configurations
but several times in the five worst combinations. Kevlar
behind Aluminium seems to be a particularly bad radiation

Table 2
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shield, with the worst-performing combination being steel
on top of aluminium on Kevlar.

3.2.5. Five-layer permutations

A final fifth layer was added to the permutation simula-
tion to allow for further optimisation. The material selec-
tion was reduced to only four to keep the number of
possible combinations at 1024. For this, Kevlar and stain-
less steel were removed, and the simulation was performed
with the following materials: polyethylene, tungsten, FR4
and Al-7075.

The five best results of the five-layer simulation shown in
Table 4 all contain polyethylene in both top layers. The
best results contain tungsten in their bottom layer, which
further corroborates the claim that combinations of low-
Z materials on top of high-Z materials tend to produce
effective shields against the particle spectra of the radiation
belts.

All five of the worst results contain tungsten in the
outermost layer. Amongst this narrow selection of materi-
als, the aluminium alloy performed particularly poorly,
appearing 13 times in the worst five configurations.

Comparing the total dose values of the Tables 24
shows no significant reduction in TID when adding more
layers. In Table 4, the two best results of all simulated
five-layer configurations only contain two actual layers
because neighbouring layers of the same material can be
seen as one layer. Of the ten best five-layer configurations,
none is a proper five-layer configuration. The best three-
layer configurations generated in this simulation performed
just as well as the best four-layer and five-layer
configurations.

3.3. Layer mass allocation optimisation

Once suitable material combinations are identified, the
shielding performance can be further optimised by varying
the mass allocation between the layers as introduced in Sec-

The three-layer shielding material combinations, which resulted in the lowest and highest TID of a total of 1728 simulated combinations of twelve different
materials against the trapped electron and proton spectra. The aluminium alloy Al-7075 was included as a reference. Each of the layers has a depth of 0.5g/
cm? for a total shielding depth of 1.5g/cm?. The combinations are sorted and ranked according to their total dose shielding performance and presented
with their statistical error. The full dataset with all 1728 combinations is publicly available on Zenodo (Fetzer, 2023d).

Shielding Layers

Ionising dose [krad]

Rank A B C Electrons Protons Total Dose

1 PE PE Pb 0.135 + 0.004 0.3703 £ 0.0015 0.506 + 0.004
2 PE PE Ta 0.145 4+ 0.004 0.3654 + 0.0014 0.511 + 0.004
3 PE PE W 0.15 4+ 0.004 0.3679 + 0.0015 0.518 + 0.004
4 PE Kevlar Pb 0.156 + 0.004 0.3857 £ 0.0015 0.541 + 0.004
5 Kevlar PE Pb 0.157 + 0.004 0.3859 £ 0.0015 0.542 + 0.004
1482 Al-7075 Al-7075 Al-7075 0.53 + 0.007 0.4091 + 0.0014 0.939 + 0.007
1724 Teflon Teflon Carbon fibre 0.728 + 0.007 0.3537 4+ 0.0015 1.082 + 0.008
1725 Al-7075 Teflon Teflon 0.711 + 0.008 0.3804 + 0.0015 1.092 + 0.008
1726 Ti_6AL 4V Teflon Teflon 0.711 + 0.008 0.3885 4+ 0.0015 1.099 + 0.008
1727 Al-6061 Teflon Teflon 0.726 + 0.008 0.3792 + 0.0014 1.105 + 0.008
1728 Teflon Teflon Teflon 0.744 + 0.007 0.3688 4+ 0.0015 1.113 + 0.008
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Table 3

The four-layer shielding material combinations which resulted in the lowest and highest TID of a total of 1296 simulated combinations of six different
materials against the trapped electron and proton spectra. The aluminium alloy Al-7075 was included as a reference. Each of the layers has a depth of
0.375g/cm? for a total shielding depth of 1.5g/cm>. The combinations are sorted and ranked according to their total dose shielding performance and
presented with their statistical error. The full dataset with all 1296 combinations is publicly available on Zenodo (Fetzer, 2023c).

Shielding Layers Ionising dose [krad]

Rank A B C D Electrons Protons Total Dose

1 PE PE PE \"% 0.1639 + 0.0027 0.3465 4+ 0.0013 0.5103 £ 0.003
2 PE PE Kevlar W 0.1805 + 0.0029 0.3576 £ 0.0014 0.5381 =+ 0.0032
3 PE Kevlar PE W 0.1816 + 0.0029 0.3581 4 0.0013 0.5396 + 0.0031
4 PE PE w w 0.1257 4 0.0023 0.4143 4 0.0014 0.54 £ 0.0028

5 PE PE FR4 \"% 0.1733 £ 0.0028 0.3701 4 0.0014 0.5434 4+ 0.0031
1265 Al-7075 Al-7075 Al-7075 Al-7075 0.525 £+ 0.004 0.4078 £ 0.001 0.933 £ 0.005
1292 Al-7075 Al-7075 Kevlar Kevlar 0.613 £ 0.005 0.3573 £ 0.001 0.97 £ 0.005
1293 w Al-7075 Al-7075 Al-7075 0.518 £ 0.004 0.4515 £ 0.002 0.97 £ 0.005
1294 Al-7075 Kevlar Kevlar Kevlar 0.633 £ 0.005 0.3411 £ 0.001 0.974 £+ 0.005
1295 Steel Al-7075 Kevlar Kevlar 0.611 £ 0.005 0.3665 + 0.001 0.978 + 0.005
1296 Steel Al-7075 Al-7075 Kevlar 0.595 £ 0.005 0.3888 4 0.001 0.984 + 0.005
Table 4

The five-layer shielding material combinations that resulted in the lowest and highest TID of 1024 simulated combinations of four different materials
against the trapped electron and proton spectra. The aluminium alloy Al-7075 was included as a reference. Each of the layers has a depth of 0.3g/cm? for a
total shielding depth of 1.5g/cm?. The combinations are sorted and ranked according to their total dose shielding performance and presented with their
statistical error. The full dataset with all 1024 combinations is publicly available on Zenodo (Fetzer, 2023b).

Shielding Layers

Ionising dose [krad]

Rank A B C D E Electrons Protons Total Dose

1 PE PE PE PE W 0.1809 + 0.0017 0.3341 4+ 0.0014 0.5149 + 0.0022
2 PE PE PE W W 0.1362 + 0.0015 0.3857 + 0.0014 0.522 + 0.0021
3 PE PE w PE W 0.1454 £+ 0.0016 0.3811 & 0.0017 0.5265 + 0.0023
4 PE PE PE FR4 W 0.1863 + 0.0018 0.3519 4+ 0.0013 0.5381 + 0.0022
5 PE PE FR4 PE \%% 0.1879 + 0.0018 0.3513 £+ 0.0012 0.5392 4+ 0.0021
1012 Al-7075 Al-7075 Al-7075 Al-7075 Al-7075 0.5246 + 0.0028 0.4089 + 0.001 0.934 + 0.0032
1020 \\% Al-7075 Al-7075 Al-7075 FR4 0.5302 + 0.0026 0.4278 + 0.001 0.958 + 0.003
1021 W W w W W 0.2501 + 0.0018 0.71 + 0.002 0.96 + 0.0025
1022 w FR4 Al-7075 Al-7075 Al-7075 0.527 + 0.0027 0.4333 £+ 0.002 0.96 + 0.0031
1023 W Al-7075 Al-7075 FR4 Al-7075 0.5288 + 0.0027 0.432 + 0.002 0.961 + 0.0031
1024 W Al-7075 Al-7075 Al-7075 Al-7075 0.5467 + 0.0028 0.4413 £+ 0.001 0.988 + 0.0031

tion 2.5. This was performed for both two-layer and three-
layer shields.

3.3.1. Two-layer mass allocation optimisation

Fig. 10 shows the total dose received in a 0.5 mm silicon
plate behind 1.5 g/cm? of polyethylene on top of lead
shielding with the trapped electron and proton spectra as
described in Section 2.1.

The x-axis shows the mass allocation to polyethylene,
with the remainder of the mass being lead. The simulation
was performed for both polyethylene on top of lead and
lead on top of polyethylene. The resulting TID is non-
linear dependent on the mass allocation and the order of
the materials. The data for polyethylene on top of lead
shows a clear optimum between 70% to 80% of the
1.5 g/cm? being allocated to polyethylene, with the lowest

TID being significantly lower than for shielding with purely
one of the materials. If lead is on top of polyethylene, the
TID can be up to 50% higher, highlighting the importance
of the order of materials.

This non-linear dependency of the TID on the mass allo-
cation was also observed in most of the other simulated
material combinations, as shown in Fig. 11. The simula-
tions suggest that for combinations of materials with signif-
icant differences in atomic mass number, the best shielding
performance can be achieved with a combination of the
two materials, which is better than shields that only contain
one of the materials. For materials with similar atomic
mass numbers, the TID minimum can be on the extreme
ends of the mass allocation. In these cases, there is no ben-
efit of having a second material since the best performance
can be achieved by one of the two materials alone.
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Total dose deposited by trapped particles in 0.5 mm Si
behind 1.5 g/cm2 of Polyethylene-Lead shielding
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Fig. 10. Total dose behind polyethylene-lead shielding with varying ratio
between the materials for constant 1.5 g/cm?® shielding depth. The total
dose depends on the mass ratio and the order of the materials.
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Fig. 11. Total dose received in 0.5 mm of silicon behind 1.5 g/cm? of two-
layer shielding with varying mass allocation between the materials. The
material labels on the left denote the top layers that face the incoming
particles, while the labels on the right are the bottom layer materials.

3.3.2. Depth dependence of mass allocation optimisation

When varying the composition of a two-layer shield, the
optimal material allocation depends on the particle spectra
and the total depth of the shield.

Fig. 12 shows two-layer optimisation results for poly-
ethylene on top of lead for five different total shielding
depths. For 0.2 g/cm?, the minimum TID result is close
to 0% of the shielding mass in polyethylene. If the total
shielding depth is limited to only 0.2 g/cm? a shield con-
taining only lead would be the optimal solution. For
0.8 g/cm?, the optimum lies between 30% and 40%, and
the minimum is significantly lower than for the pure mate-
rials. For very thick shielding, the optimum is close to
100% polyethylene with only a thin lead layer in the back.
If minimal dose rates are required, shielding with thick
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Dose deposited by trapped particles in 0.5 mm Si
behind Polyethylene on top of Lead
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Fig. 12. Two-layer shields with varying mass allocations of polyethylene
on top of lead for different shielding depths. The optimal composition
depends on the total depth. For very thin shields, the lowest TID can be
achieved with purely lead shielding, while the thickest shield achieves the
lowest TID with more than 90% of the mass allocated to polyethylene.

slabs of polyethylene would be a weight-efficient solution.
Therefore, the trade-off to deciding a suitable shielding
solution must consider what dose rates are acceptable
and how much mass and volume can be allocated to the
shielding. To allow for comparison between the results,
all other simulations were performed with 1.5 g/cm? as dis-
cussed in Section 3.1.

3.3.3. Three-layer mass allocation optimisation

The layer mass allocation optimisation can be gener-
alised to three layers, as explained in Section 2.6.

Fig. 13 shows the ionising dose due to trapped electrons
received behind three-layer shields of varying composition,
with the top layer being polyethylene, the second layer
being aluminium, and the last layer being lead. The best
combination is located on the edge of the ternary plane
between lead and polyethylene, which means the best
two-layer combination of polyethylene and lead performed
better than any combination that contains aluminium
between the polyethylene and lead layers.

The geometry of Fig. 13 was also simulated with the
trapped proton spectrum, as shown in Fig. 14. For protons,
the tile with the lowest dose contains only polyethylene.
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Minimum dose per month: 0
0.1064+/-0.0015 kRad.
At composition:
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Fig. 13. Ionising dose due to trapped electrons received in 0.5 mm of
silicon behind 1.5 g/cm? of three-layer polyethylene-aluminium-lead
shielding with varying mass allocation between the materials. The tile
with the lowest TID is highlighted in white.

This means a proton shield would not benefit from adding
either aluminium or lead behind polyethylene.

Fig. 15 shows the dependence of total dose on the mass
allocation between the layers for polyethylene on top of
aluminium and lead. The optimum is located on the edge
of the ternary plane between the polyethylene and lead cor-
ners, which means the optimised shield contains only two
of the materials. Similar patterns were observed for all
other simulated three-layer combinations. The results of
the other simulations are summarised in Table 5.

Every row in Table 5 contains one material with zero
percent of the shielding depth allocated to it. This means
all the presented three-layer combinations could be opti-
mised by removing one of the materials. This is further evi-
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Fig. 14. Ionising dose due to trapped protons received in 0.5 mm of silicon
behind 1.5 g/em? of three-layer polyethylene-aluminium-lead shielding
with varying mass allocation between the materials. The tile with the
lowest TID is highlighted in white.
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Fig. 15. Total dose due to trapped particles received in 0.5 mm of silicon
behind 1.5 g/em? of three-layer shielding with varying mass allocation
between the materials. The tile with the lowest TID is highlighted in white.

Table 5

Summary of the optimisation results for three-layer radiation shields. The
configuration that yielded the lowest TID for the three materials is
presented, along with the corresponding percentage contribution of each
material to the total shielding mass. The resulting TID is reported in krad,
including statistical error.

Optimised material composition Total dose
Layer A Layer B Layer C [krad]
76 % PE 0% W 24 % Pb 0.5000 £ 0.0022
72 % PE 0% Al 28 % Pb 0.5014 £+ 0.0021
72 % PE 28 % W 0% PE 0.5066 + 0.0021
0% Al 76 % PE 24 % W 0.5102 4+ 0.0022
0% W 79 % PE 21 % W 0.5110 £ 0.0022
69 % PE 0% Al 31 % W 0.5118 4 0.0020
76 % PE 0% Al 24 % FR4 0.6261 £+ 0.0027
0% Al 66 % FR4 34 % W 0.6555 £+ 0.0024
0 % FR4 83 % PE 17 % Al 0.6798 £+ 0.0028
0% Al 86 % PE 14 % Al 0.6808 + 0.0027
48 % Al 52 % W 0% Al 0.7043 £+ 0.0024
0% Al 100 % FR4 0% Al 0.7891 £ 0.0030

dence that for the given particle spectra and investigated
materials, there is no benefit for more than two layers.

4. Conclusion and outlook

The shielding simulations presented in this article aimed
to identify material combinations and layer structures that
minimise the ionising dose received inside small satellites
on missions to Earth’s radiation belts.

The Geant4 simulation toolkit was used with the GRAS
application to compute the interaction of trapped particle
spectra with various shielding materials arranged in multi-
layer configurations with up to five layers.

The results show that the total ionising dose received in
silicon plates behind multilayer shielding is non-linearly
dependent on the mass allocation between different materi-
als in two- and three-layer shielding configurations. This
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indicates that optimising the mass allocation in multilayer
shielding systems can lead to significantly lower TID than
single-material shielding systems of the same total mass.
Optimised polyethylene-lead shields achieved up to 30%
lower ionising doses compared to an equal mass of either
of the two materials or up to 50% lower than the same mass
of aluminium. Especially for CubeSats which have con-
strained mass budgets and a tendency to fail prematurely,
this can mean mission extensions by several months or sev-
eral hundred grams in mass savings (Poghosyan and
Golkar, 2017).

The configurations which resulted in the lowest TID
behind 1.5 g/em? deep shielding consistently combined
low-Z materials, such as polyethylene, in the top layers
with high-Z materials, such as tungsten, lead or tantalum,
in the bottom layers. Configurations with low-Z materials
in the final layer performed poorly in all the presented sim-
ulations. Notably, the TID values did not show significant
reductions when increasing the number of layers in the
shielding configurations beyond two layers. The most effec-
tive two-layer configurations performed similarly to the
best configurations with up to five layers. This finding sug-
gests that, within the constraints of this article, dividing the
shielding mass into more than two layers of different mate-
rials may not lead to an improvement in shielding perfor-
mance against the trapped particles of Earth’s radiation
belts.

This seems to contradict claims about Z-graded shield-
ing such as made by Fan et al. (Fan et al., 1996) and Wro-
bel et al. (Wrobel et al., 2013), who proposed three-layer
shielding with a low-Z top layer, high-Z core and low-Z
final layer. Other examples of multilayer shielding with
three or more layers in the literature are given by Han
et al. (Han et al., 2023), Gohel and Makwana (Gohel
and Makwana, 2022), Sazali et al. (Arif Sazali et al.,
2019) and Yang et al. (Yang et al., 2015). On the other
hand, the older two-layer optimisation results of Rossi
et al. (Rossi and Stauber, 1977) and Barnea et al.
(Barnea et al., 1987) are supported by the presented results.

It is important to note that the simulation results are
specific to the 1.5 g/cm? shielding depth and trapped parti-
cle spectra considered in this article. The trapped particle
spectra were used merely as an example environment to
demonstrate the optimisation methods, which could be
applied to any particle type and spectra covered by the
Geant4 physics models. Further simulations with different
shielding depths, materials, and other radiation environ-
ments may yield different results. Additionally, other fac-
tors, such as structural integrity, weight, and cost, should
be considered when selecting shielding materials and
designing radiation protection systems for nanosatellites
and other spacecraft. The optimisation only focused on
the total ionising dose. Displacement damage and single-
event effects should also be considered when designing a
satellite but these effects require different shielding and mit-
igation strategies that are outside the scope of this study
(Zheng et al., 2019). The results presented in this article
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are based purely on Monte Carlo particle transport simula-
tions with the FTFP_BERT physics model. Validation
attempts have been made as part of this study by compar-
ing results from FTFP_BERT with SHIELDOSE-2Q and
other Geant4 physics models and good agreement has been
found, but alternative models might yield higher accuracy
or better performance. Particle transport simulations must
also be supported by measurements at accelerator facilities
and in the actual trapped particle radiation environment in
space. The Foresail-2 mission is proposed to perform such
measurements on GTO using a dedicated radiation and
shielding instrument, currently under development at Aalto
University under the name RadEx (Fetzer et al., 2023;
Anger et al., 2023).

In conclusion, if multilayer shielding is used, it must be
optimised for the specific radiation environment and the
specific requirements of the spacecraft or mission. The pro-
posed multilayer optimisation methods are therefore the
main result of this article. We encourage the reader to
use these methods to optimise their own multilayer radia-
tion shielding for the specific radiation environment of
their mission.
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