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Abstract

The emergence of small and aldrdable satellites has led to rapid growth in the
number of launched satellites over the past two decades. To save costs, small
satellites often use mass-produced electronic components not explicitly designed
for the radiation environment of space, which reduces reliability and makes them
unsuitable for higher orbits. Improved radiation protection would enable small
satellites to operate in high radiation environments and increase their reliability.
This work investigates how small satellite electronics can be protected against the high
radiation environment of geostationary transfer orbit on the example of the Foresail-2
mission. Foresail-2 is a planned 6U CubeSat mission to the Earth radiation belts and
Is intended to use consumer-grade electronics components. In this harsh environment,
most semiconductor devices require radiation shielding. The Space Environment
Information System of the European Space Agency was used to analyse expected
particle spectra along the planned orbit through the radiation belts. These particle
spectra were then used in Monte-Carlo simulations based on the Geant4 particle
transport toolkit to simulate the performance of dilérent shielding configurations.
Several thousand multilayer shielding configurations were simulated to optimise
the material composition and layer structure of multilayer shielding. The best
multilayer configurations against the combined proton and electron spectra of the
Earth’s radiation belts use materials with low proton numbers on top of materials
with high proton numbers and can significantly outperform conventional aluminium
shielding. However, the usage of alternative materials might introduce significant
overhead in the design and manufacturing of the satellite structure. Additionally,
the influence of satellite structure geometry and openings in the shield was analysed.
Even a 1 cm2 opening in the shield can increase the total ionising dose received by
electronic components over a mission lifetime by more than an order of magnitude.
In conclusion, the work recommends an aluminium body of 6 mm or equivalent
multilayer shielding for the Foresail-2 mission to reduce the radiation level to a
tolerable level for consumer-grade electronics, while openings in the satellite body
should be avoided or covered up with additional shielding.

Keywords GTO, Foresail-2, CubeSat, Radiation Shielding, Geant4, Radiation Belts
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Tiivistelma

Edullisten piensatelliittien kayttdonotto on johtanut avaruuteen laukaistujen satel-
liittien m&aran nopeaan kasvuun viimeisen parinkymmenen vuoden aikana. Kus-
tannusten minimoimiseksi, piensatelliitit kayttavat usein kuluttajaelektroniikassa
kaytettyja komponentteja joiat ei ole suunniteltu sateily-ymparistoon. Se pienentaa
piensatelliittien luotettavuutta ja estda niiden kaytén korkeammilla kiertoradoilla.
Tassa tybssa tutkitaan, miten piensatelliittien elektoniikkaa voidaan suojata kor-
kean sateilytason radoilla kayttamalla esimerkkina Foresail-2 missiota. Foresail-2
on 6U CubeSat satelliitti, joka on suunniteltu tutkimaan sateilyvyohykkeita mutta
satelliittissa aiotaan silti kayttaa edullisia komponentteja. Jotta satelliitti toimisi
sateilyvyohykkella, elektroniikkakomponentteja pitdéa suojata ionisoivalta sateilylta.
Simulaatioita jolla voidaan karakterisoita sateily-ympaéristo kiertoradalla seka satel-
liitin rakenteen sisélla, sekd suunnitella ndin suojarakenteiden optimaalinen massa
ja tilavuus. Tydssa on kaytetty Euroopan avaruusjarjeston SPENVIS ohjelmistoa
kiertoradan sateilyspektrien tarkkaan maarittelyyn annetulla kiertoradalla. Sateilys-
pektreita on sen jalkeen kaytetty Monte-Carlo simulaatoiden rakentamiseksi Geant4
hiukkasten etenemismallin avulla erilaisille suojarakenteiden konfiguraatioille. Tydssa
on simuloitu tuhansia erilaisia kerrosrakennelmia ja erilaisia materiaalivaihtoehtoja
parhaan matriaalikombinaation ja kerrosgeometrian I0ytdmiseksi. Parhaat kerros-
rakenteet sateilyvyon protoni- ja elektronisateilya vastaan ovat tuloasten mukaan
materialit missa pienen protoninumeron materiaali on asetettu korkean protoninu-
meron materiaalin paalle. Sellainen kerrosmateriaali on usein paljon tehokkaampi
kuin esimerkiksi usein kaytetty alumiini. Toisaalta, satelliittia rakentaessa taytyy
ottaa huomioon ettd mutkikkaiden kerrosrakenteiden kayttd mutkistaa satelliitin
rakennetta oleelisesti. Tyossa tutkittiin myds reikien vaikutusta rakenteessa. Selvisi,
ettd jopa 1 cm2 reikd voi nostaa ionisoivan sateilyn tasoa satelliitin sisalla jopa kym-
menkertaiseksi. Tyon tuloksena suositellaan Foresail-2 satelliitile 6 mm paksuisen
alumiinirakenteen tai vastaavan kerrosmateriaalirakenteen kayttoa jotta satelliitin
sisélla voitaisiin kayttdd kuluttajaelektroniikan komponentteja. Reikia satelliitin
rakenteessa tulisi valttaa tai ne tulisi suojata lisdrakenteilla.

Avainsanat GTO, Foresail-2, CubeSat, sateilysuojaus, Geant4, sateilyvyohyke
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Symbols and abbreviations

Symbols
A Atomic mass of the absorberd=mol]
c Speed of light in vacuum 3 10°m=s
d Detector thickness

D Shielding depth p=cm?]

Dwag Absorbed doseHrad]

E Energy

Eo Initial energy

Erea  Energy deposited due to mission fluence

Esm  Energy deposited in the simulation

Fi0.7  Solar radio flux at 10.7 cm wavelength

I Mean excitation energy of the medium 10eV

K = 4N ar2mec®  0:307 MeV cn¥=mol
M Particle mass

Mg Electron mass 0:510 MeV

n Number of simulated particles

Na Avogadro constant 6:022=mol
Ngeo Geometric normalisation factor
Nspec Spectrum normalisation factor

p Momentum

R Range p=cm|

le Classical electron radius 2:817 10 ®*m

Ta Thickness of the top layer of a multilayer shield

Ts Thickness of the second layer of a multilayer shield
Tc Thickness of the third layer of a multilayer shield
To Thickness of the fourth layer of a multilayer shield

v Particle speed

Wnax Maximum possible energy transfer to an electron in a single collision
X Distance or shielding tile index

Xo Radiation length

y Shielding tile index

z Charge number

Z Atomic number or proton number



Vet

area

o o0 w >

Fine structure constant %

= v=c Speed in terms of light speed

Lorentz factor

Density-eléct correction term

Detector material density

Area density of the detector §=cm?]

Density of the top layer of a multilayer shield
Density of the second layer of a multilayer shield
Density of the third layer of a multilayer shield

Density of the fourth layer of a multilayer shield



Abbreviations

CD Coulomb Drag

CERN Conseil Européen pour la Recherche Nucléaire

(European Organization for Nuclear Research)

COTS Commercial O[The-Shelf

CRAND Cosmic-Ray Albedo Neutron Decay

CSDA Continuous Slowing-Down Approximation

DDD Displacement Damage Dose

ESA European Space Agency

FMI Finnish Meteorological Institute

FORESAIL Finnish centre Of excellence in REsearch of SustAlnabLe space
FR4 Flame Retardant glass-reinforced epoxy resin laminate
FTFP_BERT Geant4 standard physics list for electromagnetic and hadron interactions
GCR Galactic Cosmic Ray

GDML Geometry Description Markup Language

GEI Geocentric Equatorial Inertial

GEO Geostationary Orbit

(Geosynchronous Equatorial Orbit)

GPS General Particle Source

GTO Geostationary Transfer Orbit

IC Integrated Circuit

IRENE International Radiation Environment Near Earth
LEO Low Earth Orbit

MAST Magnetometer Aboard the Foresail-2 cubeSaT
NASA National Aeronautics and Space Administration
PCB Printed Circuit Board

PMMA Polymethyl Methacrylate

PTFE Poly-Tetra-Fluoro-Ethylene (Teflon)

REPE Relativistic Electron and Proton Experiment
SAPPHIRE Solar Accumulated and Peak Proton and Heavy lon Radiation Environment
SEB Single-Event Burn-out

SEE Single-Event Elect

SEGR Single-Event Gate Rupture

SEL Single-Event Latch-up

SEP Solar Energetic Particles

SEU Single-Event Upset

SPE Solar Particle Event

SPENVIS SPace ENVironment Information System
SRREM Slot Region Radiation Environment Model

TID Total lonising Dose

ULF Ultra Low Frequency

XML eXtensible Markup Language



1 Introduction

In 1999 the CubeSat Project was initiated to develop the CubeSat standard to reduce
the costs and simplify the development of small satellites, enabling their use as
educational projects and increasing access to spadef. 5]. In just two decades,
more than a thousand CubeSats have been built by universities, institutions and
companies around the world7], [3].

To achieve the desired cost savings, CubeSats use commercial olzthe-shelf components
(COTYS) instead of custom radiation-hardened electronics, even though this makes
the satellites more susceptible to space radiatiod][ Most CubeSats operate in low
earth orbit (LEO), where they are protected against some kinds of ionising radiation
by the Earth’s magnetic field. For long-duration missions beyond LEO, radiation
becomes a significant design driver due to dose rates that can be orders of magnitude
higher than on LEO [, p. 669].

Until 2022 there have been no CubeSat missions to geostationary transfer orbit
(GTO) or other high radiation space environments{, p. 2][3]. The GTO is mainly
used as a temporary orbit to transfer spacecraft from LEO to geostationary orbit
(GEO). It is highly eccentric with its perigee near LEO and apogee near GEQ][
Spacecraft on GTO pass through the Van-Allen belts, which are populations of
energetic electrons and protons trapped by the Earth’s magnetic field, [p. 8320].
The radiation environment on GTO is harmful enough that a CubeSat with electronic
COTS components requires radiation protection to remain functional for more than
a few months B, p. 10]. However, small satellites do not have much mass to shield
sensitive components and their volume and mass constraints limit the amount of
shielding that can be added to the satellite.

Several CubeSat missions have been proposed to fly on GTO despite these problems.
Examples are SpectroCube], GTOSat [10], Orbital Factory Il [ 11] and Shields-112].
SpectroCube will only shield its most sensitive electronics withmm of aluminium

[9, p. 277]. GTOSat is reported to have a radiation vault in combination with spot
shielding [L3]. Orbital Factory Il has an aluminium case [L1] and the Shields-1 mission
was meant to compare the performance of dilérent kinds of advanced composite
radiation shields on GTO [LZ].

These examples show that there are several dilérent radiation mitigation strategies
for small satellites in high radiation environments. Testing spacecraft radiation
shielding is dildult and expensive, but simulations can be used to determine which
shielding type and configuration is the most eléctive for a specific mission while
minimising the weight and volume of the shielding.

This thesis work was performed in the context of the Foresail-2 mission, which
proposes to send a 6U CubeSat on GTO, where it intended to measure Ultra Low
Frequency (ULF) magnetic waves in the outer radiation belt. It also plans to
demonstrate the feasibility of a CubeSat mission to high radiation environment&4].
The thesis aims to identify the radiation environment expected on GTO and to
simulate possible shielding solutions that could be used to reduce the total ionising
dose (TID) accumulated in satellite electronics suldiently to allow a six-month long
CubeSat mission to the radiation belts using COTS components.



The SPace ENVironment Information System (SPENVIS)15-[18] is used to source
data about the radiation environment along the planned orbit through the radiation
belts. The particle spectra from SPENVIS are then used in Monte Carlo simulations
based on the Geant4 particle transport toolkit 19-[21] to simulate the performance

of dilérent shielding thicknesses, material compositions and geometries to evaluate
the shielding requirements and expected TID in the sensitive shielded components.
The background Chapter2 provides the theory and context for the other chapters of
the thesis. It first summarises the most important aspects of ionising radiation in
space. Then it introduces several particle environment models used to predict particle
fluxes in the near-Earth space. The relevant physics for particle matter interactions
in radiation shielding is given in Section2.3 followed by a short introduction to
radiation elécts in electronics. Section2.5 introduces the simulation tools that were
used in this thesis. The background chapter closes with an overview of the Foresail-2
CubeSat mission for which the presented investigations were performed. Chapser
presents the radiation environment expected on the Foresail-2 orbit using several
dilérent radiation models and explores the parameter space of the models to obtain
a reasonable estimate for the particle fluxes on GTO. The tools chapter, Chaptér
discusses the usage of the two simulation tools used in this thesis and the analysis
of their outputs, followed by a comparison between the tools. Chaptérpresents
techniques to optimise planar multilayer shielding using Geant4 as well as results
for multilayer shielding configurations, which were optimised against the particle
fluxes expected at GTO. The 3D structural simulations that were performed for the
Foresail-2 mission are presented in Chapté:. After cross-checking the simulation,
the impact of possible gaps and openings in the radiation shielding on the shielding
performance is investigated. Finally, results of multilayer shielded 6U CubeSat
simulations are presented, which are then used as the basis to propose a shielding
solution for the Foresail-2 CubeSat in the conclusions in Chaptét



2 Background

Space is radioactive!

Ernest Ray
[Van-Allen et al.1959 22, p. 42]

2.1 Radiation in space

The vacuum of space allows energetic particles to travel over long distances, while
various astrophysical and planetary mechanisms produce dilérent kinds of energetic
particles over a wide range of energies and intensities. Three primary sources of
ionising radiation dominate the near-Earth radiation environment: galactic cosmic
rays (GCRs), solar energetic particles (SEPs), and trapped patrticles in the Earth
radiation belts [23, p. 188].

2.1.1 Cosmic rays

Cosmic rays are energetic particles from outside our solar system. Approximately
90 % of these particles are protons9 % are ionised helium nuclei, and the remaining
one percent are heavier ionised nuclét4, Section. 1.1]. They are mainly produced in
supernova remnants through dildsive shock acceleration and spread throughout the
galaxy [23, p. 188]. GCRs appear as an isotropic interstellar radiation background.
The solar wind and interplanetary magnetic field of the heliosphere modulate the
GCR flux observed at Earth. It is generally anti-correlated to the 11-year activity
cycle of the Sun but also responds to variations in solar activity on shorter time
scales 23, p. 201].

Figure 1 shows the spectrum of cosmic rays over several orders of magnitude in
energy and flux, with high flux for lower energy GCRs and very low flux at extreme
energies. The spectrum follows a steep power-law with a steepening of the slope
referred to as the "knee" abov&0™ eV and a reduction in slope abové ('8 eV which

is called the ankle 25]. Even though cosmic rays can have very high energies, their
flux is low enough that they are not the primary source of TID in Earth orbit.

2.1.2 Solar particles

Our Sun is a significant source of the radiation environment in Earth orbit. It
accelerates protons, alpha particles and heavier nuclei and electrons through coronal
mass ejections and solar flares. This means the flux of SEPs from the Sun is highly
dynamic and can fluctuate by several orders of magnitud@q]. During solar flares,
SEPs can be accelerated to severslleV per nucleon. Solar electrons are typically
in the range of 10 to100keV, but can also be accelerated to relativistic speedg7

p. 250]. Heavy nuclei from the Sun have been detected with energies uR@GeV
while solar protons are observed with significant flux up td00MeV [27, p. 256]. Due

to its highly dynamic nature, predictions of the SEP flux and spectra have to be
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Figure 1: Dil@rential flux of CGRs in units of the number of particles per square
meter per steradian of solid angle per second and GeV of energy. The cosmic ray
spectrum is plotted against the energies of the particles with the trend line in green
and measured data in redqb]. Figure taken from Kampert (2001) R5, Fig. 1].

made in a probabilistic way in which spectra are given for specific confidence levels
that include emission events of dilérent probability and intensity R6].

2.1.3 The Van-Allen Radiation Belts

The magnetic field of our planet deflects charged particles and can therefore shield
us against GCRs and SEP<[3, p. 197]. At the same time, it can also trap charged
particles, which then spiral around magnetic field lines and oscillate between the
magnetic poles of the Earth along the field lines, as shown in Figug22).

This creates two distinct regions with high fluxes of ionising radiation around the
Earth, as shown in Figure3. They were discovered in 1958 using data from the
satellites Explorer-1 and Explorer-3 when the particle detectors onboard these
missions were saturated by the unexpectedly high flux experienced when crossing
the regions, which are now called Van-Allen Beltss], [29], [30].

The trapped particles are mainly electrons and protons, which are accelerated by
processes in the Earth magnetospher@3 p. 188]. The radiation belt particle
population is replenished by capturing SEPs or cosmic-ray albedo neutron decay
(CRAND). In the CRAND process, neutrons are produced by nuclear reactions
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Figure 2: Charged particles spiralling along a magnetic field line of the Earth. The
trapped particles are mirrored between the northern and southern hemispheres, leading
to high particle flux in specific regions in near-Earth space, referred to as radiation

belts. Figure taken from spenvis.oma.b@§].
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Figure 3: The radiation belts around Earth. Figure from the original publication
about their discovery by Van Allen et al. in 19592p, p. 41].



between the atmosphere and cosmic rays. Some of the neutrons are scattered back
into space and decay into energetic protons and electrons while they are still inside
the magnetosphereZ3, p. 188]. The electron flux of the outer radiation belt can vary

by several orders of magnitude due to the dynamics of the Earth magnetosphe2§,

p. 188].

2.2 Particle environment models

Many attempts have been made to describe and predict the radiation environment
around Earth with mathematical models. Dilérent models focus on dil@érent particle
populations and dilérent aspects of their properties. Some models only give average
flux spectra, while others attempt to represent the dynamics of the underlying particle
population. Therefore, it is important to examine several dilérent models to obtain a
complete understanding of the radiation environment. All of the models presented in
this section have in common that their software implementations use orbit parameters
as input and return predictions for particle spectra along the orbit.

2.2.1 Standard models for trapped proton and electron spectra

The AP-8 model for trapped proton fluxes was developed based on data from several
satellite missions between 1958 and 19781]. It was completed in 1976 and covers
proton energies from0:1MeV to 400MeV in the near-Earth space between 1.15 and
6.6 Earth radii. It is a static model but distinguishes between solar minimum and
solar maximum conditions 82, p. 30].

The AE-8 model for trapped electron fluxes was issued in 1983 and covers the space
between 1.2 and 11 Earth radii for both minimum and solar maximum conditions
[32 p. 30]. The energy range i9:04 MeV to 7 MeV [28].

Figure 4: Invariant coordinate maps of AP-8 and AE-8 integral trapped proton
and electron fluxes around Earth for solar maximum conditions. Figure taken from
Takeuchi et al. (2020) B3, p. 60] adopted fromSPENVIS [28].

Figure 4 shows invariant coordinate maps of the particle fluxes predicted by the
AP-8 and AE-8 models during solar maximum. The AP-8/AE-8 models have been
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