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“As 1 get older, I realise being wrong isn’t a bad thing like they teach you in school. It is
an opportunity to learn something.”

Richard Feynman



Abstract

Humanity has always felt a primordial desire to explore the world
we live in and what lies outside our planet. The curiosity to explore
the unknown and push boundaries of what we already know can ben-
efit society by driving technological advancements. It may also offer
new perspectives on how future generations can adapt to the unique
environmental conditions of space, enabling rapid adaptation beyond
what normal evolution allows. Therefore, the ultimate frontier in the
near-future space era will be a human mission returning to the Moon
or venturing to Mars.

Missions to outer space represent a monumental scientific challenge

associated with multidisciplinary issues from technology, medicine, phys-

iology, psychology, and extreme radiation environmental conditions.
These challenges have traditionally limited mission duration and des-
tinations. Understanding the unique space environment and its bio-
logical effects is crucial for investigating the impact of space travel on
astronauts, particularly as they venture beyond the International Space
Station (ISS) in Low Earth Orbit (LEO) to destinations like the Moon
and Mars. The high level of radiation in the space environment poses
a significant challenge for human exploration of deep space and Mars.
Unlike Earth, Mars lacks a protective magnetic field, exposing its sur-
face to harmful high-energy space particles that can lead to genetic
damage and increased health risks for astronauts.

The work presented in this thesis is an effort to model, understand
and mitigate the potential risks of radiation that astronauts may be ex-
posed to during a mission to outer space. In the first part of the thesis,
we delve into a significant issue in space biology: the profound impact
of deep-space radiation on the human brain. Our investigation encom-
passes two scenarios: first, we analyze the diverse effects of deep space
radiation on various regions of the brain, and second, we conduct an
evaluation of distinct thicknesses of shielding aimed at mitigating these
adverse effects.

We cover the two most important sources of radiation in deep space:
Galactic Cosmic Ray (GCR)s and Solar Energetic Particle (SEP)s. They
represent the main high-energy ionizing radiation, potentially posing
significant health risks for astronauts during space missions. Radiation
mainly causes damage through ionization, making our primary focus
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on ionizing radiation due to its significant biological effects. We have
obtained some ready-to-use functions of dose deposit induced by parti-
cles, i.e., protons, helium ions, as well as heavier ions such as carbon, ni-
trogen, and iron impinging isotropically towards the human head. We
also evaluate the radiation effects of neutrons as they can be generated
in spacecraft, and their effects on biological tissues must be considered
for assessing overall radiation risk during space missions. The most
probable interactions of the primary particle with the brain structure
and the generation of secondary particles, which may further interact
with the head contributing to extra absorbed dose, have been included
statistically in these functions. The influence of an extra shield between
the particle source and the head has been considered using different
thicknesses of aluminum, accounting for realistic thicknesses of protec-
tive shielding.

In the following study, to gain a comprehensive understanding of
the radiation’s directionality across a wide range of zenith angles (6) on
the Martian surface, we conducted three-dimensional GEANT4 simu-
lations. Simulations allowed us to derive the 8-dependence of the dose
rate on the surface of Mars. The simulation’s results indicate that the
downward radiation dose on the Martian surface exhibits a weak de-
pendence on the zenith angle . Furthermore, we calculated the surface
dose rates for various solar modulation potentials (®), which shows
that weaker modulation results in a higher dose rate for each 6.

To validate our findings, we compared the simulated results with
measurements obtained from the Radiation Assessment Detector (RAD)
and found a reasonable agreement between the two. The RAD on
board the Curiosity rover is part of the Mars Science Laboratory (MSL)
mission, which provides insights into the composition, energy levels,
and types of particles constituting the radiation environment on the
Martian surface. Combining our model with the RAD sky view, we
could calculate the expected dose rate contributed by particles arriv-
ing from the sky direction. Our analysis of dose rates under different
sky-obstruction conditions and taking into account the zenith-angle de-
pendence of radiation indicated that the flat-terrain albedo radiation on
Mars contributes approximately (1941)% to the total surface dose.

These findings are important for future human exploration of Mars,
as they can help estimate the effectiveness of radiation shielding with
different regolith geometries and optimize shielding designs for Mar-
tian habitats.



Zusammenfassung

Die Menschheit hat schon immer den Wunsch verspiirt, die Welt und
das Universum zu erforschen. Diese Neugier treibt nicht nur den tech-
nologischen Fortschritt voran, sondern erdffnet auch neue Perspektiven
auf den Weltraum, unsere Existenz und unsere Zukunft. Besonders
die Erforschung von Mond und Mars aufgrund ihrer rdumlichen Néhe
zur Erde, ihrer wissenschaftlichen Bedeutung und ihres Potenzials fiir
zukiinftige Raumfahrtmissionen von besonderem Interesse. Letzteres
ist jedoch mit besonderen Herausforderungen verkniipft, wobei vor
allem die Beantwortung von multidisziplinédre Fragestellungen in den
Themengebieten Technologie, Medizin, Physiologie, Psychologie und
die Auswirkung von Strahlung auf den Menschen eine entscheidende
Rolle spielt. Die hohe Strahlungsbelastung im Weltraum, insbeson-
dere aufgrund des fehlenden schiitzenden Magnetfelds auf dem Mars,
erhoht das Risiko von gesundheitlichen Problemen bei Astronauten
wie Krebs und genetischen Schaden. Die vorgestellte Arbeit versucht,
die moglichen Strahlungsrisiken fiir Astronauten wahrend einer Wel-
traummission zu modellieren, zu verstehen und zu reduzieren

Der erste Teil der Arbeit befasst sich mit einem wichtigen Thema der
Weltraumbiologie: Den tiefgreifenden Auswirkungen der Weltraum-
strahlung auf das menschliche Gehirn. Diese Studie umfasst zwei Szenar-
ien: Erstens werden die unterschiedlichen Auswirkungen der Weltraum-
strahlung auf verschiedene Regionen des Gehirns analysiert und zweit-
ens wird eine Bewertung verschiedener Abschirmungsdicken durchge-
fiihrt, um diese nachteiligen Auswirkungen zu mildern. Die wichtig-
sten Quellen der Strahlung im Weltraum sind dabei die galaktische
kosmische Strahlung (galactic cosmic rays, GCRs) und solaren energiere-
ichen Teilchen (solar energetic particles, SEPs). Beides ist hochener-
getische ionisierende Strahlung, welche ein erhebliches Gesundheit-
srisiko fiir Astronauten auf Weltraummissionen darstellen kann. Die
vorliegende Arbeit entwickelt einige einsatzbereite Funktionen zur Do-
sisdeposition auf den menschlichen Kopf, die durch Teilchen - insbeson-
dere Protonen, Heliumionen sowie schwerere Ionen wie Kohlenstoff,
Stickstoff und Eisen - verursacht wird. Zusatzlich werden die Strahlungsef-
fekte von Neutronen, welche als Sekundirteilchen in Raumfahrzeu-
gen erzeugt werden konnen, und ihre Auswirkungen auf biologisches
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Gewebe bei der Bewertung des Gesamtstrahlungsrisikos wahrend lan-
gerer Weltraummissionen mit berticksichtigt. Die wahrscheinlichsten
Wechselwirkungen der Primaérteilchen mit der Gehirnstruktur und die
Erzeugung von Sekundarteilchen, die ebenfalls mit dem Kopf inter-
agieren und zu einer zusitzlichen absorbierten Dosis beitragen kon-
nen, wurden statistisch in diese Funktionen einbezogen. Da Astro-
nauten bei Weltraummissionen zuséatzlich durch Raumfahrtanziige geschiitzt
sind, werden in den Analysen unterschiedliche Aluminiumdicken als
realistische Schutzabschirmungen zwischen den Partikelquellen und
dem Kopf berticksichtigt.

Im weiteren Verlauf wird eine dreidimensionale GEANT4- Monte-Carlo-
Simulation durchgefiihrt, um ein umfassendes Verstindnis der Rich-
tungsabhédngigkeit der Strahlung tiber einen breiten Bereich von Zen-
itwinkeln (f) auf der Marsoberfliche zu gewinnen. Diese Simulation
ermoglicht es zusétzlich, die -Abhéngigkeit der Dosisleistung auf der
Marsoberfldche abzuleiten. Die Ergebnisse der Simulation zeigen, dass
die abwarts gerichtete Strahlungsdosis auf der Marsoberfldche eine schwache
Abhiéngigkeit vom Zenitwinkel 6 aufweist. Dariiber hinaus wird die
Oberflachendosisleistungen fiir verschiedene solare Modulationspoten-
tiale (®) bestimmt, mit dem Ergebnis, dass eine schwéchere Modula-
tion zu einer hoheren Dosisleistung fiir jedes 0 fiihrt.Die simulierten
Ergebnisse werden zur Validierung mit den Messungen des RAD ver-
glichen. Beide stellen eine sehr gute Ubereinstimmung dar. Das RAD
an Bord des Curiosity-Rovers ist Teil der MSL-Mission, und liefert Ein-
blicke in die Strahlungsumgebung auf der Marsoberfldche in Bezug auf
die Zusammensetzung, die Energieniveaus und die Arten von Teilchen.
Durch die Kombination der entwickelten Modell mit Sichtfeld von RAD-
Sicht auf den Himmel konnten wir die erwartete Dosisleistung berech-
nen, die von den vom Himmel eintreffenden Partikeln stammt.

Unsere Analyse der Dosisraten unter verschiedenen Bedingungen fiir
die Abschirmung des Himmels und unter Beriicksichtigung der Zen-
itwinkelabhangigkeit der Strahlung ergab, dass die Albedostrahlung
des flachen Geldndes auf dem Mars etwa (1941)% zur gesamten Ober-
flachendosis beitrégt.

Diese Ergebnisse sind wichtig fiir Uberlegungen zur zukiinftigen Erkun-
dung des Mars durch Menschen. Sie helfen bei der Abschitzung der
potenziellen Wirksamkeit des Strahlenschutzes fiir eine bestimmte Regolith-
Geometrie und bei der Optimierung des Designs des Strahlenschutzes
tiir Marshabitate.
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Chapter 1

Introduction

1.1 Hwumans in Space

Throughout the course of human evolution, exploration has consistently been one of the
imperative survival strategies. The journey into space officially began in 1957, when the
first artificial satellite, Sputnik 1, was launched into space, and four years later, in 1961,
Yuri Gagarin became the first human to voyage into space in Vostok 1 (Ji et al., 2021;
Kuznetsov et al., 2015; Stuhlinger, 1999). Since then, developments in space technologies
have provided opportunities for scientific, industrial, and even commercial missions to ex-
plore space outside our planet. Till now, over 600 astronauts have traveled to space, which
include all who have flown to an altitude of 100 km or higher such as the ISS within LEO
(Yazici et al., 2021). The pace is expected to accelerate as a market for private spaceflight
missions with wealthy tourists takes shape.

But when venturing beyond Earth to interplanetary destinations like the Moon or Mars,
space weather, which refers to the dynamic and ever-changing conditions in space, can
impact various aspects of space missions and introduces a multitude of complexities and
challenges for human exploration. Space weather encompasses conditions on the Sun, in
the solar wind, magnetosphere, and ionosphere, which can influence the performance and
reliability of both space-borne and ground-based technological systems, posing risks to
human life and health (Schwenn, 2006; Wright Jr et al., 2010; Forstner et al., 2020). In light
of these factors, ensuring the overall safety of astronauts and prioritizing their physical
and mental well-being becomes critical for success of the mission.

Fortunately, humans have the advantage of adapting to their surroundings and adjusting
themselves to extreme environments that often require challenging physical and mental
exertions (Paulus et al., 2009; Ilardo and Nielsen, 2018). “Extreme environments” include
prolonged and marked isolation experiences on Earth, such as the polar areas and subma-
rine explorations, as well as beyond the boundaries of our planet, i.e. outer space.

The hazards that astronauts endure during spaceflight have significant effects on their
physiological and mental well-being. These dangers arise from several factors, such as
increased exposure to damaging radiation, altered gravity fields, prolonged periods of
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isolation and confinement, living in an enclosed and potentially hostile environment, and
the stress of being far from Earth (Gushin et al., 1993; Romero and Francisco, 2020; Afshin-
nekoo et al., 2020; Schorn and Roma, 2020; Williams, 2003; Beatty et al., 1999).

Figure 1.1 illustrates these factors, which collectively contribute to the challenging and
demanding nature of space exploration.

In the following sections, we provide a brief overview of the physiological and psycholog-
ical problems associated with space exploration. Among all the physiological and psycho-
logical challenges encountered in space missions, radiation is arguably the most significant
concern due to its potential long-lasting effects even after the missions have concluded. We
then shift our focus to the effects of radiation, which is the main topic of this study and
a critical research priority in the field of space exploration. Understanding the biological
consequences of radiation exposure is crucial for ensuring the well-being and safety of
astronauts during their missions. We delve into the radiation environment in space, with
a particular emphasis on GCRs and SEPs as the two main sources of radiation in deep
space and on the surface of Mars, which are relevant to our study. Furthermore, we sum-
marize key radiation-matter interaction processes for both charged and neutral particles
in space. Finally, we provide an overview of dosimetric concepts in space, highlighting

their significance in assessing radiation exposure during space missions.

1.2 Psychological problems

The most significant unknown with the potential to cause failure in space missions is the
human factor, particularly psychological stressors, and effects on the astronaut’s mind in
a long-duration space environment. Behavioral health issues can lead to mistakes that
jeopardize the mission or the lives of astronauts (Caddy, 2018). The deterioration of an
astronaut’s mental health during a 211-day mission on the Salyut 7 space station in 1982
highlights the need for more research into the psychological effects of space travel (Morris,
2014). While there have been significant advances in space exploration, understanding
space psychology remains a challenge.

The confinement, heavy workloads, and sleep problems associated with long-duration
space missions can lead to mood symptoms (Gushin et al., 1993; Tafforin et al., 2015), cog-
nitive issues (Acharya et al., 2019; Cacao and Cucinotta, 2019; Moore et al., 2019), sleep
disturbances (Barger et al., 2014), anxiety, depression, cumulative fatigue, asthenia, and
neuroanatomical effects that may cause disturbed behavior in space (Morphew, 2001). Ac-
cording to a study, 78% of Space Shuttle crew members reported taking medications in
space for motion sickness (30%), headaches (20%), insomnia (15%), or back pain (10%)
(Jaffee, 2005; Pavy-Le Traon et al., 1997). There was also a use of new psychoactive med-
ications on some flights, including olanzapine, risperidone, and SSRIs (Santy et al., 1988;
Aleksandrovskiy and Novikov, 1996). Social conflicts are also expected from isolation
and confinement during space missions due to multicultural factors such as differences in
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FIGURE 1.1: In space, microgravity, radiation, and confinement in a

closed environment pose health risks and drive many physiological

changes and psychological effects seen during spaceflight. The back-

ground image was captured and modified from Sofocleous (2019),
and the astronauts image is taken from Pxhere (2017).

nationality, religion, social values, and political opinions. An international shuttle crew
debriefing revealed that out of 42 incidents reported by nine US astronauts on ISS mis-
sions, five in-flight incidents were rated as having a high mission impact (Santy et al.,
1993). Because of these studies and anecdotal evidence of the individual and interper-
sonal problems during the Shuttle-Mir Space Program (SMSP), and other long-duration
Soviet missions (Palinkas, 2007; Kanas, 1998; Ellis, 2000), there has been a growing aware-
ness that psychosocial issues are just as important to the success of long-duration missions
in space as other dynamics related to crew health and safety. Although the psychological
effects of long-duration space travel and living in outer space have not been thoroughly
analyzed, similar studies exist on Earth. These studies have investigated similar environ-
ments such as polar areas and submarine explorations, which involve isolation, extreme
conditions, and limited resources (Stuster, 2011). Besides, similar research has been con-
ducted on astronauts in LEO on the ISS (Stuster, 2011; Kanas, 1990).
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To address at least some of these psychological problems, scientists are using devices that
prevent, minimize, or reverse deleterious effects during extended missions, such as actig-
raphy, which measures how much people move and the amount of ambient light around
them to gauge sleep and alertness (Smith et al., 2018). The use of sleep-wake actigraphy
and light exposure investigations is anticipated to provide valuable insights into defining
light requirements, sleep-shifting protocols, and workload plans for future exploration
missions. These studies may also help to determine if further countermeasures against
sleep disruption need to be tested (Smith et al., 2018; Czeisler et al., 2009). While these psy-
chiatric problems rarely reach clinical levels, they have resulted in instances of impaired
performance capacity, significant conflict among crew members, and errors in performing
operational tasks, and pose a challenge to the factors related to crew health and safety for
the success of long-term missions in space (Kanas, 2015; Kanas and Manzey, 2008).

1.3 Physiological Problems

Apart from psychological barricades, a space voyage will also have to overcome the physi-
ological issues intrinsic to the condition of the human body. Here, we outline some of these
physiologic changes as an explicit consequence of long-term exposure to various gravity
situations, cell damage from ionizing radiation, and potential permanent vision problems.

1.3.1 Micro-and Hyper-gravity

The human body has evolved to function best within the Earth’s gravitational field, which
is approximately 9.81 m/s?, along with the presence of a protective atmosphere. These
factors contribute to the planet’s habitability and enable optimal functioning of the hu-
man body. Our brain considers gravity as an essential factor during everyday activities to
maintain balance and prevent falling. However, space travelers experience different grav-
itational forces, including microgravity during non-propulsive flight and on the surfaces
of celestial bodies such as the Moon or Mars. They also experience intermediate periods
of hypergravity during launch, ascent, descent, and landing. These varying gravitational
conditions have distinct effects on the human body and must be considered when plan-
ning and conducting space missions (Barratt, 2019; Catling and Kasting, 2017).

Physiological systems that are particularly vulnerable to the effects of weightlessness in-
clude the sensory-motor and neuro-vestibular systems responsible for balance, as well as
the cardiovascular system, musculoskeletal system, and bone strength, which can undergo
demineralization in microgravity conditions (Bhaskaran et al., 2009; Zayzafoon et al., 2005;
Williams, 2003). Skeletal muscle atrophy is also observed in these conditions (Androjna et
al., 2012; Bhaskaran et al., 2009). These physiological changes are important to understand
and address to mitigate their impact on astronauts during space missions.

The cardiovascular system, comprising the heart, veins, arteries, and capillaries, as well
as the pulmonary system, represented by the lungs, nose, the trachea and the breathing
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muscles (the diaphragm and the intercostal muscles), can adapt promptly to changes in
gravity when blood and other body fluids shift from the lower extremities to the upper
body parts. However, this leads to an enlarged heart in astronauts, as it tries to cope with
the increased blood flow resulting from the accumulation of fluids in the upper body (Lau-
nius, 1994). The body interprets this excess fluid as a flood and tries to eliminate it in a
way that astronauts become less thirsty or their kidneys become more active (Antonutto
etal., 2003; Morphew, 2001), which can cause post-flight orthostatic intolerance, lighthead-
edness, headaches, fatigue, altered vision, weakness, sweating, anxiety, heart palpitations,
movement disorders, and the danger of bone fracture, among other symptoms, especially
in the first days of one arrives at a place or return to Earth for the astronauts (Clément,
2011; Antonutto et al., 2003). Recovery from the effects of zero gravity can take over a year
after a six-month mission, and astronauts can combat these symptoms by engaging in
vigorous exercise or taking medications like Erythropoietin and Fludrocortisone (Buckey,
2006).

The neuro-vestibular system, responsible for the body’s balance mechanisms, can be af-
fected during space travel, leading to motion sickness symptoms such as disorientation,
dizziness, decreased appetite, vomiting, extreme nausea, and sensory changes (Koizuka
and Kato, 1999; Clément, 2011; Scherer et al., 2001). Weightlessness alters the functioning
of the inner ear’s otolith organs and semicircular canals, which detect motion, resulting
in misinterpretation and inadequate responses by the brain (Iwase et al., 2020; Morphew,
2001). Considering astronauts’ adaptation to weightlessness and their neuro-vestibular
history is important in minimizing the impact of weightlessness on the system (Morphew,
2001; Scherer et al., 2001). Medications like lorazepam, meclizine, promethazine, and
scopolamine have been used to treat severe motion sickness in space programs such as
the Shuttle program and the ISS (Paule et al., 2004; Dornhoffer et al., 2004).

In a weightless environment, the skeletal muscles in the human body can go into hiberna-
tion mode and begin to atrophy, resulting in a loss of bone mass and decreased bone den-
sity (Morphew, 2001; Buckey, 2006). Astronauts can also experience changes in calcium
balance, increased bone resorption, and increased urinary calcium excretion, an increase
of bone resorption but little or no increase in bone formation, resulting in a loss of 1-1.5%
of bone mass throughout a month (Stavnichuk et al., 2020). These effects can be mitigated
through exercise and a balanced diet (Morphew, 2001; Paris, 2014).

Moreover, in the last decade of spaceflight, a syndrome called Spaceflight Associated
Neuro-ocular Syndrome (SANS) has been gaining much attention due to its potential
health implications on long-duration flights (Lee et al., 2018; Stenger et al., 2019). Al-
though the human body is highly adaptive and can acclimatize to a change in the grav-
itational environment, physiological adaptations may have pathological consequences or
lead to a reduction in fitness that challenges a space traveler’s ability to conduct as usual
upon return to Earth (Clément et al., 2020). It is important to understand how gravity af-
fects human functions in space and to develop countermeasures against the physiological
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effects of spaceflight that can result in undesired health and performance declines (Stenger
etal., 2019).

1.3.2 Radiation

Radiation exposure is one of the most significant risks to human health during space mis-
sions. The effects of radiation on the human body depend on several factors, including
the type and amount of radiation, the duration of exposure, and the shielding provided
by spacecraft and spacesuits. Although the astronauts in LEO are more exposed to radia-
tion than humans on the ground, they are still well protected due to the strong shielding
against interplanetary radiation provided by the Earth’s magnetic field, which attenuates
the major effects of space radiation exposures for current LEO missions (Beatty et al., 1999).
But future expeditions into interplanetary space, and in particular to the Moon and Mars,
will introduce the spacecraft and its crew to an environment outside of this protective
shield, which exposes astronauts to much higher levels of cosmic radiation compared to
the current LEO missions. Astronauts orbiting in LEO are exposed to a radiation level of
approximately 0.17 mGy/day, whereas the Apollo missions venturing beyond Earth’s pro-
tective shield encountered a higher level of about 0.50 mGy/day. On Mars, data from the
RAD instrument indicated an average daily radiation dose of approximately 0.21 mGy,
while the lunar surface exhibited an average total absorbed dose rate of approximately
0.316 mGy/day (Zhang et al., 2020; Kasaboski and Hill, 2014; Guo et al., 2021b).

During the early times of human space explorations in the 1970s, an unusual visual phe-
nomenon reported by Apollo astronauts raised attention to radiation effects on human
brains and the Central Nervous System (CNS) system. They reported seeing flashes of
light and experiencing painful cataracts. It was thought that these flashes were due to ra-
diation of high charge and energy particles propagating through the retina and interacting
with matter, which can trigger ionization Cerenkov light and deposing its energy directly
into the eyes of the astronaut (Paris, 2014; Budinger et al., 1972). It is worth mentioning
that the duration of the Apollo missions was relatively short compared to the anticipated
future missions to Mars, which are expected to span two to three years. Such extended
missions pose potential risks from radiation, including critical spacecraft damage, absorp-
tion of fatal radiation doses from large SEPs, and potential damage to Deoxyribonucleic
Acid (DNA) at the cellular level, which may eventually increase the risk of cancer (Cu-
cinotta, 2002; Meier et al., 2020).

There are several sources of radiation in space that can affect the human body. The pri-
mary source of space radiation are GCRs, which are high-energy particles that originate
from outside our solar system (Axford, 1994; Parizot, 2014; Ahn et al., 2010; Arnould
and Goriely, 2020). These particles can penetrate spacecraft and human tissue, potentially
causing genetic damage and increasing the risk of cancer. Another source of space radia-
tion are SEPs, which occur when the Sun releases bursts of energetic particles during solar
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flares or coronal mass ejections. These particles can also penetrate the spacecraft and hu-
man tissue, and can cause acute radiation sickness in astronauts (Reames, 1995; Reames,
2013; Wijsen et al., 2019; Guo et al., 2021b). Extensive training and adherence to strict
safety protocols are necessary to mitigate the risks of space radiation for astronauts. In
addition, spacecraft and habitats can be specifically designed to offer adequate shielding
against radiation exposure.

Continued research is essential to further our understanding of the effects of space radia-
tion on various regions of the human body, including the brain. This knowledge is crucial
to advance the development of innovative technologies, such as helmets that can effec-
tively protect astronauts during extended-duration space missions. We need to deepen our
understanding and invest in these advancements, to enhance the safety and well-being of
astronauts as they embark on long-duration space exploration endeavors.

In the following sections, we will provide an overview of how humans would encounter
these different types of radiation on a Mars voyage, followed by an analysis of how these
radiation types would affect the human body.

1.4 Radiation Environment in Space

Particle populations in the heliosphere exhibit unique characteristics that depend on their
origin, revealing important information about their source and acceleration mechanism
into the interplanetary medium. According to Kallenrode, 2004, the general characteris-
tics of the various heliospheric populations of oxygen ions, arranged according to their
intensity versus energy, are illustrated in figure 1.2. By studying these characteristics, we
can gain insights into the production and acceleration of these particles.

Within the heliosphere, particle populations include the solar wind, which is a continuous
outflow of plasma containing protons, electrons, ionized helium, and all other elements
with an energy range between ~ 0.4 to 10 keV/amu (Geiss, Gloeckler, and Von Steiger,
1995; Rouillard et al., 2021; Marov, 2015). It consists of both slow and fast components.
The fast solar wind is associated with coronal holes, which are dark regions observed in
X-ray images. The slow solar wind originates from regions near the Sun’s equator. As
the solar wind interacts with the Earth’s magnetic field, it can lead to the energization
and acceleration of ions and particles, such as oxygen ions, resulting in their presence in
the near-Earth interplanetary space (Gosling, 2014; Schwenn, 2007). In addition to the
particles carried by the solar wind, the interplanetary medium encompasses a significant
constituent called cosmic rays. Although the Sun plays a crucial role as a source of particles
within the heliosphere, it is important to recognize that cosmic rays also emanate from
other sources, contributing to the overall population of these energetic particles.

* GCRs refer to a specific type of highly energetic particles that originate isotropically
from outside our solar system and are modulated as they traverse the turbulent
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magnetic field embedded into the solar wind. These high-energy particles, predom-
inantly protons, and atomic nuclei, travel vast distances through space before reach-
ing our solar system. GCRs have diverse origins, including supernovae explosions,
active galactic nuclei, and other cosmic events (Axford, 1994; Parizot, 2014; Arnould
and Goriely, 2020).

¢ Anomalous Cosmic Rays (ACRs) are an intriguing phenomenon in the heliosphere,
originating from neutral interstellar atoms that enter the heliosphere and undergo
ionization. This ionization process can occur through either charge exchange with
the solar wind or ionization induced by solar radiation. Following ionization, these
particles are convected out to the heliopause as pickup ions, where they undergo
acceleration to form the ACRs (Giacalone et al., 2022; Czechowski et al., 2001).

¢ SEPs are a type of energetic particles that originate from the Sun during solar events
such as solar flares and Coronal Mass Ejection (CME)s. These events release im-
mense amounts of energy and eject particles, including protons, electrons, and heav-
ier ions, into space. SEP events can be impulsive or gradual, and the main difference
between them lies in the timescale and characteristics of particle acceleration and re-
lease (Reames, 1995; Reames, 2013; Guo et al., 2021b).

¢ Corotating particles experience acceleration within Corotating Interaction Regions
(CIR)s, which manifest as turbulent regions formed when a fast solar wind stream
surpasses a slower solar wind stream. As a consequence of this interaction, the
magnetic field becomes compressed, leading to the acceleration of particles confined
within these regions. The resulting accelerated particles exhibit energy levels typi-
cally up to 10 MeV (Mullan, 1984; Heber, Sanderson, and Zhang, 1999; Wijsen et al.,
2019; Pacheco Mateo, 2019).

¢ Energetic Storm Particle (ESP) events are characterized by enhancements in ener-
getic ion and electron intensities that are observed during the passage of interplan-
etary shocks. These events are part of a broader category of SEPs observed both in
interplanetary space and near Earth. The distinction between these different types of
SEP events is based on the origin of the particles and the specific acceleration mech-
anisms they undergo. While impulsive and gradual SEP events have their defining
characteristics, ESP events share most properties with other SEPs, except for vari-
ations in ion composition ratios, which depend on the origin of the particles and
the particular acceleration process they experienced (Gosling, 1993; Pacheco Mateo,
2019; Malandraki and Crosby, 2018).

The various particle populations present in the heliosphere have significant implications
for space exploration and the safety of astronauts. In our study, we focus on investigat-
ing the effects of SEPs and GCRs depicted in the blue region in figure 1.2 on astronauts,
particularly their influence on the astronauts’ brains. GCRs and SEPs are of greater inter-
est when studying the effects of space radiation due to their abundance, high energy, and
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FIGURE 1.2: Spectra of oxygen ions in the near-Earth interplanetary

space, showing the contributions of different populations (Stone et

al., 1998; Mewaldt et al., 2001; Pacheco Mateo, 2019). In our study,

we focus on investigating the effects of SEPs and GCRs highlighted

in the blue region due to their potential hazards to astronauts during

space missions, as these sources are of particular concern compared
to others.

long exposure during extended space missions. These high-energy particles can penetrate

deeply into the human body, posing significant health risks to astronauts.

1.4.1 GCRs in Interplanetary Space

The discovery of GCRs is credited to the work of physicist Victor Hess in the early 20th
century (Friedlander, 2012; Grupen, 2021). Hess discovered a type of radiation originating
from extra-terrestrial sources, which exhibited an increase in intensity at higher altitudes.
He called it high-altitude radiation and was awarded the Nobel prize in physics for his pi-
oneering work in the study of cosmic rays (Hess, 1912; Beckman, 2021; De Angelis, 2013).
In the following decades, scientists continued to study cosmic rays using a variety of tech-
niques, including balloon-borne detectors and ground-based instruments. In the 1960s
and 1970s, the National Aeronautics and Space Administration (NASA) launched several
spacecraft, including the Explorer and Interplanetary Monitoring Platform series, which
were designed to study the properties of cosmic rays and their effects on spacecraft and
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human health (Ness, 1996). GCRs are high-energy particles that originate from outside
our solar system. They are thought to be created by a variety of astrophysical processes,
such as supernova explosions, the acceleration of particles by black holes and pulsars, and
other high-energy events in the galaxy and beyond (Ahn et al., 2010; Arnould and Goriely,
2020; Globus and Blandford, 2023; Butt, 2009). GCRs are composed of a variety of differ-
ent particles, including protons, alpha particles, and heavier ions such as carbon, nitrogen,
and oxygen. They have extremely high energies, often millions of times greater than the
energies of particles in the solar wind. Figure 1.3 depicts the composition of GCR particles
with energies ranging from 0.01-100 GeV /nuc. The graph shows the integrated total parti-
cle fluxes, absorbed dose rates, and dose equivalent rates. The values were obtained from
computer simulations of an unshielded water phantom exposed to GCR at the ISS orbit in
November 2009. The figure illustrates the substantial contribution of less abundant nuclei
of High atomic number (Z) and Energy (HZE) ions to the overall GCR exposure, taking
into account the absorbed dose and quality factor (Section 1.7.4). This contribution arises
from the fact that the energy deposited by HZE ions in an individual cell is proportional
to the square of the particle’s charge, and their biological effectiveness is quantified by the
dose equivalent rate, as elaborated in Section 1.7 (Benton and Benton, 2001; Reitz, 2008;
Mrigakshi, 2013).
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FIGURE 1.3: Relative contribution of GCR nuclei to total absorbed
dose rate, dose equivalent rates, and flux integrated over energy (Ben-
ton and Benton, 2001; Reitz, 2008; Mrigakshi, 2013).

One of the primary concerns with GCRs is their potential to cause genetic damage and to
increase the risk of cancer and other health problems in astronauts during long-duration
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space missions. Unlike the solar wind, which can be shielded by the Earth’s magnetic field,
GCRs can penetrate deep into spacecraft and human tissue, making it difficult to protect
astronauts from their harmful effects. Then, GCRs are an important part of the space en-
vironment that must be carefully considered when planning and executing human space

exploration missions.

Energy Spectra of GCRs

The distribution of energies of particles in GCRs is referred to as their energy spectra.
These high-energy particles have a wide range of energy levels, from a few million elec-

020 eV. Various methods such

tron volts (MeV) to ultra-high-energy cosmic rays with over 1
as ground-based detectors, balloon-borne detectors, and space-based instruments can be
used to measure the energy spectra of GCRs. The energy spectrum of GCRs is expected
to follow a power-law form for energies below the knee, where the knee denotes a devia-
tion from the power-law distribution occurring at approximately 10'° eV (Hoérandel, 2008;
Amato, 2014). This transition marks a change in the power-law distribution behavior, and
it is widely believed to signify a transition in the origin or acceleration mechanisms of cos-
mic rays. Specifically, it represents a shift from particles that are primarily accelerated by
supernova remnants to those that are accelerated by alternative mechanisms. The energy
spectra of GCRs exhibit another interesting feature known as the ankle, which is a bend in
the power-law distribution that occurs at higher energies, around 10'® eV. The underlying
cause of this phenomenon is not yet fully understood, but it is hypothesized to be related
to the maximum energy that cosmic rays can achieve through their sources. Below the
ankle energy, GCRs are believed to originate mostly from supernova explosions within
the galaxy (Biermann and Sigl, 2001; Guo et al., 2021b). As GCRs travel towards the solar
system, they encounter galactic magnetic fields which continuously deflect their path, re-
sulting in a nearly isotropic flux in the solar system. While in the heliosphere, the intensity
and composition of GCRs remain stable but are modulated by the varying heliospheric
magnetic field during the solar cycle, as reported in studies such as (Cane et al., 1999; Guo
etal., 2021b). GCRs within the inner heliosphere are comprised of around 2% of electrons,
and 98% of atomic nuclei. GCR ions span from hydrogen to iron and beyond, encompass-
ing a composition where approximately 87% are protons, 12% are helium nuclei, and the
remaining 1% consists of heavier ions (Z>3) (Simpson, 1983; Guo et al., 2021b).

In order to assess astronaut exposure associated with GCR exposure, models are used to
describe relevant spectra of particles and energies appearing in deep space. These models
are utilized to predict the GCR flux as a function of energy under different solar mod-
ulation conditions. The Badhwar-O’Neill (BON) model, which was used in our study
was developed first in the 1990s (Badhwar and O’Neill, 1994; Badhwar and O’Neill, 1996;
O’NeEeill, 2010). The BON model employs the spherically symmetric Fokker—Planck (FP)
equation. The FP equation accounts for cosmic ray propagation in the heliosphere due to
diffusion, convection, and adiabatic deceleration. The BON model provides the flux of
GCR particles for a specific charge, Z, as a function of energy by solving the FP equation,
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which is implemented in the BON model. The BON parameters are derived from mea-
surements obtained through NASA’s Advanced Composition Explorer (ACE) and Cosmic
Ray Isotope Spectrometer (CRIS) instruments. At ~100 Astronomical Unit (AU), GCR
modulation is negligible and therefore a constant GCR field over space at that distance,
referred to as the Local Interstellar Spectrum (LIS) is used as the boundary condition for
the BON model. The FP equation then modifies the LIS to the desired radius from the Sun,
assuming a steady-state heliosphere condition (O’'Neill et al., 2015; Badhwar and O’Neill,
1996).

Figure 1.4 illustrates the differential GCR flux as a function of energy for protons, helium,
oxygen, and iron ions as modeled by BON (Badhwar et al., 1994; O'Neill, 2010).
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FIGURE 1.4: Differential flux of several GCR elemental species in the
solar activity minimum and solar activity maximum conditions (Bad-
hwar et al., 1994; Rojdev et al., 2015).

Solar Modulation

Solar modulation refers to the process through which the intensity and energy spectrum
of cosmic rays are modified as they travel through space at nearly the speed of light and
enter the solar system. The modulation of GCRs arise from several factors, including the
influence of solar wind and the Interplanetary Magnetic Field (IMF) emitted by the Sun
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(Usoskin et al., 2011; Shen et al., 2019; Badhwar and O’Neill, 1994). These elements change
in accordance with the solar cycle, leading to fluctuations in the speed of particle trans-
port mechanisms like diffusion, convection, adiabatic deceleration, and drifts. These solar
influences cause changes in the properties of cosmic rays, including their intensity and
distribution of energies (Potgieter, 2013; Gieseler, 2018). Solar modulation also refers to
GCR variations with the ~11 year sunspot cycle and ~22 year solar magnetic cycle and
is relevant to the space radiation environment and effects on Earth’s atmosphere (Hale
et al., 1919; Thomas et al., 2014; Ross and Chaplin, 2019). The solar modulation param-
eter (¢) also known as the solar modulation potential or the solar modulation index is a
quantity that depends on several factors, including the Sun’s magnetic field strength and
polarity, the geometry of the heliospheric current sheet, and the solar wind speed and den-
sity (Usoskin et al., 2011; Bazilevskaya et al., 2014; Cholis et al., 2016). During periods of
high solar activity, such as during the peak of the solar activity cycle, the Sun’s magnetic
field is stronger and more complex, which leads to a higher solar modulation parameter
and a reduction in the flux of cosmic rays that reach the Earth’s atmosphere. Conversely,
during periods of low solar activity, such as during the solar activity minimum, the Sun’s
magnetic field is weaker and less structured, which leads to a lower solar modulation
parameter and an increase in the flux of cosmic rays that reach the Earth’s atmosphere
(Bazilevskaya et al., 2014). Solar modulation is an important factor in the study of space
weather and its effects on Earth’s environment and technological systems (Gleeson and
Axford, 1968; Rao, 1972). It is also important in astroparticle physics, as cosmic rays pro-
vide a unique window into the high-energy universe beyond the solar system.

1.4.2 SEPs in Interplanetary Space

The Sun stands as the source of SEPs within our solar system, encompassing a diverse
range of particles such as electrons, protons, and ions with energies spanning from a few
kilo-electron volts to several giga-electron volts. SEPs are high-energy particles that are
accelerated by the strong electric and time-varying magnetic fields generated during solar
eruptions, such as solar flares and CMEs (Pacheco Mateo, 2019; Guo et al., 2021b; Reames,
1995; Reames, 2013). Once SEPs are accelerated, they can travel through interplanetary
space, and experience various physical processes that affect their properties. These include
interactions with the solar wind plasma and magnetic field, scattering and diffusion, and
acceleration by shocks and other plasma waves (Reames, 1995; Reames, 2013). One impor-
tant aspect of SEP propagation in interplanetary space is their interaction with the IMF.
The IMF is a complex and dynamic structure that is generated by the Sun’s magnetic field
and carried out with the solar wind. Flare- and shock-related mechanisms are prominent
contenders for accelerating SEPs (Kouloumvakos et al., 2023). To observe SEPs in situ,
their accelerated particles must reach spacecraft-linked magnetic field lines, regardless of
the specific acceleration process (Rodriguez-Garcia et al., 2021; Vlahos et al., 2019). Rapid
and expansive CMEs can generate potent shock waves in the corona and interplanetary
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space, efficiently accelerating particles to high energies and dispersing them over vast dis-
tances from the eruption site. The diffusion of SEPs perpendicular to magnetic field lines
or a combination of CMEs, shock waves, and SEP transport effects could contribute to the
wide SEP distribution (Rodriguez-Garcia et al., 2021; Vlahos et al., 2019; Dalla et al., 2003;
Kouloumvakos et al., 2023). The SEPs can then propagate more efficiently through inter-
planetary space and can reach the Earth’s magnetosphere in a relatively short time (Guo et
al., 2021b; Wijsen et al., 2019; Kahler, 1992). The properties of SEPs in interplanetary space
can also be affected by the state of the solar activity cycle. When the Sun experiences high
levels of solar activity, like during the peak of the solar activity cycle, can result in more
efficient acceleration of SEPs and more intense SEP events. On the other hand, during pe-
riods of low solar activity, such as during the solar activity minimum, SEPs tend to occur
less frequently and with lower intensity (Gopalswamy et al., 2020). In addition to their
scientific interest, SEPs can also pose a significant hazard to astronauts and spacecraft in
interplanetary space. The high-energy particles can cause radiation sickness, damage to
electronics and other equipment, and even pose a risk to human life. Therefore, monitor-
ing and forecasting of SEPs is an important aspect of space weather research and space
mission planning. An SEP event can usually last between a few hours and a few days,
and the flux of a SEP event can be orders of magnitude higher than GCR fluxes, especially
at energies below a few hundreds of MeV.

Space-based observatories such as the Solar and Heliospheric Observatory (SOHO) (Domingo
et al., 1995; Fleck, 2005) and the ACE (Stone et al., 1998), orbit the Sun-Earth interior li-
bration point L1, while the Geostationary Operational Environmental Satellite (GOES)
around the Earth are all located near 1 AU from the Sun. These observatories frequently
provide simultaneous observations of SEP events, enabling valuable insights into the char-
acteristics and behavior of these high-energy particles in different regions of the helio-
sphere. However, the information regarding the source of SEP events at the Sun is par-
tially obscured due to the effects these particles experience during their journey through

the inner heliosphere.

Figure 1.5 depicts the proton spectra integrated over each event duration of 50 SEP events
reconstructed from measurements of GOES and ACE in the deep space environment near
Earth from August 1997 to 2006 (Nymmik, 2015; Guo et al., 2021b; Khaksarighiri et al.,
2021).

1.5 Interaction between Radiation and Matter

Radiation-matter interaction is a critical factor to consider for space missions, as space is
filled with various forms of ionizing radiation that can pose risk to human health and
the performance of electronic equipment. Radiation particles interact with matter as they
move through it via electromagnetic and nuclear forces and create a wide range of sec-
ondary particles such as gamma radiation, electrons, muons, neutrons, pions and sec-
ondary protons, and heavy ions (Raphael et al., 2018; Messina et al., 1988). Neutrons and
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FIGURE 1.5: The proton fluence spectra of 50 large SEP events, inte-

grated over each event duration, of events detected from August 1997

to 2006 near-Earth (Nymmik, 2015; Guo et al., 2021b; Khaksarighiri et
al., 2021).

secondary ions hold particular significance in space applications due to their capacity to
deposit substantial energy. Moreover, secondary neutrons, electrons, and photons play
a crucial role in space radiation shielding, as they travel longer distances compared to
heavier particles, resulting in energy deposition (Benton and Benton, 2001; Messina et al.,
1988).

Here, we summarized some of the relevant radiation-matter interaction processes for space
radiation for both charged particles and neutral particle interactions.

1.5.1 Charged Particle Interactions

For charged particles, whether they originate from the cosmic ray field, accelerators, or nu-
clear decays, the largest fraction of energy dissipated in matter is due to electromagnetic
interactions between the Coulomb fields of the projectile and of the molecules, atoms, and
solid-state bodies in the medium. As charged particles penetrate through matter, their
own Coulomb field primarily interacts with the orbital electrons and then nuclei of any
atoms they come across. In addition, strongly interacting particles like protons and al-
pha particles can also interact with nuclei through the short-range nuclear force (Lechner,
2018; Nikjoo et al., 2012). When charged particles interact with the orbital electrons of the
absorber, they incur collision loss, leading to the loss of their energy, a significant portion
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of which is transferred into ionization. Since the energy transfer from a charged particle
to matter in each atomic interaction is generally minimal, the particle undergoes many in-
teractions before expending its kinetic energy (Kamal, 2014; Sabol and Weng, 1995). The
effects of these interactions, as described by the Bethe-Bloch equation (Section 1.5.1), vary
depending on the properties of the particle and the target material. Understanding these
variations is essential for accurately assessing the energy loss and ionization patterns of
charged particles in different materials.

Ionization and Excitation

When high-energy particles such as cosmic rays and solar energetic particles interact with
matter, they can lose energy primarily by ionizing and exciting atoms and molecules
in the medium (Eidelman and Shwartz, 2021; Ahlen, 1980; Leroy and Rancoita, 2011).
These processes occur when the high-energy particles transfer their energy to the atoms or
molecules, leading to the ejection of electrons from the outer shell of an atom or molecule
and resulting in the creation of secondary charged particles and photons, which can fur-
ther interact with the medium and cause additional energy loss. The ionization process
can occur in a variety of ways. High-energy particles collide with electrons in the target’s
outer shell, knocking them off and leaving behind a positively charged ion in one type of
ionization process known as direct ionization (Ahlen, 1980; Leroy and Rancoita, 2011). In
another type of ionization process, known as indirect ionization, high-energy particles first
interact with molecules in the material, resulting in the formation of free radicals or other
reactive species that can then go on to ionize other atoms or molecules. The degree of ion-
ization depends on various factors, such as the energy and type of the incoming particles,
and the density and composition of the matter (Ahlen, 1980; Grande and Schiwietz, 2004).
In highly ionized environments, such as those found in space, the ionization process can
have significant effects on the behavior of charged particles and electromagnetic fields. In
the Earth’s atmosphere, the ionization of the upper atmosphere by solar wind particles
can lead to the creation of ionized plasma, which can interact with the Earth’s magnetic
field to create a variety of phenomena, such as auroras and magnetic storms (Richmond
and Lu, 2000; Rees, 1995). The ionization process also plays a critical role in the operation
of particle detectors used in space research, such as those used to detect cosmic rays and
other high-energy particles. The ionization process plays a crucial role in the functional-
ity of particle detectors utilized in space research. These detectors are designed to detect
cosmic rays and other high-energy particles, including those detected by instruments like
the RAD. Transferring energy to atoms and molecules in materials can cause the excita-
tion of the electrons to higher energy states, which can result in the emission of secondary
particles or photons and further interact with the material and cause additional energy
loss. The excitation process is particularly relevant in space missions, where the exposure
of spacecraft and their payloads to high-energy radiation is a significant concern (Stanev,
2004; Ahlen, 1980). The excitation of atoms and molecules in materials, such as electronic
components, sensors, or detectors, can lead to the production of unwanted charge carriers
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and for many instruments these kinds of interactions are an integral part of the measure-
ment itself. Furthermore, the excitation process can cause radiation damage to biological
tissue and the body of astronauts, making it a critical concern in the design and operation
of space systems. The energy required for ionization can be calculated using the Bethe-
Bloch equation, which relates the stopping power of the material to the energy and charge
of the incoming particle (Ziegler, 1999; Leo, 1988; Leo, 2012).

Stopping Power and the Bethe-Bloch Energy Loss Expression

Stopping power is a crucial concept in radiation physics that describes the rate at which
a charged particle loses energy while traversing a material. As introduced in the previ-
ous paragraph, this energy loss occurs as the charged particle interacts with the atoms
or molecules in the material, transferring energy to the electrons through various inter-
actions, including Coulomb scattering, ionization, and radiative losses (Lechner, 2018;
Ahlen, 1980; Leroy and Rancoita, 2011).

The stopping power is determined by multiplying the probability per unit path length of
a charged particle interacting with the material, often expressed in inverse length units as
cm~!, with the average energy loss per collision, typically expressed in units of energy,
such as MeV. The resulting stopping power is usually measured in units of energy per
length, such as MeV cm ! (Sigmund, 1998; Busza and Goldhaber, 1984; Leroy and Ran-
coita, 2011). There are two main types of stopping power, namely collision stopping power
and radiation stopping power (Saadi and Machrafi, 2020; Ahlen and Kinoshita, 1982). Col-
lision stopping power, also known as electronic stopping power, refers to the energy loss
that occurs due to interactions of charged particles with electrons in the material (Correa,
2018; Ahlen and Kinoshita, 1982). Radiation stopping power, on the other hand, occurs
due to the emission of photons by the charged particle as it decelerates, a process known
as Bremsstrahlung (Sigmund, 1998; Seltzer and Berger, 1982).

The total stopping power is the sum of the collision stopping power and radiation stop-
ping power, and their relative contributions depend on various factors, including the en-
ergy and charge of the charged particle and the density and composition of the material
(Busza and Goldhaber, 1984; Sigmund, 1998; Leroy and Rancoita, 2011).

The calculation of stopping power is vital in numerous applications, such as radiation
dosimetry, radiation therapy, the design of radiation shielding, and the design of radiation
detection instruments. The Bethe-Bloch equation is a theoretical model that relates the
energy loss of charged particles to their velocity and the material properties they pass
through and is often used to calculate stopping power (Leo, 1988; Leo, 2012; Morgan Jr
and Eby, 1973). The Bethe-Bloch equation serves as an underlying principle not only in
the operation of the RAD instrument but also in the functioning of any radiation detector

for understanding the energy loss and ionization effects of charged particles.
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q : particle charge
Z : atomic number of material
A : atomic mass of material
N4 : Avogadro’s number
m, : electron mass
c : speed of light

re : classical electron radius

Y= NG B
Tmax : maximum energy transferable to an electron in a single collision
v : velocity of the particle
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I : mean excitation energy of material
my : rest mass of the electron

J : correction factor that depends on the velocity of the particle

The Bethe-Bloch equation relates the energy loss per unit distance of the particle to its
velocity, the charge of the particle, and the properties of the material it is passing through.
From the formula, it is clear that the stopping power is dependent on certain properties of
the incident ion type, its energy, and also on the target material (Leo, 1988; Leo, 2012).

When particles have non-relativistic energy, their energy loss is dominated by the 1/p2
term in the equation. This term represents the Coulomb interactions between the charged
particle and the electrons in the material, and it increases as the velocity and energy of
the particle decrease. As a result, a characteristic maximum in the energy deposition with
depth curve is observed at the end of their path in the medium, and this is known as the
Bragg peak (Nahum, 2021; Swift and McNaney, 2009). The Bragg peak is an important
feature of energy deposition patterns and has important applications in radiation therapy.
It can be used to deliver radiation to a specific depth in tissue, while minimizing damage
to surrounding healthy tissue. The location and sharpness of the Bragg peak depend on
various factors, such as the energy and charge of the particle, the density and composition
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of the material, and the width of the particle beam. Accurate modeling and measurement
of the Bragg peak are important in the design and optimization of radiation treatment
plans, as they can be used to deliver radiation to a specific depth in tissue while minimiz-
ing damage to surrounding healthy tissue (Byun et al., 2021; Zhang et al., 2021; Egami and
Billinge, 2012). Experimental measurements of stopping power can also be carried out us-
ing various techniques such as transmission ionization chambers and solid-state detectors
(Durrani and Bull, 2013; Powers, 1989).

Nuclear Interactions

Nuclear interactions between heavy ions and matter exhibit various forms, including elas-
tic and inelastic scattering, fusion, and fragmentation. In the case of heavy ions with ener-
gies above 100 MeV /nucleon, inelastic nucleus-nucleus or nucleon-nucleus interactions
become dominant due to the substantial momentum transfer involved (Hiifner, 1985).
These interactions result in the formation of excited nuclear states or compound nuclei,
which subsequently decay by emitting gamma rays, neutrons, and other particles (Hodg-
son, 1971; Tang, 1996). These processes are relevant in the case of the RAD and its oper-
ation on Mars, as high-energy particles, such as cosmic rays or solar energetic particles,
interact with the Martian atmosphere and can undergo these interactions before reach-
ing the detectors. The probability of inelastic interactions depends on factors such as
the energy, nuclear charge , and mass of the projectile particles, as well as the nuclear
structure of the target nucleus (Lechner, 2018; Scandale et al., 2010). The study of inelas-
tic nucleus-nucleus or nucleon-nucleus interactions holds significance in comprehending
nuclear properties and reactions under extreme conditions, including nuclear fusion and
astrophysical environments. Additionally, it has practical applications in radiation ther-
apy for cancer treatment, where heavy ion beams selectively damage tumor cells while
minimizing harm to healthy tissue (Battistoni, 2016). In the context of space radiation,
high-energy particles originating from cosmic rays and solar sources interact with mat-
ter through a range of processes. These include spallation, nuclear fragmentation, and
nuclear reactions (Benton and Benton, 2001; Reedy and Arnold, 1972; Durante and Cu-
cinotta, 2011). Understanding these processes is crucial for predicting the impact of space
radiation on materials, electronic devices, and living organisms, as well as for developing
radiation shielding and energy production technologies.

Spallation occurs when a high-energy particle collides with a nucleus, resulting in its frag-
mentation into smaller fragments and the release of energy and secondary particles such
as neutrons and protons (Lechner, 2018; Goldhaber and Heckman, 1978) and all these
processes are also relevant for particles that interacted with, for example, the Martian at-
mosphere, before they can reach the detector. Nuclear fragmentation, on the other hand,
transpires when a high-energy nucleus collides with a target nucleus, causing it to break
apart into multiple smaller fragments (Pietri et al., 2005).
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1.5.2 Neutral Particle Interactions

A neutral particle, such as a neutron or photon, does not ionize materials through elec-
tromagnetic forces, unlike charged particles. Neutrons and photons can interact with
atomic nuclei in several ways. Neutrons primarily engage with atomic nuclei through the
strong nuclear force, while photons can indirectly ionize matter through various processes
(Smith, 1988; Braibant, Giacomelli, et al., 2011; Park and Kang, 2011).

For neutrons, the most common interaction is elastic scattering, wherein the neutron trans-
fers some of its kinetic energy to the nucleus, altering its direction. Inelastic scattering, on
the other hand, occurs when the neutron is absorbed by the nucleus, exciting it to a higher
energy state and resulting in the emission of gamma rays or other particles (Braibant, Gi-
acomelli, et al., 2011; Park and Kang, 2011). Other possibilities include neutron capture,
nonelastic reactions, and nuclear fission. The probability of these interactions depends on
the energy of the incident neutron and the type of nuclide it interacts with. This prob-
ability, quantified by the cross-section, that measures a material’s capability to capture
neutrons of a specific energy, as illustrated in figure 1.6.

A cross-section is a measure of the effective area for a specific interaction to occur when
particles collide. It quantifies the probability of a particular interaction taking place during
particle collisions, providing a crucial parameter for understanding and predicting the
outcomes of these interactions.
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FIGURE 1.6: Total neutron cross sections of lead (Z = 82) at different
neutron energies (Soppera et al., 2014).
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For photons, the cross-section serves as a measure of the probability of interaction between
incident photons and a material, involving processes such as photo-absorption or scatter-
ing, as depicted in figure 1.7. Among these interactions, Compton scattering is a prevalent
occurrence where a photon collides with an electron, transferring a portion of its energy to
the electron. This results in the electron recoiling, causing the photon to change direction
(Podgorsak et al., 2003; Ragheb, 2011). Another significant interaction is the photoelec-
tric effect, where a photon is entirely absorbed by an atom, leading to the ejection of an
electron from its shell and subsequent ionization (Podgorsak et al., 2003; Ragheb, 2011).
For high-energy photons, pair production becomes possible, where the photon transforms
into an electron-positron pair in the presence of a nucleus. These produced particles can
subsequently ionize the material or interact with other nuclei, potentially leading to the
creation of secondary particles. The interactions of neutral particles with matter hold sub-
stantial significance across various fields, including nuclear physics, radiation protection,
medical imaging, and space missions (Podgorsak et al., 2003; Ragheb, 2011).

Whereas photon cross-sections are proportional to the power of the atomic number of
the target atom, neutron cross-sections vary between materials but do not have any clear
identifiable rules.
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FIGURE 1.7: Photon cross section as function of the energy in lead
(Z = 82) showing the contributions of the different processes (Berger,
1998).
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1.6 Dosimetric Concepts

Dosimetric concepts in space are essential for investigating and quantifying radiation
doses that astronauts receive during spaceflight. The significance of radiation exposure
as a critical occupational hazard for astronauts arises from the diverse array of ionizing
radiation sources they encounter during their space missions. Prominent among these
sources are GCRs and SEPs (ICRU, 1962), both of which are substantial contributors to
ionizing radiation in space. These varied radiation sources necessitate a comprehensive
understanding of dosimetric concepts to ensure the safety and well-being of astronauts

during their missions.

In order to protect individuals exposed to ionizing radiation, several advisory organiza-
tions were established in the 1920s, including the International Commission on Radiation
Units and Measurements (ICRU) (Sinclair, 1981; Menzel, 2014), the International Commis-
sion on Radiological Protection (ICRP) worldwide (Sinclair, 1981; Harrison et al., 2021;
Cousins et al., 2011), and the National Council on Radiation Protection and Measure-
ments (NCRP) in the USA (Sinclair, 1981; Taylor, 1958; Kase, 2004). These organizations
offer guidelines and recommendations for radiation protection and dose assessment, not
only for space missions but also for other applications involving ionizing radiation (Taylor
and Wyckoff, 1972; Hendee, 1993).

The ICRP and ICRU have set radiation exposure limits for astronauts and other space-
flight crew members during missions. While the ICRU focuses on unit and measurement
standards and provides guidance on how to calculate radiation doses for various forms of
radiation in space, the ICRP addresses radiological protection. The ICRP sets specific dose
limits for different groups, such as the 20 millisieverts per year limit for occupational expo-
sure to ionizing radiation (McKenna-Lawlor et al., 2014; Walsh et al., 2019; Davies, 1993).
Similarly, the NCRP provides recommendations on radiation protection and dose estima-
tion for both general population and occupational exposure. The NCRP has published
reports and recommendations on radiation protection for astronauts, including dose lim-
its and exposure scenarios (Cucinotta et al., 2021). Other groups like NASA and the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) also provide
instructions and recommendations for radiation protection and dose assessment for space
missions (Boice Jr, 2017; Setlow, 1999). These agencies are essential for ensuring the safety
of individuals exposed to ionizing radiation, including astronauts. Their recommenda-
tions and suggestions are based on extensive scientific research and aim to mitigate the
dangers of ionizing radiation exposure in space and other environments.

1.7 Dose Quantities

Dose quantities refer to various measurements that are used to express the amount of
radiation absorbed by an object or individual. In the following sections, we will discuss
some of these quantities, drawing from the ICRP publications (Petoussi-Henss et al., 2020).
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1.7.1 Absorbed Dose

Absorbed dose is a fundamental concept in radiation physics that measures the amount
of energy deposited by ionizing radiation in a material per unit mass. Mathematically,
absorbed dose, D, is defined as the ratio of the mean energy, dé, imparted by ionizing
radiation in a small volume element, to the mass, dm, of the matter within that volume
(Carlsson, 1981; Cloutier, 1981; Petoussi-Henss et al., 2020; Breckow, 1993):

de

D:%

(1.2)

The unit for absorbed dose is the gray (Gy), defined as the absorption of one joule of
energy per kilogram of material. For the purpose of radiation protection, it is essential
to determine the mean absorbed dose. This is defined as the total absorbed dose divided
by the mass of the exposed tissue or organ. The mean absorbed dose, denoted by D,
is a crucial quantity for assessing the potential biological effects of radiation exposure.
The magnitude of biological effects depends on the radiation’s type, energy, dose rate,
and sensitivity of the exposed tissue or organ. By measuring the mean absorbed dose, it
is possible to estimate the risks associated with radiation exposure and take appropriate
measures to protect against those risks (Harrison et al., 2021; Petoussi-Henss et al., 2020).

1.7.2 Equivalent Dose and Relative Biological Effectiveness (RBE)

The equivalent dose, Hr, in a specific organ or tissue T, is defined based on the average
absorbed dose, Dt r, resulting from radiation of type R in that volume. The radiation
types R are determined by the type and energy of radiation, whether it is external radia-
tion incident on the body or radiation emitted by radionuclides present within the body.
Equivalent dose is an intermediate step in the calculation of effective dose. The definition
of equivalent dose in an organ or tissue is given by the equation (Harrison et al., 2021;
Petoussi-Henss et al., 2020; Cucinotta et al., 2003; Dietze and Menzel, 2004):

HT = ZZUR X DT,R (13)
R

where wp, is the radiation weighting factor for radiation type R. The ) _ is performed over
all types of radiations involved. The unit of equivalent dose is the sievert (Sv), where, 1 Sv
=1] kg~ ! in the SI base units (Harrison et al., 2021; Petoussi-Henss et al., 2020).

The values of wg account for the Relative Biological Effectiveness (RBE) of different types
of radiation. These factors have been derived based on measurements of the RBE of vari-
ous radiations for a range of biological endpoints associated with stochastic effects, which
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are measures or observations of biological responses in living organisms that occur ran-
domly with a probability that increases with radiation dose (Harrison et al., 2021; Petoussi-
Henss et al., 2020). RBE is a radiobiology concept used to assess and compare the effective-
ness of various radiation types in inducing biological damage. It measures the ability of a
specific radiation type to produce a particular biological effect in relation to a standard ra-
diation, typically X-rays or gamma rays. The RBE value is determined by comparing how
much damage or destruction the reference radiation and the tested radiation cause to cells
or tissues. RBE values can vary based on several parameters such as dose, dose rate, cell
type, cell-cycle phase, sample volume, sample depth, and microenvironment (Paterson et
al., 2022).

1.7.3 Effective Dose

Effective dose is a radiation protection quantity that takes into account the different types
of radiation and their biological effectiveness in different tissues and organs of the human
body. It is used to estimate the overall risk of radiation exposure to an individual and is

expressed in Sv or rem.

To calculate the effective dose, first, the equivalent dose in each organ or tissue is deter-
mined by multiplying the absorbed dose in that organ or tissue by its radiation weight-
ing factor (wgr), which accounts for the different biological effects of different types of
radiation. The equivalent doses in all the organs and tissues are then summed together,
weighted according to their respective tissue weighting factors (wr), which reflect the rel-
ative importance of each organ or tissue in the overall health risk (Harrison et al., 2021;
Petoussi-Henss et al., 2020; Hidajat et al., 1999; Guo et al., 2021b).

The effective dose (E) can be calculated using the following equation:

E:ZWTXZWRXDT,R:ZWTXHT (14.)
T R T

where wr is the tissue weighting factor for tissue T and ) wr concerning all tissues is equal
to 1. D is absorbed dose, and H is equivalent dose. The process of averaging is applied
to all organs and tissues in the human body for which specific radiation detriment values
have been calculated, along with specified tissue weighting factors. Mathematically, the
effective dose represents a weighted average of equivalent doses assigned to organs and
tissues. The selection of wr values aims to represent the contributions of individual organs
and tissues towards the overall radiation detriment from stochastic effects, considering all
ages and both sexes.

Effective dose is an important quantity for radiation protection because it allows for a com-
parison of the overall risk of different types of radiation exposure and dose constraints,
reference levels, and limits concerning stochastic health effects are established in terms of
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effective dose. It also helps to evaluate the effectiveness of radiation protection measures
and in determining the risks associated with medical imaging procedures.

1.7.4 Linear Energy Transfer (LET) and Quality Factor

Linear Energy Transfer (LET) is a fundamental concept in radiation dosimetry that quan-
tifies the amount of energy transferred by ionizing radiation to a material per unit length.
It specifically refers to the average energy deposited by a charged particle along its track
as it travels through the material. LET is commonly expressed in units of kiloelectronvolts
per micrometer (keV/um) (Harrison et al., 2021; Cucinotta et al., 2003; Dietze and Menzel,
2004; Guo et al., 2021b):

dE
LET = — 1.5
LET is an essential factor in radiation protection, as it affects the biological effectiveness
of ionizing radiation. High LET radiation is more effective at inducing biological damage
than low LET radiation. The quality factor (Q) is a parameter used in radiation protection
to account for the difference in biological effectiveness between different types of ionizing

radiation.

The quality factor is a dimensionless factor that reflects the RBE of different types of ion-
izing radiation. The RBE is the ratio of the biological effect of a given dose of radiation
to the biological effect of an equal dose of reference radiation (usually X-rays or gamma
rays). Q is typically given by a function Q(L), where L is the LET of the radiation in water,
measured in units of keV/um (Valentin, 2003; Kerr, 1988).

At a point in tissue, the quality factor is given by the integral:

1 [ee]
Q=4 [ QL (1.6)

where D represents the absorbed dose at that point, Dy is the distribution of absorbed dose
in unrestricted LET, where "unrestricted LET" refers to the entire range of LET values for
a given type of radiation at a specific point in tissue denoted by L, and Q(L) is the quality
factor as a function of L.

The integration is performed over D;, which represents the dose contributed by charged
particles (excluding their secondary electrons). Q(L) is defined as a function of the un-
restricted linear energy transfer, L., (often denoted as L or LET), of charged particles in
water according to ICRP (ICRP, 1991; Wrixon, 2008):

1, if L <10 keV/um
Q(L) = 40.32L —22, if10keV/um < L < 100 keV/um (1.7)
300L"2, if L > 100 keV/um



Chapter 1. Introduction 26

Due to the unique and varied characteristics of the radiations present in space, particularly
the significant high-LET component, a more accurate analytical expression for the quality
factor, known as QFnasa, has been developed specifically for space radiation. This factor
has been incorporated into NASA'’s risk projection model for estimating radiation-induced
cancer mortality (Cucinotta et al., 2013; Goodhead, 2018; Cucinotta, 2015).

The quality factor employed by NASA encompasses more than just the LET of particles. It
incorporates additional factors such as the atomic number (Z) and velocity (g) of the par-
ticles. These factors are combined using the track-structure parameter Z2/p* (Cucinotta
et al., 2013; Goodhead, 2018). In other words, NASA’s quality factor considers not only
the energy deposited by the particles but also the influence of their atomic composition
and speed. This comprehensive approach provides a more accurate assessment of the
biological effects of radiation, acknowledging that different particles with varying proper-
ties can have distinct impacts on living tissues. NASA has also established limits on the
dose equivalent for astronauts on space missions, and they take into account the different
types of ionizing radiation encountered in space. For example, high-energy protons have
a higher LET and therefore a higher RBE than low-energy protons or photons (Cucinotta
et al., 2013; Goodhead, 2018; Papadopoulos et al., 2023; Cucinotta, 2015).
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Chapter 2

Literature Review: In View of
Humans in Space

This chapter presents a comprehensive literature review from the human space explo-
ration perspective. First, we provide an overview of the types of radiation that astronauts
can expect to encounter during deep space voyages and on the surface of Mars, with a
specific focus on GCRs and SEPs, which constitute the main focal points of the thesis.
Subsequently, the radiation exposure experienced by astronauts and the associated health
risks during a mission to Mars is studied. Furthermore, the chapter delves into a detailed
description of the potential effects induced by ionizing radiation on normal tissues, en-
compassing both acute and late effects. These findings are derived from data obtained
from astronauts and spaceflight crews, as well as from ground-based experiments and
simulation-based studies. Besides, we provide a thorough review of studies employing
animal models to explore the behavioral effects induced by different charged particles.

2.1 Radiation Relevant for a Mars Mission

Radiation exposure poses a significant challenge to human missions to Mars, both during
transit and on the planet’s surface. During the transit phase, astronauts face exposure to
GCRs and SEPs, which comprise highly energetic charged particles, mainly protons, and
alpha particles, that originate from outside the solar system (Guo et al., 2021b; McGirl et
al., 2016; Cucinotta, 2015). As previously noted, GCRs have the ability to penetrate deeply
into the human body, resulting in cellular and DNA damage. This damage is particularly
pronounced during periods of solar minimum when the intensity of GCRs reaches its
peak. Moreover, SEPs, elaborated upon in Section (1.4.2), can also cause a sudden increase
in radiation exposure (Guo et al., 2021b; Hellweg et al., 2007; Cucinotta, 2015).

Radiation in deep space is nearly isotropic most of the time, i.e., it comes from the full 47
solid angle (Khaksarighiri et al., 2023; Zeitlin et al., 2019). Upon arrival on the Martian
surface, additional radiation challenges arise due to Mars’ lack of a global intrinsic mag-
netic field and only a thin atmosphere of about 2% of the columns depths on Earth (Guo
et al., 2021b). The thin Martian atmosphere is not sufficient to stop a significant fraction of
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GCRs, although it stops a large share of SEPs in typical events. Primary GCRs and SEPs
can interact with the Martian atmosphere, producing secondaries that make the surface
radiation field different from that in space. The planet itself provides excellent shielding
against energetic particle radiation that would come from the bottom half of the full solid
angle. There is, however, a small portion of the radiation that is directed upwards (Ap-
pel et al., 2018). The GCRs and SEPs interact with the atomic nuclei in the regolith (soil)
on the Martian surface and produce secondary particles via spallation and fragmentation
processes, which we refer to as secondary albedo. Guo, Khaksarighiri, et al. (2021) esti-
mated that the albedo radiation, measured as an absorbed dose by RAD, on flat terrain is
about 19% of the total surface dose. I.e., most of the radiation detected on the Martian sur-
face is due to downward-directed particles. The secondary particles can be scattered back
into space or reflected towards the planet and further interact with the Martian surface
material during their propagation, which result in very complex spectra of both primary
and secondary particle radiation (Guo et al., 2021b; Zhang et al., 2022; Guo, Khaksarighiri,
etal., 2021). Secondary neutrons are of considerable concern because they do not undergo
ionization directly due to their lack of an electric charge. As a result, they can easily pene-
trate through matter, especially in the "fast" energy range on the order of MeV, where their
biological weighting factors are significant (Guo et al., 2021b; Zhang et al., 2022; Zeitlin,
2021). A comparison between the radiation in deep space and on the surface of Mars is
shown in figure 2.1.

While the radiation in deep space is nearly isotropic, its angular distribution is modified as
it travels through the Martian atmosphere to reach the surface. Particles coming through
the atmosphere from the horizon need to pass through a much larger atmospheric column
depth than particles coming from the vertical direction. The atmospheric column depth
that a particle must traverse to reach the surface increases with zenith angle 6.

Several instruments with radiation detectors have been deployed in Mars orbit, while
only RAD has been placed on Mars to assess its radiation environment. Mars Odyssey,
launched in 2001, carried the Mars Radiation Environment Experiment (MARIE) and the
High-Energy Neutron Detector (HEND) to measure radiation levels in Mars’ orbit (Saun-
ders et al., 2004; Desai and Knocke, 2007; Mase, 2005; Badhwar, 2004). The RAD, which is
described in more detail in Section 3, is a scientific instrument designed to detect and an-
alyze energetic particle radiation during the cruise to Mars and on the Martian surface. It
was developed as part of the MSL and carried on board the Curiosity rover, which landed
on Mars in 2012. RAD’s main scientific goals are to measure energetic particle spectra
at the surface of Mars, determine dose and dose equivalent rates for human explorers on
Mars, and validate Mars atmospheric transmission models and radiation transport codes
(Hassler et al., 2012). The data collected by RAD is utilized to evaluate radiation risks
for deep space and planetary missions, including future human exploration of Mars. The
instrument has provided valuable data on the radiation environment on Mars, which can
contribute to inform the design of future missions to the planet (Hassler et al., 2012; Guo
et al., 2021b; Zeitlin et al., 2016). Till now, the MSL Curiosity rover has traveled more than
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FIGURE 2.1: The radiation environment in deep space and Martian

surface. The background image is captured and modified from Sofo-

cleous (2019), the astronaut image is taken from gravity (2022), and
cosmic rays from outer space is taken from Physicsisphun (2022).

29 kilometers on the surface of Mars. As Curiosity moves across the surface, its inclination
with respect to the surface of an idealized, spherical Mars changes due to local topog-
raphy. Wimmer-Schweingruber et al. (2015) used these variations to study the radiation
shielding effect of the atmosphere and found that the radiation field is close to isotropic
with a slight increase of shielding toward larger zenith angles. That study was limited to
a maximum rover tilt angle of <150 Figure 2.2 shows the components of GCR and SEP
radiation effects on the surface of Mars.

2.2 Radiation Exposure for Astronauts on a Mission
to Mars

Astronauts during space missions face significant health risks due to exposure to space
radiation, including acute radiation syndromes, degenerative tissue risks, and the risk of
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FIGURE 2.2: Components of the space radiation environment. The
background image and astronaut image depicted were sourced from
the same reference as figure 1.1.

radiation carcinogenesis. NASA has recognized these risks and developed an Integrated
Research Plan to address them. To ensure the safety and well-being of astronauts, it is
crucial to continue researching and developing effective mitigation strategies, particularly
for long-duration space missions (Cucinotta and Durante, 2009; Cucinotta et al., 2009; Wu
et al., 2009).

Space radiation exposure can immediately impact the success of a mission or result in
late radiation effects for individual astronauts. Major SEPs typically contain high-energy
particles, including HZE particles, and deliver highly variable doses to tissues. Radiation
exposure during space missions can induce Acute Radiation Sickness (ARS), cutaneous
injury, and other biological effects, depending on the dose, dose rate, radiation quality,
and individual radiation sensitivity (Wu et al., 2009; Hu, Barzilla, et al., 2020). While
avoidance of radiation risk is the best protective strategy, complete avoidance is nearly
impossible, making countermeasures against adverse biological effects necessary for the
success of long-term space missions (Hellweg et al., 2007; Kennedy, 2014). ARS is a com-
plex of symptoms that occurs after a short and intense exposure to ionizing radiation, such
as might occur during an SEP event. The severity of ARS depends on the radiation dose,
the type of radiation, and the duration of exposure. The symptoms of ARS are typically
divided into three stages: the prodromal stage, the latent stage, and the manifest illness
stage. The prodromal stage occurs within hours to days after exposure and is charac-
terized by nonspecific symptoms such as nausea, vomiting, and diarrhea. This stage is
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followed by a latent stage, which can last for several days to weeks, during which time the
individual may appear to have recovered. Finally, the manifest illness stage occurs, during
which time the individual experiences more severe symptoms such as fever, dehydration,
and damage to the immune system. If the radiation dose is high enough, death can oc-
cur within days to weeks after exposure (Heslet et al., 2012; Donnelly et al., 2010; Young,
1987). Late effects of ionizing radiation exposure in the space radiation environment are
those that occur after a long period of continuous exposure to GCRs, as elaborated in
Section (1.4.1). The risk of late effects from GCR exposure depends on a variety of factors,
including the radiation dose, the type of radiation, the length of exposure, and the individ-
ual’s age and overall health. In addition, the risk of exposure to GCR can vary depending
on the IMF, as the IMF plays a crucial role in modulating the GCR flux, thus affecting
the intensity and energy of cosmic rays reaching our solar system and Earth’s atmosphere
(Cucinotta et al., 2001; Boerma et al., 2015; Cucinotta et al., 2015).

NASA'’s primary focus lies in addressing the health risks associated with GCRs and SEPs
radiation to astronauts because these types of radiation present significant challenges and
potential hazards during space missions. SEPs have the potential to deliver tissue dose
rates and doses ranging from 0 to 0.5 Gy/hour and 0 to 2 Gy, respectively, and skin doses
greater than 5 Gy (Hu et al., 2009). Although the possibility of acute risks during inter-
nal vehicle operations is minimal, there exist scenarios during external vehicle activities
such as lunar, trans-lunar, or Mars missions where ARS may occur (Kennedy, 2014). Pro-
ton radiation, the major type of radiation in an SEP event, may induce abnormalities in
leukocytes, erythrocytes, and platelets, potentially compromising immune function in the
microgravity environment of space (Kennedy, 2014; Hu et al., 2009).

Chronic exposure to the GCR radiation environment does not pose an immediate threat to
astronauts’ lives but increases the probability of long-term consequences, such as cancer
development, cataracts, damage to the CNS, and hereditary effects. In addition, intense
SEP events can contribute to deterministic effects, which manifest above a certain thresh-
old and escalate with increasing exposure (Lobascio et al., 2018; Guo et al., 2021b). The
ICRP divided radiation effects into stochastic effects and deterministic effects. For stochas-
tic effects, limits are established to ensure that the risk of exposure-induced death from
fatal cancer remains below 3% for career exposure (Cucinotta, 2010). The risk estimation is
based on ground-based occupational experience. Deterministic effects, characterized by a
direct cause-and-effect relationship between the level of radiation exposure and the sever-
ity of biological damage, become more pronounced as the radiation dose increases. These
effects often have a threshold below which they do not occur (Kamiya et al., 2015).

Space radiation exposure has been shown to pose significant risks to the CNS, increas-
ing the risk of developing Alzheimer’s disease and attention deficits, among other risks
(Cucinotta et al., 2014). Countermeasures for space radiation-induced adverse biological
effects on the CNS include melatonin, lipoic acid, fruit extracts, and flavonoid glycosides
from Ginkgo biloba (Kennedy, 2014; Manda, Ueno, and Anzai, 2007; Wotring and Wotring,
2012; Joseph et al., 1998).
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It is clear that space radiation poses a significant risk to astronaut health, particularly in
regards to the CNS and degenerative tissue risks such as cataracts. NASA has set a Space-
Permissible Exposure Limit (SPEL) for short-term radiation exposure of CNS at 0.5 Gy
in 30 days, but modeling has shown that some SEP events could exceed this limit inside
the brain (Cucinotta, 2010). Radiation-induced cataracts are a long-term effect that may
develop at a delayed stage, and exposure to large SEP events without sufficient protec-
tion could reach the proposed radiation cataract threshold of 0.5 Gy/year in a short time
(Horneck et al., 2006; Guo et al., 2021b). Therefore, continued research and the implemen-
tation of effective mitigation strategies are of utmost importance to ensure the safety of
astronauts during extended space missions.

Mitigation strategies encompass various measures such as the design of spacecraft and
habitats with adequate shielding, appropriate limits on exposure time, and use of protec-
tive gear during extravehicular activities (Wilson et al., 2004; Horneck et al., 2003). Math-
ematical models have proven to be valuable tools for describing the correlation between
radiation dosage and its biological effects in humans, in vitro cell cultures, and in vivo ani-
mal models. These models play a crucial role in predicting the clinical and subclinical out-
comes of radiation exposure during space missions. However, there remains a notable gap
in the field of space radiation effects studies and models, underscoring the need for mea-
sures to enhance their accuracy. To address this, these models should undergo validation
by comparing their predictions with data from actual space missions and ground-based
experiments capable of replicating space radiation exposure conditions. Within these ex-
perimental frameworks, the utilization of clinical diagnostic or radiotherapeutic devices
can effectively reproduce the radiation type and dosage encountered in space, facilitating
a comprehensive analysis of their impact on biological systems (Shibamoto et al., 2012;
Ribba et al., 2006; Kim et al., 2015).

2.3 Spaceflight and Ground-based Models of Radia-
tion Effects

Here, we describe various potential effects of ionizing radiation on normal tissues. These
effects encompass both acute and late effects, based on data obtained from astronauts,
ground-based experiments, and simulation-based studies.

After Aldrin reported flashes of light without real light on Apollo 11, several investigations
were conducted on the measurements in space by astronauts on Skylab in 1974 (Pinsky et
al., 1975) and on the Apollo-Soyuz Test Project (Page et al., 1977) and later on the Rus-
sian Mir space station, and the ISS (Narici, 2008). During the space measurements, a new
detector called Apollo Light Flash Moving Emulsion Detector (ALFMED) was developed
and deployed to link Light Flash (LF) perceptions with specific ions traveling through the
eyes. The ALFMED detector provided the initial identification of two ions, which were
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found to be heavier than oxygen, as the cause of LF perception (Pinsky et al., 1974; Os-
borne et al., 1975; Narici, 2008). To address this issue on the ground, a series of controlled
experiments in accelerators were performed where subjects aligned their eyes or brains to
the beamline and described their perceptions of the ions passing by. In 1972, experiments
using high-energy nitrogen at Princeton-Penn Particle Accelerator and Lawrence Berkeley
Laboratory (Budinger, 1972) revealed that energetic and charged particles passing through
the occipital cortex or the retina cause light flashes in closed eyes. Initially, the source of
these flashes was unclear, but it has been suggested that this phenomenon can have sev-
eral causes. Some of these potential causes include Cherenkov radiation in the vitreous
and direct excitation of the retina via ionization (Fazio et al., 1970; Osborne et al., 1975),
indirect effects from protons released by neutrons or from alpha-particles generated by
reactions with carbon, oxygen or nitrogen atoms, and scintillation in the eye lens (Fremlin,
1970; Budinger et al., 1971; McAulay, 1971; Avdeev et al., 2002). However, experiments in-
volving helium and nitrogen beams have suggested that the effect is localized in the outer
segments of rods and cones, possibly due to local energy deposition, as dark adaptation is
required to observe the LFs (Budinger et al., 1972; Avdeev et al., 2002). Researchers have
also suspected that secondary particles generated by the interaction of high-energy parti-
cles with metallic materials in the spacecraft, with a LET greater than 5-10 keV/um, have
been linked to causing eye flashes (Budinger et al., 1972; Strigari et al., 2021). Researches
conducted on the Mir space station has shown that the possibility of experiencing eye
flashes increases with LET, reaching approximately 5% at around 50 keV/pum (Avdeev et
al., 2002; Strigari et al., 2021).

Studies have also revealed that space radiation can cause genetic damage that alters the
differentiation of lens epithelial cells, which can increase the possibility of developing
cataracts (Cucinotta et al., 2001). These experiments did not observe any light sensations
when the beams passed through the optical nerve or the visual cortex of the brain (Avdeev
et al., 2002). Radiogenic cataracts were initially believed to be a deterministic effect with
a threshold (Rehani et al., 2011). However, recent research has indicated that radiogenic
cataracts are caused by genetic damage that leads to aberrant cellular differentiation of lens
epithelial cells and may exhibit a linear dose-response relationship without a threshold
(Strigari et al., 2021; Hamada and Sato, 2016). The first documented instances of radiogenic
cataracts occurred in animal experiments in 1897 and a human radiation cataract in an x-
ray laboratory worker (Chalupecky, 1897; Kleiman, 2012). The significance of shielding
the lens against radiation exposure gained considerable recognition after the publication
of two scientific papers in 1949, with the first study examining cataracts caused by atomic
bomb (A-bomb) radiation, the second examining cataracts caused by cyclotron radiation;
both studies involved neutron exposure (Cogan et al., 1949; Abelson and Kruger, 1949;
Strigari et al., 2021). The Longitudinal Study of Astronaut Health (LSAH) and the NASA
Study of Cataracts in Astronauts (NASCA) have investigated the incidence and progres-
sion of cataracts in astronauts. The LSAH data provide a historical record of cataract
incidence in astronauts; however, they have been collected using a subjective method to
record cataract severity and type. LSAH found a dose-effect threshold of about 8 mSy,
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linking an increased risk of cataracts for astronauts with higher lens doses (>8 mSv) of
space radiation relative to other astronauts with lower lens doses (<8 mSv) (Cucinotta
et al.,, 2001). The NASCA study is a longitudinal investigation that spans over five years
and aims to assess the impact of space radiation exposure on the severity, progression,
and risk of lens opacity (Chylack Jr et al., 2009; Chylack Jr et al., 2012). According to the
study’s findings, there is evidence of a small yet detrimental effect of space radiation on
cortical cataract lens opacities and, potentially, posterior subcapsular cataract lens opaci-
ties. After analyzing five years of data, with an average of 3.8 examinations per subject,
preliminary results suggest no association between radiation exposure and progression
rates for nuclear cataracts and posterior subcapsular cataracts. However, it is important to
note that further investigation is necessary to gain a more comprehensive understanding
of the risks associated with cataracts during space missions and to develop appropriate
prevention and treatment strategies (Chylack Jr et al., 2009; Chylack Jr et al., 2012; Strigari
etal., 2021).

During long-term missions to the moon or Mars, as well as the current ISS program, late
effects of radiation, such as CNS effects, cataracts, and cancer are the most significant
concerns (Strigari et al., 2021). The potential risks to the CNS could result in cognitive
impairments such as behavioral changes, reduced motor function, and short-term mem-
ory loss (Cucinotta et al., 2014). Moreover, there are long-term risks to the CNS, including
early aging, Alzheimer’s disease, or other forms of dementia, which could be especially
problematic during long-duration missions beyond low Earth orbit due to the absence of
protection from Earth’s magnetic field, and the long duration of the space mission (Sihver
etal., 2015; Duda et al., 2021). It should be noted that the available data on radiation effects
on the CNS in space are limited due to the relatively small number of humans who have
ventured beyond the protective envelope of the Earth’s magnetosphere. As part of the
Apollo program, only 24 individuals, during 9 Apollo missions, have spent a maximum
of approximately 12 days in deep space (Chancellor et al., 2014). Conducting realistic ex-
periments to study radiation effects on human brains in space also presents significant
ethical and technical challenges. Possible observation of CNS effects in astronauts partic-
ipating in past NASA missions in LEO is also unlikely due to the protective effect of the
Earth’s magnetic field, the relatively short lengths of past missions as well as the small
population size of astronauts (Cucinotta et al., 2014). Therefore, the potential risks to the
CNS mentioned earlier can derive from either the ground experiments conducted on ani-
mal models or reports from the atomic bomb survivors (Brenner et al., 2020) and patients
who were undergoing conventional cranial radiotherapy. Studies based on reports from
patients undergoing conventional cranial radiotherapy and experiments in animals exhib-
ited CNS behavioral changes such as chronic fatigue, long-term anxiety, and depression
(Tofilon and Fike, 2000), as well as other negative effects on cognition, including disrup-
tions in learning, memory, processing speed, attention, and cognitive flexibility (Andersen
and Tewfik, 1985; Parihar et al., 2016; Parihar et al., 2015; Tang et al., 2012). Some intellec-
tual disabilities have been observed among the children of the atomic-bomb survivors in
Japan (OTAKE, 1998). In addition, the atomic bomb radiation exposure is associated with
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elevated risks of major types of CNS tumors that appear to persist throughout life (Bren-
ner et al., 2020). Investigation of the effects on the CNS using animal experiments reveals
the enhanced degradation of DNA and changes in dopamine function (Rabin et al., 2000),
which may cause accelerated striatal aging (Joseph et al., 1992). According to Britten et al.
(2012), 1 GeV /u *°Fe particles at doses as low as 20 cGy can significantly impair learning
and memory in a rodent model, while proton radiation caused marked neurocognitive
deficits at psychomotor vigilance tests at doses as low as 25 cGy (Hienz et al., 2010). The
analysis of energy deposition in irradiated hippocampal neurons simulated with Geant4
as a 3D model of the rat’s hippocampus suggests that a significant portion of the energy
is accumulated by a dense population of granular cells in the dentate gyrus (Batmunkh
et al., 2019; Strigari et al., 2021).

The radiobiology studies of CNS effects based on modeling of space radiation using ex-
perimental and empirical models suggest that space radiation risks during a long-term
space mission to Mars may include damage to short-term memory, negative impacts on
crew performance and decision-making, and Alzheimer’s disease or other dementia as a
late CNS effect (Cucinotta et al., 2014). Animal models using mice (Parihar et al., 2015;
Parihar et al., 2016) exposed to doses of radiation equivalent to that of a cruise to Mars
(Zeitlin et al., 2013) indicate that the corresponding space radiation may cause the reduc-
tion of dendritic complexity and the alteration in synaptic integrity and thus influence the
cognitive performances over an extended period (Parihar et al., 2015; Parihar et al., 2016).
In a study by Cacao et al. (2016), a predictive mathematical model was developed to assess
the radiation-induced changes to neurogenesis resulting from acute or fractionated irra-
diation for various radiation types. This study also extended a mouse model of impaired
neurogenesis in the hippocampal dentate gyrus after exposure to low-LET radiation to
heavy ion irradiation. The results indicated that heavy-ion irradiation resulted in poor or
no recovery from impaired neurogenesis, even at doses as low as 0.5 Gy in mice. Radiation
exposure can result in changes in proteins associated with dopamine receptors and trans-
porters in the brains of radiosensitive animals at mission-relevant doses and dose rates,
indicating the importance of susceptibility in predicting radiation-induced CNS changes
(Chancellor et al., 2014; Kiffer et al., 2019a; Strigari et al., 2021). Radiation exposure dur-
ing space missions can cause cognitive impairments by changing neuron morphology and
plasticity, and studies in mice indicate that radiation type and dose are crucial factors in
this regard (Cherry et al., 2012).

Cancer risks for space missions are a concern due to the exposure of astronauts to ioniz-
ing radiation in space. These risks vary depending on several factors, such as the length
of the mission, the type of radiation, and the shielding provided by the spacecraft. It
assumes that even doses as low as 100 mGy may raise cancer risk, based on the Linear-
No-Threshold (LNT) model of estimating cancer risk from exposure to ionizing radiation.
While the actual risk remains uncertain, NASA has set radiation exposure limits based on
the LNT model to help manage cancer and other health effects among astronauts. These
limits are intended to keep cancer risks and other radiation-related health effects within
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acceptable limits (Strigari et al., 2021; Valentin et al., 2007).

2.3.1 Behavioral Effects of Charged Particles in Animal Models

Despite the relatively low abundance of HZE ions within GCRs, they make a substan-
tial contribution to the overall GCR exposure as shown in figure 1.3 which accounts for
absorbed dose and quality factor contributions (explained in Section 1.7.4). This phe-
nomenon arises from the fact that the energy deposition by HZE ions within individual
cells is proportionate to the square of the particle’s charge, underscoring their biological
impact, as gauged by the dose equivalent rate, as discussed in Section 1.7 (Benton and
Benton, 2001; Reitz, 2008; Mrigakshi, 2013).

It's noteworthy that despite the low relative abundance of *°Fe in GCRs, estimated at
approximately 0.003% (Mewaldt, 1994; Kiffer et al., 2019a), research into the effects of ex-
posure to *°Fe remains essential. This significance stems from its substantial contribution
to overall GCR exposure when considering absorbed dose and the quality factor (as dis-
cussed in Section 1.7.4). This contribution arises from the fact that the energy deposited
by HZE ions in an individual cell is proportional to the square of the particle’s charge.
Additionally, their biological impact is quantified through the dose equivalent rate, as
elaborated in Section 1.7. Studies offer valuable insights into the broader risks associated
with HZE particles and serve as a pivotal avenue for comprehending radiation impacts on
the CNS, with *°Fe being a pivotal particle used in in vivo research on radiation effects.
Remarkably, doses as low as 20 cGy of *°Fe have demonstrated the induction of deficits
in thermoregulation and conditioned taste aversion, underscoring the significance of such
research in understanding radiation’s impact (Kandasamy et al., 1994; Kiffer et al., 2019a;
Rabin et al., 2002). A dose of 10, 50, and 100 cGy of 56Fe is shown to desensitize muscarinic
striatal receptors and downstream signaling that refers to a series of molecular events that
occur after a receptor on the cell surface is activated by a specific signal or stimulus in rats
younger than 2 months (Kiffer et al., 2019a; Carrihill-Knoll et al., 2007; Joseph et al., 1993).
Impairment of reversal learning, which refers to difficulty in adapting or altering a learned
response when the rules or contingencies are reversed, can be caused by 1.5 Gy of whole-
body or 3 Gy of cranial radiation in male rats and mice, respectively, but not by lower
doses (10-50 cGy) (Haley et al., 2013; Kiffer et al., 2019a; Shukitt-Hale et al., 2000). Male
rats exposed to 1.5 Gy of radiation showed sporadic deficits and increased oxidative stress
in the prefrontal cortex one month after exposure (Denisova et al., 2002). Object memory is
impaired 2 weeks after exposure to 10 and 40 cGy, and 3 months after exposure to 150 cGy
in the novel object recognition test. Motor activity in an open field was reduced 3 months
after exposure to 50 cGy (Impey et al., 2016; Allen et al., 2015). Radiation-induced atten-
tional set deficits were observed in rats 3 months after exposure to 20 cGy (Lonart et al.,
2012). In addition, 10-month-old rats displayed marked deficits in compound and simple
discrimination (attentional set) after exposure to low doses (1-15 cGy) of 600 MeV /n *°Fe
(Jewell et al., 2018).
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Doses as low as 5 cGy of *°Fe can impair performance on the Barnes maze, with changes
in the proteome indicating altered markers for memory performance, neurodegenera-
tion, neuronal loss, neuroplasticity, and inflammation (Britten et al., 2017a; Britten et al.,
2016). Transgenic knock-in models of mice that express human genes associated with
Alzheimer’s disease have shown evidence of amyloid accumulation and behavioral deficits
after exposure to doses as low as 10 cGy of charged-particle radiation. Higher doses, such
as 2 Gy, have been shown to affect motor behavior on the rotarod platform, as well as anx-
iety levels in the open field, and performance in the Morris water maze task (Cherry et al.,
2012; Kiffer et al., 2019a; Higuchi et al., 2002).

Apart from *°Fe, ¥*Ti is another type of HZE particle that has been shown to induce behav-
ioral deficits in various tests used in behavioral neuroscience and psychology. These tests
are employed to investigate cognition, memory, and behavior impairments in animals due
to the exposure to **Ti. Even low doses (500-1,000 MeV /n, 10-20 cGy) of “*Ti significantly
impacted compound discrimination and reversal after 3 months, but not simple discrimi-
nation (Hadley et al., 2016; Kiffer et al., 2019a). Spatial memory was also affected by doses
as low as 5 cGy after 3 months. In addition, 5 cGy of *3Ti negatively affected temporal or-
der exploration and elevated plus maze anxiety, which is a common behavioral test used
to assess anxiety in rodents after 3 and 6 months, but not in rats exposed to 1 or 10 cGy
after 2 or 6 months. Dendritic remodeling was also observed in mice exposed to *3Ti (Ra-
bin et al., 2018; Kiffer et al., 2019a; Parihar et al., 2016; Parihar et al., 2015b; Britten et al.,
2017b).

The most prevalent HZE particles in the GCR spectrum are O and 2C (Kiffer et al.,
2019a; Mewaldt, 1994). HZE particles with Z > 9 contribute roughly 5-10% of the total
radiation dosage on a mission to Mars. Moreover, NASA's permissible exposure limits for
particles with Z > 9 are 10 cGy for a year and 25 cGy for a career (Nelson, Simonsen, and
Huff, 2016). Male mice exposed to 10-25 cGy of 1O radiation showed impaired short-term
memory 2 weeks and 9 months after exposure in Y-maze tests, but not females exposed
to 10-25 c¢Gy. Surprisingly, doses of 0.4 and 0.8 Gy increased cued fear memory but had
no effect on contextual fear memory a month post-exposure (Raber et al., 2015; Carr et al.,
2018; Kiffer et al., 2019b).

Low doses (1-25 cGy) of 160 radiation reduced operant conditioning (Rabin et al., 2014),
and even 1 or 5 mGy induced anxiety in 15-month-old mice (Rabin et al., 2018). 160 in-
duced detrimental effects on the CNS, including altered immune activation and oxidative-
stress responses, as well as dendritic remodeling changes in the hippocampus and pre-
frontal cortex (Parihar et al., 2015b; Rabin et al., 2015; Kiffer et al., 2019b).

12C has been found to cause an immediate loss of neurogenesis, proliferating neurons, neu-
ral precursors, and immature neurons in the CNS. These losses recover within 3 months
but revert at 9 months after exposure to 1-3Gy in a dose-dependent manner (Rola et al.,
2005; Zanni et al., 2018).
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4He is a crucial particle for studying the behavioral effects of space radiation due to its
abundance in GCRs and SEPs as shown in figure 1.3, and its ability to induce acute hy-
perthermia in a dose-dependent manner. Although these effects can be reversed with
cyclooxygenase inhibition (Kandasamy et al., 1994). Low doses of He radiation (0.05, 0.1
cGy) increase protein expression of NOX-2 and pCREB, important transcription factors as-
sociated with free-radical production and long-term memory formation, respectively. Ad-
ditionally, a dose of 0.1 Gy unexpectedly increases NRF2, a transcription factor involved
in the expression of endogenous antioxidants (Rabin et al., 2019).

Studies have shown that exposure to 1 Gy of 'H radiation has differential effects on morris
water maze-dependent spatial memory, with mice spending less time in the target quad-
rant during the first probe trial 2 weeks after exposure (Impey et al., 2017). Reversal learn-
ing was also impaired in mice 6 months after receiving 10, 50, or 100 cGy, and spatial
memory was compromised 3-6 months after exposure to 10-100 cGy (Bellone et al., 2015;
Rudobeck et al., 2017). 'H radiation has been shown to have destructive effects on brain
cells, altering the dendritic length, complexity, and spine composition in the hippocampal
DG, CA3, and CA1 even at low dosages of 50-200 cGy (Kiffer et al., 2018; Parihar et al.,
2015a). Exposure to 50 ¢Gy also significantly increased field excitatory postsynaptic po-
tentials, reduced spontaneous oscillations, and decreased CB1-dependent tonic inhibition
of GABA release in the CA1 (Bellone et al., 2015; Lee et al., 2017). Molecular changes due
to 'H radiation indicate altered expression of glutamatergic receptors and synaptic den-
sity markers in the hippocampus. It is also worth to mention that there may be differences
in the way that different animal species respond to radiation exposure, particularly con-
cerning DNA damage and repair mechanisms. It has been found by Romero-Weaver et al.
(2013) that high-dose proton exposures in mice led to a temporary decrease in circulating
white blood cells, but that these levels returned to normal within 30 days following ex-
posure. However, in mini-pigs exposed to simulated SEP radiation, blood cell counts did
not return to pre-irradiation levels, indicating that these animals may not be able to repair
DNA damage caused by the radiation exposure as efficiently as mice (Romero-Weaver et
al., 2013). These findings highlight the importance of considering the potential effects of
radiation exposure in different animal species, and the need for further research to bet-
ter understand the mechanisms of DNA damage and repair across different species. It’s
worth noting that animal models are an important tool for studying the effects of radiation
exposure, but they may not always accurately reflect the responses of human cells or tis-
sues. Therefore, it is of paramount importance to exercise utmost caution and meticulous
consideration when extrapolating insights derived from animal studies to the complex
and multifaceted realm of human responses. Table 2.1 presents the brain regions covered
in the literature review of this thesis, while Table 2.2 offers a compilation of behavioral

tests utilized to assess radiation effects in animal experiments.
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TABLE 2.1: List of Brain regions mentioned in the literature review of

this thesis
Brain region Location Functions
Self-awareness
Complex planning
The prefrontal cortex Anteriormost portion Problem solving
(Preuss and Wise, 2022) of the frontal lobe Learning and Memory
Decision making
(Braver et al., 1997)
Hippocampus Embedded deep into ﬁﬂi;ﬂig learning
(Luo and Niki, 2003) temporal lobe (Opitz, 2014)
Hippocampal dentate gyrus Part of the hippocampus Pattern completion
(Sauer et al., 2020) in the temporal lobe Novelty detection
Contributes to the spatial
working memory
. Subfield within (Song et al., 2020),
The CA3 region the hippocampus Pattern separation
Pattern completion
(Deuker et al., 2014)
Formation, consolidation,
The CA1 region Within the hippocampus and retrieval of hippocampal

dependant memories
(Bartsch et al., 2011)

Regulating various

In the cortex, the striatum, . - .
physiological functions

Muscarinic receptor

and the hippocampus (Kudlak et al., 2022).

Situated in the temporal lobe, Processing emotions,
Amygdala near the brain’s base and Memory consolidation

close to the hippocampus (AbuHasan et al., 2019).

2.4 Motivation

In the first chapter of our thesis, we direct our attention toward the challenges faced by as-
tronauts during space exploration, focusing particularly on understanding the biological
impacts of radiation exposure. We delve into a comprehensive examination of the radia-
tion environment in space, highlighting the significance of GCRs and SEPs. Furthermore,
we provide an overview of key processes related to radiation-matter interaction and dosi-
metric concepts. The subsequent section entails an extensive review of relevant literature
within the context of human space exploration. We discuss the various types of radiation
encountered during deep space missions and on Mars, with a specific emphasis on GCRs
and SEPs. Drawing upon data obtained from astronauts, spaceflight crews, ground-based
experiments, and simulation-based studies, we summarize the radiation exposure levels
and associated health risks faced by astronauts during missions to Mars. In addition, we
review studies that have explored the behavioral effects of charged particles using animal
models.
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Despite the extensive research conducted on the effects of radiation on the human body,
there still exists a significant knowledge gap in our comprehensive understanding of these
effects. Specifically, there is a need to further investigate and accurately quantify the dose
and energy of space radiation in specific regions of the brain, such as the lobes. These brain
regions play critical roles in functionalities of the brain, such as decision-making, learning,
memory, and so on, which are essential for the success of space missions. Bridging this
knowledge gap is essential to effectively address the radiation risks faced by astronauts
and ensure their well-being during space exploration endeavors. This research aims to
address this gap by focusing on the initial part of the study, which involves calculating
the energy deposition and dose distribution within the human head, with a particular fo-
cus on various regions of the human brain, including vital components such as the lobes
and hippocampus region. Disruption of these brain regions caused by space radiation has
the potential to impair cognitive functions, decision-making abilities, and overall brain
performance, thereby presenting a significant concern for the success of future space mis-
sions. Our investigation encompasses two scenarios: first, we analyze the effects of deep
space radiation on different regions of the brain, and second, we conduct an evaluation of
different thicknesses of shielding of aluminum aimed at mitigating these adverse effects.

Moreover, the long-term presence of astronauts in space and on planetary surfaces, such as
Mars, necessitates a thorough understanding of the radiation environment, and the devel-
opment of appropriate countermeasures to ensure their safety and well-being. Previous
research, such as the work conducted by Wimmer-Schweingruber et al. (2015), provided
valuable insights into the zenith angle dependence of the particle fluxes reaching RAD and
found that the radiation field on the Martian surface is nearly, but not entirely isotropic.
However, the study was limited in terms of rover tilt angles and did not provide a com-
prehensive understanding of the zenith-angle dependence of the surface radiation field.
To address this knowledge gap, our study aims to investigate the directionality of surface
radiation over a wide range of zenith angles. By employing advanced three-dimensional
Monte Carlo simulations using the Geant4 framework, we can model the complex inter-
actions between GCRs, the Martian atmosphere, and the RAD detectors. This approach
allows us to derive the zenith-angle dependence of the surface dose rate and gain valuable
insights into the radiation exposure astronauts may experience during their exploration
missions. The outcomes of this research will have significant implications for mission
planning and astronaut safety. By understanding the distribution and characteristics of
the surface radiation field, we can develop strategies to mitigate radiation risks, identify
suitable landing sites with natural shielding features, and optimize the use of available
resources to protect astronauts from the harsh radiation environment, particularly during
solar energetic particle events.
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TABLE 2.2: List of behavioural tests mentioned in the literature re-

view of this thesis.
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Chapter 3

Dose Assessment : Instrument and
Modelling

The quantification of dose quantities required for assessing radiation-related health risks
involves either measurement techniques or numerical calculations employing computer
simulations. The initial sections of this chapter offer an overview of the RAD instru-
ment specifically designed to measure the radiation environment on Mars’ surface. Sub-
sequently, we introduce the utilization of Geant4 tools, widely employed for conducting
simulations. Lastly, we delve into the discussion of tools employed for data analysis, en-
abling the evaluation of dose and energy distribution across various regions of the human

brain.

3.1 The MSL Radiation Assessment Detector Instru-

ment

The Radiation Assessment Detector (RAD), a scientific instrument aboard the Mars Sci-
ence Laboratory (MSL), is designed to measure the radiation environment on the surface
of Mars (Hassler et al., 2012; Grotzinger et al., 2012). It was developed in cooperation
between the University of Kiel and Southwest Research Institute and is currently part of
NASA’s Mars Science Laboratory mission, which includes the Curiosity rover. RAD is
unique in the way that it provides the first-ever radiation measurements on the Martian
surface. By detecting GCRs, SEPs, secondary neutrons, and other secondary particles cre-
ated in the atmosphere and the Martian regolith, RAD enables scientists to investigate the
radiation environment on Mars both past and present, with potential implications for hab-
itability and the ability to sustain life. The instrument also addresses a significant concern
for future human missions by measuring radiation exposure (Hassler et al., 2012). RAD’s
capabilities are achieved through charged- and neutral-particle detection in a compact,
low-mass, and low-power instrument that is highly configurable. The RAD is intended to
measure both charged and neutral particles and compute the particle spectra along with
dosimetric quantities such as the total ionizing dose rate and LET spectra. These objec-

tives are aligned with its primary scientific goals, which entail characterizing the energetic
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particle spectra present on the Martian surface, including GCRs and SEPs, as well as deter-
mining the radiation hazard for past or present life on Mars or for future human missions
to the planet.

The RAD Sensor Head (RSH) shown in figure 3.2, composed of three silicon detectors each
having the thickness of 300 pm for charged particle detection, a thallium-doped Cesium
Iodide scintillator, plastic scintillators for neutron detection, anti-coincidence shielding,
and front-end electronics. The RAD instrument is mounted just below the top deck of the
rover with the charged particle telescope pointed in the zenith direction. The telescope
geometry for charged-particle detection in the RAD is determined by the “A” and “B” de-
tectors. The “A” detector is split into outer and inner areas, defining detectors “A1” and
“A2” respectively, with “A2” consisting of the two innermost segments of the diode. The
detection process involves two view cones, which are defined by the coincidence of hits in
the “A” and “B” detectors. The first view cone is formed using the inner segment, specif-
ically the “A2”-detector, which covers a half-angle of 18°. The second view cone utilizes
the outer segment, the “Al”-detector, resulting in a larger cone with a half-angle of 32°.
To detect charged particles, RAD requires an energy deposit in at least the “A” and “B”
detectors, setting the lower limit for the particle’s kinetic energy to, for example, 6 MeV for
protons. For higher energy charged particles, which penetrate the “B” detector and stop
in “C”, “D”, or “E”, the total deposited energy (E) and the LET in one of the detectors are
used to determine the particle’s charge and total kinetic energy. This technique is known
as the dE /dx-E method and has been in use since the IMP-1 mission in the 1960s (McDon-
ald and Ludwig, 1964). By using this technique, one can obtain important information
about the charged particles present in the Martian radiation environment, including their
energy, charge, and penetration depth (Hassler et al., 2012). Detectors “D”, “E”, and “F”
are scintillation detectors (see figure 3.2). The CslI scintillator detector, “D”, in the shape of
a truncated hexagonal pyramid, is situated directly below the charged particle telescope
and aligned with the inner segment of detector “C”. Detector “D" is used to supply a mea-
surement of the total particle energy for proton and alpha particles of up to 95 MeV /nuc.
The “E” detector, a plastic scintillator, is located below the “D” detector and is mainly used
for neutral particle detection. The “E” detector also stops a small percentage of charged
particles. Being a Csl scintillator, detector “D” can detect secondary electrons generated by
v-rays effectively, while neutrons hitting the “E”-detector can interact with the hydrogen
atoms in the plastic to produce recoil protons. By considering these interaction processes,
an inversion method is employed to derive neutral particle spectra. This method takes
into account the contributions from both gamma-ray interactions with the Csl scintillator
and neutron interactions with the hydrogen atoms in the plastic material (Kohler et al.,
2011).

Both “D* and “E“ detectors are surrounded by another plastic scintillator (“F”) used as an
anticoincidence shield to reject ions entering “D” or “E” detectors from the sides. RAD
provides several direct data products, including dosimetry and Pulse Height Analysis
(PHA) data.
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Due to limited available telemetry for data transmission back to Earth, RAD selectively
records a subset of measurable events in the form of PHA data, which contains essential
information for thorough data analysis. Each event is assigned a PHA priority and stored
based on available buffer sizes. While not all valid events can be transmitted due to stor-
age and telemetry constraints, data from these events are stored in histograms. PHAs,
primarily used to generate histograms for energy spectra visualization, have a broader
utility encompassing identification of radiation energies, source intensity determination,
material composition analysis, and radiation-matter interaction studies. Histograms, in
turn, are one- or two-dimensional arrays where each element signifies the count of valid
events in a specific energy bin, determined by the onboard data analysis algorithm em-
ploying nominal calibration factors (Hassler et al., 2012; Ehresmann et al., 2014). The PHA
data collected by RAD consists of the energy spectrum of the charged particles detected by
the detector. The energy spectrum refers to the distribution of high-energy particles or ra-
diation, often associated with cosmic rays or high-energy astrophysical phenomena. This
energy spectrum is a histogram that shows the number of particles detected at each en-
ergy level. By analyzing the energy spectrum, it is possible to identify the different types
of particles present in the space radiation environment, such as protons, electrons, and
heavy ions. To generate PHA data, different coincidence requirements are used, including
a requirement for energy to be deposited in each detector from “A2” to “F”. This is par-
ticularly important for detecting penetrating particles, which can pass through multiple
layers of material, as they can be identified by the energy they deposit in each detector
(Hassler et al., 2012; Ehresmann et al., 2014).

Dosimetry data is essential for assessing the risks of radiation exposure to astronauts dur-
ing long-term human exploration missions to Mars. The measurement of radiation doses
on the Martian surface is achieved through the use of active dosimeters that employ two
concurrent methods, namely the silicon detector “B” and the plastic scintillator “E” detec-
tor. For the dose measurement, these detectors are utilized omnidirectionally to measure
the total deposited energy of any particle that passes through them without requiring any
other coincidence requirements. The dose of ionizing radiation, including protons, neu-
trons, and other charged particles, present on the Martian surface can be measured using
these two detectors. The silicon detector “B” is specifically designed to measure the dose
of charged particles like protons and heavy ions. These particles deposit their energy in
the silicon detector, resulting in a measurable signal that is used to determine the radiation
dose. The plastic scintillator “E”, on the other hand, is designed to measure the dose of
both charged particles and neutrons. The plastic scintillator has a composition similar to
that of human tissue, making it more sensitive to neutrons than silicon detectors. When
charged particles or neutrons enter the scintillator, they interact with the material, produc-
ing scintillation light, and the amount of light produced is proportional to the amount of
energy deposited by the radiation, which enables the accurate measurement of the dose
(Hassler et al., 2012; Guo et al., 2021b).

Figure 3.1 displays the time profile of the measured radiation dose rate by RAD from
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FIGURE 3.1: RAD recorded Martian surface dose rates in silicon de-
tector B and plastic detector E since MSL landing until 2023 April.
The silicon dose rate has been corrected for the background radia-
tion contributed by the rover Radioisotope Thermoelectric Generator
(RTG). The shaded region reported here begin before the maximum
of solar cycle 24, continue through the solar maximum (2014-2015)
and into the declining phase and the associated deep solar minimum.

the MSL landing until May 2023. The measurements were taken every 16 minutes, and
the daily average data was obtained using a 1 day smoothing window. The peaks in the
plot represent the SEPs seen by RAD on the surface of Mars. It’s important to note that
the absorbed dose in the plastic E detector is higher than that of the silicon B detector
because the absorbed dose in the silicon B detector had its background contribution from
the rover’s RTG subtracted.

RAD’s versatility and advanced technology make it a highly capable instrument, paving
the way for future compact energetic particle detectors in space. Since the Curiosity
rover’s landing on August 6, 2012, RAD has been consistently measuring the radiation en-
vironment on the Martian surface and was also active during the majority of its 9-month
flight to Mars, known as the cruise phase, to assess the radiation dose that astronauts
would experience while traveling to Mars. The instrument has provided valuable infor-

mation about the radiation environment on Mars, including the effects of solar storms and
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FIGURE 3.2: Schematic diagram of the RAD sensor head. Red, green,

blue, and gray arrows show possible trajectories of charged and neu-

tral particles through the detectors. Accepted particle trajectories are

shown in green, and rejected trajectories are shown in red. Taken
from Hassler et al., 2012.

the potential risks to human health during future manned missions to the planet (Guo et
al., 2021b; Hassler et al., 2012).

3.2 Geant4 Toolkit

Geant4 (GEometry And Tracking, Agostinelli et al., 2003; Allison et al., 2016) is a widely
used and well-established toolkit for simulating the passage of particles through matter.
It is a three-dimensional tool that utilizes the object-oriented C++ programming language
and employs the Monte Carlo method for simulating the behavior of particles as they
interact with matter. It developed by the European Organization for Nuclear Research
and is now widely used in various scientific fields, including high-energy physics, nuclear
physics, space science, medical physics, and radiation protection. Geant4 provides a com-
prehensive set of tools for simulating the passage of particles through matter. It includes a
geometry description package that allows users to define the physical and material prop-
erties of the target, as well as the placement and orientation of detectors. Geant4 also
includes a tracking engine that simulates the motion of particles through matter, taking
into account their interactions with the surrounding material and the electromagnetic and
nuclear fields. One of the key features of Geant4 is its ability to simulate a wide range of
particle interactions with matter. This includes electromagnetic interactions, such as ion-
ization and bremsstrahlung, as well as hadronic interactions, such as nuclear scattering
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and annihilation. Geant4 can also simulate optical photon interactions, such as scintilla-
tion and Cherenkov radiation.

Geant4 allows users to select physics models for particle interactions based on the specific
radiation environment. This can be achieved through physics lists that combine mod-
els for different energy ranges (Geant4_Collaboration, 2017). The choice of physics list
can affect the assessment of the radiation environment depending on factors like particle
type, energy, and interacting materials (e.g., Guo et al., 2019). We utilized two different
physics lists, “"QGSP_BIC” and "QGSP_BERT”, to examine their differences when applied
to model the space radiation impact on human brains (Collaboration, 2020; Wright and
Incerti, 2012; Geant4_Collaboration, 2017). Both lists incorporate the Quark-Gluon String
model ("QGS”) for high-energy particles (>~ 20 GeV) (Apostolakis et al., 2009). The Pre-
compound model (P) is also used to de-excite the remnant nucleus after the initial high-
energy interaction (Yarba, 2012). Subsequently, the precompound model calls upon the
Fermi breakup, multi-fragmentation, neutron evaporation, and photon evaporation mod-
els as required (Yarba, 2012; Geant4_Collaboration, 2017). For hadrons of energy ranges
below ~10 GeV, the "QGSP_BIC" employs the Binary Cascade model, while "QGSP_BERT"
uses the Bertini Cascade model within this energy range. In the case of neutrons, we
also use the "HP” option in both lists, which switches on the high precision neutron elas-
tic and inelastic scattering model for neutrons below 20 MeV (Adloff et al., 2014; Folger,
Ivanchenko, and Wellisch, 2004; Heikkinen, Stepanov, and Wellisch, 2003). In modeling
the Martian radiation environment, it has been found that different physics lists can affect
the generation of secondary particles, especially those produced via spallation processes
(Guo et al.,, 2019). However, the surface absorbed dose agrees within ~5% for different
physics lists (Matthid et al., 2016).

To accurately model the anatomy and physiology of patients, high-resolution computa-
tional models or phantoms are essential. These models must consider various factors, such
as anatomy, tissue properties, computational efficiency, organ geometry and structures,
and compatibility with simulation codes. Three types of human phantoms are discussed:
stylized, voxel, and hybrid models. Stylized phantoms use primitive shapes to construct
organs, while voxel phantoms assign labels based on anatomical regions and tissue char-
acteristics to voxels in 3D. Hybrid phantoms combine voxel data with stylized modeling
to create a phantom that benefits from the advantages of both voxel and stylized models.
In our study, we used the Geant4-DICOM package (Giacometti et al., 2017) to build our
model which is a voxelized model of the human head and will be explained in the next
section (Akhavanallaf et al., 2022; Neufeld et al., 2018).

3.2.1 Geant4-DICOM Package

In order to investigate the impact of radiation on the human brain, the study described
in 4.1, we utilized voxelized geometries in Geant4. These geometries were based on
Computed Tomography (CT) scans of an actual head structure, encompassing the entire
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brain. The Geant4-DICOM package was utilized for this purpose. Geant4-DICOM pro-
vides an interface with Digital Imaging and Communications in Medicine (DICOM) data,
enabling the incorporation of realistic patient-specific information into the simulations to
simulate radiation transport and interaction with matter in medical imaging and radiation
therapy applications. The package is designed to enable the evaluation of the deposited
dose in various materials and geometries and to simulate complex radiation sources, in-
cluding photon, electron, and proton beams (Kim, 2012). The Geant4-DICOM package
is a well-established simulation software provides a flexible and customizable simulation
environment, which allows researchers and clinicians to simulate a wide range of medical
imaging and radiation therapy modalities (Kimura et al., 2005; Kimura et al., 2004; Kim,
2012).

DICOM images are a standard format for storing and transmitting medical images and
related data. DICOM images can contain a wide range of medical images, including X-
rays, CT scans, Magnetic Resonance Imaging (MRI) scans, ultrasound images, and more.
DICOM images consist of a header and image data. The header of a DICOM image con-
tains a wealth of information about the image and the patient it represents. The header
is a structured set of metadata that includes information such as patient demographics
(e.g. name, age, sex), imaging modality (e.g. X-ray, MRI, CT), image orientation (e.g.
which direction the image was taken from), and imaging parameters such as slice thick-
ness, pixel size, which are important in using these images in Geant4 simulations. The
header information is stored in a standardized format, which allows DICOM images to
be easily exchanged and interpreted across different systems (Mildenberger et al., 2002).
The Geant4-DICOM package includes tools for DICOM file manipulation and conversion,
which facilitate the integration of DICOM data into the simulation environment. The pro-
cedure for reading DICOM images in the Gant4-DICOM package is as follows:

1. Load the DICOM files: To load DICOM files, the Geant4-DICOM package pro-
vides a class called G4DICOM::G4DICOMReadImage. This class takes the path to the
DICOM file as an argument and returns a G4DICOMImagelnformation object. The
G4DICOMImagelnformation object contains information about the image, such as its

dimensions and pixel size, as well as the raw pixel data.

2. Read the header information: The header information contains metadata about the
image. This metadata can be accessed using the G4DICOMImagelnformation object
returned by G4DICOMReadImage. Some of the important header fields that are typ-
ically used in simulations include:

* PixelSpacing: The size of each pixel in millimeters
e SliceThickness: The distance between adjacent slices in millimeters
¢ ImagePositionPatient: The position of the image in the patient coordinate sys-

tem

¢ ImageOrientationPatient: The orientation of the image in the patient coordi-
nate system
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¢ Rows and Columns: The number of rows and columns in the image

3. Read the pixel data: The pixel data is the actual image data, stored as a two-dimensional
array of pixel values. The raw pixel data can be accessed using the G4DICOMImagelnformation
object returned by G4DICOMReadImage. The pixel data is typically stored as a one-
dimensional array of values, with each pixel value represented by a 16-bit or 32-bit
integer. The order of the pixels in the array depends on the image orientation and
can be determined using the ImageOrientationPatient header field.

4. Convert Hounsfield Unit (HU) to density: The pixel data in a DICOM image can
be treated as a two-dimensional array matrix. The value in each picture element,
which is called a pixel, stands for the intensity in that pixel. For an image from CT
scanning, the intensity stored in a pixel is the CT number in the HU. The definition
of CT number in HU is:

HU = ("™ 1) x 1000 (3.1)

Huwater

where ji,, is the linear attenuation coefficient of the CT X-ray in a voxel filled with a
material marked as m, and piyater is the linear attenuation coefficient of the CT X-ray
in water. According to this definition, the HU of water and air are defined to be zero
and -1000, respectively. Then, the HU for lung, soft tissues, and fat are negative, and
the HUs for muscle and bone are positive (DenOtter and Schubert, 2022). The HUs,
which also represents the radiodensity of the tissue, must be converted to mass den-
sity units before they can be piped into a Geant4 simulation. This conversion can
be done using a calibration curve that relates HU values to densities. The calibra-
tion curve is typically obtained by measuring the HU values of a set of materials
with known densities and fitting a curve to the data. More detail can be found in
Appendix C.

5. Create a Geant4 volume: Once the pixel data has been loaded and converted to
density units, a Geant4 volume can be created from the image data. This is typically
done by creating a series of voxels with the appropriate dimensions and densities
and then placing them in a logical volume. The dimensions of the voxels can be
determined from the PixelSpacing and SliceThickness header fields.

6. Register the volume with Geant4: Finally, the volume must be registered with the
Geant4 geometry manager so that it can be used in a simulation. This can be done
using the G4LogicalVolume class, which takes the voxel data as an argument and cre-
ates a logical volume that can be placed in the simulation. Geant4-DICOM simulates
the interaction of particles with the materials in the object being studied, and as a
result, it calculates the total energy or dose deposited by particles in each voxel of
the CT images.
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3.3 3D Slicer

3D Slicer is a robust open-source software platform for medical image computing and
visualization. Originally developed in the 1990s at the Surgical Planning Laboratory at
Brigham and Women’s Hospital in Boston, Massachusetts, it has since been continuously
updated and improved by a community of researchers and developers. The primary aim
of 3D Slicer is to make medical imaging data analysis, processing, and visualization more
accessible, covering a variety of imaging modalities such as MRI, CT, PET, ultrasound,
and microscopy. Medical imaging data is often provided in 2D slices, and 3D Slicer en-
ables the reconstruction of these slices into interactive 3D models that can be explored and
manipulated (Pieper et al., 2004; Kikinis et al., 2013).

One of the most significant strengths of 3D Slicer is its comprehensive toolkit for image
processing and segmentation. Image processing involves manipulating image data to ex-
tract or enhance specific features of interest. Segmentation, on the other hand, involves
dividing an image into distinct regions or objects based on their unique characteristics,
such as texture or intensity.

In our study, we utilized the segmentation feature of 3D Slicer to segment the human
brain into various lobes, creating a 3D matrix of this data. We then compared this output
to the Geant4 energy deposit output in different voxels. Using this matrix method, we
calculated the total dose deposited in various lobes of the human brain. 3D Slicer provides
advanced tools for image processing and segmentation, such as filters for noise reduction
and smoothing, algorithms for edge detection and feature extraction, and tools for region
growing and contouring. These tools can be used to extract particular features of interest

from medical images, such as tumors, blood vessels, or organs.

Due to the close density of different lobes, we manually segmented the different parts of
the brain using the 3D Slicer. To do so, we loaded the image into the software and selected
the "Segment Editor" module to create a new segment. We then chose a segmentation
method such as "Threshold" or "Grow from Seeds" and adjusted the parameters until the
desired regions were selected. We refined the segmentation using paint or erase tools and
saved the segmented regions as individual segments or merged them into one segment.
We repeated this process for each part we wanted to segment (Pieper et al., 2004; Velazquez
et al., 2013). Once we segmented CT images, 3D Slicer enables it to be visualized in 3D
space using several rendering techniques, including real-time volume rendering, surface
rendering, and ray tracing. Real-time volume rendering allows the display of a 3D model
of the image data that can be rotated and zoomed in real-time as shown in figure 3.3. Sur-
face rendering creates a 3D model of the surface of an object in the image, which can be
rendered with different materials and lighting conditions. Ray tracing is a more compu-
tationally intensive technique that allows for more realistic lighting and shadow effects.
3D Slicer can also provide information about each segmented part, such as mass, volume,

surface area, and other quantitative measurements. These measurements can be obtained
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using the "Segment Statistics" module in 3D Slicer, which allows for the calculation of var-
ious quantitative measurements for each segmented region (Pieper et al., 2004; Kikinis et
al.,, 2013). After segmenting different parts of the Brain using our CT data in 3D Slicer,
the results are saved in an Nearly Raw Raster Data (NRRD) file format used to store and
share medical imaging data. NRRD files store both the image data and the metadata that
describe the image data. The metadata include information such as the image’s dimen-
sions, the voxel size, the image orientation, and the data type of the image (e.g., integer or
floating-point). NRRD files can store both 2D and 3D images, as well as multi-component
images such as RGB color images, which have been used for different segments (Liu et al.,
2010). The Python code in Appendix A has been used to convert the NRRD files to PNG
and then read the data to build the matrix of the human brain categorized into different
segments.

I R:-13.845mm [ G & TA: 10.929mm

FIGURE 3.3: DICOM images segmented into four brain lobes of in-

terest (blue for the frontal lobe, violet for the parietal lobe, brown for

the temporal lobe, and yellow for the occipital lobe) viewed from dif-
ferent directions.
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Chapter 4

Publications

During the initial phase of our research represented in papers 4.1 and 4.2, our primary
focus was to provide insight into the advancement of human missions in deep space, with
a specific emphasis on future endeavors to Mars. To achieve this goal, we developed
a model of the human head using the Geant4 framework, while leveraging information
provided by CT images. Our objective was to gain an understanding of the potential radi-
ation risks that astronauts’ brain may encounter during their journey. A critical aspect was
to compute the energy and dose deposition within the human head and distinct regions
of the human brain, encompassing the different lobes and the hippocampus region. Each
part of the brain carries out specific functions, such as the frontal lobe’s involvement in
decision-making and the hippocampus’s significant role in learning and memory. Space
radiation has the potential to disrupt these components, which result in the impairment of
cognitive functions, decision-making capabilities, and overall brain performance, making
it a critical concern for the success of future space missions (Parihar et al., 2016; Britten,
Wellman, and Sanford, 2021). By utilizing CT images of the human head, we were able
to create a detailed and accurate representation of the human brain within the Geant4
framework. It enabled us to simulate various scenarios and evaluate the radiation dose
in different parts of the brain. Through this approach, we could provide valuable insights
into the potential risks that astronauts may face in deep space. It can help researchers to
develop strategies and countermeasures to effectively mitigate these risks by developing
suitable helmets for astronauts.

By studying a significant number of historical events, we also derived empirical correla-
tions from the statistical analysis of SEPs that allow us to establish a relationship between
the properties of these SEP events and the resulting dose in different regions of the brain.
By applying these empirical correlations, we can estimate the dose in the brain directly
from the fluence of the initial SEP-event for a specific pivot energy, that represents the en-
ergy at which the dose deposit in the head has the best correlation with the original SEP
fluence, without the need for extensive Monte Carlo simulations. This includes studying
the effects of using various thicknesses of aluminum as shielding around the human head.
This not only simplifies the prediction process but also saves computational resources,

making it more efficient for near-real-time decisions.
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Upon reaching the surface of Mars, the radiation environment differs from deep space, and
the long-term presence of astronauts on planetary surfaces like Mars necessitates a thor-
ough understanding of the radiation environment to ensure their safety and well-being.
In deep space, radiation exhibits a near-isotropic distribution across the entire 47t solid
angle. However, on the Martian surface, the planet itself acts as an effective shield against
energetic particles from the lower half of the solid angle. Nevertheless, there is a small
fraction of upward-directed radiation known as "albedo" particles, which is generated in
the soil as by-products of the interaction between energetic particles and the Martian soil.
Furthermore, as radiation traverses the Martian atmosphere en route to the surface, the
angular distribution undergoes modifications. Particles entering the atmosphere from the
horizon have to traverse a significantly larger atmospheric column compared to particles
arriving from the vertical direction. In a following work published in paper 4.3 and pa-
per 4.4, we focused on understanding the radiation risks on the Martian surface, which
are primarily determined by GCRs with sufficient energy to penetrate the planet’s atmo-
sphere. Since the shielding provided by the Martian atmosphere increases with the zenith
angle and leads to an increase in the creation of secondary particles, we used a Geant4
Monte Carlo simulation to derive the dependence of the surface dose rate on the zenith
angle 6. Finally, combining this radiation model with the rover panoramic visibility map
allowed us to predict a reduction in downward dose rate due to topographical obstruc-
tions (e.g., features such as buttes and valleys), which was larger than the data observed
by RAD. We hypothesized that this difference can be attributed to albedo radiation com-
ing from the butte and estimated the albedo radiation to be about (194+1)% of the total
surface dose. The following sections present publications that contain many of the results
from the investigations carried out during the research period. The publications are orga-
nized into separate sections and presented in a logical sequence that follows the evolution
of the study.
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Quantifying the Radiation Dose Rate of GCRs and SEPs
on the Human Brain: Implications for the Impacts of

Space Radiation in Deep Space

4.1 Paper I: Modeling the Dose Distribution in the Hu-

man Brain

It is crucial to model the potential risks of radiation exposure to the brain and cognitive
function in order to pave the way for human space missions, such as crewed missions
to the Moon or Mars. To achieve this, we conducted detailed Geant4 Monte Carlo sim-
ulations of particle interactions with a realistic brain structure extracted from actual CT
scans. We studied the radiation distribution inside a human head and at different parts
of the brain’s lobes. The simulations were validated by comparing the results based on
different human head structures and different physics lists in the particle transport code.
Based on the validated models, we calculated Brain Response Function (BRF)s that rep-
resent the ready-to-use functions of energy/dose deposit induced by primary particles of
protons, helium, neutron, and heavier ions such as carbon, nitrogen, and iron impinging
isotropically towards the head. We used a matrix approach to obtain these BRFs, which
describe the probabilistic description of the deposited energy of a primary particle with a
defined type and energy in the brain. All possible interactions that may be triggered when
the particle and its secondaries penetrate through the head are included in the BRF. These
functions can be used to quickly convert a certain ambient GCR spectrum or SEPs into the
absorbed energy/dose within the entire head and also at different lobes of the brain. Our
simulations revealed that the absorbed dose for charged particles in the brain increase with
incoming particle energy in the range below 100-150 MeV /nuc, after which they decrease
slightly at higher energies. Alternatively, for primary neutrons, the contribution to the
dose/energy increases with energy. We derived BRFs for dose deposit at different lobes,
which only differ slightly at low energies (below ~ 100 MeV /nuc) due to the position and
geometry of the lobes. Lobes with less external shielding by the cranium are more exposed
to the radiation contribution by low-energy primary particles. We also discussed the influ-
ence of an extra shield between the particle source and the head, and the dose deposit in
the brain depending on the shielding thickness. For charged particles, shielding effectively
reduces the head/lobe dose contributed by low-energy particles, which is important dur-
ing SEP events where most particles are below a few hundred MeV. However, the shield-
ing of neutrons is non-trivial as the generation of secondaries by neutrons with energies 2
200 MeV becomes more effective with enhanced shielding depth. The study emphasizes
the importance of using sufficient shielding protection against low-energy charged parti-
cles, which may have an substantial increase during SEP events. However, the shielding
strategy against neutron-induced radiation is not as straightforward. The following article
is reproduced from Khaksarighiri et al. (2020) with permission from Life Science in Space
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ARTICLE INFO ABSTRACT

Keywords:
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One of the most important steps in the near-future space age will be a crew mission returning to the Moon and
even a manned mission to Mars. Unfortunately, such a mission will expose astronauts to unavoidable cosmic
radiation in deep space and on the Martian or lunar surface. Thus, a better understanding of the radiation
environment for such a mission and the consequent biological impacts on humans, in particular the human
brains, is critical. The need for this better understanding is strongly suggested by investigations on animal
models and on human patients who were undergoing irradiation for cancer therapy in the head. These have
revealed unexpected alterations in the central nervous system behavior and sensitivity of mature neurons in the
brain to charged particles. However, such experiments shall not be carried out realistically in space using hu-
mans. Therefore, to investigate the impact of cosmic radiation on human brains and the potential influence on
the brain functions, we model and study the cosmic particle-induced radiation dose in a realistic head structure.
Specifically speaking, 134 slices of computed tomography (CT) images of an actual human head have been used
as a 3D phantom in Geant4 (GEometry ANd Tracking), which is a Monte Carlo tool for simulating energetic
particles impinging into different parts of the brain and deliver radiation dose therein. As a first step, we
compare the influence of different brain structures (e.g., with or without bones, with or without soft tissues) to
the resulting dose therein to demonstrate the necessity of using a realistic brain structure for our investigation.
Afterward, we calculate energy-dependent functions of dose distribution, for the most important (some of the
most abundant and most biologically-relevant) particle types encountered during a deep space mission inside a
spacecraft or habitat such as protons, helium ions, neutrons and some major heavier ions like carbon, nitrogen,
and iron particles. Furthermore, two different scenarios have been modeled as a comparison: a human head
without shielding protection and a human head with an aluminum shielding shell around (of varying thickness).
These functions can then be used to fold with energetic cosmic-ray particle spectra of the ambient environment
for obtaining the dose rate distribution at different lobes of the human brain. Our calculation of these functions
can serve as a ready tool and a baseline for further evaluations of the radiation in the brain encountered during a
space mission with different radiation fields, such as on the surface of the Moon or Mars.

1. Motivation and Introduction

In recent years, the development of space technology has provided
opportunities for scientific, industrial, and even commercial missions to
explore the space outside our planet. One of the most important steps in
the near-future space age will be a crew mission returning to the Moon
and even a manned mission to Mars. However, various issues may cause

* Corresponding author.
E-mail address: jnguo@ustc.edu.cn (J. Guo).

https://doi.org/10.1016/j.1ssr.2020.07.003

health problems for astronauts in deep space and on the surface of other
planets, such as physiological problems caused by microgravity or re-
duced gravity such as bone demineralization, skeletal muscle atrophy,
and reductions in plasma volume or cell mass (Demontis et al., 2017;
Hodkinson et al., 2017; Harris et al., 2015; Jandial et al., 2017). Psy-
chological stresses may arise from isolation and living for months in a
spacecraft with the high-pressure and high-risk environment (Sandal
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et al.,, 2006; Kanas, 2014; 2010). In particular, risks induced by ex-
posure to space radiation, have been classified as one of the key stop-
pers of such missions (Huff Janice. et al., 2016; Walsh et al., 2019;
Cucinotta et al., 2017) and thus the assessment of such radiation and
the evaluation of its biological consequences have been given one of the
highest research priorities in the field of space exploration.

For long-term missions in space where high energetic particles are
more abundant than those in normal daily life, ionizing radiation may
induce cancer via particle interaction with Deoxyribonucleic acid
(DNA) molecules, either through direct ionization process or by gen-
erating secondary particles and activating free radicals in the cell which
further interact with the DNA chains. These interactions can damage
the DNA structure and thus destruct the instructions encoded for cell
reproduction (Cucinotta et al., 2001; Cucinotta and Durante, 2006;
Cucinotta et al., 2013; Barcellos-Hoff et al., 2015; Huff Janice. et al.,
2016). Additionally, radiation can also interfere with the central ner-
vous system and induce degenerative effects, including cataracts
(Cucinotta et al., 2014; Kennedy, 2014). Some researchers suggest that
heart diseases may also occur (Boerma et al., 2015; Delp et al., 2016;
Reynolds and Day, 2017), while some others argue there is no evidence
for an increase in circulatory disease mortality in astronauts
(Cucinotta et al., 2016).

1.1. Radiation environment for a deep-space mission

The main radiation exposure for astronauts during a deep space
mission outside Earth’s magnetosphere and radiation belts includes the
omnipresent Galactic Cosmic Ray (GCR) background, and the sporadic
Solar Energetic Particles (SEP) generated during solar eruptions.

GCRs constitute a continuous, relatively low flux of very high en-
ergy particles, made up of roughly 87% protons, 12% helium ions, and
only about 1% heavier nuclei (Simpson, 1983). They originate from
outside the solar system and are modulated by heliospheric magnetic
fields, which evolve dynamically as solar activity varies in time and
space, with a quasi-periodical 11-year cycle (Parker, 1965, e.g.,). GCR
flux may be one order of magnitude higher (at low energies below a few
GeV/nuc) during solar minimum years than during Solar maximum
conditions due to modulated particle diffusion by heliospheric magnetic
fields. This would correspond to a small, but still significant, difference
in the total dose.

In contrast to GCRs, SEPs — mainly protons and electrons — are ac-
celerated and released into interplanetary space during sporadic solar
eruptions such as flares and Coronal Mass Ejection (CME) associated
shocks (Lario, 2005, e.g.,). Therefore SEP events are more likely to
occur during solar maximum and can consist of various particle species
which are accelerated in a wide energy range from suprathermal (few
keV) up to relativistic (few GeV) energies (Desai and Giacalone, 2016).

Extra shielding material interposing between space GCRs/SEPs and
the astronauts will change the radiation field and thus the exposure to
the astronauts. The shielding material modulates the primary radiation.
This shield could be space vessels, planetary habitats, space suits, or
planetary atmosphere or even regolith. Most importantly, this process
will produce neutrons that are quite biologically-relevant for humans.

1.2. Radiation effects on human/animal brains

As known, our brain regulates the functions of our body and in-
terprets information from the outside world. During a deep space
mission such as a journey to Mars, astronauts ought to accommodate to
a completely different environment which requires the flexibility and
adaptivity of the brain. This means assessing the potential influence of
radiation on a human brain is critical for mission success.

Following the Apollo 11 mission report of Aldrin about flashes of
light perceived without real light, several investigations were carried
out to study the problem on the ground and in orbit. In 1972, experi-
ments using high energy nitrogen at Princeton-Penn Particle
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Accelerator and Lawrence Berkeley Laboratory (Budinger et al., 1972)
revealed that energetic and charged particles passing through the oc-
cipital cortex or the retina cause light flashes in closed eyes. This
phenomenon has also been reported by astronauts during other Apollo
missions (Pinsky et al., 1974) and later on the Russian Mir space station
as well as on the International Space Station (ISS) where dedicated
investigations have also been considered (for an overview and a com-
plete list of all these ground and space studies see Narici (2008)).

Investigations on the acute electrophysiological behavior of mice
during eye/brain irradiation with very short carbon ion pulses (2 ms,
10® ions per pulse) showed for the first time the existence of electro-
physiological responses to particles and their similarity to those pro-
duced by light (Sannita et al., 2007). Furthermore, it was shown that
the relevant interaction was probably not only in the retina but possibly
also in the optic nerve / visual cortex (Carozzo et al., 2015). Similar
results have been shown in astronauts flying in the ISS (Narici, 2008).
These studies, aimed at investigating the origin of the light flashes
mentioned above, were completed by a biochemical investigation of the
possible mechanisms involving the retina (Narici et al., 2012; 2013).

Studies based on reports by patients who were undergoing con-
ventional cranial radiotherapy pointed out that central nervous system
(CNS) behavioral changes may occur, such as chronic fatigue, long-
term anxiety, and depression (Tofilon and Fike, 2000). Other pro-
gressive and adverse effects on cognition, including disturbances in
learning, memory, processing speed, attention, and cognitive flexibility,
have been reported following conventional radiotherapy and in ex-
periments with animal models (Andersen and Tewfik, 1985; Parihar
et al., 2016; 2015; Tang et al., 2012). Most recently it has been shown
studying proton-therapy patients that these illusions can affect other
senses as well, requiring, therefore, a more general, still unknown, in-
teraction mechanism (Narici et al., 2020). Some children of the atomic-
bomb survivors in Japan had even become children with intellectual
disabilities (OTAKE, 1998). Investigation of the CNS effects using an-
imal models reveals the enhanced degradation of DNA and changes of
dopamine function (Rabin et al., 2000), which may cause accelerated
striatal aging (Joseph et al., 1992).

Radiobiology studies of CNS effects based on modeling of space
radiation using experimental and empirical models assessed their pos-
sible effects expected during a long-term space mission to Mars
(Cucinotta et al., 2014). These studies also suggest that space radiation
risks include possible damage in short-term memory as well as negative
effects on the crew’s performance and decisions. Additionally, Alzhei-
mer’s diseases or other dementia could also be detected as a late CNS
effect.

Research using mice exposed to doses of radiation equivalent to that
of a cruise to Mars (Zeitlin et al., 2013) indicates that the corresponding
space radiation may cause the reduction of dendritic complexity and
the alteration in synaptic integrity and thus influence the cognitive
performances over an extended period (Parihar et al., 2015; 2016).
These medical and experiment models can be further used to evaluate
carcinogenesis risks in astronauts due to exposure to space radiation.

The above studies suggest that the cosmic radiation may interfere
with normal brain functions, in acute and/or chronic ways. In this
paper, we will simulate the physical parameters (fluence, dose) and
leave their connection to risk assessment to a following work.

1.3. Structure of a human brain

Realistic experiments for radiation effects on human brains in space
are ethically and technically challenging. Therefore, we model the
impact of cosmic radiation on human brains and investigate the related
risks. In particular, this involves the ionizing radiation-induced sec-
ondary radiation in different parts of a real human brain structure.

As known, human heads have a complex shape and structure com-
pared to some other body organs and consists of various substances,
including bones, water, soft tissues, and harder tissues.
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Fig. 1. Structures and functions of a human brain. (a) Different lobes of a human brain. (b) Main functions of different parts of the brain. (Institute, 2018)

In a human head, the CNS composes of the brain and spinal cord.
The uppermost region of the CNS is called the cerebrum, which is the
largest part of the brain containing the cerebral cortex and some sub-
cortical structures. The cerebral cortex is the exterior layer that gives
the brain its characteristic wrinkly appearance. The cerebral cortex
contains two cerebral hemispheres joined by the corpus callosum. Each
hemisphere is divided into frontal, parietal, temporal, and occipital
lobes, as shown in Fig. 1 (a). Although most brain functions rely on
several different regions across the entire brain working in conjunction,
each lobe is mainly responsible for certain cognitive functions (Zhang,
2019b; 2019a), as indicated in Fig. 1 (b). The main functions of each
lobe can be briefly summarized as:

e Frontal lobe: This region of the brain occupies the front part of
the skull and lies behind the forehead. It is associated with planning,
decision making, voluntary muscle movement, processing speech,
smell, and emotions.

Parietal lobe: This part of the brain processes sensory informa-
tion and is responsible for determining spatial awareness, naviga-
tion, and positioning. It is also involved in processing information
related to taste, temperature, and touch.

Temporal lobe: This lobe is associated with processing visual and
auditory information and controls some aspects of language per-
ception, memory, and emotion.

Occipital lobe: This is the visual processing center of the brain
and contains the largest proportion of the visual cortex region.

Therefore, it is critical to access the amount of energy deposited in
each lobe in the cosmic radiation environment for crewed space mis-
sions and consequently improve the evaluation of potential effects on
astronauts’ cognitive performance.

2. Model Description and Implementation

Geant4 (Agostinelli et al., 2003; Allison et al., 2016, GEometry And
Tracking,) is a well-established, and three-dimensional Monte Carlo
particle transport tool that uses object-oriented C+ + programming
language and the version of 10.4 has been used in the current study.
GEANT4 has been successfully utilized for different applications and
purposes, varying from simulations of large complex high-energy ex-
periments to medical cancer radiotherapy to microdosimetry in space
radiation and so on.

35

2.1. Head geometry for the simulation based on CT images

Impacts of space radiation on human torso and organs therein have
been considered in various previous works such as, by the recent ESA/
PERSEO (PErsonal Radiation Shielding for intErplanetary missiOns)
project (Vuolo et al., 2017; Baiocco et al., 2018) using the GEANT4/
GRAS toolkit. As a complementary study, only the head structure is
included in our study, while the human body and its exposure to ra-
diation, are not discussed here. We do note that the body mass could act
as a shield partially protecting the brain from below, and modify some
of the upward radiation towards the head. Therefore, the model used
here with an isotropic spherical source surrounding the head might
result in an over-estimation of the corresponding dose in the brain.
More precise estimations of the upward radiation would require further
modeling with an additional body phantom to which the head is at-
tached.

In this study, we use voxelized geometries in GEANT4 based on CT
scans of a real head structure, which contains the whole brain structure
shown in Fig. 1. Specifically speaking, there are 134 slices of CT images,
each with 1.01 mm thickness, originally in Digital Imaging and COm-
munications in Medicine (DICOM) format (Varma, 2012). The slices are
parallel to the ground in the frame of a standing person. They are taken
from the top of the head to the part of the lower jaw and some parts of
the neck, covering the whole brain structure. An example of a re-con-
structed head based on the CT images can be found in Fig. 12 of
Appendix A.

Each DICOM file consists of a Metadata header followed by binary
data for each pixel. Metadata describes the image matrix dimensions,
the depth of the slice layer, the patient information, and so on. The
pixel data contain numerical values with so-called Hounsfield units
(HU), which are dimensionless units describing the density (also called
radiodensity) of each voxel (Bushberg et al., 2012; Kalender, 2011).
One HU can be mathematically defined as:

M — Mwater

1 HU = 1000 x s
Mwater — Hair

(€Y)]

where fyaier and p,;, are the linear attenuation coefficients of water and
air, respectively. In CT images, the linear attenuation coefficient (i) is a
constant for certain material that describes the fraction of attenuated
incident photons in a monoenergetic beam per unit thickness of the
target material. It includes the most relevant interactions, including
coherent scatter, Compton scatter, and photoelectric effect. Equation 1
sets the radiodensity of water to 0 and the radiodensity of air to -1000
HU. Materials with densities between water and air would have HU
values in between, and materials with densities larger than water (e.g.,
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bones) would have positive HU values.

Based on the 3D matrix in these CT images containing values in HU,
we set up the head geometry in GEANT4 for the following particle
transport simulations. To do so, the HU value of each voxel is converted
to the material composition and density. Using the Jiang and Paganetti
procedure (Jiang et al., 2007), HU values between -1000 to 5000 are
divided into several intervals representing different parts of the brain
(e.g., water, soft tissue, bone, etc.) with different densities.

2.2. Particle source setup and method of the simulation

Particle Source Setups: Our system comprises a particle source, which
induces primary and secondary particle interactions with the brain, and
a human brain, which is modeled with different levels of detail. We first
show (in Sec. 3.1) that it is important to have maximum brain details
based on the head geometry imported from CT images as described
above in Sec. 2.1. The particle source is set up tightly around the human
head. Primary particles with a specific type, energy, and direction, are
generated in the inner part of the sphere. Protons, Helium ions, neu-
trons, and heavier ions such as carbon, nitrogen, and iron particles have
been considered in the current study as they are the most abundant and
biologically-relevant particles in the environment of a deep space
mission. GCR protons and helium ions make up 99% of the GCR flux
(Sec. 1.1) and neutrons, as secondaries generated through in-situ
shielding, contribute to an additional important component such as on
the surface of Mars (Kohler et al., 2014) or within a spacecraft in deep
space (Kohler et al., 2015). Heavy ions, such as carbon and nitrogen in
deep space, are also considered due to their high biological relevance.
Irons, have also been studied here because they are currently thought to
be a significant contribution to CNS risks in ground-based experiments
(Rivera et al., 2013; Liu et al., 2019). However, they fragment more
easily, and their contributions to the radiation behind a shield, can be
significantly reduced as measured within a spacecraft
(Ehresmann et al., 2016) or on the surface of Mars (Ehresmann et al.,
2014).

The number of particles, their energy range and distribution, as well
as the size of the source spheres, are shown in Table 1 for different
simulation setups. Apart from the model setup for scenario 1, which is a
test scenario, all simulations have considered an isotropic source of
particles around the human head. Particles are generated in a Monte
Carlo manner in GEANT4, each with an initial energy and direction
following the required initial distribution. As they pass through the
head structure, they may lose their energy via ionization energy loss or
interact with the head materials and generate secondaries, which fur-
ther contribute to the dose deposit in the brain. We can obtain the dose
accumulated inside the entire brain and also at different parts of the
brain.

Extra shield around the head: We also implement a “shield” between
the source and the brain in a few simulation setups shown in Sec. 3.4.
This shield may mimic several different kinds of shielding: the vessel
hull plus instrumentation, the walls of a Mars base, extra “personal”
shield worn by the astronaut around the head, etc. In the case of extra-
vehicle activities (EVA), this shield will be provided just by the suit

Table 1
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helmet. The shield is modeled in aluminum equivalent, which is a
simplified and conventional choice used in the community. The used
thicknesses are 0.2 cm, 0.5 ¢cm, 2 cm, 5 cm, and 10 cm, with the first
being compatible with a suit helmet thickness and the rest for different
possible shielding depths within a habitat. Some previous work based
on ALTEA measurements (Tessa et al., 2009; Narici et al., 2012) has
provided estimations of Al-equivalent shielding depths in different di-
rections of the ISS ranging from 5 cm to 16 cm, with the 16 cm (more
than 40 g/cm®) case corresponding to the shielding in the direction
where most of the moduli/nodes of the station are aligned and is an
unlikely situation for a vessel for deep space. The results of the dose
distribution inside the brain are then compared with the “no shield”
results.

Brain Response Functions: Normally one can use a known particle
spectrum (either generated from models or obtained from direct mea-
surement) as initial (primary) particles to simulate the particle inter-
actions with the brain. However, to enhance the flexibility of our
modeled results making it possible to quickly obtain the dose (and dose
distribution) for different incoming particle spectra, we use a matrix
approach following (Guo et al., 2018; 2019b) to obtain the ”brain re-
sponse functions” (BRF) of the dose dependence on primary particle
energy. A BRF function is a probability description of all possible in-
teractions of a particle with a defined type and energy entering the
human head depositing energy at a certain part of the brain. The
function has a unit of dose per fluence of primary particles (protons,
4He, neutrons, or carbon, nitrogen, and iron ions) and can be used to
fold (i.e., multiply per energy bin and then integrate) with a given
primary particle spectrum for obtaining the radiation dose inside the
brain, similar to the approach in Guo et al. (2019b).

Different Simulation Scenarios: Table 1 also shows four different
scenarios with different simulation setups: the first two are aimed at
model validation and investigation of its potential limitations and un-
certainties while the last two scenarios are the main outputs of our
research. The main purpose and setup for each simulation scenario are
listed below.

® scenario 1: To evaluate the necessity/difference of using a head
structure with realistic brain densities in contrast to using a sim-
plified water-equivalent head, we compare simulation results based
on a head geometry with different contents (different material and
densities).

® scenario 2: We compare the calculated BRFs using two different
physics lists of GEANT4 in order to explore the influence of different
particle interaction models on the results.

® scenario 3: The energy and dose BRFs of incoming protons,
neutrons, Helium ions and some heavier ions such as Carbon,
Nitrogen and Iron particles for different lobes of the brain are cal-
culated.

® scenario 4: The energy and dose BRFs of the same particles as in
scenario 3 are calculated, with an additional layer of aluminum
shielding between the head and the particle source sphere.

In the next section, we will go through each of these four scenarios

GEANT4 Model setup for different simulation scenarios. More descriptions can be found in the text of section 3.

Various scenarios Physics list

Particle Number

Energy distribution Energy (range)/MeV Source shape & distribution

Scenario 1 (Sec. 3.1): Different head structures QGSP_BIC 107

Mono 100 Sphere r=20 cm

3 head structures: (a) water, (b) water & bone, (c) actual head CT scan

Scenario 2 (Sec. 3.2): Different physics lists QGSP_BIC 10° per bin
QGSP_BERT
Scenario 3 (Sec. 3.3): Dose distribution in lobes QGSP_BIC 10° per bin

100 log bins 1-10* Sphere r=20 cm

100 log bins 1-10* Sphere r=20 cm

4 lobes: frontal, parietal, temporal and occipital lobe

Scenario 4 (Sec. 3.4): Head with shielding QGSP_BIC 10° per bin

100 log bins 1-10* Sphere r=20 cm

4 lobes and 5 shielding depths (2mm, 2cm, 5mm, 5cm and 10cm of Al)
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and discuss the main simulation results of each scenario.

3. Simulation Results and Discussions
3.1. Scenario 1: comparison of three different head structures

An approximate spherical shape, with an average size of human
heads, filled with water, has been often used by previous studies for
assessing the radiation therein (Solovev.A.N, 2015; Diaz Merchan and
Torres, 2016; Zhang.Rui, 2010). However, we would like to evaluate
the difference and possible advantage of using a realistic head structure
in comparison to using a water-filled head structure concerning the
dose distribution inside the brain. As shown in Fig. 2, we consider three
different head structures: (a) a head filled with only water by setting all
HU values into zero within the head of the CT images, (b) a head
structure containing water, a hollow part (the nose) and all other hard
tissues with a fixed density of bones, and (c) the actual complex head
with densities in each voxel obtained using the procedure of
Jiang et al. (2007) as described in Sec. 2.1.

To highlight the contrast of the comparison, we use mono-energetic
protons with an energy of 100 MeV, which should have the ionizing
stopping depth in water ( = 7 cm) within the size of a human head.
Particles with lower energies may not reach the innermost part of the
brain to reflect possible differences of the deposited energy among
different setups. Particles with higher relativistic energies would likely
pass through the brain depositing the minimum energy loss, and can
not easily show the dose distribution differences in three setups. As
noted in Table 1, a total of 107 particles, have been simulated with their
initial position uniformly distributed on a sphere of 20 c¢cm radius sur-
rounding the head. In the current scenario, the initial direction of
particles from the source sphere is set to be perpendicular to the sphere.
In other words, all particles are directed approximately towards the
center of the brain. In comparison to the isotropic initial direction used
in other scenarios, this setup can maximize the simulation efficiency
(i.e., all particles will pass the brain with approximately maximum in-
teraction length) and also better show the stopping depth of the par-
ticles which reflects the position of the maximum dose deposit in the
brain.

The upper panels of Fig. 3 plot the dose distribution in the three
different head structures shown at the same CT slice as in Fig. 2. The 2D
images contain dose values at this slice resulting from 107 particles of
100 MeV initial energy. Since the number of particles (or the primary
radiation flux) is adjustable in simulations, the shown absolute values
of the dose in the color bar, should not be taken as a realistic demon-
stration of dose deposit. In case (a) where the head contains only water,
the maximum dose is detected near the center of the brain, which

(b) Bone and Water

(a) Water
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corresponds to the approximate stopping depth of 100 MeV protons in
water. In case (b) where the bone and hollow parts are also considered,
the dose distribution shows more patterns following the structure of the
head. In case (c) where the real head densities are used in the simula-
tion, the maximum dose, in the center of the head, as shown in cases
(a), and (b) is less visible. This is because protons in case (c) lose more
energy passing through the bone and tissue structure at the outer part of
the brain and consequently result in less energy deposit at the inner-
most part of the head.

The lower panels of Fig. 3 show the differences of the 2D images
when comparing cases (a), (b), and (c). A difference as large as 0.6-0.7
uGy, which is more than half of the maximum dose deposited in the
brain shown in the upper panels, can be visible at the frontal central
part of the head when comparing case (a) and (b) or case (a) and (c).
While this is the maximum difference found at individual pixels of the
selected slice, we also compared the difference of the dose recorded in
each lobe. For the frontal lobe, the overall difference between (a) water
and (b) water-bone is 12.7%, between (a) water and (c) head, reaches
15.3%, and between (b) water-bone and (c) head is lower: 2.6%. For the
parietal lobe, the dose difference between (a) and (b) is 16.6%, between
(a) and (c), is as large as 26.9% and between (b) and (c) is 9.5%. For the
temporal lobe, the difference between (a) and (b) is 6.6%, between (a)
and (c), reaches 12.5%, and between (b) and (c) is 5.8%. Finally, for the
occipital lobe, the difference between (a) and (b) is 12%, between (a)
and (c), is 8.9% and between (b) and (c) is only about 3%.

Therefore, for incoming particles with the energy around 100 MeV,
the difference of the calculated dose deposit in each lobe among three
different head structures depends on the geometry and the location of
the lobes. Since we are interested in the dose deposit in each lobe for
the evaluation of the radiation effects on brain functions, in this study,
we adopt the realistic head structure, as shown in Fig. 2 (c). We do note
that in the case of GCR radiation, which contains a large amount of
high-energy particles, the difference between different geometries
could be much smaller. However, within a heavily shielded habitat
where low-energy secondaries are more abundant or during an SEP
event where most particles are below hundreds of MeV, this con-
sideration would become important.

3.2. Scenario 2: comparison between different physics lists

To maximize its flexibility, GEANT4 allows users to select physics
models of particle interactions relevant to the considered radiation
environment via defining a specific 'physics list’ which, is named based
on the combination of various models in different energy ranges
(Geant4_Collaboration, 2017). Depending on the incoming particle
type, energy, and the material that particles interact with, different

2300

1500

(c¢) Human head

Fig. 2. Different head structures/contents as three different setup geometries for the GEANT4 simulations. Each panel displays the HU values (shown in the color bar)
of a CT slice as a cross-section of the head viewed from above (the person is facing the left side of the image). The slice at a depth of 11 c¢m, near the nose, is chosen
out of 134 slices for displays here. The image in (a) shows a head filled with only water by setting all HU values to zero within the head; the head in (b) contains
water, bone and a hollow part (the nose); the head in (c) is the original CT scan of the head containing different structures: water, bones, hard and soft tissues.
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Fig. 3. Upper panels: Dose distribution of 107 protons with an initial energy of 100 MeV impinging towards the approximate center of the brain based on three
different structures of a head: (a) filled with water, (b) containing water, bones and a hollow part, and (c) with actual densities extracted from the CT scan. A
transparent layer showing the structure of the head, as in Fig. 2 is also superposed in each panel. Lower panels: Image difference (subtraction of the values at the same
pixel position from two images) between case (a) and (b), case (a) and (c) as well as case (b) and (c).

physics lists might result in a different assessment of the radiation en-
vironment (Guo et al., 2019a, e.g.,).

To better estimate the uncertainty of our modeling approach, we
employ two different physics lists, "QGSP_BIC” and "QGSP_BERT”, to
examine their differences when applied to model the space radiation
impact on human brains. Both lists include ”QGS which stands for the
Quark-Gluon String model for high energy particles ( > ~ 20 GeV).
”P” stands for the Precompound model used for the de-excitation pro-
cess for nucleon-induced reactions below 1-2 MeV. BIC uses the Binary
Cascade Model for particles < ~ 10 GeV. However, BERT uses the
Bertini Cascade Model in this energy range. In the case of examining
neutrons, we also use, in both lists, the ”HP” option, which switches on
the high precision neutron elastic and inelastic scattering model for
neutrons below 20 MeV.

Initial particles uniformly distributed on a sphere with a 20 cm
radius (Table 1) have impinged isotropically inward towards the head.
The particle energies are distributed from 1 MeV to 10 GeV uniformly in
100 bins with the bin width growing logarithmically with energy. A
total of 108 particles have been simulated with 10° particles in each bin.
In other words, the simulated particles have a power-law distribution
with a power-law index of @ = —1. Based on above-described setup of
particle source geometry and energy distribution, a total of six simu-
lations have been carried out in scenario 2: primary protons or helium
ions simulated using the QGSP_BERT physics list, primary protons or
helium ions with QGSP_BIC, primary neutrons with QGSP_BERT_HP,
and finally primary neutrons with QGSP_BIC_HP.

Fig. 4 plots the comparison of the calculated dose between two
GEANT4 physics lists. The x-axis of the figure shows the initial energy
of the incident particles. The y-axis shows the total deposited dose in
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the brain, as a function of incoming particle energy and it is, normalized
to the fluence used in the simulation which is the number of particles in
each bin (10°) scaled by A with & being the integrated solid angle of
the source, A being the area of the source sphere, i.e., A = 47r?
(r = 20cm). Since the difference of BRFs from different physics lists are
hardly seen in the figure, we plot the ratio of the BRF between two
physics lists in the lower panel of the figure. The differences are within
2.5%, 3.8 %, and 6.8 % for protons, neutrons, and helium ions, re-
spectively, which suggests that the choice between these two lists
hardly affects the assessment of the resulting dose deposit for concerned
particle energy range and head materials. Therefore, in the following
simulation scenarios, we use only the QGSP_BIC (or QGSP_BIC_HP for
neutrons) list for simulating the dose deposit inside the head as well as
the brain therein.

3.3. Scenario 3: Energy and dose functions for different lobes of the brain

In this scenario, we simulate the dose distribution within different
parts of the human brain using actual head densities extracted from the
CT images. Protons, neutrons, Helium, and heavier ions such as Carbon,
Nitrogen, and Iron particles, have been considered as source particles,
and their number, energy distribution, and the initial velocity dis-
tribution are set up, in the same way as in scenario 2 (Sec. 3.2). In order
to extract the total energy and dose deposit in each part (lobe) of the
brain, we use a 3D-Slicer tool to differentiate each voxel into different
lobes of the brain structure: frontal, parietal, temporal and occipital
lobes as described in Sec. 1.3. More descriptions of the 3D-Slicer tool
can be found in Appendix A. There are two ways to calculate the total
dose deposit in each lobe. First, after reading out the energy deposit in
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each voxel from the original GEANT4 simulations, we sum up the en-
ergy from voxels belonging to the same lobe, which is then converted
into dose by dividing the total mass of that lobe. Second, we average the
dose of all voxels belonging to the same lobe to be the dose in that lobe.
The results obtained from the two methods are hardly distinguishable,
and here we show the dose functions based on the first method.

Figs. 5, 6, and 7 show the response functions of the deposited energy
and dose versus incident particle energy (from 1 MeV to 100 GeV for
Iron and from 1 MeV to 10 GeV for other species) within each of the 4
major lobes of the brain. The figure reveals that the deposited energy
and dose for protons in the human brain increase with incident energy
for particles below 100-150 MeV where the peak of the BRF is
detected. This is because the head has an approximate size (radius),
which is equivalent to the stopping depth of protons with ~ 100-150
MeV energies. The same pattern can be seen for helium ions in the
energy range of about 400-500 MeV ( ~ 100-150 MeV/nuc) as well as
for heavier ions such as carbon, nitrogen, and iron particles in the en-
ergy ranges 1200-1500 MeV, 1450-1900 MeV, and 6500-8800 MeV
respectively. Above this energy, charged particles start penetrating
through the head more easily, thus depositing slightly less dose/energy
inside the brain. Meantime, particles with higher energies and charges
are also more likely to generate secondary particles, which can also
contribute to the dose. That is why the BRF does not decline sig-
nificantly, and in fact, rises up slightly at high energies above a few
GeV/nuc, as shown in Fig. 5.

However, in contrast to charged particles, neutrons present a dif-
ferent trend, as shown in Fig. 8: the contribution to the dose/energy
increases with neutron energy. This is because neutrons, with zero
charge, can induce cascaded generation of secondary particles by suc-
cessively triggering complex nuclear reactions in the human body, such
as via elastic interactions producing recoil protons, which would fur-
ther deposit dose through ionization processes. The efficiency of this
process grows with the energy of incoming neutrons.
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The upper panels of Figs. 5, 6, and 7 plot the total energy, nor-
malized by primary particle fluence in each bin, deposited in each brain
lobe. It clearly shows that energy deposited in the frontal lobe is largest
for all incident particle types at different energies. This is followed by
the parietal lobe, temporal lobe, and the occipital lobe. This difference
is mainly due to the size/mass differences of the four lobes (see Fig. 1)
as the total radiation energy is proportional to the material mass.

On the other hand, dose, as shown in the lower panels of the figures,
differs little between different lobes, especially for incident particles
with high energies. This is because the dose is scaled to the mass of the
target material (see its definition in Sec. 1.1). However, at low energies
(charged particles below about 100 MeV/nuc), there are some differ-
ences in the dose BRF between different lobes. This is mainly due to the
position and geometry of the lobes within the head. For lobes that have
a larger outer part, charged particles with low energies are more likely
to reach and stop therein. For the inner part of the lobes, particles
without sufficient energy may not reach there. Also, the head structure
plays a role. As shown in Fig. 2, there are less bone and hard tissues at
the front side of the head, thus leaving the frontal lobe more exposed to
low-energy particles.

However, for neutrons, there is no real differentiation of the dose
BRF between different lobes as neutrons are free-of-charge and do not
follow the basic procedure of ionization energy loss. They generate
secondaries (both charged and neutral particles), which further pene-
trate through the head, and interact with materials therein and, thus,
their contribution to dose grows with energy. Since neutrons rarely
exist in deep space and are generated mostly as secondaries in a
shielded environment, this makes it particularly important to assess the
full neutron spectra in such an environment, e.g., within a spacecraft or
on/below the planet’s surface.

3.4. Scenario 4: Evaluation of the shielding effect on brain response
functions

To evaluate the efficiency of the extra shield against space radiation,
the optimal shielding depth, and the effects on different lobes, we set up
an additional simulation scenario with a spherical shell of aluminum
between the head and the particle source sphere. Some simulations and
experimental works recommend that hydrogenous materials could be
more effective than aluminum for radiation shielding in space missions
(Zeitlin, 2019). However, we use aluminum in our model, which is the
most conventional approximation for shielding calculations, and dif-
ferent shielding depths can be directly taken as aluminum-equivalent
shielding.

For deep space EVA and planetary surface missions, shielding
around astronauts’ heads would be provided just by a helmet, and we
use a spherical shell of 2 mm (corresponding to a weight of ~ 3 kg)
and of 5 mm ( ~ 7 kg) between the head and the particle source, to
approximate the astronaut’s helmet. For a space vessel or a planetary
base, a thicker shield, can be expected, and we use 2 cm, 5 cm, and 10
cm as three cases of shielding thickness, corresponding to different
aluminum equivalent thicknesses measured within the ISS (Tessa et al.,
2009; Narici et al., 2012) (also see Section 2.2).

Protons, neutrons, helium, and heavier ions such as carbon, ni-
trogen, and iron particles have been considered, as source particles and
their number, energy distribution, and the initial velocity distribution
are set up, in the same way as in scenario 2, 3 (Sections 3.2, and 3.3).
We note that when calculating these source particles through the shield
reaching the head, all secondaries generated by the shield materials are
considered as well in contributing to the final dose deposit in the brain.

3.4.1. Shielding effects on the BRF of the entire head

The results of the BRF of dose distribution within the whole head
are shown in Fig. 9 for protons, neutrons, and heavy ions.

Charged Particles: For charged particles, it is clearly shown that even
just a 2-mm shielding, can already drastically reduce the dose



S. Khaksarighiri, et al.

63

Life Sciences in Space Research 27 (2020) 33-48

38
g2 10*
é L 104

-
9 Ea 103
(&}
= O
T8 103
S‘U 102
E"S
52

= 10!
g 5§10
falien)
2 —— Frontal 100 —— Frontal
5O . .
aﬁ Lot —— Parietal —— Parietal
&S —— Temporal | ;4 —— Temporal
= O . ..
e s Occipital ‘ m Occipital
Lu ~ 100 1072 /

102 10° 10% 102 103 104

Incident Proton Energy(MeV)

Incident 4He Energy(MeV)

(a) Total energy (scaled to the simulated particle fluence) deposited in different lobes of the brain

%] A
2 ¢ /N
= S
© S 102 NG il 1072 ——
i —
o £
o O
58102 103
T ©
2 g
g 5107 1074
aa —  F 1 — F 1
5e ronta ronta
5 & Los —— Parietal Los —— Parietal
f; = —— Temporal —— Temporal
2] o .
8 8:,_ Occipital Occipital

—6 -6
10 102 10 ior 10 102 10° 104

Incident Proton Energy(MeV)

Incident 4He Energy(MeV)

(b) Dose (scaled to the simulated particle fluence) deposited in different lobes of the brain

Fig. 5. Normalized energy (upper panels) and dose (lower panels) functions versus incident particle energy for protons (left panels) and “He (right panels) ions in
different lobes of a human brain. The simulation setup is described in the text of Sec. 3.3.

contributed by particles below 20 MeV/nuc, by 3-4 orders of
magnitude. This, as known, would be an outstanding improvement
during SEP events, which normally contain a high flux of low-energy
protons. The approximate cutoff energy for thicker shields are about 30
MeV/nuc, 70 MeV/nuc, 120 MeV/nuc and 200 MeV/nuc for 5 mm, 2
cm, 5 cm, and 10 cm shielding thicknesses, respectively. However, it is
also noticeable that the contribution to dose at higher energies above
about 500 MeV/nuc starts to increase slightly with shielding depth, as
clearly shown in the case of protons. This is mainly because higher
energy particles are more likely interacting with the shielding material,
generating lower-energy secondaries, which can further deposit energy
in the brain.

Neutrons: Alternatively, the ”shielding” effect on neutrons is more
complex. At low energies below about 50 MeV, shielding can indeed
reduce the dose contribution by about 30%. However, above ~ 100-
200 MeV, there is an opposite trend showing that more shielding, 5-
mm thickness, is efficiently enhancing the dose deposited by neutrons
in the brain. The reason is due to the effective generation of secondaries
by neutrons with the shielding material, which further contributes to
the dose deposit in the brain. Nevertheless, it seems that 2-mm

=
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shielding depth, when compared to no shielding, is visibly reducing
dose in the head for both low and high energy neutrons, by about 15%
averaged over the entire energy range.

The different effect of shielding on charged particles and high-en-
ergy neutrons highlights the importance of a thorough understanding of
the energy-dependent radiation field before applying the most-appro-
priate shielding protection. For instance, during an EVA case, when
most abundant primary radiation comes from charged particles,
shielding would be very important. However, on the surface of a planet
with an atmosphere, such as Mars, the radiation field may contain
abundant neutrons generated by the planetary atmosphere/soil. With
the existence of neutrons above ~ 100 MeV, extra shielding might
even be counterproductive. A careful study of the charged and neutron
spectra across all energies becomes crucial for evaluating if the extra
shielding would have positive or negative effects on the brain functions
of astronauts.

3.4.2. Shielding effects on the BRF of different lobes of the brain
The effect of the extra shield has also been evaluated for different
lobes of the brain, as shown in Fig. 10 for incident protons, C ions and
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neutrons. We have not plotted the results from Helium ions, '*N, or *°Fe
ions since they show rather similar properties as protons and '2C ions
for the same energy (MeV/nuc). Furthermore, as shown in Fig. 9, the
results relative to 2-mm and 5-mm shielding are almost the same for
neutrons, so we omit to discuss the 5-mm results in this subsection.
As previously shown in Fig. 5(b), in the case of no aluminum
shielding, the BRF for different lobes can be distinguished for low-en-
ergy protons (and also helium ions). However, Fig. 10 shows that curves
with the same style (of a given shielding) but different colors (re-
presenting different lobes) are hardly distinguishable from each other.
In other words, there is little difference between BRFs for different lobes
when an extra aluminum shell is added around the head. This is be-
cause of the differences in functions for various lobes, as shown in
Fig. 5(b) were mainly due to the low-energy particles reaching the outer
part of the lobes and depositing energy therein. With the additional
shielding, most primary low-energy particles can already be efficiently
stopped before reaching the head and the brain therein, as shown in
Fig. 9(a). Consequently, there are less visible differences in the dose
functions at different lobes as they are now more embedded and pro-
tected from the external radiation. For protons (and charged particles),
the effect of the shielding is still visible, as better shown in the top right
panel of Fig. 10(a) for particles below about 200 MeV/nuc. However,
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with the 2-mm shielding thickness, the effect is rather insignificant in
contrast to what is shown in Fig. 9(a). The reason is that Fig. 9(a) shows
the dose deposited in the entire head, including the internal brain as
well as the external skull, while Fig. 10(a) only considers the dose de-
posited inside the brain lobes. The shielding due to the 2-mm helmet in
Fig. 9(a)-(e) is effectively stopping most charged particles below about
20 MeV/nuc which can reach the head, but can hardly go through the
head skull to reach the internal brain lobes. Therefore when considering
dose deposit in the brain lobes by primary charged particles, the 2-mm
helmet is not an effective improvement from the existing head skull.
The BRFs of different lobes induced by neutrons as shown in
Fig. 10(c) have rather similar trends as in Fig. 9(f) considering the
function versus different incoming neutron energies. There are no sig-
nificant differences between different lobes for a given shielding depth
(curves with different colors and the same line style), similar to the
result in Fig. 5. The shielding effect by an extra shield around the head
is visible for neutrons below about 100-150 MeV, with however rather
small improvements when the shielding thickness increases. For neu-
trons above the energy of about 300 MeV, the extra shielding is coun-
terproductive due to the enhanced interaction of neutrons with the
shielding material. For instance, 5-cm extra shielding can increase the
dose resulting from 5 GeV neutrons by about 100% in comparison to
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the case of no shielding, as better shown in the magnified panel on the
right of Fig. 10(c).

3.5. Application of the simulated results - Estimating the radiation in the
astronaut’s brain in deep space

In this section, we present an example of how to apply our ready
functions for calculating the resulted radiation inside the astronaut’s
brain. In Fig. 11, we show an example of the possible application of
these ready functions for GCRs in deep space. The proton-induced BRF
in different lobes of the brain is plotted in Fig. 11 (a). The GCR energy
spectra under different solar modulations predicted by the Badhwar
O’Neil model (O’Neill, 2010) are plotted in panel (b) with larger solar
modulation potential corresponding to stronger modulation and de-
creased GCR fluxes. Taking the function for the frontal lobe as an ex-
ample, we multiply it with the differential flux of GCRs in deep space
bin by bin and obtain the dose contribution from each energy bin of
primary protons as shown, in Fig. 11 (c¢). The summed dose from all
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energy bins corresponds to the dose deposit inside the frontal lobe as
contributed by all GCR protons under a certain modulation condition. It
is between 45 and 266 uGy/day with the lower and upper values re-
presenting solar maximum and minimum conditions, respectively.
The same procedure has been done, for the potential human mis-
sion, on the surface of Mars in light of the novel results of the Martian
surface radiation field measured by the Radiation Assessment Detector
(Hassler et al., 2014, RAD). In this case, we also need to consider the
primary GCRs interacting with the Martian atmosphere and regolith
and generate a surface radiation field that is different from that in deep
space. These surface particles including protons, Helium ions, and
neutrons are then, used to further assess the dose deposit inside the
brain. The particle spectra and radiation dose measured by RAD have
been recently used to validate predictions by particle transport models
(Daniel et al., 2016; Guo et al., 2019a). Since the modeled surface
spectra have a more complete energy range than the measured ones, we
use the modeled surface particle spectra (Guo et al., 2019a) to multiply
with the calculated brain dose functions for obtaining the dose deposit
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Fig. 9. Brain response function of dose deposit (normalized to the simulated particle fluence) within the entire head versus incident particle energy for (a) protons,
(b) helium ions, (c) '2C ions, (d)'*N ions, (e) *°Fe ions and(f) neutrons respectively. An aluminum shell with different thickness (2 mm, 5 mm, 2 cm, 5 cm, and 10 cm
indicated by differently-colored curves), has been added between the head and the source sphere as a proxy of an extra shield as described in Sec. 3.4.

in the brain of an astronaut on the surface of Mars. Considering primary
proton and Helium particles in deep space and arriving at Mars, we
obtain the summed dose rate in the entire human head ranging from
about 80 to 295 uGy/day on the surface of Mars with the lower and
upper values representing solar maximum and minimum conditions,
respectively. These values for Mars surface are slightly smaller than the
measured tissue-equivalent dose rate by RAD for the mars surface under
different solar activities on Mars (Guo et al., 2015) since there are other
particle types included in the actual measurement.

In our follow-up work, we will study the dose deposit and dis-
tribution inside the brain under different circumstances, such as during
solar particle events, inside a spacecraft, or on the surface of the Moon
in more detail and discuss the implications of the results for future
space missions.

4. Summary and Conclusion

To prepare for future manned missions exploring space, such as a
crewed mission to the Moon or Mars, it is of utmost importance to
model and understands the potential risks of radiation that astronauts
may be exposed to. In particular, our brains, and the central nervous
systems are essential in driving us to make cognitive decisions and re-
sponsible performances which might be disrupted by elevated radiation
in space both in the short term and in the long term (Sec. 1.2).

As known, our brain has a complex shape and structure containing
several lobes with each mainly responsible for specific cognitive func-
tions (Sec. 1.3). It is, therefore, important to assess the impact of am-
bient cosmic radiation on the brain and also in each lobe to better
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evaluate potential effects on astronauts’ brain functions and consequent
cognitive performances during space missions. With the above moti-
vation, we have carried out detailed GEANT4 Monte Carlo simulations
of particle interactions with a realistic brain structure, which is ex-
tracted from actual CT scans to study the radiation distribution inside a
human head and at different parts of the brain lobes.

As a model validation, we first compared the calculation results
based on different human head structures (Sec. 3.1): a head filled with
water, a head composed of water and a skull, and finally the actual head
structure with densities derived from CT images. We found that using
an actual head structure in the model is important for primary protons
with the energy around 100s of MeV, especially when considering dose
distributions at different parts of the brain. Additionally, we have also
compared the results from the choice of two different physics lists
(QGSP_BIC and QGSP_BERT) in the particle transport code (Sec. 3.2)
and found that they are very similar concerning the dose deposition.

Based on such validated models, we have then calculated and ob-
tained some ready-to-go functions of energy/dose deposit induced by
primary particles of protons, helium, neutron as well as heavier ions
such as Carbon, and Nitrogen impinging isotropically towards the head
(Sec. 3.3). The most probable interactions of the primary particle with
the brain structure and the generation of secondary particles, which
may further interact with the head contributing to extra absorbed dose,
have been included statistically in these functions. In other words, these
are brain response functions (BRF) transforming the fluence of in-
coming particles with a given type and initial energy into the deposited
energy or dose at different parts of the head. These ready functions can
be used to quickly convert a certain ambient cosmic-ray spectrum (e.g.,
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in deep space, on planetary surfaces, or within habitats of a spacecraft)
into the absorbed energy/dose within the entire head and also at dif-
ferent lobes of the brain. We show an example of such an application in
Section 3.5.

We found the deposited energy and dose for charged particles in the
brain grow with incoming particle energy in the range below 100-150
MeV/nuc and then decrease slightly at higher energies. The peak
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energy deposit is the approximate maximum stopping energy of
charged particles passing through the size of a head. Alternatively, for
primary neutrons, the contribution to the dose/energy increases with
energy. The BRFs derived for dose deposit at different lobes only differ
slightly at low energies (below ~ 100 MeV/nuc) due to the position
and geometry of the lobes: lobes with less external shielding by the
skull are more exposed to the radiation contribution by low-energy
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Fig. 11. An example of how to use the ready brain response functions for calculating the radiation dose rate inside different lobes of the brain in deep space as
described in Sec. 3.5. (a) shows the BRF functions without shielding as calculated in Sec. 3.3. (b) shows the differential flux of GCRs in deep space as obtained from
the Badwhar O’Neil model (O’Neill, 2010) with larger modulation potential showing decreased GCR fluxes. (c¢) shows the folded results using the frontal lobe function
in (a) and the GCR spectra in (b). More details of the folding procedure can be found in Sec. 3.5.

primary particles.

Moreover, We have also considered the influence of an extra shield
between the particle source and the head, and its effect on the brain
depending on the shielding thickness (Sec. 3.4). For charged particles,
shielding is effectively reducing the head/lobe dose contributed by low-
energy particles, which should be concerned as an important mitigation
approach during SEP events where most particles are below a few
hundred MeV. However, the shielding of neutrons is non-trivial as the
generation of secondaries by neutrons with energies > 200 MeV be-
comes more effective with enhanced shielding depth. The BRFs ob-
tained for different lobes when an extra shielding shell is provided seem
indistinguishable from each other. This is due to the effective shielding
of the shield against low-energy primary particles, which could have
caused some function difference via reaching the outer part of the lobes.
In other words, without any shielding protection, the frontal lobe,
which has a larger part less protected by the skull, would have been
more exposed to low-energy particles (protons below ~ 20 MeV as
shown in Fig. 5(a)). As the frontal lobe is closely related to logical
thinking, decision making, and muscle movement, possible exposure to
a large amount of low-energy charged particles without any shielding
protection may become mission-critical. However, with an extra
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protection of about 2-cm aluminum, most protons below about 70 MeV
could hardly reach the head, as shown in Fig. 10 and the BRFs for
different lobes are rather similar. Our result emphasizes the importance
of using sufficient shielding protection against low-energy charged
particles, which may have an alarming increase during SEP events.

On the other hand, shielding strategy against neutron-induced ra-
diation is not as simple. Although an extra aluminum shell could reduce
the dose contributed by neutrons below about 200 MeV by some 30%,
increased shielding against higher energy neutrons might become
counterproductive due to the enhanced generation of secondaries by
such neutrons. Therefore, for a radiation field where neutrons might be
abundant as they are generated by primary GCRs interacting with the
local environment, such as on the surface of Mars or within a spacecraft
(Kohler et al., 2014; Kohler et al., 2015; Guo et al., 2017), the correct
evaluation of both the charged and neutron flux over the entire energy
range becomes very important for assessing the proper shielding depth.
This will be more carefully investigated in our future work.
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Fig. 12. Digital Imaging and COmmunications in Medicine (DICOM) images segmented into four brain lobes of interest (blue for frontal lobe, violet for parietal lobe,
brown for temporal lobe and yellow for occipital lobe) viewed from different directions.
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Appendix A. Segmentation of the brain structure using the 3D-
Slicer tool

3D-Slicer is a commonly used open-source platform and medical
software that can be used for scientific visualization, image processing,
data analysis, and identification of anatomical structures (Dominguez
et al., 2015; Ratib et al., 2011; Caban et al., 2007). It was built through
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support from the National Institutes of Health and a global developer
community for handling DICOM images and a variety of other formats.
It brings free and powerful cross-platform processing tools to a variety
of applications for physicians and researchers.

In this study, the 3D-Slicer tool has been used to create a three-
dimensional visualization of the human head, and segment different
parts of the human brain, based on CT images with DICOM formats, as
explained in Sec. 2.1. Specifically speaking, to segment the brain shown
in CT images into different lobes, we use 3D-Slicer to load the DICOM
data, and a 3D brain topology is reconstructed connecting 134 slices of
CT images, as shown in Fig. 12. We then manually select the pixels (or
voxels in 3D) which belong to the same lobe into a separate volume.
The figure also shows the four segmented lobes with different colors as
viewed from different directions. The segmentation results have been
compared to the e-Anatomy the interactive atlas of human anatomy
(e Anatomy, 2010), and both are very comparable.

Note that there is no efficient or precise way to do this auto-
matically, mostly due to the complexity of the brain and the individual
differences between different CT images. In fact, we have tried to de-
velop an algorithm for the segmentation by calculating the density
differential for identifying boundaries. However, as voxels from dif-
ferent lobes have very similar densities, this method is sub-optimal.
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Moreover, the size of each voxel, as well as the total number of
voxels for each lobe section can be obtained from 3D-Slicer. This in-
formation is further used to determine the total volume and mass of
each lobe. The volume of the frontal, temporal, parietal, and occipital
lobes are 63.72, 58.26, 38.31, and 23.71 cm®, respectively.
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4.2 Paper II: Easy-to-Apply Approach to Forecast and
Calculate the Radiation Effects of SEPs in Different
Parts of the Brain Using Modeling Results

Space missions require an easy-to-apply approach to forecast and calculate the radiation
effects of SEPs, which can cause severe acute syndromes in astronauts. In Paper 4.1, we
used Geant4 Monte Carlo simulations to analyze how highly energetic particles interact
with the human head’s structure, generating statistical functions summarizing the dose
deposit in various lobes of the human brain, and under different shielding scenarios. In
this paper, we applied these functions to examine the GCR and SEP environment that as-
tronauts could potentially encounter in deep space. We used Badhwar O’Neil input GCR
spectra and 50+ historical SEP events to calculate dose rates in different brain lobes. In
our evaluation of the shielding effects around the human head, we observed that thicker
shielding materials yielded a significant reduction in the dose rate experienced by the
brain. This effect was particularly pronounced in mitigating the impact of SEP. For in-
stance, we found that a 2 cm aluminum shield could potentially decrease the dose from
SEPs by as much as 90%. Such a dose reduction is deemed sufficient to safeguard astro-
nauts from the development of acute radiation syndromes. We also conducted a statistical
analysis of the dose versus the properties of incoming SEP spectra. By examining 50+ his-
torical SEP events, we have developed a set of empirical correlations that can predict the
dose of radiation that the brain will receive from an incoming SEP event. These correla-
tions are highly effective in simplifying the forecasting process, while maintaining a high
degree of accuracy comparable to that of a full Monte Carlo simulation. Furthermore,
our approach offers significant computational advantages by reducing the computational
power required and simplifying the prediction process.

To develop our empirical correlations, we analyzed the SEP spectral data from historical
events and identified simple functions that can calculate the dose from an SEP event at
a specific part of the brain or human head, taking into account different thicknesses of
shielding. Our approach only requires the intensity of the SEP at the pivot energy, making
it very user-friendly. Our simplified approach allows for quick and accurate predictions of
the consequences of an SEP event, enabling us to develop effective strategies to mitigate
the potential harm it may cause. The following article is reproduced from Khaksarighiri
et al. (2021) with permission from "Scientific Reports" journal:

An easy-to-use function to assess deep space radiation in human brains

Khaksarighiri, S., Guo, ]J., Wimmer-Schweingruber, R., Narici, L. (2021). Scientific Re-
ports, 11(1), 11687.

My contribution to this paper is 80% of the overall content and research efforts.
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An easy-to-use function to assess
deep space radiation in human
brains

Salman Khaksarighirit, Jingnan Guo®%3*, Robert Wimmer-Schweingruber! & Livio Narici*®

Health risks from radiation exposure in space are an important factor for astronauts’ safety as they
venture on long-duration missions to the Moon or Mars. It is important to assess the radiation level
inside the human brain to evaluate the possible hazardous effects on the central nervous system
especially during solar energetic particle (SEP) events. We use a realistic model of the head/brain
structure and calculate the radiation deposit therein by realistic SEP events, also under various
shielding scenarios. We then determine the relation between the radiation dose deposited in different
parts of the brain and the properties of the SEP events and obtain some simple and ready-to-use
functions which can be used to quickly and reliably forecast the event dose in the brain. Such a novel
tool can be used from fast nowcasting of the consequences of SEP events to optimization of shielding
systems and other mitigation strategies of astronauts in space.

Among various issues that may cause health problems for astronauts, the hazard from radiation on interplanetary
flights is currently one of the major obstacles, especially for long-duration missions to outer space, e.g., a manned
mission to Mars"2. While space radiation research has grown swiftly in recent years, substantial uncertainties
remain in predicting and extrapolating the responses of humans to radiation exposure. One of the reasons may
be because only 24 human beings have ventured beyond the protective envelope of the Earth’s magnetosphere
for a maximum of approximately 12 days (Apollo 17)°.

Exposure to charged particles during long-term missions in space, where high-energy particles are more
abundant than in Earth orbit, can lead to substantial biomedical or health risks for astronauts>*. Space radia-
tion risks include carcinogenesis, degenerative tissue effects, central nervous system (CNS) decrements™®, heart
diseases”® and acute radiation syndrome®'2. Acute effects are possible when astronauts are exposed to large
SEP events, which produce a high radiation dose'>!*. On the other hand, a major concern of space radiation is
the long-term effect on astronauts, which can include cataracts, an increased chance of cancer, and some health
effects are even thought to be passed on to the next generations by mutated genes™>*1>.

Radiation environment in deep space. The deep-space radiation environment is determined by two
major sources of ionizing radiation, with Galactic Cosmic Rays (GCRs) and Solar Energetic Particle (SEP)
events. Protons and helium ions comprise about 87% and 12% of GCRs, respectively'®, with additional contribu-
tions by heavier nuclei such as carbon, nitrogen, oxygen, and iron. Despite their small abundance of about 1%,
these heavy ions are of particular concern for manned space missions because of their relatively high Linear
Energy Transfer, and the uncertainties of their biological effects. Once they have entered the solar system, the
GCRs are modulated by the heliospheric magnetic field, which changes with the 11-year solar activity cycle
[e.g.']. The flux of GCR protons may be two orders of magnitude higher during solar minimum than during
solar maximum years at energies below about 100 MeV as shown in Fig. 2b (as obtained from a GCR model that
will be explained in detail in “Calculation method and setups”). The flux of GCRs is low, but their influence inte-
grated over a typical duration of a Mars mission of 3 years can be substantial. A risk assessment study of exposure
to space travelers'® estimates that 20 million out of 43 million hippocampus cell nuclei will be directly hit by
one or more particles, with charge Z >15 assuming the 1972 GCR spectrum after the peak year of solar cycle 20.

On the other hand, SEP events are dominated by protons and electrons, which are accelerated in sporadic solar
eruptions such as flares or shocks driven by Coronal Mass Ejection (CME) (e.g."). Small and flare-associated
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Figure 1. Structures of a human brain including different lobes and hippocampus with their corresponding
major functions adapted from?. The position might appear different due to the selected 2D cut of the 3D
structure. More descriptions can be found in “Radiation effects on human brains”

SEP events can occur at any time during the solar cycle, whereas larger SEP events tend to occur during periods
of high solar activity. They can lead to high radiation doses in short time intervals?*

Radiation effects on human brains. Our brain is the command center for the human nervous system,
which interprets information from the outside world and directs our body’s internal functions. The cerebrum is
the largest portion of the brain containing the cerebral cortex, which is responsible for most of the actual infor-
mation processing in the brain. The cerebral cortex is divided into four cortex lobes: the frontal lobe, temporal
lobe, parietal lobe, and occipital lobe. These lobes are responsible for various functions in the body that include
everything from sensory perception to decision-making and problem-solving?®, as indicated in Fig. 1. We also
consider the hippocampus region in our study, which is a structure within the medial aspect of the temporal lobe
that can be identified as a layer of densely packed neurons and plays a vital role in regulating learning, memory
encoding, memory consolidation, and spatial navigation?.

The brain ventricular is a highly conserved aspect of brain structure, a series of connected cavities lying
deep within the brain, filled with cerebrospinal fluid (CSF). These structures are responsible for the produc-
tion, transport, and removal of CSE. The brain ventricles can enlarge during spaceflight®-*. While this is a real
change in the structure of the brain, its relevance in these studies is uncertain, and there is no model for it under
zero gravity conditions. Therefore, we did not include this effect in our simulations of a realistic brain structure.

Different radiation effects have been reported from patients experiencing conventional cranium radiotherapy
or treatments for glioma brain tumor such as, adverse effects and behavioral changes in CNS, long-term anxiety,
depression, disturbances in learning, memory, processing speed, attention, and cognitive flexibility**-32. Acute
or short-term radiation effects may occur during or immediately after the course of radiation, such as fatigue
or hair loss. Late or long-term effects include white matter changes, radionecrosis, neuropsychological and
endocrine changes (hormonal)®*-%.

Animal models and experimental studies of exposing mice to doses of radiation corresponding to that of a
cruise to Mars®® suggest that the radiation exposure may impair cellular signaling in the hippocampus, a brain
region bound to learning and memory*’, and may also cause damage in short-term memory as well as disturb the
crew’s performance and decision making procedure®. It also reveals the capability of radiation to significantly
decrease the structural complexity and synaptic integrity of neurons throughout different regions of the brain,
inducing compromised cognitive performance of mice®.

To better assess the space radiation effect on the brain, we study the GCRs and SEP events induced dose
deposit in different lobes and in the hippocampus region of the brain by calculating the dose distribution inside
an actual three-dimensional head structure extracted from computed tomography (CT) images. Thus this paper
consists of three parts. First, we introduce and describe the method for calculating radiation doses inside the
brain. Second, we estimate the GCR radiation dose deposit inside different lobes and in the hippocampus region
of the brain, with various depths of shielding around the head. Third, we consider the consequence of SEP events
using SEP spectral data of 50 historical events and find some easy-to-use functions, which can quickly convert
the SEP event intensity at a certain pivot energy to the final dose deposit in the brain, following a method
developed by®. Finally, we evaluate the implications of our calculations in the context of astronauts performing
interplanetary space missions.

One important output of this work is to provide a quantitative assessment that could help to produce a pos-
sible ‘alarmy’ for the SEPs. Our results would be used to predict the importance of the coming radiation event
and, together with the knowledge from radiation treatments for cancer, and the growing understanding of the
influence of radiation on cognitive functions®, to forecast the level of radiation effects and the subsequent risks,
providing grounds for the related alarm.
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Calculation method and setups

Previous studies of radiation effects on CNS have most commonly reported measurements or calculations of
Dose (Gy) to characterize the radiation risk. Alternatively, in some works, it has been suggested that particle
fluence or the measure of the number of electrons emitted per unit track length are better predictors for the
effectiveness of different particles for neurobehavioral dysfunction®. In the current study, we stay with the basic
physical unit of the radiation dose, i.e., energy deposit per unit mass, as the results can be more easily related to
the biological radiation experiments.

In a previous study*!, we calculated the dose distribution in different parts of the human brain using actual
head densities extracted from CT images. The particle transport simulations have been carried out using version
10.4 of Geant4 toolkit [GEometry And Tracking***], a well-established and three-dimensional Monte Carlo
particle transport tool.

We used a matrix approach following*** to obtain “brain response functions” (BRFs) of the dose depend-
ence on the primary particle type and energy. A BRF is a probabilistic description of the deposited energy of a
primary particle, with a defined type and energy, in the brain. All possible interactions, which may be triggered
when the primary particle and its secondaries penetrate through the head, are included in the BRE. Primary
particles of protons and helium ions, as well as carbon, nitrogen, and iron, are considered to construct these
BRFs*!. The BRF has a unit of dose per fluence of primary particles and can be used to fold (i.e., multiply per
energy bin and then integrate) with a given primary particle spectrum for obtaining the radiation dose inside
the brain, similar to the approach in“.

Extra shield around the head: As humans in space would always have a certain kind of shielding protection, we
simulated various depth of aluminum shielding (0.2 cm, 0.5 cm, 2 cm, 5 cm, and 10 cm) between the radiation
source and the brain. Aluminum(Al) was used because it is a conventional choice used in the community, so that
our result can be more easily compared to previous works**%. The thickness chosen here can be approximating a
helmet, spacesuit, and other possible shielding depths of a habitat*!. It is important to note that primary GCRs and
SEP events passing through shielding materials may undergo inelastic interactions with the ambient atomic nuclei
losing some or all their energy and also creating secondary particles via spallation and fragmentation processes,
resulting in a radiation field including both primary and secondary particle radiation inside the space vehicle
(e.g.*). These secondaries including neutrons which are highly relevant for their biological effects are modeled
and propagated further in our models and they may also contribute to the dose in the brain within the shielding.

GCRs in deep space: In “Deep-space radiation from GCRs” we fold the BRFs with deep space GCR spectra
under different solar modulations as predicted by the Badhwar O’Neil model*® and shown in Fig. 2b. We show
results for solar modulation potentials (®) between 300 MV and 1200 MV. A large ® value corresponds to a
strong solar modulation with enhanced interplanetary magnetic fields that depress the GCR flux around the
solar maximum; a smaller & instead represents weaker solar activities with less-modulated and thus higher GCR
flux. Dose deposits in different lobes of the brain and in the hippocampus region are then calculated based on
various solar modulation conditions and different Al-shielding depths.

SEP events in deep space: In the second part of this work, we use BRFs to fold with a variety of SEP events
shown in Fig. 2b. The SEP spectra represent some historical large events from August 1997 to 2006, recon-
structed from measurements of the Geostationary Operational Environmental Satellite (GOES) and the Advanced
Composition Explorer (ACE) satellite at the deep space environment near Earth®'. Such events show different
spectral properties (intensities and shapes), which complicate the assessment of the radiation dose experienced
by astronauts. We, therefore, carry out a statistical study of the correlation between the dose deposit in the brain
by each event and the SEP spectral parameters and obtain some easy-to-use functions. These functions rely on
the so-called pivot energy of the original SEP spectra at which the spectral index does not influence the final
dose deposit®.

Simulation results and discussion

Application of the simulated results—the procedure to apply our ready functions for calculat-
ing the resulted radiation inside a brain. In this section, we demonstrate how to apply readily-calcu-
lated BRFs to obtain the radiation dose rate inside the four main lobes, and in the hippocampus region of an
astronaut’s brain. The procedure of the application and the results for deep-space exposure to GCRs are shown
in Fig. 2.

The BRFs for protons in the different lobes, and in the hippocampus region of the brain are plotted in Fig. 2a.
After folding them with the various possible input spectra, shown in panel (b) of Fig. 2, i.e., multiplying the
values of BRF with the spectra flux in each corresponding energy-bin, one obtains the dose rate in the different
lobes as a function of energy as shown in panel (c). The integration of the total dose rate over all energies gives
the radiation deposit by the primary GCR protons in the brain (or at a certain part of the brain). Mathematically,
the procedure described above can be summarized as given in Eq. (1).

o= (2}

where D(uGy) is the dose deposit in each lobe resulted from simulation, fis the fluence of the source used in the
simulation in units of particles cm~2sr~! MeV L, F represents the double-differential (both energy- and time-
differential) flux of GCRs in units of particles cm™2sr—! MeV~1s~1, finally, D is the GCR-induced dose rate in
each lobe given in uGy/s. We note that when applying the above method to SEP events, F is integrated over the
respective time duration for each event so that the obtained dose is not time-differential and has the unit of uGy.
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Figure 2. Folding the Brain Response Functions (BRFs) with primary GCR/SEP protons to calculate the

dose rate inside different lobes, and in the hippocampus region of the brain as described in “Application of the
simulated results—the procedure to apply our ready functions for calculating the resulted radiation inside a
brain”. (a) BRFs as calculated in*! for protons. (b) Energy- and time-differential flux of GCRs under different
solar modulation potential (MV) (dashed curves) and the energy-differential but event time-integrated fluence
of SEP events (solid lines) in deep space. (c) Convolutions of the GCR/SEP particle spectra of panel (b) with the
BREF for the frontal lobe.

Deep-space radiation from GCRs. We used the procedure discussed in “Application of the simulated
results—the procedure to apply our ready functions for calculating the resulted radiation inside a brain” to
calculate the dose rate in different parts of the brain for a range of GCR spectra at different solar activities
throughout the solar cycle. The GCR spectra are obtained based on the Badwhar O’Neil model*’, which depends
on the parameter solar modulation potential, . We made the calculations using different ® values ranging
from 300 MV (solar minimum) to 1200 MV (solar maximum). The results are shown in Fig. 3a for dose rate in
different lobes without shielding. As expected, the differences between the dose rates in the different lobes are
hardly discernible, but is smaller in the hippocampus region. This difference is mainly due to the contribution
of low energy particles which can be more easily stopped before reaching hippocampus, which is located in the
inner region of the temporal lobe and more shielded compared to different lobes. The dose rates, that concern all
modeled GCR particles in deep space, vary between about 100 and 440 uGy/day for solar activity maximum and
minimum. However, we note that our estimation of the GCR-induced dose rate might be slightly smaller than
the expected values as we have cut off the particles above 10 GeV in our simulations since particle flux above this
energy decreases versus the energy following a power-law.
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Figure 3. (a) The dose rates in different parts of the brain induced by GCR particles in deep space without
shielding protection. (b) The dose rates in the human head under different thickness of shielding. The primary
source GCRs include protons, helium and heavier ions such as carbon, nitrogen and iron under different solar
modulation conditions. The summed dose rates from all these primary particles under different conditions (i.e.,
solar modulations, shielding depth and different lobes) are shown in black.

Scientific Reports|  (2021) 11:11687 | https://doi.org/10.1038/s41598-021-90695-5 nature portfolio



78

www.nature.com/scientificreports/

Figure 3b shows the dose rate for the entire human head given different solar modulation potentials, @,
for different particle species considered here, and for different shielding, as explained in “Calculation method
and setups”. Some subtle differences can be seen. For instance, the highest dose rate from protons is not for the
unshielded scenario as for He-nuclei, but for a shielding thickness of 5 cm Al-equivalent. Nevertheless, the total
dose rate from all primary GCR particle species shows a decrease when the shielding is increased. At solar mini-
mum, a shielding of 2 mm of Al results in an overall reduction by approximately 14%. 27% reduction is reached
with shielding by 5 cm of Al. A further increase in shielding thickness to 10 cm of Al results in a total reduction
of 37%. These values are reduced somewhat during solar maximum conditions (12%, 20%, and 25%, respectively).

Exposure to 0.5 Gy of simulated GCR radiation, containing a mixture of different particle species may result
in some long-term deficits in the recognition memory system of male mice®. Approximating this as an “upper
limit” of the accumulated GCR radiation for brains in space despite of it being different from those of the mice,
we can derive the appropriate shielding depth and the allowed duration of the space mission under different
solar modulation conditions. In particular, during solar minimum when the GCR flux is around its maximum
value, with 2 mm of shielding, the GCR radiation in the brain can be reduced to about 400 pGy/day. On the
other hand, during solar maximum, the GCR radiation in brains is already much lower, and extra shielding is
not that necessary, but surely helpful.

Deep-space radiation from SEP events. Alternatively, the short-term sporadic solar energetic particles
events generated during solar eruptions may result in some sudden and drastic enhancement of the radiation in
the brains of astronauts in space. To assess the potential radiation effects associated with these SEP events, we
evaluate the effect of 53 large SEP events®' without and with the various shielding thicknesses used in the previ-
ous section “Deep-space radiation from GCRs”. Table 1 lists dose deposits in the human head for 35 of these
53 SEP events. They were chosen as they deposit more than 10 cGy dose in the human head without shielding.

In the case of no shielding around the head, the dose in different lobes of the human brain is considerably
less than the dose averaged in the entire human head because of the human cranium with an average of 6.5 mm
thickness®® protects the brain against low-energy ions. Moreover, the dose in the frontal lobe is slightly higher
than other lobes, and the hippocampus experienced the lowest dose among the studied regions of the brain in
our work. This is the same effect as already observed for low energy GCRs (below 100 MeV/nuc). The reason
is that the frontal lobe has a larger portion at the outer edge of the brain and is more exposed to the radiation
contribution from low-energy primary particles, but the hippocampus is located deep in the temporal lobe, and
it is the most shielded part compared to the others. This effect is more obvious for SEP events because they have
a larger contribution from low energy particles in comparison to GCRs.

The results reported in this table clearly show that even a modest shielding of only 2 mm of Al can reduce the
dose in the head by more than 50% in the case of SEP events. Previous studies considered the Space-Permissible
Exposure Limit (SPEL) for short-term radiation exposure of CNS to be about 50 cGy in 30-days®!. We mark
the event doses that exceed 50 cGy in bold font in Table 1. As shown, even under 2 cm of Al shielding, some
events exceed the 30-days SPEL in the human head. Besides, the enhanced solar activity during the maximum
of a solar cycle often leads to multiple SEP events taking place within the course of days or weeks such as the
few events associated with the famous Halloween storm in 2003 as shown in Table 1. It is therefore important
to forecast SEP events and prepare with extra shielding during hazardous situations like this.

A statistical study of SEP-induced Martian surface radiation by events with different properties such as
their energy range, intensity, and the power-law index has been performed by*. They found a good correlation
between the induced radiation on Mars and the fluence of the initial SEP spectra. In particular, they discovered
a pivot energy (~ 300 MeV) at which the SEP flux alone can be used to determine the Martian surface dose rate
for large SEP events. Based on the same idea, we try to correlate our calculated dose deposit in the human head
under different scenarios (shielding and different lobes) versus the original SEP event fluence at a few specific
energies. As shown in Fig. 4, the dose deposit in the head is nicely correlated with the original SEP event fluence
at selected energies, in particular at 40 MeV, where the Pearson correlation coefficient is nearly unity. This means
that with a given fluence at this pivot energy, other information of the SEP spectra does not effectively influence
the radiation deposit in the brain. This feature can be related to the balance of dose contribution by SEP events
below and above the pivot energy®. A SEP spectrum is often described as a power-law distribution. When the
slope of the power-law changes from e.g., — 4 to — 2, the reduction of the dose contribution from particles below
the pivot energy is compensated by the increased dose from particles above this point.

Here we obtain the pivot point being 40 MeV in case of dose deposit in the head with a 2 mm Al shield. This
pivot energy is lower than the case of Mars because of the thinner shielding considered compared to the Martian
atmosphere. For a thicker shielding, we expect this pivot point to shift towards a higher energy. We also fit the
correlation of dose deposit [cGy] versus the SEP events fluence [particles st~ cm~2 MeV 1] at the pivot energy,
for different events, with a linear function as shown in Fig. 4 and Eq. (2) as follows :

Dgrain = a - Ipivot Energy +b 2)

where a has the unit of cGy sr cm? MeV and b with unit of cGy. Their fitted values are represented in table 2 for
different scenarios. The obtained function can be used to directly derive the dose deposit in the head (or differ-
ent parts of the brain) using the SEP events fluence at the single energy and thus can significantly simplify the
radiation forecast for future manned missions in space upon the onset of SEP events.

To better locate the pivot energy of the dose deposit in the brain under different cases studied, we calculate the
Pearson correlation coefficient (Pcc) of the obtained dose versus the SEP fluence of each event at different ener-
gies. In Fig. 5a, we show the Pcc values versus energies of the original SEP spectra for various cases of shielding
around the head. As expected, the best Pcc for each case has the peak value around 1 at a certain energy that is
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Dose(cGy) in a human head shielded by different thicknesses of Al Dose(cGy) in different lobes of a human brain
Events Without shield | 2 mm 5mm 2cm 5cm 10 cm Frontal Parietal Temporal Occipital Hippocampus

(cGy) Al (cGy) Al (cGy) Al (cGy) Al (cGy) Al (cGy) (cGy) (cGy) (cGy) (cGy) (cGy)
6 Nov 1997 52 12 4 0.9 0.2 0 6 4.6 4.4 4.3 1.5
20 Apr 1998 123 39 13 2 0.4 0.1 13 9 9 8 5
24 Aug 1998 32 1.4 0.2 0 0 0.63 0.5 0.4 0.4 0.17
30 Sep 1998 31 2 0.4 0 0 1 0.8 0.7 0.7 0.3
14 Nov 1998 13 2 1] 0 0 1.4 1.17 1.14 1.2 0.6
14 July 2000 2005 741 345 78 22 6 179 144 139 141 62
8 Nov 2000 1354 542 283 71 20 5 159 132 128 130 64
26 Nov 2000 26 1.5 0.3 0 0 0.69 0.53 0.5 0.5 0.19
2 Feb 2001 58 15 6 1.1 0.3 0 29 23 2.1 2.1 0.85
10 Feb 2001 10 0.7 0.1 0 0 0.36 0.28 0.26 0.25 0.1
12 Feb 2001 19 0.2 1] 0 0 0.07 0.05 0.05 0.04 0
15 Feb 2001 79 39 28 14 7 3 21 19 18 17 12
18 Feb 2001 20 6 3 1.4 0.6 4.6 4.1 4.1 4 2.6
16 Aug 2001 28 13 8 3 1.4 0.6 5.7 4.8 4.8 4.3 2.8
24 Sep 2001 426 92 41 9 2 0.8 21 17 16 16 7
1 Oct 2001 70 1.7 0.1 0 0 0.6 0.4 0.35 0.3 0.07
4 Nov 2001 2255 736 256 34 7 1.7 110 82 77 76 26
22 Nov 2001 591 83 24 2 0.5 0.1 9 7 7 6 2
26 Dec 2001 48 18 10 3 1.3 0.5 6.3 5.7 53 55 29
21 Apr 2002 267 92 36 6 1.4 0.4 16.6 12.9 12.2 12 4.6
24 Aug 2002 29 4 1.3 0.5 0.2 2.8 2.5 23 23 1
26 Oct 2003 12 1.6 0.4 0.1 0 0.9 0.7 0.7 0.7 0.3
28 Oct 2003 1268 357 174 43 13 4 94 77 76 78 35
29 Oct 2003 244 68 36 10 3 1.2 21 18 17 18 9
2 Nov 2003 89 34 15 3 1 0.3 8 7 7 6 3
7 Nov 2004 12 1.5 0.5 0 0 0 0.27 0.21 0.2 0.2 0.07
10 Nov 2004 12 4 2 1.4 0.3 3.7 34 33 35 2.3
16 Jan 2005 27 2 0.4 0.1 0 1 0.78 0.74 0.7 0.3
17 Jan 2005 362 108 35 4 0.9 0.2 15 11 11 10 3
20 Jan 2005 158 90 69 37 20 10 53 49 48 50 34
13 May 2005 22 1.3 0.38 0 0 0 0.16 0.11 0.1 0.1 0.03
22 Aug 2005 19 0.6 0 0 0 0.24 0.18 0.16 0.15 0.05
7 Sep 2005 135 25 10 1.7 0.4 0.1 4.6 3.6 34 3 1.3
6 Dec 2006 174 44 21 5 1.5 0.4 11 8.9 8.6 8.4 39
13 Dec 2006 81 40 26 10 4 1.6 17 15 14.7 14.5 8.5

Table 1. Resulting dose (cGy) from 35 SEP events in a human head considering different thicknesses of Al

as a shield around an astronaut’s head/body. Dose deposits in different lobes of the human brain protected by
2 mm of shield are also shown. Those event doses that exceed 50 cGy are shown in bold font. These 35 events
are chosen from the list as they would deposit more than 10 cGy of dose in the head without shielding (second
column).

the pivot energy to be found. The pivot energy for a thicker shield shifts towards a larger value and equals about
300 MeV for 10 cm of Al shield. This is the same pivot energy found by*® as the accumulated shielding depth in
this case (27 g/cm?) is comparable to the Martian atmospheric depth studied by *! (the vertical column mass is
about 22 g/cm? of CO; and the average shielding depth is slightly larger). In Fig. 5b, the pivot energy is deter-
mined, for dose deposit in four lobes under 2 mm of Al shielding, to be 75 MeV for the frontal lobe and 90 MeV
for the other three lobes and increases to 120 MeV for the hippocampus region as this part is embedded deep into
temporal lobe and more shielded compared to other lobes. On the other hand, the slightly smaller pivot energy
for the frontal lobe also reveals the fact that it is the least shielded lobe compared to the others. Fig. 5¢,d plot the
correlation of the dose deposit versus the SEP fluence at the determined pivot energy, which is obtained with
the best Pcc values larger than 0.998. Different lobes have been considered and different thicknesses of shielding
can approximate different situations such as helmet, spacesuit, and various possible shielding depths within a
habitat. Such determined pivot energy, the Pcc of the fitting, and the fitted parameters of the linear function for
each case are given in Table 2. These values can be used as a look-up table to forecast or nowcast the dose deposit
inside a human head in space (under different shielding depths as well as in various parts of the brain) based
solely on the SEP events fluence at these pivot energies.
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Figure 4. Dose (cGy) deposit in the human head, with 2 mm of shielding around, induced by each SEP event
under study versus the original SEP fluence at a few specific energies as marked in different colors and labeled in
the legend with the Pearson correlation coefficients (Pcc) for different cases.

Summary and conclusions

Among various effects that may cause health problems for astronauts on long-duration missions to outer space
such as the Moon or Mars, space radiation deserves special attention because it has known long-term effects, but
can also become critical in the course of short time periods. Effects on the CNS are important because they can
lead to changes in motor function and behavior or neurological disorders, which can have devastating effects
during a deep space mission.

The radiation induced by the background GCRs is omnipresent but mostly stable and easier to predict.
However, the radiation associated with SEP events is sporadic, highly variable from events to events, and may
cause severe acute syndromes to astronauts if no sufficient protection is prepared, such as during extravehicular
activities. This requires the most straightforward and easy-to-apply approach to forecast the SEP events induced
radiation effect during the course of a manned mission.

In the previous work®!, we have established a set of GEANT4 Monte Carlo simulations to describe the inter-
actions of highly energetic particles with an actual human head structure and lobes inside the brain. The dose
deposit in different lobes of the brain, in the hippocampus region and in the whole human head under different
shielding scenarios, has been summarized as statistical functions, which depend on the primary particle energy
of the SEP events/GCRs. In this paper, we apply these functions to the GCRs and SEP events environment that
an astronaut may encounter in deep space.

First, we fold these BRFs with Badwhar O’Neil*® input spectra for different GCR modulation parameters
and derive the doses in different lobes, and in the hippocampus region. The overall dose rate is between 99 and
437 uGy/day for solar maximum and minimum conditions. Not unexpectedly, there is no substantial difference
between the dose rate in different lobes for GCRs. Increased shielding thickness, however, shows a noticeable
reduction in the dose rate experienced by the brain. Reductions are 12% and 25% for 2 mm and 10 cm of Al
shielding during solar maximum, respectively, but reach to 14% and 37% during solar minimum conditions,
respectively.

This sensitivity to shielding is even more pronounced for SEP events because they typically cover a lower
energy range than GCRs. Shielding by 2 mm of Al can reduce the dose from SEP events by more than 65%, an
increased shielding by 2 cm of Al reduces it by 90%. This reduction is sufficient to protect astronauts against
acute radiation syndromes for all SEP events encountered during the space age.

Although the differences in dose experienced by the different lobes during SEP events are small, the frontal
lobe sees the largest dose because it has the largest area close to the surface of the human brain. On the other
hand, the hippocampus region, which is located deep inside the temporal lobe absorbed a lower dose than the
outer parts. The low-energy part of SEP events deposits most of its energy in the outer surface of the brain, thus
mostly affecting the frontal lobe. This could be mitigated by a clever helmet design.

The dose-fluence relationships are shown for proton in different energies for each scenario to determine
the best correlation coeflicient, and then, the pivot energy. Finally, we formulate the correlation between SEP
events intensity and the brain dose for each scenario that have been reported in Table 2. Using this function
and parameter for each scenario, one can quickly calculate the SEP events induced dose at a certain part of the
brain or the human head considering the different thickness of shielding around, given the intensity of the SEP
events at the pivot energy. These results show that the pivot energy in the a human head with 10 cm of Al as a
shield is about 300 MeV, which is the same as the pivot energy on the surface of Mars with ~ 22 g/cm? of verti-
cal column depth of CO,*.

Scientific Reports |

(2021) 11:11687 | https://doi.org/10.1038/s41598-021-90695-5 nature portfolio



81

www.nature.com/scientificreports/

Pearson correlation coefficient

Dose(cGy) in human head from
primary SEP spectra in deep space

—_
(=]

1.000

o
©

o
o

@
N

o
)

Pearson correlation coefficient
© o o o o o o
[oe] [e°) [oe] (=) © © ©
N wu ~ o N wu ~
(9} o ol o (9] o (9]

0.5 - : Frontal
*- Without_shield é K
0.4l o 2mm HERES - Parietal
’ o 5mm - Temporal
e 2.cm .
S o ipital
0.31 o 5om L Qcc pita
10 cm e = Hippocampus
0.2 : 0.800
0 100 200 300 400 500 50 100 150 200
Energy(MeV) Energy(MeV)
(@) (b)
103
e No shield : 20 MeV » e Frontal : 75 MeV
1034 .ecs 2 mm : 40 MeV ! 8 o Parietal : 90 MeV
e 5mm : 63 MeV & 102 - Temporal : 90 MeV
1024 e 2 cm: 131 MeV 0 ~-e- Qccipital : 90 MeV
e 5cm : 208 MeV % Hippocampus : 120 MeV .p
. 10 cm : 300 MeV g 3 10! tf‘c
10 S 5 ae
G © s
=&
10° o 100
o @
3 &
o S8 10
1072 P “‘.‘.
5]
£ 1072
1073 . B
-3
10! 103 10° 107 10° 10 10! 103 10° 107
SEP fluence in deep space (/sr/cm?/MeV]) SEP fluence in deep space(/sr/cm?/MeV])
(© ()

Figure 5. Upper panels: correlation coefficients between the event dose and SEP fluence of each event at
different energies for (a) various thicknesses of Al around a human head and (b) different lobes of the human
brain with 2 mm of Al shielding. Lower panels: The dose (cGy) deposit in a human head from primary SEP
spectra in deep space versus SEP events fluence at the determined pivot energy for (c) a human head with
different Al thickness and (d) different lobes of the brain under a 2 mm of Al shield.

The statistical analysis of the resulted dose versus the properties of the incoming SEP events spectra of 50+
historical events provides us some empirical correlations which can be directly applied to predict the dose in
the brain from the initial SEP-event fluence, thus minimizing the complication of the forecast while keeping the
accuracy as a full Monte Carlo simulation and saving the computational power. We note, however, that using
only historical event data bears with it the risk that one is not prepared for an event which was not known in
the past. Here we rely on our knowledge which has been accumulated in the space age and is hopefully short
compared with the many generations of humans that will visit space in the future.

The pivot energies for the head, various lobes and the hippocampus region, range between about 20 and
300 MeV, mainly depending on different shielding depths. We suggest the importance of in-situ (outside the
vessel or the base) measurement of particle fluences at these energies, which are an important parameter for a
direct prediction of SEP radiation impacts on human brains.

The radiation effect on the hippocampus of mice, which is an important structure for the formation of
long-term episodic memory has been studied in*. Their results show that 1 Gy of proton radiation can produce
long-term changes to neuronal electrophysiological states. With 0.1 Gy radiation from incident protons, object
recognition memory is impaired three months following the irradiation experiment™®. As shown in Table 1, our
statistical analysis includes multiple cases with the event radiation dose exceeding 0.1 Gy, even under 2 or 5 mm
of shielding. Of course, the human head and brain structure is different from that of a mouse, and it is not certain
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Scenarios Pivot energy (MeV) | ax10° b R?
No shield 20 2.42+0.04 |15.69+8.60 |0.985
2 mm Al 40 5.89+0.03 |2.048+1.05 |0.998
Human head 5mm Al 63 14.5+0.08 |0.721 £0.44 |0.998
2cm Al 131 453+0.25 |0.114+0.10 | 0.998
5cm Al 208 70.6 £0.33 | 0.021 +£0.03 | 0.999
10 cm Al 300 77.6+0.46 |0.011+0.01 |0.998
Frontal 75 18.0+0.13 | 0.57£0.36 0.997
Lobes of brain Parietal 90 28.4+0.23 | 0.40+0.33 0.996
protected by Temporal 90 274020 |038+0.27 |0.997
2mm of shield "5 % to) 90 283+0.18 |038+026 |0.997
Hippocampus | 120 26.8+0.35 |0.18+0.11 0.990

Table 2. The fitted parameters of Eq. (2) for deriving the SEP events induced dose Dp,in at a certain part of
the brain or the head under different thickness of Al shielding. The determined pivot energy Ipivot energy Of the
SEP events for different cases is also given. The fitted parameter a has the unit of cGy - sr cm* MeV and b with
unit of cGy.

that the same neurological impact can be expected. However, together with these biological experiments, our
statistical study suggests that the drastically-enhanced dose induced by SEP events may pose long-term effects
to the CNS of brains in space and even lead to their malfunction in a long term. This should be taken into con-
sideration for long-duration space missions, such as future missions to Mars.
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Characterizing Radiation Environment on the Martian
Surface: Zenith-Angle Dependence of Downward Dose
Rate and Directionality of Surface Radiation

4.3 Paper 11I: Zenith-Angle Dependence of Downward

Radiation Dose Rate on the Martian Surface

Placing humans on the surface of Mars presents significant challenges due to the harsh
radiation environment prevailing there. GCRs, which can penetrate the Martian sur-
face, largely determine space radiation on the surface of Mars. In a study conducted by
Wimmer-Schweingruber et al. (2015), it was revealed that the radiation field’s directional-
ity is not entirely isotropic within the limited field of view of the RAD onboard the MSL
Curiosity rover. To gain a more comprehensive understanding of the surface radiation’s
directionality across a wide range of zenith angles (0), we conducted a three-dimensional
Geant4 Monte Carlo simulation. This simulation allowed us to investigate and analyze
the dependence of the surface dose rate on 6. By examining the 6-dependence of the sur-
face dose rate, we aimed to enhance our understanding of the directional characteristics
of radiation on the Martian surface. Through the Geant4 Monte Carlo simulation, we gen-
erated realistic radiation scenarios and accurately estimated the dose rates that reach the
RAD at various zenith angles. This approach enabled us to capture the complex interplay
between the incoming radiation and the Martian surface, taking into account factors such
as atmospheric pressure or the atmosphere’s column density, the heliospheric modulation
which determines the input at the top of the Martian atmosphere, and local and large-scale
topography, that may provide shielding. By considering a wide range of zenith angles, we
ensured that our analysis covered different orientations of the Martian surface relative to

the incident radiation.

The following article, which is reproduced from Khaksarighiri et al. (2023) with permis-
sion from the Journal of Geophysical Research: Planets, presents the study that used a
Geant4 model to investigate the zenith-angle dependence of the downward radiation field
on the surface of Mars and compared it with the measurements obtained with the RAD
instrument on the MSL Curiosity rover. The study focused on two types of energetic parti-
cles, namely, protons and helium nuclei, which contribute significantly to the surface dose.
Our findings show that there is a linear relationship between the dose rate on the surface
of Mars and the solar modulation parameter. The results also suggest that the downward
radiation dose on the surface of Mars only depends weakly on the zenith angle 6. The
surface dose rate also depends on solar modulation, and weaker modulation results in a
higher dose rate for each 6. The study highlights the importance of extra shielding against
radiation towards the zenith than towards the horizon, particularly for deep space mis-
sions to Mars. These findings have implications for the design of radiation protection
measures for astronauts during future missions to Mars.



Chapter 4. Publications 86

The zenith-angle dependence of the downward radiation dose rate on the Martian surface:

modeling versus MSL/RAD measurement
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The Zenith-Angle Dependence of the Downward Radiation
Dose Rate on the Martian Surface: Modeling Versus MSL/
RAD Measurement
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Abstract The Radiation Assessment Detector (RAD) on board the Mars Science Laboratory's Curiosity
rover has been monitoring the surface radiation environment on Mars for just over 10 years. It has been found
by Wimmer-Schweingruber et al. (2015, https://doi.org/10.1002/2015g1066664) that within the narrow view
cone of RAD, the directionality of the radiation field is close to but not completely isotropic. In order to better
understand the directionality of the surface radiation over a wide range of zenith angles (6), we perform a
three-dimensional Geant4 Monte Carlo simulation to derive the #-dependence of the surface dose rate. The
results show that galactic cosmic ray protons, coming in at @ ~ 74° make the greatest contribution to the surface
dose. For helium ions, this angle is at around 46°. This is a consequence of the increasing column depth at
larger zenith angles and the complex interplay of the destruction of primary and the creation of secondary
particles as the primary cosmic ray interacts with the Martian atmosphere. We also compared the simulated
results with the RAD measurements and found a reasonable agreement. Our results are important for future
human exploration of Mars, for instance, to estimate the effectiveness of radiation shielding of a given geometry
or for optimizing the radiation shielding design of a Martian habitat.

Plain Language Summary Space agencies and private companies are working to place humans on
the surface of Mars. Astronauts would be exposed to a different and considerably harsher radiation environment
on Mars than humans are on Earth. Space radiation is largely determined by galactic cosmic rays, which have
sufficient energy to reach the Martian surface. Thus, a better understanding of the radiation on the surface of
Mars is needed. The shielding provided by the atmosphere increases with the zenith angle, and it also causes
an increase in the creation of secondary particles. To better understand this, we perform a Geant4 Monte Carlo
simulation to derive the dependence of the surface dose rate on the zenith angle 0. The results show that the
radiation dose on the surface of Mars depends on the incoming angle of the primary radiation. Moreover,

the radiation dose rate is significantly modulated by solar activity, and the Mars surface dose rate differs by
about 50% between solar maximum and minimum periods. We validate our simulation by comparing the dose
measured by the Mars Science Laboratory Radiation Assessment Detector and find good agreement.

1. Motivation and Introduction

Future expeditions into interplanetary space, and in particular to the Moon and Mars, will expose astronauts
to much higher levels of cosmic radiation compared to the current low-Earth orbit (LEO) missions due to the
strong shielding against interplanetary radiation provided by the Earth's magnetic field that attenuates the major
effects of space radiation exposures for current LEO missions. Deep space is dominated by two major sources
of energetic particle radiation: background Galactic Cosmic Rays (GCRs) and sporadic, but highly variable in
intensity Solar Energetic Particles (SEPs). Protons and helium ions comprise about 87% and 12% of GCR nuclei
with traces of heavier nuclei such as carbon, nitrogen, oxygen, and iron (Simpson, 1983). SEPs are dominated
by protons and electrons, which are accelerated during sporadic solar eruptions and released into interplanetary
space.
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Figure 1. Schematic view of a full-size spherical Mars as a substrate; and

Exposure to deep space radiation can lead to health risks such as acute and
long-term effects for astronauts (Barcellos-Hoff et al., 2015; Cucinotta &
Durante, 2006). SEPs can deliver a very high level of radiation over a short
time to the human body and may cause acute radiation effects, such as nausea
and vomiting or death in the worst case. Long-term exposure to GCRs does
not cause immediate health effects but can increase the risk of cancer over a
lifetime and also cataracts and central nervous system decrements (Cucinotta
et al., 2014; Kennedy, 2014; Khaksarighiri et al., 2021). Thus, a better under-
standing of the radiation environment for space missions is necessary and
fundamental for the safety of astronauts.

When GCRs and SEPs arrive at Mars, they can interact with the Martian
atmosphere and lose energy via ionization processes, and they can also create

is a representation of the real-world system. The red hemisphere represents secondary particles via spallation and fragmentation processes. With suffi-

a hemisphere of Mars. The position of the

Radiation Assessment Detector is cient energy, they can arrive at the Martian surface and further penetrate

indicated by a green square with a yellow border. The green ring is an example  the subsurface and produce secondary particles in both the atmosphere and

of ring sources, and the magenta point represents the source with € equal to 0°.

More information can be found in the text.

soil. As a result, the radiation environment on the Martian surface is differ-
ent from that in deep space (Guo, Zeitlin, et al., 2021; Wilson et al., 2004).
The Radiation Assessment Detector (RAD, Hassler et al., 2012) on board
the Mars Science Laboratory's (MSL) Curiosity rover has been monitoring
the surface radiation environment on Mars for just over 10 years since its landing in 2012 August. The shielding
effect of Mars's atmosphere has been shown to be more important than the creation of secondary radiation (Guo
et al., 2017; Rafkin et al., 2014).

Radiation in deep space is nearly isotropic most of the time, that is, it comes from the full 4z solid angle. On the
Martian surface, the planet itself provides excellent shielding against energetic particle radiation that would come
from the bottom half of the full solid angle. There is, however, a small portion of the radiation that is directed
upward. These secondary, upward-directed “albedo” particles are generated in the soil as by-products of the inter-
action of the GCR with the soil. Guo, Khaksarighiri, et al. (2021) estimated that the albedo radiation, measured
as an absorbed dose by RAD, on flat terrain is about 19% of the total surface dose, that is, most of the radiation
detected on the Martian surface is due to downward-directed particles.

While the primary GCRs are nearly isotropic in deep space, their angular distribution is modified as they travel
through the Martian atmosphere to reach the surface. Particles coming through the atmosphere from the horizon
need to pass through a much larger atmospheric column depth than particles coming from the vertical direction.
The atmospheric column depth that a particle must traverse to reach the surface increases with zenith angle 6,
which represents the angle from the surface normal as shown in Figure 1.

At 6 = 0°, the atmospheric column depth is about ~21 g/cm? at Curiosity's location in the Gale Crater. For
comparison, at a zenith angle of ~90° the corresponding column depth is ~400 g/cm?.

As Curiosity moves across the surface, its inclination with respect to the surface of an idealized, spherical Mars
changes due to local topography. Wimmer-Schweingruber et al. (2015) used these variations to study the radia-
tion shielding effect of the atmosphere and found that the radiation field is close to isotropic with a slight increase
of shielding toward larger zenith angles. That study was limited to a maximum rover tilt angle of 215,

In order to better understand the directionality of the surface radiation over a wider range of zenith angles (6),
we perform a three-dimensional Geant4 (GEometry And Tracking, Agostinelli et al., 2003, 2006, 2016) Monte
Carlo simulation to derive the f-dependence of the surface dose rate. Specifically, we model the interaction of
the incoming GCRs with the Martian atmosphere and also with the RAD detector to derive the surface radiation
field across a large range of zenith angles. We thus investigate the zenith-angle dependence of dose (energy per
mass) deposited in RAD.

In this paper, we first explain our model, especially the setup of the Martian environment and the input particle
sources in Section 2. The modeled results and their zenith angle-dependence are presented in Section 3, including
also the model prediction of RAD measurements. Finally, we validate our model in Section 3.3, using the dose
measured by RAD within two telescope view cones to compare with our modeled results.
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Figure 2. (a): Comparison of the pressure on the surface of Mars versus altitude based on the analytical model and the data
obtained from the Mars Climate Database (b): CO, column depth for different zenith angles on the surface of Mars.
2. Model Description and Implementation

In order to build our geometry in Geant4, we first need to calculate the atmospheric column depth as a function
of the zenith angle on the surface of Mars. Figure 1 has been used for this purpose, which illustrates a full-size
spherical Mars as a substrate; and is a representation of the real-world system.

Considering Figure 1 we can derive the following equation:
(Rw+ DY’ = R% + L2 + 2R, Locos(9). 1)

Here R, is Mars's radius, L, is the effective scale height which depends on the zenith angle , and D is the distance
between RAD and the magenta point. The atmospheric column depth (o) and its dependency on the zenith angle
(0) for each ring can be derived as follows:

Ly = —R,,cos(0) + \/R,z,,cos (6)* + D* + 2R, D. ()

We approximate the atmospheric density with the well-known barometric expression and find
o= / poe M dh 3)

where H is the scale height, p, is the atmospheric density on the surface of Mars, & represents the atmospheric
height, and ¢ is the integrated atmospheric column depth in the vertical direction € = 0°, which is set to 21 g/cm?
in this model and calculate the D, which is the distance between the RAD and magenta point. As the pathlength
through each thin spherical shell of roughly constant density along the two paths at  and 0° is in the same ratio
as L, and D, we can modify Equation 3 as follows:

o = po X Le. 4)

where o represents the CO, column depth (g/cm?) in different zenith angles.

With this model, we calculate the CO, column depth in different zenith angles on the surface of Mars shown
in Figure 2b and used these data to build the Mars surface geometry in our model as different hemispheres in
Figure 3, each hemisphere belong to a specific column depth correspond to the zenith angle.

Mars Climate Database (MCD, Millour et al., 2015, http://www-mars.Imd.jussieu.fr/) is a database contain-
ing Martian meteorological variables developed using various Martian atmospheric models and validated
against available observational data (Millour et al., 2015). We compared the pressure at a certain height versus
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Figure 3. Schematic views of the zenith-angle (6) dependence of the Mars atmospheric setup (left) and the Radiation Assessment Detector sensor head (right, adapted
from Hassler et al. (2012)). The green and blue rings are example ring sources with @ being 30° and 60°, respectively, and the magenta point represents the source with
6 equal to 0°. More information can be found in the text.

atmospheric altitude (between 0 and 95 km) based on the above analytical model with the data obtained from the
MCD, as shown in Figure 2a. The vertical atmospheric distribution based on our model agrees well with MCD
with less than 1% difference for altitudes lower than 35 km on the Martian surface, but the difference reaches 13%
at higher altitudes because of the complexity of the MCD model compared to our simple model of the Martian
surface. The right panel of Figure 2 shows the atmospheric column depth ¢ as a function of zenith angle 0 as
obtained from our model (Equation 4).

We include the RAD detector in our model, as shown in Figure 3 to allow the comparison of simulations with
measurements as presented in Section 3.3. The Martian atmosphere is modeled as pure CO, because it makes
up about 95% of the Martian atmosphere. The vertical (§ = 0°) atmospheric column depth is about 21 g/cm?
when the surface pressure is about 800 Pa, which is the average value measured by MSL at Gale Crater (REMS,
Gomez-Elvira et al., 2012), and column depth increases with increasing 6 toward the horizon as shown in the
right-hand panel of Figure 2.

2.1. Geant4 Toolkit

We used version 10.4 of the Geant4 (GEometry And Tracking, Agostinelli et al., 2003, 2006, 2016)
three-dimensional Monte Carlo particle transport tool with the QGSP BERT physics list. The QGSP BERT phys-
ics list applies the quark-gluon string model for high energy particles (>20 GeV) and the Bertini cascade model
in the middle and low energy range. In the model, the excited nuclei that are generated by high energy interactions
are passed to the Precompound model which is used to describe the de-excitation process. In terms of modeling
the Martian radiation environment, it has been found that different physics lists can affect the generation of
secondary particles, especially those produced via spallation processes (Guo et al., 2019). However, the surface
absorbed dose normally agrees within ~5% for different physics lists (Matthii et al., 2016).

2.2. Model Description

As discussed above, the interaction of GCRs with a planetary atmosphere leads to a change in the isotropic nature
of the radiation field, which results in a higher directional flux of primary particles from the zenith than from
the horizon. This can be understood due to the interaction of primary particles with the atmosphere, which has a
much smaller column depth in the zenith direction than toward the horizon. Our model is set up in order to quan-
tify the above effect and to determine the surface dose rate arriving from different zenith angles.

The RAD sensor head shown in the right panel of Figure 3 is placed on the Martian surface in our model and
consists of three silicon detectors (A, B, and C), a cesium iodide scintillator D, and a plastic scintillator E (Hassler
et al., 2012). Absorbed dose values are simultaneously recorded and also modeled in detectors B and E with the
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Figure 4. Simulated dose deposit in the Radiation Assessment Detector B detector as a function of the primary particle energy at various zenith angles with different
column depths (represented by different line colors) for protons (left) and “He ions (right).

masses of 1.3 X 107* kg and 34.9 x 1073 kg, respectively. Both scintillators are surrounded by a plastic antico-
incidence scintillator (F). The modeled geometry corresponds exactly to the RAD geometry, which is a small
packed instrument with a total mass of 1.5 kg. As simulating dose to RAD embedded in a planet-scale illuminated
volume of atmosphere would take forever to build up statistics, we have compressed the atmospheric representa-
tion starting from 25 cm on top of the RAD and more layers with different densities of CO, will be added for
larger zenith angles and reach to 125 cm for the last layer in 400 g/cm? of CO,. ¢ calculated in Equation 4
represents the column depth of the atmosphere, which increases with the zenith angle from vertical to horizontal
directions, as shown in Figure 2b. The gray scale represents the Mars atmosphere which is set to be 100% CO, in
this model. The green and blue rings are example ring sources with @ being 30° and 60° placed in various layers
with corresponding column depth of atmosphere, respectively. The magenta point represents the source with 6
equal to 0° corresponding to 21 g/cm? of CO,, placed on top of the first layer of CO, with 30 cm of radius. The
RAD itself has been placed in a high vacuum hemisphere, which means all the primary and secondary particles
will follow their direction, after passing through the CO, layers.

High-energy particles at the top of Mars' atmosphere do not necessarily follow the black line labeled L, in
Figure 3, but are scattered, they lose energy, and—if energetic enough—may create secondary particles or even
a shower of secondary particles. To account for this, we placed our primary particle sources along spherical
segments of constant zenith angle, as indicated by the green and blue rings at 30° + 1° and 60° + 1° in Figure 3.
From the inner surface of each ring, particles were launched with an inward cosine directional distribution with
a power-law index of —1 to result in an isotropic homogeneous field inside the hemisphere as shown with red
arrows for the magenta source. The modeled energies of primary protons and “He ions were distributed from
1 MeV to 100 GeV in 62 logarithmically spaced bins to simplify the rebinning and convolutions with different
primary GCR spectra, as explained later. For each such spherical segment, a total of 6.2 X 107 particles of the
two-particle types were simulated, that is, 10° particles per energy bin.

3. Simulation Results and Comparison With Measurements

The results of the total dose (absorbed by the RAD B 300-pm silicon detector) per particle versus the incoming
energy of particles from 1 MeV to 100 GeV for different zenith angles (or column depths) are shown in Figure 4
with left and right panels for protons and “He ions, respectively. The simulations are performed for detector B
without regard to coincidence or anticoincidence, and then the dose rates are restricted to the A1B and A2B
acceptance cones for comparison with observations that will be explained in more detail in Section 3.3.
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As shown in Figure 4, there is a sharp increase in the surface dose contribution from protons at 164 MeV/nuc
for 0° zenith angle. This “cutoff” energy is equivalent to the energy required for particles to penetrate 21 g/
cm? of carbon dioxide, which is 164 MeV for protons and 630 MeV for “He ions and defined as 10% of the
peak dose at 0° zenith angle. The small contributions to the surface dose below this primary energy are mainly
from proton-generated secondaries such as electrons, gammas, and neutrons. Figure 4 also shows that this cutoff
energy depends on the zenith angle (which is color-coded in this figure), and that larger zenith angles have a
larger cutoff energy because of the larger column depth that particles need to penetrate. As expected, the dose
from the lowest energy particles is seen for the thinnest column depth whereas the thickest column depth results
in a lower energy deposit.

The simulation results also show that at energies lower than ~1 GeV/nuc, the dose decreases as the primary
energy increases as is to be expected from the Bethe-Bloch approximation (Bethe, 1930; Bloch, 1933). But, at
energies above the relativistic minimum of around 1 GeV/nucleon, the electromagnetic ionization dose per unit
pathlength departs from the Bethe-Bloch approximation and starts to increase with energy; this, together with the
generation of secondary particles, particle fragmentation, and spallation interactions in the atmosphere lead to a
rise in dose per primary particle toward high energies.

Note that the total dose in our model comprises all primary particles and secondary particles generated by prima-
ries interacting with the atmosphere which are detected by the RAD within a small zenith angle range (from
6 — 1°to 6 + 1°) of the primaries.

This assumption is more reliable when the atmosphere is thin, as in the case of Mars, and a small number of
secondaries are generated.

3.1. Procedure of the Model Application

Figure 4 shows the dose deposited in the RAD B detector by an individual primary particle versusits primary
energy. In this section, we show how to weight this result with various GCR input spectra to compute the dose
rate measured by the RAD B detector. Figure 5 gives a visual summary of the procedure and shows the results
for the example of primary GCR protons. The procedure for “He ions (right-hand panel of Figure 4) is the same,
but not shown here. The proton dose distributions for different zenith angles in the B detector, that is, Figure 4a
shows the dose deposit in the B detector per primary particles and is multiplied by the area and solid angle of
primary rings in each zenith angle and gives us the dose deposit per primary fluence [pGy]/[particles/cm? sr]
shown in Figure 5a.

Various input spectra of the GCR proton flux in deep space are shown in Figure 5b. These primary GCR spectra
are predicted by the Badhwar O'Neill 2014 model (BON, O'Neill et al., 2015) for different solar modulation
potentials as indicated in the legend.

We then multiplied a dose-deposit function of a certain @ value in Figure 5a with a GCR input spectrum from
Figure 5b by first multiplying the functions in Figure 5a by the widths of the energy bins used in the simulation
to have units of [uGy]/[particles/cm? sr MeV] and then multiplying the values of this normalized function with
the differential flux in each corresponding energy-bin. Taking the GCR spectrum with ® of 400 MV as an exam-
ple, we obtain the dose rate as a function of energy as shown in panel (c) for different inclination angles, 6. For
each 6, the total dose summed over all energy bins would be the expected radiation in RAD B from that zenith
angle. Note that the total dose is induced by primary GCR protons and also the secondaries generated by primary
protons in the atmosphere. The same procedure is used to derive GCR “He induced dose for each 8 angle and also
for different solar modulation conditions.

Mathematically, the procedure described above can be summarized as given in Equation 5:

o (2o

where D (pGy) is the dose-deposit function of a certain 0 value from the Geant4 simulation, f'is the fluence of the
source used in the simulation given as the number of particles per cm? st MeV, and F represents the differential
flux of GCRs given as the number of particles per cm? sr MeV and sec, which finally gives us D, that is the dose
rate per energy bin in the B detector of RAD for the surface of Mars in each zenith angle.
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Figure 5. Multiplying the precalculated dose functions in Figure 4 with input galactic cosmic ray (GCR) spectra to calculate the Martian surface dose rate as measured
in the Radiation Assessment Detector (RAD) B detector. (a): Proton dose functions in the RAD B detector for different zenith angles (normalized to the [particles/cm?
sr]). (b): Energy- and time-differential flux of GCR protons for different solar modulation potentials ® (MV). (c): Multiplication results of the dose-response functions
of the panel (a) with the 400 MV primary GCR spectrum in panel (b) in each corresponding energy bin. More details can be found in Section 3.1.

3.2. Modeled Zenith-Angle Dependence of Dose in RAD-B on Mars

After integrating the dose rate in Figure Sc over energy, we obtain the expected RAD-B dose rate from each 6
direction. Results for different solar modulation potentials are easily derived with the same procedure but using
a different input spectrum from panel b in Figure 5. Figure 6 shows the thus predicted dose rate in the RAD-B
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Figure 6. Dependence of modeled dose rate in the Radiation Assessment Detector B detector on zenith angle (6) for (a)/(c) primary galactic cosmic ray (GCR) protons
and (b)/(d) “He ions. Different primary GCR spectra are considered under different solar modulation potentials ® shown in different colors. (a, b) show the dose rate per
degree of 6; (c, d) show the dose rate scaled to per solid angle. Total dose rate [pGy/day] integrated over @ is also given for each case in the legend in (a, b).

detector versus zenith angle 0 for different GCR spectra under different solar modulations. The results of dose rate
per 6 angle from GCR protons and “He ions are shown in panels (a) and (b), respectively.

Figures 6a and 6b show that the surface downward radiation dose of particles depends on the zenith angle, 6. For
instance, protons coming in at an angle of about 75° contribute more to the RAD-B dose distribution than protons
coming in at other angles. For helium ions, this angle is smaller, about 45°. As described by Guo, Khaksarighiri,
et al. (2021), two factors play a role here: (a) the atmospheric column depth increases from about 21 g/cm? at
6 = 0° to more than 400 g/cm? at the horizon; a thicker traverse path would result in primaries losing more energy
and becoming more ionizing or more easily stopped before reaching the surface; moreover, more secondaries are
generated along a thicker path and can contribute to the total dose; (b) the area of the source particles incident at
each degree of zenith angle is different (distributed as rings on the spherical shell), and it increases with 6. These
two concurrent reasons result in the directionality of the dose rate on the surface of Mars as shown in (a) and (b).
Scaling the dose by the geometric factor of the ring source using Equation 6, removes the influence of the second
factor and one obtains the dose rate in units of [uGy/day/cm?sr] as a function of & as shown in Figures 6¢ and 6d
for protons and helium ions, respectively.
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. ) _ D
D(yGy/day/cm /sr) = {W}, (6)
This normalization accounts for the variation in the area exposed to the radiation and enables comparison of the
dose at different points on the surface of the hemisphere. The proton functions in (c) show an almost isotropic
profile before gradually increasing to the major peak at @ ~ 75°. This peak arises from the combination of primary
protons slowing down and the efficient generation of secondary particles. On the other hand, the induced dose
deposit from helium ions decreases monotonically with @ (or the traverse depths) since they have a smaller mean
free path and are more likely to fragment in the atmosphere. But at @ between ~10° and ~45°, Helium functions
also show an approximately isotropic distribution.

Figure 6 also clearly shows that the surface dose rate depends on solar modulation with smaller modulation poten-
tial resulting in a larger dose rate for each 6. With the modulation parameter varying between 800 and 400 MV,
the total dose rate in the B detector of RAD varies between 106 and 175 pGy/day for protons, which is about
3.9-4.8 times larger than that induced by helium ions (27-36 pGy/day). The summed proton and helium dose
with @ of 400 MV (solar minimum) is 211 pGy/day in silicon or 281 pGy/day in water. During the deep solar
minimum in 2019, the dose rate measured in RAD's silicon detector B is about 230 pGy/day and about 310 pGy/
day in its tissue-equivalent detector E (Ehresmann et al., 2022; Guo, Zeitlin, et al., 2021). Our model estimation
is about 10% lower than the RAD measurements. Considering that the current model does not include ions heav-
ier than helium ions and also does not include albedo particles (both will be explained in more details later in
Section 3.3), the model values reported here are in reasonable agreement with RAD measurements.

3.3. Model Validation: Predictions of the Acceptance Cone Dose Compared With RAD Measurements

The telescope geometry for charged-particle detection in RAD is defined using the A and B detectors as shown in
Figure 3. Charged particles entering RAD from the top are measured in a view-cone with an opening half-angle of
about 32°. Two view cones are defined by a coincidence of hits in the A and B detectors, which both are 300 pm
thick (Hassler et al., 2012). The first cone uses the inner segment, that is, A2 detector, which spans a half angle
of 18°, and the other one uses the outer segment, A1 detector, so that the larger cone has a half angle of 32°. As
the angular dependence calculated from our model is for each zenith angle shaped as a ring, but the RAD A and
B detectors are hexagonal, we assumed that the hexagonal shape can be well approximated by a circular shape
and the opening angles reported here are averaged angles, which are <18° half angle and 18°-32° half angle for
the A2B and A1B, respectively.

Linear Energy Transfer(LET, dE/dx) is measured in RAD B for an incoming charged particle that satisfies either
the A1B coincidence or the A2B coincidence. LET is the amount of ionizing energy that an ionizing particle
transfers to the material traversed per unit distance. The unit usually used for this quantity is (keV/pm). LET is
an average quantity because, at the microscopic level, the energy per unit length of the track varies over a wide
range. The LET of charged particles is a function of particle velocity, 3, or kinetic energy, and its charge, Z, and
is approximately proportional to Z%f* (Bethe, 1930; Bloch, 1933; Grimes et al., 2017). This measured quantity is
referred to hereinafter as the “LET dose,” since we use that term below. RAD records the energy deposited in B
within the LET view cone for every particle without determining Z and f of each particle. As a result, the energy
distribution contributed by all particles entering the cone and penetrating through B is recorded as an onboard
histogram and sent back to Earth (Hassler et al., 2012). This histogram of energy deposits can be used to derive
the LET or dE/dx histogram using the mean path length, dx, of particles inside the A1B or A2B cone.

We sum over all the onboard dE histograms to derive the total absorbed energy in silicon detector B from particles
coming through the acceptance cone.

RAD is mounted in the Curiosity rover with its central axis perpendicular to the rover deck, and its fields of
view are centered vertically when the rover is on flat ground, that is, the center of the acceptance cone would
correspond to € = 0° when the rover is horizontal. However, along the traverse of Curiosity, the rover body was
generally not exactly horizontal, as it would be on level ground. Guo, Zeitlin, et al. (2021, Figure 16) shows the
zenith tilt angle of the rover body through the first 2800 sols after MSL landed on Mars. The rover is tilted at
angles up to about 25° from the zenith, with an average value of 7.3°. If we expect the downward radiation to be
nonisotropic within the tilt angles experienced by Curiosity, we would observe a change of the LET-dose as the
rover changes its inclination, for example, when ascending a slope.
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Figure 7. LET dose rate within the inner view cones (A2B) and outer cone (A1B) of Radiation Assessment Detector (RAD)
derived from the measurements and model predictions versus inclination of RAD.

In the following, we will compare the dose rates integrated from the LET spectra with the model predictions
presented in Section 3.2. As our model contains the #-dependent dose, it is straightforward to derive the total
dose integrated within the acceptance cone given the viewing angle of the cone and the inclination of the rover
(the inclination angle equals the zenith angle of the central axis of the cone). Because of the hexagonal shape of
the individual RAD detector segments, this calculation cannot be performed analytically but is best calculated
numerically. To do so, we first calculate the function for the proportion of the source ring area inside the RAD's
field of view cones (half opening angles of 18° (A2B) and 32°(A1B)) and then multiplied these functions with
our dose functions shown in Figures 6a and 6b.

Next, we investigate whether the observed or modeled LET dose depends on the rover inclination angle. To do so,
we need to minimize the influence of other factors on the Martian surface radiation (Guo, Zeitlin, et al., 2021).
The most pronounced one is the solar modulation which drives the long-term variations of the GCR radiation on
Mars. Here, we select the data with monthly @ between 420 and 430 MV as derived by the Oulu Neutron Monitor
(https://cosmicrays.oulu.fi) to minimize the impact of solar modulation. Note that modulation factors could be
different between Earth and Mars (Guo et al., 2015). However, as a statistical study integrated through a long
time period, we do not expect this difference to significantly impact our results because the modulation is equal
on average—except for a very weak radial dependence (Saganti, 2005).

Figure 7 shows LET-derived dose rates for the view cones spanned by RAD's A1-B and A2-B detectors. The accept-
ance cone dose from the RAD measurement and the derived data from the model in different view cones, which were
selected under a specific modulation for the inclination angle covered by RAD as shown in this figure. As one can
see, the data are consistent with no slope at the 95% confidence level. The measurements cover inclination angles
up to ~24° while the model prediction extends to larger values. It shows that the LET dose does not depend on the
inclination angle within the range of 60°. This is related to the fact that both proton and helium doses are not far from
isotropic for 6 below ~50° and also that the acceptance cone is perhaps too large to detect the change of the fields.
This result is consistent with that obtained by Wimmer-Schweingruber et al. (2015) over a narrower range of rover
tilt angles. The variations in Figure 7 in RAD data are due to changes in pressure, the range in solar modulation that is
included in the RAD data, and other small perturbations, which affect the measurements (Guo, Zeitlin, et al., 2021).

However, there is a difference of about 28% between the RAD measurement and our model for both A1B and
A2B cones. There are two reasons for this difference. First, we only considered protons and “He ions as primary
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GCRs in our model, but other species of GCR ions with high (H) atomic

101 ]

LET dose rate in RAD FOVs(uGy/[day])

X

X

AlxB RAD *  AlxB Model | number (Z) and energy (E) (HZE ions) also contribute to the dose deposit in
A2xB RAD *  A2xB Model

RAD data. Primary GCRs heavier than protons and helium ions contribute
X around 10% to the total absorbed dose on the surface of Mars as suggested by
results of simulations including both light and heavy ions (Zhang et al., 2022,
Figure 7). But the 28% difference reported here is significantly larger than
the expected 10% contribution by HZE particles. Moreover, it is also higher
than the 10% difference when considering the modeled and measured dose
integrated over all zenith angles as discussed in the previous section. The
most likely explanation is that the contribution from HZEs is higher since
the average path length through the Martian atmosphere is shorter, resulting
in less fragmentation of heavy ions before reaching RAD than within the
acceptance cone as compared to directions outside the cone.

400 500

600 700 800 Second, secondary particles created in the Martian soil (so-called albedo

Solar modulation [MV] particles which move upward, away from Mars) also in principle contribute

Figure 8. LET dose rate within the two view cones of Radiation Assessment
Detector derived from the measurement and modeling data versus the solar

to the measured LET-cone dose rate. Guo, Khaksarighiri, et al. (2021) used
the absorbed dose in the plastic detector “E” and estimated that the albedo

modulation parameter ®. The difference between the modeled results and the radiation, measured as an absorbed dose by RAD, on flat terrain is about 19%

measurement is expected, as explained in the main text.

of the total surface dose. Although these albedo particles need energy higher
than about 110 MeV/nuc to reach the B detector, and the low-energy albedo
particles traveling upward from the surface are likely to deposit energy in E
and stop in the detector stack before reaching B. But, they can contribute slightly to the dose in the B detector
(Appel et al., 2018). Considering both the HZE and albedo contributions to the LET dose, the 28% difference
between our model and the RAD measurement is rather reasonable.

Finally, we consider the influence of solar modulation on the Martian surface radiation. This has been quan-
tified as the most important factor that affects the long-term dose rate recorded by MSL/RAD (Guo, Zeitlin,
et al., 2021). As shown in Figure 8, both the RAD-measured LET dose and modeled LET-cone dose are anticor-
related with the solar modulation potential ® as also shown in previous studies of the RAD GCR radiation dose
(Guo, Zeitlin, et al., 2021; Zeitlin et al., 2019). The ~28% difference between the modeled results and measure-
ments has the same origin as that in Figure 7, as discussed before.

4. Summary and Conclusion

We used a Geant4 model to investigate the zenith-angle dependence of the downward radiation field on the
surface of Mars and have compared this with measurements obtained with the RAD instrument on the MSL
Curiosity rover. We investigated the two largest contributions to the surface dose: energetic protons and helium
nuclei. The latter can fragment as they interact with the Martian atmosphere. At sufficiently high energies, both
types of particles can lead to cascades of secondary particles, at lower energies, their main interaction is by ioni-
zation. The model takes into account the increase in column depth with increasing zenith angle. The calculations
were performed for a model spectrum with a power-law index of —1 and stored as Mars atmosphere “response
functions.” These were subsequently folded with the Badhwar-O'Neill (O'Neill et al., 2015) GCR model spectra
for a representative range of solar modulation potentials.

The model results suggest that the radiation dose is nonisotropic on the surface of Mars, especially at large
zenith angles >60°. We cannot exclude an isotropic behavior at the 95% confidence level within the ~25° range
of inclination angles experienced by Curiosity in the course of its mission on Mars. This is consistent with and
extends a previous study by Wimmer-Schweingruber et al. (2015), which, however, did not cover a wide range
of inclination angles.

We found that the RAD measurements show an average dose rate that is about 28% higher than our model results.
However, when considering the full sky view, that is, integrating over all zenith angles, this difference is only
about 10% as explained in Section 3.2. Moreover, previous model results show that HZE ions contribute about
10% to the total dose on the surface of Mars (Rostel et al., 2020; Zhang et al., 2022) when considering particles
arriving from the full sky view. We expect that this discrepancy between 28% and 10% is due to the fragmentation
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of HZE particles at large zenith angles because such particles need to traverse a significantly larger column depth.
Because the Geant4 calculations for such particles are extremely time consuming, we have not yet been able to
perform them and will report them in a forthcoming publication.

As is well-known, HZE ions may contribute significantly to cell damage because the energy deposited in an
individual cell is proportional to the square of the particle's charge. For deep space missions to Mars, GCR HZE
ions induced radiation has been a major concern (Cucinotta & Durante, 2006). Our study suggests that the HZE
contribution could be higher at smaller zenith angles for explorers on the surface of Mars. This indicates that extra
shielding against radiation is particularly important toward the zenith than toward the horizon.

Data Availability Statement

The data used in this study are archived in the NASA Planetary Data System's Planetary Plasma Interactions
Node at the University of California, Los Angeles. The archival volume includes the full binary raw data files,
detailed descriptions of the structures, and higher level data products in human-readable form. The binary RAD
EDR data are archived under (Peterson et al., 2013), while the human-readable RAD RDR data are archived
under (Rafkin et al., 2013). The MSL/REMS data archived in the NASA planetary data systems' planetary plasma
interactions node (Gomez Elvira, 2013). Data plotted in the figures are available via (Khaksarighiri, 2022). The
data are available in txt format and contain the columns with the x- and y-values for the data points plotted in the
figures. More information about the structure of the files is contained within the files themselves.
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4.4 Paper IV: Modeling, Observations, and Albedo Ra-

diation Analysis.

The radiation environment on the Martian surface is influenced by the presence of local
topographical features that vary as the rover traverses Gale Crater. During Curiosity’s ex-
ploration near the Murray Butte area, an interesting observation was made regarding the
impact of the butte structure on the surrounding radiation levels. It was found that the
butte structure partially blocked approximately 19% of the sky, as compared to 10% dur-
ing the preceding period. This obstruction resulted in a measurable decrease of 5 + 1% in
the background GCR dose. While this reduction may not provide full protection against
cosmic radiation for future astronauts on Mars, it signifies the potential significance of nat-
ural structures such as buttes, cave skylights (Cushing et al., 2007), or lava tubes (Léveillé
and Datta, 2010) as potential radiation shelters for future Martian habitats. These findings
align with the broader strategy of in-situ resource utilization (Starr and Muscatello, 2020)
and emphasize the importance of leveraging existing natural formations to enhance radi-
ation shielding capabilities for long-term human habitation on Mars. In a previous study,
paper 4.3, we investigated the relationship between zenith angles () and surface down-
ward radiation dose on Mars, considering the influence of varying atmospheric column
depth for particles arriving from different zenith angles. To investigate this phenomenon,
we developed a comprehensive model that encompasses different solar modulation con-
ditions and particle types, enabling us to derive dose-6 functions. The Curiosity rover has
been actively exploring the Gale crater, ascending the central peak of Mount Sharp located
within the crater. In September 2016, Curiosity traversed through a geological forma-
tion named Murray Buttes, characterized by eroded sandstone mesas and buttes. On Sol
(Martian day) 1455 (2016-09-08), the rover closely approached one of these buttes and was
subsequently parked there for 13 sols, to perform drilling and contact science operations
and drove away from the butte on Sol 1468. By combining our model with the panoramic
sky visibility of RAD during and before the parking period, we quantified the obstructed
and remaining radiation originating from the sky direction. Our analysis revealed that the
ratio of the radiation from the sky during the parking compared to that before the parking
is estimated to be about 88% assuming the same solar modulation condition. However,
this reduction of 12% exceeds the measured decrease in dose of 5 + 1%. We attribute
this discrepancy to the additional contribution of albedo radiation resulting from the ob-
structing butte. To determine the flat terrain albedo dose (i.e., without obstruction), we
considered both the expected dose reduction due to sky blockage and the observed dose
changes based on two independent scenarios. Through a comprehensive comparison of
dose rates under various sky-obstruction conditions and an understanding of the zenith-
angle dependence of radiation, we estimated that the flat-terrain albedo dose contributes
to be about 19 + 1% of the total surface dose. This knowledge is pivotal in improving our
comprehension of the Martian radiation environment and developing effective strategies

for radiation mitigation.
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Directionality of the Martian surface radiation and derivation of the upward albedo ra-

diation.

Guo, J., Khaksarighiri, S., Wimmer-Schweingruber, R. F, et.al. (2021). Geophysical Re-
search Letters, 48(15), e2021GL093912.
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Abstract Since 2012 August, the Radiation Assessment Detector (RAD) on the Curiosity rover has
been characterizing the Martian surface radiation field which is essential in preparation for future crewed
Mars missions. RAD observed radiation dose is influenced by variable topographical features as the rover
traverses through the terrain. In particular, while Curiosity was parked near a butte in the Murray Buttes
area, we find a decrease of the dose rate by (5 1)% as 19% of the sky was obstructed, versus 10% in an
average reference period. Combining a zenith-angle-dependent radiation model and the rover panoramic
visibility map leads to a predicted reduction of the downward dose by ~12% due to the obstruction, larger
than the observed decrease. With the hypothesis that this difference is attributable to albedo radiation
coming from the butte, we estimate the (flat-terrain) albedo radiation to be about 19% of the total surface
dose.

Plain Language Summary Interplanetary space is filled with energetic particles that

can affect the health of astronauts, for example, by causing late-arising cancer and possibly hereditary
diseases. Mars lacks a global magnetic field and its atmosphere is very thin compared to Earth's. Thus

its surface is exposed to such space radiation which presents risks to future humans on Mars. Mitigation
strategies could include using natural geological structures on Mars, for example, cave skylights and

lava tubes and even simple buttes, for protection. The Radiation Assessment Detector (RAD) on the
Curiosity rover has observed a decrease of the radiation absorbed dose rate by (5 £ 1)% while Curiosity
was parked near a butte. This provides the first direct illustration that Mars's surface features may serve as
potential radiation shelters for future missions. However, when exploiting such shielding possibilities, the
secondary radiation generated in the terrain of Mars that is, emitted backwards must also be considered.
Combining the RAD observation with a radiation transport model, we derive such “reflected” radiation
dose on a flat terrain to be about 19% of the total surface dose.

1. Introduction

Health risks induced by exposure to space radiation have been classified as one of the potential “show
stoppers” for future human missions to Mars (e.g., Cucinotta et al., 2017; Walsh et al., 2019). To evaluate
such radiation risks, the Radiation Assessment Detector (RAD, Hassler et al., 2012; Zeitlin et al., 2016) was
designed to measure energetic particle radiation on the Martian surface (Hassler et al., 2014) as part of the
Mars Science Laboratory (MSL, Grotzinger et al., 2012) mission, which landed the Curiosity rover in Gale
crater in August 2012.

Space radiation near Mars is contributed by the continuous background Galactic Cosmic Ray (GCR) parti-
cles and, occasionally, Solar Energetic Particles (SEPs) resulting from solar eruptions. Mars lacks a global
intrinsic magnetosphere but has a thin atmosphere. The primary space radiation can directly propagate
through the atmosphere with no interactions or lose part of its energy and generate secondaries via ioni-
zation, fragmentation, spallation, etc. Secondary particles can also be generated in the terrain and escape
the surface to be detected as upward-directed “albedo” particles. The Martian radiation environment can be
studied via particle transport modeling through the Martian atmosphere and surface (De Angelis et al., 2006;
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Ehresmann et al., 2011; Gronoff et al., 2015; Keating et al., 2005; Kim et al., 2014; Saganti et al., 2004; etc).
The successful operation of RAD on Mars also made it possible to benchmark these models against in-situ
measurements (e.g., Matthid et al., 2016, 2017; Guo et al., 2019).

The Radiation Assessment Detector consists of three silicon detectors (A, B, and C, each having a thickness
of 300 um), a thallium-doped cesium iodide scintillator (D with a thickness of 28 mm), and a plastic scin-
tillator (Bicron BC432 m, E with a thickness of 18 mm and mass of 34.9 gram). In particular, the absorbed
dose rate, defined as the energy deposited by radiation per unit mass (Gray = J/kg) and time, is measured
concurrently in two active dosimeters, that is, detectors B and E. The latter has much better statistics due
to a large geometric factor. It has a composition similar to that of human tissue and is more sensitive to
neutrons. Additionally, low-energy albedo particles traveling upward from the surface are likely to deposit
energy in E but may stop in the detector stack (or scatter out of the stack) before reaching B. Therefore, we
use the absorbed dose in the plastic detector “E” in this study.

The Martian topographic structures may serve for radiation shielding for future human missions on Mars.
They can be particularly helpful to provide shielding during highly intense SEP events and can also serve
to achieve a steady reduction of exposure to the long-term GCR-induced radiation (Dartnell et al., 2007;
Kim et al., 1998; Rostel et al., 2020). Locations with higher iron and/or hydrogen content can also be ben-
eficial especially via moderating the neutron contribution to radiation as suggested by models (Da Pieve
et al., 2021; Keating & Gongalves, 2012; Masarik & Reedy, 1996; Rostel et al., 2020). In order to evaluate
potential regolith shielding strategies, it is essential to correctly model particle interactions with the Martian
surface material. The assessment of surface albedo radiation is therefore important as it is a direct result of
radiation interaction in the Martian terrain.

Particles coming into RAD from all directions can contribute to the recorded dose. However, the direction-
ality of the incoming particle is not registered in the dose-rate data, and it is not possible to directly assess
the observed albedo radiation. In this study, we estimate the contribution of albedo dose using a Martian
atmosphere radiation model anchored to the RAD measurements. The model provides the angular depend-
ence of the downward-directed dose as it would be measured by RAD if it had this capability (Section 2).
The measurements are taken before and during a period when the rover was parked close to a butte with a
portion of the downward-directed dose blocked by the butte structure (Section 3). We then derive the first
observation-based assessment of the Martian surface albedo dose (Section 4) and find that it is about 19% of
the total surface dose on a flat terrain without obstructions.

2. The Zenith Angle Dependence of the Dose

Wimmer-Schweingruber et al. (2015) have studied the zenith angle (0, the angle from the surface normal)
dependence of the particle fluxes reaching RAD and found that the radiation field is nearly, but not entirely
isotropic for 6 < ~15°. In order to better understand the directionality of the dose on the surface of Mars
over a wide range of zenith angles (0° < 6 < 90°), we construct a Monte Carlo model of GCRs propagating
through the Martian atmosphere, which allows to derive the dose dependence on 6.

The input primary GCRs are obtained using the Badhwar-O'Neill (BON) 2014 prescription of solar modu-
lation, which solves the Fokker-Planck equations to transport the local interstellar GCR spectrum to 1 AU
(O'Neill et al., 2015). The intensity of GCRs is modulated by solar activity and heliospheric magnetic field,
which evolve with the 22-year solar Hale cycle (Potgieter, 2013). The strength of the modulation is quanti-
fied by the so-called “modulation potential ®” in the BON model, which is normally determined monthly.
We assume the monthly averaged GCR spectra to be the same at Mars since the radial gradient of GCR flux
in the heliosphere is only about 1%-2% between 1 AU and 1.5 AU (within 10 AU) according to multi-space-
craft observations (Honig et al., 2019; Roussos et al., 2020).

We calculate the interaction of primary GCRs with the Martian atmosphere represented by a spherical shell
of CO, gas using the GEANT4 particle transport code (Agostinelli et al., 2003). The vertical atmospheric
mass (6 = 0°) is set as 21 g/cm?, which approximately corresponds to an average surface pressure of ~800 Pa
as measured by MSL's Rover Environmental Monitoring Station (REMS, Gémez-Elvira et al., 2012). The
thickness of the atmosphere increases with € to account for a realistic 3D atmospheric structure. Only
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Figure 1. Simulation results for the dependence of dose rate on zenith angle, 6, of (a) incoming primary GCR protons and (b) helium ions. Different primary
GCR spectra are considered under different solar modulation potentials @, as inputs to the BON model, as explained in Section 2. The total dose rates [uGy/day]
integrated over @ are also given in each case.

protons and helium ions are modeled as they make up about 99% of the GCR atomic nuclei (Simpson, 1983).
Heavier ion contributions to the surface dose will be additionally considered in Section 4. All primary and
secondary particles tracked in the model that reach RAD can also interact with the RAD detectors and con-
tribute to absorbed dose. As the simulated particle direction is known, we can track the dose, as would be
measured by the RAD E detector, contributed by particles arriving from specific zenith angles. The physics
list QGSP_BERT has been used in the current model setup. Although the model selection in GEANT4 may
affect the calculated secondary particle spectra, the surface absorbed dose agrees within ~5% for different
physics lists (Matthii et al., 2016).

The modeled zenith-angle dependence of the dose rate in RAD E detector is shown in Figure 1 for primary
protons and helium ions under different solar modulation potential ®. As shown, the surface dose rate de-
pends on solar modulation, with a smaller @ (weaker modulation) resulting in a larger dose rate for each 6.
The dose rate summed over & from 0 to 90° represents the total downward-directed dose rate on the surface
for each ® value. The dose induced by primary protons is 4.2-5.4 times (depending on ®) larger than that
induced by primary helium ions.

The modeled results show that radiation on Mars is dependent on 6. For example, protons coming in at
6~80° make the greatest contribution to the surface dose per angular bin. For helium ions, this angle is at
around 55°. Two factors drive this result: (1) transport through larger depths of atmosphere at larger zenith
angle 0 and (2) simple geometry, since the solid angle subtended at large zenith angles is greater for each
degree of € than at smaller angles. The transport effects can be qualitatively understood by considering that
the atmospheric column depth increases from about 21 g/cm2 at @ = 0° to more than 300 g/cm? at angles
above 85°. These longer paths slow primaries substantially which become more ionizing or more easily
stopped; meanwhile, the probability of the initial ion undergoing a nuclear interaction and fragmenting into
lighter ions is higher with a thicker path.

One can scale the dose rate in Figure 1 by the geometric factor of each  to remove the area effect (so that
the y-axis has units of pLGy/day/cmz/sr). The scaled proton functions (not plotted here) have a more gradual
increase before the major peak at & ~ 80° (with a column depth of 110 g/CmZ) followed by a secondary peak
at @ ~ 86°. As described above, the primary peak arises from the combination of primary protons slowing
down and the efficient generation of secondary particles. The secondary peak is due to the fact that particles
arriving from near-horizontal directions have longer paths in the hexagonal prism-shaped RAD E detector
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Figure 2. (a) The rover traverse map through the Murray Buttes area (North is up.). Each drive is marked as the path
between the yellow dots where the rover stopped. The locations before, after, and during the 13-sol parking are marked.
The base image is adapted from here https://mars.nasa.gov/resources/38045/curiosity-rovers-location-for-sol-1468/.

(b) The panoramic sky visibility of RAD as a function of the 360° of azimuth angle (0° for North). The zenith angle

of obstructed view during the 13-sol parking is shown in orange shaded area. Surface particles can directly reach

RAD from the non-shaded area. The red dashed curve shows the sky view averaged for periods before the parking as
described in Section 4. (c): The ratio of blocked sky as a function of the zenith angle for the two periods. The integrated
value is shown for each period.

compared to those arriving from smaller zenith angles. On the other hand, the scaled helium dose (not plot-
ted here) decreases monotonically with increased € (so as column depth) since helium ions have smaller
mean free paths and are more likely to fragment in a thicker atmosphere.

Figure 1a also shows some bumpy features from ~30° to 60°, which are due to a combination of uncer-
tainties in the transport calculations and statistical variations. (Using smoothed functions without such
features, we performed the analysis throughout this work and found the exact same result with a precision

of 1 uGy/day.)

3. The Reduction of Radiation Due to Topographical Shielding at Murray
Buttes

The Curiosity rover has been exploring Gale crater while gradually climbing up Mount Sharp, which
forms the central peak within the crater. In September 2016, Curiosity traversed through a geological for-
mation called “Murray Buttes” (MB), which contains mesas and buttes consisting of eroded sandstone
(Byrne, 2020). The relevant rover traverse path is shown in Figure 2a. [A Martian day (sol) lasts 24 h and
39 min. Mission progress is measured in sols since landing.] On Sol 1455 (2016-09-08), the rover drove close
to a butte as pointed out by the cyan arrow and was subsequently parked there for nearly 13 sols to perform
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Figure 3. (a): The RAD E dose rate measurement from May 2016 until January 2017. Original data are in gray,

and smoothed daily values are in black. Each solar rotation cycle of about 26 sols is separated by dashed lines. (b):
Superposed daily dose rates for the five rotations which are marked from I to V in (a). The time of each rotation ranges
from sol 1 until 26. The period, when Curiosity was parked, is shaded in red in (a) and marked between dashed vertical
lines in (b). The average dose rate during the parking and the average dose rate for cycles I to IV between the dashed
lines are marked. (c): The same as (b), but with the normalized dose rate. See Section 3 for more details.

drilling and contact science operations and drove away from the butte on Sol 1468. Figures 2b and 2c shows
the obstructed fraction of the sky during the course and will be discussed in Section 4.

GCR flux in the heliosphere can be modulated by the recurrent heliospheric structures, called corotating
interaction regions (CIRs), which often appear during the declining phase of a solar cycle (e.g.., Crooker
et al., 1999; Richardson, 2004). CIRs are formed when high speed solar wind streams arising from coro-
nal holes (CHs) run into preceding slow solar wind in the interplanetary space. As CHs may exist stably
for several solar rotations, the consequent GCR modulation occurs periodically. Geyer et al. (2021) have
studied the evolution of CIRs at Mars and Earth using in situ solar wind and magnetic field data as well as
remote-sensing solar images of the CHs. They found that there are multiple CHs and corresponding CIRs
reappearing for at least five solar rotations from the end of May until the end of September 2016.

As shown in Figure 3a, the RAD measured dose rate repeats very similar evolutionary patterns throughout
this period including four solar rotational cycles (marked as I-IV) followed by a cycle “V,” which contains
the MB parking (shaded in red). The regularity of GCR variation in the subsequent cycles started to deterio-
rate as the CIRs became unstable due to the evolution of the solar CHs, which often experience growing and
decaying phases (Heinemann et al., 2018). Therefore, if no topographical influence were present, dose rate
throughout cycles I-V should repeat similar temporal evaluations. However, as shown, there is a sudden
drop and a quick recovery of the RAD dose rate at the start and end of the parking period. The fundamental
reason is that a portion of the sky is blocked by the butte where downward particles are stopped from reach-
ing RAD directly. Nevertheless, because the dose rate varies with time, we need to derive this reduction
excluding the background variation due to the above-discussed heliospheric influences.
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We then superpose and analyze the RAD dose rate measured throughout solar rotational cycles I-V. The
daily dose rate of each cycle is re-plotted with a time span of 26 sols in Figure 3b. The dose rate during ~13
sols of MB parking as marked between dashed vertical lines is substantially lower than that recorded in the
same window of the previous four cycles. The average dose rate of the MB parking period is 238 + 2 uGy/d
and is 253 = 1 uGy/d for cycles I-1V in this window with a difference of 15 + 2 uGy/d due to the butte's
obstruction.

Considering that there is a slight variation of the long-term GCR flux throughout the five cycles, for each
cycle, we also normalized the data by the mean value of the data outside the dashed-line-delimited window
and repeat the superpose analysis (see Figure 3c). The normalized data are averaged as (99.9 + 0.9)% during
this window for cycles I-IV and are (95.3 + 0.6)% during the parking, resulting in a drop ratio of 5% + 1%
between the two.

4. The Derivation of Regolith-Generated Albedo Radiation

The panoramic angle of obstructed view (AOV, angle from the horizon) of the sky seen by RAD during the
MB parking of the rover is shown in Figure 2b. The AOV ranges from ~3° from the horizon (¢ = 87°) upto
about 30° (6 = 60°). The butte obstruction of the sky is mainly found at azimuth angle ¢ < 40°and ¢ > 265°.
Before the parking, the rover was driving through the MB area and did not have a full view of the sky either.
Therefore, for this period, we approximate the AOV at ¢ < 40° and ¢ > 265° using the median value of
AOQV at other azimuth angles, which is 4.13°. Such derived AOV, averaged for months before the parking,
is shown as the red-dashed curve. Considering that each zenith angle corresponds to a 1°-wide ring area of
the 27 full-sky sphere, we calculate the ratio of the obstructed area (ROA) as shown in Figure 2c, for the two
periods. At € > 85°, the ROA is above 80% in both periods. The total blocked ratio of the sky integrated over
6 is about 0.19 for the period of MB parking and about 0.10 averaged before the parking.

Previously, the model of zenith-angle dependence of the dose (Section 2 and Figure 1) gives the dose func-
tions dy(0) and dy, (6) for proton and helium ions, respectively. Combining the dose-6 functions and the
RAD sky view, we can calculate the expected dose rate contributed by particles arriving from the sky direc-
tion as:

90°

Dgery = 02 (1-ROA(9)) - dy(0) Q)
—0°
90°

Dgery, = 2 (1=ROA(0)) - dyy (0). )
0=0°

The term 1 — ROA(#) is the unblocked ratio of the sky as also plotted in Figure 4a under three different
topographical arrangements (as explained later). Additionally, primary GCRs heavier than protons and he-
lium ions contribute nearly 10% to the total absorbed dose on the surface of Mars as suggested by results of
simulations using the atmospheric condition at Gale crater (Rostel et al., 2020). Therefore, we approximate
the total dose rate contributed by all GCRs arriving from the sky direction as:

Dy, =1.10- (DGCRH + DGCRHE) 3)

Now, we consider three topographical scenarios and the corresponding dose rate derived from the combina-
tion of the dose-zenith model (Figure 1) and ROA observation (Figure 2b) as following.

(a) For a completely flat terrain without any surface obstruction, 1 — ROA(0) is constantly unity as ROA(8)
is simply zero, shown as “a full sky-view” in Figure 4a. The solar modulation potential ® during
2016 September is about 484 MV used for the BON model (the orange curves in Figure 1). Follow-
ing Equation 1, we derive DSCRH = 165 uGy/d induced by primary protons and their secondaries and
DgCRHe = 33 uGy/d from primary helium ions and their secondaries, which result in D, = 218 uGy/d
(Equation 3). The corresponding calculations are also shown as azure curves in Figure 4b.

(b) Before the parking, folding the sky-view function b) in Figure 4a with the modeled d};(0) and dy,(0)

under the average modulation @ of 500 MV from May-August 2016 (the green curves in Figure 1), we
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Figure 4. (a) The unblocked ratio of the sky as a function of the zenith angle 6 for three geospatial scenarios: (a) full
sky view, (b) before the MB parking, and (c) during the MB parking. (b): The dose rate resulting from particles arriving
from the sky as a function of @ for primary GCR protons (filled circles) and helium ions (stars) under the three different
scenarios. In each case, the dose rate integrated over € is marked in the legend.

obtain DgCRH = 147 uGy/d and DgCRHe = 31 uGy/d, which lead to D:;y = 196 uGy/d, shown as black
curves in Figure 4b. Note that ® of 484 MV (for September 2016) would result in 201 pGy/d, which is
about 92% of the full-sky dose Dg,, under the same ®.

(c) During the parking, with the sky-view function c) in Figure 4a, we obtain DéCRH = 132 uGy/d and
DGcryy, = 29 MGy/d, which result in D§, = 177 uGy/d, shown as red lines in Figure 4b. This is about

81% of the full sky-view dose Dj, and 90% of the dose rate Dﬁ(y before the parking or 88% of the dose
rate in scenario (b) if the exact same solar modulation is present. In other words, radiation from the
atmosphere reaching RAD decreased by about 12% during the parking caused by sky obstruction of the

nearby butte.

Such estimated decrease is much larger than the observed 4%-6% (Section 3) because the butte blocked the
radiation from the sky but meanwhile contributing to the albedo radiation. The interaction of particles with
the Martian regolith happens mostly within the uppermost 2 m of the subsurface as modeled by Rostel et al.
(2020, Figure 2). The model also suggests that the albedo radiation detected as dose changes little as the soil
composition varies (Figure 4 of the article). We then assume that albedo radiation generated by the butte is
similar to that from the ground regolith, and the total albedo dose only depends on the effective geometric
area of the regolith source.

Defining the dose rate contributed by a completely flat terrain to be D4, that is, when the sky or terrain
contributes an exact half of the full 47 solid angle, we formulate the total dose rate on a terrain with ob-
structions as below:

90°
(1 + Z ROA(Q)] Dalbedo + Dsky = Dlolul’ (4)
0=0°

where 29020 ROA(®) is the total blocked ratio of the sky that contributes alternatively to the albedo radi-
ation and is about 0.19 during the MB parking and 0.10 averaged before the parking (Figure 2). Dy, is the
remaining dose of particles propagating from the atmosphere and has been derived for above different
scenarios. Scenario (a) is however unrealistic for the Curiosity rover inside Gale crater which almost always
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provides some viewing obstructions. Applying scenario (b) with Dy, = 196 uGy/d and the estimated dose
rate Dy, ~ 253 uGy/d before the parking (Figure 3), we obtain D, .4, = 52 uGy/d. Similarly, for scenar-
io (c) during the parking, that is, Dy, = Dg, = 177 uGy/d and D,y = 238 uGy/d, we obtain D, ~ 51
uGy/d. It is remarkable how well the two estimates agree.

This gives the first estimation of the Martian surface albedo radiation dose based on synergistic assessments
of modeled results and in situ observations. The ratio of such estimated albedo radiation, 51-52 puGy/d, to
the downward radiation on a flat terrain, Dg,, is about 23% and is about 19% to the total surface dose. The al-
bedo contribution is slightly higher when there are surface obstructions as expected, for example, about 21%
with 10% blockage of the sky. It is in good agreement with the 18%-20% upward dose ratio obtained from
GEANT4 particle transport models (Guo et al., 2018; Matthid & Berger, 2017) but larger than that modeled
by Kim et al. (2014), which is only about 10%. More topographic information collected at other locations
in combination with RAD measurements can further verify and improve our assessment and may also be
able to provide a “radiation map” along the path of the Curiosity rover. Moreover, different solar activities,
surface elevations or Martian seasons may also affect the albedo contribution and surface radiation. A low
elevation and consequently a thicker atmosphere can also enhance the shielding effect as observed by RAD
(Guo et al., 2017; Rafkin et al., 2014).

5. Discussion and Conclusion

The Martian surface radiation is influenced by surface topographical features. While Curiosity was parked
near a butte in the Murray Butte area, we found the butte structure, blocking out about 19% of the sky (vs.
10% in the preceding period), induced a decrease of the background GCR dose by (5 + 1)%. Although this
reduction is not significant enough to fully protect future astronauts from cosmic radiation on Mars, it il-
lustrates that existing natural structures such as buttes, cave skylights (Cushing et al., 2007), or lava tubes
(Léveillé & Datta, 2010) may serve as a potential radiation shelter for future habitats on Mars, benefiting
from the grander strategy of in situ resource utilization (Starr & Muscatello, 2020). For instance, the mod-
eled radiation environment on and under the surface of Mars suggests that ~1 m of shielding depth may
limit the annual absorbed dose in water within 20 mGy (Rdstel et al., 2020).

Due to the varying atmospheric column depth for particles arriving from different zenith angles 6, the
surface downward radiation dose of particles is & dependent. We have modeled this process and provided
the dose-0 functions for different solar modulation conditions and particle types. This model is then used
in combination with the RAD panoramic visibility map to derive the obstructed and remaining radiation
coming from the sky direction. The ratio of the radiation from the sky during the parking compared to
that before the parking is estimated to be about 88% assuming the same solar modulation condition. This
reduction of 12% is significantly higher than the observed (5 + 1)% of dose decrease. This is because the
obstructing butte contributes to additional albedo radiation.

Accounting for the expected dose reduction due to the sky blockage and observed dose changes, we de-
rive the flat-terrain (i.e., zero obstruction) albedo dose to be about 19% of total surface dose based on two
independent scenarios. This result is consistent with previous modeled results (Guo et al., 2018; Matthid
et al., 2017). Appel et al. (2018) have studied the charged protons detected in RAD's vertical telescope cone
(with a half angle of 18°) and found a 10% ratio of the upward to downward flux of 100-200 MeV protons.
This ratio is different from what we obtain here mainly for two reasons: (1) dose is contributed by all par-
ticles over a wide energy range and cannot be represented solely by protons in this energy range and (2)
downward particles within the semi-vertical cone used in Appel et al. (2018) traverse through a much thin-
ner atmosphere than those coming from more horizontal directions so that the downward flux/dose ratio in
this cone is different from the averaged downward value.

In summary, the Martian surface radiation is influenced by local topographical features which change
as the rover traverses through Gale crater. Detailed comparison of dose rates measured under different
sky-obstruction conditions combined with zenith-angle dependence of the radiation allow us to estimate
the contribution of the albedo radiation on Mars, which is an important assessment for better understand-
ing the Martian radiation environment and developing radiation mitigation strategies.
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Chapter 5

Summary and Conclusions

The present study comprises two distinct yet interconnected parts aiming to estimate the
radiation risk for the human’s CNS and characterize the Martian radiation environment,
including the directional behavior of radiation on the Martian surface. The objective is to
evaluate the risk of radiation exposure for astronauts during deep space missions, partic-
ularly focusing on a mission to Mars, and develop effective strategies for radiation mitiga-

tion.

Prolonged exposure to ionizing radiation in outer space can lead to various health issues,
including cancer, cataracts, and radiation sickness. Furthermore, radiation exposure may
have a significant impact on the CNS, leading to cognitive impairment, memory loss, and
other neurobehavioral changes. In the first two publications, paper 4.1 and 4.2 we evaluate
the potential risks of radiation exposure to astronauts during a human mission to Mars.
Specifically, we examine the effects of radiation on the human brain in deep space. The
study employs various models and simulations to evaluate the effects of GCRs and SEPs
on the human brain. In addition, it aims to devise proactive strategies for minimizing

potential hazards.

The CNS, encompassing the brain and spinal cord, is characterized by its intricate compo-
nents. Notably, the cerebrum, the largest division of the brain, comprises both the cerebral
cortex and sub-cortical structures. The cerebral cortex consists of two hemispheres con-
nected by the corpus callosum, which are further divided into frontal, parietal, temporal,
and occipital lobes. While different brain regions work together for cognitive functions,
each lobe has specific responsibilities. Therefore, it is crucial to assess the energy deposi-
tion in each lobe within the radiation environment during space missions. To address this
issue, we used Geant4 Monte Carlo simulations to model an actual human head based on
CT images and calculated BRFs that represent the ready-to-use functions of energy/dose
deposit induced by primary particles of protons, helium, neutrons, and heavier ions such
as carbon and nitrogen and iron impinging isotropically towards the head to evaluate the
impact these particles have on the brain structure. We take into account the most prob-
able interactions of the primary particles with the brain and the generation of secondary
particles that can contribute to the extra absorbed dose. Our simulations revealed that
the deposited energy and dose for charged particles in the brain increase with incoming
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particle energy in the range below 100-150 MeV /nuc, after which they decrease slightly at
higher energies. Alternatively, for primary neutrons, the contribution to the dose/energy
increases with energy. We derived BRFs for dose deposition in different lobes, and these
values only show slight differences at low energies (below ~ 100 MeV /nuc) due to the
position and geometry of the lobes. Notably, the frontal lobe, with its larger area and less
external shielding from the cranium and other lobes, is more exposed to radiation from
low-energy primary particles.

The evaluation of shielding effects against charged particles around the human head re-
vealed that thicker shielding materials resulted in a noticeable reduction in the dose rate to
the brain, particularly in the case of SEPs, where most particles have energies below a few
hundred MeV. A 2 cm aluminum shield can provide up to a 90% reduction in SEP dose,
offering sufficient protection against acute radiation syndromes for astronauts. However,
it is important to consider that the dose from higher-energy particles, particularly those
above approximately 500 MeV /nucleon, show a slight increase with thicker shielding, as
higher-energy particles are more likely to interact with the shielding material, producing
lower-energy secondary particles that can deposit additional energy in the brain.

The shielding approach for mitigating neutron-induced radiation presents challenges. This
is because, with enhanced shielding depth, the generation of secondary particles by neu-
trons with energies higher than 200 MeV becomes more effective. Consequently, this leads
to an amplified dose of radiation deposited by neutrons in the brain. This complexity
arises in radiation fields where neutrons may be abundant, particularly as they are gener-
ated by primary GCRs interacting with the local environment, such as on the surface of
Mars or within a spacecraft. To accurately assess the appropriate shielding depth, it be-
comes crucial to properly evaluate both the flux of charged particles and neutrons across
the entire energy spectrum. Studies (Kohler et al., 2014; Guo et al., 2017) highlight the sig-
nificance of accurately assessing the charged and neutron flux for determining the optimal
shielding depth in environments where neutrons are prevalent.

The contrasting effects of shielding on charged particles and high-energy neutrons empha-
size the significance of comprehensively understanding the energy-dependent radiation
field before implementing suitable shielding measures. The appropriateness of shielding
requirements varies depending on the specific scenario. For example, during extravehicu-
lar activities where charged particles are the primary source of radiation, shielding plays
a critical role in ensuring adequate protection. However, in environments with an atmo-
sphere, such as the surface of a planet, i.e., Mars, the radiation field may be rich in neutrons
generated by interactions between high-energy particles and the planetary atmosphere
and soil. In such cases, the presence of neutrons with energies exceeding approximately
100 MeV introduces a different consideration, where additional shielding might even have
counterproductive effects. Therefore, a careful assessment of the radiation field’s charac-
teristics is essential for determining the most appropriate shielding strategies in different
scenarios.
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The results of the dose rate from GCRs in deep space under different solar modulations
in various lobes of the brain indicate that the difference in dose rates among the lobes is
barely noticeable, although it is slightly smaller in the hippocampus region. This is due to
the impact of low-energy particles, which can be effectively stopped before reaching the
hippocampus. The hippocampus is located in the inner region of the temporal lobe and is
relatively more shielded compared to other lobes. The dose rates considered encompass
all modeled GCR particles in deep space, ranging from approximately 100 to 440 uGy/day
for solar activity levels between 300 MV (solar minimum) to 1200 MV (solar maximum).

The findings reported in this thesis reveal that the total dose rate from all primary GCR
particle species decreases as the shielding thickness increases. During a solar minimum,
a shielding of 2 mm of Al leads to an overall reduction of approximately 14%. With a
shielding of 5 cm of Al, a reduction of 27% is achieved. Further increasing the shielding
thickness to 10 cm of Al results in a total reduction of 37%.

Exposure to 0.5 Gy of simulated GCR radiation, which consists of a mixture of various
particle species, results in long-term defects in the recognition memory system of male
mice (Krukowski et al., 2018). Although this does not directly correspond to the brains of
humans in space, it can be considered an upper limit of the accumulated GCR radiation.
From this, we can determine the required shielding depth and permissible duration of
a space mission under different solar modulation conditions. Specifically, during solar
minimum when the GCR flux is at its maximum value, using 2 mm of shielding can reduce
GCR radiation in the brain to approximately 400 #Gy/day. On the other hand, during
solar maximum, the GCR radiation in brains is already significantly lower, and while
additional shielding is not crucial, it can still be beneficial.

In the case of SEP events in deep space, the findings indicate that even a 2 mm thickness
of aluminum shielding can reduce the radiation dose to the head by over 50%. Previ-
ous studies have considered the SPEL for short-term radiation exposure to the CNS to be
approximately 50 cGy within 30 days. Our results demonstrate that even with 2 cm of
aluminum shielding, some events surpass the 30-day SPEL in the human head. Thus, it
is crucial to forecast SEP events and be prepared with additional shielding during such
hazardous circumstances (Cucinotta, 2010). Although the differences in dose experienced
by the various lobes during SEP events are minor, the frontal lobe receives the highest
dose due to its larger surface area near the surface of the human brain. In contrast, the
hippocampus region, situated deep within the temporal lobe, absorbs a lower dose. The
low-energy component of SEP events primarily deposits its energy in the outer surface of
the brain, predominantly impacting the frontal lobe. However, this issue could be allevi-
ated through a clever helmet design.

We also performed a statistical analysis of the resulting dose versus the properties of the
incoming SEP events spectra of 50+ historical events. This analysis provides empirical
correlations between the radiation dose deposited in different parts of the brain or the
human head protected by different thicknesses of shielding and the intensity of the SEP
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events at the pivot energy of the original SEP spectra. The pivot energy represents the
energy at which the dose deposit in the head has the best correlation with the original SEP
fluence. That means with a given fluence at this pivot energy, other information of the SEP
spectra does not effectively influence the radiation deposit in the brain. These empirical
correlations can be directly applied to predict the dose in the brain from the initial SPE-
event fluence and minimize the complexity of the forecast while maintaining accuracy as

a full Monte Carlo simulation and saving computational power.

The second part of the study published in papers 4.3 and 4.4 also investigates the safety
constraints for future human missions to space, specifically on the surface of Mars. The
local topographical features on the Martian surface can play a crucial role in surface ra-
diation (Ehresmann et al., 2021; Guo et al., 2021a). Depending on the characteristics of
these features, they can either pose health risks to astronauts or provide potential shelter
during their missions. To evaluate these effects and gain a deeper understanding of the di-
rectionality of radiation on the Martian surface, we employed a Monte Carlo method and
compared the resulting data with observations obtained from the RAD measurements.
Our objective was to develop a comprehensive model that accurately describes the pro-
cess of radiation exposure on the Martian surface from different zenith angles, taking into
account various solar modulation conditions and particle types.

We specifically focused on establishing dose-f functions to quantify the radiation exposure
as a function of the incident angle. The model’s findings suggest that radiation dose on
the surface of Mars is nonisotropic, particularly at large zenith angles >60°. Within the
~25° range of inclination angles experienced by Curiosity, isotropic behavior cannot be
excluded at a 95% confidence level. This finding aligns with a previous study by Wimmer-
Schweingruber et al. (2015), although their research did not cover such a wide range of
inclination angles. The results demonstrate that the surface dose rate depends primarily
on solar modulation. A smaller modulation potential leads to a higher dose rate for each 6.
With the modulation parameter ranging from 800 to 400 MV, the total dose rate recorded in
the B detector of RAD spans from 106 to 175 yGy/day for protons, and 27 to 36 uGy/day

for helium ions.

The summed proton and helium dose is 211 #Gy/day in the B detector at ¢ of 400 MV
(solar minimum). During the deep solar minimum in 2019, the dose rate measured in
RAD'’s silicon detector B was approximately 230 xGy/day (Ehresmann et al., 2023; Guo
et al., 2021b). The results from our model are slightly lower by about 10% compared to the
RAD measurements. Considering that the current model does not account for ions heavier
than helium and albedo particles, the model’s reported values demonstrate reasonable
agreement with the RAD measurements.

We also compare the integrated dose rates obtained from the LET spectra in RAD with the
predictions of our model. Since our model includes the 8-dependent dose, it is straightfor-
ward to calculate the total dose integrated within the two acceptance cones based on the
cone’s viewing angle and the rover’s inclination. The comparison reveals a difference of
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approximately 28% between the RAD measurement and our model for both view cones.
However, this difference of 28% is significantly higher than the 10% difference observed
when considering the modeled and measured dose integrated over all zenith angles, as
discussed in the previous section. The most likely explanation for this notable difference
is that the contribution from HZEs is higher within the acceptance cone. This is due to the
shorter average path length through the Martian atmosphere, which results in less frag-
mentation of heavy ions before they reach RAD, compared to directions outside the cone.
In addition, secondary albedo particles generated in the Martian soil may also in principle
contribute to the measured LET-cone dose rate.

As HZE ions can have a substantial impact on cellular damage since the energy transferred
to a single cell is directly proportional to the square of the particle’s charge, concerns re-
garding radiation induced by HZE ions have been prominent in the context of deep space
missions to Mars (Cucinotta and Durante, 2006). Our study proposes that the contribution
of HZE ions could be greater at lower zenith angles for individuals exploring the Martian
surface. This implies that additional shielding against radiation is especially crucial when
facing the zenith as opposed to the horizon.

By combining the outcomes of our model with the panoramic visibility map obtained from
RAD, we were able to estimate the obstructed and remaining radiation originating from
the sky direction. The analysis revealed that during the parking period that Curiosity
was parked close to Butte M12 in the Murray Buttes formation, the ratio of radiation from
the sky decreased by approximately 12% due to the obstructing topographical features
on the Martian surface, which led to additional albedo radiation. However, this reduc-
tion was notably higher than the measured decrease in dose, which was found to be 5 +
1% (Ehresmann et al., 2021; Guo et al., 2021a). To accurately determine the flat-terrain
albedo dose without any obstruction, we considered the expected dose reduction due to
sky blockage and observed dose changes based on two independent scenarios. By com-
paring the dose rates measured under different sky-obstruction conditions and consider-
ing the zenith-angle dependence of radiation, we were able to estimate the contribution
of albedo radiation on Mars. Our analysis indicated that the flat-terrain albedo dose ac-
counted for approximately 19% of the total surface dose, which is consistent with previous
modeled results (Matthii et al., 2017; Guo et al., 2018).

This information is crucial for enhancing our understanding of the Martian radiation en-
vironment and developing effective strategies to mitigate radiation risks. The methods
employed in this study provide a comprehensive understanding of the directionality of
Martian surface radiation and its potential implications for astronauts during future hu-
man missions to Mars. It emphasizes the importance of taking into account local topo-
graphical features on the Martian surface and their impact on radiation exposure when
designing and selecting a landing site for astronauts to promptly establish habitats and
implement strategies to mitigate radiation. The results emphasize the necessity for addi-
tional research and development of efficient radiation shielding and protection measures
to guarantee the safety and well-being of astronauts throughout their missions to Mars.
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Chapter 6

Outlook

We have analyzed the characteristics of more than 50 historical SEP event spectra in or-
der to derive easy-to-use functions for calculating the dose deposited in various brain
regions and differing aluminum shielding thicknesses. Moving forward, our investiga-
tion holds the potential for extension through the utilization of the Solar Energetic Parti-
cle Environment Modelling (SEPEM) application server provided by the European Space
Agency (ESA). By utilizing this tool, we can do statistical modeling of the cumulative
and the worst-case proton fluences at, for example a 90% confidence level for a mission to
Mars. Combining modeled SEP events with historical SEP data allows us to develop new
easy-to-use functions. While we do not anticipate significant deviations from our existing
functions, it is still worth to conduct a thorough investigation in this regard. By compar-
ing the modeled and historical data, we can validate the consistency and accuracy of our
functions and identify any potential variations or refinements. So, the analysis would ben-
efit from including the probability of astronaut exposure, for example, during a standard
3-year Mars trip (9 months of travel in each direction + 18 months on the surface).

This approach of calculating the radiation doses deposited inside the brain based on the
particle type, energy, and shielding is novel and well-defined. This model holds the po-
tential for broader accessibility, possibly in the form of an online tool. This can be done by
creating a user interface where different shielding thicknesses, lobes, and radiation qual-
ities, could be used as an input to receive the average dose deposited inside the human
brain as an output.

In our zenith-angle dependence radiation model, we did not consider the influence of soil
and surface ground. The estimation of albedo radiation was derived by comparing dose
rates measured under various sky-obstruction conditions, while also accounting for the
zenith-angle dependence of radiation as predicted by our model. To enhance the robust-
ness of our model, we can undertake several improvements. First, we can develop an
advanced representation of the Martian surface by accounting for various soil materials
and calculating the albedo of upward particles originating from the surface. This would
allow us to compare our calculations with existing results and refine our predictions. In
addition, we can incorporate the presence of different buttes or surface features into the
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model to assess their impact on reducing the radiation dose reaching the RAD. Further-
more, we can extend the scope of our simulations to include HZE particles, expanding
beyond our current focus on protons and “He. This broader inclusion would provide a
more comprehensive understanding of the radiation environment and its effects on space
missions, enhancing the reliability and applicability of our model.

6.1 Space Radiation Environment and Ground-based

Experiment Discrepancies

As previously discussed, space radiation poses a significant challenge for human space
exploration due to the potential health risks it poses for astronauts, including cancer,
cataracts, and cardiovascular disease. Despite numerous years of research, our under-
standing of the space radiation environment and its potential risks to astronauts during
long-duration space missions remains inadequate. The discrepancy between research re-
sults and the effects of space radiation on human astronaut crews may be attributed to
the complexity of the space radiation environment. This complexity poses a challenge
in simulating the environment on Earth and accurately predicting the health risks associ-
ated with radiation exposure in space. Moreover, it is challenging to extrapolate clinical
outcomes from animal models. A major issue in this regard is the lack of experimental
ground-based data on space radiation, mainly due to the difficulty in replicating the full
spectrum of space radiation on Earth.

As human space exploration continues to advance, there is an urgent need to improve
our understanding of space radiation risk, predict clinical outcomes, and develop effec-
tive mitigation strategies. To achieve this, researchers have conducted various initiatives
to simulate space radiation exposure on Earth, including the use of ground-based facil-
ities such as particle accelerators and cosmic ray simulators, as well as experiments on
high-altitude balloons and aircraft. However, it is important to note that these simulations
have limitations and cannot fully replicate the complex radiation environment of space. To
gather more data on radiation exposure in space, space agencies such as NASA have con-
ducted several studies using radiation detectors on board spacecraft and the ISS. These
studies have provided valuable data on the radiation environment in space and its effects
on human health. In addition, computer models have been developed to simulate radi-
ation exposure in space and its effects on the human body. In our current research, we
have developed a model of the human head to calculate the total dose from GCRs and
SEPs in different brain regions, taking into account the effect of aluminum shielding us-
ing simulations. These models can help to predict the risks associated with long-duration
space missions and guide the development of radiation protection strategies for astro-
nauts. However, a big question remains: how reliable are these data, and how can we
validate them based on ground-based experiments, given the limited information avail-
able on human exposure to space radiation?
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FIGURE 6.1: Factors that can lead to discrepancies between ground-
based experiments and actual space radiation exposure

The lack of experimental ground-based data poses a challenge in space exploration, and
further research and data collection are needed to fully understand the effects of radiation
exposure in space and develop effective radiation protection strategies for astronauts on

long-duration missions.

Figure 6.1 represents factors that can lead to discrepancies between ground-based exper-
iments and actual space radiation exposure. Our aim here is to assess the limitations of
previous ground-based experiments on the effects of radiation on the human body and
identify the various factors that hinder our understanding of the risks of space radiation
for human crews. Moreover, we propose feasible solutions to improve our understanding
of the impact of radiation on the human body by leveraging innovative technologies in
ground-based experiments.

6.1.1 Radiation Environment Types

The radiation environment in space is composed of a complex mixture of ionizing radia-
tion, which includes SEPs and GCRs. Simulating the effects of this radiation on human
phantoms in ground-based experiments is a significant challenge. SEPs are mainly high-
energy protons emitted from the Sun during solar flares or CMEs, while GCRs are a form
of ionizing radiation comprising a complex mixture of high-energy charged particles that
originate beyond the solar system. To accurately simulate the effects of these radiation
types, researchers must consider factors such as energy spread, diverse particle types,
shielding materials, exposure times, and secondary particles (Axford, 1994; Parizot, 2014;
Wijsen et al., 2019; Reames, 2013). Regarding the energy spread, ground-based experi-
ments can utilize particle beams to produce high-energy particle beams with a diverse
range of energies by adjusting parameters such as magnetic field strength and accelera-
tion voltage (Davidson and Hong, 2001; Edwards and Syphers, 2008). A passive scattering
system is another method to distribute the energy of a high-energy particle beam, which
involves placing a moderator block with various thicknesses in front of the particle beam
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that scatters the particles, and generates a range of energies (Chen, 2011). By adjusting
the thickness and composition of the scattering material, the desired energy spread can be
achieved. This system can create secondaries that further simulate the space radiation en-
vironment, as space particles also interact with spacecraft and generate secondaries before
contributing to the dose in astronauts.

6.1.2 Irradiation Direction and Time

Considering the required irradiation time to replicate the complex mixture of ionizing
radiation in ground-based experiments can be challenging. For example, GCRs have a
low flux density in space, which means that experiments that aim to replicate the GCR
environment on Earth may require long exposure times and large detector surfaces to
achieve sufficient statistics. One approach to overcome this challenge is to increase the
dose rate of the radiation beam. However, this can be limited by the available accelerator
technology and the risk of damage to the sample. Another approach is to use an active
beam delivery system that can optimize the dose rate, beam position, and beam angle
to reduce the irradiation time while still achieving an accurate simulation of the space

radiation environment.

Ground-based experiments aiming to replicate the effects of space radiation must strive to
closely replicate the directionality of irradiation encountered in space environments. This
fidelity is essential to ensure that the results obtained from such experiments accurately
represent the radiation conditions experienced during space missions. One solution is to
use gantries in accelerators, which allow the accelerator beam to be directed at a sample
from any angle. Gantries provide flexibility to mimic the complex geometries of the GCR
and SEP environments in space and can replicate the directional and angular distribution
of incident particles with some approximation. The isocentric type of gantry is the most
commonly used, in which a patient is placed in a fixed position, and the gantry rotates
around them (Weinrich, 2006; Reimoser, 2000). Using an incident beam that can rotate
180° around the patient and a patient table that rotates by 360° in the horizontal plane can
deliver a full 47t coverage of irradiation angles. However, many gantries opt for a full 360°
of gantry rotation to reduce positioning errors and the need to rotate the patient (Weinrich,
2006; Reimoser, 2000; Lante et al., 2012). Although gantries are complex and expensive
equipment that requires careful maintenance and operation, the benefits of using gantries
for space radiation studies make them a valuable tool for advancing our understanding
of the effects of space radiation on biological tissues and spacecraft materials (Alonso and
Antaya, 2012; Lante et al., 2012).

6.1.3 Human Phantoms

A variety of models have been employed to investigate the consequences of radiation ex-
posure on humans during space travel. These models encompass the use of human phan-
toms, modeling outcomes, and animal models. Computational human phantoms play a
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crucial role in accurately modeling patient anatomy and physiology, considering factors
like tissue properties, organ geometry, and compatibility with simulation codes (Kainz
et al., 2018; Kim, Jeong, and Yeom, 2012). These phantoms are categorized into stylized,
voxel, and hybrid models. Stylized phantoms use primitive shapes, voxel phantoms as-
sign labels to 3D voxels based on anatomy and tissue characteristics, and hybrid phantoms
combine voxel data with stylized modeling (Griffin et al., 2020; Bolch et al., 2010; Lee et
al., 2006). Boundary REPresentation (BREP) techniques are valuable for creating realis-
tic computational phantoms that can model anatomical deformations (Kainz et al., 2018;
Xu, 2014). While BREP phantoms are not directly compatible with Monte Carlo particle
transport codes, Non-Uniform Rational B-Splines (NURBS) phantoms (a BREP subcate-
gory) can be used after voxelization, which can result in the loss of small tissue structures
(Anderson, Kelley, and Goorley, 2012). The ICRP has converted voxel phantoms into the
tetrahedral mesh geometry format to improve compatibility with Monte Carlo codes, en-
abling more accurate dosimetry calculations while preserving fine tissue details (Yeom et
al., 2014). Furthermore, the use of physical human phantoms has emerged as a promis-
ing research avenue for understanding the radiation environment inside the human body
and evaluating radiation risks for space travelers in the short and long term. Various an-
thropomorphic phantoms, such as the USSR Torso, a water-filled spherical, and the Fred
phantom, have been employed in different spacecraft studies. A notable illustration of this
is the ESA’s MATROSHKA project (Reitz and Berger, 2006; Reitz et al., 2009; Semkova et
al., 2012), which employs an anthropomorphic phantom, and the MATROSHKA-R spher-
ical phantom experiment (Kartsev et al., 2005; Semkova et al., 2012) initiated in 2004. This
innovative endeavor employs tissue-equivalent materials to gauge radiation absorption,
dose equivalent, LET spectra, and quality factor at various points on the ISS. While physi-
cal phantoms offer intricate details, yet they fall short in depicting repair mechanisms and
biological processes.

Animal models are also frequently utilized in space radiation studies discussed in the sec-
tion (2.3.1). These models serve as ethical alternatives to human studies and provide data
that would be otherwise difficult to obtain. However, it’s important to note that animal
models have limitations, including anatomical and physiological differences compared to
humans, which can restrict their applicability and relevance to human scenarios.

These discrepancies, along with environmental factors contribute to uncertainties in space
radiobiology studies, making it challenging to predict clinical outcomes for spaceflight
crews. Recognizing these limitations and developing comprehensive physical models that
capture the complexity of human response is also essential for accurate predictions and
advancing our knowledge in this field.

Advanced manufacturing technologies, such as 3D printing, hold great potential for en-
hancing the development of physical human phantoms. They enable the creation of highly
detailed and precise structures that closely mimic human anatomy. This technology em-
powers researchers to construct physical phantoms with specific regions or structures that
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can be precisely targeted, such as distinct brain lobes. Furthermore, improving the mate-
rials used to replicate the body’s various tissues and organs can result in more accurate
simulations of the body’s response to radiation. The utilization of advanced polymers
or gels with physical properties akin to human tissue, along with the incorporation of
microfluidic channels and sensors, could facilitate more realistic simulations of biological
reactions to radiation exposure. Advancements in imaging technologies offer the potential
to generate high-resolution images of human anatomy and function, which, in turn, can
be employed to create more precise physical human phantoms.

In addition, advanced dosimetry techniques, including gel dosimetry and radiochromic
films (Schreiner, 2015; Oldham et al., 2003), provide the capability to measure the dose
delivered to specific regions of a phantom with greater precision. Gel dosimetry, a notable
technique in this field, utilizes specialized gel materials that undergo changes in optical
properties upon exposure to radiation. By analyzing these changes, researchers can de-
termine the distribution of radiation dose within the gel. ~Similarly, radiochromic films
consist of radiation-sensitive materials that change color in response to radiation exposure.
By analyzing the color changes on the film, researchers can map out the dose distribution
within the phantom, allowing for a detailed evaluation of radiation effects on different
regions (Schreiner, 2015; Oldham et al., 2003).

These technologies offer a robust avenue for precisely assessing the dose distribution
within the phantom, enabling a comprehensive evaluation of the accuracy and precision
of the studied radiation therapy techniques. Utilizing these techniques in ground-based
experiments and phantom models holds the potential to explore the implications of space
radiation on astronauts, offering valuable insights into radiation exposure during space
missions.

6.1.4 Shielding

Ideal shielding scenarios are not practical in space due to the penetration of very high
energy primary GCRs and the increased biological effectiveness of secondary radiation.
However, conventional shielding methods are effective for SEPs with limited energies
and ranges. Assessing space radiation exposures requires understanding the radiation en-
vironment, shielding physics, and a framework for dose and dose equivalent calculations.
Space radiation transport codes like OLTARIS can evaluate passive shielding in different
environments (Singleterry Jr et al., 2011; Gohel and Makwana, 2022). Various methods are
used for shielding against space radiation, including active, passive, bulk, water-based,
hydrogen-based, composite, and biological shielding. Active shielding employs magnetic
or electrostatic fields or plasma bubbles but is not viable for protecting against GCRs. Pas-
sive shielding uses high-density and low atomic number materials such as aluminum or
polyethylene. Water-based shielding surrounds crew and equipment with water tanks.
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Hydrogen-based shielding uses hydrogen-rich materials like polyethylene or liquid hy-
drogen. Composite shielding combines different materials for optimized radiation atten-
uation (Singleterry Jr et al., 2011; Warden and Bayazitoglu, 2021; Zeitlin, 2021).

Shielding against ionizing radiation necessitates different approaches for charged particles
and neutrons. Charged particles, like protons and heavy ions, primarily interact through
electromagnetic forces. The effectiveness of shielding against charged particles depends
on factors such as the material’s atomic number (Z), density, and particle energy. Materials
with higher Z values and greater densities, such as lead or tungsten, are particularly adept
at mitigating the impact of charged particles by amplifying ionization and dissipating en-
ergy. Enhancing protection often involves the use of multi-layer shielding incorporating a
variety of Z values and densities to bolster overall defense.

Shielding against neutrons necessitates separate considerations. Neutrons primarily en-
gage via strong nuclear forces and weak interactions. The efficiency of neutron shielding
hinges on material composition, density, and hydrogen content. Materials rich in hydro-
gen, like water or polyethylene, adeptly decelerate and absorb neutrons due to abundant
hydrogen nuclei. Neutrons scatter off hydrogen nuclei, lowering their energy and min-
imizing harm. Effective materials combine heavy elements for inelastic scattering with
fast neutrons, light elements as moderators for thermal neutrons via elastic scattering,
and high-neutron-absorption boron elements. Neutron shielding relies on substances with
mass similar to neutrons, like hydrogen, found in hydrogenous materials such as water,
paraffin, and hydrocarbon polymers (Dees, 2017; Fu et al., 2021). Polymer-based com-
posites, due to high hydrogen content, small atomic diameter, and structural adaptability
with particles and fibers, are promising for effective neutron attenuation while maintain-
ing mechanical properties (Jumpee, Rattanaplome, and Kumwang, 2020; Dees, 2017; Fu
et al., 2021).

Moreover, multi-layered shields combining diverse materials provide potent protection.
Recent research underscores the success of combinations like Al + LiH and Al + Liquid
Methane in diminishing dose equivalents, with Al + LiH proving most efficient. Hydrogen-
rich materials manifest superior unit thickness efficiency in multi-layered shields. Material
selection weighs radiation exposure expectations, spacecraft mass, and cost concerns. To
ensure adequate protection for astronauts, it may be necessary to combine various mate-

rials and configurations (Gohel and Makwana, 2022).

In ground-based experiments, researchers can emulate space shielding effects by employ-
ing spacecraft shielding data or modeling simulations to assess astronaut radiation expo-
sure post-shielding implementation. Such experiments yield crucial insights into potential
space radiation effects on the human body and enable the evaluation of diverse shielding
strategies to alleviate these effects. The insights garnered aid in refining shielding ma-
terials and designs for forthcoming space missions, ensuring astronauts’ safety during
extended space travel (Gohel and Makwana, 2022).
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Appendix A

Convert NRRD files to PNG

%\begin{lstlisting}[language=Python, caption=Python example]
class nrrd:
class NRRDError ( )
pass
def __init__(self, fn):
self.fn = fn
self.f = open(fn, 'rb')
self .extract_header ()
self.extract_data()
def __str__(self):
s = "NRRD file (version: {:d}):\n".format(self.version)
for k, v in self.properties.items():
s += "\t"+k+": "+str(v)+"\n"
return s
def __repr__(self):
return str(self)
def extract_properties(self, lines):
import numpy
self .version = int(lines[0][4:])
self .properties = {7
for line in lines[1:]:
ls = line.split(": ")
self .properties.update({1s[0]: 1s[1]3})
self.dim = int(self.properties['dimension'])
self.shape = tuple([int(x) for x in self.properties|['sizes']
.split O 1)
if self.dim != len(self.shape):
raise nrrd.NRRDError("Inconsistent NRRD file, dimension
!= sizeof (sizes)")
dirs = self.properties['space directions'].split(") (")
self .directions = tuple([tuple(map(float, dirs[0][1:].split(
",'))), tuple(map(float,
dirs[1].split(',"'))),
tuple (map(float, dirs[2][:
-1].split (', "))
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self.encoding = self.properties['encoding']
self .origin = tuple([float(x) for x in self.properties/['
space origin']J[1:-1].split

(GIRDND
self .space = self.properties|['space']
self.endian = self.properties['endian']

self .dtype = numpy.dtype(self.properties['type']l).

newbyteorder (self.endian[0

] .upper OO)
def extract_header (self):
lines = []
buf = []
while True:
buf . append (self.f.read (1))
if buf[-1] == b'\n':
lines.append(b"".join(buf[:]).decode('utf8'))
buf = []
if len(lines[-1]) == 1:
break
lines = [l.strip() for 1 in lines if not 1[0] in ('#', '\n')
]

self .extract_properties(lines)
def extract_data(self):
import numpy
import gzip
if self.encoding == 'raw':
self.data = numpy.fromfile(self.f, dtype=self.dtype,
count=numpy.prod(self.
shape))
elif self.encoding == 'gzip':
gz = gzip.GzipFile(fileobj=self.f, mode='rb')
data = gz.read()
self.data = numpy.frombuffer (data, dtype=self.dtype,
count=numpy .prod(self.
shape))
self.data = self.data.reshape(self.shape, order='F')
def export_image(self, layer=0, outpath=DNone):
from PIL import Image
import os
idata = self.data - self.data.min()
i = Image.fromarray(idatal:,:,layer])
outname = os.path.splitext(os.path.basename(self.fn)) [0]

outname = outname + "_layer_{:03d}.png".format(layer)

i.save(os.path. join(outpath, outname), format='PNG')
def export_images(self, outpath=None):
for 1 in range(self.shapel[-1]):
self . export_image(l, outpath=outpath)

if __name__ == '__main_
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import sys
import os

if len(sys.argv) < 2:

sys.stderr.write("synopsis: {} <in.nrrd> [<outdir>]\n".

format (sys.argv[0]))
sys.exit (0)
outpath = os.path.dirname(sys.argv[1])
if len(sys.argv) == 3:
try:
os.makedirs (sys.argv[2])
except OSError:
pass
outpath = sys.argv[2]
n = nrrd(sys.argv[1])
n.export_images (outpath)
print (py.stdout.getvalue ())
%\end{1lstlisting}
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Appendix B

Dose Resulting from GCRs and SEP
Events

In the paper 4.1 and paper 4.2, we have extensively described the procedure for folding
our BRFs with various GCR and SEP spectra. These papers provide valuable insights into
the utilization of pre-determined BRFs for accurately calculating the radiation dose rate
within different lobes of the brain in deep space environments. To illustrate the practical
application of our approach, figure B.1 showcases the results of the dose rate specifically
in the frontal lobes, considering GCR spectra on the surface of Mars for proton, neutron,
and “He particles under different solar modulations. These findings shed light on the ra-
diation exposure levels in this critical region of the brain across varying solar conditions.
Furthermore, figure B.2 presents the comprehensive dose rate analysis for the entire hu-
man head, encompassing different solar modulation potentials (®), particle species, and
varying shielding scenarios. It is important to note that the GCR spectra utilized in our
calculations are derived from the Badwhar O’Neil model (O’'Neill, 2010), which takes into
account the solar modulation potential (®). To capture a wide range of solar conditions,
we have performed calculations using different ® values ranging from 300 MV to 1200
MV. These investigations can provide valuable insights into the dose rates experienced in
deep space environments, allowing for a better understanding of the radiation risks faced
by astronauts and facilitating the development of appropriate shielding strategies.

In paper 4.2, we have studied over 50 SEP events and the resulting dose (cGy) from just
35 events in a human head considering different thicknesses of Al as a shield around an
astronaut’s head /body as well as in different lobes of the human brain protected by 2 mm
of the shield are shown. These 35 events are chosen from the list as they would deposit
more than 10 cGy of dose in the head without shielding (second column). In tables B.1
and B.2, we have included the results of all the SEP events that were studied, providing a
comprehensive representation of the data.
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TABLE B.1: Resulted dose (cGy) from 51 SEP events in human
head considering the different thicknesses of Aluminium as a shield
around an astronaut’s head /body.

Dose (cGy) for each evant
Events Without shield | 2mm Al | 5mm Al | 2cm Al | 5ecm Al | 10 cm Al

4 Nov 1997 4 1.6 0.9 0.3 0.1 0
6 Nov 1997 52 12 4 0.9 0.2 0
20 Apr 1998 123 39 13 2 0.4 0.1
6 May 1998 4 1.7 1 0.4 0.2 0
24 Aug 1998 32 4 1.4 0.2 0 0
30 Sep 1998 31 5 2 0.4 0 0
14 Nov 1998 13 4 2 0 0 0
14 July 2000 2005 741 345 78 22 6
8 Nov 2000 1354 542 283 71 20 5
24 Nov 2000 3 1 0.5 0.2 0 0
26 Nov 2000 26 4 1.5 0.3 0 0
28 Jan 2001 4 0.5 0.2 0 0 0
2 Feb 2001 58 15 6 1.1 0.3 0
10 Feb 2001 10 2 0.7 0.1 0 0
12 Feb 2001 19 1 0.2 0 0 0
15 Feb 2001 79 39 28 14 7 3
18 Feb 2001 20 9 6 3 14 0.6
16 Aug 2001 28 13 8 3 1.4 0.6
24 Sep 2001 426 92 41 9 2 0.8

1 Oct 2001 70 8 1.7 0.1 0 0
4 Nov 2001 2255 736 256 34 7 1.7
22 Nov 2001 591 83 24 2 0.5 0.1
26 Dec 2001 48 18 10 3 1.3 0.5
21 Apr 2002 267 92 36 6 1.4 0.4
22 May 2002 9 0.5 0.1 0 0 0
22 Aug 2002 2 0.9 0.6 0.2 0.1 0
24 Aug 2002 29 9 4 1.3 0.5 0.2
5 Sep 2002 14 0.1 0 0 0 0
9 Nov 2002 5 0.6 0.2 0 0 0
26 Oct 2003 12 3 1.6 0.4 0.1 0
28 Oct 2003 1268 357 174 43 13 4
29 Oct 2003 244 68 36 10 3 1.2
2 Nov 2003 89 34 15 3 1 0.3
4 Nov 2003 9 3 1.1 0.2 0 0
25 July 2004 5 0.6 0.3 0 0 0
12 Sep 2004 9 04 0 0 0 0
1 Nov 2004 2 0.9 04 0.1 0 0
7 Nov 2004 12 1.5 0.5 0 0 0
8 Nov 2004 3 0.3 0.1 0 0 0
10 Nov 2004 12 6 4 2 1.4 0.7
16 Jan 2005 27 4 2 0.4 0.1 0
17 Jan 2005 362 108 35 4 0.9 0.2
20 Jan 2005 158 90 69 37 20 10
13 May 2005 22 1.3 0.38 0 0 0
17 June 2005 3 1.5 1 0.5 0.2 0.1
14 July 2005 8 1.4 04 0 0 0
22 Aug 2005 19 2 0.6 0 0 0
7 Sep 2005 135 25 10 1.7 0.4 0.1
13 Sep 2005 4 1.6 1 0.4 0.2 0
6 Dec 2006 174 44 21 5 1.5 04
13 Dec 2006 81 40 26 10 4 1.6
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TABLE B.2: Dose (cGy) from 51 SEP events in different lobes of the
human brain protected by 2mm of shield

Dose (cGy) for each evant
Events Frontal | Parietal | Temporal | Occipital | Hippocampus
4 Nov 1997 1 0.8 0.7 0.7 0.3
6 Nov 1997 6 4.6 44 43 1.5
20 Apr 1998 13 9 9 8 5
6 May 1998 1.2 1 0.9 0.9 0.34
24 Aug 1998 0.6 0.5 0.4 0.4 0.4
30 Sep 1998 1 0.8 0.7 0.7 0.3
14 Nov 1998 1.4 1.17 1.14 1.2 0.6
14 July 2000 179 144 139 141 62
8 Nov 2000 159 132 128 130 64
24 Nov 2000 0.6 0.5 0.4 0.4 0.15
26 Nov 2000 | 0.69 0.53 0.5 0.5 0.19
28 Jan 2001 0.2 0.15 0.1 0.1 0.04
2 Feb 2001 29 2.3 2.1 21 0.85
10 Feb 2001 0.36 0.28 0.26 0.25 0.1
12 Feb 2001 0.07 0.05 0.05 0.04 0.01
15 Feb 2001 21 19 18 17 12
18 Feb 2001 4.6 4.1 4.1 4 2.6
16 Aug 2001 57 4.8 4.8 4.3 2.8
24 Sep 2001 21 17 16 16 7
1 Oct 2001 0.6 0.4 0.35 0.3 0.07
4 Nov 2001 110 82 77 76 26
22 Nov 2001 9 7 7 6 2
26 Dec 2001 6.3 57 5.3 5.5 29
21 Apr 2002 16.6 12.9 12.2 12 4.6
22 May 2002 | 0.16 0.1 0.07 0.05 0.02
22 Aug 2002 0.6 0.5 0.4 0.5 0.23
24 Aug 2002 2.8 25 2.3 2.3 1
5 Sep 2002 0.05 0.038 0.029 0.02 0.008
9 Nov 2002 0.2 0.14 0.12 0.1 0.03
26 Oct 2003 0.9 0.7 0.7 0.7 0.3
28 Oct 2003 94 77 76 78 35
29 Oct 2003 21 18 17 18 9
2 Nov 2003 8 7 7 6 3
4 Nov 2003 1.2 0.9 0.7 0.6 0.2
25 July 2004 0.3 0.2 0.18 0.16 0.08
12 Sep 2004 0.07 0.05 0.03 0.03 0.009
1 Nov 2004 0.4 0.3 0.3 0.3 0.14
7 Nov 2004 0.27 0.21 0.2 0.2 0.07
8 Nov 2004 0.09 0.07 0.06 0.06 0.01
10 Nov 2004 3.7 3.4 3.3 3.5 2.3
16 Jan 2005 1 0.78 0.74 0.7 0.3
17 Jan 2005 15 11 11 10 3
20 Jan 2005 53 49 48 50 34
13 May 2005 | 0.16 0.11 0.1 0.1 0.03
17 June 2005 | 1.14 0.98 0.93 0.95 0.31
14 July 2005 0.5 0.4 0.3 0.26 0.12
22 Aug 2005 | 0.24 0.18 0.16 0.15 0.05
7 Sep 2005 4.6 3.6 3.4 3 1.3
13 Sep 2005 1.15 0.98 0.9 0.9 0.28
6 Dec 2006 11 8.9 8.6 8.4 39
13 Dec 2006 17 15 14.7 14.5 8.5
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Dose rate in Frontal lobe folded with the
GCR spectrum on the Surface of Mars[uGy/s/bin]
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FIGURE B.1: Dose functions folded to downward and upward GCR
spectra for the Frontal lobe, separately for: a) Protons, b) Neutrons,

and c) *He.
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Appendix C

Calibration Curve

To generate a voxel-based phantom, the HUs obtained from CT images in the human body
are categorized into various groups, spanning a range from -1000 to +3000, and are con-
verted into different materials such as air, lung, soft tissue, and bone, along with their cor-
responding mass densities. The conversion process, represented by a curve, is illustrated
in figure C.1. The HU values were utilized as a measure of radio-density to differentiate
between various tissues within the human body. By associating specific HU ranges with
different materials and mass densities, it became possible to accurately simulate the com-
position and characteristics of different anatomical structures. Geant4-DICOM package
utilizes such a curve to convert HUs to the mass density and build the geometry based on
that. We can define different intervals of converting HUs into the densities of materials
to create different geometries. For example, in the paper 4.1, to evaluate the difference
and possible advantage of using a realistic head structure in comparison to using a water-
filled head structure concerning the dose distribution inside the brain, we consider three
different head structures, a head filled with only water by setting all HU values into zero
within the head of the CT images, a human head structure containing water, a hollow part
(the nose), and all other hard tissues with a fixed density of bones, and finally the actual
complex head, where HU values between -1000 to 3000 are divided into several intervals
representing different parts of the brain (e.g., water, soft tissue, bone, etc.) with different
densities.

Figure C.1 provides a visual representation of such a calibration curve, showcasing how
the HU values were transformed into their respective materials and mass densities. This
calibration curve serves as a crucial reference for accurately mapping the radiodensity of
tissues in the voxel-based phantom, enabling the simulation of realistic and anatomically

accurate models for further analysis and research purposes.
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conversion
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