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Abstract

Radiation impact is considered as one of the main concerns for the health of the
astronauts during space missions. Two main groups of space radiation: high-energy
and low-intense Galactic Cosmic Rays (GCR), low-energy and high-flux Solar En-
ergetic Particles (SEP), and trapped radiation (TR) in the Earth magnetosphere
require conflicting strategies to minimize the radiation dose rates to which astro-
nauts are exposed during flight.

The main goal of the present work is to develop a method to significantly reduce
radiation exposure of astronauts due to GCR, SEP, and TR during space flights.

To achieve this goal, we consider the following problems:

e determination of the optimal combination of launch dates and spacecraft shield-
ing to allow the longest possible mission duration before reaching the radiation

dose limit of astronauts;

e calculation of the relative contributions of the different species to the net

radiation dose and their dependence on spacecraft shielding;

e quantitive comparison of the radiation environment within a spacecraft, flying

inside and outside of the Earth magnetosphere;
e calculation of depth-dose curves for urgent dose assessment and its validation;

e definition of the limitations of the depth-dose method in terms of particle

energy and shielding thickness.

We use the GEANT4 Monte-Carlo code and simple spherical model of a spacecraft to
calculate particle propagation and dose distribution in the spherical water phantom
(a model of an astronaut). This approach allows us to quantify the radiation doses
and dose composition and their dependencies on the flight conditions. The main

outcomes of the work are as follows:

vi
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e The optimal time for the flight to Mars is during the period of a solar max-
imum in the decay phase, and the optimal aluminum shielding thickness is
~30 g-cem~2. These parameters allow about 5.5 years of interplanetary flight

duration before reaching the astronauts’ career dose limit of 1 Sv.

e Indirectly scattered secondary radiation particles make up to 50% of the net
GCR radiation dose in the Blood-Forming Organs (BFO), and up to 90% of
the neutron dose. It means that at the spacecraft design stage, adding the
extra shielding with hydrogen-reach composite materials in the direction with

a large mass concentration can reduce the radiation dose due to the GCR.

e The radiation environment due to GCR inside a spacecraft on the Low-Earth
Orbit (LEO) during solar minimum is similar to that in the interplanetary
space during solar maximum, if the average spacecraft shielding is greater

than 30 g-cm™~2, although the net CS dose on the LEO is halved.

e The radiation dose distribution on the surface of the phantom, measured in
the MATROSHKA-R experiment onboard the ISS, is well reproduced using

depth-dose curves calculated in the present work.

e In light of our, we propose an extension of the depth-dose curve methodology
to improve predictions of the dose in the near-surface layer of the phantom by

taking into account “dose diffusion”.
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Chapter 1

Introduction

1.1 Radiation environment in space

The radiation environment in the inter-planetary space is different compared to the
surface of the Earth. It is mainly formed by high-energy protons, electrons, and
fully ionized ions. The radiation environment changes according to the solar cycle
activity. The radiation environment composition also differs in different regions.
In the near-Earth space outside the magnetosphere, the radiation environment is
formed by GCR and SEP. On LEO, the radiation environment consists mainly of
Trapped Protons (TP), Trapped Electrons (TE), and GCR. All radiation particle
spectra in this section are presented as convenient differential flux and as binned
integral flux, which is much more informative for the current research. The reason is
that, finally, we are interested in the number of particles with kinetic energy within
a certain rage. If the entire energy range is relatively small, for example, between 1
and 500 MeV-nucleon™! ad in the case of TP, the linear energy scaling can be used.
In this case, both differential and binned integral flux spectra look identical. In the
current research, consider a large energy range between 1 and 10° MeV-nucleon™!.
Thus the logarithmic scale is used. Since the input information for dose calculation
is the number of particles within a certain rage, the binned integral flux provides
better information than the convenient differential flux. The notable thing is that the
maximum in differential spectra is usually at lower energy than the corresponding

maximum in binned integral spectrum.

1.1.1 GCR in the interplanetary space

GCR are particles originate from the interstellar medium and accelerated to high-

energies in interaction processes with inhomogeneities of the interstellar magnetic

1
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Figure 1.1: Differential (a) and binned integral (b) GCR spectra in the interplanetary
space near the Earth during the period of solar max (solid curves) and solar min (dotted
curves) described with Matthia et al., 2013 model. Spectra for different particle species
are shown in different color according to the legend.

field (Fermi, 1949). GCR particles are fully ionized ions, consisting of ~86% protons
and ~12% alpha particles. Heavy ions (high charge (Z) and energy (E) (HZE)
particles) make up to only 2% of the GCR flux. Most abundant HZE are B, C, N,
O, Si, and Fe ions. The GCR consists of primary GCR and secondary GCR that are
the result of the interaction of primary GCR with the matter in space (Zirakashvili,
2014). GCR propagate inside the heliosphere and form spatially homogeneous and
angularly isotropic particle flux in the near-Earth interplanetary space.

The ability of GCR particles to propagate inside the heliosphere depends on
their rigidity and the configuration of the heliosphere magnetic field, which changes
according to the solar activity. The 11-year periodicity in solar activity was first
discovered by Heinrich Schwabe in the evolution of sunspot numbers. Forbush, 1958
was the first who studied the dependence of GCR strength on solar activity. An
increase in solar activity increases the solar wind strength as well as the occurrence
rate of Coronal Mass Ejections (CME), both carriers of the embedded magnetic field.
This increase results in an increase of modulation potential of the magnetic field in

the heliosphere (Rahmanifard et al., 2017) that leads to GCR flux decrease. The

situation is opposite during periods of solar activity minimum. The period between
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the nearest maxima in GCR flux is 11 years. There is an asymmetry in the GCR flux
time evolution related to the orientation on Sun magnetic field. The period of solar
activity maximum associated with upward orientation on the Sun magnetic moment
is longer. The period of sun magnetic moment rotation is 22 years. At a larger
timescale, there exists an 80 years Geilberg periodicity in large SEP events, which
was discovered analyzing periodical enhancements of nitrogen deposition in polar ice
core (Mccracken, 2001b; Mccracken, 2001a). Some minima in Geilberg periodicity
correlate with Mauder (around 1700), Dalton (around 1800), and Gleisberg (around
1900) minimum in the evolution of sunspot number. Recent studies conclude that
in our epoch, solar activity decreases, and we are approaching next “Mauder”-like
minimum. This is an issue of concern for upcoming space missions because GCR
fluxes during this period would be higher (Schwadron et al., 2014; Schwadron et al.,
2018; Kuznetsov, Popova, and Panasyuk, 2017).

Figure 1.1a shows the differential spectra of different components of GCR in the
near-Earth interplanetary space during the 2001 solar max and the 2010 solar min
calculated with Matthia et al., 2013 model. The GCR energy is usually presented in

the units of MeV-nucleon™!

, also because of driving with the heliosphere magnetic
field. The “low”-energy part of GCR spectra is more sensitive to changes in the
heliosphere magnetic field; thus, variations with the solar activity are larger, com-
paring to the “high”-energy part of the spectra. Fluxes of GCR particles with an
energy higher than 400 MeV-nucleon™! decrease by a factor of two during the period
of solar activity maximum. The difference in modulation results in a variation of
the position of the maximum of GCR spectra, namely, shifting to higher energies
during solar maximum. Besides evolution associated with solar activity, there might
be local short-time GCR variations, for example, a decrease in GCR flux after SEP
passing. The intense flux of SEP coupled with the magnetic field increases modula-
tion potential, thus reducing the GCR along its trajectory. It takes several days for
GCR to relax to its initial level after SEP passing.

“Low”-energy GCR. (< 1000 MeV-nucleon™!) have been studied with satellite
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missions like the Interplanetary Monitoring Platform (IMP) and Advanced Compo-
sition Explorer (ACE). Data on “high”-energy GCR (> 1000 MeV-nucleon™!) was
collected in High Energy Astrophysical Observatory (HEAO) missions and balloon
missions like JUL and ORTH. Many data about GCR come from the measurements
in the atmosphere, where high-energy GCR induce showers of secondary particles.
These secondary particles can be detected with good accuracy using on-ground neu-
tron monitors or balloon experiments. Neutron monitor measurements started in
the thirties, and now there is a spread network of neutron monitors, covering the
vast region of latitudes. However, for the reconstruction of the GCR spectra in
the near-Earth interplanetary space, the most valuable are high-latitude monitors
(IZMIRAN, OULU). The reason is that GCR are less disturbed by the Earth mag-
netic field in this region.

GCR spectrum Outside of the heliosphere is called Local Interstellar Spectrum

(LIS). LIS can be described in several ways, one of which is a power-law:

Jus(E) = joB(E + Eo) ™ (1.1)

where E is particle kinetic energy per nucleon, E is the rest mass per nucleon, and
[ is particle velocity relative to the speed of light. Coefficients j, and v are defined
using “high”-energy measurements data and 0 is defined using “low”-energy data.
Propagation of GCR inside the magnetosphere is usually described with the
Fokker-Planck equation that considers GCR diffusion, convection, and adiabatic
deceleration inside the heliosphere. Solar activity is included in the model with
modulation parameter (potential), which is proportional to particle rigidity neces-
sary to penetrate in the heliosphere. The modulation parameter can be determined
in several ways. The most convenient is using data on the radiation environment
around the Earth and using data on solar activity. The advantage of deriving mod-
ulation potential from radiation environment around the Earth is that it provides
actual data, which is important if there are local time-dependent variations that are

hard to be described precisely, like variations due to SEP passing, which are very
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hard to describe. The main advantage of using solar activity parameters like sunspot
number is the ability to predict modulation potential. The reason is the time lag
between changes in solar activity and the state of the heliosphere (Nymmik, 2000).
For the 1 AU distance, this lag is varying from 8 up to 14 months, depending on the
phase of solar activity and the particle rigidity. The prediction can be extended to
larger time scales using predictions for sunspot number (Norbury, 2011; Petrovay,
2010; Shepherd, Zharkov, and Zharkova, 2014; Zharkova et al., 2015).

The most common are NASA Badwhar-O’Neill (BON) model (O’Neill, 2010;
Golge, O'Neill, and Slaba, 2015), SINP (Nymmik) model (Nymmik et al., 1992;
Nymmik, Panasyuk, and Suslov, 1996), and DLR model (Matthid et al., 2013).
The main advantage of the BON model is the frequency of updating of the model
coefficients according to new data and better coverage of the “low”-energy part of
spectra. Nymmik model included time-lag and was driven with sunspot number.
However, latter modifications of these models implemented best from each other
and now are more or less similar. DLR model is based on simplified Nymmik with
time lag excluded, but the coefficients were calculated using latest measurements
data available at the date of publication, so it describes the period between 1997

and 2005 with high accuracy.

1.1.2 SEP in the interplanetary space

The second main component of the interplanetary radiation environment are SEP,
which are ejected from the Sun during solar flares. Particle flux in these events
is mostly formed by protons, although there are there is a minor ion component.
Unlike GCR, SEP spectra have a maximum at ~1 MeV and decrease exponentially
(Nymmik, 1996) with the energy increase. Data on SEP spectra is usually provided
up to 1 GeV-nucleon™!. After SEP is ejected from the Sun surface, it propagates
along magnetic field lines, so the SEP track is twisted in the ecliptic plane, and par-
ticle spectra vary along SEP track (Forstner et al., 2019). Particle spectra during

these events in the interplanetary space are mainly measured by Solar and Helio-
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Figure 1.2: Differential (a) and binned integral (b) SPE spectra for September 1997,
November 2000, and January 2005 events measured with GOES satellite. The data is
taken from SINP, 2015.

spheric Observatory (SOHO) and GOES missions.

SEP events are spontaneous. Their probability increases during the maximum
of solar activity. Prediction of the SEP event timing, strength, and direction is an
extremely challenging task, as the dynamics of the active regions on the Sun and
flare generation are not fully understood. A statistical study by Nymmik, 1999
provides a relatively accurate estimate of the frequency of occurrence and strength
of SEP events. The model can be used to estimate the radiation dose during a given
period. An alternative, but also a complicated way, is early alarm systems that
analyze SEP events close to the Sun and then predict its location and strength for
more distant areas. To describe SEP, we use spectra of the largest SEP events from
August 1997 to 2006, obtained with instruments on the Geostationary Operational
Environmental Satellite (GOES) and the Advanced Composition Explorer (ACE)

satellite (SINP, 2015).

1.1.3 GCR on LEO

GCR spectra on LEO differ from spectra in the near-Earth interplanetary space.
The magnetic field of the Earth deflects low-energy GCR particles. LEO GCR
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Figure 1.3: Differential (a) and binned integral (b) GCR spectra on the LEO during the
period of solar max (solid curves) and solar min (dotted curves) described with Tylka et
al., 1998 model. Spectra for different particle species are shown in different color according
to the legend.

spectra have a maximum at 1 GeV-nucleon™'. GCR spectra vary with altitude and
latitude along the spacecraft trajectory. GCR fluxes at the ISS vary during each
turn because the ISS orbit has an inclination of 56 degrees. GCR flux is maximal

near the poles and minimal at the equator. In the current research, GCR spectra

were taken from SPENVIS, for the actual ISS orbit.

1.1.4 Trapped radiation on the LEO

Trapped radiation is an important component of the radiation environment on LEO.
It mainly consists of protons and electrons, which are trapped with the Earth’s mag-
netic field and form radiation belts around the Earth. The stable trapping region
is inside &~7 Rg, while quasi-trapped region extends up to ~12 Rg. The highest
energy of trapped protons is ~500 MeV, and =10 MeV for trapped electrons. Parti-
cles with higher energy cannot be trapped for a long time with the magnetic field of
Earth. The movement of trapped particles in the radiation belts consists of spinning
around magnetic field lines, movement along the magnetic field line between mirror
points, and west-east drift around the Earth. The energy and spatial distribution

of trapped particles are not homogenous. It is convent to describe trapped parti-
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Figure 1.4: Differential (a) and binned integral (b) TR spectra averaged over the ISS
orbit during the period of 2001 solar min (solid curves) and 2010 solar max (solid curves).
Trapped protons (blue curves) are described with AP8 (M. Sawyer and I. Vette, 1977)
and trapped electrons (red curves)- with AE8 (I. Vette, 1991) model.

cle distribution as L-shell (Mcllwain, 1961) population and pitch-angle distribution,
both depending on the particle energy. The pitch angle is an angle between parti-
cle momentum and magnetic field line at the geomagnetic equator. The L-shell is
the surface of the geomagnetic potential. The distribution of trapped radiation in
geodesic coordinates is not symmetric because of the shift of the magnetic dipole of
the Earth respective to the center of the Earth. One of the consequences is the South
Atlantic Anomaly (SAA)- region over Brazil and the western part of the Atlantic
Ocean, where radiation comes closer to the Earth surface that in other regions. The
SAA drifts north-west with the speed of 0.3° per year.

Because of the interaction of radiation particles with the atmosphere, there
appears east-west asymmetry in particle fluxes. The atmosphere density decreases
with the altitude, so trapped protons, which gyrate in the upper hemispace, are less
attenuated, comparing to trapped protons, which gyrate in the down hemispace.
Trapped protons from the upper hemispace come to the point of interest from the
west direction, so trapped proton flux from the west is stronger than from the east.
The asymmetry in the flux increases with the energy of the proton because the

gyroradius increases with the energy, leading to an increase in the total thickness of



CHAPTER 1. INTRODUCTION 9

the atmosphere along particle track and associated energy losses. During solar max,
the asymmetry in the fluxes increases, due to the atmosphere expansion, which is
caused by extra heating.

The solar cycle also influences the repopulation of the radiation belts. One of
the mechanisms of the repopulation is trapping protons and electrons, which are
produced when albedo neutron decay. The albedo neutrons are produced by GCR,
which increase during the period of solar max.

The measurements of trapped radiation have started since the beginning of the
space era in 1958. The first models (maps) of trapped radiation were a series of AP
and AE models. They were created for certain energy ranges. Finally, they were
summarised in AP8 and AE8 models, which described trapped particle fluxes during
periods of solar max and solar min (Sawyer and Vette, 1976; Vette, 1991a; Vette,
1991b; Fung, 1996). This model was intensively used in space engineering for many
years. Recently the next version AP9 and AE9 were presented (Ginet et al., 2013)
and can be implemented now (Badavi, 2014). However, in the current work, APS8
and AE8 models are used because of their availability via SPENVIS web-site. The
reason is that ISS orbit inclination is 51.63°, resulting in crossing different L-shells.
SPENVIS facility allows getting trapped particle spectra averaged over the orbit,
which was done using parameters of actual ISS orbit. The interpolation for the
intermediate time points between solar max and solar min can be done as linear,
sin-like, and according to sunspot number. In the current research, the AP8/AES
model data was taken from SPENVIS for the actual ISS orbit. The interpolation
was done according to the sunspot number.

In the continuation of the research procedure of converting orbital parameters
into L-shell should be created, which would allow usage of the recent radiation

environment models in more convenient way.
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1.1.5 Other radiation sources

The radiation environment is also influenced by the solar wind, by albedo radiation
that was backscattered from the atmosphere of the Earth, by Anomaly Cosmic
Rays and other sources. We assume that their intensity is either very low, so their
contribution to the radiation doses is much smaller compared to GCR, SEP, and
2

TR, or particle energies are so low that they can be effectively stopped by 0.1 g-cm™

shielding.
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1.2 Biological effects of space radiation

The radiation impact can be quantified with the absorbed dose, biologically weighted
dose, dose equivalent, equivalent dose, and effective dose values. Absorbed dose
is measured in units of gray (symbol: Gy). It is equal to the energy deposited
by radiation in a volume (expressed in units of a joule) divided by volume mass
(expressed in units of a kilogram). The absorbed dose is used to characterize the
radiation impact on materials and system of a spacecraft.

The biological impact of radiation cannot be characterized by the absorbed dose,
because the same absorbed dose deposited by different particles or with particles
with different energies produce a different impact on biological tissues. That is
because of differences in ionization density distribution created along the particle
track, the difference in track structure, and differences in the biological response of
different tissues and cells. In the radiobiology studies, the effect of radiation dose
on cell cultures or animal models is characterized by the biologically weighted dose
that is equal to the absorbed dose value multiplied by relative biological effectiveness
(RBE). RBE depends on exposure rate, particle species, energy, and expected effect.

For radiation protection, the equivalent dose and the dose equivalent were in-
troduced. They both are measured in units of sivert (symbol: Sv). The equivalent
dose is calculated for each particle that enters the biological object. It is equal to
the net deposited dose due to the particle and all induced particles multiplied by the
radiation weighting factor wg (ICRP, 1991; ICRP, 2007). The radiation weighting
factor differs for different particle species and depends on the particle kinetic energy
at the surface of an anthropomorphic phantom. The radiation weighting factors
are determined using RBE data and represent the “worst-case” estimation of the
radiation effect on a human. The last version of radiation weighting factors was
introduced in ICRP recommendations (Petoussi-Henss et al., 2010).

The dose equivalent is used when there is a need to characterize the effect of
“mixed radiation fields”- the radiation environment with a complex composition of

particles with different particle and species. An example of such a radiation en-
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LET Q
LET<10 1
10<LET<100 | 0.32-LET-2.2
LET>100 | 300/vLET

Table 1.1: Quality factor for different LET (ICRP, 1991)

vironment is one inside a spacecraft during the out-of-magnetosphere flight. The
dose equivalent calculation requires modeling the full track of the particle inside
the biological object, including all tracks of induced particles. The dose equivalent
for charged particles is calculated for each segment of particle track multiplying the
deposited energy by the radiation quality factor Q recommended by ICRP (ICRP,
1991). It depends on the linear energy transfer (LET) value (Table 1.1). LET is
equal to the deposited energy density along the particle track in units of keV-pym™1.
It is assumed that LET is proportional to the ionization density along the particle
track. The LET varies in different parts of particle track, depending on particle
energy, particle species, and medium characteristics. The major part of ionization
due to gamma-rays and neutrons is associated with the secondary charged particles.
For this reason, the ionization of gamma-rays and neutrons is called “indirect ioniza-
tion”. Neutrons do not have charge, thus they are able to collide with atom nuclei,
producing protons, neutrons, and nuclei fragments. The ionization losses of induced
protons and nuclear fragments maximize, when they are slowed down (the Brag
peak, see Figure 3.6), so the LET and associated biological effect of the absorbed
dose increases. Gamma-rays also ionize the medium, but most of the secondary
particles are electrons from the outer shells. The energy losses of the electrons are
monotonic and do not increase with the decrease in kinetic energy, so the quality
factor is equal to 1.

Different organs have different sensitivity to the same radiation dose. Differences
in organs’ sensitivity are associated with differences in the significance of the organ
for organism functioning and recovering potential, which is high for skin and almost
absent in the brain. Radiation sensitivity is increased with stress, associated with

microgravity conditions, for the Circulatory System (CS) and red bone marrow
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tissue, which is BFO. The effective dose was introduced to characterize the net
damage to an organism. It is equal to the sum of equivalent dose or dose equivalent
deposited in critical organs multiplied by organs’ weighting factors. The sum of all
organs’ weighting factors is equal to 1.

Space radiation influence on the organisms can lead to deterministic or stochastic
effects. Deterministic effects occur after short-time high-dose irradiation. They
increase the risk during a space mission, as astronauts can lose the abilities which
are important for mission running. Stochastic effects are caused by long-term low-
dose irradiation. They increase the risk of post-flight illnesses like cancer, cataract,
damage to reproductive functions, and associated life-shortening. The dose career
limit for astronauts depends on astronauts’ sex and age. The career limits increase

with age and are higher for male astronauts.

1.2.1 Radiation doses due to the secondary neutrons

Among different species of secondary radiation particles, special attention is focused
on secondary neutrons. Secondary neutrons are produced in inelastic scattering pro-
cesses when incoming space radiation particles (mostly GCR, because of the high
energy) interact with the target nucleus. Uncoupled neutrons have a relatively short
lifetime of ~900 seconds. A neutron decays on a proton, electron, and electron anti-
neutrino. For these two reasons, neutron fluxes in space are significant in close
vicinity of massive space objects or inside the spacecraft. Secondary neutrons do
not have charge and associated ionization losses. For this reason, they can prop-
agate deep into the tissues keeping high kinetic energy and induce damage to the
inner organs. Neutrons ionize a medium differently than charged particles. They
produce charged particles, interacting with the medium atoms, which ionize the
medium. Such a mechanism is called “indirect” ionization. Most of the neutron
dose is due to induced protons; the rest of the dose is due to induced gamma rays,
electrons, alpha particles, and heavier ions. Detectors of secondary neutrons are

different from charged particle detectors. Commonly they are based on scintillator-
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a medium that produces flares with certain emission spectra that are detected with

a photomultiplier tube or convenient photodiode.
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1.3 Radiation exposure limits

Dose equivalent values are used in space agency policies of different countries to
regulate astronauts’ activity. One of the branch marks is the effective dose of 1 Sv.
Russian Space Agency uses it as a career limit for the whole body exposure (RSA,
2004), which guarantees total radiation risk at the level of 10%. Although the limit
is defined for the effective dose, a conservative estimation can be done calculating
the dose equivalent averaged over the phantom (Grigoriev et al., 1983). The over-
estimation, in this case, would be ~10-15%. In NASA regulations (NASA, 2015)
exposure limits are defined for cancer-induced mortality in values of effective dose
(these limits depend on mission duration and astronauts age and sex and keep the
probability of the radiation-induced death within 3% level with the confidence of
95%) and for non-cancer effects. The overall astronauts’ exposure should fulfill all
the requirements. For example, the career limit for CS, which is determined for
RBE-weighted absorbed dose, is 1 Gy-Eq. The RBE-weight factors are different
from Q(LET) factors implemented for dose equivalent calculations. Thus the direct
comparison can not be made. However, since Q(LET) factors have been calculated
using RBE-weight factors in case of low-rate exposure and taking into account un-
certainties in dose calculations and measurements, 1 Sv in CS can be referred to as
an estimation of career exposure limit. We will use 1 Sv dose equivalent value to
analyze an interplanetary flight, although the limit is established for the low-Earth
orbit missions. The reason is the absence of regulations for upcoming interplanetary
flights and recent results (Zeitlin et al., 2019) that demonstrate the similarity of the
radiation environment on the low-Earth orbit and in the interplanetary flight. If
the dose limits would be reduced in future, the results presented in this work can be
easily used to estimate new limits of the mission duration, while conclusions about

the optimal flight conditions would be the same.
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1.4 Numerical dose assessment

Numerical methods are a powerful tool for radiation dose predictions. The main
difference between methods is in the approach to geometry simplification. They
can be separated by the next large groups. The first group includes ray-tracing
methods. The main advantage is low calculation time. The main disadvantage is
low accuracy compared to other methods. The second group is Monte-Carlo based
methods. They provide more detailed information on radiation dose and radiation
environment. Also, electric or magnetic fields can be included in this model. The
main disadvantage is that simulation time increases with the geometry complexity
increase. Some methods try to combine stages used by the first two methods in an

attempt to increase accuracy, keeping simulation time the same.

1.4.1 Monte-Carlo methods

Monte-Carlo code uses random numbers and probability distributions to obtain
a close approximation to the exact solution. In a single Monte-Carlo simulation,
the propagation of one particle through a geometry model is calculated. Particle-
mater interactions are described by interaction cross-sections. This approach can be
used for simulation of particle propagation through complex geometries described
by voxels. The main disadvantage of Monte-Carlo calculations is a large number of
simulation runs needed to model a realistic radiation environment. Simulation time
increases with the increase of geometry model resolution. Primary particles with
high kinetic energy produce a large number of secondary particles, and their propa-
gation should also be calculated, thus increasing calculation time. There are many
Monte-Carlo codes that are applied for space radiation modelling: FLUKA (Olsher,
2006), GEANT4 (Agostinelli et al., 2003), MCNP6 (Pelowitz et al., 2013), PHITS
(Sato et al., 2017; Sato et al., 2018) and SHIELD(Dementyev and Sobolevsky, 1999).
Their predictions are often intercompared, and generally, they provide more or less
the same results. However, they have individual specifics, so researcher should

clearly understand his needs to make the optimal choice.
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1.4.2 Deterministic transport codes

Deterministic transport codes use time-independent linear Boltzmann equations for
flux density of particles of certain species. The main advantage of such codes is low
simulation time. The most advanced and well known in space radiation research
in NASA High charge (Z) and Energy TRaNsport (HZETRN) code (Wilson et al.,
2016). It can be used for radiation dose calculation in a multi-layer structure, or in

a geometry model, which consists of simple shape objects.

1.4.3 Ray-tracing methods

In ray-tracing, radiation doses are calculated at the respective point of interest.
Realistic geometry around the selected point is processed into shielding distribution
function. This is done by building many rays from the point of interest in all
directions. Then material and thickness composition along each ray is defined.
The material and thickness composition can be used as it is or processed to one
equivalent material (usually aluminum or polyethylene) using scaling coefficients.
Next, the radiation dose is calculated in a thin detector layer (usually water) placed
behind layer shielding. The layer thickness repeats shielding along each ray. The

radiation dose is calculated by the transport code or Monte-Carlo code.
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Literature review

2.1 Radiation exposure on the way to Mars

Exposure of astronauts to space radiation is one of the major barriers to human
exploration of the solar system and long-duration human space (Cucinotta et al.,
2013; Zeitlin et al., 2013; Hassler et al., 2014a). In LEO, astronauts are protected
from high-energy charged particle radiation by the magnetic field of the Earth. Out-
side of the magnetosphere, the spacecraft is exposed to particle radiation originating
from the Sun, distant stars, and galaxies.

There are two main types of cosmic radiation inside the solar system: GCR and
SEP. GCR particles originate from the interstellar medium and diffuse inside the
heliosphere, forming a spatially homogeneous and angularly isotropic particle flux.
GCR are fully ionized ions, consisting of 84% protons and 14% alpha particles. HZE
particles make up only 2% of the GCR flux (Nymmik et al., 1992). SEP are ejected
from the surface of the Sun during solar flares and propagate outwards into the solar
system. SEP consist mostly of protons.

Both GCR and SEP intensities depend on the 11-year solar cycle. During solar
minima, GCR fluxes increase, and during solar maxima, GCR are lower. Unlike
persistent GCR radiation, SEP events are spontaneous. SEP event probability and
intensity decrease during solar activity minima and increase during its maxima.
Different SEP events have different risk levels for space missions because of the dif-
ferences in particle spectra. Hu et al., 2009 have shown that no single event would
lead to acute radiation death if the aluminum spacecraft shielding exceeds 5 g-cm~2.
Thus, most risk due to SEP is associated with extravehicular activity (EVA). How-
ever, dose calculations with SHIELD code (Denisov et al., 2010; Kuznetsov et al.,

2012; Denisov et al., 2011), which use the statistical model by Nymmik, 1999 for SEP

18
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description, provide much higher values of the radiation dose, which can lead to the
acute effects on the astronaut’s health. Almost all space agencies have prototypes of
radiation protection garment, the most recent are AstroRad by NASA (Gaza, 2018)
and PRESEQO by the Italian Space Agency (Vuolo et al., 2017 and Baiocco et al.,
2018). For radiation protection of crewed missions during solar flares, NASA also
consider the creation of extra shielded areas during flight using onboard equipment.

Despite the relatively low fluxes of GCR particles, long exposure times to con-
stant background radiation of GCR can result in a significant total radiation dose ac-
cumulated during the entire flight, resulting in dangerous biological effects. Shielding
from GCR is a challenging task due to the high energies of the particles (Figure 1.1).
The high kinetic energies of particles result in high penetration ability and in a large
amount of energy being deposited in tissues and organs. Besides, high-energy par-
ticles produce significant amounts of secondary particles while propagating through
the spacecraft shielding due to nuclear interactions with the shielding materials.
These secondary particles propagate into the spacecraft interior and increase the
radiation dose. The number of secondary particles and associated radiation damage
is higher for shields made of materials with high atomic number (Z) elements, even
if the shield surface densities are the same. For example, it has been shown exper-

imentally that for 103 MeV-nucleon™!

iron ions, the radiation damage is reduced
for low-Z materials such as polyethylene, and increased for high-Z materials such as
lead (Durante and Kronenberg, 2005).

The dependence of the GCR dose on the shielding thickness is not monotonic.
The results of simulation (Slaba, Mertens, and Blattnig, 2013) performed with the
HZETRN code (Wilson et al., 2014; Wilson et al., 2015) for a point in the center of
shielding sphere have shown that in the interplanetary space, the dependence of dose
equivalent on the aluminum shielding thickness has a local minimum at 40 g-cm~2.
In recent calculations (Slaba et al., 2017) of the radiation dose in 1 mm thick water

slab, placed between two plates of aluminum shielding, the minimum was found at

20 g-cm~2. The results of the same calculations (Slaba et al., 2017) performed for a
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30 cm water slab show monotonic decay of the radiation dose with the increase of
shielding thickness without local minimum.

While most studies performed with HZETRN are focused on the thickness de-
pendence of the dose for a specific phase of the solar cycle, the GCR dose evolution
between 1997 and 2014 was calculated (Mrigakshi et al., 2013) with the GEANT4
Monte-Carlo code. The simulation shows a local minimum in the thickness de-
pendence of the dose equivalent at 10 g-cm™2 during 2001 solar maximum and an
absence of such a minimum during the 2010 solar minimum. The simulations were
performed for a 25 cm spherical water phantom placed in the center of a spherical
aluminum shell.

The geometry used for dose calculations has a significant influence on the result
of the calculations. All studies looking for optimal shielding simplify the actual ge-
ometry to a model. The most common simplifications for the homogeneous shielding
are slab shielding geometry and spherical geometry, with spherical shielding layer
and spherical water phantom inside it. However, spherical shielding looks more
preferable for calculating radiation doses due to GCR. The first reason is that in
the spherical geometry the “nominal” shielding thickness is passed only by parti-
cles that propagate toward the center of the shielding. However, the majority of
the particles propagate in different directions. The “actual” shielding thickness for
them would be higher, comparing to particles propagating to the center. Thus, the
energy loss of primary particles and the production of secondary particles would be
higher. For example, HZETRN calculations (Barthel and Sarigul-Klijn, 2019) show
that the particle flux behind slab and spherical shielding would be different.

Previous studies of the radiation dose composition (Ballarini et al., 2006) were

focused on the shielding range from 0 to 10 g-cm™2.

In the current research, we
would cover a broader range of thickness up to 60 g-cm~2 for spherical geometry
setup and up to 300 g-cm~2 for slab geometry setup.

Spatial attention in radiation protection is always paid to secondary neutrons.

The number of secondary neutrons increases with the shielding thickness (Ballarini
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et al., 2006; Trovati et al., 2006). One of the ways to reduce the neutron dose is
by adding neutron absorber like °B. For 1 GeV protons Loffredo et al., 2018 have
recently shown ~14% reduction in secondary neutron spectra by adding 10% of B
to 20 g-cm~2 of Nomex shielding. However, the maximum in the absorption of the
neutrons with '°B is for thermal neutrons, and besides, the flux of alpha particles
increases.

The spherical water phantom is a convenient (Wilson et al., 2015;Mrigakshi
et al., 2013;RSA, 2004) simplification of human phantom. The main advantage is
that one set of calculations provides dose distribution inside the phantom, and the
effect of self-shielding is taken into account. Radiation doses at different depths
can be attributed (Matthid, Berger, and Reitz, 2013) to the radiation doses in
anthropomorphic phantom, according to the average shielding value. Radiation
doses calculated in thin water slab behind different shielding (so-called depth-dose
curves) can be used itself only as an estimation of skin dose because the effect of body
self-shielding is neglected. This is well demonstrated with HZETRN calculations
(Slaba et al., 2017) when a local minimum is seen in dose dependence on thickness
calculated for a 1 mm water slab detector and is absent in case of 30 cm water slab
detector. The importance of depth-dose curves is that they are used as the input
data for shielding function methodology of radiation dose calculation.

Most previous studies provide estimations of the radiation doses during solar
cycle activity maxima or minima, and during the strongest SEP events. Several
studies () consider radiation doses during 500 and 1000-day flights according to
NASA plans (Drake, Hoffman, and Watts, 2009). However, there is still no clear an-
swer about optimal flight conditions that would enable the longest mission duration.
In this study, we present the net radiation doses from SEP and GCR radiation as
an accumulated dose during a spaceflight, dependent on flight duration and launch
date for the solar cycle between 1998 and 2006. For this purpose, using GEANT4
Monte-Carlo code, we calculate radiation dose distribution inside spherical water

phantom and dependence of the dose and dose composition on the flight conditions
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(thickness of spherical aluminum shielding and phase of solar cycle). We show that
the minimum radiation dose will be obtained for a flight started during solar max-
imum behind an aluminum shield with a thickness of 30 g-cm~2. Furthermore, we
demonstrate that a local minimum in the dependence of the dose equivalent on the
thickness of shielding is present during solar maximum and a further increase in

shielding beyond this minimum results in an increase in dose equivalent.
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2.2 Reproducing space radiation environment

GCR particles have high kinetic energies, which allow them to pass through the
shell of a spacecraft and produce a lot of secondary particles inside the spacecraft.
High-energy GCR particles can be stopped only with an unreasonably thick (higher
than 100 g-cm™2) spacecraft shielding (Dobynde et al., 2019). An increase of the
shielding up to 200 g-cm~?2 results in an increase of the secondary particle flux
and associated radiation dose rates for the astronaut. The biological influence of
GCR radiation is not fully understood because it is impossible to reproduce the
same irradiation conditions on the Earth as in the interplanetary space.The first
reason is that the flux of primary and induced particles inside the spacecraft is
very complex to be reproduced with accelerator facilities. The second reason is
that GCR dose rates are low (~1.2 mSv-day~!) and irradiation elongates during the
entire flight. The accelerator provides short-time irradiation in one or a few sessions
with an approximate dose of 20 ¢Sv per session. A short irradiation time results in
a different organism reaction and reparation mechanisms, thus distorting the model
of the space environment. The second reason is that on-ground experiments exclude
the influence of microgravity and of the hypomagnetic field, which also changes the
reactions of organisms compared to space. The only available place that combines
all these three factors together is the ISS. Zeitlin et al., 2019 have just shown that
LET spectra measured with the Radiation Assessment Detector (RAD) instrument
(Hassler et al., 2012) on the ISS, during a flight to Mars and on the Mars surface

are very similar.
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2.3 Radiation exposure on the ISS

The radiation environment on LEO consists mainly of trapped radiation and GCR
with sporadic SEP and minor contribution of albedo particles. Trapped radiation
includes protons with energies up to ~450 MeV and electrons with energies up
to ~10 MeV. On LEO, GCR differential spectra have a maximum flux value at
approximately ~1 GeV-nucleon™! (Figure 1.4). The radiation spectra vary along
the orbit, depending on the altitude and geographic position. The time variation
of the radiation environment on the LEO is due to the on the solar activity and
geomagnetic conditions. The concerns for astronauts health are associated with
trapped proton radiation, SEP and GCR, as they can propagate inside the station
and produce secondary radiation.

The average shielding on the ISS is estimated as ~10-30 g-cm™2 (Tessa et al.,
2009; Jadrnickova et al., 2009; Badavi, Nealy, and Wilson, 2011).

The radiation monitoring on the ISS is ongoing since the beginning of the mission
with different detection systems by different groups. The radiation environment
inside the ISS is non-uniform (Jadrnickova et al., 2009), so the radiation dose rate
depends on the place. One of the reasons for the difference is the anisotropy in
radiation particle fluxes especially in proton fluxes in the region of SAA ().

Another reason for the differences is to non-uniform shielding mass distribution
due to the complexity of the ISS geometry. Information about the dose distribution
in the spacecraft is essential for mitigating risks for astronauts associated with space
radiation. Radiation dose in areas where astronauts provide significant time should
be reduced in the first place. Trapped protons and most of SEP have energies lower
than 1000 MeV, so they can be stopped with reasonable shielding mass. On the ISS,
this concept was tested and implemented during the protective curtain experiment
(Sato et al., 2011; Ploc et al., 2013; Kartashov and Shurshakov, 2018; Szénté et
al., 2015; Kodaira et al., 2014; Kartashov et al., 2019). The protective curtain
was assembled from wet towels and placed on the module wall near the astronauts’

workplace. It reduces the radiation dose by 30% and now is used permanently. The
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concept of using onboard equipment to create a storm shelter in the case of SEP
during interplanetary flight is actively discussed and tested now (Striepe, Simonsen,
and Nealy, 1992; Simon et al., 2014; Cerro et al., 2015; Hanson, Clowdsley, and
Thibeault, 2019).

A good example of the influence of mass distribution on the ISS on dose rates
is dose measurements during 2008. Radiation dose rates associated with trapped
proton radiation were reduced during the periods when Shuttle docked the ISS. The
amount of radiation detectors on the ISS is limited so the radiation dose can be mea-
sured in a limited amount of points. Also, not all of the detectors provide detailed
information on radiation dose equivalent in real-time. The total dose distribution
can be obtained by applying numeric modeling. The accuracy of the dose assessment
depends on the implemented method and the model of the ISS. The precise model is
not publicly available if it exists. The detalisation of the engineering models down to
a single screw is usually too large to use them in calculations. In most calculations
are done with either simplified model of entire ISS, or with a more detailed model
of a particular part, which is in focus of the research. The latter approach can thus
overestimate doses due to trapped radiation as it has been shown during Shuttle
missions,

Information provided with radiation detectors does not give the entire picture of
the radiation environment on the ISS. The reason is that detectors do not measure
energy and angular spectra for each type of particle, which accurately characterizes
the radiation environment. Instead, detectors provide values measured according
to their instrument response functions. However, the same value can correspond
to different radiation environments, and the effect of these environments on the
hardware and astronauts can be different. Usage on radiation detectors requires
prior knowledge about the radiation environment where they would be used and
damage effect of this environment and its correlation with values measured with the
detector. This knowledge can be obtained either with modeling or in an experiment.

Series of MATROSHKA experiments onboard the ISS is an example.
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The MATROSHKA experiments aim to measure radiation dose distribution in
biological tissues and astronauts’ bodies. For these purposes are used phantoms:
models of astronauts made of tissue-equivalent materials. Whole-body phantom
was used on Zond-7 spacecraft, Fred on Shuttle missions, and spherical water-field
phantom on Mir station. There were two types of phantoms in the MATROSHKA
experiment: human torso phantom by DLR (Reitz et al., 2009; Berger et al., 2013)
and spherical ICRU spherical phantom by IMBP (Shurshakov et al., 2014; Kodaira et
al., 2014). The radiation environment was measured at different points at the phan-
tom surface and in different depths inside it. Knowledge about the radiation dose
distribution inside the phantom gives more information about the radiation damage.
Also, this experiment provides a useful reference data to validate approaches, used
for dose calculations, and radiation environment models.

In the MATROSHKA-R experiment, the radiation dose distribution was mea-
sured at the surface and inside spherical and anthropomorphic phantoms made of
tissue-equivalent materials. Radiation doses were measured with active and passive
detectors at different depths on and under the phantom’s surface. Experimental
data on the dose distribution at the surface of the spherical phantom was obtained
for several ISS modules for 12 time periods. One of the goals of this work is to model
experiment conditions for the first and the second session, started on January 29,
2004, and on August 11, 2004, and elongated for 92 and 425 days, respectively. The
absorbed dose was measured with thermo-luminescent dosimeters (TLDs). The
spherical phantom was located in the Service module cure cabin in the Russian
segment of the ISS.

The average module mass of the ISS is about 20 tons, and the average size is
10-by-20 meters (Kartashov and Shurshakov, 2018). The inner geometry is excep-
tionally complicated. It contains different equipment, made of a variety of materi-
als. Monte-Carlo radiation dose calculations with high accuracy for exact spacecraft
geometries require unreasonably long simulation times. The geometry and composi-

tion complexity requires simplifying assumptions and the neglect of non-important
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details.
Sihver et al., 2009 calculated the radiation dose distribution for the MATROSHKA-
R experiment with the PHITS Monte-Carlo code. The ISS model was simplified to

2 walls. It was irradiated with an isotropic

an aluminum cylinder with 12.5 g-cm™
particle source distributed over a sphere surface. The absorbed radiation dose was
calculated for the experiment session from August 11, 2004, to October 10, 2005.
The simulation results exceeded the experimental data by a factor of 1.5-2. The
authors attributed the discrepancy to the differences between the real and approxi-
mated simulation geometries.

An alternative approach to geometry simplification is the ray-tracing method. In
a ray-tracing approach, the real geometry is processed into a shielding-distribution
function that is a good trade-off between precision and simulation speed. This
approach is currently widely used (Kartashov and Shurshakov, 2018; Sihver et al.,
2009; Wilson et al., 2014). The shielding-distribution function is calculated for each
point of interest. Next, each value of the shielding-distribution function is multiplied
by a corresponding dose rate value that is usually calculated in a quasi-infinite layer
geometry. The dependence of the radiation dose on the shield thickness is called
the depth-dose curve. Kartashov and Shurshakov, 2018 gives a detailed description
of the application of depth-dose curves in the context of ray-tracing methods and
its application for dose calculation on the ISS. However, the depth-dose curves used
in their work do not include neutron contributions and are interpolated between
reference curves to cover the entire region of orbits and time.

Matthia, Berger, and Reitz, 2013 provides an alternative method for the use of
shielding-distribution functions. The radiation dose was calculated with GEANT4
for a spherical geometry under LEO radiation conditions. A water sphere with a
radius of 20 cm was shielded with an aluminum spherical shell with a 110 cm outer

2 according to

radius. The shell thickness varied in the range from 1 to 100 g-cm™
a shielding-distribution function. The calculated radiation doses exceeded measure-

ments by 20% on average.
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In this work, we use a shielding-and-composition distribution function with
depth-dose curves. The depth-dose curves are calculated for the actual ISS or-
bit parameters using SPENVIS system, which derived the radiation spectra using
the AP8, AE8, and CREME92 models. We separate contributions of primary and
secondary particle radiation to the dose-depth dependences and we distinguish con-

tributions of trapped radiation and GCR to the net dose.



Chapter 3

Methodology

There are three simulation setups used in the current work. First is a spherical
layer shielding with a spherical water phantom inside it. The shielding is exposed
to isotropic irradiation. The setup is used to calculate radiation doses due to SEP
and GCR during interplanetary flight. The second setup is a quasi-infinite planar
shielding with a 1 mm thick water detector slab behind it, irradiated with a unidi-
rectional point particle source. This setup is used for depth-dose curve calculations.
The third is a simple model of the MATROSHKA-R experiment conditions: the ISS
module is described by an aluminum cylinder filled with water foam with a spheri-
cal water phantom placed close to the module wall. The setup is used to calculate

shielding functions.

3.1 Spherical geometry setup

The spherical setup on figure 3.1 is used to calculate the radiation dose during
interplanetary flights. As far as the exact geometry of spacecraft is not known,
we decided to use a spherical shielding. We consider only aluminum shielding,
as it comprises most of the spacecraft mass. We made calculation for unshielded
phantom, and for the shielding of 1, 5, 10, 20, 30, 40, 50, and 60 g-cm~2. The inner
radius of the shielding sphere was equal to 50 ¢m in calculations for section 4.1 and
50 and 100 cm in calculations for section 4.2. We use a 35 cm diameter water sphere
with a 10 cm diameter cavity, which is recommended as an astronaut phantom by
the Russian state standard (RSA, 2004). The phantom is located in the center of
the spherical shielding. The radiation dose is detected in spherical layers with a
thickness of 1 mm, except innermost and outermost, which are 0.5 mm thick. The

dose in the outer surface layer is assumed to represent the skin dose. The dose in
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Figure 3.1: Schematic representation of simulation setups used for radiation dose calcu-
lations. Spherical water phantom (shown in cyan) is shielded with a spherical aluminum
shielding (shown in grey) (a) Setup with a circular particle source (shown in blue). (b)
Setup with ring sources; color shows three groups of sources (shown in red, yellow, and
violet). For clarity, sources are shifted along the initial propagation direction of primary
particles. The red arrow shows the initial direction of primary particle propagation. The
figure is published in Dobynde and Shprits, 2019.

the spherical layer, which is 5 cm under the phantom surface, is considered as the
BFO and the CS dose. The usage of radiation dose at 5 cm depth is convenient
for the BFO. At the same time, we have not found in the literature the depth
in spherical phantom, which corresponds to the CS. However, it was suggested by

Prof. Shafirkin from the Institute of Biomedical Problems of the Russian Academy

of Science also to use radiation dose at 5 cm depth in the spherical phantom. This
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uncertainty would be addressed in the future, calculating the effective shielding of
CS in anthropomorphic phantom and the spherical phantom, in a similar way to
Matthia, Berger, and Reitz, 2013. The result of Matthid, Berger, and Reitz, 2013
calculations can not be directly used in the current research because they were
obtained for 20 ¢m spherical phantom.

We assume that GCR and SEP create an isotropic particle flux in the near-Earth
interplanetary space. Spherical particle source with homogenous surface and angular
distribution of generated particles should be used in the case of realistic and complex
spacecraft geometry. However, it can be replaced by a planar unidirectional particle
source in case of spherical shielding because of the symmetry of model geometry.
Both spherical isotropic and planar unidirectional particle sources create the same
angular distribution of incident particles on the surface of spherical shielding.

Figure 3.2 demonstrates the angular distribution of incident particles on the
surface of the shielding for different particle sources. It can be seen that angular
distributions created by isotropic spherical sources, with the diameter larger than
five radii of the shielding, are identical to each other and planar unidirectional
source and to point source with cosine angular distribution. For the same amount of
launched particles, oscillations in normalized angular distribution are higher for the
spherical sources with larger radii. That is due to the smaller number of particles
that hit into the shielding. For the same amount of launched particles, angular
distributions of planar unidirectional and point cosine sources do not have these
fluctuations, because all launched particles hit into the shielding. Point isotropic
source and spherical isotropic source with a radius equal to the shielding radius
create a different angular distribution of primary particles on the shielding surface,
with more primary particles directed to shielding edges.

The planar unidirectional particle source has an extra advantage comparing to
other sources, besides the absence of fluctuation in angular distribution. One initial
direction of primary particles makes it easier to distinguish between induced particles

having a velocity component along and opposite to the initial direction of primary



CHAPTER 3. METHODOLOGY 32

Angular distribution of incident particles
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Figure 3.2: Angular distribution of incident particles created on the surface of spherical
shielding by different sources.
particles. These two advantages motivated to use a planar unidirectional particle
source in the spherical shielding setup.

A spherical source with the radius R creates isotropic irradiation on the shielding

sphere with the radius r in case if R >> r. A dS surface on the R-sphere creates

7T7’2

4 —de—LT?de (3.1)
7T47TR2 - R2 ’

almost parallel particle flux through the r-sphere. The net flux through the r-sphere
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18

de 47 R2 f—47r2r2f (3.2)

The final formula for the radiation dose D(F) adsorbed during period 67" due to

particle flux f is

D(E) = 47> f§TSD(E) (3.3)

where §D is the average dose per one particle that hits into the shielding.

Particles for different parts of the circular source make different contributions
to the net dose. Modeling with a circular source allows calculating the mean dose,
averaged over particles coming from different regions of the source, and scattered at
different angles. The contribution of side-scattered particles to the radiation dose
can be calculated using irradiation with ring sources. The areal density of launched
particles should be constant over the circular source. If the circular source is split
into ring sources, the normalization coefficients should be used to scale doses due to
the different ring sources. The coefficients are calculated as follow:

S 5
S net 7 S net

~1 (3.4)

was applied to calculate the net radiation dose. Formula 3.3 for dose calculation in

the case of a ring source is modified to

85D (E)

D(E) = 4n*26T Y 220 (3.5)

The results of calculations with ring sources setup is presented and discussed in

section 4.2.
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3.2 Slab geometry setup

Figure 3.3: Slab geometry setup used for depth-dose curve calculation. The figure is
published in Dobynde et al., 2019.

The quasi-infinite slab setup shown in Figure 3.3 is used to calculate depth-dose
curves, which are used in section 4.4 and 4.5. The lateral size of the slabs is 10
by 10 meters. Such a large size of slabs guarantees that all particles induced in
the shielding hit into the detector slab. The initial direction of the momentum of
primary particles is perpendicular to the shielding surface. There are two types
of particle source, which can be used for the depth-dose calculations. The first
approach is to model planar unidirectional irradiation and to record the radiation
dose in a small volume in the detector layer. This approach is used, for example,
by Slaba et al., 2017, and is implemented in OLTARIS and SPENVIS systems. The
second approach is to use point unidirectional particle source and to detect dose in
the entire detector layer. The main advantage of the second option is that it allows
obtaining the radial distribution of the dose regarding the initial direction of the
momentum of primary particles. The radiation dose in the entire detector is used
in section 4.4 and is the same as in the first approach. The radial distribution is
used in section 4.5 to determine application limitations of the ray-tracing method,

and to improve dose calculation in the near-surface layer of the spherical phantom.



CHAPTER 3. METHODOLOGY 35

The radiation dose for an incoming flux f(F) is simply calculated

D(E) = f(E)STSD(E) (3.6)

where 0D is the average dose per one particle that hits into the shielding, and 07

is the irradiation period .
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3.3 The ray-tracing method

Monte-Carlo codes are powerful tools that provide detailed information on energy
deposition and particle spectra. Unfortunately, they require a lot of machine time
to accumulate necessary particle statistics. There are cases when such detailed
information about the radiation field is exceptional and can be changed to shorter
simulation times. One of the approaches to fast radiation dose calculation is the
ray-tracing method.

The ray-tracing method considers primary particle propagation to the point
of interest along with many rays passing through it. The main assumption in this
simulation methodology is that both primary and secondary particles deposit energy
close to the ray and do not deviate significantly from the ray. This assumption
is correct for trapped particles (Figure lc) that have kinetic energy lower than
1 GeV. However, for high-energy GCR, particles (Figure 1d), the deposited energy
distribution in the detector plane cannot be neglected. However, the ray-tracing
method still works, if the shielding composition and thickness along nearby parallel
rays are not changing significantly. That is because, in realistic conditions, there
is a large and quasi-parallel particle flux instead of a single ray. Primary particles
that propagate in the direction parallel to the ray create similar energy distributions
in the lateral plane around the point of interest, contributing to the net deposited
energy at the point of interest. The net deposited energy at the point of interest is
equal to the net energy deposited with a point source in the lateral plane if shielding
composition and thickness along nearby parallel rays are not changing significantly.
As soon as there are variations, the simulation results will deviate from the actual
values.

On the ISS orbit, most of the radiation dose is deposited with trapped protons
with an energy lower than 1 GeV and trapped electrons with an energy lower than
10 MeV. Therefore the ray-tracing method was chosen for dose calculation in the
MATROSHKA-R experiment in section 4.4. It the experiment, absorbed dose dis-

tribution was measured on the surface of a spherical phantom placed close to the
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Figure 3.4: Geometry setup used for modelling the MATROSHKA-R experiment. Spher-
ical phantom (shown in green) is placed closed to module wall (shown in blue). Numbered
red dots show detectors positions.The figure is published in Dobynde et al., 2019.

ISS outer wall (Figure 3.4). The ray-tracing itself is used to define the shielding
structure around the point of interest. The radiation dose at the point of interest
is usually calculated, converging shielding function with depth-dose curves. The
depth-dose curves are calculated in slab geometry, which repeats shielding structure
along the ray. The slab structure is often simplified even more by recalculating dif-
ferent materials into an equivalent one that is usually water or aluminum. However,
cross-sections for all particle species and all processes cannot be scaled by the same

factor. That was a motivation to calculate the depth-dose curves behind double-
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Figure 3.5: Net-shielding function and part of aluminum in the shielding for point 18
that is nearest to the shell (black curve) and point 3 that is most distant from the shell
(green curve). The figure is published in Dobynde et al., 2019.

layer aluminum-water shielding with energy deposition in a 1 mm thick water layer.
Aluminum makes most of the mass of the ISS, and the spherical phantom is made
from tissue-equivalent material, similar to water. Figure 3.5 show as an example

shielding-and-composition functions calculated from most distant from the wall and

most close to the wall detector positions on the spherical phantom.
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3.4 Considering issues of the ray-tracing

Although the results of the calculations in section 4.4 are in good agreement with
the experimental results, usage of the ray-tracing method for dose calculation in in-
terplanetary space requires addressing several issues. First, we modified ray-tracing
to include lateral energy distribution in dose calculation. Instead of one ray per
direction, we launched 100 rays parallel to each other and passing at different dis-
tances from the point of interest. Then doses created by rays at the point of interest
were summed with corresponding weighting factors. This method was applied to

calculate dose distribution inside the spherical geometry setup, used in the first part.
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3.5 Programming

3.5.1 GEANT4 simulations

Radiation doses in this research were calculated with the GEANT4 (GEometry
ANd Transport) Monte-Carlo code Agostinelli et al., 2003. It was used to simulate
particle propagation through the spacecraft shielding and energy deposition in the
phantom. The main advantage of GEANT4 comparing to other Monte-Carlo and
transport codes is the flexibility that allows users to control almost every aspect of
calculations. In this work, particle-matter interactions were described by the FTFP-
BERT-HP physical processes list. This physical model includes the Fritiof model for
particles with energies higher than 10 GeV, the Bertini Cascade model for energies
lower than 10 GeV, and the High Precision Neutron model for energies lower than
20 MeV. It is optimized for radiation protection and shielding simulations.

The largest part of simulations was performed by computational and storage ser-
vices associated with the Hoffman2 Shared Cluster provided by UCLA’s Institute for
Digital Research and Education’s Research Technology Group. The least part, in-
cluding preliminary calculations, was performed on a personal laptop. Monte-Carlo
simulations in the current research can be performed using multiple cores. Each core
executes calculations threads for one type of primary particle, with initial energy
from one energy beam, propagation in one of the geometry models. The output data
array is generated for each thread. Afterward, the output of all calculation threads

was analyzed using Matlab.

3.5.2 Convergency of the calculations

In calculations with spherical setup standard deviation cannot be used to evaluate
calculation errors, because it is of the order or even exceeds the mean value. The
reason is due to the differences in particle track length in the phantom: particles that
propagate closer to the center of the phantom would deposit much more energy than

particles propagating more close to the phantom boundary. That’s why we decided
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to use normalized mean dose deviation as the criteria for result convergence. Namely,
we use the value of normalized deviation A, which is calculated on iteration N+1

as:
DN+1 - DN

3.7
Dny1 + Dy (3.7)

AN+1 =

where Dyy; is the average dose after N+1 iteration and Dy is the average dose
after N iteration. We start calculating the normalized deviation on 1001 iteration.
As soon as A keeps less than 0.001 during 1000 iterations we assume that we get a
stable solution. Thus minimum iteration number is 2000 while the maximum is set

2

to keep particle density on the source surface equal to 40 cm™=. For the smallest

shielding thickness of 5 g-cm~2 the maximal number is 107500 and for 60 g-cm ™2
shielding this is 208600. For the unshielded sphere, this value is 100000.

The regulations of usage of Hoffman2 Shared Cluster allowed running 24-hours
jobs with acceptable job priority, and the maximum number of running jobs was
limited. For this reason, in the first run, each job parameters of geometry, particle
type, and source parameters were fixed, while particle energy was changed one by
one in the whole energy range. Usually, the 24-hour time was insufficient to complete
calculations for the whole energy range. The missed data has been identified at the
stage of data upload in Matlab, and the next set of calculations has been initialized

and launched. Depending on the amount of missing data it was organized either as

one energy per job calculation or as a set of energy per job calculation.

3.5.3 Features of C+-+ code

In this research simulation setup, geometry was described using GDML files. GDML
is an XML based language used for geometry description. It allows describing geom-
etry using simple shapes, like spheres, cubes, etc. It also supports surface description
with surface elements (triangles). The main advantage that would be used in further
research is the possibility to convert CAD files into GDML. CAD files are essential
for calculations with a realistic spacecraft geometry. It was also helpful to gen-

erate large sets of similar geometry files with Matlab at the step of C++ project
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generation. All information for each calculation thread such as particle type, en-
ergy, direction, etc. was uploaded to program from corresponding files, that were

pre-generated by Matlab.
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Figure 3.6: Artefact peaks in absorbed energy distribution (the Brag curve) due to
insufficient spatial resolution (large step length limit). Calculations are performed for
protons with the initial energy of 150 MeV propagating in a water slab.

GEANT4 allows setting the maximum step length limit. A large step limit
reduces the calculation time but can result in artifacts like extra peaks in energy
deposition shown in Figure 3.6. The step limit value can be set separately for each
volume in the geometry. In this work, the limit values for each volume were stored
in a separate file and used by the program during calculations. For data storage
and analyze GEANT4 allows setting a region of interest in the geometry model as
a “DetectorVolume”. It can be useful for modeling instrument response functions.
However, the “DetectorVolume” limits flexibility for data output and was not used
in this research. Instead, different conditions in the “SteppingAction” file were used

to track particle propagation though the model and energy deposition inside the
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phantom.

3.5.4 Output data

The main output data in this research are spatial distributions of absorbed dose
and dose equivalent distribution inside the phantom. In a spherical phantom, these
are dose dependencies on the radial distance and the z-coordinate. In water slab,
these are dose dependencies on the lateral distance from the initial primary particle
direction and the z-coordinate (for calculations with back shielding in part 3). Also,
particle energy, rigidity, and angular spectra were calculated at the entrance of the
phantom and at the exit from shielding into outer space.

All dependencies were classified according to 8 particle species (protons, neu-
trons, ions, gammas, leptons, mesons, other baryons, and “other particles”) and
into 4 general groups. The general groups are primary particles, secondary particles
propagating in forward (having a velocity component along the initial direction of
primary particles) and backward directions (having a velocity component opposite
to the initial direction of primary particles) and multi-pass particles that passed
through the phantom for a second time or more often. By primary particles, we
mean particles that were generated in the source, and by secondary, we mean all
particles that enter the phantom and are not primary. All particles generated in
the phantom are classified according to their generation tree from the particle that
entered the phantom.

Uncompressed output files required vast disk space, so they were stored as com-
pressed archives. The output files were written in folders according to the data
type during the calculations. These folders were common for all calculation threads.
Folders were compressed to archives when all calculation threads are finished. This
approach significantly simplified data transfer, processing, and storage. Grouping
files according to data type give an extreme advantage in time at the processing
stage because only one archive should be extracted to get data of a certain type.

Each output file contained information on particle type, energy bin, direction, etc.
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in its title.

3.5.5 Data processing

Output datasets of GEANT4 calculations are vast. They were processed in Mat-
lab. Matlab is excellent for the current research because it is optimized for matrix

processing. Matlab was also used for:

C++ projects and bash scripts generation

Input datasets for C++ generation

Particle spectra generation

Merging output data

Radiation dose calculation and other data processing

Figure plot

Each type of output data is stored in a single archive. If there is a need to process
a certain type of data, the archive is extracted, and the list of files is created.
Each filename contains all information about the calculation parameters, which is
extracted using parsing. The data list of the calculation set is created, processing all
filenames. At the next stage variable for data is created according to the dimensions
of the data list and dimensions of data in the first file. Then, data from all files
in the list is uploaded. The variable with data is stored, and the extracted archive
is removed. Next, the data on deposited dose and dose equivalent is multiplied
by particle flux, exposure time, exposed area, and scaling coefficients according to
formulas in previous sections. All operations are made with matrixes to reduce the
calculation time.

Matlab functions have been widely used for routine procedures, namely: creation
for file list, data list, prolongation list; creating figures with unified style for the
regular plot, color plot, and multiple plots; a bunch of functions for initialization of

GEANT4 projects.
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3.6 Dose calculation methodology

In a single simulation run, one space radiation particle (primary particle) through
the model geometry was simulated. Also, all secondary particles that were gener-
ated were considered. For primary particles we considered kinetic energy ranges from
0.0075 MeV to 450 MeV for trapped protons, 0.01 MeV to 7.25 MeV for trapped
electrons and from 7.9 MeV-nucleon™! to 125000 MeV-nucleon~! for 28 GCR parti-
cles from hydrogen to nickel. The energy range was divided into 30 bins for trapped
radiation particles and onto 21 bins in a logarithmic scale for the GCR particles.
Energy distribution in each bin was flat.

The dose equivalent was calculated for each particle-matter interaction event
using deposited energy and radiation quality factors dependent on the LET value
and recommended by the ICRP, 1991 (see Table 1.1).

dose values for energy bins were multiplied by particles’ integral flux in this
energy bin to get the radiation dose for a certain particle spectrum. Monte-Carlo
simulations are time-consuming, especially for high-energy GCR particles. This
technique allows for avoiding expensive simulations for each particle spectrum. From
this perspective, the results of Monte-Carlo calculations can be treated as “instru-

ment response functions”.



Chapter 4

Results and discussion

4.1 Optimal time and shielding for a flight to Mars

This section presents results of radiation exposure due to GCR and SEP in an in-

terplanetary flight calculated with spherical geometry setup irradiated with circular

source.
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Figure 4.1: Time dependence of GCR dose equivalent for different shielding thicknesses
(indicated by the different colors). Panel (a) shows the dependence of the average dose,
(b) the dependence of the skin dose (0.5 mm layer at the surface of the phantom), (c) the
dependence of the BFO and CS dose (1 mm layer at 5 cm under the phantom surface).

Figure 4.1 shows the time dependences of GCR doses from 1998 to 2012 behind
aluminum shielding of different thicknesses. The average dose is detected in the
entire phantom. The skin dose is detected in the 0.5 mm surface spherical layer of
the phantom. The dose in BFO and CS is detected in the 1 mm spherical layer
located 5 cm under the phantom surface. The absorbed dose during the 2001 solar
maximum is higher behind thinner shielding, but during the 2010 solar minimum,
it is higher behind thicker shielding. An increase of the shielding from 0 g-cm™2 up
to 30 g-cm ™2 results in the decrease of the dose equivalent. The dose equivalent cal-
culated for shielding of 30 g-cm™2 and 50 g-cm ™2 is very similar. It should be noted

that GCR variations due to solar activity are different at different energies. Figure

46
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Figure 4.2: (a) Dependence of the GCR dose equivalent on the shielding thickness. (b)
Dependence of the SEP dose equivalent on the shielding thickness for three large solar
particle events.

4.2b presents the dependence of the dose equivalent on the shielding thickness for
three “typical” SEP events. Note that the y-axis shows the total dose per event,
while Figure 3a shows the dose rate per year from GCR radiation exposure. Dose
calculations are presented for three SEP events: (1) September 1997, (2) November
2000, and (3) January 2005. The common feature is that the dose equivalent de-
creases monotonically with increased thickness of shielding. It can be seen that for
shielding thicknesses over 20 g-cm ™2, the SEP-produced radiation dose is lower than
the annual GCR dose for all considered SEP events. The average dose equivalent due
to the “weak” event in September 1997 (cyan curve) is 5 ¢Sv for unshielded phan-
tom and almost zero if there is shielding. The “large” SEP events in November 2000
(green triangles) and January 2005 (black triangles) cannot be entirely suppressed
even with 60 g-cm~2 aluminum shielding. These two dependencies demonstrate the
influence of SEP particle spectra on the dose equivalent dependence on the shielding
thickness. Proton flux at energies less than 200 MeV during November 2000 event
is significantly higher than during January 2005 event (Figure 1.2) and results in
higher dose equivalent values behind shielding thinner than 10 g-cm~2. However, the

situation changes to opposite behind shielding over 10 g-cm~2 due to larger flux of
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protons with energy over 200 MeV in January 2005 event, comparing to November

2000 event.
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Figure 4.3: Dependence of the net average dose equivalent accumulated during an inter-
planetary flight on the mission duration (x-axis) and launch date (y-axis). Panel a) shows
the dose dependence for an unshielded phantom; panel b) behind shielding of 10 g-cm ™2,
c) 30 g-em™2 and d) 50 g-cm™2. Dotted curves show levels of 0.5 Sv (white), 1 Sv (red),
1.5 Sv (black) and 2 Sv (magenta), respectively.

Figure 4.3 shows the accumulated net dose equivalent from GCR and SEP par-
ticles as a function of the launch date and mission duration. These dependencies
include 56 solar particle events during the period from 1998 to 2006. For each so-
lar event, the fluence spectra of hydrogen, helium, carbon, nitrogen, oxygen, neon,

magnesium, silicon, sulfur and iron ions are considered.
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The SEP deposit a huge dose of radiation in the phantom when it is unshielded
(Figure 4.3a). The radiation dose without shielding will exceed 2 Sv after any
solar event. For the launch in 2006, after a 4-year flight without solar events, the
accumulated dose equivalent exceeds 1 Sv. However, such a low shielding scenario is
unrealistic and can only be used to model the extravehicular activity, which makes
up a small proportion of an astronaut’s time in space. For 5 g-cm~?2 shielding (Figure
4.3b), the SEP contribution can be seen for launch dates before 2001 and 2005, but
the net dose reaches the value of 1 Sv that can be considered critical for a 4.5-year
mission launched around 2006. For 30 g-cm™2 shielding (Figure 4.3c) and 50 g-cm ™2
shielding (Figure 4.3d), the maximum radiation dose value of 1.5 Sv is reached in
a 6-year mission launched around 2006. The dose of 1 Sv is reached for a 5.5-year
mission launched in 2000, behind a shielding of 30 g-cm~2. Shielding of 50 g-cm~2 has

approximately the same efficiency as that of 30 g-cm~2, but the neutron component

in the net dose is large by a factor of ~2, compared to the 30 g-cm~2 shielding.
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4.2 Astronauts radiation dose composition during the flight to Mars

This section presents results of radiation exposure due to GCR in an interplanetary

flight calculated with spherical geometry setup irradiated with circular and ring

sources.
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Figure 4.4: (a) GCR absorbed dose and (b) dose equivalent as a function of the thickness
of shielding. Dependences during solar maximum are shown with solid lines and during
solar minimum with dotted lines. The net dose is shown by the red circle markers, the
dose from GCR particles with energy lower than 600 MeV-nucleon™! by the blue square
markers, and the dose from GCR particles with energy higher than 600 MeV-nucleon™"
by the green triangle markers.

The average absorbed GCR dose during the 2010 solar minimum decreases (Fig-
ure 4.1a) but is significantly higher than during the 2001 solar maximum. The net
dose equivalent during solar maximum has a weak minimum at 30 g-cm—?(Figure
4b) that can be considered as an optimal shielding thickness. The radiation par-
ticle spectra determine the dependencies of the dose on shielding thickness. The
dependence of the GCR spectra on the phase of the solar cycle is stronger for low-
energy particles than for high-energy particles. To examine the contribution of
low- and high-energy GCR particles to the radiation dose, we divided the GCR
particles into two groups shown on Figure 4.4: (1) particles with energies lower
than 600 MeV-nucleon™! (blue curves), and (2) particles with energies higher than

600 MeV-nucleon™" (green curves).
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The net doses (red curves in Figure 4.4) during the solar maximum are deter-

mined mostly by high-energy particles (green curves). The absorbed doses increase

with shielding thickness because of the production of secondary particles in the

shield. The dose equivalent has a local minimum at 30 g-cm™=.

2

During solar minimum, these dependencies are modified with a low-energy parti-

cle contribution (blue curves) that decreases with thickness. As a result, the increase

of shielding thickness leads to a decrease in the net absorbed dose and dose equiva-

lent.
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Figure 4.5: Dependence of dose on shielding thickness during 2001 solar maximum (pan-
els a, ¢) and the 2010 solar minimum (panels b, d). Panels (a) and (b) show the dependence
of the skin dose and panels (c) and (d) show the dependence of the BFO dose on shielding
thickness.
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While the SEP radiation dose is mostly due to primary particles, secondary
particles significantly contribute to the GCR radiation dose. All particles are divided
into four large groups: (1) primary particles, (2) secondary particles propagating
forward (having velocity component along the initial direction of primary particles),
(3) secondary particles propagating backward (having velocity component opposite
to the initial direction of primary particles), and (4) secondary multipass particles
that pass through the phantom two or more times. We refer to primary particles
as the particles launched from the source and to secondary particles as the particles
that pass into the phantom and are not primary. Figure 5 shows the contribution
of primary, forward propagating, backward propagating and multipass particles to
the net dose equivalent.

Figure 4.5 clearly shows that the net GCR dose equivalent is lower during solar
maximum (black curves). There are also several features that are common to all
panels. The first is that the primary particle contribution (red curves) decreases
monotonically with an increase of shielding thickness. The second is that the contri-
bution of secondary (blue and green curves) particles monotonically increases with
an increase of shielding thickness.

Forward propagating secondary radiation (blue curves) is almost the same in
skin and BFO, which means that high-energy secondary particles create it. This
component is determined by the spacecraft shielding thickness and cannot be re-
duced. Backward propagating secondary radiation (green curves) is higher in the
skin than in BFO. This difference is due to 5 g-cm~2 extra water shielding of BFO
that efficiently absorbs backward propagating radiation. It means that backward
propagating radiation has relatively low kinetic energy. This is one more demonstra-
tion and explanation of why distributing hydrogen-contain materials along the inner
walls of a spacecraft is an efficient way to reduce GCR radiation. Dose equivalent
from backward propagating radiation can be considered as the maximal achievable
attenuation of the GCR dose equivalent, as forward propagating radiation is pro-

duced by high-energy particles and cannot be effectively shielded by hydrogen-rich
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It is also worth noting that the radiation dose from multi-pass particles (cyan

curves) increases with thicker shielding, but is much lower than the other compo-

nents.
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Figure 4.6: Depth distribution of GCR dose equivalent inside a water phantom behind
shielding of different thicknesses. Panels (a, b) show the dependence during solar maximum
and panels (¢, d) during solar minimum. Panels (a, c¢) illustrate the distribution of the

net dose, whereas panels (b, d) show the distribution of the secondary neutron dose.

Figure 4.6 shows the distribution of the radiation dose inside the phantom. As

we take the constant step of 1 mm by depth, the volume of the element decreases

with the depth, and the number of particles per considered volume is small and

reaches counting statistics. This explains oscillations seen at a depth of ~10 c¢m and
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more.

The net dose equivalent (Figure 4.6a,c) decreases with depth inside the phantom
behind all chosen thicknesses of shielding. It can be seen that the net dose distri-
bution (Figure 4.6a,c) behind any shielding during solar maximum (Figure 4.6a)
is lower than the radiation dose distribution behind the thickest shielding during
solar minimum (Figure 4.6¢). The dose of secondary neutrons increases by a factor
of two during solar minimum (Figure 4.6b,d), when the GCR flux is significantly
increased in comparison to solar maximum. The radiation dose from GCR, with en-
ergies greater than 600 MeV-nucleon™!, also increases by a factor of two during solar
minimum (Figure 4), which means that these high-energy GCR particles produce
secondary neutrons .

The net dose decreases with an increase of thickness of shielding up to 30 g-cm=2,
whereas the dose of secondary neutrons (Figure 4.6b,d) increases for all selected
thicknesses of shielding. Although there is not much difference in the net dose
behind 30 g-cm™2 and 50 g-cm ™2, the dose of secondary neutrons is two times higher
behind 50 g-cm~2 shielding. During the solar maximum in 2010, behind 50 g-cm ™2
shielding, secondary neutrons contributed up to 50% of the net dose for skin, up to
30% for BFO (5 cm depth), and up to 20% for deeper (greater than 10 cm depth)
phantom regions. Therefore it is of vital importance to measure the neutron dose.
Otherwise, the measured net dose would be significantly lower than in reality, and
the risk for an astronauts’ health might be underestimated.

The results shown in Figure 4.5 can be summarized as general recommendations

for spacecraft design:

e A long-duration mission should be scheduled only for the period of solar max-

imum to reduce the influence of high-energy GCR radiation.

e Spacecraft shielding should be thick enough (~10-30 g-cm~2) for efficient at-

tenuation of SEP radiation.

e Spacecraft shielding should not be thicker than ~10-30 g-cm~2 to prevent the
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production of secondary particles.

Composites have often been discussed for use in deep space habitats. Materials such
as a carbon composite with significant hydrogen may potentially improve shielding
and allow for a longer duration flight.

The latest experimental results show that brain irradiation with much lower
equivalent doses can cause permanently reduced organism activity. Also, the skin
dose equivalent is higher than the average, so the probability of chronic effects for
the skin is higher.

Although the average dose equivalent behind shielding thicker than 30 g-cm 2
remains approximately the same, the dose composition changes significantly. Partic-
ularly, the dose of secondary neutrons increases with increased shielding thickness.
During solar maximum, the dose equivalent from secondary neutrons can contribute
up to 50% for the skin, up to 30% for the BFO, and up to 20% for deeper phan-
tom regions. The influence of neutrons on an organism is not clearly understood,
which can be a reason for concern. This provides another argument not to increase
shielding thickness over 30 g-cm™2.

According to our simulations, the optimal shielding thickness is ~30 g-cm™2.
The dependence of the skin dose equivalent on the shielding thickness has a local
minimum at 30 g-cm™? at any phase of solar activity. The dependences of average
and BFO dose equivalent on thickness have a local minimum at 30 g-cm~2 only dur-
ing solar maximum. During solar minimum, the average and BFO dose equivalent
is constant behind shielding greater than 30 g-cm~2 and significantly higher than
during solar max.

The shortest Earth-to-Mars flight times will be in 2030 and 2050, corresponding
to the period of solar maximum. Current work shows that for the previous solar
cycle, the smallest dose equivalent would be accumulated for a flight started in 2000
during solar maximum. The dose equivalent will be 0.5 Sv after a 3-year flight and

2

1 Sv after a 5.5-year flight if the average astronaut’s shielding is around 30 g-cm™=.

Some organs can be more sensitive to the radiation, and the critical dose value can
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be smaller than 1 Sv.
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Figure 4.7: Dependence of the BFO dose equivalent due to GCR. particles on the thickness
of aluminum shielding with an inner radius of 50 cm. Solid curves show dependences for
the period of the 2001 solar maximum and dashed curves for the period of the 2010 solar
minimum. The net dose is shown in blue, the dose from GCR protons and alpha particles
in red, and the dose from GCR heavier particles (from lithium to nickel) in violet. The
figure is published in Dobynde and Shprits, 2019.

Figure 4.7 shows the dependence of the radiation dose equivalent on aluminum
shielding thickness for the net dose (blue curve), the dose due to the light GCR
particles (protons and alpha particles), and the dose due to heavy GCR particles
(Z¢2). It can be seen that most of the radiation dose is due to heavy GCR particles
if the shielding thickness is lower than ~10 g-cm~2. Light GCR particles (protons

and alpha particles) make up most of the radiation dose behind aluminum shielding
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with a thickness of over ~10 g-cm~2. Considering that the most common average
shielding for crewed space missions is more than ~10 g-cm™2 (Tessa et al., 2009,
Jadrnickovd et al., 2009, Badavi, Nealy, and Wilson, 2011) and that Monte Carlo
calculations for a full set of GCR particles are time-consuming, we next present
calculation results of the dose equivalent due to the GCR proton and alpha particles
only. We also focus on the period of solar maximum, as the GCR radiation doses

are smallest during this period of the solar cycle.

20 - - - - - : : : : :
a) 50 cm inner radius of shield | b) 100 cm inner radius of shield | g 5
15 I PONENTS 1 04
TOTAL
PRIMARY
SEC. PROTONS ] 0 3
=)= SEC. NEUTRONS :
)= SEC. GAMMA

SEC. NUCLEI
=——©— SEC. LEPTONS
~——3—— SEC. MESONS

OTHER SEC. BARION

[6)]

BFO dose equivalent, cSv-year™'
o

BFO daily dose equivalent, mSv

o

o

10 20 30 40 50 60 O 10 20 30 40 50 60
Thickness, g-cm'2

Figure 4.8: Dependence of the BFO dose equivalent due to GCR protons and alpha parti-
cles on the thickness of aluminum shielding during the period of the 2001 solar maximum.
The inner radius of the shielding sphere is 50 cm (a) and 100 cm (b). Dependences for
different particle species are shown in different colors or markers according to the legend.
The figure is published in Dobynde and Shprits, 2019.

Figure 4.8 shows the net dose equivalent dependence on the shielding thickness
and contribution of secondary particles of different species to the net dose. It can
be seen that the primary particle contribution decreases with increasing shielding
thickness, while the secondary particle contribution increases. Among the secondary
particles, the highest contribution to the net BFO dose equivalent is due to secondary
neutrons, protons, and mesons. We made two sets of dose calculations: one for
shielding with an inner radius of 50 cm and the second for shielding with a 100 cm
inner radius. For the same shielding thickness, the radiation dose from secondary

particles is slightly higher in the shielding with a smaller radius.
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Figure 4.9: Dependence of the BFO dose equivalent due to GCR protons and alpha
particles on the ring source radius during the period of the 2001 solar maximum. Depen-
dences for the net dose and its components are shown in different colors according to the
legend. Horizontal lines separate direct-, side- and border-scattering regions. The figure
is published in Dobynde and Shprits, 2019.

Figure 4.9 shows the contribution to the BFO dose equivalent from different
ring sources. For the following discussion and analysis, we divide the ring radiation
sources into three groups: a region of direct-scattering from 0 ¢m to 18 c¢m, a region
of side-scattering from 18 cm to 50 cm or 100 cm (the inner radius of shielding), and
a region of border-scattering from the inner radius of shielding to the outer radius
of shielding. We also refer to the particles that come from a region of side-scattering
and border-scattering as “indirectly scattered” particles.

The radiation dose from primary particles (red curves in Figure 4.9) is mostly
due to primary particles that have initial momentum directed to the phantom, which
corresponds to the ring sources in the range from 0 cm to 18 cm (direct-scattering
region marked in red in Figure 3.1b). The highest dose is due to the source with a

radius of ~13 c¢m, which is equal to the radius of the “BFO” spherical layer (1 mm

layer at 5 cm depth under the phantom surface). It can be seen that dose equivalent
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from primary particles does not depend on the radius of the spherical shielding.

Primary particles from the ring sources with radii larger than 18 cm rarely hit
into the phantom. However, they generate many secondary particles (yellow and
violet curves) that hit into the phantom and significantly increase the radiation
dose. In this work, we distinguish secondary particles that have a momentum com-
ponent along the initial propagation direction of the primary particles and address
them as “forward-scattered secondary particles” (yellow curves in Figure 4.9). We
also address the secondary particles that have a momentum component opposite
to the initial propagation direction of the primary particles as “backward-scattered
secondary particles” (violet curves in Figure 4.9).

It is interesting to note that the radiation dose due to forward-scattered sec-
ondary particles does not change significantly with an increase in ring source radius
for sources in the side-scattering region (the region between the black dashed lines)

if the shell thickness is lower than 30 g-cm™2.

This means that an increase in the
dose, associated increase in the number of primary particles with an increase in ring
source radius is exactly compensated by the decrease in the number of particles
scattered in the direction toward the phantom.

Most of the radiation dose due to backward-scattered particles (violet curves in
Figure 4.9) is due to the border-scattering region. Together with the dose due to
forward-scattered particles it results in the dose increase for the ring sources with
approximately the same radius as the inner radius of the spherical shielding (upper
black dashed line) if the shell thickness is lower then 30 g-cm™2.

A possible reason is that the “actual” shielding thickness (see inset in Figure
4.10) along the initial direction of primary particle propagation is larger for the
ring sources with larger radii, as shown in Figure 4.9. More secondary particles are
generated in the thicker shield and increase the radiation dose.

Our results provide interesting information about radiation dose due to sec-

ondary neutrons. Figure 4.11 demonstrates that most of the secondary neutrons are

generated by primary particles that pass away from the phantom and are scattered
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Figure 4.10: Actual shielding thickness along the initial direction of primary particles
as a function of the ring source radius. Solid curves show dependences for shielding with
an inner radius of 50 cm and dashed curves for a 100 cm inner radius. Dependences for
different shielding thicknesses are shown in different colors according to the legend. The
inset in the right corner schematically shows the cross-section of the calculation setup.
The shell thickness is shown in blue, and the actual shielding thickness along the initial
direction of primary particle propagation is shown in red. The figure is published in
Dobynde and Shprits, 2019.

in the direction toward the phantom. Moreover, the radiation dose from secondary
neutrons increases with an increase in ring source radius and has a maximum around
the value of the inner radius of the shielding sphere, where the “actual” shielding
thickness is the largest.

In Figure 4.12, we plot the dependence of the radiation dose associated with

direct-, side- and border-scattering regions and the resulting total dose as a function
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Figure 4.11: Dependence of the BFO dose equivalent due to GCR protons and alpha par-
ticles on the ring source radius during the period of the 2001 solar maximum. Dependences
for the net dose are shown in blue and for the secondary neutrons in red. Horizontal lines
separate direct-, side- and border-scattering regions. The figure is published in Dobynde
and Shprits, 2019.

of shield thickness. The dose equivalent associated with the direct-scattering region
(the red curve in Figure 4.12a) is higher for the shielding sphere with a radius of
50 cm. In this region, the radiation dose is due to the primary and the secondary
forward-scattered particles. The radiation dose due to the primary particles is the
same because the actual shielding thickness for both shielding spheres is almost the
same. The radiation dose due to the secondary forward-scattered particles is higher
for the shielding sphere with a radius of 50 cm. That is because the angular size of
the phantom, which is measured from a point on the inner surface of the shielding,
is larger in the case of the shielding sphere with the radius of 50 cm than of 100 cm
so more secondary particles are scattered toward the phantom and increase the
radiation dose. A side-scattering region deposits a slightly higher radiation dose in

the case of the shielding with a 100 cm inner radius. This result correlates with a

basic estimation based on the angular size of the phantom and the number of primary
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Figure 4.12: Dependence of the net dose equivalent (a) and dose equivalent due to
secondary neutrons on the aluminum shielding thickness for shielding with 50 cm (solid
curves) and 100 cm (dashed curves) calculated for exposure to GCR protons and alpha
particles during the period of the 2001 solar maximum. Different colors show dependences
of the net dose and its components on the shielding thickness, according to the legend.
The figure is published in Dobynde and Shprits, 2019.

particles coming from the source. Particles from the border-scattering region make
a two-times higher dose in the case of the shielding with the 50 cm inner radius
because the angular size of the phantom is four times larger and the number of
primary particles is two times smaller.

The same differences can be seen in secondary neutron dose dependences (Figure
4.12b). The net neutron dose almost does not depend on the inner radius of the
shielding sphere, although the contribution from the side- and border-scattering
regions differs. The contribution of neutrons from the direct-scattering region is
much smaller than the net BFO dose equivalent from secondary neutrons.

These results are significant to understand the limitations of the widely used
methodology of radiation dose calculation that implements depth-dose curves and
shielding functions. In this methodology, actual spacecraft geometry is processed
into a shielding distribution function using the ray-tracing technique. For each
thickness bin of the shielding function, the radiation dose is calculated using quasi-

infinite layer geometry. This methodology is widely used to model the radiation

dose for realistic spacecraft geometry, as it is much faster than the Monte-Carlo
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calculations. Unfortunately, side-scattering is excluded from consideration with the
main assumption of this method. Namely, particles do not deviate significantly
from rays, and the shielding structure does not change significantly around the ray.
These conditions work well for thicknesses smaller than ~10 g-cm~2, or in the case of
small energy of the primary particle (j ~500 MeV-nucleon™!). These results clearly
demonstrate that the methodology of radiation dose calculations using depth-dose
curves and shielding functions makes an underestimation of the GCR radiation dose
if the shielding thickness is larger than ~10 g-cm~2, because of indirect scattering of
secondary particles. Result presented in this paper show that the underestimation
could reach up to 90% of the actual neutron dose (red curves in Figure 4.12b).
However, the shielding function methodology gives a good prediction for the primary
GCR particle dose and works well for radiation dose calculations from solar energetic
particles and trapped radiation in all thickness regions and GCR dose calculations

for shielding thickness lower than ~10 g-cm—2.
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4.3 LEO orbit as a natural lab for studying biological risks during the

flight to Mars and after

This section presents results of radiation exposure due to GCR during an inter-
planetary flight and flight along ISS orbit calculated with spherical geometry setup

irradiated with circular source.
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Figure 4.13: Binned integrated particle spectra in the near-Earth interplanetary space
and on the actual ISS orbit during different phases of solar activity.

Figure 4.13 shows the binned integral spectra of primary particles for GCR
protons and TP(a), helium ions (b), and all ions from lithium to nickel (¢). The
GCR flux variation associated with the solar activity is significant at energies lower
than ~10 GeV-nucleon™!. At the same phase of the solar cycle, GCR fluxes on
the ISS orbit (green and blue lines) are lower than in the near-Earth interplanetary
space (red and violet lines). At high energies over ~10 GeV-nucleon™!, the total
fluxes differ by a factor of 0.7. “High-energy” GCR particles are almost unaffected
by the magnetic field of the Earth at the scale of the radius of the Earth, and the
difference is due to the “geometric shielding” of the Earth. The angular size of the
space gnieldea covered with the Earth as seen from the ISS, can be calculated from

the geometric position of the ISS as follows:

R 2
Qghielded = 27 Rigs (RISS - REarthIS‘EI—IISS> (4.1)

where Rpa.n is the radius of the Earth, Higg is the altitude of the ISS, and Rigg is

the distance between ISS position and the touchpoint of a tangent line build from
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the position of the ISS to the Earth:

Riss = \/(REarth + Hiss)? — Rparn® (4.2)

Being divided by 47 it results in ~ 0.7, depending on Hiss and Rgartn-

At the energies lower than 10 GeV-nucleon™!, the difference in the GCR fluxes
is higher because of the deflection of the GCR particles by the Earth’s magnetic
field. The minimal possible difference is between GCR spectra in the interplanetary
space during solar maximum and GCR spectra on the ISS orbit during solar min-
imum. Potentially, modifying the trajectory on LEO, increasing orbit inclination,
or altitude might reduce the difference. However, trajectory optimization would be
addressed in future research. Besides GCR, the trapped proton radiation should be
taken into account on the ISS orbit. The spectra of trapped protons decay expo-
nentially with the particle energy. It significantly increases the net proton spectra
at energies up to ~450 MeV (yellow and cyan lines). In the following, we consider
dose dependences on the aluminum shielding thickness in the interplanetary space

during solar maximum and on the ISS orbit during solar minimum. Figure 4.14a
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Figure 4.14: Dependences of the BFO dose equivalent on the shielding thickness in the
near-Earth interplanetary space during solar maximum and the ISS orbit during solar
minimum.

shows the dependence of the BFO dose equivalent on the shielding thickness. The
BFO dose equivalent was calculated in a 1 mm layer at a distance of 5 cm under the
phantom surface. The difference in the net BFO dose (Figure 4.14a) in interplane-

tary space and on the ISS orbit is significant behind thin shielding up to 30 g-cm™2.
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The difference is due to the dose from primary particles (Figure 4.14b) resulting
from the difference in GCR fluxes at low energies and due to the trapped proton
contribution at the ISS orbit.

Aluminum shielding of 30 g-cm ™ efficiently stops trapped proton (yellow curve)
and reduces the dose from primary GCR particles. Secondary particles induced
by GCR (Figure 4.14c) make a major contribution to the radiation dose behind
shielding of 30 g-cm™2 and thicker. The difference in GCR fluxes in interplanetary
space and on the ISS orbit is of a ~0.7 factor at energies over ~10 GeV-nucleon™!
and larger at lower energies. These differences in spectra result in a twice-higher
BFO dose equivalent in the interplanetary space comparing to the ISS orbit. Thus,
it can be concluded that the radiation dose equivalent accumulated in BFO during
a l-year flight to Mars during solar minimum is approximately equal to that of a
~2-year flight on the ISS during solar maximum. To examine the identity of the

radiation environment behind 30 g-cm~2 shielding, we next show the dependence of

the dose equivalent on the particle energy for different species of particles.
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Figure 4.15: Binned integral contribution to the net BFO dose equivalent behind
30 g-cm~2 aluminum shielding as a function of primary particle energy.

Figure 4.15 shows the contributions to the BFO dose equivalent behind alu-
minum shielding of 30 g-cm™2 as a binned integral dependence on the primary par-
ticle energy. The dose equivalent distributions for helium and heavier ions are very
similar to each other. The dose equivalent dependence of protons on the ISS orbit is

modified by the trapped protons (yellow line). However, behind 30 g-cm ™2 shielding,

trapped protons contribute ~7% to the net BFO dose equivalent. This contribution
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is higher behind thinner shielding and is lower behind thicker shielding.
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Figure 4.16: Binned integral dose equivalent distribution over particle energy for all
particle species that hit the phantom behind 30 g-cm™2 aluminum shielding.

Figure 4.16 shows the binned integral BFO dose equivalent spectra for all species
of radiation particles, which hit the phantom shielded with 30 g-cm™2 aluminum
shell. All particles are divided into primary and secondary particles, which have
been produced in the shielding: protons, neutrons, gammas, nuclei, leptons, mesons,
and other baryons. The dependences for the secondary particles (except nuclei)
are almost the same for the ISS orbit and the interplanetary space. The largest
differences are in the dependencies of the primary particles and secondary nuclei.

The differences are due to the differences in the primary particle flux spectra.
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The results in Figure 4.13 show that the best match in radiation particle spec-
tra on the way to Mars during solar minimum is with the radiation particle spectra
on the ISS orbit during solar maximum. In section 4.1, it is shown that the opti-
mal thickness for GCR shielding during the interplanetary flight is 30 g-cm™2. The
results in Figure 4.14a demonstrate that the same net BFO dose equivalent is accu-
mulated during the 1-year flight to Mars and a 2-year flight on the ISS orbit if the
aluminum shielding exceeds 30 g-cm™2. Figures 4.14b and ¢ show that the secondary
radiation deposits most of the BFO dose equivalent behind such shielding. The most
significant differences in the net BFO dose equivalent are associated with trapped
proton radiation on the ISS orbit. Most energetic trapped protons make up 7% of
the BFO dose behind 30 g-cm™2 aluminum shielding, as shown in Figure 4.15. The
detailed comparison of the BFO dose equivalent spectra shows that they are very
similar for all species of secondary radiation. The largest differences are in the BFO
dose equivalent spectra of primary particles at the energies up to 300 MeV-nucleon™!
and are related to the trapped proton radiation. The shielding distribution on the
ISS strongly depends on the position of the phantom and its orientation (see section
3.3 and 4.4). For points that are the most distant from the module walls, the shield-
ing distribution is Gaussian-like, with a median shielding of ~30 g-cm~2. Near the
module wall, the shielding distribution is anisotropic with two peaks at ~5 g-cm ™2
and 60 g-cm™2. Near the module wall, there is also a significant contribution from
trapped protons, but in the middle of the station, irradiation conditions are similar
to the interplanetary space.

The net dose rates measured by RAD (Hassler et al., 2014b) during the in-
terplanetary flight and on the Mars surface differ by a factor of two. The same
difference is found between interplanetary space and the ISS orbit, so radiological

experience obtained on the ISS could potentially be transferred to the base on the

Mars surface.
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4.4 Radiation dose assessment on the surface of phantom during MATROSHKA -

R space experiment

This section presents depth-dose curves calculated using slab geometry setup along

actual ISS orbit for GCR and TR, and calculations of radiation exposure in MATRESHKA-

R experiment.
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Figure 4.17: Calculated trapped radiation depth-dose curves on the ISS orbit behind
aluminum-only (dotted curve for the net dose and empty markers for components) and
water-only shielding (solid curve for the net dose and filled markers for components)
averaged over the second session of the MATROSHKA-R experiment for absorbed dose
(a,b) and dose equivalent (c,d) for trapped electrons (a,c) and trapped protons (b,d). The
figure is published in Dobynde et al., 2019.

Depth-dose curves for trapped radiation are shown in Figure 4.17. For both
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trapped protons and electrons, there is a boundary thickness value, where primary
particle and secondary particle radiation doses are equal. By primary, we mean
space radiation particles, and by secondary, we mean any particle generated in the
geometry setup. Primary particle radiation is dominant behind shielding that is
thinner than the boundary, and secondary radiation is dominant behind thicker
shielding. Trapped electrons (Figure 4.17a,c) produce secondary gamma and elec-
trons that have a quality factor of 1, so the boundary thickness values for the
absorbed dose (Figure 4.17a) and dose equivalent (Figure 4.17c) coincide and are
equal to 2 g-cm™2. Aluminum-only shielding is less efficient in attenuating primary
electrons (empty blue triangles), comparing to shielding with a fraction of water.
2 g-cm~? aluminum-only shielding produces more gammas (empty yellow triangles)
compared to water-only shielding (filled markers). As a result, water-only shielding
attenuates the net dose better than aluminum, although behind water shielding with
a thickness up to 1 g-cm™2 the dose from secondary electrons (filled cyan diamonds)
is higher than behind aluminum-only shielding.

For trapped protons, the boundary value differs for absorbed dose (Figure 4.17b)
and dose equivalent (Figure 4.17d) and also depends on the shielding material. For
aluminum-only shielding, boundary thickness values are 100 g-cm~? for the absorbed
dose and 50 g-cm~2 for the dose equivalent. The difference is mostly due to the
secondary neutron radiation (magenta squares) that has a high radiation quality
factor. Secondary neutrons also increase the dose equivalent behind aluminum-only
shielding compared to water-only shielding. It is also interesting to note that the
dose from secondary electron radiation is higher behind water-only shielding (filled
cyan diamonds).

The depth-dose curves depend on the fraction of aluminum in the net shielding
(Figure 4.18). For the same shield thickness, the smallest dose is behind water-only
shielding (green crosses), and the largest dose is behind aluminum-only shielding
(blue triangles). The difference between curves depends on the shielding thick-

ness: the larger the shielding thickness, the greater is the difference in depth-dose
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Figure 4.18: Calculated depth-dose curves on ISS orbit averaged over the second session
of the MATROSHKA-R experiment for trapped electrons (a) and trapped protons (b).
Depth-dose curves for different shielding compositions are shown in different colors. The
figure is published in Dobynde et al., 2019.
curves. For trapped electrons, the difference in absorbed dose behind water-only
and aluminum-only shielding is 6% behind 1 g-cm™2, 20% behind 10 g-cm™2 and
91% behind 100 g-cm~2. The trapped electron radiation dose values are minimal
behind 1 g-cm~? shielding and thicker, so it does not have a significant contribution
to the net radiation dose value in the considered geometry model. The difference
in the trapped proton depth-dose curves also increases with shielding thickness and
is 3% behind 1 g-cm~2, 15% behind 10 g-cm™2 and 86% behind 100 g-cm™2. The
dependence of the absorbed dose on the shielding composition is more critical for
trapped proton radiation because the net shielding varies in the range from 3 g-cm—2
to 200 g-em™? (Figure 3.3b-1).

The second main component of the radiation on the ISS orbit is GCR. Depth-
dose curves for GCR (Figure 4.19) are different from the trapped radiation. Primary

GCR particles (blue triangles) have major contributions to the net radiation dose

2 2

behind shielding thinner than 10 g-cm™. In the thickness range from 0.1 g-cm™
to 1 g-em~2 the radiation does not depend on the shield thickness, because of the
high kinetic energy of GCR particles. Behind shielding thicker than 1 g-cm™2 the

radiation dose from primary particles decreases with increasing shielding thickness.



CHAPTER 4. RESULTS AND DISCUSSION

72

) Aluminum shielding Water shielding
10 ; ' , : T
-------- net dose < sec.gamma
10l Vv primary sec. nuclei
O sec. protons sec. electrons
100t sec. neutrons A sec. mesons

‘M
“'V‘—"vv

2000,
2445 ¥y ay

AL -
»»z’-*”»’»b-""g;.'
| A
_ porigad S
»P L‘ n TN
E p” AL (L] < ’P’ dw
4 A‘L " 4 <<< v
A ]
[a0K e <<

Daily absorbed dose, mGy

b)

W

AT T U0
00 2045
;P””P!)i’_’.}f,"LLy’v Aas

Daily dose equivalent, mSv

LT oy Y%
P praaStass »»’v:‘
1 AN A ‘A‘A > ’2{’
A y'y <y
o M <y
A €
[ A% < d
Al <« )
n h L A 1 : h 1
107" 10° 10" 10° 1031071 10° 10" 102 103

Shielding thickness, g/ cm?

Figure 4.19: Calculated GCR depth-dose curves on the ISS orbit behind aluminum-only
(a,c) and water-only shielding (b,d) averaged over the second session of the MATROSHKA-
R experiment, for absorbed dose (a,b) and dose equivalent (c,d). The net dose is shown
with black lines. The contribution of primary particles is shown with blue triangles and of
secondary radiation particles specified in the legend. The figure is published in Dobynde
et al., 2019.

The net absorbed dose (black curves in Figure 4.19a,b) increases with the in-
crease in shield thickness in the range from 0.1 g-cm™2 to 150 g-cm™2 and then
decreases for larger thicknesses. This increase is due to the increased amount of sec-
ondary particles, mainly protons (red circles) and electrons (cyan diamonds) that are
generated in the shielding. Secondary particles have major contributions to the net
absorbed dose behind shielding thicker than 10 g-cm~2. The absorbed dose from sec-

ondary neutrons (magenta squares) is maximal behind approximately 150 g-cm ™2
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shielding but is significantly lower than other secondary particles. Secondary ra-
diation components are slightly lower behind water shielding (Figure 4.19b) than
behind aluminum shielding (Figure 4.19a), except for the neutron component (ma-
genta squares) that is significantly lower behind water shielding.

The net depth-dose equivalent (black curves in Figure 4.19¢,d) has a local min-
imum around 20 g-cm~2, which correlates with the local minimum position in pre-
viously reported results Mrigakshi et al., 2013 Slaba et al., 2017. This minimum
is a result of the decrease in primary particle dose (blue triangles) and increases of
secondary radiation with the increase in thickness. Same trends cause the increase
in the absorbed dose dependences on the thickness (Figure 4.19a,b), but because of
the high-quality factor, the dose equivalent of primary particles in the low-thickness
region is much higher than the dose equivalent of secondary particles.

Secondary neutrons (magenta squares) make up to 50% of the GCR dose equiv-
alent behind aluminum shielding (Figure 4.19¢) thicker than 100 g-cm™2. The net
dose equivalent value behind 100 g-cm ™2 aluminum shielding exceeds the dose equiv-
alent behind the smallest presented aluminum shielding of 0.1 g-cm 2. Behind water
shielding (Figure 4.19d), the contribution of secondary neutrons to the dose equiva-
lent is much smaller. Tt is of the same order as secondary protons (red circles), sec-
ondary electrons (cyan diamonds), and secondary mesons (purple triangles). There
is also a maximum in the net dose behind water shielding of around 100 g-cm™2, but
it is lower than the dose behind 0.1 g-cm ™2 water shielding.

Depth-dose curves for different values of the aluminum fraction in the net shield-
ing are shown in Figure 4.20. For the same net thickness, the radiation dose is lower
behind the shielding with a lower fraction of aluminum. The largest difference in the
absorbed dose (Figure 4.20a) is between 100 g-cm ™2 water-only and aluminum-only
shielding. The differences are more significant in the depth-dose equivalent curves
(Figure 4.20b). There are notable differences in the dose equivalent dependencies for
a shielding thicker than 10 g-cm™2. The largest dose equivalent is behind aluminum-

only shielding (blue triangles). Reducing the aluminum fraction in the net shielding
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Figure 4.20: Calculated GCR depth-dose curves on ISS orbit averaged over the second
session of the MATROSHKA-R experiment for absorbed dose (a) and dose equivalent (b).
Depth-dose curves for different shielding compositions are shown with a different color.
The figure is published in Dobynde et al., 2019.

down to 0.8 (red circles) significantly reduces the dose equivalent value. Further
decreases of the aluminum fraction reduce the dose rates but not significantly. The
large difference between aluminum-only and 0.8 aluminum shielding is due to the
reduction of the dose from secondary neutrons. Secondary neutrons have a signifi-
cant contribution to the net dose equivalent behind aluminum-only shielding thicker
than 10 g-cm ™2, up to a half of the net dose equivalent behind 100 g-cm~2 shielding
(Figure 4.19b). The increase of the water fraction in the net shielding from 0 to 0.2
decreases the number of generated neutrons and effectively stops neutrons generated
in the aluminum layer.

Figure 4.21a shows the binned dependencies of the absorbed dose on the shield-
ing thickness for points 3 and 18. The vertical dashed lines show the median net
dose equivalent. The vertical solid lines show the median net shielding i.e., half of
the rays have a shielding greater than this value. We will call the thickness region
up to median the low-thickness region and the thickness region greater than the me-
dian shielding the high-shielded region. Trapped proton radiation has a significant
contribution to the radiation dose in point 18 that is closest to the shell. Trapped

proton radiation is also dominant in the low-thickness region of point 3 that is most
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Figure 4.21: (a) Calculated binned absorbed dose (legend on Figure 4.21b) on the ISS
orbit during the second session of the MATROSHKA-R experiment. Vertical lines show
the median level of the net shielding (dashed) and the median level of the net dose (solid)
for point 18 that is closest to the shell (green lines), and for point 3 that is the most
distant from the shell (black lines). (b) Calculated absorbed dose (solid curves) and dose
equivalent (dotted curves) components distribution on the phantom’s surface. (c) Net dose
distribution on the phantom’s surface without neutron contribution. Experimental data
error is within 10% Kartashov and Shurshakov, 2018. The figure is published in Dobynde
et al., 2019.
distant from the shell. However, in the high-shielded region, doses of GCR and
trapped protons are approximately equal. The radiation dose from trapped elec-
trons (red triangles) is only a minor contribution to the net dose. Figure 4.21b
shows the calculated absorbed dose (filled markers) distribution at the phantom’s
surface. The trapped electron contribution (red triangles) is the smallest, and its
dose does not affect the net dose significantly. The GCR dose (yellow diamonds)
slightly increases in points with high shielding (detectors 1-5 and 27-32) and in-
creases behind less shielded regions (detectors 6-26). The GCR absorbed dose is
0.06 mGy-day~!, which is equal to the value obtained by Gustafsson et al., 2010.
The absorbed dose from trapped protons (blue circles) is the most modulated. The
trapped proton dose is larger in low-shielded points (detectors 9-24) and smaller in
high-shielded points (detectors 1-5 and 27-32), opposite to the radiation dose from
GCR.

Our simulations also give the composition of the dose equivalent (empty markers
on Figure 4.21b) that were not measured in the experiment. It can be seen that

the GCR contribution to the net dose equivalent is higher than the absorbed dose.

In most shielded points, it is equal to 45%. The average quality factor is 1.3 for
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trapped protons and 2.7 for GCR.

Figure 4.21c show the experimentally determined (black circles) and calculated
(green squares) absorbed dose and the dose equivalent (cyan diamonds) distribution
at the surface of the tissue-equivalent spherical phantom. The neutron contribution
was not measured in this experiment session. The calculation results of surface dose
distribution are also presented without a secondary neutron contribution. It can
be seen that the simulation results are in good agreement with the experimental
results. Calculated dose values are, on average 20% greater than the measured
ones. This is likely due to the described trapped protons in the AP8 model. The
AP8 model provides proton spectra for earlier phases of the solar cycle activity.
The largest overestimation is in points 1, 5, 9, 13, 17, 21, 25, and 29 that are
located on the phantom’s bottom (Fig 3.3a). The overestimation can be caused
by the module geometry simplification and the exclusion of other modules from
the geometry model. The maximal radiation dose is detected in points that are
closest to the ISS shell; the smallest dose is found in the most distant points. The
difference between the maximum and minimum dose rate is around a factor of 2
for both experiment and simulation results. Unlike the experimental results, the
calculated radiation dose has a high symmetry about points 16-17, which originates
from the simulation setup symmetry. A possible cause can be a potential mismatch
between the phantom orientation in the experiment and the simulation model, and
between the simulation, ISS model geometry compared to the real ISS geometry.

The method we applied for dose calculations has two main scopes for further
improvement. The first is the main assumption of the ray-tracing method that the
radiation dose is deposited only by particles that travel along the rays to the point of
interest. The second is that depth-dose curves were calculated in geometry without
back shielding, so there is no dose of particles scattered from back shielding. These
issues can result in underestimation of the dose from GCR inside a heavily shielded
spacecraft. For the dose estimations on the ISS, the current versions of ray-tracing

and depth-dose curves predict the radiation dose with good accuracy, except for
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the neutron dose. The neutron dose is underestimated at least by a factor of 2,
comparing to results by Koshiishi et al., 2007 and by Machrafi et al., 2009. The

method should be improved for precise calculations of the secondary neutron dose.
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4.5 Improvement of the ray-tracing method for dose calculation in near-
surface phantom layers or the case of strongly inhomogeneous shield-

ing

This section presents a lateral spread of energy deposition calculated with slab ge-
ometry setup and its implementation with an improved ray-tracing method for cal-

culating dose distribution in spherical phantom.
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Figure 4.22: Radial dose distribution in detector water plate behind aluminum shielding
of different thickness created with 10%2 MeV protons (a), 103 MeV protons (b), 1038 MeV
protons (c), and 10*6 MeV protons (d).

It can be seen in figure 3.3b that high-energy protons have a complex track

structure with a lot of secondary particles, which hit the detector water slab at a
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distance from the initial primary particle detector. This “energy diffusion” is due to
secondary particles and increases with the increase of primary particle energy and
shielding thickness. Figure 4.22 shows calculated energy diffusion as a function of
shielding thickness and primary proton energy. Dotted lines show localization of the
dose with a step of 25% of the net deposited dose. Deposited energy is localized
near the initial direction for all presented proton energies if shielding thickness is less
than ~2 g-cm™2. It means that the main assumption of the ray-tracing methodol-
ogy is satisfied, and the method could be applied. If the shielding thickness exceeds
2 g-cm™2, the deposited energy is distributed near the initial direction. For the
same shield thickness, the higher is the particle energy, the large is localization area.
Protons with energy about 10 GeV (energy bin with the maximal GCR radiation
dose (see figure 4.15)) deposit only 25% of the net dose near their initial momen-
tum direction after passing through a 30 g-cm™2 aluminum shielding (that is the
average estimate for a spacecraft shielding thickness). It means that for this energy
and thickness combination the main assumption of the ray-tracing method is not

satisfied.

Figure 4.23: Geometry processing (a) in the regular ray-tracing methodology and (b) in
extended ray-tracing methodology.

Figure 4.5 shows the dose equivalent as a function of the ring source radius.

However, there is a way to improve the ray-tracing method to take into account this



CHAPTER 4. RESULTS AND DISCUSSION 80

energy diffusion. Figure 4.23a shows a regular ray-tracing method when rays are
traced from the point of interest in all directions to define the shielding-distribution
function. Now, to take into account energy diffusion shown in figure 4.22 one needs
to consider rays that start from the points on regular rays and are perpendicular to
them, as shown in figure 4.23b. Shielding thickness and composition is determined
along each new ray and radiation dose at the corresponding distance is added to the

dose in the point of interest.
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Figure 4.24: Radial dose equivalent distribution in the spherical water phantom created
with 1022 MeV protons (a), 103 MeV protons (b), 1038 MeV protons (c), and 10%¢ MeV
protons (d) and calculated with different methods listed in the legend

Figure 4.24 shows dose equivalent distribution inside water phantom shielded
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with 30 g-cm™2 aluminum sphere. The direct GEANT4 Monte-Carlo calculations
predict a decrease of the radiation dose in the near-surface phantom layers comparing
to the inner layers. The contribution of side-scattered particles is excluded, as it
cannot be described even with the improved ray-tracing method. It can be seen that
the regular ray-tracing method reproduce the dose distribution inside the phantom,
but overestimate it near the surface. In contrast, improved ray-tracing repeat dose
decrease in the near-surface layer. In contrast to the regular ray-tracing, it requires
to define shielding and composition along more rays and more calculation time.
However current progress in hardware development makes this improved method
perspective for radiation dose calculations: it is significantly faster then Monte-

Carlo codes and has a better precision comparing to regular ray tracing.



Chapter 5

Conclusions

The main goal of the provided work was to develop a method to significantly reduce
radiation exposure of astronauts due to GCR, SEP, and TR during space flights.
The complexity of the problem required to select the most important aspects. The

results of the work give answers to five questions selected in the beginning:

e determination of the optimal combination of launch dates and spacecraft shield-
ing to allow the longest possible mission duration before reaching the radiation

dose limit of astronauts;

e calculation of the relative contributions of the different species to the net

radiation dose and their dependence on spacecraft shielding;

e quantitive comparison of the radiation environment within a spacecraft, flying

inside and outside of the Earth magnetosphere;
e calculation of depth-dose curves for urgent dose assessment and its validation;

e definition of the limitations of the depth-dose method in terms of particle

energy and shielding thickness.

Results, methods, and skills obtained during the work can now be applied to address

more specific but also important questions of radiation protection, like:

e considering hydrogen-rich composite materials for usage instead and in addi-
tion to conventional materials used in spacecraft to reduce radiation exposure

of astronauts;

e modeling radiation exposure in a realistic model of the spacecraft using a com-
bination of Monte-Carlo and shielding function methods to reduce calculation

time keeping a high level of assessment precisions;

82
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e transition from post-flight dose assessment to real-time monitoring and fore-

casting.

All parts of the work are either already published (second and fourth) or are
under review in journals (first and third) or would be published after extra work
(fifth).

One of the main outcomes of the work is defining optimal conditions for the
space flight. A long-duration interplanetary crewed flight should be scheduled for
the period of solar maximum at the decay phase to reduce the influence of GCR
and SEP radiation. Spacecraft shielding should be thick enough (~20-30 g-cm™2)

2 to

for efficient attenuation of SEP radiation, but not be thicker than ~30 g-cm™
prevent the production of secondary particles (mainly neutrons). For the previous
solar cycle, these flight conditions allow a 5.5-year flight before reaching the career
expose limit of 1 Sv. If the career exposure limit were reduced in the future, the
maximum flight time would be shorter, while the optimal flight conditions would be
the same.

For most SEP, the radiation dose is due to primary particles. However, if the
SEP spectrum has a significant component of ~1 GeV particles, the radiation dose

2 aluminum

due to this event cannot be reduced down to zero even with 60 g-cm™
shielding. The influence of SEP spectrum is nicely shown with plots in figure 1.2
and 4.2b. Radiation dose due to “larger” event in November 2000 can be reduced
with aluminum shielding to smaller values than dose due to “smaller” but more
“energetic” event in January 2005. It is demonstrated that most of the GCR dose
equivalent is created with heavy GCR particles (Z>2) if the aluminum shielding is
lower than ~10 g-cm™2, due to radiation dose from primary particles. Light GCR
particles (protons and alphas) make most of the dose equivalent if the shielding
thickness is larger than ~10 g-cm~2, due to radiation dose from secondary particles.

Skin and lightly self-shielded organs are exposed to higher doses, than BFO or
CS. This work shows that the skin dose equivalent due to GCR is minimal behind

2

30 g-em™* aluminum shielding at any phase of solar activity. The dependences of
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average and BFO dose equivalent on thickness have a local minimum at 30 g-cm 2

only during solar maximum. During solar minimum, the average and BFO dose

2 and significantly

equivalent are constant behind shielding greater than 30 g-cm™
higher than during solar maximum. The BFO radiation dose is mostly created
with secondary protons, neutrons, and mesons if the shielding thickness is over

~30 g-cm2.

Even if the BFO dose equivalent is the same behind shielding of
30 g-cm™2 and 60 g-cm ™2 of aluminum, the radiation dose due to secondary neutrons
is twice higher behind 60 g-cm~2 shielding.

Most of the secondary neutron dose equivalent behind shielding thicker than

2 is due to “indirectly scattered” particles (up to 90% in the case of

~30 g-cm™
60 g-cm~? shielding) and especially due to “border-scattering” region (Figure 3.1b).
Also, most of the backscattered particles come from this region. The reason is an
increase in “actual” shielding thickness in the “side-scattering” region comparing to
“nominal” shielding thickness (see figure 4.10). The contribution of “indirectly scat-
tered’ particles has been demonstrated using ring sources for shielding irradiation.
According to author knowledge, this configuration has not been ever used before.
Calculations with ring sources also show, that while the radiation dose is almost
the same in the shielding spheres with the same “nominal” thickness and different
inner radii, the contribution to the net dose equivalent due to direct-, side- and
border-scattering regions differs. This shows how important is the spacing between
phantom and shielding and configuration of the shielding. Also, these calculations
show the importance of spherical geometry setup for radiation dose calculations,
especially in the case of GCR. The assessment of the dose with shielding function and
depth-dose curves, calculated using slab geometry setup, exclude “side-scattering”
particles due to methodology assumption. Thus, the optimal shielding of 30 g-cm ™2
obtained in this research is a more realistic value than 20 g-cm~2 reported recently
by Slaba et al., 2017 and has a better background. Moreover, the same work by

Slaba et al., 2017 predicts local minimum only for 1 mm thick water detector, while

there is no minimum for water slab with the thickness of 30 cm, which is a more
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realistic simplification for astronauts phantom.

The value of 30 g-cm™2 is also found to be a border value for comparing the
radiation environment inside a spacecraft on the ISS orbit and in the interplanetary
space. If the average spacecraft shielding is more than 30 g-cm~2, the radiation en-
vironment inside a spacecraft is mostly crated with “high-energy” GCR. It is similar
on the ISS orbit during solar minimum and in the interplanetary space during solar
maximum. If the shielding is less than 30 g-cm™2 dose due to TR and “low-energy”
GCR significantly contribute to the dose equivalent and the “identity” between flight
on the LEO and interplanetary flight is significantly reduced. However, the average
ISS shielding estimations give the value of ~30 g-cm™2. Together with the results
of this work, it allows the application of the current and future ISS radiological
experience for radiation analysis for crewed missions to the Moon and Mars. There
is a number of advantages for radiological studies on LEO comparing to on-ground
experiments. For both the ISS orbit and interplanetary flight, there is a similar ra-
diation composition inside the spacecraft, similar dose rates, and similar synergetic
effect of radiation exposure, micro-gravitation, and hypomagnetic conditions. The
potential duration of the experiments can be comparable to the duration of the flight
to Mars and can be long enough for genomic instabilities studies. The differences
in the radiation environment inside the spacecraft in the interplanetary space out-
side the Earth’s magnetosphere and on the ISS orbit could potentially be reduced
by optimizing the spacecraft shield thickness and composition and by choosing an
appropriate orbit.

Although results in the section 4.2 indicate, that the methodology of radiation
dose calculation with depth-dose curves and shielding functions could not be used
for GCR radiation dose assessments in the case of shielding thickness over 30 g-cm™2,
this method is still a powerful tool to assess radiation doses due to most of SEP and
TR. The lower calculation time, comparing to Monte-Carlo calculations, motivated

us to calculate depth-dose curves for trapped protons, trapped electrons, and GCR

on the ISS orbit in 2004-2005, during the second session of the MATROSHKA-
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R experiment. The GEANT4 Monte-Carlo code (version 10.00.P02) was used to
simulate particle propagation through double-layer aluminum-water shielding and
calculated the energy deposition in a 1 mm detector water layer. The calculated
depth-dose curves can be used with shielding-and-composition functions to calculate
the radiation dose at the point of interest.

These depth-dose curves were used to calculate the radiation dose distributions
at the surface of the spherical water phantom during the second session of the
MATROSHKA-R experiment. The simulation results are in good agreement with
the experimental data on the absorbed dose distribution. The difference is likely
due to the use of the AP8 model that gives proton fluxes for the previous solar
cycle, and due to mismatches in the phantom orientation inside the module and
the exclusion of other modules from the simulation geometry. Trapped protons
constitute a major contribution to the absorbed dose. Variations in the trapped
proton dose are determined from shielding variations in low-thickness regions.

GCR give a 19-36% contribution to the net absorbed dose. There is a 6%
variation in GCR dose at the phantom’s surface. The GCR absorbed dose is lower
at less shielded points and higher in more shielded points. Trapped electrons are
efficiently stopped by the ISS shielding and make less than a 1% contribution to the
net radiation dose at any point at the phantom’s surface. The calculated neutron
dose is lower than in other works. This is likely due to the assumptions used in
the ray-tracing method and the setup used for depth-dose curve calculations. These
issues will be addressed in future works.

The good agreement between the simulation results and the experimental data
verifies the applicability of the applied method for dose calculations for the ISS and
other low-Earth orbit missions. For the interplanetary space, this method can be
used to calculate radiation doses from solar energetic particles (SEP), as they have
almost similar energy range as trapped proton radiation. The method needs to
be further improved to describe and predict radiation doses from GCR radiation,

especially for the interplanetary missions.
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For slab shielding geometry, we demonstrate the dependence of radial energy
distribution on shielding thickness and radiation particle energy. Obtained results
clearly show that methodology of radiation dose calculation using ray-tracing and
shielding functions can be applied only for protons with energy less then 1 GeV
(energy region of SEP and trapped proton radiation) for all shielding thickness and
for only thin shielding (less then ~10 g-cm~2 if proton energy exceeds 1 GeV (energy
region of GCR). We suppose modification of the methodology to take into account
“dose diffusion” and increase calculation accuracy in the near-surface layer of the
water phantom. The modified method needs further development and would be

improved in the future.
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