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Abstract

Protecting astronauts against the harsh radiation environment of space is one of the
major hurdles to human presence in space in the twenty-first century. Future exploration
class missions to the Moon and Mars will require a long-duration presence of astronauts
in space outside of the protective barrier of the Earth’s atmosphere and geomagnetic field.
Space radiation outside of the protection of Earth is a complex hybrid environment of highly
energetic and heavy charged cosmic ions and energetic protons generated as a result of solar
activity.

It was established in previous studies that conventional radiation shielding methods that
use materials to slow down and fragment the heavy charged ions are incapable of protecting
per NASA’s career space radiation limit, for deep-space, long-term missions. Therefore, other
strategies must be used to shield astronauts on long-duration space missions adequately.

Electrostatic radiation shielding, in which an electrostatic field is used to deflect charged
particles, was investigated as an alternative by various researchers. All prior investigations
concluded that the magnitude of potentials needed to generate a field that can provide
significant protection is beyond the reach of present-day technology.

In this work, a set of configurations for electrostatic radiation shielding was investigated.
This work proposes a novel concept of using multiple conductors of lower-magnitude electric
field and repetitively arranging them in three-dimensional space to generate a cumulative
electric field, which, together with passive shielding, can provide significant protection. Mul-
tiple combinations of such configurations were identified. A set of optimized electrostatic
settings and passive shielding materials were used to characterize shielding efficacy against

deep-space radiation.
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Chapter 1

Introduction and Background

1.1 Motivation

In December 2017, the president of the United States, Donald J. Trump, signed the Space
Policy Directive-1 (SPD-1) [14]. This policy created a pathway for the NASA administrator
to implement strategies that would bring back crewed missions to different locations in the
solar system with the combined efforts of the Federal Government and the private sector.
SPD-1 boosted the United States’ approach towards making crewed missions a priority in
the near future.

It is vital to know the potential challenges of space travels to determine its future. NASA
has identified space radiation as one of the primary roadblocks for future exploration missions
[15]. The risks associated with space radiation are assigned the highest priority. Mitigation
of space radiation risks is complicated by two factors: the first is the uncertainties associ-
ated with extrapolation methods of risk computation from databases available for terrestrial
radiation, which are qualitatively and quantitatively different from space radiation, and the
second is the lack of effective radiation shielding methods to protect against the highly en-
ergetic, chronic background space radiation. A proper understanding of free-space radiation
and the radiation environment behind various types of shielding, along with radiobiological

effects on the human body, is also required to understand and mitigate the risk of space



radiation. The radiation environment in deep space mainly consists of two components: 1)
random bursts of energetic particles (mostly protons) generated by solar activity and 2) the
low flux density but highly energetic charged ions that originate from outside the heliosphere.
Trapped particle radiation is encountered in Earth’s vicinity and is thus a minor contributor
for missions beyond Earth orbit.

The nature of space radiation is unique compared to any other terrestrial radiation, and
the data on the effects of this radiation on human bodies are incredibly sparse. To date, only
the exposure data for 24 astronauts for a 12-day mission outside of the lower-Earth orbit
(LEO) environment are available [16]. Because radiation exposure data in deep space are
sparse, space radiation risk models rely on exposure data from terrestrial radiation, which
may have different biophysical effects compared to radiation encountered in space.

Because space radiation risk assessment is based on mathematical models, and there are
significant uncertainties associated with these models, an essential focus of space radiation
protection is lowering astronaut exposure. As enumerated by the International Committee
on Radiological Protection (ICRP), the principles of radiation protection are justification,
optimization, and limitation [5]. Space missions are essential for the progress of science,
technology, and engineering, and have great importance in terms of national pride; thus,
they are justified. The optimization method follows the ‘As low as reasonably achievable’
(ALARA) principle by focusing on mitigating the risk due to space radiation exposure.
ALARA is often implemented via three methods: 1) increasing the distance from the source,
2) reducing exposure time, and 3) increasing shielding. It is practically impossible to increase
the distance from the mostly isotropic space radiation, so the last two principles of ALARA
are of prime importance. The United States Nuclear Regulatory Commission (USNRC) has
specified the limit of 50 mSv per year for radiation workers [17]. The National Aeronautics
and Space Act of 1958 [18] gives NASA the right to set its regulation limits. Based on this
act, NASA has set the regulation limit of career-integrated 3% excess risk of mortality at the
upper 95% tolerance interval [19]. The NASA space permissible exposure limits (SPEL) differ
from the limits of terrestrial radiation workers and can be altered based on the requirement

of the mission, especially for exploration missions (long-term). In addition to the mortality



risk, there are regulations in place to restrict doses to prevent tissue reactions, as described
later in this chapter [19].

It has been shown in previous studies that conventional radiation shielding methods that
use materials such as polyethylene or aluminum are incapable of providing sufficient protec-
tion against the highly energetic and heavy charged (HZE) ion component that poses the
greatest threat on deep-space missions [13, 20]. The mass shielding needs to be increased
to reduce the radiation risk below the regulated limit [19]. The increased mass penalty sur-
passes the launch constraints specified by NASA [21, 22]. Therefore, an alternative solution

is required to resolve this issue.

1.1.1 Organization of the Dissertation

Chapter 1 of this dissertation contains background information regarding types of space
radiation, relevant dosimetric quantities, the risks associated with space radiation, regula-
tion of space radiations, and types of space radiation transport and shielding methodologies.
Chapter 2 describes the risks associated with male and female astronauts of different ages for
various space missions and a novel method of computing population-based risk. Chapter 2
also demonstrates why an improved space radiation shielding system is required to lower
the accumulated risk over a long-term deep space mission. Chapter 3 establishes the simu-
lation framework and mathematical foundation of the one-dimensional (1-D) scaling law in
a beam-like facility. Chapter 4 discusses different three-dimensional (3-D) active shielding
configurations in detail and shows the evolution to the best performing current configuration.
Chapters 5 and 6 demonstrate the effect of hybrid shielding on extreme case solar particle
events (SPEs) and galactic cosmic rays (GCRs), respectively. Finally, Chapter 7 discusses
the conclusions and limitations of this work and also identifies future work that should be

performed.



1.2 Types of Space Radiation

To understand space radiation risk, one must first understand different categories of space
radiation. Space radiation is generally categorized as: 1) geomagnetically trapped radiation;
2) solar energetic particles (SEPs); and 3) galactic cosmic rays (GCRs). The high energy
SEP and GCR components are of primary concern for deep-space radiation shielding. In

this section, these three components are discussed in details.

1.2.1 Trapped Radiation

Trapped radiation consists of charged particles that get trapped near Earth due to the pres-
ence of the geomagnetic field. Trapped radiation is formed when charged particles interact
with the magnetopause region of the Earth and slow down due to the presence of the mag-
netic field [23]. Each particle then rotates at a certain gyro-radius based on its rigidity [24].
The other source of trapped radiation is when HZE ions outside of LEO collide with Earth’s
atmosphere and generate secondary radiation. These secondary radiations then get trapped
due to the magnetic field. Due to the fragmentation of HZE ions, neutrons are generated.
Neutrons further decay to create protons and electrons that get trapped in the near-Earth
environment. Trapped radiation can be a concern for LEO missions such as missions to the
International Space Station (ISS) due to the presence of South Atlantic Anomaly (SAA)
[? ]. This radiation can impact humans and sensitive electronics on spacecraft [25]. It has
been estimated that of the total dose equivalent on ISS that is incurred by astronauts, al-
most half is contributed by trapped radiation in LEO [26]. Earth’s radiation belts consist of
these hazardous radiations, which can create problems for space missions. The electrons are
generally found in the outer belt because they have a greater gyro-radius, whereas protons
are found in the inner belt because of their smaller gyro-radius. The energy of protons in
the trapped radiation environment can exceed 500 MeV, whereas the energy of electrons can
exceed 20 MeV [27]. Trapped radiation is a concern for missions involving substantial time
in Earth orbit. For deep-space missions, trapped radiation exposure is neglected since the

majority of the risk results from SEPs and GCRs. Therefore, for most of this work, trapped



radiation is not addressed.

1.2.2 Solar Energetic Particles

The Sun is the nearest star to Earth and is the energy source that life on Earth requires.
The source of the Sun’s energy is thermo-nuclear fusion reactions. Due to the Sun’s large
mass and gravity, a sufficiently large gravitational pull restricts charged particle escape and
provides the pressure sufficient to maintain the thermo-nuclear reactions among charged
nuclei [23]. The Sun’s atmosphere can be divided into three parts from the center of the Sun

outward, as shown in Figure 1.1.

Internal structure:
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Figure 1.1: Different layers of the Sun, from Ref. [1]

Solar wind consists of highly energetic protons and electrons emitted from the corona
layer of the Sun. They are emitted at a very high speed in the interplanetary region due to
the supersonic expansion of the plasmas located in the corona region.

SPEs are time-integrated spectra of SEPs. Based on the definition of the National



Oceanic and Atmospheric Administration (NOAA), an SPE occurs when solar proton angu-
lar flux density equals or exceeds the value of 10cm=2s71sr=! at energy equal to or higher
than 10 MeV [28]. SPEs can be differentiated into multiple categories, from minor to ex-
treme, based on the intensity and hardness of the fluence spectra. SPEs can be detected on
Earth when sufficiently energetic protons collide with the atmosphere and create secondary
neutrons that can be sensed by the neutron monitors that are located at some specific lo-
cations on the ground. These events are known as Ground Level Enhancements (GLEs).
GLEs are rare, and the probability of occurrence is less than one per solar cycle (around
11 years) [29]. They are essential from the point of view of radiation shield design [30].
Most SPEs are limited to a maximum proton kinetic energy of a few hundred MeVs, but
sometimes the maximum proton kinetic energy with substantial fluence can exceed a few
GeVs [29, 31]. SEPs originate either via magnetic reconnection events during solar flaring
or emissions from the corona [32]. SPEs associated with magnetic reconnection events tend
to be smaller and impulsive, but SPEs related to coronal mass ejections (CMEs) tend to be
large and gradual. The second type of SPE is usually more dangerous for the protection
of astronauts and sensitive space electronics. CME driven events generally accelerate inter-
planetary (IP) shock waves that can accelerate other charged particles in space and thereby
can cause more damage in comparison to impulsive events where the damage can only occur
if the observer is directly located along magnetic field lines connecting the observer to the
Sun. Gradual events have more longitudinal spread compared to impulsive events [29].
There are some historically significant SPEs which could have caused significant exposure
to astronauts. Examples of such historically significant SPEs include those of February 1956,
August 1972, and October 1989. From a dosimetric point of view, the October 1989 SPE is
considered the most important as it had a significant fluence spectrum at energies that can
penetrate conventional passive radiation shielding [30]. Spectra for these SPEs are shown in

Figure 1.2 [2, 3].
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1.2.3 Galactic Cosmic Rays

Galactic cosmic rays are HZE particles traveling from both inter-galactic and intra-galactic
spaces [33]. They thought to be generated from supernova explosions and are accelerated due
to the intergalactic magnetic field. GCRs are comprised of fully-stripped nuclei of isotopes
for elements ranging from hydrogen to plutonium as well as electrons and positrons, although
significant dosimetric contributions result only from heavy charged particles up to Z of 28
(nickel) [34, 35]. Ninety-eight percent of GCR components are baryons. Of them, around
87% are protons, 12% are alpha particles, and the rest are heavy charged particles [34, 35].
Kinetic energies of positively charged ions of GCR range from about 1MeV /n to greater
than 1TeV /n, with 50 GeV /n being a reasonable upper limit for astronaut dosimetry [2, 3].
The rest of the GCR components are made up of energetic electrons and positrons [36]. The
intensity of GCRs varies based on the solar cycle, which is around 11 years in duration [37].
During the solar cycle, the plasma density changes based on emissions from the Sun. The
galactic radiation field is altered based on the intensity of the Sun’s magnetic field at that
time. Parker showed that the moderation of GCRs by the Sun’s magnetic field could be
accurately represented by Equation 1.1[38]
ou 0 m

S ¥ 1 T
o7 = VkVU) = VYU 4 2VV [+

YUE] =0, (1.1)

where U denotes the cosmic ray number density, E' is the particle energy, V' is the particle
velocity vector, and m is the mass of the particle [4]. The spectra for GCR for some important
ions are shown in Figure 1.3.

The components of different ions in the GCR spectra in the case of solar minimum
conditions are shown in Table 1.1. The highly ionizing nature of GCRs poses the greatest
threat in terms of radiation risk for long-term deep-space missions. To estimate the radiation
risk for exploration space missions, a robust computational model for the flux density of the
GCR’s nucleonic component is necessary. There are a few mathematical models of GCR that
accurately represent the real data. These models are generated using the experimental data

obtained from high-altitude balloons and experiments conducted in space. Of these models,



g
=

Differential Flux (cm ~ (MeV/n)

10 10° 10°

Energy (MeV/n)

Figure 1.3: Flux density of significant ions in case of solar minimum (solid line) and maximum
(dashed line) conditions [2, 3]

the most accepted ones in the scientific community are: CREME96 [37], CREME2009 [39],
Burger-Usoskin [40], Badhwar-O’Neill 2010 [41], and Badhwar-O’Neil 2014 [4] models [42].

Cosmic Ray Effects of Microelectronics Code (CREME96)

CREMEDO96 is a model that was developed in 1996 to compute the effect of space-borne
radiation on electronics. This model uses a mathematical model formulated by Nymmik
et al. in 1992 to characterize cosmic ray flux density [37]. In this model the flux density
for elements with Z = 1 to Z = 28 are formulated. The basic mathematical formula for

CREME96 model is given in Equation 1.2,

¢1(R) == DiR_%Bai, (12)



Table 1.1: Fractional Contribution (f) of each element in GCR at solar minimum, after Ref.

[9]

Element f Element f Element f
H 0.8976 Ne 3.71x107* | K 2.0x 107°
He 0.0935 Na 746%x107° | Ca 5.33x 1077
Li 3.37x 107* [ Mg 4.86x10~* | Sc 1.01 x 1075
Be 2.1 x 107 | Al 8.06x107° | Ti 3.66 x 107
| B 6.89 x 10~* | Si 3.66x 107 | V 1.71 x 107°
C 2.56x1073 | P 3.66x107% |V 1.71 x 107°
N 6.78 x107* | S 6.9 x 107° | Mn 224 %x107°
O 242 x107* | Cl 1.32x107° | Fe 2.52x 1074
F 436x107° | Ar 2.65x 1077 | - -

where ¢; is the flux density of particle type ¢, R is the rigidity of the particle, and D; and «;
are constants defined for each particle in the model. ~; and [ represent the Lorentz factor
and the ratio of the particle’s velocity to that of the speed of light in vacuum. An update
of the CREME96 model was done in the CREME2009 model. The CREME2009 uses a
12-month average of the Wolf numbers instead of the monthly average of the Wolf numbers

as in the case of the CREME96 model.

Badhwar-O’Neil 2010 Model

The Badhwar-O’Neill model (BON2010) is the previous model that was accepted as the
benchmark by NASA [41]. The differential flux density for a particle type is defined by the

following mathematical formula in Equation 1.3,

O(E) = joB’ (E + Ey)™7, (1.3)

where jg, 0, and v are constants which are dependent on the particle type. The variables
and Fy represent the kinetic and rest mass energies of the particles respectively. This model
predicts the flux density of GCR particles from Z = 1 to Z = 94 with energy range between
1MeV/n to 1000 GeV/n in interplanetary space [42]. This model used data obtained from
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Advanced Composition Explorer (ACE) and Interplanetary Monitoring Platform-8 (IMP-8).

Badhwar-O’Neil 2014 Model

The underlying mathematical base for the updated Badhwar-O’Neill 2014 model (BON2014)
is the same as that of the BON2010 model. The difference lies in how the constants were
computed [4]. In the BON2010 model, the constants were based on data gathered by the
Cosmic Ray Isotope Spectrometer (CRIS) on the ACE. The data were limited to 50 MeV /n
to 500 MeV /n, and the prediction of higher energy components was made via extrapolation.
In this model, a multitude of data was examined from different satellite and balloon mea-
surements during Solar Cycle 20-24, and based on all of the data, the model parameters were
fit with higher accuracy than the BON2010 model. The parameters used for this model for
different GCR ions are shown in Table 1.2.

The solar modulation parameter is a measure of how much the GCR spectra will be
modified by solar activity. Numerical solution of Equation 1.1 gives the measure of alteration
of the GCR spectra in the presence of the heliospheric magnetic field and solar wind. The
parameter k is impacted by solar activity and is represented in Equation 1.4,

ro2

K(r 1) = ’%ﬁpu () /(). (1.4)

where Vj is the constant solar wind speed (400kms™!), r represents the distance from the
Sun in astronomical units (AU), ¢ is the time in years, kq is the diffusion constant which is
equal to 1.6 x 10*'cm?s™!, and P and ¢(t) are respectively the particle rigidity and solar

modulation parameter. The solar modulation parameter is given by Equation 1.5,

b(r 1) = é / * %drg (15)

where rp is the extent of the heliosphere, Vjy (7, t) is the speed of the solar wind, and k(r,t)
is the diffusion parameter. A quasi-steady state and spherically symmetric interplanetary
medium were assumed to solve this equation. In case of solar minimum conditions, the value

of ¢(t) is approximately equal to 475 MV, and in case of solar maximum conditions, the solar
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Table 1.2: Model parameters used for BON2014, after Ref. [4]

Z Y 0 jo [MV]

1 2.75 -2.82 9.50 x 10~*
2 2.80 -2.00 453 x107°
3 3.21 -0.69 6.37 x 1078
4 2.93 1.50 1.20 x 1077
5 3.00 -0.40 2.40 x 1077
6 2.70 -2.0 1.60 x 107©
7 2.95 -0.60 2.65x 1077
8 2.73 -1.90 1.50 x 107©
9 3.08 0.40 1.63x 1078
10 2.75 -1.60 2.35 x 1077
11 2.73 -1.80 4.60 x 1078
12 2.70 -2.40 3.03x 1077
13 2.75 -1.40 5.30 x 1078
14 2.65 -2.40 2.65x 1077
15 3.15 2.00 5.68 x 107
16 2.70 -1.00 5.78 x 1078
17 3.13 2.00 5.99 x 1077
18 2.90 0.60 1.68 x 1078
19 3.13 2.00 5.68 x 107
20 2.75 -1.60 3.23x 1078
21 3.15 0.40 3.50 x 107°
2 22 3.0 -0.5 1.44 x 1078
23 3.0 -0.50 714 %x107°
24 2.90 -1.00 1.39 x 1078
25 2.80 -1.00 1.39x 1078
26 2.60 -2.50 1.11x 1077
27 2.60 -2.50 1.11 x 107°
28 2.55 -2.40 1.19 x 1078

12



modulation parameter is approximately equal to 1150 M'V.
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Figure 1.4: Relationship between SSN and solar modulation parameter, from Ref. [4]

Figure 1.4 represents the relationship between the Sunspot number (SSN) and the solar
modulation parameter. It is clear that there is a time-lag between the SSN and ¢. This
time lag occurs because the solar magnetic field takes some time to disturb the galactic
component. The solar modulation parameter only alters the lower-energy components of the
GCR (up to around 1000 MeV) as shown in Figure 1.3, and the higher energy component

(with higher rigidity) remains unchanged.

1.3 Radiation Dosimetry Concepts

1.3.1 Stopping Power

Stopping power is defined by the International Commission on Radiation Units and Mea-

surements (ICRU) as the average energy dissipated by ionizing radiation in a medium per
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unit path length of travel by the radiation [43]. The mechanisms by which ionizing radiation
dissipates energy can be classified into three sub-categories: 1) energy loss via interactions
with electrons, 2) energy dissipation via radiation, and 3) energy loss via interactions with
nucleus. Another important parameter called mass stopping power is defined as the energy
dissipated per unit length per unit density. In dosimetry, often, the latter parameter (mass
stopping power) is used extensively. The total mass stopping power is represented as shown
in Equation 1.6,
Stot _ Set | Srad | Snuc

=—+ + : (1.6)
p P P P

where %, %, and % represent the mass electronic, mass radiative and mass nucleonic
stopping power. These three variables are explained here. Mass electronic stopping power
is defined as energy lost per unit length and per unit density by the ionizing radiation via
Colulombic interactions with the electrons of the interacting medium. The mass electronic

stopping power is given by Equation 1.7 [44],

n

Z 22 2mec?
el 2 2 e
7 = 471'7"6 mecC NAZE[ID(V

where r, and m, are the radius and mass of electron, ¢ is the velocity of light in vacuum,

I)—In(1 - 5% — 5%, (1.7)

N4 is Avogadro’s number, Z and A are the atomic number and mass number of the target
material respectively, z is the atomic number of the projectile, and I is the mean excitation
energy, dependent on target material. This formula in Equation 1.7 is popularly known as
Bethe-Bloche formula for computing stopping power of an ionizing radiation in a medium.
The other two stopping powers are radiative stopping power and nuclear stopping power.

The definitions of the mass radiative stopping power is given in Equation 1.8 [44],

S 72 E,, 1
pd — 4me2NAXEm[1n(ﬁ) -], (1.8)

where FE,, is the total rest mass and kinetic energy of the particle and « is a constant.

The last parameter is the nuclear mass stopping power where the ionizing radiation loses its
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energy via elastic collisions with the nucleus of the interacting medium. The mathematical

expression for the mass nuclear stopping power is given in Equation 1.9 [44],

Wmu,])
ST;“"Z (E) = 2#% /O Q0. E) dg?;s sin 0dd), (1.9)

where Q(0, E) is the recoil energy received by the target atom, and 6 is the deflection angle

of the projectile.

1.3.2 Linear Energy Transfer

Linear energy transfer (LET) is an important quantity in radiation dosimetry. It is defined as
the energy absorbed per unit distance by the local medium when ionizing radiation traverses
it [43]. The mathematical representation of the LET is shown in Equation 1.10,

L(E) = (—dE/dxz) (1.10)

avg”’

The negative sign in Equation 1.10 indicates that the energy of the particle is reduced with
increasing distance traveled in the medium. The right hand side of Equation 1.10 represents
the average energy locally imparted to the medium per unit path length. The LET is a
function of particle type and energy. Although the mathematical formulation is similar,
there is a difference between LET and stopping power. Stopping power denotes the energy
lost by the ionizing particle per unit length, whereas the LET refers to the energy that is
imparted to the local medium per unit length. Therefore, LET is either less than or equal to

the stopping power, as some energy loss may be radiative in nature, e.g., Bremsstruhlung.

1.3.3 Absorbed Dose

Absorbed dose is defined as the mean energy imparted to material of mass m when the mass
is infinitesimally small. In practice, it is a measure of amount of energy deposited per unit

mass. For heavy charged particles traversing a medium, absorbed dose can be calculated as
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1 o0
D = —/ L(E)®(E)dE, (1.11)
P Jo
where L(E) and ®(£) are the LET and differential fluence spectrum of the particle that
imparts its energy to the medium. Here, p represents the density of the medium. The SI

unit of absorbed dose is gray (1Jkg™'). For HZE ions with minimal radiative losses, the

LET in the definition can be replaced with the stopping power.

1.3.4 Dose Equivalent

Absorbed dose provides information on the amount of energy deposited locally in a tissue
or medium. To assess the radiobiological damage that this absorbed energy does to a tissue,
absorbed dose must be modified by a quantity known as the quality factor. This factor is a
dimensionless weight that takes into account the degree of damage caused by different kinds
of radiation. The mathematical definition of the dose equivalent is shown in Equation 1.12
H = %/OO L(E)®(E)Q(L(FE))dE, (1.12)
0
where Q(L(E)) is the LET-dependent quality factor. Different versions of ICRP publications
have defined the quality factors differently[5, 6]. Early works established that the quality
factors are a function of LET. Figure 1.5 represents the quality factor formulated by different
ICRP publications [5, 6]. The unit for dose equivalent is the sievert (Sv), which is also equal
to 1Jkg™ L.

1.3.5 Effective Dose

Another important quantity frequently used in space radiation dosimetry is the effective dose.
The dose equivalent indicates the different biological effects of different types of radiation.
The dose equivalent in different tissues gives the measure of biological harm to the particular
tissue. To determine the cumulative damage to the body, another weight factor is needed.

Organs have varying importance in terms of total damage to the body. Effective dose allows
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Figure 1.5: Quality factor as a function of LET for different publications of ICRP, from Ref.
[5, 6]

one to compute the cumulative damage to the body using different tissue weight factors.

The mathematical definition of effective dose is given in Equation 1.13,

E =) wrHr, (1.13)
T

where wp and Hp represent the tissue-specific weight factor and organ dose equivalent in
tissue 7" respectively for the tissue 7'. The values of these weight factors are listed in Table 1.3
based on ICRP 60 [6] and ICRP 103 [10] publications. The expression for organ equivalent

dose (Hr) is given by Equation 1.14,

HT = ZwRDT,R7 (114)
R
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where the term wp is the radiation weighting factor, Dr r is the organ absorbed dose due
to radiation type R in the tissue T' [10]. For space radiation dosimetry, the quality factor
approach (as shown in Equation 1.12) is used to determine organ dose equivalent, whereas for
terrestrial radiation, the radiation weighting factor is used to compute organ dose equivalent
[10].

Table 1.3: Tissue weighting factors from recent ICRP publications, after Ref. [6, 10]

Tissue Tissue weighting fac- | Tissue weighting fac-
tor (wr) [6] tor (wr) [10]

Gonads 0.2 0.08

Bone Marrow (red) 0.12 0.12

Colon 0.12 12

Lung 0.12 0.12
Stomach 0.12 0.12
Bladder 0.05 0.04

Breast 0.05 0.12
Esophagus 0.05 0.04
Thyroid 0.05 0.04

Skin 0.01 0.01

Bone 0.01 0.01
Remainder 0.05 0.12

Total 1.0 1.0

Effective dose is useful for comparing overall detriment for different exposure situations

but is not used to compute risk [45].

1.3.6 RBE-weighted Dose

In addition to dose equivalent, which is used extensively for characterizing stochastic effects,
there is another quantity, RBE-weighted dose, which is used to characterize tissue reactions.
Appropriate RBEs are provided by NCRP Report 132 [46]. RBE-weighted dose for a particu-
lar organ is calculated by weighting the absorbed dose with energy dependent radiobiological
effectiveness values and integrating them over the energy range. The unit of RBE-weighted

dose is gray-equivalent (Gy-Eq). Table 1.4 shows the RBEs of different particles.
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Table 1.4: RBE values for different types of radiation, after Ref. [11]

Radiation Type RBE
1 -5 MeV neutrons 6.0
5 - 50 MeV neutrons 3.5
Heavy Ions (Z > 1) 2.5
Protons > 2 MeV 1.5

Updated Track Structure-based Quality Factors

In previous section, the definitions of quality factors have been discussed. It was shown that
the quality factor is a function of the LET. In recent years, studies have found that quality
factor is also dependent on the track structure of the particle. Since the majority of space
radiation consists of charged particles with varying track structures, an updated definition
of quality factor was required. Extensive research done by the NASA Human Resource
Program (HRP) resulted an updated quality factor, which is based on the track-structure
produced by ions passing through any tissue. The quality factors are defined for different
ions for solid cancer and leukemia [47]. The updated NASA quality factor formula is given

by Equation 1.15,

6.24(30/cty)

Qnasa=(1—-P(Z E))+ TRT

P(Z,E), (1.15)

where the terms of Equation 1.15 are given in Equations 1.16, 1.17, and 1.18,

_(z*/p% ™

P(Z,E)=(1—-e "+ ") Prp, (1.16)

Z" = 7Z(1— e 1)), (1.17)
_(L

Prp=(1—e¢ ‘Frp’), (1.18)
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where the quantity Z* represents ion effective charge, Prp represents the decrease of the
radial dimensions of the track near the termination point, k& determines the location of the
maximum value of Q, a is the slope of the linear part of the dose response curve for reference
photons, and Erp is an empirical parameter set from experimental values. The values of

these parameters for solid cancer and leukemia are given in Table 1.5.

Table 1.5: Parameter values for NASA solid cancer and leukemia

Parameter Solid Cancer Leukemia

Z <4 Z >4 Z <4 Z >4
m 3 3 3 3
Kk [Z/3?] 1000 550 1000 550
Yo [pm?] 7000 7000 1750 1750
oy [Gyfl] 6.24 6.24 6.24 6.24
Erp [MeV /1] 0.2 0.2 0.2 0.2

1.4 Space Radiation Dosimetry and Concept of Risk

1.4.1 Risks Associated with Space Radiation

NASA has classified space radiation effects into four categories [16]: cancer [48|, damage
to central nervous system [49], degenerative tissue damage [50], and radiation sickness [51].
Space radiation effects are also categorized as acute or long term. Acute effects include
nausea, vomiting, skin-burn, and for very high exposures, non-carcinogenic mortality. Long-
term effects include deterministic outcomes such as cataract formation, damage to the central
nervous system, and cardiovascular disease, as well as stochastic effects, such as cancer.
A major concern with stochastic effects is that there are no known dose thresholds [52]
and thus it is possible that these effects can occur at relatively low exposure levels. The
primary concern for GCR exposure is stochastic effects such as cancer whereas deterministic
effects may be caused by SEPs. Recently, advancements have been made in predicting the

occurrence of SPEs [53]. For long-term deep space missions, “storm shelters” are designed to
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protect astronauts during the course of SPE, which usually lasts between hours to days [29].
Most SPEs do not pose a significant threat unless astronauts are performing extravehicular
activities (EVA) outside of the protection of the spacecraft. The most worrisome radiation
effects are stochastic effects such as cancer which may be caused due to low flux density
HZE components which are highly penetrating and thus cannot be removed. Since this
component is ever-present, accumulated effects over the span of years can increase the risk
of exposure-induced death beyond the permissible limit. The different radiation risk concepts

and models are discussed in detail in the following section.

1.4.2 Exposure Guidelines Relevant to Space Radiation

Radiation workers have a very strict limit on what is acceptable in terms of organ dose
equivalent and effective dose. For astronauts, these limits are higher compared to those for
terrestrial radiation workers. The effects for astronauts can be cancerous and non-cancerous.
For stochastic effects, the NASA regulation is a 3% career integrated risk of exposure in-
duced death (REID, discussed in a later section) at the upper 95% tolerance interval [19].
For non-cancerous effects, the regulation limit was set by the NASA Space Flight Human
System Standard Volume 1 (NASA-STD-3001v1) [19]. These radiation limits were set to
prevent deterministic effects from occurring in astronauts in spaceflight. These acute and
deterministic effects are associated with tissue damage and not with cancer risk. To differ-
entiate the effects of tissue damage from that of cancer, a new unit (Gy-Eq) was introduced,
which uses the RBE-weight factors (as shown in Table 1.4) instead of quality factors. Current
NASA dose limits for these deterministic effects are attributed to organs such as eyelens,
skin, BFO, and circulatory system. The tissue damage to the central nervous system (CNS)
is computed using absorbed dose (Gy) as the RBEs for CNS are mostly unknown. Table 1.6
shows the dose and RBE-weighted dose limits for deterministic tissue effects.

In case of stochastic effects, such as cancer, it is generally postulated that these are
caused by the low flux density, high energy, slowly and steadily varying GCR component.

Although the approach of the current SPEL restricts excess risk of death, effective doses
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Table 1.6: Dose and RBE-weighted dose limits for short-term and career non-cancer effects

(mGy-Eq or mGy, where specified), after Ref. [11]
Organ 30-day limit 1-year limit Career limit
Lens 1000 2000 4000
Skin 1500 3000 4000
BFO 250 500 Not applicable
Heart 250 500 1000
CNS 500 mGy 1000 mGy 1500 mGy
CNS (Z > 10) - 100 mGy 250 mGy

corresponding to the NASA career limit can be calculated for astronauts of different ages
for both sexes [12]. Table 1.7 shows the effective dose limit per year to achieve 3% REID
for male and female astronauts. It is evident from the table that females, especially younger

females are more susceptible to space radiation.

Table 1.7: E fective dose to reach 3% REID for never-smoker population, after Ref. [12]

Age [y] Male [mSv] Female [mSv]
30 780 600
40 880 700
50 1000 820
60 1170 980

1.4.3 Brief History of Cohorts and the Dosimetry Models

Since available data on radiation exposure to human beings in space are very scarce, radiation
risk models are dependent on existing databases containing the history of exposure of human
beings of varying ages and both sexes to radiation encountered on the Earth. Such a database
should contain detailed information about a large number of people, including age, sex,
radiation exposure, and a control group of people with similar demographics who were not
exposed to the radiation. The Life Span Study (LSS) cohort data are useful for this purpose

[54]. The LSS cohort comprises around 120000 survivors of Hiroshima and Nagasaki atomic
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bombs detonated in 1945. Meticulous records have been kept by the Radiation Effects
Research Foundation (RERF), a collaboration between Japan and the United States. The
database contains all the people’s exposure data based on their distance from the epicenter
of the blast at the time of the explosion. A total of four groups were constructed, with
varying distances: 1) less than 2km, 2) between 2km and 2.5km, 3) between 2.5 km and
10.0km, and 4) people who were not present in the cities at the time of the bombing (greater
than 10.0km). Among these groups, people with identical age and sex were chosen to
compare the effects of radiation. The last group served as the control group, which included
the unexposed population. A separate group consisting of the survivors’ progenies was
also tracked to understand the hereditary effects of radiation exposure. The dosimetry
was computed using several models over the years. The latest model, known as “DS02”,
includes Monte Carlo computation of radiation exposure via neutron and photon fluences
using data for initial locations of the individuals and detailed shielding configurations that
were designed using reconstructed models of the cities [55]. Three different computational
phantom models, representing infants, adult men, and adult women were used to account
for body self-shielding. Organ absorbed doses were computed by adding the contributions of
photon dose and neutron dose multiplied by a factor of 10 to account for the neutron RBE

in an approximate way [54].

1.4.4 Radiation Risk Model Concepts

There are multiple radiation risk models that have been developed over the past half century.
To understand these radiation risk models, first it is important to understand definitions of

quantities commonly used in these models.

Incidence Rate

The first definition is known as cancer incidence rate or hazard function. It is denoted by

the new cases of cancer occurring among previously healthy group of people. The incidence
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rate at a certain time ¢; is expressed as:

d;

Ailty) =
7=

(1.19)

where d; denotes the number of cancer occurrence at time ¢; in j group due to the effect

of radiation exposure among a group of sample size n; in a time period of occurrence is 7Tj

[56).

Risk

Probability that an individual develops a certain diseases over a specified amount of time,

given the individual is disease free at ¢ = 0. The risk at time ¢, is defined by

p(t;) = —. (1.20)

It is clear that the risk is the multiplication of the incidence rate with the time period of

concern (7}) [56].

Instantaneous Incidence Rate (continuous)

Continuous instantaneous incidence rate is a probabilistic model used in the studies of risk.

It is also known as hazard function. It is given by

f()
At) = T—F)

(1.21)
where F(t) is the probability of the occurrence of the disease from beginning of time (¢ = 0)
to time ¢, and f(t) is the time rate of change of F(t). It gives the probability of disease to
occur at time t, provided the subject is disease free up to that time point. This function

is very important in the studies of risk as all risk quantities are derived from the hazard

function [56].
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Cumulative Incidence Rate

Cumulative incidence rate is the time integral of the hazard function and it gives total

incidence rate over time t:

Ao(t) = /Ot)\(t’)dt’. (1.22)

Excess Absolute Risk

Excess absolute risk is one quantity that is used extensively in risk models. It is given by the
difference between hazard functions for an unexposed group and a group which is exposed

to a particular type of radiation. It is given as

EAR(t) = /\e;rposed(t) - /\unexposed(t)- (123)

The subtraction is strictly valid if all other conditions between the exposed and unexposed
groups are identical. If they are not, there are different mathematical models that can
be applied to compare the data from the exposed and unexposed groups. The risk for an

unexposed group sometimes referred to as baseline risk.

Excess Relative Risk

There is one other quantity that is often cited in the studies of radiation risk. This is called

excess relative risk (ERR). It is defined as

Aea:posed (t)

unexrpose

—1. (1.24)

1.4.5 BEIR VII Models

The BEIR VII models are a collection of well-established, site-specific, mostly linear no-
threshold (LNT) based radiation risk models that give the ERR and EAR. These risk models

were suggested by the BEIR committee in 2007 to compute risk based on data from LSS
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cohort [56]. Based on the BEIR committee’s recommendation, the LSS data from the period
1958-1998 were considered for cancer incidence, whereas for site-specific mortality, the data
from 1950-1997 were studied. The models provide numerical fits to the data using Poisson
regression analysis to compute EAR and ERR. Equation 1.25 gives the most common math-
ematical form of the BEIRVII solid cancer risk models for most of the organs except breast

and thyroid,

ERR(s,e,a) or EAR(s,e,a) = 3D exp(ye*)(a/60)", (1.25)

where e is the age at exposure, e* is equal to e — 30 years when e > 30 and equal to 0 when
e > 30, a and s are the attained age and sex of the exposed person, and the parameters 3,
v, and n are obtained by parameter fitting. There are some site-specific risk models such
as breast and thyroid that have a slightly different radiation risk form than Equation 1.25.
The breast cancer model is obtained from a different cohort to represent American women
characteristics more accurately [57]. The ERR model (Sv™!) for breast cancer is given by

Equation 1.26,

ERR/Sv = 3D(a/60)>, (1.26)

and the EAR (10~* woman years per Gy) for breast cancer is given by Equation 1.27,

EAR = 9.9D exp(—0.05(e — 25))(a/50) 2. (1.27)

The thyroid model provides only the ERR as recommended by the committee. Five
different cohorts including the LSS cohort were studied for this purpose. The BEIRVII

recommended thyroid ERR model (Gy™!) is given by Equation 1.28,

ERR/Gy = B exp(—0.083(e — 30))(a/50) 7, (1.28)

where [ is equal to 0.53 for females and 1.05 for males. These models of cancer risk do not

take into account the effect of e above the age of 30 for while computing the risk.
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1.4.6 UNSCEAR Model

The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)
provides risk estimate models from LSS and other cohorts for solid cancer and leukemia
[58].  The most common form for the EAR and ERR for UNSCEAR model is given by
Equations 1.29 and 1.30,

EAR(a,e,D,s) = [1+ (aD + BD?) exp [k11s=femate + K2 In[a — €] + r3 In[a]], (1.29)

ERR(a,e, D,s) = [(aD + BD?) exp [k11s= femate + K2 In[a — €] + x3In[a]], (1.30)

where D is the organ dose equivalent (Sv), a is attained age, e is the age at exposure, and s
represents the sex. The parameters k1, ko, k3, @ and [ are obtained from fitting to cohort
data. The parameter x; is dependent on the sex; that is, it is zero if the sex is male, and it

is equal to k; otherwise.

1.4.7 Risk of Exposure Induced Cancer and Death

Risk of Exposure Induced Cancer (REIC) and Risk of Exposure Induced Death (REID) are
two essential quantities in terms of regulation of space radiation risks. The first quantity
reflects the risk of cancer incidence as a result of the exposure, while the second quantity
reflects the risk of mortality from cancer as a result of exposure [59]. The mathematical

expression of REIC is given by Equation 1.31,

oo

REICt(ag, Hr) = / At rr(ag, t, Hy) So(t)e™ 2 Jepton 42 ar 1) (1.31)

ag+Lt

where A\;7 and A7 are the tissue-specific incidence and mortality hazard functions, ag is the
age at exposure, Hr is the tissue-specific dose equivalent function, Sy(t) is the background
survival function conditional on surviving to age ag, Lt represents the cancer-specific latency

period, and the variable z is a dummy variable used to describe possible attained ages
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between the exposure [12].
The quantity REID is more important in terms of astronaut career risk limitation and

mission crew assignment. The mathematical expression for REID is given by Equation 1.32,

oo

REIDy(ag, Hr) = / dtAyrr(ag, t, Hy)So(t)e™ =7 Japrip EAur(ensin) = )

ap+Lt

The incidence hazard function is calculated as

Hr

Air(ag, a, Hr) = [vrERRr(ag,a) + (1 — vr) EARr(ag, a)]DDREF’

(1.33)

where the term vp represents the tissue-specific transfer model weight governing the relative
contributions of the EAR and ERR models. The dose and dose rate effectiveness factor
(DDREF) accounts for reduced cancer incidence at doses and dose rates lower than that

experienced by the LSS population and is applied to all solid cancers.

1.4.8 NASA Space Cancer Risk Code (NSCR)-2012 Model

The NSCR-2012 model is the adaptation of NASA’s risk strategy roadmap in terms of
determining the space radiation risks. A non-smoking population of healthy men and women
was used as the reference population. The value of DDREF was taken to be equal to 1.5
based on the suggestions of BEIR VII committee [12]. Table 1.8 shows the NSCR-2012

models for site-specific cancers.

Uncertainty Quantification for NSCR-2012 Model

There can be multiple sources of uncertainties for the NSCR-2012 model. These uncertain-
ties include statistical errors, uncertainties in the incident data, errors in dosimetry models,
tissue weight factor (v;), DDREF, physics uncertainties (uncertainties related to determi-
nation of particle fluence), and uncertainties related to quality factors that have been used

in this model. It has been observed that among all the sources of uncertainties, the largest
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Table 1.8: NSCR-2012 models for site-specific risk models, after Ref. [12]

Organ/Tissue Risk-model Tissue weight factor
(vr)

Lung UNSCEAR 0.5
Stomach UNSCEAR 0.7
Colon UNSCEAR 0.7
Liver UNSCEAR 0.7
Bladder UNSCEAR 0.7
Esophagus BEIR 0.7
Breast UNSCEAR 0
Thyroid BEIR 1.0
Leukemia UNSCEAR 0.5

uncertainty comes from the quality factors. Uncertainty quantification of these risk models

is important as it is determines the number of safe days in space for astronauts.

1.5 Radiation Transport Tools

1.5.1 Stochastic Radiation Transport Methods

In this section, a brief overview of stochastic radiation transport methods is presented.
Stochastic radiation transport tools are effective at 3-D radiation transport, including the
effects of material shielding and enabling computation of dosimetric quantities inside different
computational phantoms. Several such stochastic codes are used in case of space radiation
transport. These include Particle and Heavy Ion Transport Code (PHITS) [60], developed
by Japan Atomic Energy Agency (JAEA), and other European collaborators, FLUktuating
Cascade (FLUKA) [61], Geant4 [62], developed by CERN, and Monte Carlo N-Particle Code
(MCNP), developed at Los Alamos National Laboratory in the USA [63]. Stochastic radia-
tion transport codes tend to be more accurate than deterministic codes but time consuming.
With the progress of high performance cluster systems and parallel processing, that problem
has been reduced substantially. In this section, the details of the PHITS simulation software

are discussed, as it is the stochastic radiation transport tool used in this work.
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PHITS

PHITS is a general-purpose Monte Carlo code system that can simulate the transport of
radiation, including neutron, photon, pion, and muon, to all heavy charged particles, in-
cluding protons, which are important for space radiation transport. This code is a Fortran
based code that can be compiled and executed on Windows, macOS, and Linux operating
systems. PHITS can be executed in parallel mode using either message passing interface
(MPI) or OpenMP mode. It has a wide variety of physics reaction models based on particle
type and energy. The intra-nucleus cascade models such as JAM [64] and INCL4.6 [65], and
quantum molecular dynamics nuclear model such as JQMD [66] are used for charged ion
and nucleus collisions for space radiation. This code uses continuous slowing down approx-
imation with physics model such as SPAR [67] and ATIMA [68] to simulate the motion of
charged particles. Another important feature of this code is that it uses an event generator
mode to transport neutrons below the energy of 20 MeV to preserve the energy conserva-
tion and enables dosimetry via secondary particles produced by the interactions and not by
using neutron cross-section libraries [69]. Using this method enables the calculation of the
secondary particles’ quality factors so the user can calculate the dose equivalent with better
precision. Also, another physics module, known as Electron Gamma Shower (EGS), is used
to simulate the transport of photons and electrons [70]. In the simulations presented in
this work, heavy charged ions were transported as low as 1keV. Photons were transported
from 1keV to 1000 MeV. Lynch’s formula was used for angular straggling [71], and Landau
Vavilov’s energy straggling was used at the time of transport[72, 73]. The default quality
factor for PHITS is the ICRP Publication 60 definitions [6]. Updated track-structure based
quality factors [47] were used for computation of solid cancer and leukemia dose equivalent

in the simulations involved in this work.

1.5.2 Deterministic Radiation Transport Methods

NASA uses a deterministic code named HZETRN-2015 [2, 3] for radiation transport and

calculation of doses. The deterministic code provides approximate solutions to Boltzmann’s
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equation for charged particle transport using the straight-ahead approximation. Previous
versions of deterministic radiation transport codes BRYNTRN [74] and HZETRN-2010 [75]
were upgraded to the present version known as 3D-HZETRN or HZETRN-2015. This code
has been validated for deep-space radiation environment inside thick material shielding [2].
Earlier versions of the code involved the assumption that the projectile as well as secondaries
travel forward along the direction of the projectile [75]. The code was later updated to
accurately simulate the secondary particles that travel in forward and backward directions
as well as propagte isotropically. This code has been validated extensively with more reliable
but time-consuming 3-D stochastic transport codes such as PHITS [60], FLUKA [61] and
Geant4 [62] for space-like boundary conditions [2, 3].

The basic equation behind the formation of this code lies in the solution of time-independent
form of the Boltzmann equation using conservation of particles in 3-D. The basic principle
of phase space conservation is shown in Equation 1.34. This transport equation is derived
by assuming that a region of space is filled with different materials with atomic and nuclear

cross-sections.

Ve (#,0,E) =) /OO/ oin(D,Q B, ENop(2,Q, E)AQ AE' — 0;(E)¢; (i, 0, E).
E Jar

’ (1.34)
Here ¢,(x, ﬁ, E) is the flux density of j** particle at solid angle O and energy F at position .
o;1(E) and 0;(E) are the differential macroscopic and macroscopic cross-section respectively.
The first term in the RHS denotes gain from all other particles of type k with energy £’ and
initial direction Q' that converts to particle of type j with energy E and direction § after
collision. The second term of the RHS is a loss term that signifies particle of type j getting
lost due to interaction in the medium. The interactions can be of multiple types such as
collisions with atomic electrons, elastic scattering from the nuclei and inelastic scattering by
the nuclei. In this section, the required theory to calculate the 1-D approximation for space
radiation transport is discussed. In case of space radiation transport, especially in case of

SPE, the Boltzmann’s equation can be solved using straight-ahead approximation. It was
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assumed that the differential cross-section of the atomic processes can be expressed as

!

o(Q. 9 B E) =Y ot (ENS(QQ - 1)5(E + e — E), (1.35)

where n is the number of electronic excitation levels and ¢, represents the corresponding

excitation energies. The atomic term can be further represented in Equation 1.36 as

= = =/ =/ L= 8 L=
Z / O'?]i(Q, Q ,E, E/)¢k(x, Q s E/)dQ dEl - U](E)¢J<x, Q, E) == 8—E[S](E)¢](LE, Q, E)],
k
(1.36)
where the stopping power S;(E) of type jion with energy E is defined as

Si(E) =>_ o4 (E)en, (1.37)

and the atomic cross section is defined as

o'(E) =Y oi(E). (1.38)

From Equation 1.37 and 1.38, Equation 1.34 can be re-written as the Boltzmann equation

with continuous slowing down approximation (Equation 1.39) as

Ve, (7, 4 B) — = —[S;(E)¢; (7,3, B)] + 0,(E)¢; (7., E) =
%0 (1.39)
g/E ok(E, B (T, E')dE,

where 0, (E, E') is the differential cross-section of a particle of type k, A; is the atomic

mass of the particle of type j and energy E’ producing a particle of type j with energy E.
¢r(x, E') is the flux density of particle type k. The left hand side of Equation 1.39 is known
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as the Boltzmann operator and using it, Equation 1.39 can be re-defined as [76]

—

_M@QHLEHZEZ/M@MEJUW@JﬁdE. (1.40)
k E

To solve this integro-differential equation (Equation 1.40), the double-differential cross
sections are separated for forward and backward directions in case of HZETRN. The for-
ward component is first solved using a straight ahead approximation, where it was assumed
that all particles travel along the path of the projectile. It was hypothesized that the for-
ward components are associated with high-energy the projectile and target fragmentation,
whereas the secondaries are isotropically distributed [77]. The differential cross section can
be represented as

/ 1

o QB E) = E"jk,iso(E,E') + 0 gor (2,

’

,E,E), (1.41)

where the first and second terms in the RHS represent the isotropic and forward components
respectively. 3D-HZETRN provides the numerical solution of the Boltzmann equation along
different forward and backward directions. The latest version of HZETRN can do particle
transport along multiple angular directions specified by the user, as well as transport more

exotic particles such as pions and muons [78].

1.5.3 Active Shielding Transport Tool

Charged particle transport in electromagnetic fields follows the Lorentz formula for charged

particle transport. Relativistic charged particle transport equation is governed by Equa-

tion 1.42,

d(yma)
dt

= ¢(E + 1 x B), (1.42)

where u is the velocity vector of the particle, E and B are the electric and magnetic fields,

and m and ¢ represent the rest mass and total charge of the particle, respectively. The
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Lorentz factor, ~, is calculated as

Ej,

la 1.43
=, (1.43)

y=1+

where Ej, and Fy are the kinetic and rest mass energies of the particle, respectively. For this

study, B =0 for all simulations.

Active Shielding Particle Pusher Code (ASPP)

The ASPP code is an in-house code developed by NASA Lyndon B. Joshnson Space Center,
University of Utah, and Kansas State University [79] for relativistic and charged particle
transport within an electromagnetic field. This code is the backbone of all of the novel
active methods of radiation shielding discussed in this dissertation work. It was validated
in the experimental facilities of Idaho National Laboratory and the Tandem Van de Graaff
facility of Brookhaven National Laboratory. The ASPP input file has six different sections:
the selection of source geometry, initial particle position and velocity assignment, choice of
the electric or magnetic field, selection of particle motion integrator, selection of particle
propagation parameters (e.g. number of time steps and time-step width), and finally the
tallying parameters. The simulation methods of charged particles in a mono-directional

beam through a specified electric field in an accelerator-based facility are explained below:
1. Choose number of particle histories,
2. Choose a disk shaped source with fixed radius,
3. Initialize the particle position and velocity as well as direction of propagation,
4. Choose the electric field (in this case a dipole electric field),

5. Choose parameters like type of ion, energy, distance between the source and the dipole

configuration, time step length (A;) and number of time steps,

6. Choose the type of integrator to be used for propagation,
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7. Choose the position of the detector plane, and
8. For each particle history:

(a) Propagate each particle history via the electric field and update the position and

velocity using the type of integrator chosen for the required number of time steps,
(b) Tally the position of the particle on the detector plane, and

(c) Tally the final position of the particle.

In the case of particle propagation along one direction in a beam-like source, the location
of particle interaction with the detector plane is tallied. In contrast, in the case of particle
propagation from an isotropic source, the number of particles penetrating a spherical vol-
ume of a given radius is the tallied parameter, which is discussed in Chapter ?7. Multiple
particle motion integrators such as the Runge-Kutta method, Velocity-Verlet method, Boris-
Buneman method, and Leap-frog method are available in ASPP. It was observed in studies
that in case of the presence of electric field alone, the Velocity-Verlet algorithm [80] is most
efficient, whereas in case of particle propagation under the sole influence of magnetic fields,
the Boris algorithm is the most effective [81]. Since this work involved particle propagation
under the electric field, a brief description of the Velocity-Verlet algorithm is discussed in

the next section.

Particle Propagation

In this section, the particle propagation algorithm used to simulate particle propagation
under the influence of the electric field is discussed. The Velocity-Verlet algorithm is a
popular particle integrator in the field of molecular dynamics [80]. The particle propagation

can be divided into the following steps:
1. Update the position using one time step,
2. Velocity is computed using half time step,

3. The acceleration is computed using full-step position and half-step velocity, and
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4. Finally the velocity is updated for full time step using half-time step velocity and

acceleration.

The fundamental particle propagation model of the Velocity-verlet algorithm is shown below
in Equation 1.44,
F(t+ At) = 7(t) + Ata(t) + 5a(t),
it + At/2) = d(t) + Sta(t), 144
a(t + At) = L8,
u(

t+ At) =t + At/2) + Sa(t + At).

where r(t) is the position at time ¢ and At is a time interval chosen by the user, which is used
to represent the position and velocity after this time interval. Fand @ represent the electric
field force and acceleration. Here, the velocity vector is updated twice once at the half time
step and once at full time step to give a better approximation. This method provides a

fourth-order accuracy in terms of time and second order accuracy in terms of position.

1.6 Radiation Shielding Methods

Space radiation shielding methods are of two types: 1) conventional passive methods using
materials, and 2) active methods of radiation shielding. In this section, details regarding

these two approaches are discussed.

1.6.1 Passive Radiation Shielding Methods

Passive shielding means using materials to slow down or stop ionizing radiation before it
affects the human body. Passive shielding works via slowing down and fragmentation of
high-Z ions. With the type of radiation encountered in space, it is almost impossible to
ultimately reduce the flux density to zero with any realistic shielding thicknesses of material
[49]. Additionally, slowing HZE ions might have energy decreases resulting in a higher LET
and, therefore, greater energy depositions. Fragmentation results in lower LET particles with

higher penetration capability compared to the primary incident radiation. Thus, increasing
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the shielding thickness beyond a particular value could be counter-productive in the case
of space radiation. It has been shown in previous studies that even a thick shielding of
20gcm™? of aluminum or polyethylene would provide a reduction of effective dose due to
GCR by only 25% and 35% respectively [82] in the free-space radiation environment. Also,
it has been shown that increasing material shielding thickness could increase dose equivalent
beyond a specific value of thickness, especially for materials like aluminum [83].
Understanding the contribution of different ions to the total effective dose beyond ma-
terial shielding and without shielding is vital to gain insight on material protection against
GCR. Table 1.9 and Table 1.10 show the breakup of contribution from different ions without
any material shielding and behind a standard 20 g cm™2 of aluminum shielding [13]. Tt is ev-
ident that with the introduction of passive shielding, the contribution of lighter ion towards
total contribution increases because of the fragmentation effect. The BON2010 GCR model
for solar minimum conditions was used to compute the data in Table 1.9 and Table 1.10.
Table 1.9 shows that around 65% of the contribution comes from energy range 0 - 1.5 GeV /n
and therefore shielding efforts should be concentrated on protecting against this energy range

as it seems more reasonable in comparison to higher energy ions.

Table 1.9: Relative Contribution (%) to effective dose from different energy and charge
groups without any passive shielding, after Ref. [13]

_ Energy | o 0251025 - 05]05-15|15 - 40| >40 Total
[GeV/n] | [GeV /n] [GeV /n] | [GeV /n] [GeV /n]

7 = 2.1 3.7 11.6 10.5 7.7 35.6
7 = 2.1 1.4 2.5 1.6 0.9 8.4
Z=3-10 4.1 5.5 2.6 1.0 0.6 13.8
Z=11-20 1.4 6.0 7.7 2.7 1.5 19.3
Z = 21-28 0.4 3.0 11.1 5.5 3.0 22.9
Total 10.0 19.5 35.6 21.3 13.6 100

Table 1.11 shows the shielding performance for different passive shielding against a his-

torically significant August 1972 SPE (Figure 1.2) and GCR spectra under solar minimum

conditions (Figure 1.3).
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Table 1.10: Relative Contribution (%) to effective dose equivalent from different energy and
charge groups behind 20 g cm™?2 of aluminum passive shielding, after Ref. [13]

lon Emergy | 0251025 - 05105-15 |15 - 40| >40 Total
[GeV /n] | [GeV/n] [GeV /n] | [GeV /n] [GeV /n]

7 =1 1.2 5.4 183 18.4 14.8 581
7 — 1.2 2.2 41 2.9 1.7 12.2
7 = 3-10 <01 |33 38 1.3 03 9.1

7 = 11 - 20 <01 | <02 6.6 2.0 1.1 10.0
7 — 21 28 <01 | <01 47 38 2.1 10.6
Total 25 11.1 374 9284 205 100

Table 1.11: Effective dose equivalent for different incidence conditions and passive shielding,
after Ref. [12]

Passive radiation shielding | Effective dose for Au- | Annual Effective dose

thickness of Al [gem™2] gust 1972 SPE for GCR at Solar Min-
imum

5 676.2 620.7

20 48.4 496.7
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It is evident from Table 1.11 that the effective dose (with ICRP 2007 Publication defini-
tion 103) in case of August 1972 SPE reduces drastically (from 676.2 mSv to 48.45 mSv) with
the increase in thickness of shielding from 5gcm™2 to 20 g cm ™2, whereas in case of the GCR
at solar minimum, the annual effective dose is only reduced from 620.7 mSv to 496.74 mSv,
which is only around 20%. The reason behind this is that GCRs have a significantly harder
energy spectrum than even extreme SPEs; it is practically impossible to shield them using

2 of aluminum is considered a

any reasonable shielding thickness and materials. 20gcm™
standard shielding thickness that can be achievable in the future for long-term deep space
missions. This result indicates that an alternative pathway needs to be explored to solve this
problem. Using very large thicknesses of radiation shielding for a spacecraft would surpass
the launch constraints imposed by NASA [21, 22]. Therefore, passive radiation shielding

can not be the only method of radiation shielding, especially for long duration deep space

missions.

1.6.2 Active methods of radiation shielding

Magnetic Shielding

In the beginning phase of active shielding research in the early 1960s, extensive focus was
placed on using a magnetic field as the way to prevent charged particles from reaching the
spacecraft [84-86]. The idea emulated Earth’s protection ability, the geomagnetic field, to
deflect HZE ions. The magnetic shielding realm can be divided into two broad categories:
1) Confined field approach, and 2) Unconfined field approach. This section discusses the
historical development of concepts and their advantages and disadvantages.

Early work on magnetic methods of radiation shielding was done by Levy [84]. In his
paper of 1961, the comparative analysis between passive shielding and magnetic shielding
was discussed. The study revolved around a futuristic magnetic shielding concept which
used a superconductor and a magnetic field of 12T produced by a 13 m-radius coil with a
current requirement of 3.7 x 107 A. The energy stored by the system was approximately

3.4 x 102 J. This theoretical model of magnetic shielding exhibited a smaller mass penalty
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compared to a hydrogenous passive radiation shielding system protecting against protons of
the same energy. The concept of using superconductors to reduce the power requirement in
the case of magnetic shielding was later discussed [85]. The major components of magnetic
shielding are superconducting wires, structure for supporting the shielding configuration, and
the cryogenic environment that maintains the low temperature for the essential operation of
the superconductors. After the initial work of Levy in 1961, which showed the magnetic field
as a promising method, there was work done by the joint initiative of NASA and AVCO-
EVERETT Research laboratory [86]. This work analyzed different configurations of confined
and non-confined magnetic fields using superconductors. They predicted the efficiency of the
shielding system and the mass required to achieve this efficiency. It was postulated that using
a magnetic field with superconductor materials from combining metals such as Nb and Zr
can be beneficial. The magnetic field strength used in this study was in the range of 10 T.
The magnetic energy that was stored in the system was in the order of thousands of joules.
After the initial works are done in the field of magnetic radiation shielding that emphasized
that to lower mass penalty, superconductors should be used, additional investigations were
performed in the early 2000s by NASA as well as the European Space Agency (ESA) which
led to various superconductor based magnetic shielding architectures [87].

The extensive work done by Hoffman et al. was dedicated to protecting the crew volume
from particles with an energy range between 2-4 GeV /n by using a magnetic field of strength
around 9T [88]. The crew volume was assumed to be a cylindrical object with a diameter
of 7m and a height of 7m. A toroidal magnetic field was chosen with the thickness of the
magnetic field equal to 1.5m - 3m. This configuration provided 100% protection against
all protons below the energy of 2GeV and around 50% protection for protons with energy
3 GeV. Although the protection using the magnetic field was significant, the mass required
to generate the 9T is more than the passive shielding needed to provide similar protection.
While this study was not successful in identifying an active shielding configuration to solve
the mass penalty, it paved the way for future modifications in which a similar magnetic field
can be generated using low-mass materials, and it also created a simulation methodology

which can be used for future. This study represented a very thorough implementation of 3-D
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simulation of HZE particles passing through a magnetic field as well as a shielding material.
However, it failed to address the generation of secondary radiation from the substantial mass
of the magnetic structure, which can be an important factor for long-term space missions
where GCR exposure dominates.

Later research done by Geng et al. used a confined toroidal magnetic field in the range
of 2T to 6 T for a cylindrically shaped crew volume [89]. Effective dose reduction for GCR

2 was around 32%. The magnitude

particles for a combined magnetic field of 6 T and 10 gcm™
of the field for this work was varied between 2T to 6 T.

The European Space Agency (ESA) in 2002 created Topical Team (TT) to recommend a
pathway to solve the space radiation shielding issue using active shielding methods, primarily
focusing on magnetic shielding methods. Their study was dedicated to the critical idea that
instead of trying to protect against HZE particles from galactic cosmic rays (GCR), which
are chronic radiation, the primary goal should be building a magnetic “storm shelter” for
protection against random SPEs. This purpose would require a less intense of the magnetic
field, in the range of 1T to 2T. It was shown that the mass used to build this magnetic
field based “storm shelter” is almost one-third of that required for a passive absorber based
shelter. A critical assumption that this study made was that SEPs are mostly directional, and
the orientation of the magnetic lens can be changed based on the direction of the incoming
solar particle storm direction. Although some component of SPEs is directional, large SPEs
have isotropic SEPs for the majority of the event, and therefore this sort of configuration
is not ideal for these scenarios [29]. Also, this study depends on the successful detection of
upcoming SPEs to change the orientation of the magnetic field, introducing complexity in
the risk mitigation procedure. This study showed that a magnetic field of around 2.5T is
needed if the outer radius of the toroidal field is set to 3m [90].

Plasma Shielding

Another method of active shielding which gained momentum is the use of plasma to protect

against space-borne charged particles. The concept of plasma shielding is a hybrid of electro-
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static and magnetic shielding. The electrostatic force is used to repel positively charged HZE
ions, while a weaker magnetic field is used to prevent electrons from accelerating towards the
spacecraft, reducing the discharge of conductors and Bremmstruhlung production [91]. The
potential required for these configurations is in the range of hundreds of megavolts. There
can be instabilities stored in the plasma cloud due to collisions of ions, and the considerable
energy that is stored in the system, on the order of 10 MJ, makes this radiation shielding
approach unrealistic.

In the 20*" century, significant plasma radiation shielding research involved a combination
of plasma with a magnetic field. Unlike previous research in the field of plasma shielding, cur-
rent work does not provide the combination of an electrostatic and weak magnetic field. In-
stead, modern studies in plasma were concentrated on the formation of mini-magnetosphere,
inspired by Earth’s geomagnetic field [92, 93]. In this concept, greater protection is achieved
by extending the magnetic field and the artificially injected plasma. Without the presence
of the plasma, the magnetic field dissipates rapidly with increasing distance from the center
of the magnetic field. This concept avoids the previous issue with plasma shielding, where
extreme electrostatic potential was required, and the system was unstable as a high amount
of energy was stored in the plasma system. Experimental studies have shown that the mag-
netic field can be extended further out, and therefore, a lower magnitude field to deflect
charged particles of a given rigidity [92, 93]. Also, an electrostatic field is created at the

plasma boundary, which helps further deflect energetic particles away from the spacecraft.

Electrostatic Radiation Shielding

In the beginning phase of active shielding, pioneering work was done by F. H. Vogler in 1964
in terms of using electrostatic shielding to protect astronauts from harmful space radiation
[94]. This study focused on protecting trapped proton environments but can easily be ex-
tended to protection against SPE and GCR. Although the configuration tested in this work
was very basic and used only electrostatic repulsive forces to deflect highly energetic and

heavily charged ions, this study listed the first detailed analysis on using an electrostatic
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field as a means of radiation shielding.

An electrostatic field provides shielding against charged particles through deflecting or
reflecting them. The electric field vectors have to be strong enough to stop the particles
and reverse their trajectories completely. On the other hand, to deflect a particle gradually
away from the spacecraft or crew volume, a lower-magnitude of the electrostatic field is
required. Unlike magnetic fields, electric fields can slow the particles, causing more damage
due to increasing LET. In Vogler’s work, a concentric spherical configuration was used where
the protected region was located inside the inner spherical shell. The potential difference
that was applied between these two different spherical shells was on the range of tens of
megavolts. The potential was chosen in such a manner that the electric field between the

two concentric spheres remained lower than 1 MV cm™!.

This study also concentrated on
assessing the pressure that the spherical shells may place on each other. The attraction
force faced by the spherical conductors was used to compute the design constraints of this
configuration. At the end of the study, it was concluded that this sort of concentric spherical
structure is extremely unstable, and any minor deviation from being concentric will result
in substantial mechanical stress on the structure. This research showed that for electrostatic
radiation shielding to be successful, there is a need for new sets of configurations that provide
significant shielding and are stable from a structural point of view.

In 1985, independent research done by W. Frisina improved the electrostatic radiation
shielding scenario [95]. This configuration also relied on the concentric spherical model. It
used three spherical electrodes with the electrode closest to the spacecraft being positively
charged, whereas the second layer of electrodes is negatively charged, and the third (out-
ermost) layer is a slightly positively charged electrode. The field between the first and the
second electrode is used to deflect positively charged HZE ions, whereas the electric field
between the second electrode and the third electrode is used to generate a field that will
protect against the thermal electrons that might get attracted by the presence of the highly
positively charged electrode. In this work, the electrodes that were chosen were a meshed

instead of solid and materials that were chosen to minimize the thermionic emissions from

the electrodes in the presence of solar thermal radiation. It was also shown that the radius
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of the second electrode carrying the negative charge should be at least twice that of the
positively charged spherical electrode. This study established a relationship between the
size of the spherical electrode and the maximum potential generated between the positively
and negatively charged electrodes. This configuration demonstrated a way to stabilize the
electrostatic shielding configuration by adjusting the dimension of it.

There was another surge of research in the early 21%° century on electrostatic shielding
in the United States for NASA’s plan to send crewed missions to the Moon, Mars and
beyond. The goal was to reduce the mass penalty and improvement of the radiation shielding
capabilities. Previous works done in the area of electrostatic shielding showed that the
concerns towards its successful implementation lies in the requirement of power which is
at least two orders of magnitude greater than possible with present technology. Also, in
order to prevent any structural instability and potential breakdown, the dimensions of these
configurations have to be large, which becomes unrealistic.

Studies done by Tripathi et al in the early 2000s introduced a new concept where the
whole shielding configuration was decoupled from the protected volume and spread over a
distance in the order of 50m to 160m [96]. This concept was novel and it shaped a way
to implement the active shielding without the possibilities of a potential breakdown. Here,
twelve electrostatically charged spheres were used. Of them, six spheres of radius equal to
10 m were placed 50 m away from the protected volume. These spheres were charged with
300 MV, whereas the negatively charged spheres were of radius equal to 20 m and placed at
160 m from the protected area. The negatively charged spheres also were charged with equal
negative potential. The protected volume was also energized with a positive potential of
300 MV. In terms of efficiency, it was observed that this configuration provides around 50%
more protection in terms of effective dose in comparison to a 20 g cm ™2 spherical polyethylene
shielding when subjected to solar minimum GCR spectra of 1977. It is true that this sort of
decoupled asymmetric configuration had the advantage of negating any potential breakdown
or structural instabilities. However, the potential applied was still two orders higher than
what can be achieved. The mass penalty of this configuration was postulated to be equal

to around 20-40 t. This study was followed by similar studies concentrating on reducing
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the mass penalty of the previously discussed active shielding configuration with lightweight
gossamer structure [7]. This work also modified the previous twelve sphere configuration
to a hybrid of three toroidal rings and six spheres, where the previously positively charged
spheres were replaced by the positively charged toroidal rings. The updated configuration
is demonstrated in Figure 1.6. The potential profile comparison in Figure 1.7 shows that
the toroidal rings perform better than the charged spheres. A Monte Carlo based code
that simulates the particle positions in an electromagnetic field was used to characterize
the flux density reduction within the spacecraft. These works demonstrates a comparative
analysis in terms of flux density reduction between the twelve sphere configuration and three
toroidal rings and six sphere configuration (Figure 1.6). In the first case, the potential
applied on each positively and negatively charged spheres was 100 MV and in case of second
configurations, the toroids were kept at 50 MV, whereas the negatively charged spheres were
kept at -100 MV. It was shown that the transmission probability for energetic protons were
reduced in case of the second configuration (toroidal rings) in Figure 1.6.

The most recent work on electrostatic shielding was done by Joshi et al, who improved
the performance of the electrostatic shielding configurations by combining both electrostatic
as well as magnetic shielding methods [97]. This study did a comparative analysis by adding
a magnetic field in the form of a toroid with the earlier twelve sphere electrostatic field
configuration. The magnetic field of the toroid shaped structure was chosen such that the
amplitude of the magnetic field within the protected volume does not go beyond 0.4 T, which

is the recommended limit set for public to reduce the adverse biological effects [98].

1.6.3 Comparative Analysis of Different Active Shielding Method-
ologies

To do a comparative analysis between magnetic, plasma, and electrostatic field, it can be
argued that plasma methods of radiation shielding generally result in an unstable system.
However, recent advances in plasma shielding coupled with a magnetic field have some poten-

tial that can be explored in the future. On the other hand, active shielding using the magnetic
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Figure 1.6: Electrostatic shielding configuration using 6-sphere and 3-toroid configuration,
from Ref. [7]

field alone requires several teslas to provide sufficient protection against the GCR component.
To generate a magnetic field that strong, several technological advancements such as high
temperature superconductors or extensive cryogenic systems are required. Magnetic shield-
ing methods have inherent problems such as the generation of the magnetic quench, high
mass magnets, and large currents as are necessary for operation. Recent studies demon-
strated a shift of focus in terms of the implementation of magnetic shielding. Magnetic
shielding is being considered as an alternative for storm shelters against SPEs compared to
past where it was considered as a protection against GCRs. This change of magnetic shield-
ing application towards protection from SPEs lowered the requirement of the magnetic field

and made it more feasible to implement [87]. Also, there have been some major advance-
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Figure 1.7: Shielding performance comparison between 12-sphere and 6-sphere-3-toroid con-
figuration, from Ref. [7]

ments in high-temperature superconductor alloys in recent years that can be beneficial in the
area of magnetic shielding [90]. In comparison, the electrostatic shielding configuration has
only one major issue: it is impossible to generate hundreds of megavolt potential supplies
that can power the system. However, there may be a way to reduce the power requirement
by aligning multiple conductors sequentially in space with potential in the range of < 10
MV, which is within the grasp of current technology. Electrostatic radiation shielding alone
may not be capable of protecting astronauts in deep-space missions, but when combined
with passive shielding materials, it may be effective. The work done in this dissertation

involves finding such hybrid configurations that can reduce the risk for astronauts and an
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arrangement or a set of physically realizable configurations within the grasp of present-day

or emerging technologies.
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Chapter 2

Population-based Approach to

Astronaut Radiation Risk Assessment

2.1 Motivation

This chapter is dedicated to inform the reader on the risks associated with different space
missions of varying length for male and female astronauts of different age. These space mis-
sions vary from LEO-ISS missions to deep-space long term missions. In case of ISS missions,
the LEO radiation environment is encountered. For deep-space missions, GCR boundary
conditions at solar minimum and solar maximum, and the radiation environment at Mars
surface, are encountered. This chapter also presents a novel population-based risk compu-
tation approach that can be later used to address the risks using hybrid radiation shielding
system. Sex and age dependence in existing radiation risk models and large uncertainties,
mostly due to lack of knowledge of biological effects of highly energetic and heavy charged
particles, presently limit demographics to older, male astronauts for participation in long-
duration missions to Mars. To address this issue, a novel method is introduced for evaluating
radiation risk for proposed missions, where the combined risk for the population is used in
place of age- and sex-specific risks. The age and sex distribution of active and trainee as-

tronauts as of 2018 and operational NASA tools for evaluating astronaut radiation risk are
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used to demonstrate the proposed method for a variety of missions. Discrete and continuous
methods representing the population probability density function are tested. Mission-specific
astronaut population risk distributions are constructed using random sampling from the as-
tronaut age and sex distributions, which are then used to calculate the corresponding upper

95% tolerance limit.

2.1.1 Ethics in Space Radiation Protection

Radiation protection in all scenarios, including space exploration, is guided by three princi-
ples: justification, limitation, and optimization. For an exposure to be justified, the benefits
must outweigh the associated risks. The scientific, technological, and societal benefits of
space exploration are considered to outweigh all associated risks, including those resulting
from radiation exposure. As previously described, NASA limits exposures to astronauts to
prevent deterministic effects and keep stochastic effects, in this case cancer, to a level consid-
ered acceptable by all stakeholders. NASA keeps radiation exposure As Low As Reasonably
Achievable (ALARA) through shielding and mission design with the use of radioprotectants
expected in the near future. As described in ICRP publication 138 [46], the foundation of
these three principles is science, ethics, and experience. The recent emphasis on crewed,
long-duration exploration missions, particularly a mission to Mars, has brought the concept
of space radiation protection ethics to the forefront.

The constitution of the NASA astronaut corps has changed considerably over the 60
years of its existence. The Mercury 7 astronauts comprised a remarkably homogeneous
population by design; among other criteria, they were required to be less than 40 years of
age, in excellent physical condition, and test pilots [99]. At the time of selection, all of
these Caucasian males were between the ages of 32 and 37. Substantial diversification of
the astronaut corps was achieved during the Space Transport System, or Shuttle, Program.
Astronaut Group 8, selected in 1978, included Sally Ride, the first American woman in space;
Guion Bluford, the first African-American in space; and Ellison Onizuka, the first Asian-

American in space. Astronaut Group 22, the most recently-selected group of astronauts
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(2017), consists of seven men and five women ranging in ages from 29 to 42 with diverse
racial and ethnic backgrounds. Diversification of the astronaut corps was accompanied by
changes to career radiation exposure limits. In 1967, no limits were recommended by the
National Research Council of the National Academies of Sciences (NAS/NRC) [100] due to
a concern that such limits would jeopardize mission success. By 1989, the National Council
on Radiation Protection and Measurements (NCRP) recommended a 3% increase in cancer
mortality as the career radiation exposure limit [101], and in 2000, a recommendation was
made to account for uncertainties in the limit [102], with NASA implementation of the
uncertainty portion occurring in 2007 [19].

For a given mission, REID at the upper 95% tolerance limit for younger, female astro-
nauts is substantially greater than that for older, male astronauts. Enforcement of a career
radiation risk limit based on radiation risk models that show substantial sex and age depen-
dence has led to a fundamental ethical dilemma: Should an otherwise qualified astronaut be
restricted from participating on certain missions on the basis of his or her sex or age? In
the absence of additional information, modern society has decided that the answer to this
question should definitely be “No”. However, the ethical dilemma arises when balancing
NASA’s ethical principles of avoiding harm, respect for autonomy, and fairness, and NASA’s
ethical responsibilities of equality of opportunity and long-term astronaut care [103], as they
relate to the astronaut’s REID. This is in stark contrast with Title 10 of the Code of Federal
Regulations Part 19 [104], which explicitly prohibits exclusion from activities on the basis
of sex for workers under the purview of the US Nuclear Regulatory Commission. Addition-
ally, recent research has shown that inclusion of personalized genetic information and family
history might improve radiation risk assessment for astronauts, although there are serious
ethical and legal questions arising from this approach [105].

In an attempt to address this dilemma and more generally the large values of REID as-
sociated with long-duration exploration missions, NASA developed a three-level crew health
and safety medical waiver implementation framework as recommended by the US Insti-
tute of Medicine (IOM). First, a decision must be made as to whether health and medi-

cal standards should be exceeded for any mission (Level 1). Former NASA Administrator
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Charles F. Bolden, Jr., authorized the NASA Office of Chief Health and Medical Officer to
implement the IOM report recommendations in 2016 [103], serving as approval for Level 1.
Second, a decision must be made on whether to undertake a mission that exceeds exist-
ing health and medical standards (Level 2). Finally, if Level 2 is passed, a decision must be
made on crew assignments considering risk assessment for individual crew members (Level 3).
Levels 2 and 3 are evaluated per NASA Procedural Requirement 8900.1B [106]. While this
waiver implementation framework now makes it possible to assign any astronaut to any mis-
sion passing Level 2, certain classes of astronauts may be subjected to a more stringent crew

assignment process (i.e., Level 3) than other classes of astronauts.

2.1.2 Study Scope and Purpose

One possible resolution to this persistent ethical dilemma is to apply the existing REID limit
to the astronaut population instead of individual astronauts. This approach accommodates
existing risk limits and risk assessment infrastructure; harmonizes NASA’s approach with
other US agencies, such as the USNRC; and is similar in philosophy to the “primary refer-
ence risk” concept recommended by the NAS/NRC in 1970 [107]. The proposed approach

proceeds as follows:
1. Define a reference population that reflects the current NASA astronaut corps,

2. Compute the reference population mission REID probability distribution for the mis-
sion under consideration. If this value exceeds the NASA standard, decide whether to

undertake mission (Level 2),

3. If mission passes Level 2, apply the reference population mission REID when making
crew assignments based on reference population career REID (Level 3). Age- and
sex-specific REIDs should be calculated and presented to all stakeholders for informed

consent purposes (but are not used for crew assignment).

The purpose of the present study is to demonstrate the proposed astronaut radiation

risk assessment process for a variety of existing or planned space missions. Various methods
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of representing the reference population for the current astronaut corps are first explored.
Next, the space radiation environments are determined and transported through appropriate
vehicle and astronaut body self-shielding. Organ dose equivalents, based on NASA-defined
quality factors pertinent for HZE radiation, are calculated, and REID distributions are found
for specific astronaut age and sex combinations. Finally, the reference population mission
REIDs are compared with age- and sex-specific REIDs to demonstrate the overall impact of

adopting the revised risk assessment process.

2.2 Methods

2.2.1 Representation of Astronaut Corps Reference Population

Current NASA candidate and active astronauts were considered for the present study. There
are currently 49 astronauts in these categories. Of them, 32 are men and 17 are women. At
the end of 2018, the males ranged in age from 33 to 63, while the females ranged in age from
30 to 53.

The probability density function (pdf) and cumulative distribution function of male and
female astronauts were fit using a discrete binning method as well as two continuous den-

sity approximation methods (Gaussian mixture models [108] and kernel density estimators

(KDEs) [109]). The discrete pdf is given by

1 M
<o <) = 2.1
f(zim <39 < 1) Nz o (2.1)

where the z( is the point of interest, NV is the number of samples, and M is the number of
occurrences of x( inside the interval z;_; < x < x; with corresponding bin-width equal to
T — Tiq.

The Gaussian mixture model is a semi-parametric probabilistic model in which the pdf is
approximated by a weighted sum of multiple Gaussian pdfs. In the case of Gaussian Mixture
Modeling (GMM), a priori knowledge of the data is required. For the KDE, the probability

density of a random variable at a certain point is a weighted average of all distribution
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points that fall under a certain distance from the point of interest. The weight, or kernel, is
adjusted based on the distance of the sample points from the point of interest. The density

function of the KDE is given by:

o) = 5 30 K)o, 2.2

where z is the point of interest, N is the sample size, and h is the chosen distance from
the point of interest and also known as the bandwidth of the system. The parameter K is
the system kernel. In this work, the Epanechnikov and Gaussian kernels were used. The

Epanechnikov kernel is given by

K(z) = 2(1 — 27, (2.3)

where |z| < 1 while, Gaussian kernel is given by

K(x) =

eXp(__)7 (24>

where |z| < oo.

2.2.2 Space Missions Addressed in the Present Work

Three mission profiles were considered, ranging from short term to long term. These missions
included a one-year ISS mission, with REID evaluated in the ISS crew quarters in Node
2 (nominal shielding); at the ISS Radiation Assessment Detector location in the US Lab
(heavily shielded); and in the ISS airlock (lightly shielded). Missions outside of LEO that
were considered included a 21 d mission to cis-Lunar space and a 900d mission to Mars,
consisting of 200d transit from Earth to Mars, a 500d surface stay on Mars, and then
a 200d transit from Mars to Earth. The Mars mission was separated into three mission
segments (two transits and one surface stay) for analysis. Both of the transit missions were
heavily shielded while the surface stay mission was lightly shielded with shielding levels

similar to that of ISS airlock location.
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Each mission was specified to take place during solar minimum and solar maximum to
evaluate the impact of changes in solar activity on REID. These periods were defined by
inspecting historical monthly Oulu Neutron Monitor (http://cosmicrays.oulu.fi) count
rates. The maximum in count rate was found to occur in August 2009, while the minimum
in count rate was found to occur in November 1989. The time periods for all missions were

centered on August 1, 2009, for solar minimum and November 1, 1989, for solar maximum.

2.2.3 Space Radiation Environments

Analyses for the present study were executed using the Multi-environment cancer Risk anal-
ysis Tool (MeRiT) infrastructure [110], developed and maintained by the Space Radiation
Analysis Group at NASA Lyndon B. Johnson Space Center. MeRiT is an end-to-end space
radiation assessment tool that encompasses environment specification, shield specification,
radiation transport, radiation dosimetry, and radiation risk calculations.

In this study, geomagnetically-shielded GCR and trapped protons were used as the
boundary condition environments in LEO, while free-space GCR was used for the other mis-
sions. To generate the appropriate free-space GCR environments, the Badhwar-O’Neill 2014
[4] model was used with direct date input. For the ISS missions, the GCR spectrum was
modified to account for geomagnetic shielding throughout the ISS orbit. The AP8 [111]
trapped proton model, which has been modified by NASA to account for solar activity levels
intermediate to solar minimum and solar maximum, was used to generate the trapped proton
environment. An updated model of the trapped proton environment is available [112], but

it has not yet been incorporated into NASA’s radiation risk assessment infrastructure.

2.2.4 Computational Phantoms and Vehicle Shielding

To properly represent astronaut organ dose equivalent, shielding from both the space vehicle
and astronaut body must be considered. Body-self shielding distributions were represented
using the Male Adult voXel (MAX) and Female Adult voXel (FAX) computational human

phantoms [113]. Previously, convergence studies for organ dose point sampling in the context
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of space radiation exposure evaluations were performed by other researchers [114]. For the
present work, 42 rays and 968 rays per organ dose point were sampled for ray tracing the
computational human phantoms to account for astronaut body self-shielding.

Vehicular shielding varied according to mission. For ISS missions, an advanced computer-
aided design (CAD) model of the ISS was ray traced to generate one-dimensional shield
distributions. For the cis-Lunar space missions, a CAD model of Orion Multi-Purpose Crew
Vehicle (MPCV) was coupled with a CAD model of the European Service Module, and one
crew seat location was ray traced. Finally, for the transit segments of the Mars missions, the
MPCV was coupled with a notional Deep Space Habitat (DSH) consisting of ISS laboratory,
node, and airlock modules, while the Mars surface vehicle shielding consisted only of the DSH.
One vehicle point was ray traced for the Mars transit configuration and one vehicle point
was ray traced for the Mars surface vehicle configuration. All vehicle shielding distributions

were expressed in terms of aluminum equivalent thickness.

2.2.5 Radiation Transport and Dosimetry

NASA’s high charge and energy deterministic space radiation transport code, HZETRN
2, 3], is used by MeRiT to simulate transport and dosimetry. HZETRN simulates transport
of heavy ion spectra through user-defined material shielding and computes point absorbed
dose and point dose equivalent using NASA-defined quality factors [12]. For ISS, cis-Lunar,
and transit segments of the Mars missions, HZETRN was used to generate an interpolation
database for heavy ion fluxes at various material thicknesses. For the Mars surface segment
of the Mars missions, the GCR spectra were transported through the Martian atmosphere on
a ray-by-ray basis to more accurately represent the radiation environment impinging on the
DSH. Organ dose equivalents were then calculated as an average of the point dose equivalents

computed by HZETRN.
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2.2.6 Risk Assessment

MeRiT incorporates the NSCR-2012 [12] methodology for calculating REID point estimates
and distributions taking into account the numerous sources of uncertainty. For each mission,
a database of organ-specific and total REID for males and females of astronaut-relevant ages
was constructed, each with 50,000 entries. To calculate the population-combined REID for

a particular mission, the following steps were taken:
1. Randomly select sex using the relative fractions of male and female astronauts,
2. Randomly select astronaut age given the astronaut sex,

3. Construct the total REID cumulative distribution function (CDF) for selected age and

sex,

4. Randomly select total REID for selected age and sex using inverse CDF method and

store value.
5. Repeat previous steps for N samples, and

6. Calculate upper 95% tolerance limit from N samples of total REID.

2.3 Results

In this section, the effect of choice of population age distribution fitting method is examined.
REID associated with various space missions are presented. The REID probability distribu-
tion functions for various ages of both sexes for the Mars mission at solar maximum and the

pdf of the population-combined REID for this mission are shown.

2.3.1 Analysis of Different Fitting Methods

Figure 2.1 shows the population-combined REIDs for Mars mission in solar minimum and
solar maximum boundary conditions using various curve-fitting tools investigated in our

study. The 42-ray and 968-ray dose point sampling methods were evaluated. Discrete and
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continuous curve-fitting methods provide almost identical results. The population-combined
REID was calculated for all these cases using five different random seeds each with the
sample size of 100000. In Figure 2.1, averages of these simulations are shown, with the error

bars representing one standard deviation.
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Figure 2.1: Comparison of different fitting methods for 900-day Mars mission in solar mini-
mum and solar maximum boundary conditions.

2.3.2 Low Earth Orbit and Cis-Lunar Missions

In Figures 2.2 and 2.3, the age-dependent REIDs for male and female astronauts for one-year
mission in the ISS airlock location are shown for the LEO radiation environment, consist-
ing of a combination of GCR and trapped proton radiation. Similar results are observed
for the other ISS locations. The age-dependent REIDs are all below NASA’s REID limit.
At a particular age, the female REID is higher than the corresponding male REID due

to higher radiosensitivity as indicated by the underlying epidemiology. The population-
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combined REID lies somewhere in between male and female risk distributions for ages less
than about 55 years. Figure 2.4 shows that for all one-year LEO missions and the cis-Lunar
missions, the REID is well below NASA’s limit. Depending on age and sex, NASA astro-
nauts could participate in anywhere between one and six one-year ISS missions with no need

for waiver.
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Figure 2.2: REID for male and female astronauts for 1-year space mission at ISS Airlock in
solar minimum condition.

2.3.3 Mars Missions

Long-term deep space missions are of greatest concern for lifetime risk of radiation-induced
health effects. For the solar minimum Mars mission, it is evident that the male, female, and
population-combined risks surpass the NASA REID limit as shown in Figure 2.5. For the so-
lar maximum Mars mission (Figure 2.6), only male astronauts 54 and older without previous

spaceflight experience would be allowed to participate without a waiver. The population-
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Figure 2.3: REID for male and female astronaut for 1-year space mission at ISS Airlock in
solar maximum condition.

combined REID at the upper 95% TL is around 4%, which would require a mission waiver

according to the proposed protocol.

2.3.4 Age-specific vs. Population-combined REID Distributions

Comparing the age-specific and population-combined REID distributions for the solar max-
imum Mars mission, it is observed that the population-combined distribution closely follows
that of a 30-year-old male and 60-year-old female astronaut in case of Mars mission at
solar maximum conditions (Figure 2.7). The organ-specific point estimate REIDs for 30-
year-old male and 60-year-old female astronauts, shown in Figure 2.8, demonstrates how
risks for different cancers compensate to result in very similar total risks. On the other
hand, the comparison of organ-specific point estimate REIDs for the same mission at same

boundary conditions for a 30-year-old female and 60-year-old male (Figure 2.9) shows that
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Figure 2.4: Combined risk for the Astronaut Corp for Different Space missions.

the organ-specific risks for 30-year-old female are higher compared to 60-year-old male and
population-combined REID for each organ except BFO; therefore the total risk is also higher.
The compensating effect is not observed in this comparison. In Figure 2.8 and Figure 2.9,
the term Others represents the cumulative risk from organs such as thyroid, brain, esopha-
gus, oral cavity, bladder and remainder organs. The population-combined total REID lies
in between the REID of male- and female-only population-combined REIDs, as shown in

Figure 2.10.

2.4 Discussion

2.4.1 Analysis of Different Fitting Methods

This work involves choosing discrete and continuous fitting methods for sampling the prob-

ability density function of age for the male and female astronauts in the astronaut corps.

61



—®— Female
—ll— Male

= = Combined
=+ NASA Limit

REID (%) at Upper 95% TL
(@)

0 . . . . . .
30 35 40 45 50 55 60 65

Age (y) in 2018

Figure 2.5: Risk profile for male and female astronauts for 900-day Mars mission in solar
minimum condition.

Continuous distributions do not suffer from discretization errors in distribution sampling.
Discrete methods are simple, but introduce errors as one point can only be inside a partic-
ular bin and outside of that bin it does not have any contribution. From Figure 2.1, it is
evident that the continuous and discrete methods show minimal differences, demonstrating
that discretization error in this system is negligible. Additionally, the results for 42 rays per

dose point are very similar to the results for 968 rays per dose point.

2.4.2 Low Earth Orbit and Cis-Lunar Missions

REID for one-year ISS missions and short-term cis-Lunar missions for astronauts of both
sexes and all ages is below the NASA limit; however, the crew member’s career REID
may exceed the limit depending on career mission profile. The REID associated with one-

year ISS missions at solar minimum is almost twice that for the same missions at solar
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Figure 2.6: Risk profile for male and female astronauts for 900-day Mars mission at solar
maximum condition.

maximum. REID is a strictly monotonically decreasing function of age for both male and

female astronauts, and differences in REID for the two sexes decrease as age progresses.

2.4.3 Mars Missions

REIDs for the Mars missions mostly exceed NASA’s career REID limit at the upper 95%
TL, ranging from around 11% for 30-year-old females during solar minimum to less than
3% for older males during solar maximum. It is clear from the results that none of the
female astronauts would be permitted to participate in a Mars mission without an individual
waiver, while some males would be permitted to participate in the mission without a waiver
during solar maximum. With the proposed approach, individuals are not restricted from
participating in missions on the basis of age and sex; instead, the population-combined

REID for their particular career mission profile is the determining factor.
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Figure 2.7: REID probability density functions for 30-year-old male, 60-year-old female, and
combined population for 900-day Mars mission at solar maximum conditions.

When examining distributions of total REID) it is observed that the distributions for a 30-
year-old male astronaut and 60-year-old female astronaut are very similar to the distribution
for the population-combined REID. Inspection of organ-specific and point-estimate REIDs
shows that while the 30-year-old male and 60-year-old female have similar total REIDs,
there are compensating risks from different cancers. Specifically, the 60-year-old female
REID from lung cancer and sex-specific cancers are larger than that for the male, while the
30-year-old male REID for leukemia (BFO), colon cancer, and those in the “Others” category
are larger than that for the female. This is not observed when comparing the organ-specific
REIDs for a 30-year-old female and a 60-year-old male, as most of the organ-specific risks
and the cumulative risk of a younger female are higher than that of an older male. This
difference is mostly attributed to the higher radiosensitivity of sex-specific organs and lungs
for the younger female. While differences in radiosensitivity due to presence or absence of

sex organs is reasonable, sex differences in organs that are present in both males and females
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Figure 2.8: Organ-specific REID for 30-year-old male, 60-year-old female, and combined
population for 900-day Mars mission at solar maximum conditions.

must be investigated to determine whether confounders, such as smoking status of the LSS
population, are artificially enhancing or suppressing risk estimates for one sex. The proposed
methodology ensures that these types of unexplained differences do not result in biased crew
assignments. Similar differences are observed when comparing the male and female astronaut
populations. As expected, the organ-specific REID for the total population appears to be

consistent with a weighted average of the two sexes.

2.5 Summary

A novel, population-based approach to astronaut radiation risk assessment has been proposed
to address persistent ethical issues with NASA’s current implementation of the career REID

limit due to radiation exposure. The approach was demonstrated for a variety of missions,
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Figure 2.9: Organ-specific REID for 60-year-old male, 30-year-old female and combined
population for 900-day Mars mission at solar maximum conditions.

and detailed analyses of total REID distributions and organ-specific REID at the upper 95%
TL were investigated. The proposed methodology is consistent with NASA standards and
risk evaluation infrastructure. Age- and sex-specific REID estimates would be retained for
informed consent purposes but not used to determine crew eligibility for flight. It should
be noted that astronaut career REID must be considered by evaluating lifetime risk from
all space missions. Crew career mission profile therefore becomes the determining factor in
crew assignments instead of the astronaut’s age and sex.

For individual missions, only the Mars missions presented a challenge to NASA’s 3%
REID at the upper 95% TL limit. The population-combined REID for a Mars mission
during solar maximum, during which time GCR fluxes are lowest, results in a 4% REID at the
upper 95% TL. Examination of cancer-specific REIDs showed that lung cancer is the major

contributor to both male and female radiation risks, with REID for female lung substantially
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Figure 2.10: Organ-specific REID for astronaut corps males, astronaut corps females, and
combined population for 900-day Mars mission at solar maximum conditions.

greater than that of the male lung. The differences in risks in organs common between males
and females, which are not readily explained, are less important in the proposed methodology

due to population averaging.
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Chapter 3

Formulation of Scaling Law for

Beam-like Configuration

3.1 Motivation

In this chapter, a scaling law, which is an essential computational tool for rapid evaluation
of active shielding configurations, has been developed. This law establishes a mathematical
relationship between a dimensionless scaling parameter that characterizes the active shield,
the incoming ion, and a void area formed on a downstream detector due to the deflection
of HZE ions by the applied field. This chapter examines a so-called one-dimensional (1-D)
scaling law since the incoming ions are directed along a single vector to first investigate
fundamental aspects of electrostatic active shielding. A simple dipole electric field was
chosen to represent the active shielding configuration. It is observed that as the value of the
scaling parameter increases, the linear relationship transforms into a sub-linear relationship.
This chapter conclusively demonstrates a prototype method to experimentally evaluate the
efficacy of an active shielding configuration in existing laboratory beamlines.

Experimental validation of the previously described active shielding configurations is
unrealistic. No facility on Earth is capable of generating space-like, isotropic radiation envi-

ronments. Therefore, determining the shielding efficacy of any active shielding configuration
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is highly dependent on simulation prior to deploying the configuration in space. Previous
work by Fry et al. [115] established a mathematical relationship between the electrostatic
shielding and the corresponding protected area. The scope of that study was limited to val-
idating the particle propagator code [79] over a small subset of ion-energy combinations and
applied potential available at a typical accelerator-based facility. In this work, that scope is
extended by investigating combinations of ions, energies, and applied potentials encountered
at accelerator-based facilities on Earth (accelerator-based parameters) as well as parameters
relevant for space (space-based parameters).

Any useful electrostatic shielding configuration is likely to be too large to test at beam-
line facilities on Earth, and so the configurations would need to be significantly scaled down
for testing purposes. To ensure that the scaled-down tests conducted on Earth (and cor-
responding simulations) are translatable to actual shielding configurations to be eventually
deployed in space, a scaling law must be established. This scaling law relates the properties
of the electrostatic shield, the incoming ions, and the resulting shielding efficacy. Although
the scope of this work is limited to simulation in a beam-like configuration, the results have
implications for three-dimensional (3-D) active shielding configurations, as will be discussed

in later chapters.

3.2 Hypothesis

To establish a relationship between active shielding configuration characteristics and corre-
sponding deflection ability, a dimensionless scaling parameter, fs, is proposed. This param-
eter is proportional to the applied potential and inversely proportional to the rigidity of the

incoming ion. The mathematical expression of the scaling parameter is defined as

Z@Vdip
(V2 =1)Eo/y’

where Z, Ey, and ~y respectively refer to the charge state, rest mass energy, and Lorentz factor

(as described in Equation 1.43) for the incident ions. The elementary charge is denoted by
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e. The active shielding configuration of interest in this study is a simple electric dipole,
consisting of two oppositely charged spheres of the same charge magnitude |@Q|. The applied
potential Vg, refers to the magnitude of the potential applied to each sphere with respect
to a common reference point. The scaling parameter represents ratio of the impulse of the
electric field (Vy,/v), and the rigidity of the particle, where v is the relativistic speed of the
particle. Rigidity of the particle is defined by the ratio of momentum and total charge of
the particle (p/Ze). Therefore, the scaling parameter is a quantity that indicates the ability
of the electric field to deflect a charged particle of a given rigidity. The lower the value of
fs, the more efficient is the electrostatic field, as less magnitude of electric field is required
to deflect a particle of certain rigidity.

As incoming charged particles are acted upon by the electric field generated by the dipole,
an area devoid of radiation appears downstream from the radiation source. This region is
referred to as the “void region” or “protected area”. Two different types of protected areas
are shown by the low-flux density contiguous region bounded by the red curves in Figures 3.1
and 3.2, demonstrating the shapes of the protected areas in the linear and sub-linear regions
of the 1-D scaling law, respectively. The shape and the size of the void region changes with
the properties of the beam and the active shielding configuration. The area of the void
region was chosen to represent the shielding efficacy of the active shielding configuration.
This quantity is calculated using data from simulation. For convenience, a normalization
of the protected area is defined as A/a, where A is the true area of the void region and a
is the radius of the identical dipole spheres comprising the dipole. This normalization is
performed to account for differences in conductor sphere size, as it is later shown that the
area of the void region depends upon the total charge on the dipole conductor surfaces and
the total charge is linearly proportional to the radius of the spherical conductors. A number
of simulations were performed to formulate the 1-D scaling law. The following paragraphs
describe the methods used to conduct these simulations and perform the analysis necessary
to extract the normalized protected area (A/a), which is used to characterize the shielding

effectiveness.
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Figure 3.1: Shape of the protected area below knee region

3.2.1 Source Configuration

All simulations were performed with mono-directional beams of fully-stripped positively
charged ions. The ion beam was simulated using a disk-shaped source with 0.15m radius.
Initial particle positions were randomly generated on the plane of the disk. The beam
radius remained constant over most of the simulation domain except in some cases where
the protected area surpassed the beam size. In these cases, the beam radius was increased
to better characterize the protected area. Changes in the beam radius greater than half the
center-to-center distance between the two dipole spheres had no discernible effects on the

calculation of the void area as long as the flux density of the source was constant. Once
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Figure 3.2: Shape of the protected area above knee region

generated, the particles were directed along the —x-axis toward the detector plane. The
distance between the center of the source disk and the center of the dipole axis was set
to 2.0m throughout this work. This distance was selected because the source disk was far
enough away from the dipole such that the electric field can be considered negligible, but
close enough to limit the total number of time steps required to accurately transport each

particle.
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3.3 Simulation Geometry

Figure 3.3 represents the physical configuration for the simulations conducted in this study.
The dipole was placed along the z-axis with the dipole centroid located at the origin. The
sphere radius of the virtual spherical conductors was set to be equal to the surface-to-surface
distance between them (fg5). A mono-directional beam of fully-stripped positive ions are
directed in the —z-direction. A thin detector volume of thickness Ax is located at a distance
D downstream from the dipole structure; this volume is used to record the (y, z) position of
each particle as it passes through. The (y, z) positions on the detector plane are eventually

used to generate images of the void area.

I

Figure 3.3: Coordinate system and schematic for all simulations

3.4 Simulation Domain

The simulation domain for this chapter was divided into two categories: accelerator-based
ion energies and space-based ion energies. For accelerator-based ion energies, the maximum
kinetic energy was chosen to be equal to 28 MeV /n. This energy range was chosen because
the experimental facility which will be used to validate the simulation (Brookhaven Na-

tional Laboratory’s Tandem Van de Graaff facility) has maximum energy of protons equal to
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28.5MeV (https://www.bnl.gov/tandem/capabilities/ions.php). For space-based en-
ergies, it was hypothesized that 1.5 GeV /n is the maximum energy of the ion that could be
shielded against using active shielding methods, while keeping the power requirement within
a realistic limit. The energy range that contributes a significant fraction total effective dose
is 30 MeV/n to 1.5GeV/n [13]. For these reasons, the range of accelerator-based energies
was restricted to the range 1MeV/n to 28 MeV /n, whereas the range of in-space energies
was defined as 28 MeV /n to 1500 MeV /n as shown in Tables 3.1 and 3.2 to keep continuity
between accelerator-based and space-based parameters. Two values of sphere radius equal
to 0.1in and 1.0in were chosen for simulation as these two values of sphere diameter are the
minimum and the maximum sphere diameters that were used for the validation phase of the
ASPP code [79]. For each of the sphere diameter values, the surface-to-surface distance ({sg)
between two monopole spheres was kept equal to the radius of the charged sphere. These
two particular dimensions were used for the simulations as spheres with these dimensions
were available for the measurement at the experimental facility.

The greatest potentials that can be applied to the surface of the isolated spheres were
chosen to be £75kV and +£1000kV for accelerator- and space-based energies respectively.
This assumption was supported by the fact that in the case of accelerator-based facility,
75kV was the highest potential available. The reason for choosing +1000kV as the upper
limit for the space-based parameters was that this value was thought to be realizable for
application in space using current high-voltage power supply technology. In simulation,
the /g5 was kept equal to the radii of the charged monopole spheres (Tables 3.1 and 3.2).
Therefore, the denominator term in Equation 3.3 becomes equal to 2 for a value of 6 = 1. To
account for the charge scaling factor of 2, the potential applied to each sphere in the dipole
structure was varied from £1kV to +37.5kV for the accelerator-based parameter space. For
the space-based parameter space, the potential was varied from +1kV to £500kV. Both
parameter spaces are shown in Tables 3.1 and 3.2. The HZE projectiles 'H*, 4He?*+, 2C6+,
and %°Fe?* were chosen for the simulation. The rationale behind selecting these ions is
that they have substantial GCR abundances and/or high quality factors that can result in

significant organ dose equivalent and radiation risk [13, 20].
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Table 3.1: Accelerator-based parameter

space
Species THT, THe2T, 12C0F, S0R20+
Kinetic Energy [MeV /n] 1-28
Dipole Sphere Voltage (Vy;,) [kV] 1-375
Dipole-to-Detector Distance ({pp) [m] 1.2-2.2
Dipole Sphere radius (a) [in] 0.1 and 1.0
Dipole Sphere Surface-to-Surface Distance ({sgs) [in] | 0.1 (for a = 0.1) and 1.0 (for a = 1.0)

Table 3.2: Space-based parameter space.

Species THT, THe? T, 12C6F, 56Fe26+
Kinetic Energy [MeV /n] 28 - 1500
Dipole Sphere Voltage (V) [kV] 1-500
Dipole-to-Detector Distance ({pp) [m] 1.2 - 400
Dipole Sphere radius (a) [in] 0.1 and 1.0
Dipole Sphere Surface-to-Surface Distance ({ss) [in] | 0.1 (for a = 0.1) and 1.0 (for a = 1.0)

3.4.1 Radiation Transport

For radiation transport, ASPP [79], a relativistic charged particle code was used for all
simulations. This code allows the user to simulate the motion of charged particles with rel-
ativistic velocities under the influence of electromagnetic fields. The Velocity-Verlet method
was used to perform particle propagation. The advantages of the Velocity-Verlet method are
that the method is symplectic and sufficiently balances memory-storage with computational
speed [80]. The radiation transport algorithm begins by assigning each particle a position
and velocity based on the ion energy and source details specified by the user. These particles
are propagated through the electric field, which is calculated for each particle at every time
step, for a fixed number of time steps. The length of each time step is specified by the
user. For this study, the time step was set to be 5 x 10725, as this was determined to be
small enough to produce accurate results in terms of each particle’s momentum phase space
subjected to the electric field and large enough to limit computation time. The number of
time steps in each simulation was varied according to the predicted amount of time neces-

sary for a particle to cross the detector volume, depending upon the initial velocity of each
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particle and the dipole-to-detector distance (¢/pp). As previously mentioned, when particles
intersect the detector volume of depth Az, their (y, z) positions are recorded. The depth
Ax was selected such that Az was always greater than the distance traversed by a particle
in a single time step to ensure that no particle would skip the detector volume.

The active shielding configuration used to conduct this work employs spherical, charged
conductors. The electric field vector E at position 7 is calculated by assuming the spheres

can be represented by a collection of N point charges @); located at 73, i.e.

4mo Z (3.2)

||7“ - nll

The total charge of each conductor can be related to its supplied potential, Vg, as

=" (3.3)

where () is the total charge on the surface of the sphere, ¢ is the vacuum permittivity, a is
the radius of the spheres, and § is the inner surface-to-surface between the two oppositely
charged monopole spheres in units of a [79]. The term in the denominator arises because of
the image charge effect of the two opposite polarity charges. It is evident from Equation 3.2
and Equation 3.3 that both the total charge on a sphere as well as the resulting electric field

are linearly proportional to the sphere radius.

3.5 Image Processing Algorithm

The simulation domain for the 1-D scaling law is substantially large, with tens of thousands
of distinct physical scenarios. To rapidly determine the void area for each simulation, an
automated image-analysis method was developed. The image-analysis algorithm takes in
coordinates from the detector and attempts to calculate the area of the void. The image

segmentation and void area calculation method is described in detail below:

1. After completing an ASPP simulation, a simulated detector planar image is generated
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using the (y, z) coordinates (Image 1),

2. Apply the Canny edge-detection algorithm [116] to Image 1 with a Gaussian smoothing

parameter of 1 to generate Image 2, the edge,

3. Apply dilation and closing techniques to Image 2 using linear and circular structural

elements to attempt to close the edge, generating Image 3, the closed edge,
4. Fill the closed edge and calculate the total number of pixels within it, and

5. Use the total number of pixels within the closed edge and a pixel-area to actual-area

conversion factor to calculate the area of the void.

This image-analysis method gave accurate results for about 90% of cases.

Figure 3.1 and Figure 3.2 represent the different shapes of voids forms, an effect which
manifests before and after a specific value of the scaling parameter, identified as the “knee
value”. The image-analysis algorithm used here is capable of capturing the shapes of the

circular- and cardioid-shaped void areas and computing the respective areas.

3.5.1 Simulation Tools

This work required substantial computational resources to execute simulations. The Beocat
high-performance computing system (HPC) located at Kansas State University was used for
simulation. This substantial computational resource helped to run thousands of simulations
in both shared and distributed memory (OpenMP and MPI) parallelization. The software
‘Dakota’ (Sandia National Laboratory, Albuquerque, NM) was used in conjunction with
Beocat HPC to simulate all input files for both parameter spaces. Dakota can be used for
parameter study, multi-dimensional optimization, and many other relevant applications [117].
Dakota is a software that can interface among multiple codes and run them in the desired
manner. In our work, Dakota was utilized for reading the parameter space, generating the
input files, executing the ASPP code, transferring the ASPP output (surface tally data)
to the image-processing algorithm, and saving the output in a pre-defined location for user

aCcCess.
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3.6 Results

In this section, scaling laws for both accelerator- and space-based energies are developed and
discussed. To demonstrate applicability across variations in dipole/detector geometry, scal-
ing laws for several dipole-detector distances were developed. The full parameter space was
divided into three sub-categories to establish a relationship between the scaling parameter
and the protected area. For accelerator-based parameters, the energies and potentials were
simulated where dipole-detector distance range was kept similar to what can be achieved
experimentally (1.2m to 2.2m). In case of the space-based parameters, the energies and
potentials were simulated, and the dipole-detector distance was set to a range relevant for
actual space-based active shielding configurations (10m to 400m). The last set of simu-
lations demonstrates the scaling law for both accelerator- and space-based parameters for
a fixed dipole-detector distance (1.2m). All results shown here were simulated with each
sphere diameter set to 0.2in unless otherwise specified. Also, the effect of changing conduc-
tor sizes for all ions was observed for a fixed dipole-detector distance in case of space-based
energies to establish that the area increase in area is linearly proportional to an increase in

the size of the conductor.

3.6.1 Scaling Law for Accelerator-based Parameters

Figures 3.4 and 3.5 demonstrate the 1-D scaling law for the accelerator-based parameters
category. It is evident from the figures that the scaling law follows two trends, both of which
can be described by a power-law curve-fit of the form y = Cyx?, where the fitting parameters
are Cy and b. The dashed and solid lines in these figures show the curve-fit using non-linear
least-squares optimization. They show a linear function where the exponent is approximately
1 up to a certain value of f,. For f, greater than this value, a sub-linear trend is apparent
where the exponent is approximately 0.67. This trend is reflected in Figures 3.4 and 3.5
where data were associated with the accelerator-based parameter space. The value of f;
where this phenomena occurs is identified as the knee value ( f;,,..). Table 3.3 demonstrates

the knee-values for different accelerator-based parameters for various values of {pp. For
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accelerator-based parameters, where {pp is equal to 1.2 m, this value (fq,..) is around 1072,

With higher value of /pp, the value of f,,,.. decreases.

Table 3.3: The knee-values for different accelerator- and space-based parameters

Parameter (pp [m] Fsknee Ala  [em] at

space fsknee

Accelerator 1.2 9.2 x 1074 5.56

Accelerator 1.6 7.4 x107* 6.02

Accelerator 2.2 5.6 x 107* 7.07

Space 10.0 1.4 x107* 5.71

Space 100.0 8.9 x 107° 47.26

Space 400.0 32x 107 64.21
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Figure 3.4: 1-D Scaling law with ¢pp = 1.2m for accelerator-based energies.
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Figure 3.5: Validation of 1-D Scaling law with {pp = 2.2m for accelerator-based energies.

3.6.2 Scaling Law for Space-based Parameters

Figures 3.6, 3.7, and 3.8 demonstrate the 1-D scaling law for space-based scaling parameters.
It was hypothesized that in order to reduce the required potential (power) without compro-
mising the shielding efficacy, the source of the electric field needed to be placed further away
from the spacecraft. To evaluate this claim, the value of /pp was varied from 10 m to 400 m.
A similar partial linear trend was observed for these data. However, the value of fs;,,.. ob-
served in the figures corresponding to the second parameter space category was reduced to
about 10™* (Table 3.3) for these sets of simulations, which is an order of magnitude smaller
compared to the knee value of observed in the first category. A similar relationship between
the {pp and fs;,.. Was also observed in case of space-based parameters as the value of the
latter decreases with the increase in the value of the former. The phenomenon can be ex-

plained as the ¢pp was increased in the case of accelerator- and space-based parameters,
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the deflected charged ions had to travel greater distances before coinciding with the detector
after the initial deflection by the localized electric field. As the particles in the case of greater
pp get to travel more along the direction of initial deviation, the degree of deflection gets
increases the time they reach the detector plane. This implies that for the same value of the
1-D scaling parameter, the protected area will be higher, explaining why the knee effect can
be observed at a lower potential (lower value of scaling parameter) in case of the space-based
parameters (significantly higher values of {pp compared to the accelerator-based parame-
ters), as less electric field is required to achieve a similar degree of deflection compared to
accelerator-based parameters. Larger void areas are observed at lower values of f, for greater
value of £pp. This also means that the shape of the void changes from circular to cardioid-
like at lower values of f,. In case of space-based parameters, there are some outliers in the
scaling law plot especially at low value of f, (around 107%), where A/a does not match the
scaling law fit. The reason behind these scattered points is that the protected areas are so
small for these values of f,, the image processing algorithm did not accurately segment the

protected area from background within a reasonable computation time.

3.6.3 Scaling Law for Combined Parameters

Figure 3.9 shows the 1-D scaling law for both the accelerator- and space-based parameter
domains for /pp equal to 1.2m for all ions. It is evident from Figure 3.9 that both data sets
coincide and therefore demonstrates that deflection of a high-energy ion by a high-magnitude
potential can be modeled using a low-energy ion and low-potential if the scaling parameter
and the value of ¢pp between two cases are identical. This outcome instills confidence
that a space-based active shielding configuration can be validated using accelerator-based
facilities with a scaled-down configuration for future space applications. In later chapters,
3-D active shielding configurations are discussed which can be expressed as a function of a
scaling law and their scaled-down versions can be tested in a accelerator facility. Also, it is
noticeable that in Figure 3.9, the value of the knee for space-based as well as accelerator-

based parameters is ~ 1073, This phenomenon shows that the magnitude of £pp has a strong
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Figure 3.6: 1-D Scaling law with Dipole to Detector Distance equal to 10 m for space-based
energies.

influence on where the knee occurs in the 1-D scaling law plot—increasing the ¢pp shifts this

value to the left.

3.6.4 Comparison of Protected Area

It was mentioned previously that increasing the value of a should result in a linear increase
in the protected area. Figure 3.10 shows the effect of increasing the value of a from 0.1in to
1.0in for space-based parameters, considering a fixed /pp of 10m. In the Figure 3.10, the
dashed and solid black lines represent the numerical fit corresponding to the region below
and above the knee where a is equal to 0.1in, whereas the dashed orange line represents
the numerical fit to the region below the knee where a is equal to 1.0in. It is observed

from the comparison of the area between the dashed black and dashed orange lines that the
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Figure 3.7: 1-D Scaling law with Dipole to Detector Distance equal to 100 m for space-based
energies.

increase in protected area is approximately a factor of 10, which is the ratio of the sphere
radii for the two sets of data. This effect was observed for all iterations in the value of ¢pp.
In Figure 3.10, in the case of 1.0in sphere radius, only the linear part of the data is shown
(dashed orange line), and the part above the knee region (sub-linear) is not shown. The
reason for not showing the full set of data is that the image-processing algorithm failed to
compute protected areas greater than around 100 cm? within reasonable computation time.
Future work includes updating the image-processing algorithm to address this issue. Also,
it is evident from Figure 3.10, that increasing the magnitude of a from 0.1in to 1.0in shifts
the knee value to the right of the scaling law curve. The reason of that can be explained by

the altered value of £g¢ between two sets of simulations.
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Figure 3.8: 1-D Scaling law with Dipole to Detector Distance equal to 400 m for space-based
energies.

3.6.5 Explanation for the Knee Region

Observing the image data in conjunction with the scaling law plots shows that the shape
of the protected area changes from a circular to a cardioid-like shape at a value of the
scaling parameter where the knee occurs, fy;,.. (Figures 3.1 and 3.2). The change in shape
is evident for all ions, energies, and dipole-to-detector distances (¢/pp) simulated. At the
lower potential-to-rigidity ratios, the two-point charges (positive and negative) appear to
act independently. In these cases, the void shape is circular and centers around the positive
point charge. A concentration of particles is apparent around the negative point charge.
As the potential-to-rigidity ratio increases, the void area covers both of the point charges.
At this point, the effect of the negative charge is observed as it attracts positively charged
particles and thereby reduces the size of the void region. The void transitions from a circular

shape to a cardioid shape, as shown in Figures 3.1 and 3.2.
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Figure 3.9: Comparison of Scaling law for accelerator-based and space-based parameters for
Dipole to Detector distance equal to 1.2m and charged sphere diameter 0.2 inch.

3.7 Summary

The objective of this study was to establish an explicit relationship between the magnitude
of the scaling parameter (representing particle rigidity and applied potential) and shielding
efficacy (represented by normalized void areas) for accelerator-based and space-based param-
eters. The results shown in Figures 3.4 to 3.8 effectively establish a scaling relationship. The
outcomes demonstrate that the scaling law is linear for accelerator-based and space-based
energies up to a particular value (knee-value), that is a function of {pp. The exponents of
the power-law curve fitting for two observed trends are around 1 and 0.67 which represent
the circular and cardioid shaped voids, respectively. Minor differences observed in the values
of the linear and sub-linear exponents across ground-based and space-based energies as well

as different values of /pp is due to uncertainties with image processing.
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Figure 3.10: Comparison of protected area for two different sizes of charges sphere conductor
for all ions where dipole-detector distance equal to 10 m.

One of the other objectives was to investigate whether a lower magnitude electrostatic
field can deflect a lower-energetic ion (which can be generated in any accelerator facility), a
higher-magnitude potential can deflect a higher-energy particle (which cannot be generated
or tested in a laboratory or accelerator like facility) of the same species by the same amount
as long as the dimensionless scaling parameter f, between these two cases are identical. This
result is shown in Figure 3.9. It is evident from the schematic of the simulation geometry
(Figure 3.3) that this type of dipole electric field is simplistic and only capable of provid-
ing protection against mono-directional energetic particles directed towards the center of
the dipole configuration. In space-like isotropic incidence condition, this type of simplified
electric field configuration will be ineffective. The goal of the study was not to find the

electric field configuration for space radiation protection, but to establish a mathematical
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model which can be used for computation of radiation shielding using the measured values
of scaled-down parameters.

The third important implication of this work is that it was shown that the area of the
protected region is a function of the conductor dimension, and it increases linearly with the
dimension of the conductor. This outcome is significant in terms of designing 3-D active
shielding configurations, since the degree of protection can be increased by merely increasing
the size of the conductor instead of the applied potential, assuming that the total charge
needed can be supplied by the power supply in space. It was also shown that the occurrence
of this knee region is also a function of the total charge or the dimension of the dipole spheres.
At higher total charges or higher dimension, the influence of the negatively charged sphere
becomes effective at a higher value of applied potential.

This chapter also establishes that increasing the distance between field generating nodes
and spacecraft increases the protected area. Although this study was conducted for a beam-
like configuration where the particles are streaming along a particular direction, the results
have importance in designing and testing scaled models of active 3-D space radiation shielding

configurations, which will be discussed in later chapters.
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Chapter 4

Evolution of 3-D Electrostatic

Radiation Shielding Configurations

In this chapter, a detailed description of different 3-D electrostatic configurations is pre-
sented. Previous work in Chapter 3 described an electrostatic shielding system in a beam-
like setting and established a mathematical formulation between 1-D scaling law parameter
and normalized protected area. The electric field configuration in the case of 1-D is insuffi-
cient to protect an isotropic radiation environment. Therefore, a suitable 3-D electric field
configuration must be identified to provide full 47 protection. The present functionality of
the ASPP code is limited to computing the electric field from multiple point charges or from
a conductor for which the electric field can be computed using an analytic method. In this
section, a detailed description of different 3-D charge configurations and their corresponding
performance is described in detail. In these simulations, it was assumed that each point’s to-
tal charge remained unaltered, i.e., the interdependence of these charges was not considered.
It was assumed that the power supply used to charge these configurations would maintain
the original charges set by the user. The electric field was computed using Equation 3.2 in

Chapter 3.
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4.1 Simulation Geometry

The simulation geometry is shown in Figure 4.1. The source geometry is chosen in a manner

that space like isotropic incidence conditions are maintained.

Figure 4.1: Source Geometry for 3-D radiation transport, after Ref. [§]

The algorithm that is used to generate particles isotropically is described below [8]:

1. Choose the radius of the source sphere (also known as launch radius) (Rp),
2. Choose number of simulated particles,

3. Initialize a random number generator,

4. For each particle:

(a) Choose four pseudo-random numbers,
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(b) Compute two angles 6 and ¢ from two random number to define the disk center
(P),
(c¢) Generate a disk with radius equal to Ry which is tangential to the point P,

(d) Compute an angle ¢p and radius pp from the other two random numbers and

find a point on the disk which acts as the starting position of the particle (Fy),

(e) Choose a inward direction (2p) normal to the disk using the first two random

numbers,
(f) Store the coordinates of the generated point and velocity components,

(g) Propagate the particle via that direction (p).
5. Compute the number of particle histories that enter the crew volume with radius R.,

6. Compute the flux density reduction using Equation 4.1.

4.2 Computing Flux Reduction

It is important to know how the flux density reduction is computed to assess the flux density
reduction capability of various electrostatic shielding systems. At first, the number of particle
histories is chosen in such a manner that a certain number of particles would reach the crew
volume (Shown as the red sphere in Figure 4.1). Equation 4.1 describes the flux density

reduction calculation method used in this study,

(4.1)

where F'(E) is the measure of flux density reduction of a particle with energy E, Ny is the
number of particles entering the crew volume in the absence of the electric field, and N(FE)
is the number of particles with energy E entering the crew volume in the presence of the
electric field. The number N; is not dependent on the particle’s energy, as all particles
irrespective of their initial energy will propagate along with the same directions as long as

they have the same initial velocity-position distribution specified by the random seed.
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4.3 Simulation Strategy

A single species and energy was chosen to compare the performance of different electrostatic
radiation shielding systems. Since protons are the most abundant species in space radiation,
they were chosen for the initial evaluation of the configurations. 200 MeV was chosen as the
energy of the protons for simulations, as this energy is high enough to penetrate conventional
shielding thickness (around 10 gcm™2) of any spacecraft hull, and the fluence spectra of any
significant SPEs, as well as the flux spectrum of protons of GCR below this energy, are quite
substantial from a dosimetric point of view. Additionally, based on the prior work in the
field of active electrostatic shielding, the potential required to provide protection against
200 MeV protons was within the range of potentials that have been used in the literature
(96, 118]. The goal was to start with a high potential known to provide protection against
energetic protons and then optimize the configuration to get better or similar reduction with
smaller potential. It was obvious that if a configuration does not provide protection even
with a very high magnitude of electric field, it will not provide protection with a lower value
of an electric field, and therefore, these configurations were not tested further. Since the
ASPP code computes the electric field of multiple charge points, the aim was to find a 3-D
charge distribution that can generate the required electric field, minimizing the radiation
risk. The focus of this work was to minimize the requirement of charge, both individual and
cumulative. Also, it was assumed that the conductor shape used to generate the electric field
is spherical because the analytical formula required to compute the potential on the surface
of a sphere is straightforward if the total charge on the surface of the sphere is known. The
total charge on the surface of each hollow conductor was assumed to be concentrated at the

center of the sphere and is given by

Q = 27T€Odsph‘/dip7 (42)

where () is the total charge on the surface of the sphere, ¢y is the vacuum permittivity,
dspn is the diameter of the sphere and Vy, is the voltage applied on each monopole sphere.

The initial priority was to find a suitable electric field, created by a combination of multiple
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charges distributed in space. The next sections describe the origin and evolution of different
3-D charged configurations and how an optimized charge/electric field configuration was
chosen for computation of organ dose equivalent and effective dose under different radiation
environments.

Table 4.1: Names and corresponding symbols of the parameters that have been used for the
3-D electrostatic field configuration optimization

Name of the parameter Symbol
Number of Nodes N
Radius of the tiling sphere Ry
Distance of the proximal charged array from | R

the origin

Gap between charged planes d,
Positive charge/node q+
Negative charge/node q—
Total positive charge of the system Q
Potential on dipole spheres Vaip
Potential on monopole spheres Vinon
Number of charged 2-D arrays N,
Array size of 2-D arrays A (n xn)
Gap between nodes within an array G

Gap between consecutive charged arrays S
Distance of the negative nodes from the ori- | dy.,
gin

4.4 Dipole Configuration

The first approach used in this study was to implement the dipole electric field concept from
the beam-like configuration to a suitable 3-D configuration. The initial ideal configuration
tested was a spherical configuration where multiple dipoles were placed along a spherical
surface of fixed radii. Throughout the simulation procedure, the radius of the virtual sphere
on which the dipoles were tiled and the number of dipoles were varied to improve the flux
density reduction. For multiple configurations, the placement of these dipoles (also known

as nodes) was based on Thomson’s algorithm [119]. A restriction of this algorithm was a
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maximum of 400 nodes (dipoles), as shown in Figure 4.2, since only 400 positions for these
nodes were available. To place more than 400 nodes, the Fibonacci method of placements
was used [120]. The red and black points in Figure 4.2 indicate the locations of positive
and negative charges, respectively. To place a dipole, first, a point on the sphere was chosen
based on either Thomson or Fibonacci algorithm. That point was defined as the center
of the dipole. The positive and negative monopoles were then placed so that the dipole
axis was a tangent to the surface of the sphere. Random directions were chosen for dipole
alignment. Each dipole consisted of two 5m diameter spheres with the potentials on them
varying from £ 5 MV to 4+ 100 MV. The starting point of the simulation was with 100 MV,
as this potential was most likely to provide protection, and if the flux density reduction was
observed, the potential was reduced. If there was no reduction observed at 100 MV, then
the configuration was modified by increasing or decreasing the radius (R), and increasing
the number of nodes (N). The gap between the positive and negative monopoles was kept
at 7.5m. It can be concluded from this configuration that whereas dipole configuration was
effective in providing a protected area in case of beam-like configuration, placing multiple
dipoles nodes in 3-D did not reduce the proton flux density. This type of dipole orientation
was chosen initially as this was the simplest form of orientation. Orientations of the dipoles
were varied throughout the simulation but no advantages were observed in comparison to the
initial orientation. Table 4.1 shows all the symbols that have been used to describe different

parameters that are used for simulations.

4.5 Multi-pole configuration

After observing no flux density reduction using multiple dipoles, the multi-pole configura-
tions were extended from dipoles to include quadrupoles and sextupoles. Different numbers of
quadrupoles and sextupole configurations were used instead of dipole configurations. Place-
ment of these different types of nodes was achieved using previously described methods.
Figures 4.3 and 4.4 show the placement of quadrupoles and sextupoles on a spherical sur-

face. These configurations also did not provide any flux reduction when tested with potential
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Figure 4.2: Distribution of dipoles over a spherical surface using Thomson’s algorithm (N =
400, Ry = 400 m)

ranging from + 5 MV to + 100 MV.

4.6 Monopole Configuration

After the failure of the multi-pole system, monopole configurations were tested next. These
monopoles were charged with positive potentials. It is impractical to have isolated positive
monopoles only, without any charge sink (negative charge) in space like conditions. In pre-
vious configurations, each node (dipole, quadrupole, sextupole) was a combination of equal

positive and negative charges. To demonstrate that the lack of flux density reduction ob-
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Figure 4.3: Distribution of quadrupoles over a spherical surface using Thomson’s algorithm
(N =400, Ry = 400 m)

served with these multi-pole configurations is due to the presence of the negative charges and
not due to the distribution of the nodes across the spherical surface, only positively charged
monopoles were used. The arrangement of monopoles over a spherical surface was made
using Thomson’s algorithm. Figure 4.5 shows different monopole configuration. Table 4.2
shows the monopole configurations that were investigated and the corresponding flux density
reductions. It was observed that with 100 MV, sufficient flux density reduction was observed
with more than 150 nodes, which was not observed using multi-pole nodes. Multiple simu-
lations were done using different random seeds. The number of particles per simulation was

chosen in such a way that around 1000 particles reach the crew volume in the absence of the
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Figure 4.4: Distribution of sextupoles over a spherical surface using Thomson’s algorithm
(N =400, Ry = 400 m)

electric field, which means the number of simulated particles would be equal to 1000 x (%)Q.

For each case, at least three different random seeds were used for simulation. In the column

of ‘Reduction,’ the average and one standard deviation values are shown. The average value

is rounded to the nearest decimal place.

4.7 Multi-layered Spherical Configuration

It was observed that monopoles, when arranged in a spherical configuration, provided non-

zero flux density reduction in comparison to the rest of the configurations. However, the
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Table 4.2: Flux reduction values for spherical electrostatic configuration using monopoles

N Ry [m] Vinon [MV] Reduction [%)]
20 400 100 5 £ 2

50 400 100 9+2

100 400 100 18 £ 3

150 400 100 30 £2

200 400 100 39 £2

250 400 100 ol £1

400 400 100 98 £1

Figure 4.5: Distribution of monopoles over a spherical surface using Thomson’s algorithm
(N =400, Ry =400 m)
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potential requirement for each node was very high. It was observed that the potentials
required to gain any significant reduction were on the order of hundreds of MVs. The
potential requirement was at least one order of magnitude larger than the potential that can
be achieved using present technology. Therefore, there needs to be a configuration or a set
of arrangements that provides significant protection against HZE particles with potentials
that can be achieved using present-day technology. The goal was to achieve a similar degree
of flux density reduction by increasing the number of nodes (monopoles) and reducing the
potential. This configuration depicts a pathway of lowering the potential requirements by
using multi-layers of node distribution instead of single layer node distribution. In this
configuration, the monopole nodes were tiled across the surfaces of multiple spheres with
different radii (R;) in such a manner that they form a multi-layered cascaded structure.
Figure 4.6 shows an example of this multi-layered spherical configuration where each node
is a positively charged monopole.

Flux reduction factors as a function of proton kinetic energy for spacecraft represented
by spheres with radii of 5m, was simulated as they represent the standard radius range of
a spacecraft. The electrostatic monopoles were placed on the surfaces of spheres of radii
ranging from 25m to 400m concentric with the spacecraft. Use of multiple spheres for
electrostatic monopole placement is considered to be a cascaded geometry since it does not
rely on a single layer of positive charge to deflect energetic protons. An example geometry
is shown in Figure 4.6, where the red sphere represents the spacecraft. Nodes were placed
on the spherical surface such that they are equally distributed over the surface area. For
the present study, Thomson’s method of charge distribution was used to distribute the point
charges equally on each spherical surface. The performance of this configuration is shown in
Table 4.3, where the column ‘N;’, and ‘R;” represent the number of monopoles tiled across

the surface of different virtual spheres and the radius of these spheres respectively.
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Figure 4.6: Example of charge distribution for multi-layered spherical geometry

4.8 3-D Charged Array Configuration

It was observed in the spherical configurations that the flux density reductions can be
achieved when only positively charged monopoles are used. Additionally, to lower the po-
tential requirement, the monopoles were required to be distributed in multiple layers. While
the multi-layer monopole distributions reduced the potential requirement and provided flux
density reductions, they were not suitable configurations as they were not charge neutral.
It is practically impossible from an engineering point of view to implement an electrostatic
radiation shielding system with that kind of angular distribution. Therefore, a configura-

tion needed to be investigated to satisfy the following three criteria: 1) provides significant
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Table 4.3: Flux reduction values for multi-layer spherical configuration using monopoles

N; R; [m] Vinon [IMV] | Reduction [%]
50,100,200,400 50, 100, 200, 400 ) 25 £ 3
95.50.100,200,400 25.50.100,200,400 5 30 £ 2
100, 200, 300, 400 100, 200, 300, 400 5 20 £ 2

flux density reduction for 200 MeV protons, 2) the system should be charge neutral, and 3)
multi-layer distribution can be achieved to lower potential /charge requirement per node. A
charged 2-D array configuration was hypothesized to achieve these three requirements. Here,
a 2-D array shaped structure was placed instead of on each side of a cube shaped geometry
covering the crew volume. It was observed in the 1-D studies that when charged spheres of
equal and opposite polarity are placed close to one another, void regions develop. However,
because the void region is localized, regions of localized concentrated particle flux develop
simultaneously around the outer edge of the void region. Thus, if the void region generated
by a dipole node is not expansive enough, the resultant reduction in particle flux ends up
being negligible. In order to remove the gain-compensating effects of negatively charged
spheres, an asymmetric charge configuration was chosen. Positive charges were decoupled
from negative charges, and the charges were no longer uniformly distributed over a sphere.
Figure 4.7 shows the basic configuration of this charged array. The black points represent the
negative charge in this configuration. Several such 2-D charged arrays were stacked together
to create a 3-D charged array, as shown in Figure 4.8. The charge values of the negatively
charged nodes were chosen such that the integral charge of each 2-D array as well as the
whole system was zero. This was done to minimize the probability that negatively charged
ions would accelerate and collide with positively charged conductors and, in turn, create
Bremsstrahlung radiation.

Several parameters can be optimized to improve the performance of the electrostatic
shielding system. These parameters can be the size of the 2-D array, the intra-array gap (G)
between charged nodes, Orthogonal distance from the center to the 2-D array (R), and the

gap between each 2-D array ().
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Figure 4.7: Single layer charged array configuration

The first and simplest configuration constructed under these guiding principles is shown
in Figure 4.8. This family of charge configurations consists of planar arrays, each made up
of a square matrix of charged spheres. If the crew volume is centered on the origin, planar
arrays are oriented such that their normal vectors are parallel or anti-parallel with one of the
Cartesian coordinate axes, resembling the six sides of a cube. The charge distribution for each
array was allowed to change, but negative charges were generally clustered toward the edges
of each planar array. Multiple planar arrays were stacked together by maintaining a fixed
gap between each 2-D array such that the normal vectors of these planar arrays are collinear.
This method was based on the previous strategy of using multi-layered charge distribution

to gain flux density reduction by using lower positive charge (Table 4.8). Stacking 2-D
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Figure 4.8: 3-D charged array configuration with multiple stacked 2D arrays

charged arrays increases the extent of the electric field and improves flux density reduction
capabilities.

Distribution of negative charges was tested for different configurations as shown in Fig-
ure 4.9. The effectiveness of these three different negative charge distributions was computed
for different combinations of the 3-D stacked arrays, and it was observed that the first distri-
bution among the three works best. Table 4.4 shows the relative performance of these three
different charge distributions.

As evident from Table 4.4, Distribution 1 works the best among all three negative charge
distribution shown in Figure 4.9. The reason behind that is, as the negative charge per node

(g—) is highest for Distribution 1, it acts as a negative potential well to attract charged par-
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Distribution 1 Distribution 2 Distribution 3

Figure 4.9: Distribution of negative charge points within a 2D charged array

Table 4.4: Flux density reduction results three different negative charge distributions for
200 MeV protons in case of 3-D stacked configuration where the intra-node gap (G) was
fixed at 7.5m and the the array span was 30m x 30m with ¢, = 0.005C, ¢g_ = —26.25 mC,
S =75m, Ry =225m, and N, =5

Distribution Name Reduction [%)]
Distribution 1 41 + 2
Distribution 2 35 3
Distribution 3 30 £ 2

ticles away from the crew volume more efficiently compared to the other two negative charge
distributions (Distribution 2 and 3). In this configuration, protons with energy 200 MeV
were simulated with multiple 2-D stacked array configurations where the gap between nodes
(G) and the distance of the first 2-D charged array (S) were varied from 7.5m to 20 m.
The distance to the proximal 2-D charged array (R;) was varied from 22.5m to 60 m. The
value of Ry was chosen so that the 2-D charged arrays on each side of the crew volume do
not overlap and maintain the minimum gap equal to the value of G. Unlike in the case of
1-D simulations, it was observed that the flux density reduction reduces when the charged
2-D arrays are placed further away from the crew volume. Additionally, it was observed

that as the value of G and S increases, the value of flux density reduction factor decreases.
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Tables 4.5, 4.6, and 4.7 demonstrate that the value of flux density reduction factor decreases
with increasing values of Ry, GG, and S respectively. The explanation of this phenomenon can
be drawn from the effect that with increasing gap between nodes, the electric field between
the gaps decreases and affects the shielding’s performance. Additionally, with an increasing
value of Rj, the solid angle coverage that the electrostatic shielding provides to the crew
volume is reduced. The total number of nodes in these configurations was equal to 750,
with 630 positively charged nodes and 120 negatively charged nodes. For each configuration,
multiple (at least three) simulations were done using different random seeds, and the average
value and one standard deviation are shown in the flux density reduction column.

Table 4.5: Flux reduction results for 200 MeV protons in case of 3-D stacked configuration
where the intra-node gap (G) was 20m and array span was 80m x 80m, S = 20m

¢+ [C] q- [C] Q [C] Reduction
(%]

0.001 -0.00525 0.63 0

0.002 -0.0105 1.26 5+ 3

0.003 -0.01575 1.89 10 £ 2

0.005 -0.02625 3.15 18 £ 3

Table 4.6: Flux reduction results for 200 MeV protons in case of 3-D stacked configuration
where the intra-node gap (G) was 10m and array span was 40m x 40m, S = 10m

q+ [C] q- [C] Q [C] Reduction
%]

0.001 —5.25 x 107° 0.63 0

0.002 —10.5 x 1073 1.26 15+ 3

0.003 —15.75 x 1073 1.89 18 £ 2

0.005 —26.25 x 1073 3.15 35+ 2

4.8.1 Effect of Addition of Layers

Here, adding layers on a particular configuration by keeping the total positive charge con-

stant was examined. The objective was to determine whether the same reduction can be
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Table 4.7: Flux reduction results for 200 MeV protons in case of 3-D stacked configuration
where the intra-node gap (G) was 7.5m and array span was 30m x 30m, Ry = 22.5m, N,
=5, 5 =7.5m

q+ [C] q- [C] Q [C] Reduction
%]

0.001 —5.25 x 1073 0.63 10 £3

0.002 —-10.5 x 1073 1.26 18 £+ 2

0.003 —15.75 x 1073 1.89 27 + 2

0.005 —26.25 x 1073 3.15 41 + 1

achieved by reducing individual charge values and increasing the number of charged points.
For this purpose, one of the first configurations with charge value per positive node equal to
0.005 C was chosen since it provided the best reduction. Protons with kinetic energy equal
to 200 MeV were simulated to compare the efficacy between different active shielding con-
figurations. The value of N, was varied from 5 to 10, and the flux density reduction results
are shown in Table 4.8. The value of ¢, and ¢g_ were changed in such a manner that the
total positive charge remains same in all cases. It is shown that the even if the total positive
charge value is constant, lowering individual charge values by increasing number of nodes
does not improve performance of the active shielding configuration and the performance
decreases with the increase of layers until the value of flux density reduction factor remains

constant with increase in the number of 2-D charged arrays.

Table 4.8: Flux reduction results for 200 MeV protons in case of 3-D stacked configuration
where the intra-node gap (G) was fixed at 7.5 m and the the array span was 30m x 30m, S
=75m, Ry =225m, and () = 3.15C

N, q+ [C] q- [C] Reduction [%)]
5 0.005 —26.25 x 1073 41 + 2
6 0.0041 —21.52 x 1073 37 + 2
7 0.0035 —18.75 x 1073 37 £+ 2
8 0.0031 —16.4 x 1073 32 + 2
9 0.0027 —14.58 x 1073 27 + 3
10 0.0025 —13.12 x 1073 25 + 3
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4.8.2 3-D Charged Arrays with Shifted Layers

In this configuration family, each 2-D array is shifted with respect to its neighboring 2-D
charged array such that the dip in the electric field created by the gap between two nodes
for each array is compensated by the presence of node in the consecutive 2-D charged array.
Multiple simulations where the intra-node gap (G) was kept between 7.5 m to 20 m were
done in this study. It did not improve the performance, but, to some extent, deteriorated
it (in the case where the gap between nodes was higher, for example, around 20m). No
flux density reduction was observed in this configuration. It is clear that shifting the layers
with respect to each other nullifies the flux density reduction. It may be due to the effect of

placing the negative charges in the middle section of the 2-D charged arrays.

4.8.3 3-D Stacked Array-Cubic Configuration

In previous configuration (3-D Charged Array Configuration), it was shown that the more
the charge points are concentrated together, the better the performance. Thus it was hy-
pothesized that the stacked 3-D arrays were not providing any protection from the particles
with trajectories are directed towards the diagonals of the cube. In order to prevent this
streaming, a stacked cubic configuration was chosen. In this case, the nodes at the sides and
corners of each array overlapped the nodes located on the other orthogonal side, and there-
fore, the charge values were adjusted accordingly. The positive charge values of each side
of the array were doubled where negative values at each corner of the cube were multiplied
by a value of three. The cubic configuration is shown in Figure 4.10. Table 4.9 shows the
simulation results for the cubic configurations, which demonstrated improved performance
compared with previous arrangements in terms of gaining more reduction for less value of

total charge, but it increases the charge on individual nodes unrealistically.

4.8.4 3-D Stacked Spherical Sector Configurations

In this case, curvature was added to the 3-D stacked arrays. They were placed in a manner

that resembles a fractional solid angle, shown in Figure 4.11. No reduction was observed in
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Table 4.9: Flux reduction results for 200 MeV protons in case of 3-D cubic configuration
where the intra-node gap (G) was fixed at 20m, N = 456

R; A q+ [C] q- [C] Reduction [%)]
20, 40, 60 3x3, 5xH, X7 0.001 0.426 12 £ 3
20, 40, 60 3x3, bxH, Tx7 0.002 0.852 25+ 3
20, 40, 60 3x3, 5x5, 7x7 | 0.003 1278 1+ 2
20, 40, 60 3x3, 5xH, 7X7 0.005 2.13 50 £1

this case for the same charge values as 3-D stacked arrays. One possible explanation is that
the negative charges in this configuration direct positively charged particles towards crew

volume. Another possible reason may be, the greater distance to the crew volume.
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Figure 4.11: Stacked Spherical Sector Arrays

4.8.5 3-D Charged Arrays with Extended Negative Points

This configuration was a modified version of the stacked arrays. Here, the gaps between
each node within an array was kept constant. In this configuration, the gap between positive
nodes and negative nodes were increased, and negative nodes was stretched away, as shown
in Figure 4.12 so that the positively charged particles are directed further away from the
crew volume.

The flux density reduction for these types of configurations are shown below in Table 4.10.
It is clear from the outputs that for similar configuration of stacked arrays in terms of charge
values, and number of charges, this configuration provides better performance. Therefore,

in later configurations, the negative charges were placed further away in each 2-D charged
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Figure 4.12: 3-D charged Array Configuration with laterally extended negative points

array to improve performance. The 3-D charge configuration is shown in Figure 4.13.

Table 4.10: Flux reduction results for 200 MeV protons in case of 3-D stacked configuration with
extended negative nodes (figure 4.12) where nodes were stacked on each side of a cube with each
2D charged array being 5 x 5 in size. N = 750, Ry = 60m, and N, = 5.

q+ [C] q- [C] Q [C] Dy [C] Reduction
%]

0.003 -0.01575 1.89 50, 60, 70, 80,90 | 10 £ 3

0.005 -0.02625 3.15 50, 60, 70, 80,90 | 32 £ 1

It is evident from Table 4.7 and Table 4.10 that for the same value of total positive charge
(@), 3-D Charged Arrays with Extended Negative Point performs better. From these 3-D
charge distributions, it is clear that to find a suitable configuration, one needs to confine
the positive charge points in a smaller volume in space equally around the crew volume
and distribute the negative charge points away from the positive charges. This finding was

utilized in the following configuration.
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Figure 4.13: 3-D charged Array Configuration with extended negative points

4.8.6 3-D Stacked Arrays with Isolated Negative Charges Placed

on Diagonal

This configuration further demonstrated improvement in flux density reduction. Here, the
orthogonal stacked arrays were chosen to be all positive and negative charge points were
separated and placed along the diagonal of a large cube as shown in Figure 4.14.

The flux density reduction factor for different configurations in this family are shown
Table 4.11. Protons of kinetic energy 200 MeV was simulated for each combination to deter-
mine the flux density reduction. The best configuration provides almost 30% reduction for
a charge values as low as 0.0003 C.

The simulation results of Table 4.11 show improved reduction using a lower amount of

total charge and individual charge. The gap between the positively charged nodes were
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Figure 4.14: Stacked Arrays with Negative Diagonal

lowered to 5m to achieve better flux density reduction. In practice, this configuration can
be achieved using plane charge instead of point charges and charged rods that can are placed

along the diagonal of a cube decoupled from the system.

4.8.7 Relative Performance Analysis of the Configurations Tested

In this section, the relative performance among the best performing configuration has been
shown. Here, the spherical configurations are not included as it was decided that from
a practical point of view, generating spherical shielding would be next to impossible. To

analyze which configuration would be best, four different metric were chosen: 1) amount of
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Table 4.11: Flux reduction results for 200 MeV protons in case of 3D stacked hyperbolic
configuration where each 2D charged array was of size 7x7 and each positive point was 5m
from each other while negative charges were placed along a diagonal far from the stacked
arrays (Figure 4.14). In this configuration, each diagonal was placed from 35m to 173m
from the origin along a diagonal. N = 1248, Ry = 20m, N, = 4. The span of each 2D array
was 30m x 30m

¢+ [C] q- [C] Q [C] Reduction [%)]
0.0001 -0.001633 0.117 0

0.0002 -0.00326 0.324 15+£3

0.0003 -0.0049 0.351 26 £ 2

0.0005 -0.008167 0.585 49 + 1
0.00075 -0.01224 0.877 82 =+ 1

0.001 -0.01633 1.17 98 £ 2

total positive charge on the system (an indicator of the total power requirement), 2) how
far are these charges spread (relates to the compactness of the system), 3) the amount of
positive charge per node (represents the amount of potential required to generate them), and
4) the amount of flux density reduction it provides for 200 MeV protons. Table 4.12 shows
the summary of the best configurations of all the configurations tested and which provided
non-zero flux density reduction. From Table 4.12 it is evident that the last configuration is
the best among all and therefore in the next work, as it provides better reduction at lower
value of ¢, and @ even though the extent of the configuration is increased from 60m to
80 meter. A modified version of this configuration with charged planes and rods instead of

point charges are presented in later sections.

Comparison of Electric Field Distribution

In this section, the representational electric field plots for different configurations that pro-
vided non-zero flux density reduction are described. Figures 4.15, 4.16, 4.17,and 4.18 repre-
sent the electric field plot for four configurations that worked best. Both the colors and size
of the field vectors (cones) represent the magnitude of the electric field vector at the point at

which they’re located. Bright yellow + large cone means the magnitude of the electric field is
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Table 4.12: Relative performance analysis of different configurations

Configuration Q [C] q+ [C] Maximum | Reduction
Name extent [m] | [%]

3-D stacked ar- | 1.26 0.002 52.5 18 £ 2
rays

Cubic configura- | 0.852 0.002 60 25+ 3
tion

3-D stacked | 3.15 0.005 90 32+1

arrays with ex-
tended negative
points

3-D stacked ar- | 0.585 0.0005 80 32+ 2
rays with nega-
tive diagonals

large at that position. Dark/black + small cone means the magnitude of the electric field is
small at that position. The dimension of the cones represents the magnitude of the electric
fields. The magnitude of the electric field is normalized by the highest magnitude of the
electric field vectors. It is clear from these figures that the best configuration among them
has a higher value of electric field around the corner and isotropic spread of electric field
surrounding the crew volume. Further studies need to be done to get a better idea regarding
the relationship between the orientation of the electric field and corresponding flux density

reductions.

4.8.8 Charged Plane and Line Configuration

With the success of the 3-D charged array with coupled negative charges, the key issue was to
find a set of suitable conductors that can generate the required field. To move from charge
based configurations to conductors, a simple model was chosen. The positively charged
arrays were replaced by positively charged 2-D planes and the negatively charged points
were replaced by negative line charges. Analytic functions describing the electric field of a

square plane with finite dimensions and finite charged lines were added to ASPP code [79] to
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Figure 4.15: Electric field plot for 3-D stacked array configuration

compute the resulting electric field. It is true that in reality, the charged planes will have some
finite thicknesses and will not be truly 2-D and the charged rods will have some thickness,
but these finite characteristics are unimportant for present applications. Figure 5.1 shows
the standard charged plane and rod combination. Here, the red square regions represent
the positively charged plane and black lines represent the negatively charged rods. The

parameter space for all the configurations that were tested is shown in Table 4.13.

4.9 Formulation of 3-D Configuration Scaling Law

This section discusses the formulation of a 3-D scaling law for the chosen family of elec-

trostatic shielding configuration in a step-by-step manner. In Chapter 3, a scaling law was
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Figure 4.16: Electric field plot for cubic configuration

formulated for a beam-like configuration, relating the performance of the dipole electric field
and its ability to deflect a stream of energetic ions. Similarly, a 3-D scaling law was estab-
lished to formulate a mathematical relationship between different subsets of active shielding
configurations of a family of configurations (shown in Table 4.13) and the corresponding flux
density reduction factor for various energies. This mathematical relationship can be later
used to demonstrate the performance of a scaled-down version of 3-D active shielding config-
uration in an accelerator-based facility. In order to establish the law, a set of configurations
that are a combination of positively charged planes and negatively charged lines were used

for simulations. The shielding efficacy of these sets of electrostatic shielding was calculated
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Figure 4.17: Electric field plot for 3-D stacked arrays with extended negative points

for protons and other high-Z particles relevant for space radiation. The energy range of
the projectiles was varied from 10 MeV/n to 1000 MeV /n as no flux density reduction was
observed above the energy of 1000 MeV /n for all the three active shielding configurations.
A new concept of 3-D scaling parameter is formed, which can be used to calculate the
efficacy of different configurations. The initial definition of the 3-D scaling parameter can
be seen in Equation 4.3,
KQZ

A (o zo7e 9

where Z is the incident ion charge, () is the cumulative positive charges on the planes,

Ey is the rest mass energy of the projectile, and ~ is the Lorentz factor. K is a constant
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Figure 4.18: Electric field plot for 3-D stacked arrays with negative diagonals

which is used for magnitude scaling. The numerator of the 3-D scaling parameter includes
total positive charge, which is used to deflect the ions, whereas the denominator represents
the momentum of the incoming ions per unit atomic number (Z). The denominator in
Equation 4.3 represents how difficult it is for the electric field to deflect the ions. In this
case, the value of K is a scaling factor equal to 1000 to normalize the values of 3-D scaling
parameter. Figure 4.20 shows the flux density reduction factor (F(E)) versus parameter for
protons for different values of distance between crew volume center and the negative charges.
Unlike the 1-D scaling parameter, the 3-D scaling parameter is not dimensionless. The unit
of 3-D scaling parameter is C MeV~!. Therefore, the scaling parameter needs to be modified
to incorporate the variation of reduction with distance of the negative line charges. The

updated scaling parameter is shown in Equation 4.4
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Figure 4.19: 3-D electrostatic shielding configuration with charged planes and rods

KQZdO’33
(v = 1Eo) /v’

where d is the distance of the negative rod to the crew volume center, normalized by

f51:

(4.4)

the highest distance of the negative rod to the crew volume center that were simulated
(d = dneg/dneg,,,,)- The updated scaling law plot with new scaling parameter is shown in
Figure 4.21. The power of the normalized distance of the negative rod is 0.33 for the modi-
fied 3-D scaling law. This is an empirical factor which may be related to the physics of the
electrostatic shielding. Further studies should be done to provide an accurate explanations
for these empirical parameters.

It is evident that the updated scaling parameter takes account of the variation of distance
between the center of the crew volume and the negative charge. However, there are other two
other parameters that influence the reduction and needs to be associated with the 3-D scaling
parameter. These two parameters are the gap between the charged planes (d,) which were

varied between 5m to 10m, and the proximal distance between the crew volume center and

118



Table 4.13: Parameter space for the charged plane and rod configuration studies

Parameter Range
Distance of the negatively | 60 - 140
charged rod (dyey) [m]

Number of plane charged per side | 3 -5

(N,)

Surface charge density (o) | 2.27 - 15.1
[nCm~?]

Planar charge dimension 30m x 30m
Distance of proximal plane (d,.s) | 20, 25, 30
[m]

Distance between consecutive | 5, 7.5, 10
planes (d,) [m]
Proton energy [MeV] 10, 30, 50, 75, 100, 150, 200, 300,
500, 750, 1000

a
E/IO_ " e . . . .
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55 ¢
B 08' *4
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3-D Scaling parameter (f,) [mC/MeV]

Figure 4.20: 3-D scaling parameter for plane-rod combination (with three planes) without
distance scaling
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Figure 4.21: 3-D scaling parameter for plane-rod combination (with three planes) with dis-
tance scaling

the first charged plane (dp,s). The variation of the flux density reduction factor for different
values of d,, is shown in Figure 4.22. The 3-D scaling parameter used in Equation 4.4 was
used in this case. Figure 4.22 shows that the flux density reduction value changes with
different values of d,. To account for these changes, the 3-D scaling law in Equation 4.4 was

modified, and the modified form is shown in Equation 4.5

KQZd'/?
(9°2(v* = 1)Eo) /v’

fs2 = (45)

where f;, is the updated 3-D scaling parameter and ¢ is the normalized inter-plane gap
(g = dp/dpmax)'
Figure 4.24 shows that the flux density reduction is a function of d,.s. To account for

the variation in d,.s, Equation 4.4 was modified to Equation 4.6
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Figure 4.22: 3-D scaling parameter for plane-rod combination (with three planes) without a
normalized gap (G) scaling

KQZzd'/?
(s(v* =1 Eo) /v’

where fs5 was the modified 3-D scaling parameter to counter the variation in dp,s, and s is the

foa = (4.6)

normalized distance to the proximal plane from the crew volume center (s = dpos/dpos,,,,)-

Figures 4.24 and 4.25 show the effect of modified 3-D scaling parameter that takes account
of the variation of dy,s. A curve-fitting is also done to show the linear relationship between
the flux density reduction factor and the 3-D scaling parameter in each of these figures
(Figure 4.21, 4.23, and 4.25). For the final stage, to test the 3-D scaling law for all relevant
parameters, three separate active shielding configurations were tested with non-identical

distance to the negative charged rod (d,.,), distance to the proximal plane (d,,s), and gap

between plane (d,). Figure 4.26 shows the plot of reduction for three different active shielding
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Figure 4.23: 3-D scaling parameter for plane-rod combination (with three planes) with nor-
malized gap (G) scaling
configurations.

To scale these three different configurations, an updated 3-D scaling parameter was chosen

which account the variations in all these three parameters using Equation 4.7

KQZd*
(%50~ DEo) [

where f, is the 3-D scaling parameter that incorporates the variations in all the three

fs4:

(4.7)

parameters. Figures 4.26 and 4.27 effectively demonstrate the validity of the updated 3-D
scaling parameter to represent the active shielding systems investigated. A curve-fit was
done here to form a mathematical relationship between the flux density reduction factor and

the final updated 3-D scaling parameter.
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4.10 Summary

In this chapter, different 3-D charge configurations were investigated. The initial approach
was to place multiple dipole like nodes along a spherical surface. These types of configura-
tions were only successful if positively charged monopoles were used, which is unrealistic.
Later work showed that repetitively aligning these charged nodes over 3-D space lowers the
potential requirement. From this idea, a charged array concept emerged where multiple 2-D
charged arrays were stacked together, and negatively charged nodes were at the corners of
these 2-D charged arrays. Various such configurations were tested for optimization. Of all
these configurations, a suitable 3-D charge distribution emerged where 2-D charge planes
were positively charged, and the negative points were extended diagonally to achieve better
protection. This 3-D charge configuration was converted to a set of regular shaped conduc-

tors, and their performance was analyzed via a 3-D scaling study. Later sections show the
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improvement of the radiation shielding performance by including this charged plane and rod

configuration.
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Chapter 5

Hybrid Methods of Radiation

Shielding against an Extreme SPE

5.1 Motivation

The work presented in this chapter demonstrates the application of the novel active shielding
configuration against an extreme, historically significant SPE (October 1989), which would
pose a threat to astronauts on a deep space mission. In this section, performance metrics
for multiple combinations of active and passive shielding are analyzed. For deep-space mis-
sions, storm shelters are planned within spacecraft to protect astronauts from the sudden
rise in radiation exposure during severe SPEs. These are thickly shielded regions within
the spacecraft where astronauts can take refuge during SPEs [30]. This work concentrates
on reducing the mass penalty of the storm shelters and reducing RBE-weighted doses and
effective doses for astronauts against large SPEs. The October 1989 SPE was chosen as the
representative of the extreme SPE since a previous study has demonstrated that this partic-
ular SPE is capable of penetrating nominal spacecraft shielding and has a significant fluence
at high energies, which can be damaging to astronauts [30]. Different thicknesses of material
shielding that can be used in long-term deep space missions are studied in the presence of

the chosen set of active shielding configurations, which were discussed in Chapter 4.
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5.2 Description of Electrostatic Field Configurations

Figure 5.1 shows the active shielding system that was investigated in this study. For com-
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Figure 5.1: 3-D electrostatic shielding configuration with charged planes and rods

putation purposes, three different electrostatic shielding configurations were chosen. These
three configurations (shown in Table 5.1) represent three different charge densities (o) on the
positively charged planes. The potentials at the mid-point of these charged planes (Viniapiane)
were computed using previously published work [121] and are one to two orders of magnitude
lower than the potentials that were used in previous studies [96, 97, 118]. The mathematical

formula to compute the potential at the center of the plane is shown in Equation 5.1,
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1
Vinidptane = 41 (1 + ﬂ)ﬂ%’ (5.1)
0

where () is the total positive charge on the plane and L is the length of the square plane,
and ¢ is the permittivity of free-space.

Table 5.1: Parameter space for the charged plane and rod configuration studies

Parameter Configuration 1 | Configuration 2 | Configuration 3
Surface charge density | 7.57 11.35 15.1

(0) [1Cm 2]

Linear charge density (p) | -1.022 -1.533 -2.044
mCm™]

Potential at the mid- | 7.2 10.8 14.4

point of the charged

plane (Vinidpiane) [MV]

In these three configurations, parameters like distance to the proximal plane (d,s), dis-
tance to the negatively charged rod (d,.,), and gap between planes (d,) were kept fixed at
20m, 60m and 5m respectively. The total number of positively charged planes in each or-
thogonal direction (+z, —z, +y, —y, +2 and —z) from the center of the spacecraft was four
in all the simulations. The dimension of each charged plane was kept fixed at 30m x 30m
in all the simulations. The length of the charged rods was kept fixed at 20 m. The reason for
choosing d,,s and d,,.4 to be 20m and 60 m respectively is that these two parameters provided
the best performance in terms of flux density reduction by keeping the extent of the active
shielding configuration at 80m, which is within the range of extents discussed in previous
literature (50m to 160m). Mono-energetic relativistic protons with energy range varying
from 10 MeV to 1000 MeV were simulated to compute the flux density reduction factor for
the electric fields generated by these three active shielding configurations. No significant flux
density reduction (> 5%) was observed beyond 1000 MeV. Multiple random seeds (3) were
used to compute the average value of flux density reduction factor and standard error (one
standard error) by keeping the standard error within 2%.

Figure 5.2 shows the flux density reduction factor for all the three active shielding con-
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Figure 5.2: Flux density reduction factor for protons for different active shielding configura-
tions

figurations that were investigated for energetic protons. Here, Configuration 1, 2, and 3
represent the three different charge densities of charged planes and rods, as shown in Ta-
ble 5.1. These three particular charge densities () come from earlier point charge based
stacked 2-D array configurations (Figure 4.14). In that configuration, a 7 x 7 2-D charged
array was used. Each point charge of that 2-D charged array was assumed to be a virtual
sphere of diameter 2.5 m charged to a potential of 1 MV, 1.5 MV, and 2 MV respectively. It
was assumed that the total charge on the surface of the sphere was located at the center.
The total positive charge on each of the 2-D array was divided by the area of the array (30 m
x 30m = 900m?) to compute these particular charge densities as shown in Table 5.1. The
potential on the charged planes will not be the same as that of the virtual spheres in the
2-D array, as shown in Equation 5.1, because of the difference in the shape and size of the

conductors.
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The flux density reduction factors for these three cases were used to compute the modified
fluence spectrum of the October 1989 SPE. Here, the term flux density reduction factor can
be interchangeably used as fluence density reduction factor since SPEs are time-integrated
spectra. A logarithmic interpolation algorithm was used using Python software version 2.7
[122] to compute the flux density reduction factor for all the discrete energy bins for the
October 1989 SPE fluence spectrum. The flux density reduction factor was assumed to be
zero beyond the energy of 1000 MeV Equation 5.2 explains the computation procedure for

fluence spectrum subjected to active shielding.

O 45:(E) = O(E)(1 — F'y(E)). (5.2)

Here, ®(F) is the October 1989 SPE fluence spectra, F’;(E) is the interpolated flux density
reduction factor of the i active shielding system, and ® 45,;(E) is the resulting fluence spec-
trum that passes through the i active shielding system. The October 1989 SPE spectrum
and the proton spectra after passing through the tested active shielding configurations are

shown in Figure 5.3.

5.3 Proton Angular Distribution

To use the reduced fluence spectra after the application of the electrostatic shielding (® 45;(E)),
it was important to determine whether the electric field provides equal protection for all di-
rections of the 47 sr solid angle for incoming protons. Also, to transport the attenuated
fluence spectrum through passive shielding, it was important to determine the angular dis-
tribution of the incident spectra to be transported. To determine the protection for all
directions, the 47 solid angle was divided into 10 x 10 discrete angular bins in the azimuthal
(0) as well as elevational (¢) directions. Here, the angular fluence was computed for each of
these bins with and without the presence of the electric field. The angular protection was
calculated as the ratio of the angular fluence in case of with and without the active shield

in each of these angular bins on the surface of a sphere with radius 5m and centered at the

131



'_4/\ —8— |Incident Spectrum (October 1989 SPE)
[ —&— Shielded Spectrum (Configuration 1)
% —8— Shielded Spectrum (Configuration 2)
2 108 —l— Shielded Spectrum (Configuration 3)
T

L 5 A

o 10 -

Q

=

O]

=)

p—

e 4 |

= 10

Q

=

@)

i

A 2

1

ek
-

U

-

10° 10
Energy (MeV)

Figure 5.3: Unshielded and shielded proton fluence spectra

origin. This sphere represents spherical crew volume (spacecraft), which was kept constant
at 5m. Protons of kinetic energy 50 MeV to 500 MeV were simulated in the presence of the
active shielding Configuration 3. A total of 1.25 x 108 particle histories were simulated for
each energy in order to compute the angular fluence. Figures 5.4, 5.5, 5.6, and 5.7 represent
the angular protection for each of these bins are represented for protons of kinetic energy
50 MeV to 500 MeV. It is clear from the figures that angular reduction under various angular
bins is almost the same for all 100 angular bins. This pattern is observed for all the three
active shielding configuration investigated. This shows that the proton spectra, after pass-
ing through the active shielding configuration, acts very close to an isotropic distribution.
Therefore, the assumption that the fluence spectra after passing through the active shielding

will be isotropic is justifiable.
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Figure 5.4: Degree of angular reduction in 10 x 10 angular bin for 50 MeV proton in Config-
uration 3

5.4 Hybrid Shielding Configurations

In this section, combinations of active and passive shielding are evaluated for shielding effi-
cacy against the October 1989 SPE. The relative performance of these configurations is dis-
cussed here. For passive shielding, aluminum was chosen as the standard shielding material
as it is the most commonly used material in the case of spacecraft construction. Thicknesses
of 5, 10, and 20 gem™2 were used as these thicknesses represent lightly, moderately, and
heavily shielded spacecraft. The hybrid shielding configuration was divided into three types.
These were: 1) Active-Passive 2) Passive-Active and 3) Passive-Active-Passive. Figures 5.9,

5.10, and 5.11 represent these three different types of hybrid configurations. Besides these
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Figure 5.5: Degree of angular reduction in 10 x 10 angular bin for 100 MeV proton in
Configuration 3

three hybrid configurations, passive shielding only was also tested to characterize the per-
formance of these hybrid configurations in terms of their mass savings and reduction of dose
and related quantities (Figure 5.8.

The multiple hybrid shielding combinations that have been tested in this study are shown

below:

1. 5gem™? (Passive),
2. 10gem™? (Passive),

3. 20gcem™? (Passive),
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Figure 5.6: Degree of angular reduction in 10 x 10 angular bin for 200 MeV proton in
Configuration 3

4. Configuration 1 + 5gcm™2 (Active-Passive),

5. Configuration 2 + 5gcm™2 (Active-Passive),

6. Configuration 3 + 5gem™2 (Active-Passive),

7. Configuration 3 + 10gcm™2 (Active-Passive),

8. Configuration 3 + 20 gcm™2 (Active-Passive),

9. 5gem™? + Configuration 1 (Passive-Active), and

10. 2gem™2 + Configuration 1 + 3gem™ (Passive-Active-Passive).
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Figure 5.7: Degree of angular reduction in 10 x 10 angular bin for 500 MeV proton in
Configuration 3

In the case of active-passive combination, three active shielding configurations were tested
with lightly shielded spacecraft (5gcm™2) to observe whether any of the three different ac-
tive shielding configurations could provide a similar degree of protection as that provided
by the moderately and heavily shielded spacecraft. The best performing active shielding
system (Configuration 3) was also tested with moderately and heavily shielded configura-
tions to assess whether any improvement in performance is gained by appending the best
active shielding configuration with these two types of material shielding. The first two active
shielding configurations were not tested along with moderately and heavily shielded config-
urations because these two types of material shielding are capable of completely stopping

protons of kinetic energy 100 MeV and 150 MeV respectively, and therefore a significant gain
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Figure 5.9: Hybrid Active-Passive configuration

could not be achieved by appending the first two active shielding configurations. In the case
of passive-active and passive-active-passive configurations, the combination was only tested
with lightly shielding materials (less than or equal to 5gcm™2). The rationale was that these
configurations were tested as a proof of concept to show that adding passive materials before
active shielding can be beneficial. Placing passive materials before active shielding, which is
spanned over hundreds of meters is technologically challenging. Therefore, for passive-active

or passive-active-passive configurations, only lightly shielded materials were tested. For the
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Figure 5.11: Hybrid Passive-Active-Passive configuration

passive-active-passive case, the total material shielding was chosen to be equal to the case
of passive-active, to observe whether any advantage can be achieved by distributing the ma-
terial shielding before and after the active shielding. In the results section, the outcomes of
these four different types of shielding combinations (passive, active-passive, passive-active,
and passive-active-passive) are demonstrated. To evaluate the performance metric of each
of these configurations, the organ dose equivalent and RBE-weighted dose were computed
to characterize the risk of the stochastic and deterministic effects, respectively. To calculate

organ dose equivalents, the track structure based NASA solid cancer and leukemia qual-
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ity factors were used [47]. The organ dose equivalents and RBE-weighted dose [11] were

computed for both male and female ICRP-110 computational phantoms [123].

5.5 Ion Scaling

The flux density reduction factor was computed for protons for the configurations is shown in
Figure 5.3. The flux density reduction factor was only computed for protons. To assess the
performance of passive-active and passive-active-passive configurations, the performance of
the active shielding in terms of protection against heavier ions was required, as heavier ions
can be generated from target fragmentation. Also, in the case of GCR boundary conditions,
there are heavier ions ranging from Z = 1 to Z = 28 that contribute to organ dose equivalent.
Therefore, to compute the flux density reduction factor for all these configurations, all of
these ions need to be simulated in different electrostatic field using ASPP, which can be
computationally cumbersome. To reduce the required simulation time, a few chosen ions
that contribute significantly towards the total effective dose in case of GCR were simulated.
The flux reduction factor as a function of kinetic energy of these ions (MeV/n) are shown
in Figure 5.12. It is clear that the reduction factor is dependent on the mass and charge
of the ions. To remove the dependency, a scaling factor equal to Aion/Zien Was multiplied
with each (shown in Equation 5.3). Figure 5.13 shows the flux reduction for each of these
ions with the scaling factor. It is evident from the Figure 5.13 that the scaled flux reduction
for all energies and all ions coincide. This finding is important as now only the flux density
reduction of protons can be simulated using ASPP and flux density reduction factor for all

ions can be computed using the mathematical formula shown in Equation 5.3,

Zion
)
Aion

onn(E) = Fproton(E> (5.3)

where Fj,,(FE) represents the flux density reduction of any ion with atomic number and
atomic mass Z,,, and A;,, respectively, whereas Fj, ton(E) represents the flux reduction for

protons for the active shielding configuration. All three active shielding configurations show
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similar pattern. The resulting ion flux was computed using Equation 5.4,

N

gbioni(E) = ¢GC’R,ion(1 - Fprotoni(E) - )a (54)

Ajon
where ¢;,n;(F) represents the flux of ion (Z > 1) after it passes through the i active
shielding configuration. This ion scaling law for active shielding configurations was used for
the computational dosimetry throughout this chapter and Chapter 6. Equation 5.3 shows

that the lower the Z/A ratio, the more difficult is to deflect the ion using the electric field.
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Figure 5.12: Flux density reduction factor for different GCR ions without scaling

5.5.1 Surface Charge Density Scaling

In this section, the effect of increasing the surface charge density of the positively charged
plane (o) of this active shielding system is discussed. In the three active shielding configu-

rations discussed above, the only varying parameter is o. Figure 5.2 shows the flux density
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Figure 5.13: Flux density reduction factor for different GCR ions with scaling

reduction factor (F(E)) of protons as a function of kinetic energy for all the three active
shielding configurations. Figure 5.14, shows the flux density reduction factor scaled by the
factor 0,,4:/0, Where 0,4, is the maximum charge density among the three configurations
tested here (Configuration 3)), and o is the surface charge density for each active shielding
configurations. It is evident from Figure 5.14 that when the flux density reduction factor is
multiplied by the normalization factor, the three configurations align with each other. This
outcome is important as the flux density reduction factor of any surface charge density can
be computed using this formula, if all the other parameters remain constant. This work
was done for the purpose of demonstration of this property and was not used in any of the

radiation transport work.

141



—4— Configuration 1
—$— Configuration 2

0.8 1 —4— Configuration 3

0 100 200 300 400 500 600 750 900 1000
Energy (MeV)

Figure 5.14: Flux density reduction factor normalized with the surface charge density

5.6 Passive Radiation Transport

For radiation transport, stochastic Monte Carlo based code PHITS version 3.17b was used
[124] for accurately simulating all the primary and secondary radiation within the voxelized
ICRP phantom [123]. The PHITS input file consists of five parts: 1) Definition of the
physics modules used 2) Definition of source geometry 3) Material definition 4) Definition of
the computational phantom 5) Definition of the output tallies. The source was chosen to be
isotropic to represent space-like conditions. For the simulation of RBE-weighted dose, the
RBE values shown in Table 1.4 were used. For all other particles that are not listed in this
table (Table 1.4), the RBEs are equal to one. In this section, the radiation transport for the

three categories of shielding configurations are described.
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5.6.1 Description of the Computational Phantoms

For computational phantom, ICRP Publication 110 model was chosen [123]. The ICRP
model has both voxel based computational phantoms for both male and female. The voxel
phantom had a total of 140 tissue sites that were tallied for computing tissue-specific dose
equivalent using NASA solid cancer and leukemia quality factors. Also, dose for each of organ
site was computed under different shielding conditions. The male phantom, represents a 38-
year-old with height of 176 cm and weight of 76 kg, and consists of 220 slices of 256 x 256
voxels with 8 mm height and a resolution of 2.08 mm x 2.08mm. The female phantom,
represents a 43-year-old with height of 167 cm and weight of 60kg, and consisted of 346
slices of 256 x 256 voxels with 5 mm height and a resolution of 1.875mm x 1.875mm. Both

the male and female computational phantoms were in standing position with arms at side.

5.6.2 Active-Passive Configuration

In case of active-passive combination (Figure 5.9), first the SPE proton spectrum was trans-
ported via the different active shielding configurations using Equation 5.2. The resulting
spectrum was then transported using PHITS through different material thicknesses and body
self shielding to compute dosimetric quantities including effective dose and RBE-weighted
dose. Previously, it was shown that the distribution of the SPE fluence remained very close
to an isotropic distribution after it passes through the active shielding (Figure 5.6). Us-
ing that approximation, the shielded fluence spectrum was assumed to be isotropic prior to

encountering the material shielding.

5.6.3 Passive-Active Configuration

In case of passive-active combinations (Figure 5.10), the SPE spectrum was transported
through different material thicknesses and resulting particle fluence spectra were computed
using 3D-HZETRN [2, 3]. For transport using 3D-HZETRN, ‘slab’ mode was used which
uses bi-directional radiation transport. The October 1989 SPE spectrum was assumed to

2

be incident normally on a slab of thickness 5gcm™ aluminum. The resulting spectra con-
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tained different particles like proton, deuteron, triton, helion, alpha and neutron, which are
generated via interactions with the passive shielding. The spectra of charged particles were
transported through active shielding configuration using Equations 5.2 and 5.4. The result-
ing spectra were then transported via body-self shielding using PHITS to compute effective

dose and RBE-weighted dose.

5.6.4 Passive-Active-Passive Configuration

This configuration (Figure 5.11) is similar to passive-active configuration, except the fact
that the particle fluence spectra, after passing through active shielding, were transported
through another layer of thickness of material shielding and body self-shielding to compute

the shielding performance metric.

5.6.5 Computation of Effective Dose

To assess the performance of the shielding system, a singular quantity should be defined as
the metric for the performance of the active and passive shielding system. The NASA-2010
model for whole-body effective dose was used as the metric [12]. The non-smoker population
tissue weight factors were used to compute the effective dose. The tissue-specific weight
factors that were used for computation are shown in Table 5.2. The values in parenthesis
for the bone marrow represents the tissue weight factor in case of GCR computation.

To compute the blood-forming organs (BFO) dose and dose equivalent, 13 different sites
were used, and those are cervical vertebrae, clavicle, cranium, proximal femur, proximal
humerus, lumbar vertebrae, mandible, pelvis, ribs, sacrum, scapulae, sternum and thoracic
vertebrae. Mass-averaged dose and dose equivalents were computed for each of these sites
in order to compute the BFO dose and dose equivalent. The same approach was taken to

compute the RBE-weighted dose for BFO.
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Table 5.2: Tissue weights for NASA 2010 model for never smokers, after Ref. [12]

Tissue NASA NS US Male NASA NS US Female
Colon 0.1 0.09
Stomach 0.12 0.08
Liver 0.07 0.05
Lung 0.19 0.32
Bladder 0.06 0.04
Breast /Prostate 0.03 0.08
Testis 0 0

Brain 0.02 0.01
Esophagus 0.019 0.007
Salivary Glands 0.003 0.003
Oral cavity (OC) 0.003 0.003
Skin 0 0
Thyroid 0.002 0.004
Bone marrow 0.28 (0.21) 0.13 (0.1)
Bone surface 0 0
Remainder 0.07 0.08
Total 1.0 1.0

5.7 Results

In this section, the relative performance of different hybrid shielding arrangements are pre-
sented in detail. The plots here demonstrate shielding performances in terms of organ dose
equivalent, effective dose and RBE-weighted dose. Figures 5.15 and 5.16 represent the organ
dose equivalent for female computational phantoms under various shielding configurations.
Similarly, Figures 5.17 and 5.18 represent the organ dose equivalent for male computational
phantoms under various shielding configurations.

RBE-weighted dose is calculated for organs where the tissue effects are a concern such
as skin, heart, BFO, and eyelens. For the brain, only the dose value (in Gy) is shown. This
work shows the relative performance of different shielding configurations in terms of limiting
the deterministic effects. The limits for these deterministic effects, were shown in Table 1.6.

The RBE-weighted dose for different shielding configurations for female and male com-

putational phantoms are shown in Figures 5.19, 5.20, 5.21, and 5.22 respectively. The figures
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Figure 5.15: Comparison of organ dose equivalent for different important female organs (part

)

are divided in two subsets representing lightly shielded (material shielding with < 5gcm™2)
and heavily shielded (material shielding with > 5gcm™2). The black and red dotted lines
represent the 1-month and 1-year RBE-weighted dose for BFO. It is evident from Figures 5.21
and 5.19 that the RBE-weighted dose for skin is reduced from more than 1500 mGy-Eq (30-
day limit) in case of 5 gcm™2 shielding to around 500 mGy-Eq when Configuration 3 is used
before the 5gcm™2 aluminum. Also, for the heart, the Configuration 3 in conjunction with
10 g cm ™2 of aluminum reduced the RBE-weighted dose below 250 mGy-Eq (30-day limit) for
the male as well as the female, as shown in Figures 5.22 and 5.20. Hybrid shielding configu-
rations are effective in terms of reducing deterministic tissue reactions. It can be concluded
that Configuration 3, along with 10 g cm ™2 worked best among all of them as it lowered the
exposure below the specified limit without the use of heavy material shielding. The outcomes

for RBE-weighted dose for different thickness of material shielding from 5 g cm™2 to 20 g cm ™2
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Figure 5.16: Comparison of organ dose equivalent for different important female organs (part
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were validated with the outcomes from literature [30]. The RBE-weighted BFO dose under
a low and moderate amount of shielding thickness matched very well with the data from lit-
erature [30] (< 1% relative error), but it did not match with the RBE-weighted dose under
heavy shielding (20 gcm™2). The reasons for that can be attributed to the different types of
radiation transport tools used for these studies.

Figure 5.23 demonstrates the effective dose under different shielding conditions. In each
case, the relative error was kept under 2%. Configuration 3 along with 5gcm~2 provided

better performance than only 10gcm™2.

The organ dose and dose equivalent values were
validated with outcomes from known literature [11]. It is evident from Figure 5.23 that
increasing the potential or charge in different active shielding with a constant value of passive
shielding lowers the effective dose linearly. For example, in the case of Configuration 1 +

2

5gem~2, and Configuration 3 + 5gcem™2, it is shown that the effective dose is reduced by
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a factor around 2, which is the ratio of the magnitude of surface charge density (electric
field) between Configuration 1 and Configuration 3. Configuration 3 along with 10gcm™2,
improved the performance from only 10gcm™2 by around 50%. Whereas, Configuration 3
along with 20 gcm™2, improved the performance from only 20 gcm™2 by 40% and 48% for
male and female respectively. Also, it was observed that placing Configuration 1 after
the material shielding of 5gcm™ aluminum improves the performance by around 20% in
comparison to placing Configuration 1 before 5gcm™2 aluminum. This is a very important
outcome as it validates the hypothesis that passive-active combination can be beneficial
in terms of mitigating space radiation risk as it converts the high energetic component of
the radiation to lower energetic components which can then be shielded easily with a lower
magnitude of an electric field. In Chapter 6, this theory is tested with GCRs. Also, it was

observed that the passive-active-passive combination did not perform better than passive-
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Figure 5.18: Comparison of organ dose equivalent for different important male organs (part
2)

active for low material shielding. Different combinations of this type can be tested in the

future to find the optimum configuration.

5.8 Summary

It was observed that implementing active shielding before the passive shielding lowers the
exposure quantities and thus can be utilized to reduce the mass penalty. In this work, the
effects of hybrid shielding on SPEs were observed in effective doses and RBE-weighted doses.
Among all the configurations tested, the active-passive combination of Configuration 3 and
10gcem™2 was chosen to be the best as it was successful in terms of reducing the RBE-
weighted dose below specified limit without using heavy material shielding. It was also

observed that Configuration 3, when used with 5gcm™2, can perform better than 10 g cm™2
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alone. This active-passive combination implies that Configuration 3 of the active shielding
when placed before 5 gcm™2 thickness of aluminum can save a mass penalty of around 15.8t
weight of material, assuming the crew volume to be a sphere of 5m radius. The concept of
passive-active shielding also emerged in this study, an area that had never been investigated

before. Evaluated configurations showed the promising outcome of this type of configuration,

at least against SPEs.
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Chapter 6

Hybrid Methods of Radiation
Shielding against GCRs

6.1 Motivation

In Chapter 5, the effects of hybrid shielding in terms of protection against SPEs were dis-
cussed. In this section, the effects of hybrid shielding are analyzed for protection against
GCRs. GCRs are responsible for stochastic effects such as cancer and are considered to be
the most harmful space radiation, especially for long-term and deep space missions. The
HZE ions encountered in GCR are different from those of SPEs, and the GCR spectra en-
countered both in case of solar minimum and solar maximum are much more energetic than
those of SPEs, with a peak at energy around 1GeV /n. Therefore, the hybrid shielding con-
figuration was altered from that of SPEs to increase protection. For the validation of results,
two methods of stochastic and deterministic radiation transport were used. For stochastic
methods, PHITS-v3.17b [124] with ICRP phantoms [123] and the pre-computed fluence to
dose conversion factors by Sato [125, 126] were used. Simulation of GCR ions through thick
shielding using stochastic transport code such as PHITS is computationally cumbersome, so
the validation was limited to smaller thickness aluminum shielding for both solar minimum

and solar maximum GCR boundary conditions. For deeper shielding thickness (20 g cm™2),
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the output of the Sato’s pre-computed fluence to dose conversion factors were compared with

results available in literature [12].

6.2 Description of Hybrid Shielding Configuration

GCR spectra are generally more energetic than SPE spectra and therefore a high-magnitude
electric field is required to provide any substantial protection. In this study, four electro-
static shielding configurations were tested which showed some degree of protection against
the GCR particles. In Chapter 3, Configuration 1, 2, and 3 were tested. In case of GCR a
higher electric field was generated (Configuration 4) by increasing the surface charge density
of Configuration 3 by a factor of 2. The description of all the electrostatic shielding configu-
rations is shown in Table 6.1. Except the charge density (o), all other parameters have been

kept fixed as discussed in Chapter 5 (Table 5.1)

Table 6.1: Parameter space for the charged plane and rod configuration studies

Parameter Config 1 Config 2 Config 3 Config 4
Surface charge density | 7.57 11.35 15.1 30.2

(o) [Cm~?]

Linear charge density | -1.022 -1.533 -2.044 -4.088
(p) [mCm™]

Potential at the mid- | 7.2 10.8 14.4 28.8
point of the charged

plane (Vmidplane) [MV]

The proton flux density reduction factor for Configuration 4 is shown in Figure 6.1. It is
clear that the proton reduction is a factor of two greater than that of Configuration 3.
These four active shielding systems were tested along with a material shielding thickness

of 20 g cm™2 of aluminum. The detailed shielding configurations are described below:

1. Configuration 3 + 20 gcm™2 (Active-Passive),

2. Configuration 4 + 20 gcm™2 (Active-Passive),
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Figure 6.1: Flux density reduction factor for protons for different active shielding configura-
tions relevant for GCR

3. 20gcem—2 + Configuration 3 (Passive-Active), and

4. 20gem™2 + Configuration 3 (Passive-Active).

In case of GCR, only three hybrid shielding configurations were considered: passive,

active-passive and passive-active. It was assumed that 20gcm ™2

is the highest material
shielding that can be used in a deep-space long-term mission based on data from literature
[12, 59, 127]. The goal of this simulation was to observe whether the active shielding along
with this thickness of passive shielding can increase the protection. The performance of each

passive and hybrid shielding system was determined using effective dose, computed using

identical method as in Chapter 5.
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6.3 Methods

For radiation transport, two methods were implemented. The first one was a response
function based method (Method 1) where ions relevant for GCR boundary conditions (Z =1
to Z = 28) were simulated using PHITS version 3.17b [124] for a material shielding thickness
of 5gem™2. The GCR spectra were obtained from HZETRN-2015, where the solar minimum
condition was assumed to be when the solar modulation parameter was equal to 475 MV and
solar maximum condition was assumed when the solar modulation parameter was equal to
1150 MV [2, 3]. A total of 37 energy bins were used, from 10 MeV /n to 50 GeV/n with a
10 logarithmically placed energy bins per decade. The responses for each of these energy
bins in terms of solid cancer and leukemia dose equivalent were computed for the ICRP
Publication 110 male and female phantoms [123] using PHITS. The response was then folded
with GCR solar mininum and solar maximum spectra obtained from HZETRN-2015 [2, 3].
Method 2 used Sato’s pre-computed fluence to dose conversion factors to compute organ
dose equivalent and effective dose [125, 126]. Figures 6.2 and 6.3 demonstrate the organ-
specific dose equivalents for important organs of male and female phantoms computed using
Methods 1 and 2 in case of GCR solar minimum conditions. The results show that these
two methods agree with each other and validates the use of Method 2.

After validation of the computational model was complete, Method 2 was used to compute
the effective dose for each of these hybrid shielding scenario. The step-by-step details for
Method 2 is given below:

1. In case of active-passive shielding arrangement:

(a) The incident GCR solar minimum and solar maximum boundary conditions were

obtained from 3D-HZETRN;

(b) The flux reduction factor was computed for each GCR ion using the scaled reduc-

tion factor as described in Equation 5.4;

(¢) The reduced flux spectra were simulated via passive shielding material using 3D-

HZETRN in ‘slab’ mode;
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Figure 6.2: Validation of Method 2 in terms of annual organ-specific dose equivalent for solar
minimum conditions for female

(d) Resulting flux spectra were folded with flux-to-dose conversion factors for different

organs, and organ dose equivalent was computed; and
(e) These organ dose equivalent values were used to compute the whole-body effective
dose for male and female.
2. For passive-active configurations:
(a) The solar minimum and maximum GCR spectra were transported through mate-
rial shielding using HZETRN-2015;
(b) The resulting spectra were transported via active shielding configuration;

(c¢) These flux spectra were folded with flux-to-dose conversion factors for different

organs, and organ dose equivalent was computed; and

(d) These organ dose equivalent values were used to compute the whole-body effective
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Figure 6.3: Validation of Method 2 in terms of annual organ-specific dose equivalent for solar
minimum conditions for male

dose for male and female.

6.4 Results

In this section, the performance of the hybrid shielding against the GCR boundary conditions
is discussed. Figures 6.4, 6.5, 6.6, and 6.6 represent the organ dose equivalents for major
organs that contribute most towards the effective dose for female and male computational
phantoms in case of solar minimum and solar maximum conditions respectively. It is evident
from these figures that both Configuration 3 and Configuration 4 are able to reduce the organ
dose equivalent compared to 20 g cm ™2 passive shielding. The reduction is more in case where
the active shielding has been placed after the passive shielding because it is easier for the
active shielding to deflect lighter fragmented ions compared to heavier ions.

To assess the effect of the hybrid shielding for the whole body, effective dose was com-
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Figure 6.4: Organ dose equivalent for different important organs for female for GCR solar
minimum annual exposure

puted for all the shielding configurations. Figures 6.8 and 6.9 demonstrate the effective
dose computed under different hybrid shielding configurations under solar minimum and
solar maximum conditions respectively. The performance of each of these hybrid configura-
tions was determined by computing their effectiveness to that of the 20 gcm =2 of aluminum
shielding. It is evident from the figures that for solar minimum boundary condition, around

2 aluminum, and around 15%

10% reduction was observed for Configuration 3 + 20gcm™
reduction was observed for Configuration 3 is placed after 20 g cm™2 aluminum. For Config-
uration 4, around 15% and 20% reductions were observed when the active shield was placed
before and after the material shielding. For solar maximum conditions, these reductions were
around 3% and 5% when Configuration 3 were placed before and after the material shielding.
For solar maximum boundary condition and Configuration 4, the pre- and post-placement of

the active shielding results around 9% and 15% reductions compared to the heavily shielded

material.
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Figure 6.5: Organ dose equivalent for different important organs for male for GCR solar
minimum annual exposure

The contributions from different particles towards the total effective dose for female and
male computational phantoms for different shielding configurations are shown in Figures 6.10
and 6.11 respectively for solar minimum boundary conditions.

Here, neutral secondary particles refers to neutron and photon, light charged secondaries
refer to electrons, positrons, pions, and muons. It can be concluded from Figures 6.10
and 6.11 that when the passive shielding is placed before the active shielding, it lowers
the contribution of protons and increases the contribution from neutral secondary particles,

which do not contribute much towards dosimetry.

6.5 Summary

In this section, the hybrid shielding configurations were tested against GCR at solar minimum

and maximum boundary conditions. The performance of the hybrid shielding configurations
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Figure 6.6: Organ dose equivalent for different important organs for female for GCR solar
maximum annual exposure

were compared against the performance of a heavily shielded material. It was observed that
for the four configurations tested, Configuration 4, when placed after 20 g cm ™2 provided 20%
more reduction for solar minimum conditions and 15% more reduction for solar maximum
conditions. The active shielding configuration that provided these reductions requires twice
much potential compared to the best performing active shielding configuration in case of
SPEs. Nevertheless, the potential required (around 28 MV) is still an order of magnitude
less than what have been proposed in the previous studies. Even though the reduction
is only 20%, it increases the number of safe days in space for astronauts. The passive-
active configurations tested in this section are conceptual and need to be improved to be

implemented.
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Chapter 7

Conclusions and Future Work

The work done for this dissertation was focused on finding a set of electrostatic shielding
configurations that can reduce the radiation risk associated with space radiation. To achieve
this goal, multiple steps were taken.

In Chapter 2, the risks involved for male and female astronauts of different ages in
different space missions of varying length and radiation environment were shown and a novel
population-based approach to compute risks for long-term space missions was presented.
This work evolved a method through which a population-based risk for a particular space
mission can be defined to avoid sex and age bias. A risk framework considering a realistic
spacecraft with the shielding distributions and boundary conditions that closely resemble
space missions was used. It was established that passive shielding alone is not sufficient to
provide enough protection for long-term exploration missions that can last up to 900 days
outside LEO, and that there needs to be some other form of radiation shielding that can
reduce the risk. Electrostatic methods of radiation shielding were chosen as an alternative
to provide the required protection.

In Chapter 3, the formulation of scaling law for a beam-like configuration that can be used
to validate an active shielding configuration at an accelerator-based facility was presented.
The work relied on a relativistic charged particle code developed by the collaboration of

NASA JSC, University of Utah, and Kansas State University. A beam-like simulation set up
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was simulated, and ions with energies relevant to accelerator-based and space-based energies
was transported through a dipole electric field to compute a normalized protected area,
which is a measure of the degree of protection by the electric field. A 1-D scaling parameter
was formulated, which represents the effectiveness of the electric field to deflect a charged
ion. Future work will involve the application of this scaling law in an accelerator-based
facility to verify the deflection of different charged and energetic ions. This study provided
a way of capturing the effectiveness of electrostatic shielding. This work was dedicated to
1-D simulations, but it inspired a move from dipole configuration in 1-D to multiple nodes
spread in 3-D over the 47 sr solid angle.

Chapter 4 was dedicated to finding a suitable 3-D electrostatic configuration with the
constraint that the potential required to generate the electric field needs to be in the range
which is substantially lower than those used in past studies. Initially, the work started
from spherical configurations with monopoles, dipoles, and multi-poles spread over differ-
ent virtual spheres of varying radii. Later the focus shifted to 2-D charged arrays places
orthogonally around the spacecraft. It was found that multiple conductors with the lower
electric field when arranged repetitively, and negatively charged conductors are decoupled
and placed further away from the positively charged conductors, provide better performance.
Based on the constraints such as total positive charge, the charge per node, and extent of the
active shielding configuration, a set of electrostatic 3-D charge distribution was found. These
3-D charge distributions were then converted to regular shaped charged conductors, and flux
density reduction factors were computed for different parameters of the shielding configura-
tion. The chosen configuration consisted of positively charged planes and negatively charged
rods placed orthogonally and diagonally, respectively, from the center of the spacecraft (crew
volume) with a span ranging from 60 m to 160 m. A set of such configurations (with the span
of 60m) were chosen, and the best of them provided around 32% reduction for protons with
kinetic energy equal to 200 MeV. The maximum potential on the planes varied from around
7MYV to 14 MV, one to two orders of magnitude lower than potentials used in literature. A
3-D scaling law was formulated, which related the flux density reduction factor for multiple

such configurations through a mathematical expression. By the introduction of this 3-D
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scaling law, this work was successful in creating a scalable 3-D active shielding configuration
that can be tested in accelerator-based facilities.

Chapters 5 and 6 was dedicated to creating a set of hybrid shielding systems with active
and passive shielding and to assess their effectiveness against large SPEs and GCRs. For
the SPE, the October 1989 SPE was chosen. The angular flux density reduction factor
was also computed for various energies using the active shielding configuration. It was
found that the active shielding configuration provides approximately isotropic protection.
Different thicknesses of passive materials ranging from light shielding to heavy shielding
were investigated along with active shielding. Effective dose and RBE-weighted dose were
used as the performance metric. It was found that the best hybrid shielding configuration
would be where the best active shielding (Configuration 3) was used prior to a moderate

2 material thickness. This sort of hybrid shielding configuration idea

shielding of 10 gcm™
is novel, and it has never been used in previous studies. Previous studies were focused
on generating a very high electric field without the use of passive shielding. This study
concentrated on using both methods to lower the requirement of potential sources. Also,
this study effectively demonstrated that placing passive shielding before active shielding can
lower the potential requirement of active shielding, especially in case of SPEs.

For GCRs, the performance of the hybrid shielding system was less effective compared
to the SPE. An active shielding configuration was identified that was around 20% more
effective when placed after a heavily shielded (20 g cm™2) spacecraft in case of solar minimum
conditions and around 15% more effective against GCR at solar maximum conditions when
compared with passive shielding alone. This reduction is significant in the sense that it
would help to increase the number of safe days in space. If an astronaut could have stayed
300 days in space without exceeding the permissible limit, the addition of this configuration
would increase the number of safe days to 360 days. This work also found a pathway through
which the flux density reduction factor for different energetic ions can be computed by only
computing the flux density reduction factor for protons through the use of a single scaling
factor. Also, human computational phantoms were used in this study to use realistic body

self-shielding distributions, which was not done in previous studies of active shielding.
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To summarize, this work opens up an opportunity to design an active electrostatic radi-
ation shielding system, optimize its performance, and compare multiple parameter sets via
the use of a 3-D scaling parameter. This optimized shielding system can be used to compute
flux density reduction factors for different energetic ions, and they can be combined with
passive shielding to compute dosimetric quantities by simulating relevant space radiation
environments through material shielding and computational phantoms.

Future work can be divided into four categories: 1) improvement of current configuration
by optimizing different parameters, 2) use of REID instead of effective dose, 3) coupling
active and passive shielding together with deterministic HZETRN-2015 instead of PHITS
for rapid validation, and 4) addition of the whole hybrid shielding module in real-time with
the MeRiT framework of NASA to compute risk for different space missions. These points
are briefly discussed here.

The current configuration could be improved by tiling multiple planes along the orthog-
onal direction or along with different angular directions. Also, further research needs to be
conducted on whether adding a small magnetic field can enhance the performance of the
active shielding system.

In this work, analysis for REIDs has not been done. Future research should include the
performance of the active shielding in terms of reducing the REID. A scaling law could be for-
mulated that directly maps the shielding configuration to its corresponding REID reduction
instead of flux density reduction as done in this study. Also, the ability of this configuration
in terms of protection against charged particles like electrons, pions, muons, and mesons was
not considered in this work. Future work should involve the energy-dependent flux density
reduction factors for different active shielding configurations against these particles.

Computation time for SPE and GCR spectra can be substantial with PHITS or any
other stochastic transport code. The active-passive shielding system can be coupled with
deterministic software like HZETRN-2015 to compute organ dose equivalent.

This work involved the MeRiT software in computing the risk for males and females under
varying space radiation environments and shielding. MeRiT takes the radiation environment

and transports it through different material thicknesses and body self-shielding. One exten-
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siom of this work is to create a module that can produce the radiation environment passing
through the active/passive hybrid shielding system, and then simulate transport through
the spacecraft and body self-shielding to calculate the REID and other dosimetric quantities
such as effective dose and RBE-weighted dose using MeRiT. Then population based risk
approach can then be used to better understand population REID on exploration missions

employing hybrid shielding.
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