UTILIZING PERMANENT ON-BOARD WATER STORAGE FOR EFFICIENT
DEEP SPACE RADIATION SHIELDING

A Thesis
presented to
the Faculty of California Polytechnic State University,

San Luis Obispo

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Aerospace Engineering

by
Nathan Gehrke

June 2018



c 2018
Nathan Gehrke
ALL RIGHTS RESERVED

i



COMMITTEE MEMBERSHIP

TITLE:

AUTHOR:

DATE SUBMITTED:

COMMITTEE CHAIR:

COMMITTEE MEMBER:

COMMITTEE MEMBER:

COMMITTEE MEMBER:

Utilizing Permanent On-Board Water

Storage for Efficient Deep Space Radiation

Shielding

Nathan Gehrke

June 2018

Kira Abercromby, Ph.D.

Associated Professor of Aerospace Engineering

Amelia Greig, Ph.D.

Assistant Professor of Aerospace Engineering

Eric Mehiel, Ph.D.

Professor of Aerospace Engineering

Jennifer Klay, Ph.D.

Associate Professor of Physics

il



ABSTRACT

Utilizing Permanent On-Board Water Storage for Efficient Deep Space Radiation
Shielding

Nathan Gehrke

As space technologies continue to develop rapidly, there is a common desire to launch
astronauts beyond the ISS to return to the Moon and put human footsteps on Mars.
One of the largest hurdles that still needs to be addressed is the protection of as-
tronauts from the radiation environment seen in deep space. The most effective way
to defend against radiation is increasing the thickness of the shield, however this is
limited by strict mass requirements. In order to increase the thickness of the shield,

it is beneficial to make mission critical items double as shielding material.

The human rated Orion spacecraft has procedures in place for astronauts to create
an emergency bunker using food and water in the event of a forewarned radiation
storm. This can provide substantial support to defend against radiation storms when
there is an adequate amount of warning time, however, fails to protect against Galactic
Cosmic Radiation (GCR) or Solar Particle Events (SPE) without sufficient warning.
Utilizing these materials as a permanent shielding method throughout the mission
could be a beneficial alternative to the Orion programs current protection plan to

provide constant safety to the crew.

This thesis analyzes the effect in the radiation dosage seen by astronauts in the
Orion Crew Module through use of on-board water as a permanent shielding fixture.
The primary method used to analyze radiation is NASA’s OLTARIS (On-Line Tool
for the Assessment of Radiation In Space) program, which enables users to input
thickness distributions to determine a mission dosage profile. In addition this thesis
further develops a ray tracing code which enables users to import male and female

models into the vehicle model to produce gender specific radiation dosage results.
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The data suggests the permanent inclusion of water as a shielding material provides
added support for GCR as well as SPE radiation that can extend the mission lifetime

of humans in space.
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Chapter 1

BACKGROUND

Space technologies have been developing rapidly over the last several decades, opening
the window for manned missions beyond the International Space Station (ISS). It has
become a common desire among governments and private companies alike to bring

men and women on missions beyond the ISS to the Moon, Mars, and beyond.

One of the largest hurdles that still needs to be addressed is the protection of
astronauts from the radiation environment of deep space. The environment beyond
the Van Allen belts is far less protected than what humans have faced in Low Earth
Orbit (LEO), which leads to specic engineering challenges. The best option to
protect against radiation is increasing the thickness of shielding material, however,

there is a limit as the thickness of shielding directly a ects the mass of the spacecratft.

In order to embark on a manned mission into deep space, it is critical to prove the
astronauts will be protected and held under the maximum mission radiation dosage.
There are several proposed options by NASA and other companies to counteract the
harsh radiation environment that are in development today. This paper will look to
improve upon these designs by studying the e ects of enclosing the crew module with

the already required on-board water as additional shielding.

1.1 Overview

The deep space radiation environment is a dangerous place, and requires serious
attention to ensure the safety of astronauts. The United States plans to launch
astronauts into space beyond the protection of Earth's magnetosphere as early as 2022

in the Orion capsule, for a return mission to the moon. This thesis proposes that water



should be incorporated as a full time shield to best protect the astronauts in transit.
Current long-duration missions in the planning phase do not utilize water permanently
for radiation shielding. Rather, current plans call for emergency situations in which
water is used as a bunker to protect astronauts. This paper will investigate the
radiation dosages of astronauts aboard the Orion Crew Module for a general deep-
space mission. The primary tool for investigation for radiation exposure is OLTARIS,
which is accessible through NASA. The water utilized in the shield will be the required
amount necessary for humans in the duration of the mission. This will dictate the
thickness of the shielding to determine whether it will make a better impact as a full

shield as proposed, or temporary shield as it is currently planned.

General background will be discussed in chapter 2 on the radiation environment,
shielding techniques, and humans in the space environment. From there, the tool used
for testing will be introduced and described. The radiation analysis tool, OLTARIS,
will be detailed to provide its capabilities in chapter 3. This program is the main
source of testing for this paper to trade between all of the potential shielding schemes.
There is additional code required that will also be detailed and veri ed. Background
will then be given on the ORION crew module in chapter 4, which was chosen as the
prime subject of the thesis due to its level of development and public access. The crew
module will be the baseline and modi ed for further testing. The testing procedure
and steps will then be detailed to show the methodology of the calculations. The
OLTARIS results will then be analyzed to determine the best allocation of on-board

water in order to mitigate the e ects of the radiation environment.

1.2 Project Relevance

There is a considerable amount of documentation that indicates hydrogen rich mate-

rials are bene cial to radiation shielding. This includes plastics, liquid hydrogen, and



water. Water is often suggested as a radiation shield option due to its necessity on
crewed missions. There have been several papers that document the di erence in ef-
fectiveness of di erent materials including water, aluminum, liquid hydrogen, lithium
hydride, lead, lunar, and martian regolith[27][6][30]. A NASA Technical Paper[27] in
1991 showed the bene ts of utilizing water as radiation shielding, but did not go into
detail of the e ects the dosages would have on humans. Figure 1.1 shows results from
the study, nding that an increased thickness in water can cut dosage levels by over

50%.

Figure 1.1: General e ects of water as a radiation shield[27]

Additional studies have taken place in the following years to show that water,
in large enough thicknesses, can reduce the e ects of GCR[6]. Even in minimal
thicknesses, water has been shown to reduce the e ects of radiation shielding[6].

Despite this, there are no major plans to include water as a component of radiation



shielding. The Orion program from NASA is nearing its rst crewed ight beyond
the safety of the Van Allen belts, however, it fails to utilize on-board water. Only in

the event of a massive solar storm will astronauts prepare an emergency bunker.

This project is intended to continue showing the bene ts water has as radiation
shielding. In order to advance the discussion, this study will focus exclusively on the
Orion capsule to show the bene ts of utilizing water as permanent shielding. Water
has often been suggested as a possible shielding technique, however it is not currently
used as a full time shield. Current designs call for utilizing water as a temporary
shield in the event of a warned solar event, but it could be bene cial to investigate
the utility of coating the entire spacecraft to bolster up the shielding. Ideally, this
study can show that the current NASA design could be improved to help astronauts

step foot on Mars.



Chapter 2

GENERAL BACKGROUND

The radiation environment is a dynamic, uctuating environment. Earth has a system
of magnetic belts, the Van Allen belts, that protect the planet from many harmful
particles. These belts are composed of magnetic particles gathered from the planet's

polarity. Outside of the belts, the e ects of radiation become much more considerable.

It is dicult to estimate the radiation prole a spacecraft will be exposed to
over the duration of its mission. This uncertainty leads to a necessity to over-design

spacecraft shielding to ensure mission success, especially for a crewed mission[20].

2.1 Radiation Environment

This study is focused on the radiation environment beyond the Van Allen belts for

interplanetary missions, speci cally for human missions.

There are a variety of types of radiation sources beyond the protection of Earth's
magnetic shield. Radiation is emitted from the sun as well as sources outside the solar
system. Both possess a unique threat to manned long-duration missions that must be
addressed. Figure 2.1 gives a simple breakdown of the radiation environment. This
includes the radiation from the sun as well as background radiation from the Milky
Way Galaxy. The Van Allen belts are part of the Earth's magnetosphere, which
protect the planet from harmful radiation. The Van Allen belts are shown in blue in
Figure 2.1. As seen in the image, the belts help de ects harmful rays from the sun.
Crewed missions beyond the belts lead to a dangerous radiation environment that
requires astute attention from spacecraft designers. Each of the components of this

environment will be detailed in the following sections.



Figure 2.1: Major Solar Particle Events[3]

2.1.1 Galactic Cosmic Rays (GCR)

Galactic Cosmic Rays are composed of atomic nuclei from outside the solar system.
These particles move at extremely high speeds throughout the galaxy contained by
the galactic magnetic eld. The nuclei have had all electrons stripped away from
the near speed-of-light journey. The e ect of the GCR patrticles is isotropic due to
the helical nature of the path the particles take. The GCR radiation environment is
di cult to predict and there is only limited data to use in modeling the environment.
One trend that has been documented is the correlation between the GCR environment
and the solar cycle[19]. At solar maximum, the GCR environment is considerably less

than intense than at solar minimum.

GCR consists mostly of simple protons, with only 1-2 percent being composed of
High charge (Z) and Energy nuclei (HZE). A majority of the GCR makeup consists
of protons from stripped away Hydrogen and Helium atoms. Despite this disparity,

the HZE patrticles present a larger health risk to astronauts than the protons. HZE
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particles have high ionization energy making it impossible to completely shield with
modern techniques. Figure 2.2 shows the breakdown by particle of GCRs that pene-
trate shielding, revealing the threat of HZE particles. The high ionizing power of the
particles enable them to penetrate through shielding e ectively, creating a large risk

for astronauts.

Figure 2.2: GCR particle breakdown beyond a 3g=cn? Aluminum shield
[24]

Figure 2.3 provides a breakdown of the GCR makeup from a study in the 1977
solar minimum period. As described earlier, a majority of the environment consists of
simple protons and Helium nuclei. The broad spectrum of energetic particles present
in the GCR environment is a complex eld that is di cult to shield against. Figure 2.4
details the energy spectrum of the particles versus the uence separated by the charge
(2) of the particle[19]. It is apparent from Figure 2.4 that the ux of the particles

correlates to the solar cycle, as it is larger at the solar minimum.

2.1.2 Secondary Cosmic Rays

Secondary Cosmic Rays are a product of the GCR environment created from HZE
ions colliding with other particles creating fragmentation pieces. This is possible due

to the high ionization power of the HZE particles that have su cient enough energies
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Figure 2.3: Abundance of elements in the GCR environment (1977)[19]

to break apart nuclei[24]. This becomes a concern when shielding for GCRs, as the
shield material can produce secondary rays to magnify the total amount of radiation
astronauts are exposed to. Often, the fragmentations become more of a problem
than the heavy ions themselves due to the low uence of HZE particles in the GCR
environment. When an HZE patrticle does collide with spacecraft shielding, it creates
a "shower" of secondary rays that can produce far more damage than if there were no
shield at all. The e ects of secondary cosmic rays make it less bene cial to use lead

as a protection method and more bene cial to utilize hydrogen based materials[3].

2.1.3 Solar Radiation

The sun is a major producer in the radiation environment. The sun emits a ux of

radiation that varies in intensity over time called solar wind. This solar ux follows a



Figure 2.4: GCR ux at solar minima and maxima[19]

cyclical period of around eleven years that results in a minimum and maximum period
of solar ux. The solar wind consists of a high density of electrons and protons. In
addition, approximately 8% of the solar wind makeup is alpha patrticles, and there
are trace amounts of heavy ions[15]. Alpha particles consist of helium nuclei, which
do not contain the energy to penetrate human skin[11]. The overarching e ects of
solar wind for humans is negligible, as the particles are easily absorbed by spacecraft
shielding[11]. However, the solar cycle is quite important when dealing with more

harmful aspects of the radiation environment.

In addition to the solar ux, there are other solar events that add to the chaos of

the radiation environment to a much more extreme degree called solar particle events.



2.1.4 Solar Particle Events (SPE)

SPE consists of solar ares and coronal mass ejections. These events vary in intensity,
but are much more threatening than the solar wind, and can be an 2-5 times greater
in order of magnitude than Galactic Cosmic Rays (GCR)[24]. The radiation consists
mostly of high energy protons for a relatively short duration of time. The worst doc-
umented events have radiated for several days, including the Carrington event, which
is the worst event in recent history[23]. The Carrington event of 1859 is documented
to have lasted for two days at high-intensity levels. This event will be detailed in

more detail in the following sections.

SPEs are more likely to occur during the solar maximum of the solar cycle, how-
ever this does not necessarily indicate the magnitude of the event. Some of the most
powerful documented SPEs have occurred at solar minimum adding to the unpre-
dictability of the radiation environment[3]. In addition, the solar events are direc-
tionally emitted from the sun. This requires a "perfect storm" for astronauts to be
endangered, however, it is likely for long-duration missions. To put into perspective,
The Curiosity Rover spacecraft transiting from Earth to Mars in 2011 recorded ve

separate considerable events[3].

Solar ares occur from explosions due to the tangled magnetic elds of the sun.
An image of the surface of the sun revealing the chaotic nature of the magnetic elds
can be seen in Figure 2.6[3]. These typically occur over sunspots, where magnetic
elds extrude out from the sun. Sunspots are more likely to occur during a solar
maximum and follow the 11-year solar cycle[11]. Light from the are reaches Earth
in 8 minutes, and high energy protons follow at near speed-of-light velocity reaching
in as fast as ten to twenty minutes[21]. This leads to high energy collisions Solar
ares last from minutes up to hours, ejecting massive quantities of energy to space.

Figure 2.5 shows SPE measured over two partial and one entire solar cycles. Plotted

10



events indicate a ux greater than 100 MeV protons that penetrate shielding.

Figure 2.5: Major Solar Particle Events|[3]

Figure 2.6: Solar magnetic elds [21]

Coronal Mass Ejections (CME) are a dense cloud of magnetized particles that

are ejected from the sun. Like solar ares, this release of energetic particles is a

11



product of solar magnetic elds and is predominantly electrons and protons. CMEs
take considerably longer to reach the Earth, from one to three days[9]. The high
intensity nature of these events makes shielding vital, and it is important to give
astronauts warning as early as possible to prepare for the increased radiation. Over
the last several decades, events have occurred and been recorded. Figure 2.7 overlays
major events that took place in the 28 Century. Larger events almost always consist

of both a solar are and a CME, leading to a multitude of energetic particles. Over

the years, NASA has undergone tests to the improve upon the warning time for SPEs
for astronauts in space. There is currently a warning time on the order of tens of

minutes for astronauts to prepare for a storm.

Figure 2.7 breaks down 6 major SPE that have occurred in the last 75 years. It
is important to note the unpredictability of a solar storm, as they vary drastically in
proton kinetic energy versus uence. The October 1989 event has the highest uence
of all the major storms, whereas the event in Febuary 1956 had much higher energy
per particle. This variability adds to the hostility of the radiation environment. Each

of these events will be described in detail in the following sections.

Figure 2.7: Solar Particle Events [24]

12



2.2 Spacecraft in Radiation Environment

As missions continue to be planned outside of the protection of the Earth's magnetic
eld, new developments are required to enable safer passage through the radiation
environment. Manned missions require even more ingenuity to maintain low dosage
levels over a longer mission duration. There are di erent shielding approaches de-
signed to take on the harsh radiation environment. There are two schools of thought
regarding radiation shielding: active methods and passive methods. These di erent

approaches are currently being investigated in industry to best protect astronauts.

2.2.1 Active Shielding

Active shielding is similar to the e ect of the magnetic belts surrounding the Earth.
The belts protect life on the planet from harmful particles. Active shielding techniques
have been proposed to create a magnetic eld around the spacecraft. This technique
has many positive aspects, however, it raises other di cult issues. One is the negative
e ects of mixing magnets with electronics[30]. In the small con nes of a spacecratft, it
would be hard to ensure the safety of the on board electronics. Another is the large
power requirement that is demanded from maintaining a magnetic shield around the
crew. In addition, the mass of an active shielding system is considerable due to all of
the coils, power sources, cooling systems, and support structures required. Currently,
active shielding fails to to provide a better level of protection than an equivalent mass
of passive shielding.[30]. Active shielding has several hurdles to reach its potential as

a shielding technique, but if possible, could prove to be the best option in the future.
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2.2.2 Passive Shielding

Passive shielding is the current shielding option used in space. It utilizes the shield to
absorb radioactive particles, requiring a certain thickness of material to protect the
payload. Passive shielding is limited to material type, thickness, and con guration.
The limiting factor of passive shielding comes down to the mass required for thicker
shields. With tight mass budgets there is a limit in thickness, which leads to the
necessity of optimizing the shielding con guration to best protect the astronauts as
well as electronics on board. The remainder of this paper will be solely focused on

passive shielding techniques.

2.3 Humans

Humans traveling beyond the Earth's magnetosphere creates a large logistical is-
sue beyond the preexisting electrical problems. Astronauts have a lifetime radiation
limit determined by age and sex that gives a ceiling exposure on a long duration
mission. In addition to this, there are short-term radiation limits to prevent non-
cancer health issues including performance degradation, acute radiation sickness, and
possibly death[6]. Longer duration missions outside of the Van Allen belts push the
boundaries of astronaut radiation limits. NASA has identi ed four major health risks
from radiation: Carcinogenesis, degenerative tissue e ect, Central Nervous System
(CNS) decrements, and Acute Radiation Syndrome[3]. Cancerous e ects are, as ex-
pected, a large concern and driving factor when setting career limits for astronauts.
However, it is also imperative to ensure astronauts do not receive large short-term

dosages that could lead to serious non-cancerous health e ects.

NASA currently uses the quantity Risk of Exposure-Induced Death (REID) to de-

termine the risks for astronauts. A REID probability of 3% is the threshold currently

14



set for current ISS and future Moon and Mars exploration missions[5]. This gives
the astronauts a 3% chance of developing cancer in their lifetime, and less than a 1
in 33 chance of early death. This risk factor sets the standard for setting radiation
limits for men and women astronauts at di erent ages using estimates above the 95%
Con dence Level (CL) for uncertainties in risk projection models[5]. Uncertainties
occur related to predicting particle energy spectra, and the limited understanding of
heavy ion radiobiology leads to a level of uncertainty that requires extra margin when

setting radiation limits.

Figure 2.8: NASA Permissible Exposure Limits[25]

The NASA limits are both gender and age speci c. The younger the astronaut,
the lower the limit. This is from the presumption that exposure early in a career will
result in a higher chance of developing health issues during older ages. In addition,
radiation limits for women is considerably lower than for men of the same age as seen

in Figure 2.9.

The exposure limits in Figure 2.9 are given in units of Sieverts. A Sievert is a unit

of radiation dosage measuring the stochastic health risk from the e ective dose on a

15



human. E ective dose is a measurement of the overarching health of a human. This
is calculated through a weighted sum of doses in all the speci ed tissues and organs

of the human body, with a result in Sieverts.

Figure 2.9: NASA Radiation Limits[22]

The NASA Space Cancer Risk model was developed for ISS crewed risks and stud-
ies for future missions. The model was reviewed by the National Research Council in
2012 and is the most recent iteration used for risk of carcinogenesis in astronauts[25].
There have been several iterations, and although Figure 2.9 gives a good indication of
the limit discrepancies between age and gender, the dosage level is outdated. A more
recent report from NASA Council on Radiation Protection (NCRP Report 132) has
included revised human epidemiology ndings to alter limits drastically[5]. This is
shown in Figure 2.10, as the updated limits are slashed by more than two-fold. NASA
updated to this new standard once it was determined the previous standard was too
liberal when considering the stochastic health of the astronauts. The remainder of

this study will report on the most updated version of NCRP Report No. 132.

Figure 2.10: NASA Radiation Limit Comparison[5]

Figure 2.11 shows the di erence between NASA limits and the general public,

while also showing di erences in dosages per organ. Astronauts have a higher limit
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due to healthy population characteristics (i.e. Never Smokers).

Figure 2.11: NASA Radiation Penetration and Exposure Limits[22]

It is critical to protect astronauts from reaching career limits in longer-duration
deep space missions, as well as ensure short-term limits are also not exceeded. Fig-
ure 2.11 gives an example of short-term limits with 30 day exposure limits. Short-term
limits are critical to preventing acute radiation syndrome and other negative non-
cancer health e ects including performance degradation, sickness, or death. The dose
limits for the blood forming organs (BFO) are considered adequate measurements to
project against the risks of prodromal e ects from acute radiation syndrome such as
nausea, vomiting, and fatigue[6]. This is reported in Figure 2.11 as28 Sieverts for

astronauts, and is not di erentiated by age or gender.
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Chapter 3

OLTARIS

OLTARIS is the Online Tool for the Assessment of Radiation in Space. It is an
International Tra c in Arms Regulations (ITAR) protected NASA tool used to test

the e ects of space radiation on various shielding materials. The tool's transport and
physics is based on the most updated version of HZETRN and NUCFRG2 research
codes[28]. The program is constantly under a veri cation process and tested by
NASA to provide the highest possible level assessments for radiation exposure in

space applications. This thesis utilizes OLTARIS as the sole tool for testing.

The general process of OLTARIS will be detailed in the following sections to show
the program's methodology. Then the calculation process will be discussed with the

transport codes described in detail.

3.1 General Background

OLTARIS requires users to register for access to the ITAR protected tool. The pro-
gram is controlled by NASA in order to regulate the limited computer resources[28].
Once the account is activated users can begin creating projects and testing cases.
There are several tabs on the home page for Projects, Uploads, Slabs & Spheres, and

Materials.

Projects are the complete package of a calculation enabling the radiation envi-
ronment, test specimen, and desired responses to be selected by the user. Once the
project is submitted to the OLTARIS computer cluster as a job, it is calculated and
the designated responses are returned to the user. All of the pertinent response

options will be explained in detail in the following sections.
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Uploads is a drop down tab that allows users to select "Thickness Distributions”
or "Trajectories". The Thickness Distributions page allows users to upload their own
speci ¢ vehicle geometry to be tested. This allows users to submit their own CAD
models to OLTARIS as a thickness distribution le. The le is required to be in the
Extensible Markup Language (XML), which is a markup language in a textual data
format. An XML le can be a speci cally formatted text le that is then read directly
into OLTARIS. OLTARIS also o ers a series of basic and/or common geometries that
are pre-loaded onto the website. The trajectories allows a user to import a speci c

trajectory to test radiation dosages for a mission pro le.

The Slabs & Spheres tab allows users to create specic cases and customize the
material used. Any sphere can be customized with multiple layers of variable thick-
ness. This gives the user customization without the necessity to convert a CAD le
into an XML le thickness distribution. In addition, each layer within a user-de ned
sphere has a drop-down option to determine the material. OLTARIS has a variety of

pre-de ned materials, or the user can create a new material.

The Material tab shows users which materials are available and allows additional
materials to be uploaded. Materials within OLTARIS include aluminum, aluminum-
lithium, water, polyethylene, tissue, silicon, Mars regolith, and Moon regolith. New
materials can be de ned through elemental or molecular mass percentage, or through

a chemical formula.

3.2 OLTARIS Calculation Process

Once the user de nes the environment, the test geometry through a thickness distribu-
tion, and the desired responses, OLTARIS runs calculations to determine the dosages
from the radiation environment. This is done through several transport codes that

will be explained in more detail in the following subsections. The process is described
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in Figure 3.1 with a ow diagram. The user de nes the testing parameters and sub-
mits the project, then OLTARIS implements the transport codes and calculates the

desired response function to output to the user.

Figure 3.1: OLTARIS Program Flow[28]

OLTARIS runs with two main codes for particle transport calculation, HZETRN2005
with NUCFRG2. The transport solution will be detailed further below to describe
the calculation process taken for both light ionsA  4), which includes neutrons,

and heavy ions A 4) where A represents the atomic mass number of the patrticles.

3.2.1 HZETRNZ2005

The High charge (Z), and Energy TRaNsport code (HZETRN2005) was developed
at the Langley Research Center as part of the NASA strategic plan for human explo-
ration of space[12]. HZETRN is a code used for radiation analysis under a variety of
conditions including Galactic Cosmic Rays and Solar Particle Events. This code is
consistently revised, veri ed, and validated as new data is discovered. This has led

to a uid transport code that is updated and adapts over the past several decades.
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HZETRN works through a numerical marching procedure to determine the rst
deterministic solution to the Boltzmann equation. A marching solution is a numer-
ical method to solving boundary value problems. The linear Boltzmann equation is
commonly used to model many systems, including neutronic dynamics, and radiation

transfer.

The linear Boltzmann equation is depicted below in Equation 3.1 with the Con-
tinuous Slowing Down Approximation (CSDA) and straight ahead approximation.
This marching procedure is su cient to boundary conditions found in the radiation
environment enabling validation to take place for decades using the Space Transport

System (STS) and the International Space Station (ISS)[31].

1 X
o A@SE* 1E) (WEN=T U E E) (EY

(3.1)
where S; (E) is the stopping power with kinetic energy,E. ;(E) is the total
macroscopic cross section, and, ;(E°! E) «(x; E9 is the macroscopic production
cross section for particle interactions. The boundary condition used for the Boltzmann
equation is in Equation 3.2 where j(x; E) is the ux of type j particles at depth x

with kinetic energy E[28].

{(0:E) = f;(E) (3.2)

There are several assumptions made to create the boundary value problem as
mentioned earlier. The CSDA assumes that atomic interactions occur at a signi cant
enough pace that the process can be modeled as continuous. The straight ahead
approximation assumes that primary and secondary particles propagate in the same

direction in order to simplify the calculation process to a one dimensional space
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without angular considerations.

The particle source is given through the boundary condition allowing a marching
algorithm to be implemented to solve the equation in any particular direction. Heavy
ion transport is described in the version of the Boltzmann equation shown in Equa-
tion 3.3. It is deemed valid by NASA to assume that heavy ion projectiles and target

fragments have equal velocity for simpli cation in heavy ion transport[28].

Z
@ 1 @ X ! 0 0
— ——S5(E)+ (E i(xE)) = dE i(E°! E x;E
@x A@e® " IE) SKEN= - dE W (EY B) WKE)
(3.3)
For light ion and neutron calculations, it is not fair to assume projectiles and
target fragments have equal velocity for simpli cation. This di ers from heavy ion
calculations. Equation 3.1 is utilized where the summation takes into account all

light particles.

3.2.2 NUCFRG2

The NUClear FRaGmentation database (NUCFRG?2) is used by OLTARIS for heavy
ion cross sections in tandem with OLTARIS[28]. NUCFRG2 is a model based on an
abrasion-ablation concept of secondary rays, created by large heavy ionizing particles
that makeup the GCR spectrum colliding with shielding material. This creates an
abrasion, in which the particle enters a highly excited state. This leads to decay,
in which the piece ablates and emits energetic particles. This process is determined
within NUCFRG2 by considering the relative impact parameter of a colliding spher-

ical nuclei[28].

NUCFRG2 is sucient at handling Heavy lon Based Nuclear Cross Sections,

however is limited for nucleon and light ion projectiles. These calculations are
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handled outside NUCFRG within several other OLTARIS modules. Analysis in-
cludes the e ects of elastic scattering, light ion projectile fragmentation, and target

fragmentation[28].

3.2.3 Restrictions

NUCFRG2 has inherent issues from assumptions made for calculations. The code
neglects quantum mechanical e ects of the particles and omits critical shell structure
information. This leads to an e ect in which the cross sections for fragments with
an even number of nucleons is much larger than those with an odd number. This
is related directly to the nuclear pairing interaction and the odd-even staggering in
binding energies[28]. OLTARIS is currently attempting to upgrade this for future up-
dates, however the results discussed in this project will be limited to current versions

of the code.

The radiation environment has been a new study and is relatively unknown. There
is little data collected over the few decades we have had access to deep space sensors.
This has lead to tools with accuracy limited by the lack of data available to work
with and levels of uncertainty. For this reason, there is no known error for results

produced within OLTARIS.

3.3 Thickness Distributions

OLTARIS requires a representation of the vehicle's geometry through a material thick-
ness distribution. The thickness distribution is calculated through a process called
ray tracing. This is where a directionally distributed set of rays determine the thick-
ness of materials that surrounds the point from which the rays originate[28]. This
point of origin is called the target point. OLTARIS requires a speci c XML format

for the thickness distribution as seen in Figure 3.2. In order to formulate this le, a
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separate tool is required outside of OLTARIS. This process will be detailed in further
sections. The le must dictate the material units, the type of material, and the thick-
ness eminating from each ray for each material. With this, OLTARIS can calculate

and determine the e ects of radiation observed from an astronaut in space.

Figure 3.2: Example Thickness Distribution

In order for the job to compute human doses, OLTARIS requires ray distributions
with 42, 492, 512, 968, 1002, 4002, 9002, or 10,000 rays. The more rays used, the
higher delity the results, however, the computing time increases drastically. This
relationship between the various ray distribution les will be detailed further in chap-
ter 5. The les can be downloaded from the web interface by the user. The geodesic
ray distributions create an equally spaced ray distribution and are ideal options for
testing in this analysis. Geodesic ray les include the 42, 492, 1002, 4002, and 9002

ray options as seen in Figure 3.3.

OLTARIS has a default unit of areal density ing=cn?. This value is material spe-

ci ¢ and incorporates the density of the material within the thickness. The thickness
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