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ABSTRACT

Comparing Radiation Shielding Potential of Liquid Propellants to Water for
Application in Space

John Czaplewski

The radiation environment in space is a threat that engineers and astronauts need
to mitigate as exploration into the solar system expands. Passive shielding involves
placing as much material between critical components and the radiation environment
as possible. However, with mass and size budgets, it is important to select efficient
materials to provide shielding. Currently, NASA and other space agencies plan on
using water as a shield against radiation since it is already necessary for human
missions. Water has been tested thoroughly and has been proven to be effective.
Liquid propellants are needed for every mission and also share similar characteristics
to water such as their density and hydrogenous composition. This thesis explores
the shielding potentials of various liquid propellants as they compare to water for
the purpose of providing an additional parameter when choosing propellants for any

given mission.

Testing propellants is done by first creating an experimental setup involving radioiso-
tope sources Cs-137 and Co-60, a column of liquid with variable depths, and a Geiger-
Mueller tube. Water and three other liquids: acetone, 70% isopropyl alcohol, and 12%
hydrogen peroxide are physically tested and their linear attenuation coefficients are
calculated. Then, the test setup is replicated in CERN’s Monte Carlo base radiation
transport code, FLUKA. Although the calculated linear attenuation outputs from
FLUKA are discrepant from experimental results by an average of 34%, they produce
the same trends. FLUKA is used to expand upon experimental results by simulating

a multitude of liquid propellants and comparing them all to water.
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FLUKA has the ability to simulate all propellants including hydrogen, oxygen, hy-
drazine, and dinitrogen tetroxide. Most of the tested propellants are found to have
similar, to within 35%, gamma radiation linear attenuation coefficients as compared
to water. The gamma radiation in this thesis’s experiment and simulations comes
from Cs-137 and Co-60 radioisotope sources. For gamma radiation from the Co-60
source, liquid hydrogen provides 90% less attenuation than water and nitric acid
and AF-M315E provide 35% and 38% more attenuation than water respectively. For
gamma radiation emitted by Cs-137, liquid hydrogen, isopropyl alcohol, and methane
have 90%, 35%, and 29% less attenuation than water respectively. Dinitrogen tetrox-
ide, hydrogen peroxide, AF-M315E, and nitric acid have 34%, 41%, 46%, and 52%
greater attenuation coefficients than water respectively. The liquids that are similar
to water for the Cs-137 source have linear attenuation coefficients within 20% of wa-
ter’s. Ultimately, most of the tested liquid propellants are shown to shield against
radiation at a similar rate to water. Thus, an additional parameter for choosing liquid

propellants on any given mission should be their radiation shielding capabilities.
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Chapter 1

INTRODUCTION

New technologies and peaked interest in space will allow human missions to explore
both the Moon and Mars in the near future. NASA has stated that they plan to build

a Lunar outpost by the year 2024 and NASA, as well as several private companies,
are working towards putting humans on Mars [1] [2]. One of the obstacles to deep
space travel is protecting astronauts and electrical equipment from the radiation

environment.

The radiation environment in space is complicated, comprising of a variety of di erent
particles with energies ranging from 1 keV to & GeV [3]. The two main sources
of radiation are solar radiation and Galactic Cosmic Rays (GCRs). Details of solar
radiation are addressed in Section 2.1.1 and details of GCRs are addressed in Sec-
tion 2.1.2. The radiation that impacts a spacecraft is dependent on the spacecraft's
location relative to Earth as well as the activity of the sun. In terms of location,
Earth's magnetosphere provides some protection for spacecraft nearer tha@,500
km to Earth, like the International Space Station (ISS) located at 400 km in alti-
tude [3]. This protection comes from incident charged particles, mostly protons and
electrons, being trapped along Earth's magnetic eld lines creating what are called
the Van Allen Belts, addressed in detail in Section 2.1.4 [3]. Although protective to
Low Earth Orbiting (LEO) satellites, the trapped particles in the Van Allen Belts
are a concentrated radiative obstacle, with a maximum ux on the order of magni-
tude of 1@ particles/cm? s, to any spacecraft traveling through them [3]. Outside the

Van Allen belts, a spacecraft is completely unprotected by Earth's magnetosphere



and receives approximately double the dose of radiation than LEO satellites [4] [5].

Comparative radiation doses are discussed in Section 2.2.

Current shielding methods against radiation in space, discussed in detail in Section
2.3, utilize passive shielding. Passive shielding is putting material between the radi-
ation and an astronaut or electronics. The most common material for the ISS and
other satellites' structures is aluminum [6] [7]. Figure 1.1 compares the fractional
dose reduction of target conventional materials like aluminum to target hydrogenous
materials, such as epoxy and methylene per thickness of material (in g/émwhen
exposed to a beam of Fe-56 ions with consistent kinetic energies of 1 GeV/nucleon [8].
The beam of iron ions simulates a portion of the high energy ions in space. One take-
away from Figure 1.1 is that simply increasing the thickness of aluminum shielding is
not an e cient way to mitigate the risk from radiation in space. Another takeaway

of Figure 1.1 is that hydrogenous materials are e cient radiation shielding materials.

Figure 1.1: Comparison of Shielding Materials [8]



1.1 Project Relevance

In particular, water has been thoroughly tested for its radiation shielding capabili-
ties, quantitatively reported in Section 2.3. There is an interest in using water as
a radiation shield because it is already necessary for human space ight. Likewise,
liquid propellants are needed for all space ight, with astronauts and without, but
their radiation shielding properties have not been explored. Furthermore, some lig-
uid propellants have a hydrogenous composition. This means that liquid propellants
have potential to be e ective and e cient radiation shields. Therefore, this thesis di-
rectly compares the radiation shielding capabilities of a variety of liquid propellants,
decided upon in Section 3.1.3, to water. Ultimately, this thesis's goal is to provide
an initial metric of how well di erent liquid propellants can shield against radiation.
The resulting comparisons can then be used as a parameter when deciding which

propellants to use on any given mission.



Chapter 2

BACKGROUND

This chapter will rst explain the environmental and design based factors that impact
the dose of radiation that a satellite receives on any given mission in Section 2.1.
Secondly, the risks associated with humans being exposed to radiation and dose limits
created by NASA for astronauts will be addressed in Section 2.2. Thirdly, this chapter
will give background on the shielding methods currently used by the ISS as well as
materials that are e ective radiation shields in Section 2.3. This includes details
on water's radiation shielding capabilities. Finally, this chapter will introduce the

equations used in this thesis for comparing shielding materials 2.4.

2.1 Radiation Environment in Space

The radiation environment in space is comprised of solar radiation, GCRs, and de-
pending on a spacecraft's altitude up to 55,000 km around Earth, the Van Allen
Belts [3] [9]. These components of radiation in space interact, as described in Section
2.1.5, due to the sun's activity. Another source of radiation for certain spacecraft
is the utilization of radioisotopes to provide heat and power, discussed in Section
2.1.6 [10]. Of the sources of radiation in space, GCRs have particles with the highest
energy, up to 10" GeV [3]. Materials that serve as shielding on spacecraft frag-
ment at the atomic level due to incident high energy GCRs [4]. The particles created
by this fragmentation are called secondary cosmic rays, discussed more in Section
2.1.3 [11]. Each source of potential radiation must be studied individually as well as

all together to rst understand the radiation environment in space. Then, potential



shielding methods need to be rigorously tested across the entire radiation spectrum

to be completely understood.

2.1.1 Solar Radiation

The sun causes and controls much of the radiation environment in space [12] [13]. The
sun follows approximately an 11 year cycle of activity. Seven years are considered
\solar maximum" and four years are considered \solar minimum”. This cycle of
activity is due to the magnetic poles of the sun ipping. The activity level of the sun
controls to a degree both the ux of GCRs as well as the ux of particles in the Van
Allen Belts, which is discussed in Section 2.1.5. The solar cycle also determines how

much energy and how many particles are emitted from the sun.

At times of low solar activity, solar minima, coronal holes are the biggest contributor
to solar wind. Solar wind is the complete collection of emitted particles from the sun
and is primarily made up of ionized hydrogen (protons and electrons). Coronal holes
are gaps in the magnetic elds on the surface of the sun. These gaps allow particles

to be emitted with less opposition [13].

There are two major categories of solar activity that occur when the sun is most active
[3]. Solar Particle Events (SPESs) can either be categorized as Coronal Mass Ejections
(CMEs) or solar ares. Solar ares occur when localized energy in the solar magnetic
eld becomes too great and causes energy to be released. Flares consist of mostly
electrons and electromagnetic radiation, traveling at the speed of light, and can last
for hours [3]. CMEs on the other hand, are eruptions of plasma from the sun's surface
[4]. These storms can eject 1Bto 10'" grams of material, most of which are protons
[3]. The protons, traveling at anywhere from 50 to 2500 km/s, could reach the Earth

in as little as 12 hours [3]. CMEs are generally directional though and so many of



them miss the Earth entirely [4]. CMEs also occur in conjunction with solar ares,
so if a CME is going to impact a spacecraft, there will be a few hours warning where

protective measures can be taken, addressed in Section 2.3.

The varying ux and energies of the particles in CMEs are shown in Figure 2.1 from
1973 to 2001 [3]. This data, acquired from Interplanetary Monitoring Platform-8

(IMP-8), shows that CMEs and other SPEs can create particles with more than 92.5
MeV although a majority of the particles are below this. The most energetic particles,
though, pose the highest threat to astronauts and spacecraft and must be mitigated

[14].

Figure 2.1: Daily proton uences of > 0.88 MeV and > 92.5 MeV due to
SPEs throughout the solar cycles from 1973 to 2001 measured by IMP-8

[3]

2.1.2 Galactic Cosmic Rays

Galactic Cosmic Rays are extremely energetic particles that originate from outside
our solar system [9]. GCRs pose a signi cant threat to all spacecraft missions because
there is a constant ux of them at any given time. GCRs are mostly protons but also
consist of a variety of heavy nuclei known as High charge and Energy particles (HZE)

[15]. HZE patrticles are de ned as any high energy nuclei with an electric charge, Z,



of 2 or greater. Speci cally, Figure 2.2 shows the make up of GCRs at about 85%

protons (Hydrogen), 14% Helium, and 1% heavier particles with energies in the range

of 10 - 16 MeV/n [9].

Figure 2.2: GCR Relative Abundance and Kinetic Energy [9]

Although in general, the population of GCRs contains a higher concentration of
protons, HZEs pose a much greater relative risk to spacecraft and astronauts due
to their higher ionizing power. For example, Figure 2.3 shows the distribution of
particles when GCRs are shielded by approximately 11 mm of aluminum (3 g/én
[9]. This means that because HZE particles have higher energies, they can penetrate

further into a spacecraft, thus causing more damage [9].

Figure 2.3: GCR Concentration behind 3 g/cm 2 Al [9]



2.1.3 Secondary Cosmic Rays

When an incident HZE particle collides with a target material, the imparted energy
can cause an atom to be fragmented into secondary cosmic rays [4]. This fragmenta-
tion leads to more collisions that in turn create a cascade of particles, illustrated in
Figure 2.4. The ux and energies of secondary particles is dependent on the target
material and the thickness of the material [16]. Details of the e ects of secondary

cosmic rays on di erent shielding materials are addressed in Section 2.3.

Figure 2.4: Secondary Cosmic Ray Production [4]

2.1.4 Van Allen Belts

The Van Allen Belts, represented in blue in Figure 2.5, are areas of high concentrations
of radiation particles. The Van Allen Belts trap particles from solar radiation and
from GCRs [11]. The shape of the Van Allen Belts is warped due to solar activity,

described in Section 2.1.5.



Figure 2.5: Warping of Van Allen Belts [11]

The Van Allen belts consist of primarily protons and electrons with energy levels
ranging from keV to tens or hundreds of MeV [3]. As described in Figure 2.6, where
the x and y axes are in Earth radii (one radii = 6,371 km) and the color map is
the ux of protons with energies greater than 10 MeV in particles/cr s, protons are
generally trapped closer to Earth between altitudes of 1,600 and 13,000 km depending
on energy level. The highest ux of protons is about 0atoms/cm? s at an altitude

of 4,500 km with average energies of above 10 MeV [3]. Figure 2.7, with x and y axes
in units of Earth radii and the color map in ux of electrons (particles/cn? s) with
energies greater than 1 MeV, shows that the electron belts are much more spread out.
There are two major altitudes that electrons reside around Earth. The rst is located
between 2,500 and 12,000 km and contains particles with energy levels up to 10 MeV
and a maximum ux of 1C° particles/cm? s. The second electron belt extends from
12,000 km to 55,000 km and has the highest ux of (articles/cm? s at 25,000 km
with energies upwards of 7 MeV [3]. For reference, the ISS and most LEO satellites
are at altitudes ranging from 300 to 800 km and are therefore between the Van Allen
Belts and the Earth [4]. This positioning means LEO satellites are protected from

radiation in space in part by the Van Allen Belts and are not impacted greatly by



them. Geostationary orbits are at altitudes of 36,000 km and so are at the higher
range of the electron Van Allen Belt [4]. Satellites in GEO orbits are not protected
by the Van Allen Belts and also must travel through them to reach their destination
orbits. GEO satellites must therefore protect their equipment from radiation with

additional shielding.

Figure 2.6: Proton Fluxes above 10 MeV Trapped in Van Allen Belt.
Adapted from [3]

Figure 2.7: Electron Fluxes above 1 MeV Trapped in Van Allen Belt.
Adapted from [3]
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2.1.5 The Solar Cycle's Impact on GCRs and the Van Allen Belts

The sun's cycle of activity and the ux of GCRs follow an inverse relationship within
the solar system such that at solar minimum, GCRs are at a maximum and contrarily,
at solar maximum, GCRs are at a minimum. This is due directly to the amount of
particles being emitted from the sun physically impacting GCRs. As shown in Figure
2.8, at solar maxima, when the sun is the most active, the ux and ionizing energies

of GCRs per their charge, Z, are reduced [14].

Figure 2.8: GCR Di erential between Minimum and Maximum of Solar
Cycle per group of ion charges, Z [14]

The ux levels of the proton radiation belt is at its smallest when the sun is outputting

its maximum amount of particles and vice versa. This is due to the fact that at solar
maximum, more protons are pushed into Earth's upper atmosphere and are absorbed
[3]. This is measured by observing how the Earth's upper atmosphere is heated
up and densities at constant altitudes increase. The protons being absorbed by the

atmosphere correlate to a lower ux of protons in the Van Allen Belt. The electron

11



Van Allen Belt is a ected similarly by solar activity, such that at solar maximum,
the ux of electrons in the Van Allen Belts is at a minimum. The largest uxes of
electrons in the Van Allen Belts is linked to the presence of coronal holes on the

surface of the sun, which appear most often during solar minima [3].

2.1.6 Radioisotopes on Spacecraft

Apart from the general radiation environment in space, radiation could also be pro-
vided by certain missions through the use of Radioisotope Thermoelectric Generators
(RTGs) or Radioisotope Heater Units (RHUSs) [17] [10]. These utilize the natural
decay of radioisotopes, the most common ones being Pu-238, Sr-90, Po-210, and Am-
241, to provide power and heat to the spacecraft. RTGs and RHUs have been own
on long distance and duration missions with no astronauts present such as Voyager 1
and 2, Cassini, and New Horizons [18]. They were also used on Apollo missions 12-17
to power the Lunar surface experiments packages. However, these mission durations
were only at maximum about 2 weeks and so the e ects of any absorbed dose of
radiation were well below thresholds de ned in Section 2.2 [18]. RTGs may be bene-
cial on future missions as exploration happens further away from Earth, speci cally

for Lunar and Mars based missions. For reference, potential RTG isotopes and their
corresponding average charge particle energies in MeV and gamma ray energies in
keV are shown in Table 2.1. Compared to the energies of SPEs detailed in Section

2.1.1, radioisotope decay energies are an order of magnitude smaller.
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Table 2.1: RTG Isotope Properties. Adapted from [10]

Isotope Average Charged Gamma Ray Energy (kev)
Particle Energy
(MeV)

Pu-238 5.49 43, 99, 152
Am-241 5.46 26, 33, 59
Po-208 5.12 N/A

Po-210 5.30 N/A

Sr-90 0.546 2000

2.2 Risk to Humans Subjected to Space Radiation Environment

The radiation environment in space presents a problem to astronauts, especially for
any long duration missions through deep space in the future. The exact e ects of the
radiation environment vary because of di erences in the radiation environment per
mission architecture, di erences from person to person, and the unknown synergistic
or antagonistic e ects of other aspects of the space environment [11]. However, NASA
has identi ed four major health risks from the radiation environment in space. These
are carcinogenesis, degenerative tissue e ect, central nervous system decrements, and
acute radiation syndrome. Due to these risks, NASA regulates each astronauts' dose

limits both short term and over a career to mitigate health risks.

The limits are measured in Sieverts (Sv), which is the absorbed dose of radiation
multiplied by a weighting factor that are the accepted values of how radiation impacts
a particular organ [4]. This weighting factor also is dependant on the type of radiation
[6]. Historically the weighting factor was known as the quality factor, standardized
with x-rays. Alpha particles do 20 times the amount of damage on organic matter
for the same dose, so they are given a quality factor of 20 while gamma, x-ray, and

beta radiation all have a quality factor of 1 [4].
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The metric for determining dose limits of astronauts is the Risk of Exposure-Induced
Death (REID). REID is calculated by combining factors of astronaut age, sex, and
smoking status. The dose limits correspond to a REID probability of a 95% con dence
interval that an astronaut will only have a 3% chance of getting cancer in their lifetime
due to radiation exposure in space [19]. Table 2.2 shows NASA's maximum career

exposure limits based on the age that an astronaut rst enters space [4].

Table 2.2: Maximum Career Exposure Limits vs. Age First Entering
Space. Adapted from [4]

Age (years) 25 35 45 55
Limit 1,500 mSv| 2,500 mSv| 3,250 mSv| 4,000 mSv

NASA also regulates how much radiation astronauts receive on a time scale relative
to how sensitive body parts are to radiation. These limits are shown in Figure 2.3.
Over a 30 day period, NASA is concerned with acute radiation sickness if astronauts
are exposed heavily to radiation. Thus, the limit on blood forming organs of 250 mSv
is relatively low [4]. For reference, the typical daily dose of radiation on the ISS is
between 0.5 and 1 mSv depending on solar activity and altitude [20]. The average
American receives a radiation dose of about 0.017 mSv per day [21]. Furthermore,

the radiation dose on a year round trip to Mars is estimated to be roughly 660 mSv

[5].
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Table 2.3: Depth of Radiation Penetration and Exposure Limits for As-
tronauts and the General Public (in mSv). Adapted from [4]

Exposure Blood Eyes (0.3 Skin (0.01
Interval Forming cm depth) cm depth)
Organs (5 cm
depth)
30 days 250 1,000 1,500
Astronauts Annual 500 2,000 3,000
Career 1,000 - 4,000 4,000 6,000
General Annual 1 1,500 50
Public

2.3 Current Shielding Techniques and E ectiveness of Materials

To shield astronauts from the radiation environment in space, active and passive
shielding are both viable. However, active shielding is only in development. Active
shielding includes a multitude of methods and designs such as using electrostatic
elds that divert protons and electrons, plasma shielding that repels like charged
particles away, and magnetic elds that de ect incident charged particles [22] [23].
Active shielding requires complex systems of coils, power sources, refrigeration, and
support structures [22] [24]. Passive shielding on the other hand only deals with how
e ective a material is at shielding against radiation of a certain type and energy. Since
this thesis is testing the shielding capabilities of liquid propellant materials, passive

shielding will only be discussed from this point forward for comparison.

Passive shielding materials and methods must be chosen e ciently to maximize mass
budgets. SPEs are more predictable and constrained in energy than GCRs and thus
can be protected against [6]. They also impact a spacecraft over a given amount of
time while GCRs are a constant threat in deep space. This means that it is most

important to guard against acute radiation sickness for SPEs although any radiation
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received would impact long term dose limits as well. Figure 2.9 shows the radiation
dose that blood forming organs (BFO) would have received if exposed to 34 of the
strongest SPEs within the past 50 years behind 5 g/chof aluminum. The dashed
line represents NASA's 30 day dose limit on BFOs. As seen, there have only been a
handful of SPEs strong enough to cause acute sickness. In the ISS and foreseeable
missions in the future, there are procedures to stay in storm shelters on-board a
spacecraft. That is, to arrange materials around astronauts to protect them from
radiation. The data from simulations done by Durante [6] suggests that there needs
to be 20 g/cn? of shielding to protect against SPEs that have a ux of protons
greater than 30 MeV of up to 1€° protons/cm? so that the SPEs would not cause
acute radiation sickness. Although wall thicknesses are typically only 5 g/cron
spacecraft, the addition of equipment on the walls and design of localized shelter

areas easily make enough material for SPE protection [6].

Figure 2.9: Historical SPEs strong enough to cause Acute Radiation Sick-
ness|6]

For GCRs, hydrogenous materials have been shown to be e ective shielding [25]

materials. This is due to a high energy loss due to ionization and relatively low
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probability of nuclear reactions that cause fragmentation [25]. Figure 2.10 compares
the attenuation of dose equivalent and cell transformation of mouse cells exposed to
GCRs behind a variety of materials. The x-axis is the thickness of material in g/ctn
and the y-axis is dose equivalent and cell transformation relative to initial values. As
shown, liquid hydrogen provides the most e ective shielding against the GCRs and
subsequent secondary particles created by HZEs. Hydrogenous compounds such as
methane, lithium hydride, and water also provide e cient shielding where as dense

metals actually negatively impact dose equivalents [25].

Figure 2.10: Attenuation of Dose Equivalent (a), and Cell Transformation
(b), of mouse cells exposed GCRs Behind Shield Materials[16]

Speci cally in anticipation of long duration human space ights, research has been con-
ducted on the application of water as a radiation shield. One experiment conducted
in 2010 involved placing a \protective curtain” with an average water thickness of
6.3 g/cm? in the Russian Service Module and using passive dosimeters to measure
how much shielding the curtain provided against radiation. Half the dosimeters were
placed behind the protective curtain and the other half at the crew cabin wall to

isolate the protection that the curtain provided. The dose reduction rate was found
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in this experiment to be reduced by 37% on average by the curtain[26]. Another
study in 2017 tested water lled garments, meant to provide personal protection to
astronauts, with transport codes. The results of this research found that two to six
cm of water provided enough shielding to reduce the absorbed dose of BFO by up to
50% [27]. The next year, an additional study validated the design by building, ying,

and testing these garments with 7 cm of water [28].

2.4 Physics of Shielding from Radiation

When it comes to the physics of protection from radiation, the stopping power of a
material is a metric that is calculated analytically for initial theoretical comparison.
The equations used depend heavily on the type of radiation and its energy levels, but
for most of the spectra experienced in space, the Bethe equation, Equation 2.1, can
be used [29] [30]. The Bethe equation calculates the mean rate of energy I@55) by
charged particles incident on a target material.?j—'i has units of MeV/cm. The Bethe
equation is a function primarily of , the velocity of the particle expressed as a fraction
of the speed of light. Thatis,v = c. is a number between +1 and 4 directly
related only to . Equation 2.1 takes into account the target material's atomic mass
(A), atomic number (Z), and excitation energy in eV (). The excitation energy is

a function of electron density, which is related to material density. Also in Equation
2.1 are a coe cient equal to 0.307075 Me\¢n¥?/mol (K), the charge number of the
incident particle (z), the mass of an electron times the speed of light squared equal to
0.5109989461 MeVni.c?), and the maximum possible energy transfer to an electron
in a single collision in MeV Whax ). The Bethe equation is accurate to within a few
percent for Q1 < < 1000. For a proton, this relates to between 0.1 and 1000 GeV,

which is within the energy range of proton radiation in space.
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The Bethe function is typically plotted as a function of the product because
the relativistic momentum is expressed ap = m  so particles of di erent mass
can be compared. Figure 2.11 shows the relative stopping powers of a variety of
materials versus the relativistic momentum of protons. For reference, protons from
solar radiation are up to 1 GeV and protons from GCRs are up to 10'1 GeV.
Referring to Figure 2.8, Protons that make up GCRs (Z = 1) have a maximum ux
of 1 particles/cm? in a day of kinetic energies of 10° MeV. This translates to a
stopping power of 2.5 MeV cm?/g for aluminum. The minimum stopping powers of
each material, designated with dashes on each material's curve, is a unique value that
is used to initially compare shielding potentials of materials. The Bethe equation,
therefore, o ers an initial prediction of how materials will perform as shields against

radiation based o theory.
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Figure 2.11: Mean Energy Loss Rate in Various Materials vs. Relative
for Muons, Pions, and Protons [30]

For the experiments conducted in this thesis though, experimentally found data will
be used to calculate and compare each speci ¢ materials' linear attenuation coe -
cients. The linear attenuation coe cient, in equation 2.2, is the fraction of particles
that are absorbed per unit thickness of a material from incident particles of a certain
energy [31]. Complementary to the linear attenuation coe cient is the amount of
particles transmitted through a material. Therefore, a higher is associated with a
more e ective shield material. | 5 is the original intensity, when there is no shielding
material, and | is the measured intensity behindX depth of shielding material.
More details of 's use in comparing the shielding potentials of liquid propellant in

this thesis are discussed in section 5.7.

= In(lo=ly)=x (2.2)
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Chapter 3

METHODOLOGY

The radiation environment, as discussed prior, is comprised of every type of particle at
variable energy levels. The most accurate replication of the radiation environment in
space uses patrticle accelerators [32]. These facilities are expensive and scarce, though,
so they are not available for this thesis. However, lab experiments use radioisotopes
to test alpha, beta, and gamma radiation with well known and de ned energies. This
thesis uses a setup similar to Schenberg's [33], shown in Figure 3.1, with radioisotopes,
a Geiger-Mueller tube to detect radiation, and columns of liquids with variable depths

to measure the liquids' linear attenuation coe cients.

Figure 3.1: Experimental Setup[33]

The results from the experimental testing uses statistical methods, described in Sec-
tion 3.2, to ensure that the materials' linear attenuation coe cients can be calculated

and analyzed. The experimental data is validated using radiation transport code as
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detailed in Section 3.3. Furthermore, radiation transport code simulations are used

to test additional liquids that cannot be obtained in lab.

3.1 Primary Components of Experimental Setup

The radioisotopes used in this thesis were chosen from an approved list and are de ned
in Section 3.1.1. Details of how the Geiger-Mueller tube works is described in Section

3.1.2. The liquids observed in this thesis are speci ed in Section 3.1.3.

3.1.1 Radioisotope Sources

Radioisotope is a general term for an unstable form of an element that releases radi-
ation as it decays. There are many di erent types of radioisotopes. The qualities of
radioisotopes that are important to this study are the source's radioactivity, half-life,
type of radiation, and the energy at which that radiation was emitted. Radioactivity,
measured in curies (Ci), is a unit of how much a source decays and is equivalent
to 3.70 x 103° disintegrations per second. A higher radioactivity is important be-
cause it allows for more radiation to be detected, distinguishing radiation emitted by
a radioisotope from general background radiation. Background radiation is natural
exposure caused by minerals in the surrounding geology as well as cosmic radiation
that makes it to the surface of the Earth [34]. Half-life is the time it takes for the
radioactivity of a sample to be cut in half. A greater half-life is important to have
radioisotopes with a distinguishable amount of radiation from background radiation
at the time of testing given long lead processing times. Radioisotopes emit three
main types of radiation in the forms of alpha patrticles, beta particles, and/or gamma
rays. Alpha particles are essentially helium nuclei. Beta particles are electrons or

positrons emitted at relativistic speeds, close to the speed of light. Gamma rays
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are energetic, short wavelength, electromagnetic waves, or photons. Alpha particles
have 7,300 times the mass of beta particles and so are typically stopped by less
than a millimeter of material [35]. However, radiation from SPEs and GCRs as well
as secondary particles that are created from GCRs impact on material are diverse
in their particle and electromagnetic composition, so it is favorable to test all three
main types of radiation. Finally, although no radiation from natural decay will have
anywhere close to the energy of SPEs and GCRs, it is bene cial to use a source that
emits radiation at a higher energy because those higher energy particles can theoret-
ically travel farther through the liquid mediums they will be tested with [30] [35]. A
comparison of radioisotopes available through United Nuclear: Scienti c Equipment
and Supplies are shown in Figure 3.1 with their respective parameters [36]. Again, a
greater activity, greater half-life, greater energy, and diverse energy and particle type

are favorable to this study.

Table 3.1: Radioisotope Options [36]

| Isotope | Activity | Half-Life | Energies (keV)

Barium-133 1 Ci 10.7 years Gamma: 81.0, 356.0

Cadmium-109 |1 Ci 453 days Gamma: 88.0

Cesium-137 1 Ci 30.1 years Gamma: 32, 661.6,
Beta: 511.6, 1173.2

Cesium-137 5 Ci 30.1 years Gamma: 32, 661.6,
Beta: 511.6, 1173.2

Cesium-137 10 Ci 30.1 years Gamma: 32, 661.6,
Beta: 511.6, 1173.2

Cobalt-57 1 Ci 270 days Gamma: 122.1

Cobalt-60 1 Ci 5.27 years Gamma: 1173.2, 1332.5,
Beta: 317.1

Europium-152 |1 Ci 13.5 years Gamma: 121.8, 344.3, 1408.0

Manganese-54 | 1 Ci 312 days Gamma: 834.8

Sodium-22 1 Ci 2.6 years Gamma: 511.0, 1274.5

Strontium-90 0.1 Ci 28.5 years Beta: 546.0

Thallium-204 1 Ci 3.78 years Beta: 763.4

Polonium-210 | 0.1 Ci 138 days Alpha: 5304.5

Zinc-65 1 Ci 244 days Gamma: 511.0, 1115.5

23



The only alpha emitter from the approved list at United Nuclear is Polonium-210
(Po-210) so it will be used in this study. Of the beta emitters, Cesium-137 (Cs-137)
emits beta particles with the highest energy so it is used in this thesis. However,
the 10 Ci samples were not available and so the sample used in this thesis has an
activity of 5 Ci. Of the gamma emitters, Cobalt-60, Europium-152, and Sodium-
22 emit relatively large energies of gamma rays. Cobalt-60 (Co-60) was ultimately
chosen for this thesis because a sample was conveniently already in the lab for other

experiments.

The Cs-137 sample has a half-life of 30.1 years, an initial activity of &i, was man-
ufactured in November of 2015, and emits beta radiation at energies of 511.6 keV
and 1173.2 keV as well as gamma radiation at 32 keV and 661.6 keV. The Co-60
sample has a half-life of 5.27 years, an initial activity of 1Ci, was manufactured in
January of 2020, and emits gamma radiation at 1173.2 keV and 1332.5 keV as well
as beta radiation at 317.1 keV. The sample of Po-210 has a half-life of 138 days, an
initial activity of 0.1 Ci, was manufactured in January of 2020, and emits alpha
particles at 5304.5 keV. The pilot study of this thesis was conducted in May 2020
and the main experiment of this thesis was conducted in September of 2020 so using
the decay equation, Equation 3.1, gives the activity at the time of experimentation
[37]. In the decay equation, is the decay constant 0.693 divided by the radioisotope
half-life of 30.1 years for Cs-13%;, is the time between the isotope's manufactured
date and the experiment with similar units to the half-life,Ng is the original activity

in Ci, and N is the activity at the time of the experiment in Ci. The Cs-137
and Co-60 samples have activities of 4.47Ci and 0.92 Ci respectively for the main
experiment. The Po-210 sample is only used in the pilot study because, as found in
the pilot study, Chapter 4, the Po-210 sample does not produce signi cant enough
data to be used in the main experiment. The Po-210 sample's activity at the time

of the pilot study is 0.055 Ci. With 1 Curie equating to 3.7 x 103° disintegrations
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per second, or becquerels (Bg), Co-60 has a nominal value of 2042400 disintegrations
per minute and Cs-137 has a nominal value of 9923400 disintegrations per minute
at the time of the main experiment. These values are used in Section 6.3.1 and are

important for comparing simulated results to experimentally measured CPM.

N = Nge t (31)

As per the manufacturer's speci cations of the radioisotope samples, each radioisotope
is applied as a paste by the manufacturer, 0.635 0.005 cm in diameter, onto a
polyethylene case that is 2.56 cm in diameter. The total height of the case is 0.333
cm, but the radioisotope itself is sealed with epoxy within the case at 0.0381 cm from
the base. Figure 3.2 is a picture of the Co-60 and Cs-137 samples used in this thesis.

Also, each sample's activity could di er from the stated activity by up to 20% [36].

Figure 3.2: Co-60 and Cs-137 Sources

3.1.2 Geiger-Mueller Tube

A portion of the particles emitted by the radioisotope source are detected and counted
using a Geiger-Mueller tube, also called a Geiger counter. A Geiger-Mueller tube is
a hollow tube that contains a gas at a low pressure and a pair of electrodes with a

high voltage di erential, 500 Volts. The cartoon in Figure 3.3 depicts that when
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