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SUMMARY

Reduction of dose to personnel and equipment in space is a matter of grave concern.
Hydrogen rich materials, especially polymers such as polyethylene can provide substantial
dose reduction. The inclusion of llers in a polymer matrix can enhance the structural
properties of the polymer, conserving weight and volume on spacecraft. Such llers can
positively or adversely affect the shielding properties of the polymer matrix. Modeling and
experimental studies must therefore be conducted to determine the effect of the ller on the
shielding properties, strength, and longevity of the polymer composite shields. This work
models the effect of various llers in polymer matrices using High Charge and Energy
Transport (HZETRN2020) and MCNP 6.2, and experimentally explores the ef cacy of
these materials in shielding electronic devices using a clincal linear accelerator. It seeks
to determine whether modeling a composite as layers of pure material is valid, and what
effects a layered versus composite approach has on radiation shielding properties, both

computationally and in an experimental setting.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Space Radiation

1.1.1 Discovery

In 1958 James Van Allen discovered that there was intense radiation in outer space, concen-
trated in bands near the Earth [1, 2]. The signi cance of the subsequently named Van Allen
Belts on space exploration was immediately apparent, with Van Allen himself observing in
1958 that “if photons are being detected directly by the geiger tube, and if these photons
are in the energy range 50 to 90 keV, then the radiation eld inside the satellite corresponds
to about 0.06 r/hr. The maximum permissible dose for human beings is 0.3 r/week” [1].
While he notes that different assumptions may lead to different results, history has borne
out the truth of his initial assessment: the level of radiation in space is dangerously high for

humans.

1.1.2 LaterCharacterization

Since this initial nding in 1958, vast amounts of research have taken place in an attempt to
characterize the types of radiation found in space. From this effort, three main categories
emerged to describe the space radiation environment: Galactic Cosmic Radiation (GCR),

Solar Particle Events (SPE), Low Earth Orbit (LEO).

Galactic Cosmic Radiation

GCR comes from supernovae and consists of abbbtheavy ions an@5% protons, as
seen in Figure 1.1 [3]. This category is the background radiation of space, always present

but at relatively low rates of uence. Despite the low uence rate, the presence of heavy



ions in the GCR environment makes it very damaging; the high weight and charge of
the ions found in GCR translates to high Linear Energy Transfer (LET). This means a
single incident ion can cause enough damage to destroy electronics in what is known as
a Single Event Effect (SEE) [3, 4]. These ions are also very high energy, on the order
of GeV, making them dif cult to shield, particularly since the slowing down process of
charged particles results in the emission of secondary ionizing photons which are more
penetrating than the initial ion [4]. Although not produced by the Sun, the intensity of
GCR is nonetheless affected signi cantly by solar activity. GCR near Earth is minimized

during solar maxima and maximized during solar minima [5, 6].

Figure 1.1: Primary contributers to radiation dose from the GCR boundary condition. De-
rived from boundary condition ux in HZETRN2020.



Solar Particle Events

SPE radiation originates in the Sun, and is tightly linked to solar activity. Consisting almost
entirely of protons with some electrons and photons, SPE occurs during periods of high
solar activity and is not present constantly in the space environment [4]. These protons
can have energies up to GeV, and consequently are very penetrating. A great deal of effort
is expended predicting the occurence of solar ares in an attempt to minimize damage to

spacecraft and payload [4].

Low Earth Orbit

The LEO environment is the original space radiation environment discovered by Van Allen.
Consisting of high energy particles trapped near the Earth by geomagnetic elds, LEO
radiation is essentially synonymous with the Van Allen Belts. The LEO environment is
not itself a source of radiation. Rather, high-energy particles from other sources such as
GCR and SPEs are trapped in LEO along with many satellites and the International Space
Station (ISS), making LEO radiation a vital problem [7]. While LEO can have electrons

and heavy ions present, it is predominantly composed of high-energy protons [4, 7].

1.2 Challenges Caused by Radiation

When considering the universe as a whole, the surface of the Earth experiences relatively
low exposure to radiation. This is largely due to the Van Allen belts and their propensity to
trap high energy particles before they penetrate the atmosphere. Even if a particle should
make it past the Van Allen belts, it will typically react in the upper atmosphere, forming
stunning auroras. Only a small fraction of high-energy particles make it to the surface of
the Earth. This means that life on Earth is well adapted to a low radiation environment, both

biologically and technologically. This leads to signi cant challenges for space exploration.



1.2.1 HealthEffects

The potential detrimental health effects of radiation exposure have been apparent since the
rst case of sunburn, and the advent of the space age has made understanding the potential
health risks associated with space radiation of paramount importance. There is therefore
a great deal of research examining the ef cacy to various mitigation strategies in order to
preserve astronaut health [8, 9, 10].

The high particle ux associated with SPEs can cause nausea and burns, while sec-
ondary photons can cause loss of bone mass [9]. More insidious are the long-term effects
associated with chronic exposure to radiation, rooted in damage to DNA. Humans are con-
stantly exposed to small uxes of comparatively low energy, low LET radiation on Earth,
and have adapted to routine DNA damage caused by ionizing radiation [10]. However, the
space environment, particularly GCR radiation, consists of high LET particles which are
prone to cause double strand breaks in DNA. These double strand breaks are far more dif -
cult to repair than the single strand breaks commonly caused by low LET radiation on Earth
[10]. Studies on pigs and mice suggest that DNA damage from protons is harder to repair
than that caused by electrons and photons [9]. This DNA damage translates to a higher risk

of stochastic effects such as cancer, cataracts, heart disease, and immune decline [9].

1.2.2 ElectronicEffects

The detrimental effect of space radiation on electronics has been evident since the nascent
stages of space exploration, when a geiger counter on the Explorer | satellite jammed due
to high count rate [11]. Electronic technology has progressed signi cantly since 1959, but
the effect of radiation on electronics is still a matter of grave concern. With the advent of
semiconductors and subsequent shrinking of devices, the focus has shifted from effects of
Total lonzing Dose (TID) in vast vacuum tubes to SEESs in tiny transistors. An ionizing
particle incident on a transistor can deposit charge, causing a “bit ip,” where the logic

value stored in the transistor is reversed, e.g., “True” becomes “False” [7]. This alteration

4



can have catastrophic effects on the performance of memory and logic systems. It is also
possible for bits to get “stuck” permanently with a given logic value, or for a transient
voltage surge caused by incident radiation to cause multiple bit ips [3]. Furthermore,
while TID is less of a concern in semiconductors than in vaccuum tubes, it is far from
negligible. Dopant drift and lattice displacements caused by TID can have serious negative
consequences for semiconductor devices [12]. The increase in device resistance caused by
displacement damage in the semiconductor crystal can change the voltage characteristics
of a device, leading to increased power draw and circuit malfunction [12]. Trapped charges
can also lead to a decrease in signal-to-noise ratio when electron-hole pairs generated in
the device by ionizing radiation fail to completely recombine [13].

To make devices more tolerant of radiation various strategies are employed. These may
involve some method of duplicating devices or circuits and having the output be a result
of a vote [3]. This method, while effective for some applications, leads to multiplication
of effort and increased circuit size and power consumption, making it far from an ideal
solution. Novel materials which are less susceptible to radiation damage, such as gallium
nitride, Silicon Carbide (SiC), diamond, and gallium aresenide may also be employed.
However, the fabrication of such devices is more expensive, and the novelty of the tech-
nology can make them dif cult to source. It therefore remains important to reduce dose
to electronics as much as reasonably achievable before relying on secondary strategies to

minimize radiation damage.

1.3 Mitigation Strategies

Radiation dose mitigation strategies universally comprise three aspects: time, distance,
and shielding. An effective dose mitigation strategy will weigh the bene ts and costs of
each of these aspects and create a plan which minimizes dose. For instance, tongs may be
used to increase distance and thereby reduce dose from the source, but if using the tongs

takes more time than simply picking the source up, it might be more effective to simply



move the source by hand if the decreased dose from reduced exposure time is less than the
dose reduction from increased distance. For the space environment, there are some special
considerations due to the nature of space radiation which must be taken into account when

developing an effective dose mitigation strategy.

1.3.1 Time

Since dose is calculated as dose rate multiplied by exposure time, reducing the time of ex-
posure will reduce overall dose. However, in the space environment reducing exposure time
is not feasible; missions would need to be on the order of days instead of weeks or months.
This is clearly problematic for any mission proposing to send humans to Mars, and is not
even practical for dose mitigation on the ISS since the frequent personnel changes would
be cost prohibitive. So for space applications, it is not practical to manipulate exposure

time to reduce dose.

1.3.2 Distance

Increasing distance from the source is another strategy employed to reduce dose. This
strategy is effective because radiation uence from an isotropic source decreases propor-
tional to the square root of the distance from the source, so a slight increase in distance can
dramatically reduce dose. Unfortunately, the radiation elds encountered in space do not
emanate from an isotropic point source. Rather, highly anisotropic protons and electrons
from the Sun trapped by Earth's magnetic elds in the Van Allen belts make up the ma-
jority of the dose on missions near Earth. Missions to Mars fair no better; dose on such
a mission would be predominantly due to GCR resulting from supernovae and also highly
anisotropic. It is therefore meaningless to speak of “increasing distance from the source”
when the spacecratft is effectively inside the source. So increasing distance is not a dose

reduction strategy that can be used in space.



1.3.3 Shielding

This analysis leaves shielding as the nal hope for dose mitigation in space. While it

is at least possible to reduce dose via shielding in space, it comes with a cost. Shields
consume valuable weight and volume in a spacecraft where the cost per kilogram to launch
is astronomical. While the commercialization of space ight has served to reduce these
costsinrecentyears, Table 1.1 illustrates that launch costs are still on the order of thousands
of dollars per kg. The inclusion of “deadweight” shielding is therefore economically and
scienti cally undesirable. There is consequently powerful motivation to reduce the weight
of radiation shields, or at least to have them perform multiple functions, such as structural

support, in addition to shielding [14].

Table 1.1: Costs to launch heavy (1; 340kg) spacecraft into LEO.

Spacecraft Mass (kg) Total costto Launch Cost per kg to Launch Operating Body
Space Shuttle [15] 27,500 $1.5 billion $54,500/kg NASA

Space Shuttle [16] 28,803 $408.60 million $14,186/kg NASA

Falcon 9 [15] 22,800 $62 million $2,720/kg SpaceX
Falcon9V1.0, 1.1, FT [16] 22,800 $56.22 million $2,466/kg SpaceX

Falcon Heavy [16] 63,800 $81.61 million $1,279/kg SpaceX

The Signi cance of Hydrogen in Shielding

When considering the optimal material for use in shielding, it is necessary to recall the
primary constituents of the radiation eld encountered by the spacecraft. As evidenced
in Figure 1.1, the vast majority of radiation in space is comprised of protons both from
the Sun and GCR. The problem of radiation shielding in space therefore primarily reduces
to the problem of shielding high energy protons. Protons generally have a fairly short
range in materials due to their charge, but at such high energies the proton range increases
signi cantly. Shielding high energy protons hence becomes an exercise in kinematics; the
protons must be slowed to a point that full energy deposition occurs within the shield,

and not in sensitive equipment or personnel. The relevant kinematics are quite simple.



Assuming that the collision between a proton and a target nucleus is an elastic collision

between spheres, the average energy transferred from the proton to the target is

Edvg = —E(12 ), (1.1)
where
A 1)

andA is the mass number of the target nucleus. Itis evident upon inspection Eha§ is
maximized when = 0, which results whe®\ = 1. This means the protons lose the most
energy when colliding with atoms of mass numliethat is, hydrogen. This is evidenced

in Figure 1.2, Figure 1.3, and Figure 1.4, where the most dramatic dose reduction for all
boundary conditions occurs with liquid hydrogen used as the shield material.

Despite its ef cacy in shielding protons, there are signi cant engineering challenges
associated with a liquid hydrogen shield. These include, but are not limited to, leakage,
embrittlement of the containment vessel, ammability, pressure and cryogenic require-
ments, and explosivity. These obstacles provide a compelling case for the impracticality of
liquid hydrogen as a radiation shield in space, notwithstanding its ability to reduce proton
energy. To avoid these challenges, solid materials with high hydrogen content may be used

for shielding protons.

Polyethylene as a Shield in Space Applications

One solid, non-reactive, hydrogen-rich material commonly used for shielding in space ap-
plications is polyethylene. Polyethylene, with chemical formulgHg},, is numerically
composed mostly of hydrogen and shares many of the properties that make hydrogen an
effective shield against space radiation while being lightweight, inexpensive, non-toxic,

and easy to machine. These desirable qualities have led to polyethylene being used in the



Figure 1.2: Dose vs. depth in liquid hydrogen, pure Medium Density Polyethylene
(MDPE), and aluminum for GCR boundary conditions. Data obtained from simulations
performed in HZETRN2020.

sleeping quarters of the ISS as radiation shielding, and it is used by NASA as a reference
material for evaluating novel shield materials [17]. Figure 1.2, Figure 1.3, and Figure 1.4
illustrate the ability of MDPE to shield various types of radiation in space, as compared
to pure liquid hydrogen or the more conventional aluminium. While the carbon content in
the polyethylene does reduce its ef cacy as a proton shield, the MDPE is still superior to
aluminium with respect to dose reduction at a given depth in the material.

For all its admirable qualities as a radiation shield, polyethylene is soft, with poor tensile
strength [18]. These properties render polyethylene unsuitable for use in structural aspects
of a spacecraft, meaning that a polyethylene shield, while effective at reducing dose, is

costly and serving but a single purpose [14]. There is thus an impetus to develop a material



Figure 1.3: Dose vs. depth in liquid hydrogen, pure MDPE, and aluminum for SPE bound-
ary conditions. Data obtained from simulations performed in HZETRN2020.

which has the desirable shielding and material properties of polyethylene, but which can
double as structural support for the spacecraft. Such a material would save weight by serv-
ing a dual purpose and reduce the traditional metal used for structures within the spacecratft,

replacing it with light-weight polymer [18].

1.3.4 PolymerCompositegor Shielding

One method of leveraging the desirable properties of polyethylene or similar hydrogen-rich
polymers while improving the de cient structural properties is the use of ller materials.
Fillers such as carbon bers, boron nitride, lead oxide, Boron Carbide)@Earbon Nan-
otubes (CNT), boron nitride nanotubes, and many others can increase stiffness and tensile

strength of a polymer matrix, but also affect the shielding properties of the matrix for better
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Figure 1.4: Dose vs. depth in liquid hydrogen, pure MDPE, and aluminum for LEO bound-
ary conditions. Data obtained from simulations performed in HZETRN2020.

or worse, depending on the type of radiation being shielded [14, 18, 19, 20].

When shielding photons, increasing the nanopatrticle loading can improve shielding ca-
pabilities. Mahmoud et al. found that increasing the weight loading of lead oxide nanopar-
ticles in polyethylene from0%to 50%could lead to up to &5%reduction in the material
thickness needed to attenuate dose from gamma photons by half [19]. This reduction in
shield volume would be valuable in space applications where volume is at a premium.

However, when shielding protons, Laurenzi et al. found that the introduction of any
material other than hydrogen had a detrimental effect on the dose reduction properties of
the shield. An increase of GBwveight loading from1% to 20%in MDPE caused up to
a 20%increase in dose [20]. This degradation of shielding properties is also evident in

Figure 1.5, Figure 1.6, and Figure 1.7, where an increase in dose at a given depth can be
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seen as carbon load increases.

Figure 1.5: Dose vs. carbon ller load in MDPE for GCR boundary conditions. Data
obtained from simulations performed in HZETRNZ2020.

While this difference is not as dramatic as the improved shielding properties for gam-
mas found by Nambiar et al., it is nonetheless a signi cant effect which must be accounted

for in spacecraft design.

1.4 Evaluating Materials for Use in Space Shielding Applications

The most straightforward way of evaluating the ef cacy of a polymer composite for a given
shielding application is by fabricating the composite and subjecting it to ionizing radiation.
However, this method poses several challenges. Polymer composites are frequently dif cult
to source commercially, especially if multiple weight loadings of ller in a given matrix

are to be tested. Hence, to test a variety of composites it is necessary to resort to custom
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Figure 1.6: Dose vs. carbon ller load in MDPE for SPE boundary conditions. Data
obtained from simulations performed in HZETRN2020.

fabrication of shield materials, increasing lead time and costs for the project.

Computational evaluation can help alleviate the material obstacles but not eliminate
them. De ning different composites can be time consuming depending on the software
used, and high accuracy models are computationally expensive to run.

A common method of mitigating both the experimental and computation issues is the
use of a model surrogate, which simpli es the microstructure of a material while preserv-
ing macroscale properties [21]. These models can be quite sophisticated, involving ma-
chine learning, defect evolution, and recurrent neural networks [22, 23]. They can also be
very simple. Li et al. found that using a graphite slab over polyethylene was effective in
modeling shielding abilities of a carbon nantube-polyethylene composite, with the caveat

that molecular dynamic simulations revealed that modeling CNT in the matrix reduced
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Figure 1.7: Dose vs. carbon ller load in MDPE for LEO boundary conditions. Data
obtained from simulations performed in HZETRN2020.

damage to the polyethylene, a result not evident from the slab surrogate [24]. This result
suggests that shielding properties of composites can be effectively modeled via a layered
approach, and that there are durability advantages to using composite shields rather than

layered shields in the nal product.

1.5 Proposed Work

The following work proposes to validate the thesis that layered shields can serve as surro-
gates for composite shield materials. A methodology for converting a given weight loading
of ller to an equivalent slab thickness is developed, and the ef cacy of this approach tested
both computationally and experimentally in a variety of boundary conditions representing

the space environment.
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CHAPTER 2
MODELING IN HZETRN2020

2.1 Background

The NASA developed code HZETRN2020 was created to provide quick comparisons of
different shield materials in various historical space environments. In this code, layers of
shield materials are created and a response material behind the shield is set, usually water or
tissue. Historic and calculated GCR, SPE, and LEO boundary conditions are included. The
code, when run, returns several outputs, including the dose at a given depth in the shield,
the ux at given depth at a given energy, and the risk of cancer to astronauts behind such a
shield. The most recent version, HZETRN2020 provides improved methods of calculating

the GCR boundary and subsequent nuclear fragmentation [25].

2.1.1 Dosein PureMaterials

To establish competency in HZETRN2020, the rst part of a study by Laurenzi et. al. was
replicated in the most recent version of HZETRN2020 [20]. Six materials were used: pure
liquid hydrogen, Polyether Ether Ketone (PEEK), kapton, MDPE, Resin Transfer Moulding

6 (RTM6), and aluminium. Each was exposed to GCR, SPE, and LEO boundary conditions
as detailed in Table 2.1. The dose at a series of depths in the material was calculated using
HZETRN2020. It was found that the data in the current study displayed the same trends as
that obtained by Laurenzi et. al. [20] using HZETRN2015. The magnitude of the dose is
noticeably different, as evidenced by Figure 2.1, Figure 2.2, and Figure 2.3. This is hypoth-
esized to be a result of the updated nuclear fragmentation models in HZETRN2020, leading
to different dose results than would be obtained using HZETRN2015. It was unfortunately

not possible to obtain a legacy version of the code to verify this hypothesis.
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Table 2.1: Description of the different space environments used in this study.

Environment Galactic Cosmic Radiation Solar Particle Events Low Earth Orbit

Acronym GCR SPE LEO

Particle Composition | 15%heavy ionsZ > 2), 85%Protons 100%Protons 100%Protons

Description Generated using the BON2020 model faistorical data built in to HZETRN2020 Historical data built in to HZETRN2020
minimum solar activity in free space withfor the Carrington event of 1859 as dor proton ux with an inclination of
main modulation parameter= 450 worst-case scenario for SPE radiation 51:6 degrecorded in 2015

Figure 2.1: Comparing dose results from GCR in pure materials obtained using
HZETRN2020 to those obtained using HZETRN2015 by Laurenzi et. al. [20].

2.1.2 Dosein PolymerComposites

Having veri ed the dose vs. depth trends for pure materials, an attempt was made to repli-
cate the results obtained from polymer composites. Laurenzi et. al. tested three different
ller materials in MDPE: CNT, CB, and Graphene Oxide (GO). These were added to the
MDPE matrix in1%, 2%, 5%, 10% 15% and20%loads by weight [20].

Figure 2.4, Figure 2.5, and Figure 2.6 show trends similar to those obtained by Laurenzi
et. al., with some differences in dose magnitude believed to be caused by updates to the

nuclear fragmentation model in HZETRN2020. These discrepancies may also have been

16



Figure 2.2: Comparing dose results from LEO in pure materials obtained using
HZETRN2020 to those obtained using HZETRN2015 by Laurenzi et. al. [20].

caused by a difference in the response material used to calculate the dose. Laurenzi et.
al. do not specify the response material used to obtain their results and did not respond to
a request for this information [20]. In the present study, water was used as the response
material. It is possible that another substance such as tissue or silicon was used in the

original study as response material, which could cause the difference in dose magnitude.

2.1.3 TheNeedfor ImprovedModeling Techniques

During the course of this replication it was noted that the generation of cross sections
for each new weight loading of ller in MDPE was extremely tedious. Each new weight

loading is entered as a “new material”’ in HZETRN2020, not as a combination of previously
de ned materials. This mirrors actual experiments, where new shield materials must be
fabricated for each test run, contributing to additional costs and time for looking at the

effect of lling load on the shielding properties of the material. It was theorized that instead
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Figure 2.3: Comparing dose results from SPE in pure materials obtained using
HZETRN2020 to those obtained using HZETRN2015 by Laurenzi et. al. [20].

of de ning a new material for each loading of ller, a model surrogate might be developed
to simplify the process. A surrogate model could serve to reduce the number of materials
needed to run the simulation, and ideally would translate into the experimental realm as

well.

2.2 Model

To simplify the process of modeling a composite material, a slab model surrogate was
developed, whereby a composite would be modeled as a slab of pure ller material overlaid
by a slab of pure matrix material of thicknesses tuned to match the weight loading of
the equivalent composite, as illustrated in Figure 2.7, and speci ed in Table A.1. Since
HZETRN2020 evaluates response functions at all combinations of depths of materials, it is
still possible to obtain dose at various depths in the shield by choosing the combinations of

material depths from the output le which correspond to a given weight loading at a certain
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Figure 2.4. Comparison of dose results for GCR in lled MDPE obtained using
HZETRN2020 and HZETRNZ2015 by Laurenzi et al. [20].

depth in a composite [25].

2.2.1 Validity

This approach was believed to be valid in the context of HZETRN2020 since the program
does not track material damage. This means every collision is treated as occurring on
pristine material which has not suffered damage from previous collisions. While secondary
particles are produced from fragmentation in these collision are accounted for in dose, there
is no way of tracking the way the target material density and composition change with
radiation exposure. Since this damage is not tracked, it is less relevant whether the ller
is dispersed in the matrix or overlaid on the matrix, since either way molecular drift in
the material is not accounted for. That being said, it is expected that there would be some
difference in dose since the stopping power of the matrix material is different than that of

the ller, meaning the spectrum the ller is exposed to in the slab model is not the same as
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Figure 2.5: Comparison of dose results for SPE in lled MDPE obtained using
HZETRN2020 and HZETRNZ2015 by Laurenzi et al. [20].

the spectrum it would be exposed to in the composite model. However, since the composite

is mostly comprised of matrix material, this difference is expected to be small.

2.2.2 CalculatingequivalentFiller Thickness

To accurately represent a composite as layered slabs, a method for converting a weight
loading of ller in composite to an equivalent slab was developed. To do this, a conversion

factor

F=-S (2.1)

was de ned, wherdcp is the thickness of the composite polymer agd is the den-
sity of the composite polymer. The equivalent pure slab thicknesses could then be calcu-

lated using this factor to be
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Figure 2.6: Comparison of dose results for LEO in lled MDPE obtained using
HZETRN2020 and HZETRNZ2015 by Laurenzi et al. [20].

T = F cp%f (2.2a)

and

Tn=F cp(1 %f); (2.2b)

whereT; is the equivalent thickness of the ller materiétf is the weight percent loading
of the ller, and T, is the equivalent thickness of the polymer matrix material.

The ller used in this model was carbon of density = 2:26_); in a matrix of MDPE
of density wppe = 0:94%. The form of the carbon (carbon ber, CNT, carbon black,
graphite, etc.) was unspeci ed, since the only way to specify different forms of a material
in HZETRN2020 is to change the density and the various forms of carbon listed all have
about the same density. The only thing that can be con dently said about the form of the

carbon is it was not diamond, as diamond has a noticeably higher den8ig/ig}; than
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Figure 2.7: A graphic representation of the slab model surrogate used.

the other forms listed [26]. The composite results used for comparison are those calculated
previously and displayed in Figure 2.4, Figure 2.5, and Figure 2.6.

Equivalent slab thickness were calculated for each weight percent loading and are dis-
played in Table 2.2. The boundary conditions previously described in Table 2.1 were used,
producing results for GCR, SPE, and LEO spectra. Python was used to extract the dose at

various depths in the slabs and plot the results in Figure 2.8, Figure 2.9, and Figure 2.10.

Table 2.2: Densities and atom content of polyethylene-based composites with CNT llers,
with equivalent slab thicknesses. The unit of the atom content is atons ¢0?%. Slab
thicknesses are equivalent to a depth of 45.0 /ienthe composite material. Full tables

of equivalent thicknesses at each depth may be found in Appendix A.

MDPE ller (% by wt) Density (gcm ) H C Equivalent Carbon Slab Equivalent MDPE Slab
Thickness [g/cnf] Thickness [g/cn?]

1% CNT 0:9506 8514 43071 0.45 44.55

2% CNT 0:9531 8428 43195 0.9 44.1

5% CNT 0:9610 8170 43358 2.25 42.75

10% CNT 0:9744 7742 43717 4.5 40.5

15% CNT 0:9881 7311 44075 6.75 38.25

20% CNT 1:0023 6880 44433 9.0 36.0

2.3 Results

The dose results from the composite model are compared to those obtained using the slab
model in Figure 2.8, Figure 2.9, and Figure 2.10. The results were found to be very simi-
lar, though not an exact match, for all boundary conditions tested. In most cases, the dose

disparity was found to increase with increasing depth in the material. The absolute per-
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Figure 2.8: Comparison of dose results for GCR obtained from modeling MDPE and car-
bon composite versus the slab model of MDPE overlaid on an equivalent thickness of
carbon.

cent difference in dose between the slab and composite models was plotted in Figure 2.11

Figure 2.12, and Figure 2.13 using the formula

Dos€sap  DOSEomposite
D0SE€:omposite

| dosej% = 100% (2.3)

From Figure 2.11 it may be seen that for the GCR boundary the percent difference in
dose between the slab and composite models increases with increased carbon loading and
depth in the material, but never excedds.

The difference between models for SPE shows the same relation for most of the depths,
with the 1% case having the least disparity between the slab and composite models, except
at depthleZO% where this trend abruptly reverses and 2086case shows dramatically

decreased error. The SPE also shows the highest maximum disparity at rbLély
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Figure 2.9: Comparison of dose results for SPE obtained from modeling MDPE and carbon
composite versus the slab model of MDPE overlaid on an equivalent thickness of carbon.

The disparity in dose for the LEO boundary appears to decrease with increased depth
in the material and shows the same reversal in dependence on carbon loading as the SPE
case at about the same depthib&l%. For depths shallower than abdm% the dis-
parity between the slab and composite models appears to decrease with increased carbon
loading, but deeper than abdit_J; this trend reverses and dose disparity shows a roughly
inverse relationship with carbon loading. So tt# carbon case has the most disagree-
ment between the slab and composite models whil@@écarbon case shows the closest
match. Interestingly, while the dose disparity increases with increasing depth fb%the
and2%cases, after a depth of abdli_Y;, the difference between the slab and composite
cases decreases for weight loadisgs 20% Even so, the LEO case shows the lowest
maximum dose disparity, 418% The maximum and minimum dose disparities and the

corresponding weight loadings for each boundary condition are summarized in Table 2.3.
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Figure 2.10: Comparison of dose results for LEO obtained from modeling MDPE and
carbon composite versus the slab model of MDPE overlaid on an equivalent thickness of
carbon.

2.3.1 A Commenton Units

The units of dose used in this study are the Sievert (Sv), a unit of dose which accounts for
the damage caused by different types of radiation. According to International Commission
on Radiological Protection (ICRP) 103, photons and electrons have a radiation weighting
factor of 1, protons a factor 02, and heavy ions a factor @[27]. Dose in Sv is obtained

by multiplying dose in Gray (Gy) by the radiation weighting factor for the type of radiation
being studied. This means the dose in Sv for protons and heavy ions is signi cantly higher
than the dose in Gy, but the dose in Sv for photons and electrons is numerically identical to
the dose in Gy. The unit Sv has been used in this chapter to emphasize the differing dam-
age caused by heavy ions and protons compared to photons and electrons. In subsequent

chapters only photons are considered, so the dose is reported in Gy, though the dose in Sv
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Figure 2.11: Absolute percent difference in dose for GCR between the slab and composite
models in HZETRN2020, calculated using Equation 2.3.

is numerically equivalent.

2.4 Analysis

The close agreement between the slab and composite cases, especially for LEO and GCR
boundaries is encouraging and supports the validity of the slab approach as a modeling
surrogate. This validity notwithstanding, there are some interesting discrepancies in the
results.

While the absolute semilog plots in Figure 2.11, Figure 2.12, and Figure 2.13 are helpful
for seeing broad trends in dose disparity, the reasons for these disparities are better revealed

in non-absolute linear plots, with the values calculated using the formula
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Figure 2.12: Absolute percent difference in dose for SPE between the slab and composite
models in HZETRN2020, calculated using Equation 2.3.

DoS€slap  DOSEomposite

100% 2.4
Dosecomposite ( )

dose?0 =

The resultant plots are displayed in Figure 2.14, Figure 2.15, and Figure 2.16.

In general, the discrepancy between the slab and composite models increases with in-
creased depth. This makes sense, since at shallower depths the carbon and MDPE layers
are thinner and more closely approximate the even dispersion of ller in a matrix. The
exception to this trends is weight loading20%in the LEO case, where closer agreement

is seen at greater depths.
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Figure 2.13: Absolute percent difference in dose for LEO between the slab and composite
models in HZETRN2020, calculated using Equation 2.3.

24.1 GCR

The GCR spectrum shows a somewhat inconsistent relationship between carbon loading
and dose discrepancy at depths shallower than eﬂﬁgﬁ;} This discrepancy is theorized

to be due to nuclear fragmentation as the protons and heavy ions in the GCR boundary pen-
etrate the material. Heavier fragments lead to higher effective dose, and the semi random
nature of the fragmentation means the dose to the material is also semi-random at shallow
depths. At greater depths, Figure 2.14 illustrates the slab model returning a consistently
greater dose to the response material than the composite model for all carbon loadings.
This is likely due to differences in nuclear fragmentation. In the slab case the hydrogen

rich MDPE is encountered rst and collisions effectively slow protons from the boundary
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Table 2.3: Maximum and minimum dose disparities between the slab and composite mod-

els in HZETRN2020

Environment

Minimum Percent Disparity
% Carbon Load at Min.
Depth of Min. [ 3]
Maximum Percent Disparity
% Carbon Load at Max.
Depth of Max. [-2

cm3

GCR SPE LEO
0.283 1.035 0.661
1 1 1
0 1 1
3.770 12.406 1.800
20 20 1
45.0 450 450

radiation. The heavy ions transfer less energy per collision than the protons and are more

likely to penetrate the MDPE at high energies either whole or fragmented. These high en-

ergy ions then encounter the carbon layer and continue to fragment. Fragmentswith Z

which penetrate to the response material have a radiation weighting fac0y afd are

thus responsible for a signi cant proportion of the dose compared to lighter fragments [27].

In the composite case, the heavier carbon dispersed evenly through the material helps

fragment the heavy ions at shallower depths into smaller pieces which can be more effec-

tively slowed and then stopped in the shield. At shallow depths this is less signi cant since

the particles have less distance to travel to penetrate the material, but as depth increases

the ability of the composite to fragment and stop heavy ions more effectively than the slab

becomes more apparent, especially with greater loadings of carbon.

2.4.2 SPE

The SPE case shows an interesting trend in that at shallower depths the slab case gives

greater dose and deeper than abb&20_), the slab model gives lower dose than the

composite. In view of nuclear fragmentation this is reasonable. The SPE boundary is

composed entirely of protons. As depth in the shield material increases heavy ions appear

as the carbon in the MDPE is fragmented by high energy protons. In the slab model,

the SPE protons rst encounter the MDPE which has twice as many hydrogen as carbon

atoms. The SPE protons are effectively slowed by the hydrogen, but heavy ions produced

from the fragmentation of the carbon in the MDPE are more likely to penetrate to the
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Figure 2.14: Percent difference in dose for GCR between the slab and composite models
in HZETRNZ2020, calculated using Equation 2.4.

response material. In the composite material, the higher carbon content helps slow these
fragments and lead to a lower dose than the slab model. However, at greater depths the SPE
protons in the slab model have more MDPE to penetrate before encountering the carbon
slab. Since these protons are twice as likely to encounter a hydrogen atom while traversing
the MDPE as compared to a carbon atom, this means the odds of fragmentation are reduced
and the chances that the protons will be slowed before causing fragmentation increase. The
difference in dose between the two models as seen in Figure 2.15 is most evident for the
20%carbon loading case since the amount of carbon in the composite is so high, and least
evident for thel% carbon case since there is so little extra carbon in the MDPE the odds of

fragmentation are only slightly increased.
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Figure 2.15: Percent difference in dose for SPE between the slab and composite models in
HZETRN2020, calculated using Equation 2.4.

24.3 LEO

Like the GCR case, in the LEO case all carbon loadings at all depths tested return higher
doses for the slab model than the composite. The LEO case is distinctive in that while ini-
tially the disparity in dose between the slab and composite model increases, after a certain
depth which varies with carbon loading, the disparity begins to decrease for the heavier car-
bon loadings, while the two models containing the least carbon continue to show increased
dose disparity with increased depth.

Time is the critical parameter when explaining this result, since both SPE and LEO
boundaries consist entirely of protons. According to the manual, dose is calculated in units

of cGy/time, where time is “event” for SPE and “day” for LEO [25]. The manual states
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Figure 2.16: Percent difference in dose for LEO between the slab and composite models in
HZETRN2020, calculated using Equation 2.4.

that the data from the Carrington event used in this study spans from September 1859 to
March 1991 [25]. This means that the ux from the LEO boundary is much greater than

that experienced in the SPE boundary, since the exposure time is shorter in the LEO case.
This is believed to be the source of the difference in dose for the SPE and LEO cases,

though the exact cause of the difference features in the LEO graph remains unknown.

2.5 Conclusions

The slab model is an effective modeling surrogate for initial survey studies. Thus, only two
materials, the ller and the matrix, must be de ned in HZETRN2020 to study an arbitrary
number of weight loadings, reducing time and computer memory needed to perform scop-

ing studies comparing different loadings of ller. The slab model generally most closely

32



approximates the composite model at shallow depths, though even at greater depths the dis-
crepancy between models was small. The surrogacy is not perfect, so after initial scoping

studies a composite material should be de ned to produce more accurate results.
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CHAPTER 3
Clincal Linear Accelerator (CLINAC) EXPERIMENTS

3.1 Background

After the conclusion of the modeling discussed in chapter 2 it was thought desirable to
experimentally assess the ability of a layered shield to serve as a surrogate for a composite
shield. To examine the effect of radiation on electronics, silicon and silicon carbide diodes
were used as targets. The polymer composite shield used in the study consisted of a PEEK
matrix with 30% carbon ber by weight. The layered surrogate consisted of pure PEEK
overlaid on thin sheets of graphite. The Varian iX CLINAC at the Georgia Institute of

Technology was used to perform the irradiations V@tV photons.

3.2 Theory

In addition to the ever prevalent protons, photons are also present in the space environment,
both as visible light and as gamma rays emitted from solar ares and supernovae [28, 29]. It
is known that polymer composites are effective at shielding proton and heavy ion radiation.
However, photons are more penetrating and may not be properly shielded by the relatively
low density materials which comprise polymer composite shield. Gamma radiation in space
therefore is a concern for semiconductor devices, even those which have effective shielding
from protons and heavy ions. These gammas can reach very high energies, up to GeV, but
many of those produced from solar activity are aro@r5MeV, with energies going up

to about6 MeV [28]. The GT CLINAC is capable of producing photons upli® MV,

but is typically operated @& MV, making it a reasonable surrogate for gammas produced
from solar activity [30]. Additionally, heavy ion slowing down and fragmentation in the

shield causes the production of secondary photons which can contribute signi cantly to
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dose [4]. The ability of a polymer proton and ion shield to attenuate photons is therefore of
key interest.

Since photons are more penetrating and prone to linear energy deposition than charged
particles, it is theorized that the layered shield surrogate should provide very similar results

to those obtained from the actual composite.

3.3 Methods

3.3.1 Equipment

A Keysight B1500A Semiconductor Device Analyzer in conjunction with a 16442B Test
Fixture was used to perform parametric sweeps on the Silicon (Si) and SiC diodes. The
B1500A used contianed a medium power source measeurement unit which was rated to
200V, 1 A, and20W. Forward IV characteristics were obtained by sweeping the voltage
from OV to 2 V with 1 A compliance current for the Si and SiC devices. Reverse leakage
current sweeps were run frofnvV to 40V for the Si devices, and frofito 200V for

the SiC devices.

A BK Precision 9129B 3-channel power supply was used to bias two of the four devices
irradiated in each shield condition@® A. This resulted in abow:5 V across the Si device
and4:4V across the SiC device, as reported by the power supply meter.

A Varian iX CLINAC in the Georgia Institute of Technology (GT) Radiological Science
and Engineering Laboratory (RSEL) was used to perform the irradiations. The CLINAC
is capable of producing photons G&iand 18 MV via bremsstrahlung interactions with a
tungsten converter. The CLINAC laboratory in the RSEL includes an adjustable height
treatment bed. While the system is designed for patient treatment, the GT CLINAC is used
exclusively for research and training purposes. In this experiment, the beam wa$set to
MV maximum energy photons, with an average photon energy of abdiV. A 2 cm
bolus stack was used to create charged particle equilibrium around the devices to enable

dosimetric calculations. The distance from the source to the top of the bolus stack overlaid
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on the experimental setup w8%&5 cm for all shielding conditions. The eld size was set
to40 40cm, and it was determined that the dose rate at these conditior&@@Gy/min

at the bottom of the bolus stack, but above any shield stack.

3.3.2 ShieldMaterials

The rst choice was to continue the work done in HZETRN2020 and use carbon lled
polyethylene for the shield material. However, this proved dif cult to source. Carbon lled
PEEK is therefore used in lieu of polyethylene, since PEEK is also of interest for space
shielding applications [20]. The PEEK-carbon composite 8@¥carbon ber by weight
and was obtained from Professional Plastics. Relevant material properties are summarized
in Table 3.1.

A sheet of pure PEEK was obtained from McMaster Carr, and pure graphite sheets were
sourced from Patikil via Amazon, with material properties as described in Table 3.1.

Calculations to determine the equivalent thicknesses of pure PEEK and graphite to
simulate the carbon-PEEK composite were performed as outlined in subsection 2.2.2. The
equivalent thickness for each material are reported in Table 3.1. The slight differences in
the calculated dimensions and purchased dimensions were driven by material availability
and are assumed to be trivial.

Table 3.1: Shield material properties for CLINAC experiments. Densities for PEEK-carbon
composite and PEEK were obtained from their respective datasheets.

Material Density -2 Equivalent Thickness [cm] Actual Thickness [cm]
PEEK-Carbon Composite 1.41 N/A 1.27
PEEK 1.301 0.9635 0.9525
Graphite 1.8 0.298 0.3

3.3.3 Devices

Both Si and SiC diodes were used in this study. The Si devices were 1N4005 diodes from
Diotec rated to Repetitive Peak Reverse Voltagg(; ) 600V and less tha’d A leakage
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current at room temperature Ygryv . The SiC devices were CSD01060A diodes from

Wolfspeed, rated tdgry = 600V and100 A at 600V.

3.3.4 ExperimentaProcedure

For each set of irradiation, two of each Si and SiC device were used. One of each device
type was biased d:5 A, and the other of each device was left unbiased for a total of 4
devices on the treatment bed. The devices were placed directly atop a large block of solid
water and centered relative to the beam head, with tape used to secure them as seen in
Figure 3.1.

Three shielding conditions were studied: unshielded, composite shielding, and layered
shielding. Any shield used was placed directly atop the devices in order to minimize any
airgap between the device and the shield. Two 1 cm boluses of solid water were placed
atop the shield stack above the diodes to ensure uniform scattering for dosimetric purposes.
The treatment bed was raised to a distance of 81.5 cm from the top of the stack to the
CLINAC head, as seen in Figure 3.2. In unshielded sets the shield stack was omitted and
the bolus placed directly over the devices. The power supply was turned on to the bias the
connected devices at5 A, subject to continuous monitoring for continuity via the power
supply meter. The vault was then sealed and the devices were irradigt@aG&y.

Following irradiation the devices were removed from the treatment bed and paramet-
ric sweeps measuring leakage current and IV characteristics were performed using the
B1500A. The devices were then returned to their previous con guration on the treatment
bed and received an addition®#2 Gy for a total of805Gy, after which parametrics were

run again. This process was repeated three times; once for each shielding condition.

3.4 Results

It should be noted that while the curves are labeled with a certain dose, this is not the dose

to the die of the device. Instead, it is the dose below the bolus at the top of the shield stack.
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