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ABSTRACT

With neither a significant magnetic field nor an atmosphere, the Moon is exposed to a harsh
radiation environment containing the galactic cosmic rays (GCRs) and the solar energetic particles
(SEPs). When these particles strike the lunar surface, they create cascades of secondaries and eject
“albedo” particles. The lunar albedo radiation consists of the scattered primary particles and
secondaries created by the primary particles’ interactions. This dissertation uses MCNP6, a
general-purpose Monte Carlo transport code that is widely used in the nuclear physics and
engineering communities, to study the behavior of the albedo particles coming off the lunar
surface, primarily protons, neutrons, electrons, positrons, gamma rays, deuterons, tritium ions,
helium-3 ions, and alpha particles, by generating the energy and angular distributions of each
albedo species. The maximum depth reached by any particle leading to the creation of an albedo
particle is also calculated as a function of albedo particle energy and emission angle. Also, to
characterize the elemental composition of the lunar regolith, variations in albedo production are
studied in hypothetical scenarios with increased abundances of hydrogen, oxygen, sodium,
magnesium, aluminum, silicon, calcium, titanium, manganese, and iron. The results obtained from
MCNP6 are compared to two transport codes frequently used in space radiation applications:
PHITS and HETC-HEDS. Finally, the generated spectra are applied to the Cosmic Ray Telescope
for the Effects of Radiation (CRaTER) instrument aboard the Lunar Reconnaissance Orbiter
(LRO), which has been monitoring the lunar radiation environment since its launch in 2009, to
characterize the observed albedo proton population as a function of spacecraft altitude and
orientation, and to compare the measured absorbed doses to the ones modeled by MCNP6. The
contribution of each albedo species to the total absorbed dose is also calculated to better understand

the effects of lunar albedo radiation.
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1. INTRODUCTION

It has been almost fifty years since the last human visit to the lunar surface, and since then,
the absence of a practical motive made it difficult for humans to decide to go back to the Moon.
However, it was feasible to send instruments to lunar orbit and the surface. Many scientific
discoveries have been made since the Apollo missions that changed our understanding of the
Moon, prominently the discovery of lunar hydrogen near the poles where the permanently
shadowed regions (PSRs) reside. The presence of hydrogen on the Moon was proved using
modified spectroscopy techniques (Saal et al., 2008), epithermal neutron detection (Feldman et al.,
1998), infrared measurements (Pieters et al., 2009), and active detection methods (Colaprete et al.,
2010). The first and only attempt to soft land a robotic spacecraft close to the poles has failed and
thus, with the exception of the intentional crash landing of the Lunar Crater Observation and
Sensing Satellite (LCROSS) equipment on the Lunar Reconnaissance Orbiter (LRO) in 2009
(Colaprete et al., 2010), the lunar poles remain unvisited so far. However, NASA plans to send
humans back to the Moon through its Artemis program during this decade, with the lunar South
Pole being the front-running landing location (Honeycutt et al., 2019).

One of the main challenges facing a long-term stay on the lunar surface is the harsh space
radiation environment, which consists of galactic cosmic rays (GCRs), solar energetic particles
(SEPs), and the unique source of radiation coming off the lunar surface. The Moon has neither a
significant magnetic field nor an atmosphere, and thus GCRs and SEPs interact directly with the
lunar surface, either scattering or creating cascades of secondaries which include neutrons, protons,
photons, electrons, positrons, muons, pions, and light ions.

The exact nature of lunar surface radiation is not fully characterized, and it is thus important

to study the behavior of the particles leaving the lunar surface. In addition to their importance from



a radiation protection standpoint, these particles could be utilized to locate lunar volatiles, mainly
hydrogen, and to characterize the elemental composition of the lunar regolith by examining the
differences in their spectra with increased or decreased abundances of different elements. Ideally,
this could be achieved by taking various measurements in different locations on the lunar surface.
Because we are presently unable to do this, we use Monte Carlo (MC) simulations, which with
their unique advantages provide us with a valuable alternative. MC codes cover a wider range of
energies and angles than could be attained in a laboratory.

This dissertation uses MCNP6 (Goorley et al., 2016), a general-purpose MC transport code
widely used in the nuclear physics and engineering communities, to study the behavior of these
particles coming off the lunar surface: protons, neutrons, electrons, positrons, gamma rays,
deuterons, tritium ions, helium-3 ions, and alpha particles. MCNP6 will be described in further

detail in the next chapters.

Definition of Terms

This work will refer to any particle leaving the lunar surface to free space as an “albedo”
particle, a term used in previous (Armstrong, 1972) and recent (Looper et al., 2013; Spence et al.,
2013; Schwadron et al., 2016; Mesick et al., 2018) papers concerned with radiation coming off the
surface of the Moon. The albedo particles could be either reflected primary particles or secondaries
created by the primary particles’ interactions. The literature sometimes refers to albedo particles
as the “leakage” of particles (Gasnault et al., 2000; McKinney et al., 2006; Prettyman et al., 2006;
Ota et al., 2011). Also, since this work simulates a hypothetical regolith with increased content of
hydrogen, it will refer to the regular hydrogen-free regolith as “dry” regolith, and the hydrogenated

(3

regolith as “wet” regolith. In addition, this dissertation will use the description “maximum

production depth” to refer to the maximum depth reached by any particle leading to the creation



of an albedo particle and not necessarily to the production depth of the albedo particle itself.
Finally, some papers in the literature multiply the GCR flux source term by the surface current per
source particle and report the results as albedo “flux”. Since the particles that leave the lunar
surface to free space do not propagate or lose any energy in any material, and for simplicity
purposes, the terms “flux” and “surface current” will be used interchangeably in this dissertation
in describing the number of albedo particles per source particle, although the accurate term in all

cases 1s “surface current”.

Justification and Originality

There are several studies that used MC simulations to study the radiation coming off the
lunar regolith. Many of these papers focused on albedo neutrons and gamma rays due to the
presence of in situ measurements starting from the Apollo era, which provide an opportunity of
comparing modeled results to measured data. These studies focused on benchmarking MC results
against measurements, characterizing the elemental composition of the lunar regolith, and helping
in gamma-ray and neutron spectroscopy. One study (McKinney et al., 2006) used MCNPX, a
previous version of MCNP, to compare the modeled neutron density in the lunar regolith to
measurements taken by the Apollo 17 astronauts. The neutron albedo flux, described as “neutron
leakage flux” in their paper, was reported as a function of neutron energy from the thermal range
up to 10 GeV. Another more sophisticated study (Prettyman et al., 2006) used MCNPX to study
albedo gamma rays (described in their work as gamma ray leakage) coming off various regolith
compositions taken from different Apollo and Luna samples. These were then compared to the
data collected by the gamma ray spectrometer aboard the Lunar Prospector. Also, another paper
(Yamashita et al., 2008) used Geant4, an open-source MC transport code, to estimate the

production rates of albedo neutrons and photons and support the measurements to be collected by



SELENE, the Japanese lunar orbiter. It is worth noting that the source term used in these studies
was normalized and did not include anything heavier than GCR helium. A recent study (Mesick et
al., 2018) showed an agreement between Geant4 and MCNP6 albedo neutron flux spectra. Other
MC codes, like FLUKA (De Angelis et al., 2007) and PHITS (Ota et al., 2011), were also used to
generate albedo neutron spectra. In addition, since the launch of the Cosmic Ray Telescope for the
Effects of Radiation (CRaTER) instrument aboard the LRO spacecraft (Spence et al., 2010), there
has been an increased interest in understanding the behavior of albedo protons. A paper with the
best comparison to this work in its collective nature (Looper et al., 2013) used Geant4 to model
the energy and angular distribution of multiple albedo particles emitted by the lunar surface,
including protons, and compared the resulting energy-deposit spectra with measurements observed

by the CRaTER instrument.

This dissertation aims to extend on the previous work by using MCNP6, which has its own
enhancements in high energy physics, to create the spectra of multiple albedo species, both neutral
and charged, as a function of angle, energy, and depth, for various scenarios with different
elemental compositions. This effort should provide a better understanding of the nature of lunar
radiation, help in characterizing the chemical composition of the lunar regolith, create a
benchmarking database for other codes, and assist both previous and future missions in data
analyses. PHITS and HETC-HEDS, MC codes that will be described in further detail in later
chapters, are used to provide comparisons between the results of some albedo spectra using similar
geometries and identical source terms. Finally, the results will be applied to the CRaTER
instrument which is currently orbiting the Moon. The CRaTER instrument’s field of view as a
function of altitude and orientation will be modeled using MCNP6. Then, both the angular and

energy distributions will be incorporated into an MCNP6 model of the CRaTER instrument. These



steps will determine what the CRaTER instrument should be observing at various altitudes and
orientations. They will also provide a comparison between the absorbed doses calculated by

MCNP6 and the ones measured by the CRaTER instrument.

Outline of Dissertation

This dissertation is divided into eight chapters. The first chapter, this chapter, gives a
background and an overview of the literature and the goals of this dissertation. Chapter 2 explains
the methodology followed in this work, mainly the computational methods. It provides the details
of the source term, geometries, material composition, tallies, and scenarios used in the MC
simulations, along with all assumptions and justifications. It also describes each MC transport code
used in this work in further detail. Chapters 3-7 present and discuss the results of the simulations.
Chapter 3 illustrates the results of albedo particles from dry regolith, while Chapter 4 is concerned
with the results from wet regolith. Chapter 5 shows the results of albedo particle emissions for
nine different scenarios, each with a modeled regolith that has an increased content of one major
lunar element, to help characterize the composition of lunar regolith by studying the possible
changes in albedo behavior in each scenario. These major lunar elements are oxygen, sodium,
magnesium, aluminum, silicon, calcium, titanium, manganese, and iron. Chapter 6 compares the
albedo results of MCNP6 with PHITS and HETC-HEDS with similar geometries and identical
source terms. Chapter 7 shows the results of the CRaTER instrument’s field of view and the
resulting modeled observations for different altitudes and orientations. It also compares MCNP6
modeled absorbed dose rates to the ones measured by the CRaTER instrument. Finally, Chapter 8

gives the conclusions and recommendations for future work.



2. COMPUTATIONAL METHODS
The main transport code used to generate the results in this work is MCNP6, while PHITS
and HETC-HEDS transport codes were used primarily for data comparisons. Each of these codes
is described in this chapter. In general, MC codes require the following inputs to run: a geometry,

a source term, and material specification.

2.1 MCNP6

The Monte Carlo N-Particle (MCNP) code is a general-purpose MC radiation transport
code developed by Los Alamos National Laboratory. MCNP version 6.1, which merged the
capabilities of MCNPX and MCNPS5, was used for the MCNP part of the simulations in this work.
This version has its own enhancements in physics models for high energy applications, and thus
provides an excellent opportunity to study the space radiation environment, especially since the
flux of GCR ions peak at around ~1 GeV/n. Goorley et al. [2016] provides a detailed description

of the features of the version of MCNP used in this work.

2.1.1 Simulations

The MCNP6 simulations in this work were divided into three different geometries. First,
there are the sophisticated runs that model the entire lunar surface to produce the albedo spectra as
a function of particle type, energy, emission angle, and maximum production depth, for different
regolith compositions. These runs require a substantial amount of time, need a large number of
processing units, and create the main product of this dissertation. Second, there are the runs that
model the energy deposited, or absorbed dose, in the detectors of the CRaTER instrument from
GCR and albedo radiation for LRO altitudes of 50 km. This could be done ideally by adding a

model of the CRaTER instrument at the desired altitude to the existing MCNP6 model of the lunar



surface. However, since the CRaTER instrument is extremely small relative to the size of the
Moon, combining the two geometries lead to undesirable statistics when tallying the albedo
particles reaching the CRaTER instrument. Thus, to simulate the dose at the detectors of the
CRaTER instrument, an additional sphere was added to the sophisticated runs at an altitude of 50
km to determine the angle and energy of albedo particles as they strike the CRaTER instrument.
These spectra were then normalized and used as a directed source term in separate relatively
quicker runs simulating only the CRaTER instrument. The CRaTER instrument will be described
in further detail in subsection 2.1.3. Finally, there are the runs that model the “albedo” field of
view of the CRaTER instrument for different altitudes, orientations, and detector coincidences.
Here, both the Moon and the CRaTER instrument are included in the geometry. However, these
runs do not include any material and are relatively faster to run. Here, an arbitrary isotropic source
term is placed on one of the detectors of the CRaTER instrument; then, the angle at which a particle
strikes the lunar surface from the CRaTER instrument is tallied. This backtracks the probability
distribution of an albedo particle reaching the CRaTER instrument from the lunar surface as a
function of emitted angle and detector coincidence. The results of this part are applied to the albedo
spectra to get an estimation of the distribution of the albedo particles reaching the CRaTER
instrument. To sum up, the first type of runs generates the albedo spectra of each studied particle
emitted by the lunar surface. The second type of runs studies the absorbed dose in the CRaTER
instrument from GCR and albedo particles. The third type of runs calculates the probability of any
particle leaving the lunar surface and reaching multiple detectors aboard the CRaTER instrument,
which gives an estimate of the albedo particles reaching the detectors for different altitudes and

orientations.



2.1.2 Albedo Spectra

The geometry used to generate the albedo spectra consists of a sphere with a radius of 1,737
km, which is approximately the volumetric mean radius of the Moon. Here, the surface roughness
of the Moon was assumed to be smoothed out at satellite altitudes, and thus lunar craters and other
topographic features were not taken into consideration when building the lunar geometry. The
elemental composition used to represent the lunar regolith depends on the scenario studied. The
basic scenario of a dry regolith uses the average composition of 10 different lunar soil samples
obtained from Lawrence et al. [2006]. These samples were chosen because they cover all the
locations visited by the sample return missions. The elemental composition used in the dry regolith
scenario is listed in Table 2.1, which contains samples taken from the six Apollo missions, the
three Luna sample return missions, and ferroan anorthosite (FAN), a material widely used in MC
simulations to represent the lunar regolith (Gasnault et al., 2000; Yamashita et al., 2008; Looper
et al., 2013; Crites et al. 2013). Since the average composition of all ten samples was used in the
simulations, the lunar elemental composition was assumed to be homogenous with no local or
regional variations in all scenarios and simulations. It is worth noting that none of the samples
listed in Table 2.1 contain hydrogen. The absence of significant concentrations of hydrogen in the
Apollo and Luna samples is due to the fact that none of the landing locations were near the PSRs,

where the presence of relatively higher concentrations of hydrogen is expected.
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Figure 2.1 The wet case scenarios: (a) Fully wet regolith where hydrogen content increases with depth, (b) top wet
10-cm layer with 1% hydrogen, (c) top wet 10-cm layer with 5% hydrogen, (d) top wet 10-cm layer with 10%
hydrogen, (e) top wet 1-cm layer with 1% hydrogen, (f) top dry 1-cm layer above a wet layer with 10% hydrogen, (g)
top dry 10-cm layer above a wet layer with 10% hydrogen, and (h) top dry 10-cm layer above a wet layer with 1%
hydrogen. Note that these drawings are not scale and their rectangular shape is not representative of the spherical

model used. All percentages are in weight fractions.




Table 2.1. The elemental composition of the dry lunar regolith taken from six Apollo samples, three Luna samples,
and FAN expressed in weight fraction. The average composition was used in MCNP6 the runs (Lawrence et al., 2006).

Element All Al2 Al4 Al5 Al6 Al7 L16 L20 L24 FAN c (ﬁnv;;;g;on
0 04252 04326 04527 04331 04599 04426 04203 04401 04237 0456 0.4367
Na 0.0035  0.003 00052 0003 00035 00032 00026 0.0029 00021  0.0045 0.0032
Mg 0.0478  0.0628  0.0567 0066 00362  0.06 00529 0.058  0.0595  0.0051 0.0556
Al 0.0666  0.0642  0.0921  0.0758 0.1442  0.1002  0.083  0.1204 00633  0.1763 0.0900
Si 0.1963 0216 02248 02206 02098 02079 02074 02113 02122 0.2066 02118
Ca 0.0839  0.0704  0.0765  0.0748 0.1041  0.0878 0.0822 0.1051  0.0791  0.1359 0.0849
Ti 0.0476  0.0156  0.0102 00088 00032 0017 00198  0.003  0.0062  0.0008 0.0146
Mn 0.0016  0.0016  0.001  0.0015 00005 00012 0.0016 0.0008 0.0019 0 0.0013
Fe 0.1275  0.1336  0.0808  0.1164 00387 008 01302 0058  0.I52  0.0148 0.1019

Since the exact nature, distribution, location, and depth of lunar hydrogen is not fully
understood, this work studies the changes in lunar albedo for different wet regolith scenarios that
vary in the depth, vertical location, and concentration of hydrogen. Different concentrations of
hydrogen are added by weight fraction to the modeled dry regolith. The following wet regolith
scenarios have been simulated in this work:

1- A fully wet regolith where hydrogen concentration increases with depth. The first top
l-cm layer contains 1% hydrogen, and each subsequent 1-cm layer contains an
additional 1% hydrogen until reaching a saturation of 10% hydrogen below 9 cm of
regolith. This scenario was chosen under the assumption that hydrogen evaporates
faster at shallower depths.

2- A top wet 1-cm layer with 1% hydrogen above a fully dry regolith.

3- A top wet 10-cm layer with 1% hydrogen above a fully dry regolith.

4- A top wet 10-cm layer with 5% hydrogen above a fully dry regolith.

5- A top wet 10-cm layer with 10% hydrogen above a fully dry regolith.

6- A top dry 1-cm layer above a wet regolith with 1% hydrogen.
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7- A top dry 10-cm layer above a wet regolith with 1% hydrogen.
8- A top dry 10-cm layer above a wet regolith with 10% hydrogen.
Table 2.2 lists the elemental composition used in the wet regolith scenario and Figure 2.1 shows a

schematic of each wet scenario.

Table 2.2. The elemental compositions of different wet regolith layers expressed in weight fraction.

Element Dry 10% H 9% H 8% H 7%H 6% H 5%H 4%H 3% H 2%H 1% H
H 0.1 0.09 0.08 0.07 0.06 0.05 0.04 0.03 0.02 0.01
o 0.438 0.393 0.397 0.402 0.406 0.41 0.415 0.419 0.424 0.428 0.432
Na 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003

Mg 0.056 0.05 0.051 0.051 0.052 0.052 0.053 0.053 0.054 0.054 0.055
Al 0.09 0.081 0.082 0.083 0.084 0.085 0.085 0.086 0.087 0.088 0.089
Si 0.212 0.191 0.193 0.195 0.197 0.199 0.201 0.203 0.205 0.208 0.21
Ca 0.085 0.076 0.077 0.078 0.079 0.08 0.081 0.081 0.082 0.083 0.084
Ti 0.015 0.013 0.013 0.013 0.014 0.014 0.014 0.014 0.014 0.014 0.014
Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Fe 0.102 0.092 0.093 0.094 0.095 0.096 0.097 0.098 0.099 0.1 0.101

Also, to characterize the variations in lunar albedo with increased concentrations of the
major lunar elements, this work tests several hypothetical scenarios with increased content of
oxygen, sodium, magnesium, aluminum, silicon, calcium, titanium, and iron. Each of these
elements had an increase of 10% by weight fraction added to average weight fraction of the dry
regolith. For example, the average weight fraction of iron is ~10% in a dry regolith and ~20% in
the hypothetical scenario with increased content of iron. Table 2.3 shows the elemental

compositions used in each of these scenarios.
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Table 2.3. The elemental compositions of the scenarios studying the increased concentrations of the major lunar
elements expressed in weight fraction. Numbers in bold represent the fraction of the enriched element.

Element Dry +10% O +10% Na +10% Mg +10% Al +10% Si +10% Ca +10% Ti +10% Mn +10% Fe

(6} 0.438 0.538 0.393 0.39 0.389 0.381 0.389 0.392 0.393 0.388
Na 0.003 0.003 0.103 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Mg 0.056 0.046 0.05 0.156 0.049 0.049 0.05 0.05 0.05 0.049
Al 0.09 0.074 0.081 0.08 0.19 0.079 0.08 0.081 0.081 0.08
Si 0.212 0.174 0.191 0.189 0.189 0.312 0.189 0.19 0.191 0.188
Ca 0.085 0.07 0.076 0.076 0.076 0.074 0.185 0.076 0.076 0.075
Ti 0.015 0.012 0.013 0.013 0.013 0.013 0.013 0.115 0.013 0.013
Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.101 0.001
Fe 0.102 0.084 0.092 0.091 0.091 0.089 0.091 0.092 0.092 0.202

For all simulated scenarios, an isotropic GCR spectrum for a period of a solar minimum
activity was chosen as a source term. During solar minimum, the SEP flux decreases while the
GCR ion flux peaks (Townsend et al, 1990, 1992). One of the unique features of this work is that
it includes a large source term covering multiple GCR ions (not only protons and alphas) starting
from GCR hydrogen and going up to GCR nickel. To generate the source term, the Badhwar-
O’Neill 2014 Galactic Cosmic Ray Flux Model was used for a solar modulation parameter of 500
MYV (Slaba et al., 2014). Figure 2.2 shows the energy spectrum of the source term used for all the

simulations that study the spectra of albedo particles emitted by the lunar surface.
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Figure 2.2. The GCR source term used in all simulations. It was generated using the Galactic Cosmic Ray Flux
Model for a solar modulation parameter of 500 MV (Slaba et al., 2014).

The following particles were transported in all runs: photons, electrons, positrons, pions
(positive, negative, and neutral), muons (positive and negative), neutrons, protons, deuterons,
tritium 1ions, helium-3 ions, alphas, and heavy ions. To account for computation times and
resources, a lower energy cutoff of 10 keV was set for all particles. This means that all the results
are reported for energies above 10 keV and neither thermal nor the full range of epithermal
neutrons is included. Also, the recommended default physics models were turned on up to 10 GeV.
The F1 tally was chosen to report albedo spectra as current integrated over a surface in units of
particles per source particle. Using the energy and cosine cards in MCNP6, the current was
reported as a function of emitted particle energy and angle off the local normal vector of the lunar
sphere. The cell flagging card was used to determine the maximum depth of any process leading
to the albedo particle flagged. This helps in determining the depth that passive spectroscopy

instruments probe in the regolith when characterizing the lunar composition. To achieve this,
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additional layers of spheres were added at different depths below the surface. If an albedo particle
or its any of its predecessors crosses any of these inner layers, it will be reported as flagged from
the corresponding surface. The double counting was accounted for in a separate calculation. The
results will thus be also reported as a function of maximum production depth. Finally, the density
of the lunar surface varies between 0.89 g/cm? (Carrier et al., 1973) up to ~3 g/cm?® (McKay et al.,
1991; Yamashita et al., 2008). The density chosen for all runs in this work is 1.5 g/cm?. The
thickness of the geometry, which is in hundreds of kilometers, is assumed to cover all the nuclear
interactions and secondary particles production for the chosen density. Varying the density by 33%
did not show significant differences in lunar albedo spectra. Also, no differences were observed

when reporting the depth results in unit of g/cm? for different densities.

2.1.3 The CRaTER Instrument

The CRaTER instrument was launched into lunar orbit aboard the LRO in 2009 to study
the radiation environment near the lunar surface. Since then its data have been used by many
studies (Case et al., 2010; Looper et al., 2013; Schwadron et al., 2016, 2018; Spence et al., 2013;
Wilson et al., 2012). It consists of 3 pairs of silicon detectors, separated by two volumes of tissue
equivalent plastic (TEP) with different thicknesses as shown in Figure 2.3. Each pair consists of a
thin odd-numbered silicon detector and a thick even-numbered silicon detector. The thin detectors
are ~150 micron thick and operate with high gain amplifiers, making them sensitive to a low linear
energy transfer (LET) ranging between 0.09 and 85 keV/um. The thick detectors are ~1000 micron
thick, operate with low gain amplifiers, and are sensitive to a relatively higher LET ranging
between 2.3 keV/um to 2.2 MeV/um. The CRaTER instrument has two ends, one facing deep
space, and the other facing the lunar surface. Starting from the deep space end lies the D1/D2

detector set, followed by a TEP section ~54 mm thick, the D3/D4 detector set, another TEP section
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~27 mm thick, and the D5/D6 detector set facing the lunar surface. Each detector has a radius of
1.75 cm, while the TEP volumes vary very slightly from that radius. Spence et al. [2010] gives a

full description of the CRaTER instrument.

ZENITH

Figure 2.3. Transparent layout of the CRaTER instrument obtained from Spence et al. [2010] and labeled by Wilson
etal [2012].

The CRaTER instrument is capable of differentiating between different GCR particles and
albedo protons by examining the ratio of the unequal energies deposited in different sets of
detectors. For example, when a GCR proton enters from deep space and passes through multiple
sets of detectors starting from the D1/D2 set, it registers a higher LET in the lower sets of detectors
than the upper ones due to the energy lost in the TEP volumes. Each GCR ion has a distinctive

energy deposit ratio in different sets of detectors. On the other hand, when an albedo proton passes
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through multiple sets of detectors, it registers a higher LET in the upper sets of detectors. Plotting
a histogram of the energy deposited in D4 versus energy deposited in D6 for D4+D6 coincidence
events shows a distinctive clustering from GCR ions and albedo protons as illustrated in Figure

2.4 (Wilson et al., 2012).
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Figure 2.4. Two-dimensional histogram of coincidences triggering D4 and D6 detectors measured by the CRaTER
instrument obtained from Wilson et al. [2012].

2.1.4 The CRaTER Instrument Field of View

Since coincidence detections are important aspects of the CRaTER instrument dataset,
determining the instrument’s field of view of as a function of detector coincidence, altitude, and
orientation is necessary. To achieve this, MCNP6 was used with a geometry consisting of the

CRaTER instrument and a sphere having the lunar radius. The CRaTER instrument MCNP6 model
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consists of a stack of cylinders with radii of 1.75 cm and the exact thicknesses of the detectors and
TEP volumes. Because the altitude and the orientation of the CRaTER instrument vary throughout
the mission, four different scenarios were examined:

1- The CRaTER instrument model placed 50 km away from the lunar surface facing the

nadir.

2- The CRaTER instrument model placed 50 km away from the lunar surface facing the

limb.

3- The CRaTER instrument model placed 180 km away from the lunar surface facing the

nadir.

4- The CRaTER instrument model placed 180 km away from the lunar surface facing the

limb.

Due their complicated geometry, the CRaTER instrument box and the LRO spacecraft were
not included in MCNP6 model. Also, since these runs are purely geometric, the simulations in this
part did not include any material. To determine the field of view, an arbitrary isotropic disk source
was placed at the bottom of either D2 or D4 detector. Then, a surface flagging card was used to
flag only the particles passing through the D6 detector. Finally, the F1 tally and the cosine card
were used to determine the probability of a particle reaching the lunar surface as a function of

striking angle.

2.1.5 The CRaTER Instrument Energy Deposit

The CRaTER instrument is capable of measuring absorbed dose in different sets of
detectors near the lunar surface coming from deep space and from the lunar surface. This provides
an opportunity to compare the simulated results of energy deposited to the observed measurements.

To determine the energy deposited in the modeled CRaTER detector, a geometry consisting of
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only the CRaTER instrument was used in the simulations. However, the lunar surface was not
included in these runs, and the material composition of different detector elements were added. In
addition, a 1.5-cm thick aluminum coat was added around the CRaTER instrument to simulate the
surrounding instrument shielding. Table 2.4 lists the components and elemental compositions used
in the modeled CRaTER geometry. Multiple source terms were used to determine the contribution
of GCR ions and each albedo species to the total absorbed dose. Because the lunar surface provides
shielding from GCR radiation, the GCR source term used in previous parts was adjusted to account
only for the radiation reaching the detector at an altitude of 50 km. Also, the source term of each
albedo species was run separately after being normalized from the previously calculated spectra at

an altitude of 50 km. The F6 tally was used to determine the energy deposited in different detectors.
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Table 2.4. The components used in the MCNP6 model of the CRaTER instrument. In MCNP6, all of these components
were modeled as cylinders in the geometries with a radius of 1.75 cm. A void cylinder is added between each of these
components. The thicknesses of the void volumes are added to the cumulative thickness.

Component Th(ﬁll;rll;e s Th(i:cirgizt(i:rfm) Elemental Composition (weight fraction)
Top Aluminum Shield 0.8128 0.8128 ~100% Al

D1 Detector 0.148 3.3238 100% Si
D2 Detector 1 7.6838 100% Si
Upper TEP 53.967 65.5938 10.33% H, 76.93% C, 3.3% N, 6.94% O, 1.14% F, & 1.37% Ca
D3 Detector 0.149 69.2968 100% Si
D4 Detector 1 73.8648 100% Si
Lower TEP 26.98 112.7448 10.33% H, 76.93% C, 3.3% N, 6.94% O, 1.14% F, & 1.37% Ca
D5 Detector 0.149 124.7938 100% Si
D6 Detector 1 128.8538 100% Si

Bottom Aluminum Shield 0.81026 132.026 ~100% Al

2.2 Other MC Codes

Although MCNP6 in the main code used in most parts of this work, using other MC codes
with similar geometries provide a useful comparison between different codes. Two additional MC

codes were used in this work: PHITS and HETC-HEDS.

2.2.1 PHITS

The Particles and Heavy Ion Transport code System (PHITS) is a general-purpose MC
code developed by the Japan Atomic Energy Agency in collaboration with other institutes (Niita
et al., 2006; Sato et al. 2018). It has been validated and utilized in several papers studying space
radiation (Sato and Niita, 2006; Puchalska et al, 2012; Matthié et al., 2016). This work uses PHITS
version 3.1 to compare the angular and energy spectra of albedo neutrons, protons, and lights ions
with those obtained from MCNP6. The geometry, elemental composition, and source term used in
PHITS simulations are identical to the ones used in MCNP6. Both the fully dry and fully wet

regolith scenarios were simulated, and the physics models were kept as default in both cases.
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2.2.2 HETC-HEDS

The High Energy Transport Code — Human Exploration and Development of Space
(HETC-HEDS) is a three-dimensional MC code that extends on the previous HETC code (Gabriel
et al., 2000) to include the proper modules for high-energy heavy-charged particles transport.
Townsend et al. [2010a] provides a very detailed description of the HETC-HEDS code. Previous
studies validated and used HETC-HEDS for space applications, including simulations of the
CRaTER instrument (Charara et al., 2008; Sihver et al., 2008; Townsend et al., 2010a, 2010b;
Porter et al., 2014; de Wet and Townsend, 2017). In this work, HETC-HEDS is used to compare
the energy distributions of albedo neutrons and protons with the spectra generated from MCNP6
and PHITS. The geometry consists of a slab with a thickness of 10 meters, and the exact source

term and elemental composition of lunar regolith used in the previous runs.
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3. RESULTS FROM DRY REGOLITH

The distributions of albedo particles are reported as a function of four properties: particle
type, energy, emitted angle, and maximum production depth. This chapter starts with the 2-D
spectra first, showing the energy, angular, and depth distributions. It then follows by relating these
properties in 3D plots, or more accurately heat maps, in which one property appears on the x-axis,

another on the y-axis, and the fluxes are presented on a color gradient.

3.1 Energy Distribution

Figure 3.1 shows the energy spectra of the albedo particles studied in this work. The neutral
particles dominate the spectra, especially at lower energies. They are followed by charged particles
which in general decrease in flux the heavier the charged particle is. Albedo ions heavier than
alpha particles were not included in this spectrum, and the total flux of all heavier ions added
together was an order of magnitude lower than albedo alpha flux. The individual spectrum of each
albedo species with the relative errors are available in Appendix A.

Albedo neutrons are created mainly through the spallation reactions caused by the energetic
GCR particles. Their energy spectrum in Figure 3.1 shows the resonance effects around epithermal
energies and the dominance of neutrons at high energies. Albedo photons are produced mainly
through nuclear interactions, bremsstrahlung, decay of particles, electron-positron annihilation,
and neutron scattering reactions. The energy spectrum of albedo photons shows some
characteristic peaks in energies lower than ~10 MeV. The most prominent peak is the annihilation
peak at 511 keV, followed by other peaks caused by inelastic neutron scattering, decay of
radioactive fragments, and neutron capture reactions. Since neutrons below 100 keV were not
included in the simulations, some peaks caused by low-energy neutron capture reactions are
expected to be underestimated. Also, this work initially used the default list of particles transported

21



by MCNP6, which caused an underproduction of high energy photons. Ratliff et al. [2017] noted

a similar problem caused by the default exclusion of neutral pions, a source of high energy photons

through particle decay. Turning on neutral pions in this work helped in solving the problem of the

underestimation of high-energy photons.
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Figure 3.1. The energy spectra of the studied albedo species.

22



Albedo electrons and positrons are produced mainly by nuclear interactions, particle decay,
pair production, Compton recoil, photoelectric effect, and knock-on reactions. They have similar
energy spectra down to ~10 MeV, where albedo electrons gradually dominate over albedo
positrons. Albedo protons are either scattered primary GCR protons, or secondary protons created
by nuclear interactions in the regolith. They peak at ~60 MeV and dominate above ~1 GeV along
with albedo neutrons. Other light ions are also produced by nuclear interactions and their energy
spectra showed a relatively higher uncertainty in their fluxes implying a much lower production

compared to other albedo species.

3.2 Angular Distribution

The normalized flux of each albedo species as function of emission angle off surface
normal (0 degrees off normal corresponds to the zenith direction and 90 degrees correspond to the
shallowest angle off the lunar surface) is shown in Figure 3.2. Taking the behavior of albedo
neutrons as an example helps shed light on the angular behavior of other albedo species. Figure
3.3 shows the angular distribution of albedo neutrons without accounting for differences in solid
angle. A drop in the flux at lowest angles off normal and another at highest angles are observed.
The first drop exists because the solid angle decreases dramatically at lower angles than higher
angles. This is illustrated in Figure 3.4. The solid angle between 0 and 1 degree off surface normal
is smaller than the solid angle between 89 and 90 degrees by a factor of ~115. In other words, there
is a smaller surface area for particles going straight up relative to particles emitted at shallower

angles.
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Figure 3.2 The angular spectra from all albedo species.

The other drop in flux at higher angles is expected since it relates directly to the distance
required by the particle to reach the surface. From the same point in the lunar regolith, the shortest
distance to the surface is straight up, which corresponds to 0 degrees off normal, while shallower
angles require a larger distance to reach the surface. Normalizing for solid angle adjusts the drop
in smaller angles off normal, as shown in Figure 3.2. With the exception of albedo protons, all
other particles peak at 0 degree off normal and drop continuously until reaching 90 degrees. This
correlates directly with the probability of propagating through the lunar regolith to reach the lunar

surface.
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The main reason behind the proton peak at higher angles off normal is due to the presence
of protons in the source term. Most of the albedo protons leaving at shallow angles have very high
energies. Unlike all other albedo particles which are created inside the regolith, albedo protons
consist of a large portion of scattered GCR protons that leave the lunar surface at very high angles
off normal. A similar behavior could be expected from heavier ions like alpha particles; however,
the statistics were not high enough to reach a proper conclusion. Figure 3.2 also includes the
angular behavior of albedo heavy ions, and it is clear from the plot that they leave the surface with
a much smaller magnitude than other albedo species. The individual angular spectrum of each

albedo species is presented in Appendix B, along with their corresponding relative errors.
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Figure 3.3. The angular distribution of albedo neutrons without normalization for solid angle.
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Solid Angle as a Function of Angle off Surface Normal
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Figure 3.4 The differential solid angle as a function of angle off surface normal.

3.3 Maximum Production Depth Distribution

Figure 3.5 shows the flux of each albedo particle as a function of maximum production
depth from all angles and all energies studied. Recall that this is the maximum depth reached by
any process leading to the production of the albedo particle before leaving the lunar surface and
not the depth where the albedo particle itself was necessarily produced. Figure 3.6 presents the
same results in units of percentage relative to the total flux at the surface to provide a comparison
between the different albedo species. Appendix C contains all the individual plots with their
relative errors. The fluxes of albedo neutrons, photons, electrons, and positrons peak at some depth
in the regolith, while other species tend to decrease continuously with depth. To understand these
features, it important to describe what is happening to the behavior of albedo particles inside the

regolith before reaching the surface. There are two factors contributing to the flux of albedo
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particles as they leave the lunar surface: the rate of production of secondary particles in the regolith
and the probability of a secondary particle to reach the lunar surface. The production of GCR-
induced secondary particles peaks as some depth, while the probability of leaving the lunar surface
decreases with increasing depth. As illustrated in Figure 3.7, these two factors combine to produce
a local peak in flux of albedo particles reaching the surface. The blue “penetration curve” in Figure
3.7 shifts to the right with neutral particles since they have a higher probability of propagating
through lunar regolith, and thus this shifts their albedo peak to deeper locations in the regolith.
Since charged particles have a relatively higher stopping power, the penetration curve shifts more
to the left the heavier the particle is. Therefore, albedo electrons and positrons have an albedo peak
in a relatively shallower depth than neutral particles, while other light ions do not have an
observable albedo peak at any depth implying that the penetration curve shifts heavily to the left
and totally dominates over the green “production curve”. The only exception to this behavior is
albedo protons and alphas since there is an additional factor to the equation, which is the scattering
of GCR primaries that also count as albedo particles. However, no local albedo peak in the regolith
was observed for either particles above the lower limit studied in this work, which is 0.15 g/cm?.
Table 3.1 gives a summary of the depth ranges of the peak production for each albedo
species (local maximum in Figure 3.6), the depth ranges where 50% and 99% of the albedo
production processes occur, and the maximum production depth range observed in MCNP6 with
arelative error of less than 10%. For example, if we assume a local density of 2 g/cm?, then albedo
photon production processes will peak at a depth around ~7.5 cm, 99% of albedo photons will
reach the surface from processes occurring at a maximum depth of ~50 ¢m, and the maximum
depth reach by any interaction leading an albedo photon (with a relative error of <10%) is between

2 to 3 meters in the regolith. It is important to note that all these results are for albedo particles
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with energies above 10 keV. Particles with lower energies are assumed to peak at different depths

and might reach the surface from an even deeper location in the regolith.

Albedo Species Emitted off the Lunar Surface

1E+0
— 1E-1 — Photons
ag — Neutrons
\;’) 1E-2 — Electrons
= 1E-3 — Positrons
) — Protons
1:’ 1E4 - — Deuterons
E 1E-5 - Tritons
B 1E-6 Helions
-% Alphas
€ 1E7
o
Z 1E-8

1E-9 + + + } + + } } }

0 100 200 300 400 500 600
Maximum Depth (g/cm?)

1E+0

1E-1

1E-2 1
1E-3 -
1€4 |
1E-5 -
1E-6 A

1E-7 -

Normalized Flux (#/s.p.-(g/cm?))

1E-8 -

1E-9 —— -+ — t

0.1 1 10

Maximum Depth (g/cm?)

100

Figure 3.5. The differential albedo particle flux as a function of maximum production depth in a

semilogarithmic plot (top) and a logarithmic plot (bottom).
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Albedo Species Emitted off the Lunar Surface
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Figure 3.6. The percentage relative to the total flux of each albedo species as a function of
maximum production depth in a logarithmic plot for all species (top) and a semilogarithmic plot
for selected species (bottom).
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Figure 3.7. The factors contributing to the flux of albedo particles reaching the lunar surface.

Table 3.1. Summary of the depth ranges of albedo particles for different parameters of interest.

. Maximum Depth Maximum Depth Maximum Depth
Maximum Depth Range Reached by
Albedo Range Reached = Range Reached . .
. Range of Peak 0 o Any Particles with
Species . ) by 50% of the by 99% of the 0 .
Production (g/cm*) Particles (g/cm?)  Particles (g/cm?) <10% Relative
& & Error (g/cm?)
Neutrons 6-7.5 4.5-6 90-105 600-750
Photons 13.5-15 10.5-12 90-105 450-600
Electrons 3-4.5 4.5-6 67.5-75 150-300
Positrons 3-4.5 4.5-6 67.5-75 150-300
Protons Surface 0.75-0.9 15-22.5 300-450
Deuterons Surface 0.3-0.45 9-10.5 150-300
Tritons Surface 0.15-0.3 4.5-6 90-105
Helions Surface 0-0.15 1.5-3 22.5-30
Alphas Surface 0-0.15 4.5-6 60-67.5
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3.4 Energy-Depth Relationship

Figures 3.8 to 3.23 show three-dimensional plots of the energy and depth distributions of
each albedo species for selected angles. The maximum depth reached by the albedo particle
production processes is on the x-axis, and the energy of the albedo particle as it leaves the surface
is on the y-axis. The temperature gradient in the plot represents the normalized flux in units of
(#/s.p.-MeV-sr-(g/cm?)). Three angular regions were selected in this part: 0-10 degrees off surface
normal, which are the albedo particles going upwards, 40-50 degrees representing the particles
leaving at the midpoint between the zenith and the surface, and 80-90 degrees, which are the
particles leaving at very shallow angles off the lunar surface. From the same point in the lunar
regolith, the particles leaving in the region between 0 and 10 degrees generally travel the least
distance to reach the lunar surface, while the particles leaving between 80 and 90 degrees travel
the longest distance to the surface. Also, since GCRs interact with the lunar surface at angles
pointing downward into the surface, and since fragmentation usually creates forward directed
fragments, particles leaving in the region between 0 and 10 degrees (or their predecessors in
general) should undergo a very large scattering angle leading to a substantial energy loss prior to

leaving the surface. This will be also discussed in the next section.

Albedo Neutrons

Observing the behavior of albedo neutrons in Figure 3.8 shows that the observed albedo
neutron flux peak at ~7 g/cm? is caused mainly by albedo neutrons with energies below ~1 MeV.
As the probability of low energy particles reaching the lunar surface decreases, this peak starts to
gradually fade away as seen in Figures 3.10 and 3.11 until it disappears at large angles off surface

normal. Figure 3.11, which shows the albedo neutrons leaving at angles glancing the lunar surface,
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suggests that energetic albedo neutrons are created closer to the surface and the absence of the
peak in flux implies the dominance of the penetration curve over the production curve in Figure
3.7. In other words, the production of albedo neutrons leaving at glancing angles is not increasing
enough at deeper locations in the regolith to overcome the minimum distance required to reach the
surface. On the other hand, the production of albedo neutrons leaving at upward angles is high

enough at ~7 g/cm? and close enough to the lunar surface to create a local peak in flux.

Albedo Neutrons Flux from 0 to 90 degrees off Surface Normal
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Figure 3.8. Albedo neutron flux as a function of energy and maximum production depth for all
angles off surface normal.
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Figure 3.9. Albedo neutron flux as a function of energy and maximum production depth for angles
between 0 and 10 degrees off surface normal.
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Figure 3.10. Albedo neutron flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.

33



Albedo Neutrons Flux from 80 to 90 degrees off Surface Normal
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Figure 3.11. Albedo neutron flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.

Albedo Photons

The behavior of albedo photons, illustrated in Figures 3.12 to 3.15, shows a similar trend
although the peak in flux at low energies does not fade away even at shallower angles off the
surface. This implies that the shift in the penetration curve is small relative to albedo neutrons.
Albedo photons leaving at glancing angles transit more material to the surface, which explains the
shift in energy and depth between Figure 3.13 (photons leaving upwards) and Figure 3.15 (photons

leaving at glancing angles).
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Albedo Photons Flux from 0 to 90 degrees off Surface Normal
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Figure 3.12. Albedo photon flux as a function of energy and maximum production depth for all
angles off surface normal.

Albedo Photons Flux from 0 to 10 degrees off Surface Normal

10¢ 107"
10° 2
&
2 . g
< 10 Jios §
= >
3 2
8 T
5 @
§ F
1 | . ¢
10" — — — e et e 10 x
= = r
10° = 5 1078
—
I e =
S —— — | =
10 -

107" 10° 10" 10?
Depth (g/cmz)

Figure 3.13. Albedo photon flux as a function of energy and maximum production depth for angles
between 0 and 10 degrees off surface normal.
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Albedo Photons Flux from 40 to 50 degrees off Surface Normal
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Figure 3.14. Albedo photon flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.
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Figure 3.15. Albedo photon flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.
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Albedo Electrons

The behavior of albedo electrons in Figures 3.16 to 3.19 is also similar to the previously
discussed particles. Electrons with lower energies peak at ~5 g/cm? in upward directed angles.
High energy electrons are only observed at shallow angles and by processes that occur near the
surface, implying they are created by the spallation reactions of the glancing GCR 1ions at the upper

layers of the regolith.

Albedo Electron Flux from 0 to 90 degrees off Surface Normal
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Figure 3.16. Albedo electron flux as a function of energy and maximum production depth for all
angles off surface normal.
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Albedo Electron Flux from 0 to 10 degrees off Surface Normal
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Figure 3.17. Albedo electron flux as a function of energy and maximum production depth for
angles between 0 and 10 degrees off surface normal.
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Figure 3.18. Albedo electron flux as a function of energy and maximum production depth for
angles between 40 and 50 degrees off surface normal.
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Figure 3.19. Albedo electron flux as a function of energy and maximum production depth for
angles between 80 and 90 degrees off surface normal.

Albedo Protons

Figures 3.20 to 3.23 show the behavior of albedo protons, which peak as a function of
energy and not depth, in all angular regions. Upward going albedo protons have relatively lower
energies than albedo protons leaving at glancing angles and come from processes occurring at
much deeper locations. Low-energy protons at very shallow depths are probably lower energy
fragments with large scattering angles and those coming from deeper location are the energetic
fragments that were able to reach the lunar surface after losing a substantial amount of energy.
Observing the behavior of albedo protons leaving at very shallow angles off the lunar surface in
Figure 3.23 shows the clear scattering of GCR protons at very shallow depths which are

represented by the fluxes with GeVs of energy in the upper left corner of the plot. Figure 2.23 also
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shows that energetic fragments that made it to the surface are from a relatively shallower depths

compared to the upward directed albedo protons.

The energy-depth plots of albedo positrons were not included in this section since they
behave similarly to albedo electrons. Also, the lights ion plots were not included for statistical
reasons. Appendix D includes the energy-depth plots from all angular ranges for the four albedo

species discussed in this part.
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Figure 3.20. Albedo proton flux as a function of energy and maximum production depth for all
angles off surface normal.
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Albedo Proton Flux from 0 to 10 degrees off Surface Normal
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Figure 3.21. Albedo proton flux as a function of energy and maximum production depth for
angles between 0 and 10 degrees off surface normal.
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Figure 3.22. Albedo proton flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.
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Figure 3.23. Albedo proton flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.

3.5 Energy-Angle Relationship

Figures 3.24 to 3.30 show three-dimensional plots of the energy and angular distributions
of albedo neutrons, photons, electrons, and protons. The angle off normal of the albedo particle as

it leaves the lunar regolith is on the x-axis, and its corresponding energy is on the y-axis.

Albedo Neutrons

Taking a closer look at the behavior of albedo neutrons in Figure 3.24 shows that high
energy neutrons are only emitted at very high angles off normal and most of lower energy neutrons
are emitted generally straight up. Figure 3.25 presents the albedo neutrons that were only created
in the upper few millimeters of the regolith, and it is clear that these are mostly fast neutrons
created by the fragmentation processes involving glancing GCR 1ions, as observed in the previous
section, with the most energetic neutrons appearing at the shallowest angles off surface.
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Albedo Neutrons Flux of Dry Regolith
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Figure 3.24. Albedo neutron flux as a function of energy and emitted angle coming from all depths.
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Figure 3.25. Albedo neutron flux as a function of energy and emitted angle reaching a maximum
production depth of 0.15 g/cm?.
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Albedo Photons

The behavior of albedo photons, illustrated in Figure 3.26, shows a larger population of
albedo photons at lower energies. It also shows the discrete photopeaks and the decrease in flux at
higher angles off normal at all energy ranges unlike other albedo species. Taking a closer look at
the photons created in the thin upper layer of the regolith give an insight to the processes creating
the albedo photons. As seen in Figure 3.27, two distinctive energy regimes are apparent in the
upper millimeters of the regolith: higher energy photons in the order of tens of MeVs, and a lower
energy range in the order of hundreds of keVs. The high energy photons are created by the decay
of neutral pions. This was verified in an MCNP6 run with neutral pions turned off. The results
presented in Figure 3.28 show that photons with higher energies disappeared from all emission

angles at the upper few centimeters of regolith when neutral pions are turned off.
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Albedo Photons Flux of Dry Regolith
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Figure 3.26. Albedo photon flux as a function of energy and emitted angle coming from all
depths.
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Figure 3.27. Albedo photon flux as a function of energy and emitted angle reaching a maximum
production depth of 0.15 g/cm?.
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Albedo Photons Flux from 1.35 to 1.5 g/cm2
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Figure 3.28. Albedo photon flux as a function of energy and emitted angle reaching a maximum
production depth range between 1.35 to 1.5 g/cm? with neutral pions turned on (top) and off
(bottom).
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Albedo Electrons and Protons

Figure 2.29 illustrates the behavior of albedo electrons, which peaks at lower energies and
emission angles off surface normal. The behavior of albedo protons, shown in Figure 3.30, is
heavily affected by the presence of GCR protons in the source term. The increase observed at
higher angles off surface normal and at higher energies consists of scattered GCR protons and the

forward directed fragments created by glancing GCR ions.
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Figure 3.29. Albedo electron flux as a function of energy and emitted angle coming from all
depths.
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Albedo Protons Flux of Dry Regolith
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Figure 3.30. Albedo proton flux as a function of energy and emitted angle coming from all
depths.

Angular Spectra of Energetic Albedo Particles

Figures 3.31 to 3.34 show the angular distribution for energies above and below 100 MeV
to better illustrate the effects of the glancing GCR ions on the production of albedo particles. Both
albedo neutrons and electrons show a peak at shallow angle in energies above 100 MeV as shown
in Figures 3.31 and 3.32. This implies that these are produced by the fragmentation occurring at
the top layers of the regolith. Energic albedo protons show a similar behavior where the peak at
higher angles in Figure 3.33 appears to be sharper than the one covering all energies. However,
low energy protons behave similarly to other albedo species with low energies, where the peak
caused by the glancing GCR ions is no longer observed. Also, Figure 3.34 shows that high energy
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photons do not have any peak like other albedo particles, which is reasonable since most these

photons are decay products of neutral pions and not the result of nuclear spallation processes.

Albedo Neutrons Emitted off Lunar Surface
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Figure 3.31. The angular distribution of albedo neutrons for two different energy ranges.
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Figure 3.32. The angular distribution of albedo electrons for two different energy ranges.
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Albedo Protons Emitted off Lunar Surface
1E-1
=
? 1E-2 ]
-
@
3
x
=
[
°
(7]
N
©
g 1E-3
z
—— Protons - All Energies
~~~~~~~ Protons < 100 MeV
— - Protons > 100 MeV
1E4 t t t t t t t t
0 10 20 30 40 50 60 70 80 90
Emission Angle off Normal (degrees)

Figure 3.33. The angular distribution of albedo protons for two different energy ranges.
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Figure 3.34. The angular distribution of albedo photons for two different energy ranges.
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Effects from Glancing GCR Ions

To verify the effects from glancing GCR ions on albedo production ever further, three
additional runs were transported with monodirectional GCR source terms: a run with a source
pointing directly downwards in a 90 degree angle towards the lunar regolith, a run with a glancing
source term pointing at 15 degrees off the lunar surface, and a run with very glancing source term
pointing at 5 degrees off the lunar surface. The results displayed in Figures 3.35 to 3.40 show that
albedo species with the highest energies appear only with glancing source terms. For example, as
shown in Figure 3.36, albedo protons created by the downward directed GCR ions peak at an
energy of ~400 MeV and albedo neutrons peak at ~500 MeV, while those created by glancing
GCR ions peak at energies in the order of GeVs for both protons and neutrons. Observing the
changes in the angular spectra in Figures 3.38 to 3.40 shows that albedo protons, neutrons, and
electrons populate heavily at shallower angles (high angles off surface normal) when glancing
GCR source terms strike the lunar surface. Also, the downward directed GCR source term creates

significantly less protons leaving at shallower angles.
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Figure 3.35. The energy distribution of albedo photons from three monodirectional source terms
pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar surface, and directly
downward 90-degree source term.
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Figure 3.36. The energy distribution of albedo neutrons and protons from three monodirectional
source terms pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar
surface, and directly downward 90-degree source term.
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Figure 3.37. The energy distribution of albedo electrons and positrons from three monodirectional
source terms pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar
surface, and directly downward 90-degree source term.
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Figure 3.38. The angular distribution of albedo neutrons from three monodirectional source terms
pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar surface, and directly
downward 90-degree source term.
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Albedo Electrons Emitted off Lunar Surface
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Figure 3.39. The angular distribution of albedo electrons from three monodirectional source terms
pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar surface, and directly
downward 90-degree source term.
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Figure 3.40. The angular distribution of albedo protons from three monodirectional source terms
pointing towards the regolith: 5 degrees off lunar surface, 15 degrees off lunar surface, and directly
downward 90-degree source term.
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4. ALBEDO PARTICLES EMITTED BY WET REGOLITH
This chapter discusses the results of albedo particles emitted by different scenarios of wet
regolith. Since albedo protons from wet regolith are of importance to the CRaTER instrument,
they will be primarily discussed in this chapter. All the scenarios of wet regolith addressed here

are illustrated in Figure 2.1.

4.1 Energy Distribution of Albedo Particles

The energy distribution of albedo particles from a fully wet and a fully dry regolith,
illustrated in Figure 4.1, shows minor differences in the behavior of albedo electrons, positrons,
and photons, and significant variations in the behavior of albedo protons and neutrons. The flux of
albedo photons decreases slightly at lower energies, which is expected since hydrogen replaces the
heavier elements in the regolith. The decrease in high-z elements leads to a lower production of
photons by bremsstrahlung and neutron interactions. The general suppression of photons between
100 keV and ~2 MeV should not to be viewed as a distinct characteristic of hydrogen in the
regolith, because it applies to an increased abundance of other low-z materials as well. The
characteristic 2.22-MeV gamma ray peak of hydrogen, which is the energy released following the
neutron capture by a hydrogen atom, was not distinctively observed in the wet scenarios of the

simulations.
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Albedo Species Emitted off Fully Dry and Fully Wet Regolith
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Figure 4.1 The energy distribution of albedo protons, neutrons, electrons, and positrons emitted from a fully dry and
fully wet regolith.

The decrease in albedo neutron flux in wet regolith is due to the moderation effects created
by the neutron-proton nuclear scattering. Significantly more neutrons are escaping the surface from
a dry regolith, while many more neutrons are reaching the lower energy cutoff in a wet regolith.
However, it is not clear why an increase in albedo neutron flux is seen above 200 MeV in a wet
regolith. MCNPG6 reports a higher neutron production created from nuclear interactions in a dry
regolith (~28 per source particle) than a wet regolith (~17 per source particle) which is expected
due to the presence of more high-z material. The increase in albedo neutrons above 200 MeV could
be an artifact of the MCNP6 version 1 code, and further investigation is required to understand

this abnormal behavior.
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The behavior of high-energy albedo protons is enhanced when hydrogen is present in the
regolith. The simulations show that the increased production of protons in the wet regolith is
caused by recoil elastic scattering. Thus, when heavy GCR ions break up in the regolith, they
produced energetic neutrons and protons, which in turn push the hydrogen nuclei in upper layers
of the regolith out of the surface, creating an enhanced albedo proton flux. When simulating only

GCR protons as a source term, no significant changes in the albedo proton flux were observed.
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4.2 Albedo Protons

Albedo Protons Emitted off Different Scenarios of Wet Regolith
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Figure 4.2 The angular (top) and energy (bottom) distribution of albedo protons emitted off dry

and various scenarios of wet regolith.
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The angular distributions of albedo protons in all the scenarios studied in this work are
presented in Figure 4.2. In all angles, the dry regolith produces the least relative amount of albedo
protons. Interestingly, a regolith with a 1.5-g/cm? top dry layer above a 10% wet regolith produces
the highest number of albedo protons at most angles. Recall that the simulated fully wet regolith
gradually increases in hydrogen concentration. At 5 g/cm?, the weight fraction of hydrogen is 4%
in the fully wet regolith and 10% in the top dry case (the yellow curve in Figure 4.2). A similar
trend is observed in the energy spectrum in Figure 4.2, where the yellow curve dominates for
almost all energies. Also, at 70 degrees off normal, the case for a top 10% wet 15-g/cm? layer
above dry regolith (red dotted curve) starts dominating over the fully wet case for the albedo proton
spectrum. This implies that the location of high concentrations of hydrogen is a crucial factor for
albedo proton production, especially in the upper 15 g/cm? layer. Another interesting trend is
observed when comparing a top 5% wet 15 g/cm? layer (pink dotted curve) with a top dry 15 g/cm?
dry layer above 10% wet regolith (green curve). Both cases have similar energy spectra; however,
the angular distribution shows that the top dry case dominates over the top wet case up to 70
degrees off normal. This indicates that the maximum fragmentation of GCR ions happens in deeper
locations within the regolith, and when deeper hydrogen gets knocked out of the lunar surface, it
is affected by the probability of propagating though the lunar regolith and thus more protons are
observed going straight up (the shortest distance to surface). Therefore, if an instrument is pointing
at the nadir, it has a high probability of probing deep in the regolith. Figures 4.3 to 4.7 give an
insight to the maximum production depth distribution for multiple scenarios of wet regolith. In
each of these figures, the depth distribution of the dry regolith is included at the top for comparison.
Figure 4.3 shows the behavior of a fully wet regolith, where the hydrogen content increases

gradually with depth. It is clear that there is an increased flux of high energy protons that remains
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constant until it drops sharply below ~20 g/cm?. On the other hand, Figure 4.4 shows the behavior
of the top 10% wet 15-g/cm? layer case. Here, more high energy protons are observed relative to
the fully wet case at the upper 5 g/cm? layer of the regolith. A significant drop follows below 15
g/cm?, which is the boundary line between wet and dry regolith. Figure 4.5 illustrates the behavior
of the top 1% wet 10-cm layer, and it shows no significant enhancements in albedo proton flux.
This is also apparent in Figure 4.1 where although the cases with 1% H show some increase in
albedo protons flux, this increase is too small relative to the 10% case. This indicates that not only
is the location of lunar hydrogen is very important, but also its concentration in the regolith.
Finally, Figures 4.6 and 4.7 present the maximum depth distribution of scenarios with a top dry
layer above a 10% wet regolith. In both cases, the enhancement in albedo proton flux appears to
come directly from the wet side of the regolith. A sharp increase in the behavior of albedo proton
production processes is observed beyond the boundary line between dry and wet regolith, implying
again that these are the product of the elastic scattering between lunar hydrogen and fragmented
GCR protons and neutrons.

To sum up, MCNP6 results show that the flux of albedo protons increases when GCR ions
heavier than protons interact with a wet regolith. Although it is possible that the fluxes of albedo
protons from a wet regolith are exaggerated by artifacts in the code, the mechanism of albedo
protons production through elastic scattering is reasonable. The analyses show the importance of

the magnitude of hydrogen concentrations in the upper 15 g/cm? layer of the regolith.
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Figure 4.3 The maximum depth distribution of albedo protons emitted by a fully dry (top) and a fully wet (bottom)
regolith.
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Figure 4.4 The maximum depth distribution of albedo protons emitted by a fully dry regolith (top) and a regolith with
top-10 cm wet layer with 10% H (bottom).
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Figure 4.5 The maximum depth distribution of albedo protons emitted by a fully dry regolith (top) and a regolith with
a top 10-cm wet layer with 1% H (bottom).
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Figure 4.6. The maximum depth distribution of albedo protons emitted by a fully dry regolith (top) and a regolith
with top dry 1-cm layer above a wet regolith with 10% H (bottom).
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5. CHARACTERIZATION OF MAJOR LUNAR ELEMENTS

This chapter presents the changes in the behavior of albedo particles emitted by different
scenarios of regolith with increased content of major lunar elements. Each of the scenarios studied
contains an additional 10% weight fraction of one of the major lunar elements. This chapter
answers the question: what happens to the behavior of albedo particles if there was an increased
content of oxygen, sodium, magnesium, aluminum, silicon, calcium, manganese, titanium, or iron

in the lunar regolith?

5.1 Albedo Charged Particles

Figures 5.1 and 5.2 show the behavior of albedo electrons and positrons respectively, where
no obvious changes are observed in the increased abundance of any major lunar element. This
implies that albedo electrons and positrons with energies above 100 keV might not be a suitable

candidate for lunar regolith characterization.
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Figure 5.1. The energy spectrum of albedo electrons emitted from nine different scenarios, each with a modeled
regolith that has an increased content of the specified element.
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Lunar Albedo Positrons
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Figure 5.2. The energy spectrum of albedo positrons emitted from nine different scenarios, each with a modeled
regolith that has an increased content of the specified element.

The behavior of albedo protons is illustrated in Figure 5.3. Similar to other charged
particles, no apparent changes are observed in any of the major elements. This is in contrast with
regolith that is rich with hydrogen as seen in the previous chapter, which showed an enhancement
in albedo proton flux. It is worth noting that a recent paper studying measurements made by the
CRaTER instrument, which is susceptible to albedo protons, showed visible mare features of the
lunar regolith (Wilson et al., 2020). The results of this MCNP6 simulation hereby suggest that
albedo protons are probably not the reason behind the variations in the lunar map observed by the
CRaTER instrument. Figure 5.4 shows the behavior of albedo deuterons, which also does not show
any distinctive changes in the fluxes of any modeled scenario. Last, the behavior of albedo alpha
particles is presented in the Figure 5.5. Although the statistics are not high enough to conclude that
the behavior of a certain lunar element stands out, all scenarios show a similar trend in general and
thus albedo alphas might also not be a suitable candidate for the elemental characterization of the
lunar regolith.
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Figure 5.3. The energy spectrum of albedo protons emitted from nine different scenarios, each with a modeled

regolith that has an increased content of the specified element.
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Figure 5.4 The energy spectrum of albedo deuterons emitted from nine different scenarios, each with a modeled
regolith that has an increased content of the specified element.
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Lunar Albedo Alphas
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Figure 5.5. The energy spectrum of albedo alphas emitted from nine different scenarios, each with a modeled regolith
that has an increased content of the specified element.

5.2 Albedo Neutrons

The behavior of albedo neutrons is presented in Figure 5.6. Variations in the behavior of
albedo neutrons start to be distinctive for albedo neutrons with energies below 10 MeV. These
energies lie in the resonance regions of the neutron reaction cross sections. The energy and strength
of the resonance peaks are highly dependent on the type of element scattering the neutron. Thus,
although albedo neutrons with higher energies do not show any variations with any major lunar
element, neutrons with energies below 10 MeV (and even more so with energies below 1 MeV)
show distinctive features that help in characterizing the elemental composition of the lunar regolith

if the absorption and scattering cross sections were taken into consideration.
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Lunar Albedo Neutrons
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Figure 5.6. The energy spectrum of albedo neutrons emitted from nine different scenarios, each with a modeled
regolith that has an increased content of the specified element for all energies studied (top) with a focus on the low

energy part of the spectrum (bottom).
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5.3 Albedo Photons

Along with low-energy albedo neutrons, albedo photons are excellent candidates for the
characterization of lunar elemental composition. Figure 5.9 shows variations in many photopeaks,
each being a characteristic of a specific lunar element. To better assess the variations in these
photopeaks, the fractional difference in the albedo photon flux between each enriched scenario and
the dry regolith has been calculated and presented in Figures 5.8 to 5.18. The specific neutron
reactions leading to the release of the characteristic albedo photopeaks added to some of the figures
were obtained from /Reedy, 1978]. However, the reactions leading to other distinctive photopeaks
are yet to be determined. In general, neutral particles are the frontrunners for elemental
characterization of lunar regolith due to the low-energy neutron interactions with the nuclei of the
lunar elements. The albedo charged particles studied in this work with energies above 100 keV did

not show any observable differences that might be useful for spectroscopy purposes.
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Figure 5.7. The energy spectrum of albedo photons emitted from nine different scenarios, each with a modeled regolith
that has an increased content of the specified element for all energies studied (top) with a focus on the low energy part
of the spectrum (bottom).
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Figure 5.8. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith.
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Figure 5.9. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies below 1 MeV. The neutron reactions leading the chosen photopeaks
are obtained from [Reedy, 1978].
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Figure 5.10. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 1 and 2 MeV. The neutron reactions leading the chosen
photopeaks are obtained from [Reedy, 1978].
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Figure 5.11. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 2 and 3 MeV. The neutron reactions leading the chosen
photopeaks are obtained from [Reedy, 1978].
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Figure 5.12. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 3 and 4 MeV.
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Figure 5.13. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 4 and 5 MeV.
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Figure 5.14. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified

element vs dry regolith for albedo photon energies between 5 and 6 MeV.
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Figure 5.15. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 6 and 7 MeV. The neutron reactions leading the chosen

photopeaks are obtained from [Reedy, 1978].
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Figure 5.16. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 7 and 8 MeV. The neutron reactions leading the chosen

photopeaks are obtained from [Reedy, 1978].
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Figure 5.17. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified

element vs dry regolith for albedo photon energies between 8 and 9 MeV.
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Figure 5.18. The fractional difference in the albedo photon flux of regolith that has an increased content of the specified
element vs dry regolith for albedo photon energies between 9 and 10 MeV.
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6. RADIATION TRANSPORT CODE COMPARISONS

The results of albedo particle spectra generated using PHITS and HETC-HEDS in
comparison with MCNP6 are presented in this chapter. The wet regolith case used for comparison
between all codes consisted of a regolith containing 10% hydrogen by weight fraction uniformly

distributed in all depths.

6.1 Albedo Neutrons

Figure 6.1 shows a general agreement between MCNP6, PHITS, and HETC-HEDS when
comparing the generated energy spectra of albedo neutrons. HETC-HEDS reports slightly higher
neutrons populations at all energy ranges, which is possibly due to differences in the geometries.
Results from MCNP6 are similar to PHITS at higher energies, but differ slightly at lower energies.
This is expected since the physics models differ between the codes. The angular distribution of
albedo neutrons displayed in Figure 6.2 also shows a similar trend when comparing MCNP6 to
PHITS, where the relative increase in albedo neutrons seen in the energy spectrum is also apparent.
The results from HETC-HEDS were not included in the angular distribution due to the differences
in the simulation geometries. When comparing albedo neutron fluxes from dry and wet regolith,
as shown in Figures 6.3 and 6.4, neither the results from PHITS nor HETC-HEDS show the
abnormal increase at high energies observed with MCNP6. The drop in albedo neutron flux due to
moderation effects is only observed at the epithermal energy range in PHITS. On the other hand,

similar to MCNP®6, the drop in HETC-HEDS start emerging within few hundreds of MeV.
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Figure 6.1. The energy distribution of albedo neutrons emitted off a dry regolith compared between MCNP6, PHITS,
and HETC-HEDS.
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Figure 6.2. The angular distribution of albedo neutrons emitted off a dry regolith compared between MCNP6 and

PHITS.
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Figure 6.3. A comparison between the energy distribution of albedo neutrons emitted off a dry and a wet regolith
generated using PHITS.
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Figure 6.4. A comparison between the energy distribution of albedo neutrons emitted off a dry and a wet regolith
generated using HETC-HEDS.
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6.2 Albedo Protons

Figure 6.5 illustrates the energy spectra of albedo protons generated from MCNP6, PHITS,
and HETC-HEDS. The results show a general agreement in the trend between the codes, especially
with the albedo proton peak around several tens of MeV. Similar to albedo neutrons, HETC-HEDS
reports relatively higher albedo production in all energy ranges, which might also be due to
geometrical reasons. Analyzing the results from the wet case, displayed in Figures 6.6 and 6.7,
does not show any visible differences in both PHITS and HETC-HEDS when comparing wet to
dry regolith, unlike MCNP6. Note that all the runs in this chapter used the default models in each
code. Since many protons are produced from elastic scatterings in wet regolith in MCNP6, one
possible reason behind the differences observed is differences in the elastic scattering models
between different codes. Another possible explanation is that the increase in proton flux, observed
only in MCNP6, is due to artifacts in the code itself, although an increase was measured and is
expected from a regolith rich with hydrogen (Schwadron et al., 2012).

The comparison between MCNP6 and PHITS when it comes to angular distributions of
albedo protons is displayed in Figure 6.6. Again, there is a good agreement between the two codes
when it comes to the asymmetric behavior of albedo protons. PHITS reports slightly higher protons
at lower angles off normal, which are the protons leaving the lunar surface with relatively lower
energies compared to the other angles. This implies again the both MCNP6 and PHITS agree on

the higher energy end and differ slightly in the lower energy end.
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Albedo Protons Emitted off Lunar Surface

1E-2

1E-3

1E-4 LI

1E-5

1E-6

1E-7

Normalized Flux (#/s.p.-(MeV))

1E-8

—MCNP
—PHITS
—HETC-HEDS

1E+2 1E+3
Energy (MeV)

1E+1

Figure 6.5. A comparison between the energy distribution of albedo protons emitted off a dry regolith generated using

MCNP6, PHITS, and HETC-HEDS.
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Figure 6.6. A comparison between the energy distribution of albedo protons emitted off a dry and a wet regolith

generated using PHITS.
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Figure 6.7. A comparison between the energy distribution of albedo protons emitted off a dry and a wet regolith

generated using HETC-HEDS.

Figure 6.8. The angular distribution of albedo protons emitted off a dry regolith compared between MCNP6 and

PHITS.

Albedo Protons Emitted off Lunar Surface
1.0E-1
—MCNP
—PHITS
%
n
®
5
£ 1.0E-2 -
T
Q
N
©
£
6
z
1.0E-3 ! | } } } } } }
0 10 20 30 40 50 60 70 80 90
Emission Angle off Normal (degrees)

84



6.3 Other Albedo Particles

Figures 6.9 to 6.11 show comparisons between MCNP6 and PHITS in generating the
energy spectra of other albedo species. There is a general agreement between all the results. The
behavior of albedo deuterons generated using PHITS differ slightly from MCNP6. Results of

particles heavier than deuterons were not included due to low statistics.
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Figure 6.9. The energy distribution of albedo photons emitted off a dry regolith compared between MCNP6 and PHITS

for a wide range of energies (top) and up to 10 MeV (bottom).
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Albedo Electrons Emitted off Lunar Surface
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Figure 6.10. The energy distribution of albedo electrons (top) and positrons (bottom) emitted off a dry regolith
compared between MCNP6 and PHITS.
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Albedo Deuterons Emitted off Lunar Surface
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Figure 6.11. The energy distribution of albedo deuterons emitted off a dry regolith compared between MCNP6 and

PHITS.
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7. THE CRATER INSTRUMENT

This chapter applies the results obtained from the previous chapters to the CRaTER
instrument. First, the field of view of the CRaTER instrument is calculated and reported as a
function of altitude, orientation, and detector coincidence. Then, the angular distribution of the
albedo particles is incorporated into the field of view of the CRaTER instrument. Finally, the dose
from GCR ions and albedo particles in the upper and lower sets of detectors is calculated using

MCNP6 and compared to the measurements taken by CRaTER instrument.

7.1 Field of View

The CRaTER instrument observes a range of albedo protons that depends highly on its
field of view. The field of view in turn depends on altitude, orientation, and detector coincidence.
Since the LRO spacecraft orbits at varying altitudes over the lunar surface, two altitudes were
chosen in this study to understand the changes in the observed proton albedo: 50 km mean altitude,
and 180 km far extreme altitude. Also, as seen in Figure 7.1, an albedo proton could trigger a
D6/D4 coincidence, which covers a relatively wider field of view, and a D6/D2 coincidence, which
requires an albedo proton with a relatively higher energy to pass through two volumes of TEP. In
addition, the CRaTER instrument could face either the lunar nadir or the lunar limb, and the field
of view varies significantly between these two orientations. This is illustrated in Figure 7.2. Here,
the angular distribution of albedo particles becomes a crucial factor in determining the particles

that are able to reach the detectors of the CRaTER instrument.
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Figure 7.1. Illustrative layout of the CRaTER instrument demonstrating the field of view as a function of detector
coincidence. The yellow rectangles represent the silicon detectors and the gray rectangles represent the TEP volumes.
The top set of detectors (D1 and D2) faces deep space and the lower set (D5 and D6) faces the lunar surface. An
albedo proton reaching D4 and passing through D6 has a wider field of view than a proton reaching D2 and passing
through D6. However, the albedo proton should have a higher energy to reach D2 since it passes through two TEP
volumes. Note that the dimensions in this figure are not to scale.

CRaTER Observation Orientations
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D6/D4 Limb

D6/D2 Limb

Figure 7.2. Illustrative diagram demonstrating the different orientations of the CRaTER instrument obtained from
[de Wet et al., 2019].
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The field of view of the CRaTER instrument as a function of altitude, detector coincidence,
and orientation was calculated using MCNP6. Figures 7.3 and 7.4 show the probability of an
albedo particle leaving the lunar surface and triggering multiple detectors at a certain emission
angle. The emission angle is the angle of an albedo particle as it leaves the lunar surface. Recall
that this calculation is purely geometrical. For example, taking into account the exact dimensions
of the CRaTER instrument and using simple trigonometry, the maximum albedo angle required to
trigger D6/D2 coincidence when facing the nadir is calculated to be ~16°, while for D6/D4
coincidence it is calculated to be ~32°. The probabilities obtained using MC methods show field
of views that are in a good agreement with the angles calculated using trigonometric methods. The
results from MCNP6 also show the exact probability of reaching multiple detectors for each
emission angle for the nadir and the limb orientation. Note that the actual field of view is slightly
different than the geometrical one due to the curvature of the lunar surface. This is illustrated in
the probability of albedo particles reaching the CRaTER instrument at 180 km in comparison to
50 km when observing lunar nadir in Figures 7.3 and 7.4, where the probability at 180 km covers

a wider range of angles.
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Figure 7.3. The probability of an albedo particle triggering D6/D2 coincidence at the CRaTER instrument as a function
of surface emission angle off normal.

CRaTER Field of View - D6/D4 Coincidence

6.0E-2

—50 km
===-180 km

5.0E-2 -

N

o

m

N
1

w

o

m

N
1

2.0E-2 -

Relative Abundance (arb.)

1.0E-2 A

0.0E+0

90

Emission Angle off Normal (degrees)

Figure 7.4. The probability of an albedo particle triggering D6/D4 coincidence at the CRaTER instrument as a function
of surface emission angle off normal.
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7.2 Observable Albedo Range

The next step is to incorporate the angular distribution of albedo protons into the CRaTER
instrument field of view for each altitude, orientation, and detector coincidence to characterize the
albedo proton population measured by the telescope. In the previous chapters, the albedo proton
angular spectrum was calculated as a function of emission energy and maximum production depth.
Using the results calculated in Figures 7.3 and 7.4, it is possible to determine the probability of
each albedo proton reaching multiple detectors. In addition to the limited field of view in each
coincidence detection, there is a threshold energy that the proton must have to register a count in
multiple detectors. The proton threshold energy is ~64 MeV for the D6/D4 coincidence and ~114
MeV for the D6/D2 coincidence (Spence et al., 2010). Taking all these factors into consideration,
it is possible then to calculate maximum depth distribution and estimate how deep in the lunar
regolith is the CRaTER instrument probing for each altitude and orientation. These distributions
are presented in Figures 7.5 to 7.12. In each of these figures, the top plot shows the maximum
depth distribution for a specific altitude and orientation for all energies, while the bottom plot
shows only the particles above the threshold energy for the corresponding detector coincidence.
Analyzing these results shows that the CRaTER instrument is able to probe up to 10s of g/cm?
deep in the regolith, and the detections from the top 10 g/cm? are almost uniform. Observations
from the lunar limb cover a wider range of energies than the lunar nadir. When it comes to a dry
regolith, protons with very high energies (in the GeV range) appear mostly when observing lunar
limb. This is in agreement with the previous distributions which show that high-energy protons

are scattered GCR protons and come primarily at shallower angles off the lunar surface.
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Figure 7.5. The maximum depth distribution of albedo protons triggering D6/D4 coincidence when facing the lunar
nadir at altitude of 50 km for all modeled energies (top) and above the threshold energy of 64 MeV (bottom).
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Figure 7.6. The maximum depth distribution of albedo protons triggering D6/D4 coincidence when facing the lunar

nadir at altitude of 180 km for all modeled energies (top) and above the threshold energy of 64 MeV (bottom).
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Figure 7.7. The maximum depth distribution of albedo protons triggering D6/D4 coincidence when facing the lunar
limb at altitude of 50 km for all modeled energies (top) and above the threshold energy of 64 MeV (bottom).
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Figure 7.8. The maximum depth distribution of albedo protons triggering D6/D4 coincidence when facing the lunar
limb at altitude of 180 km for all modeled energies (top) and above the threshold energy of 64 MeV (bottom).
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Figure 7.9. The maximum depth distribution of albedo protons triggering D6/D2 coincidence when facing the lunar
nadir at altitude of 50 km for all modeled energies (top) and above the threshold energy of 114 MeV (bottom).
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Figure 7.10. The maximum depth distribution of albedo protons triggering D6/D2 coincidence when facing the lunar
nadir at altitude of 180 km for all modeled energies (top) and above the threshold energy of 114 MeV (bottom).
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Figure 7.11. The maximum depth distribution of albedo protons triggering D6/D2 coincidence when facing the lunar
limb at altitude of 50 km for all modeled energies (top) and above the threshold energy of 114 MeV (bottom).
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Figure 7.12. The maximum depth distribution of albedo protons triggering D6/D2 coincidence when facing the lunar
limb at altitude of 180 km for all modeled energies (top) and above the threshold energy of 114 MeV (bottom).
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Wet Regolith

Figures 7.13 to 7.20 show the maximum depth distributions of albedo protons from a fully
wet regolith as a function of CRaTER’s altitude, orientation, and coincidence detection taking into
account the threshold energies. Since MCNP6 spectra show an enhancement the population of high
energy albedo protons, a similar behavior is observed in these plots. An increase in the population
of high energy protons appear in all orientations. However, since scattered GCR protons also
populate the detections observed when facing the lunar limb, hunting for subsurface protons seems
more optimal facing the lunar nadir, especially since the high energy protons from dry regolith are
negligible at this orientation. Thus, any high energy proton observed is probably due to lunar
hydrogen according to MCNPG6 calculations. It is important to note though that other codes did not
show a similar enhancement from a wet regolith, although there was a good agreement between

all the codes when it comes to dry regolith.
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Figure 7.13. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D4
coincidence when facing the lunar nadir at altitude of 50 km above the threshold energy of 65 MeV.
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Figure 7.14. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D4
coincidence when facing the lunar nadir at altitude of 180 km above the threshold energy of 65 MeV.
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Figure 7.15. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D4
coincidence when facing the lunar limb at altitude of 50 km above the threshold energy of 65 MeV.
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Figure 7.16. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D4
coincidence when facing the lunar limb at altitude of 180 km above the threshold energy of 65 MeV.
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Figure 7.17. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D2
coincidence when facing the lunar nadir at altitude of 50 km above the threshold energy of 114 MeV.
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Figure 7.18. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D2
coincidence when facing the lunar nadir at altitude of 180 km above the threshold energy of 114 MeV.
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Figure 7.19. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D2
coincidence when facing the lunar limb at altitude of 50 km above the threshold energy of 114 MeV.
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Figure 7.20. The maximum depth distribution of albedo protons emitted by a fully wet regolith and triggering D6/D2
coincidence when facing the lunar limb at altitude of 180 km above the threshold energy of 114 MeV.
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7.3 Absorbed Dose!

Table 7.1 shows the total absorbed dose rates modeled by MCNP6 in the D1-D2 and the
D5-D6 pairs and compares them with the measurements made by the CRaTER instrument between
19 June 2010 and 19 July 2010 for an estimated solar modulation potential of 500 MV obtained
from the CRaTER dataset. The total absorbed dose rates resulting from MCNP6 simulations are

within 5% of CRaTER measurements for the D1-D2 pair and within 1% for the D5-D6 pair.

Table 7.1 Dose rates (uGy/d) measured by CRaTER and simulated by MCNP6.

Detector Pair CRaTER MCNP
D1-D2 248.8 236.64+2.6
D5-D6 245.1 24576 +£2.7

MCNP6 simulations show that albedo particles account for 19.9% of the total absorbed
dose rate at LRO altitudes of 50 km in the D5-D6 detector pair. This is higher than the results
reported by Spence et al. [2013], which obtained an albedo contribution of 8.6% using Geant4.
The key difference between these results is that MCNP6 shows a higher contribution from albedo
photons than Geant4. However, the results for albedo protons, electrons, positrons, and neutrons
are in reasonable agreement. The differences between the transport codes, which were also
observed in Chapter 6, are likely due to the different nuclear models used in different transport
codes.

Table 7.2 illustrates the contribution from each albedo species in the D5-D6 detector pair

derived from MCNP6. Albedo photons have the highest contribution among albedo particles to

" Submitted as a presentation manuscript at the 70th International Astronautical Congress and in review for
publication in Acta Astronautica as Zaman et al., “Absorbed Doses from GCR and Albedo Particles Emitted
by the Lunar Surface”.
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the total absorbed dose (~8.8%). At the D1-D2 pair, the absorbed dose from albedo particles
account for 16.2% of the total dose. The absorbed dose rate from GCR is higher in the upper
detectors, while the absorbed dose rate from albedo particles is higher in the lower detectors, which
is due to the shielding provided by the TEP material between the two pairs. Table 7.3 shows the
modeled absorbed dose rates in D1-D2.

The addition of hydrogen to the lunar regolith in MCNPG6 resulted in a slightly higher total
absorbed dose rate in both detector pairs. Table 7.4 shows the dose rates generated from a wet
regolith at the altitude of 50 km and compares them with the previously calculated dose rates from

a dry regolith.

Table 7.2. Dose rates in the D5-D6 pair for GCR and albedo particles at 50 km derived from
MCNP6 models.

Absorbed Dose Rate Contribution to Total Dose Contribution to Total

(uGy/d) Rate Albedo Dose Rate

GCR 196.86 80.1%

Albedo Photons 21.7 8.81% 44.3%
Albedo Protons 12.2 4.97% 25.0%
Albedo Electrons 6.07 2.47% 12.4%
Albedo Positrons 4.64 1.89% 9.5%
Albedo Neutrons 2.87 1.17% 5.9%
Albedo Deuterons 1.22 0.50% 2.5%
Albedo Tritium Ions 0.16 0.07% 0.3%
Albedo Helium-3 Ions 0.05 0.02% 0.1%
Albedo Alphas 0.02 0.01% 0.04%
Total 245.76
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Table 7.3. Dose rates in the D1-D2 pair for GCR and albedo particles at 50 km derived from
MCNP6 models.

Absorbed Dose Contribution to Total Contribution to Total

Rate (uGy/d) Dose Rate Albedo Dose Rate
GCR 198.34 83.8%
Albedo Photons 20.9 8.81% 54.4%
Albedo Protons 6.21 2.62% 16.2%
Albedo Electrons 4.08 1.72% 10.6%
Albedo Positrons 342 1.45% 8.9%
Albedo Neutrons 3.50 1.48% 9.1%
Albedo Deuterons 0.22 0.09% 0.59%
Albedo Tritium Ions 0.010 0.004% 0.025%
Albedo Helium-3 Ions 0.003 0.001% 0.008%
Albedo Alphas 0.001 0.001% 0.004%
Total 236.64

Table 7.4. Total absorbed dose rates (uGy/d) simulated by MCNP6 for dry and wet regolith.

Detector Pair Dry Regolith Wet Regolith
D1-D2 236.64 £2.6 239.45+2.7
D5-D6 245.76 £2.7 247.75+2.8

For the wet regolith, the albedo particles contribute to 21% of the total absorbed dose rate
in the D5-D6 pair and 17% in the D1-D2 pair. Figure 7.21 illustrates the contributions of albedo
dose rates to the total dose rates for both cases. The addition of hydrogen to the regolith increased
the total dose rate by ~1% for both sets of detectors. Figure 7.22 shows the contribution of the
individual albedo species to total albedo dose rate. The most significant variation between the dry
and wet scenarios appears in the behavior of albedo protons and albedo photons. The presence of
hydrogen leads to enhancement in albedo proton dose rate and suppression in albedo photon dose
rate, as seen in Chapter 4. However, since the variation in albedo proton dose rate is higher with

hydrogen in the regolith, a slight increase in total absorbed dose rate is observed. Other lighter ions
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also show enhancements in the dose rate of wet regolith, but this relative increase appears to be

insignificant since their total contribution is very small compared to the total absorbed dose rate.
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Figure 7.21. Simulated dose rates and dose rate contributions at 50 km altitude in CRaTER for
dry and wet regolith in each detector pair.
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8. CONCLUSIONS AND FUTURE WORK

The energy and angular spectra of albedo particles produced by incident GCR ions as a
function of maximum production depth were generated using MCNP6. The results show that the
population of neutral particles dominates over most energies, and that they reach the lunar surface
from processes occurring deeper in the lunar regolith compared to charged particles. Albedo
protons stand out when it comes to the angular behavior of albedo particles since they are included
in the source term unlike the other albedo particles that are only created in the regolith. With the
exception of albedo photons, most energetic albedo particles leave the lunar surface at shallower
angles.

Adding hydrogen to the regolith shows an enhancement in the population of high energy
albedo protons in MCNP6, which are most likely hydrogen nuclei created by elastic scattering the
energetic fragments of GCR ions heavier than protons. Studying the variations in the behavior of
albedo particles in several scenarios, each with a regolith enriched with one of the major lunar
elements, did not show significant changes in the behavior of albedo electrons, positrons, and
protons with energies above 100 keV. The results from MCNP6 suggests that the best candidates
for the characterization of the major lunar elements in the regolith are the low energy photons and
neutrons. This is due to the increased cross sections of neutrons at lower energies, which is highly
dependent on the type of the target isotope. Comparing the dry regolith results of MCNP6 with
PHITS and HETC-HEDS shows a good agreement between the codes. However, there is less
agreement when comparing the results of wet regolith.

Applying the generated spectra to the field of view of the CRaTER instrument shows that

it is able to probe up to 10s of g/cm? deep in the regolith, with the limb orientation covering a
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wider range of energies than the nadir orientation. However, the wet results from MCNP6 suggest
that the nadir field of view might be the optimal orientation for detecting subsurface hydrogen.
Estimates of the contribution of albedo particles to total absorbed dose rate near the lunar
surface shows that albedo particles contribute to ~20% of the total absorbed dose rate at an altitude
of 50 km, with albedo photons and protons contributing to ~15%. Excluding photons, the results
of this work are in reasonable agreement with the results obtained using Geant4. The calculated
total dose rates in this work are within 5% of those measured by the CRaTER instrument.
Recommendations for future work are:
1. Investigate the source of the “knee” at 4 GeV in the albedo proton spectrum in dry regolith.
2. Perform calculations with MCNP6 and PHITS for albedo neutron production from dry
regolith using the HETC-HEDS geometry, in order to determine if the differences are due
to the different geometries utilized for the analyses.
3. Use CRaTER to confirm the asymmetric behavior of albedo protons.
4. Investigate the elastic scattering models in the different codes to determine if they are the

source of variations in the behavior of the spectra of albedo protons and neutrons.
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APPENDIX A
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Figure A.1. The energy spectrum of albedo photons emitted off the lunar surface.
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Figure A.2. The energy spectrum of albedo neutrons emitted off the lunar surface.
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Albedo Electrons Emitted off Lunar Surface
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Figure A.3. The energy spectrum of albedo electrons emitted off the lunar surface.
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Albedo Positrons Emitted off Lunar Surface
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Figure A.4. The energy spectrum of albedo positrons emitted off the lunar surface.
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Albedo Protons Emitted off Lunar Surface
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Figure A.5. The energy spectrum of albedo protons emitted off the lunar surface.

125



Normalized Flux (#/s.p.-(MeV/n))

Albedo Deuterons Emitted off Lunar Surface

1E-3

1E-4

1E-5 4

1E-6

1E-7

1E-8

1E-9 4 e i 4
1E-1 1E+0 1E+1 1E+2

Energy (MeV/n)

1E+4

Figure A.6. The energy spectrum of albedo deuterons emitted off the lunar surface.
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Figure A.7. The energy spectrum of albedo tritium ions emitted off the lunar surface.
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Albedo Helium-3 lons Emitted off Lunar Surface
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Figure A.8. The energy spectrum of albedo helium-3 ions emitted off the lunar surface.
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Albedo Alphas Emitted off Lunar Regolith
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Figure A.9. The energy spectrum of albedo alphas emitted off the lunar surface.
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APPENDIX B
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Figure B.1. The angular spectrum of albedo photons emitted off the lunar surface.
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Albedo Neutrons Emitted off Lunar Surface
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Figure B.2. The angular spectrum of albedo neutrons emitted off the lunar surface.
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Albedo Electrons Emitted off Lunar Surface
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Figure B.3. The angular spectrum of albedo electrons emitted off the lunar surface.
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Figure B.4. The angular spectrum of albedo positrons emitted off the lunar surface.
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Albedo Protons Emitted off Lunar Surface
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Figure B.5. The angular spectrum of albedo protons emitted off the lunar surface.
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Albedo Deuterons Emitted off Lunar Surface
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Figure B.6. The angular spectrum of albedo deuterons emitted off the lunar surface.
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Albedo Tritium lons Emitted off Lunar Surface
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Figure B.7. The angular spectrum of albedo tritium ions emitted off the lunar surface.
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Figure B.8. The angular spectrum of albedo helium-3 ions emitted off the lunar surface.
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Albedo Alphas Emitted off Lunar Surface
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Figure B.9. The angular spectrum of albedo alphas emitted off the lunar surface.
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Albedo Heavy lons Emitted off Lunar Surface
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Figure B.10. The angular spectrum of albedo heavy ions emitted off the lunar surface.
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APPENDIX C

Albedo Photons Emitted off the Lunar Surface
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Figure C.1. The maximum production depth distribution of albedo photons.
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Albedo Electrons Emitted off the Lunar Surface
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Figure C.2. The maximum production depth distribution of albedo electrons.
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Albedo Positrons Emitted off the Lunar Surface
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Figure C.3. The maximum production depth distribution of albedo positrons.

142



Albedo Neutrons Emitted off the Lunar Surface
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Figure C.4. The maximum production depth distribution of albedo neutrons.
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Albedo Protons Emitted off the Lunar Surface
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Figure C.5. The maximum production depth distribution of albedo protons.
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Albedo Deuterons Emitted off the Lunar Surface
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Figure C.6. The maximum production depth distribution of albedo deuterons.
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Albedo Tritons Emitted off the Lunar Surface
1E+0

1E-1 +

1E-2 +
1E-3 ¢
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9 +

1E-10 : I I
0.1 1 10 100 1000
Depth (g/cm?)

Normalized Flux (#/s.p.-(g/cm?))

Figure C.7. The maximum production depth distribution of albedo tritium ions.
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Albedo Helions Emitted off the Lunar Surface
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Figure C.8. The maximum production depth distribution of albedo helium-3 ions.
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Albedo Alphas Emitted off the Lunar Surface
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Figure C.9. The maximum production depth distribution of albedo alphas.
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APPENDIX D

Albedo Neutron Flux from 0 to 10 degrees off Surface Normal
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Figure D.1. Albedo neutron flux as a function of energy and maximum production depth for
angles between 0 and 10 degrees off surface normal.
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Albedo Neutron Flux from 10 to 20 degrees off Surface Normal
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Figure D.2. Albedo neutron flux as a function of energy and maximum production depth for
angles between 10 and 20 degrees off surface normal.
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Albedo Neutron Flux from 20 to 30 degrees off Surface Normal
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Figure D.3. Albedo neutron flux as a function of energy and maximum production depth for angles
between 20 and 30 degrees off surface normal.
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ot e Albedo Neutron Flux from 30 to 40 degrees off Surface Normal ___
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Figure D.4. Albedo neutron flux as a function of energy and maximum production depth for angles
between 30 and 40 degrees off surface normal.
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Albedo Neutron Flux from 40 to 50 degrees off Surface Normal
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Figure D.5. Albedo neutron flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.
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Albedo Neutron Flux from 50 to 60 degrees off Surface Normal
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Figure D.6. Albedo neutron flux as a function of energy and maximum production depth for angles
between 50 and 60 degrees off surface normal.
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¢ Albedo Neutron Flux from 60 to 70 degrees off Surface Normal ____
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Figure D.7. Albedo neutron flux as a function of energy and maximum production depth for angles
between 60 and 70 degrees off surface normal.
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Albedo Neutron Flux from 70 to 80 degrees off Surface Normal
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Figure D.8. Albedo neutron flux as a function of energy and maximum production depth for angles
between 70 and 80 degrees off surface normal.
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Albedo Neutron Flux from 80 to 90 degrees off Surface Normal
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Figure D.9. Albedo neutron flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.
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¢ __ Albedo Photon Fiux from 0 to 10 degrees off Surface Normal
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Figure D.10. Albedo photon flux as a function of energy and maximum production depth for angles
between 0 and 10 degrees off surface normal.
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Albedo Photon Flux from 10 to 20 degrees off Surface Normal
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Figure D.11. Albedo photon flux as a function of energy and maximum production depth for angles
between 10 and 20 degrees off surface normal.
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Albedo Photon Flux from 20 to 30 degrees off Surface Normal
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Figure D.12. Albedo photon flux as a function of energy and maximum production depth for angles
between 20 and 30 degrees off surface normal.
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1ot e Albedo Photon Flux from 30 to 40 degrees off Surface Normal ____

108
N:
2 s 5
< 10 10° 3
() >
3 2
> -
) ¢
2 g
c o
L|_| ~
10° 710* £
o

10° }

10—1 H e W i
10" 10° 10’ 102

Depth (g/cmz)

Figure D.13. Albedo photon flux as a function of energy and maximum production depth for angles
between 30 and 40 degrees off surface normal.
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108 _ Albedo Photon Flux from 40 to 50 degrees off Surface Normal
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Figure D.14. Albedo photon flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.
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108 _ Albedo Photon Flux from 50 to 60 degrees off Surface Normal
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Figure D.15. Albedo photon flux as a function of energy and maximum production depth for angles
between 50 and 60 degrees off surface normal.

163



Albedo Photon Flux from 60 to 70 degrees off Surface Normal
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Figure D.16. Albedo photon flux as a function of energy and maximum production depth for angles
between 60 and 70 degrees off surface normal.
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Albedo Photon Flux from 70 to 80 degrees off Surface Normal
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Figure D.17. Albedo photon flux as a function of energy and maximum production depth for angles
between 70 and 80 degrees off surface normal.
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1ot e Albedo Photon Flux from 80 to 90 degrees off Surface Normal ___
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Figure D.18. Albedo photon flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.
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1o e Albedo Electron Flux from 0 to 10 degrees off Surface Normal _____
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Figure D.19. Albedo electron flux as a function of energy and maximum production depth for
angles between 0 and 10 degrees off surface normal.
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Albedo Electron Flux from 10 to 20 degrees off Surface Normal
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Figure D.20. Albedo electron flux as a function of energy and maximum production depth for
angles between 10 and 20 degrees off surface normal.
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Albedo Electron Flux from 20 to 30 degrees off Surface Normal
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Figure D.21. Albedo electron flux as a function of energy and maximum production depth for
angles between 20 and 30 degrees off surface normal.
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Albedo Electron Flux from 30 to 40 degrees off Surface Normal
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Figure D.22. Albedo electron flux as a function of energy and maximum production depth for
angles between 30 and 40 degrees off surface normal.
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1o g Albedo Electron Flux from 40 to 50 degrees off Surface Normal ___
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Figure D.23. Albedo electron flux as a function of energy and maximum production depth for
angles between 40 and 50 degrees off surface normal.
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Albedo Electron Flux from 50 to 60 degrees off Surface Normal
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Figure D.24. Albedo electron flux as a function of energy and maximum production depth for
angles between 50 and 60 degrees off surface normal.
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Albedo Electron Flux from 60 to 70 degrees off Surface Normal
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Figure D.25. Albedo electron flux as a function of energy and maximum production depth for
angles between 60 and 70 degrees off surface normal.
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Albedo Electron Flux from 70 to 80 degrees off Surface Normal
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Figure D.26. Albedo electron flux as a function of energy and maximum production depth for
angles between 70 and 80 degrees off surface normal.
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Albedo Electron Flux from 80 to 90 degrees off Surface Normal
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Figure D.27. Albedo electron flux as a function of energy and maximum production depth for
angles between 80 and 90 degrees off surface normal.
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Albedo Proton Flux from 0 to 10 degrees off Surface Normal
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Figure D.28. Albedo proton flux as a function of energy and maximum production depth for angles
between 0 and 10 degrees off surface normal.
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Albedo Proton Flux from 10 to 20 degrees off Surface Normal
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Figure D.29. Albedo proton flux as a function of energy and maximum production depth for angles
between 10 and 20 degrees off surface normal.
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Albedo Proton Flux from 20 to 30 degrees off Surface Normal
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Figure D.30. Albedo proton flux as a function of energy and maximum production depth for angles
between 20 and 30 degrees off surface normal.
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Albedo Proton Flux from 30 to 40 degrees off Surface Normal
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Figure D.31. Albedo proton flux as a function of energy and maximum production depth for angles
between 30 and 40 degrees off surface normal.
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Albedo Proton Flux from 40 to 50 degrees off Surface Normal
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Figure D.32. Albedo proton flux as a function of energy and maximum production depth for angles
between 40 and 50 degrees off surface normal.
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Albedo Proton Flux from 50 to 60 degrees off Surface Normal
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Figure D.33. Albedo proton flux as a function of energy and maximum production depth for angles
between 50 and 60 degrees off surface normal.
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1o e Albedo Proton Flux from 60 to 70 degrees off Surface Normal ____
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Figure D.34. Albedo proton flux as a function of energy and maximum production depth for angles
between 60 and 70 degrees off surface normal.
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1o e Albedo Proton Flux from 70 to 80 degrees off Surface Normal ____

108

102

Energy (MeV)
Flux (#/s.p.-sr-MeV-(g/cmz))

10" F

100 -
107 10° 10’ 102

Depth (g/cm2)

Figure D.35. Albedo proton flux as a function of energy and maximum production depth for angles
between 70 and 80 degrees off surface normal.
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Albedo Proton Flux from 80 to 90 degrees off Surface Normal
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Figure D.36. Albedo proton flux as a function of energy and maximum production depth for angles
between 80 and 90 degrees off surface normal.
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