





Abstract

Returning to the lunar surface necessitates the development of technologies that
ensure the sustainability and longevity of exploration programs. One of the primary
challenges in lunar missions is the pervasive presence of lunar dust, which presents
ongoing issues for both astronauts and equipment.

This study evaluates a lunar dust mitigation technology using an ultraviolet source
to examine its dust removal efficiency under the primary charging mechanism of
the Moon’s surface: photoelectric emissions. The technology relies on particles
carrying a charge to remove them using an applied electric field, and conveniently,
there are plenty natural charging mechanisms that exist on the lunar surface. The
current research gap lies in the limited understanding of the interaction between
dust particles and electrodynamic dust removal technology (EDS) under realistic
lunar conditions, specifically regarding the forces involved in grain mobilisation and
their relationship with grain size and type. The dust removal efficiency of the EDS
under UV was found to be much above 90% across a range of simulants, size ranges
and surface materials, except for a certain particle size range on Beta cloth. This
highlights the potential of the EDS as a dust mitigation system, but also the need
to avoid certain materials when possible, and the development of dedicated dust
removal techniques when the use of certain materials cannot be avoided.

Experiments were conducted in a vacuum environment with a UV source to study
the forces influencing particle dynamics under various scenarios. Simulations of
a simplified system assessing the magnitude of electric field strength and dielec-
trophoretic force established the required conditions for dust uplift in this system,
and the results indicated a significant contribution of the dielectrophoretic force
acting toward the EDS surface. These findings enhance the understanding of the
working principles of the EDS system, both in general and in the context of lunar
exploration.
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1 Introduction

"After lunar liftoff... a great quantity of dust floated free within the cabin. This dust
made breathing without the helmet difficult, and enough particles were present in the
cabin atmosphere to affect our vision. The use of a whisk broom prior to ingress
would probably not be satisfactory in solving the dust problem, because the dust tends
to rub deeper into the garment rather than to brush off." (Bean et al., [1970)

Background

The account above was given by Apollo 12 astronaut Alan Bean, who was echoed
by Apollo 17 astronaut Gene Cernan: 'I think dust is probably one of the great-
est inhibitors to a nominal operation on the Moon. I think we can overcome other
physiological or physical or mechanical problems except dust... One of the most
aggravating, restricting facets of lunar surface exploration is the dust and its adher-
ence to everything no matter what kind of material, whether it be skin, suit material,
metal, no matter what it be and its restrictive friction-like action to everything it
gets on."

Figure 1.1: Astronaut Gene Cernan covered in lunar dust on the Moon following a
moonwalk during Apollo 17. Source: NASA.

These anecdotes highlight the severity of dust in lunar outposts, as astronauts re-
ported not only its ubiquity but also its impact on the mission. Earth’s Moon has
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gained renewed interest over the past decade, and is the primary destination for
human space missions in preparation for journeys to other planets. There are com-
pelling reasons to explore the Moon, as it harbours abundant exploitable resources
and can serve as an intermediate stop for further exploration destinations.

As demonstrated by the Apollo and Luna missions, rocket design alone is insufficient
for space exploration; the actual conditions encountered on the lunar surface can
make or break a mission. Dust on the Moon affects mission success in several ways,
including instrument operational efficiency, equipment structural integrity, and re-
source utilisation. The impact of dust on these aspects of exploration can be costly
if we do not find ways to moderate its presence. Understanding the characteristics of
lunar dust is crucial not only for health and safety but also for developing strategies
to minimise its impact effectively. There are several ways to mitigate the detrimen-
tal effects of dust, one of which is the active dust-removal mechanism known as
the Electrodynamic Dust Shield (EDS). This technology is designed to reduce dust
accumulation on surfaces by using high-voltage alternating-current electric fields to
mobilise both charged and uncharged particles. This method effectively removes
particles from surfaces without mechanical brushing, which is not only inadequate
but also damaging to coatings and fabrics.

Research on EDS has been predominantly carried out by National Aeronautics and
Space Administration (NASA), though the technology was initially developed by
Japanese researchers who continue to contribute significantly to the field of dust
mitigation. Research to date has investigated the degradation of EDS materials
resulting from extended exposure to space radiation and debris, their performance
under varied atmospheric conditions, and their efficacy across diverse design param-
eters. A crucial prerequisite for effective dust removal is particle charging. Both
simulations and experimental models have been developed to explain dust grain
charging mechanisms and particle charge acquisition, which facilitate dust levita-
tion, but no currently available modelling method can fully account for the effects on
the Moon. These models have typically employed simplified systems, often featur-
ing a single spherical particle in an electric field. Moreover, experiments have been
limited to dust particle removal without an active charging mechanism analogous
to that present on the lunar surface.

This study aims to address this gap by using a Ultraviolet (UV) lamp to simulate the
primary dust charging mechanism on the lunar dayside — photoemission — with
an EDS system. Previous research suggests that dust particles should be repelled
by this mechanism, as grains naturally acquire charge through radiation and tri-
bocharging when disturbed. However, there is a lack of comprehensive investigation
into how different particle types interact with various EDS coating materials under
UV exposure. These particle types vary in size, mineralogy, and shape, each exhibit-
ing distinct charging behaviours. By examining these interactions, this study aims
to deepen our understanding of particle dynamics within an EDS electric field. This
research can inform future studies and facilitate the development of more effective
dust mitigation strategies for lunar environments and beyond.
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Thesis Qutline

Chapter 1 provided a background on the significance of dust mitigation for lunar
exploration. Chapter 2 presents the profile of the Moon, specifically with character-
istics related to regolith types and the charging environment. Chapter 3 focuses on
lunar regolith characteristics and explores different lunar simulants. Chapter 4 re-
views active and passive dust mitigation technologies and mechanisms, highlighting
electrostatic/electrodynamic methods and their performances. Chapter 5 analyses
the forces influencing dust grains within an EDS system, covering non-electrostatic
adhesion, tribocharging, and dielectrophoretic forces. Chapter 6 details the exper-
imental methodologies and setup used in this research, including the design of the
EDS system, sample preparation, and experimental facilities. Chapter 7 presents
the results and discussion on the measurement of dust removal efficiency under var-
ious conditions, supported by quantitative and qualitative data analyses. Chapter 8
concludes with a summary of key findings and offers suggestions into future research
directions aimed at advancing dust mitigation strategies.

References

Bean, A. L., C. Conrad Jr., and R. F. Gordon (1970). “Crew observations”. In:
NASA Special Publication 235, p. 29.



2 Lunar Surface Environment

When discussing the lunar environment, we immediately think of its hostile con-
ditions: lack of atmosphere, extreme temperature fluctuations, low gravity, and
expansive grey terrain. These defining features have myriad implications for lu-
nar exploration. How might temperature extremes impact equipment performance?
What risks do astronauts face without atmospheric protection against solar and
cosmic radiation? These questions provide a glimpse into the complex web of issues
that must be addressed for any lunar mission to succeed.

2.1 Properties of the Moon

It is perhaps helpful to begin appreciating the lunar environment by comparing its
properties with those of Earth. The lunar gravity is about 1/6 of the Earth’s grav-
ity and surface pressure is 1072 mbar. The absence of an atmosphere significantly
impacts the lunar environment in several ways: without an atmosphere to regulate
heat, the Moon experiences extreme temperature fluctuations and faces a continuous
bombardment of photons, plasma, and cosmic rays from the solar wind and galac-
tic sources. High-velocity micrometeorite impacts, unimpeded by any atmospheric
layer, also modify the properties of the lunar regolith and create different geological
properties everywhere on the Moon. Table compares the physical differences
between the Earth and the Moon.

This section will discuss the significant phenomena occurring on and around the
lunar surface that define its unique environment. The review on current research
and literature aims to consolidate our current understanding of the Moon from the
Apollo era to the latest space missions. This sets the stage for research on lunar
dust behaviour and provide the context for this thesis.

2.1.1 Atmosphere

Unlike Earth, the Moon lacks a significant atmosphere (Hoffman et al., |1973)). The
lack of a global magnetic field and weak gravity are the primary reasons it did not
retain its atmosphere. Furthermore, there are no geological activities such as vol-
canic eruptions or tectonic activity to substantially replenish its atmosphere either.
These conditions enable the escape of any remaining gas molecules from the surface,
making any measurement of gas molecular abundance essentially indicative of its
escape rate.
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Table 2.1: Physical comparison of the Moon and Earth (Heiken et al.,

1991)).
Property Moon Earth
Mass 7.353 x 10?2 kg 5.976 x 10** kg
Radius (spherical) 1738 km 6371 km
Surface area 37.9 x 10° km? 510.1 x 10°® km?
Flattening* 0.0005 0.0034
Mean density 3.34 g/cm? 5.517 g/cm?
Gravity at equator 1.62 m/sec? 9.81 m/sec?
Escape velocity at equator  2.38 km/sec 11.2 km/sec
Sidereal rotation time 27.322 days 23.9345 hr
Inclination of equator/orbit 6°41’ 23°28
Mean surface temperature  107°C day; —153°C night 22°C

Temperature extremes
Atmosphere
(molecules/cm?)
Moment of inertia
Heat flow (average)
Seismic energy
Magnetic field

—233°C to 123°C

~ 10* (day);

2 x 10° (night)

0.395

~ 29 mW/m?

2 x 1010 (or 10%4?) J/yrf
ott

—89°C to 58°C
2.5 x 10Y STP**

0.3315

63 mW /m?
1017-10"8 J /yr
922 — 60 pT

* (Equatorial-ideal) /ideal radii.

** Standard temperature and pressure.

T These estimates account for moonquakes only and do not account for
seismicity from meteoroid impacts.

t The Moon lacks a global magnetic field, but there are local magnetic

field mapped out by the Lunar Prospector. See Section for elab-

oration.
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The absence of an atmosphere impacts various processes such as weathering, erosion,
and the scattering of light. There is however a tenuous exosphere, which is a weak
surface boundary layer composed of sparse and highly scattered gas molecules that
are not bound by gravity and can escape into space (Stern, 1999). The exosphere
is created by hypervelocity micrometeoritic impacts (Berezhnoy, 2010)), photon-
stimulated desorption by UV radiation (Yakshinskiy et al.,[2004), and ion sputtering
(Mendillo et al., 1999). These processes release gas from lunar rocks. The major
constituents of the lunar exosphere are neon, hydrogen, helium, and argon, whose
molecular abundances vary from daytime to nighttime due to solar wind fluctuations
and adsorption on soil grains (Hodges Jr.,|1975). Additionally, the exosphere varies
in composition and density with latitude, as the temperature difference becomes
smaller at higher latitudes during day-night transitions, and ample sunlight at lower
latitudes gives rise to more photoionisation and sputtering.

As confirmed by NASA’s Lunar Prospector (W. Feldman et al., [1998) and Strato-
spheric Observatory for Infrared Astronomy (SOFIA) (Honniball et al., 2021)), next
to hydroxyl (OH) compounds there is also molecular water (H2O) on the lunar sur-
face. During the hot lunar daytime these molecules are released from the grains
into the atmosphere, at about ~50 molecules/cm?® (Hodges Jr., [1975). Without the
ability to hold these molecules, they are again lost to space.

2.1.2 Magnetic Field

From 1967 to 1972, the Explorer and Apollo missions first revealed that the Moon
lacks a global magnetic field due to the absence of a dynamo effect like that on Earth,
where the movement of molten iron in its outer core generates a self-sustaining mag-
netic field (Sonett et al.,[1967; Dyal et al.,|1974). However, data from Lunar Prospec-
tor later mapped magnetic anomalies on the lunar surface, which are localised areas
of magnetised crust. These anomalies are characteristic of the presence of magnetic
minerals, primarily composed of iron and iron-rich compounds such as magnetite
(Fe3O4) and hematite (FeyO3). These minerals become magnetised due to shock
waves and heat generated by meteoroid impacts on the lunar surface (impact mag-
netisation) (Martelli et al., [1977)), giving rise to sporadic magnetic fields on the order
of nT.

The solar wind (see Section , a stream of charged particles emitted by the
Sun, can induce magnetic fields in certain minerals upon interacting with the lunar
surface (Mitchell et al., [1998). At the boundary of the Moon’s surface, where regions
of magnetic anomalies interact strongly with the solar wind, bow shocks occur.
These are phenomena where the solar wind encounters sharp transitions in magnetic
properties, leading to sudden changes in the solar wind’s characteristics such as shock
waves, caused by abrupt deceleration, deflection, or compression of particles (Ness

et al., |1968).
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2.1.3 Meteoroid Bombardment

Meteoroid impacts represent a significant hazard to lunar structures, which includes
habitat and instruments, and with every impact, dust particles are disturbed and
redistributed into the vicinity, causing depositions onto nearby equipment. This
section discusses various attempts to measure the frequency of impacts and the
challenges associated with these measurements.

Long-term lunar impact studies face several challenges, including logistical difficul-
ties in maintaining consistent data collection over extended periods. These studies
require autonomous, durable instruments and reliable data transmission to Earth.
The limited number of lunar missions constrains spatial coverage, while gaps in his-
torical data hinder the establishment of comprehensive trends. As a result, under-
standing variations across different lunar regions and time periods remains difficult,
impeding efforts to draw robust conclusions about long-term impact patterns on the
Moon.

A meteoroid is a small body ranging in size from a grain of sand to a few meters
in diameter, and meteoroids with a diameter of less than 1 mm are classified as
micrometeoroids. The cratered surface of the Moon is a product of the impacts made
by meteoroids, which create holes of varying sizes and contribute to the ongoing
process of erosion and surface modification. The number of impacts per day per
unit area varies depending on the location.

Data from five Lunar Orbiters (1966-1967) indicated that the penetration rate of
0.025-mm-thick beryllium-copper detectors in the near-lunar environment is approx-
imately half the rate observed in Earth’s vicinity, though this rate is variable due to
secondary meteoroids and equipment sensitivity (Grew, 1971). For instance, while
Lunar Orbiters recorded a rate of 0.16 m~2 day~!, Luna 10 recorded a significantly
higher rate of 345.6 m~2/day (Nazarova et al., 1967). The Lunar Ejecta and Mete-
orites Experiment (LEAM) on Apollo 17 registered hundreds of impacts daily from
1972 onwards (Rhee et al.,|1977), and Surveyor 3 suggested that the lunar microme-
teoroid flux could impair optical equipment (Carosso, 1987). NASA’s Lunar Impact
Monitoring Program (2005) tracked lunar impacts using telescopes and video de-
vices, though it could only detect larger impacts (Suggs et al., 2008). Additionally,
Vanzani et al. (1997)) used terrestrial flux extrapolation to estimate 30 microcraters
larger than 0.1 mm per square meter per year on the Long Duration Exposure Fa-
cility (LDEF), with the meteoroid flux on the Moon estimated at 0.6766 times that
on Earth (Borin et al., 2009).

2.1.4 Surface Temperature

The equatorial temperature on the Moon’s surface can fluctuate greatly, ranging
from below 100-400 K, primarily due to the absence of an atmosphere for tem-
perature regulation (Vasavada et al., 2012; Malla et al., 2015)). Data collected over
nearly six years by the Diviner Lunar Radiometer aboard the Lunar Reconnaissance
Orbiter (LRO) has provided detailed surface temperature maps, revealing extreme
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thermal conditions. Daytime temperatures near the equator can reach highs of 387—
397 K at noon, plummeting to around 95 K before sunrise. In contrast, polar regions,
beyond 85° latitude, experience average maximum temperatures of approximately
200 K and average minimum temperatures of about 50 K. Interestingly, the southern
polar region tends to have slightly higher average maximum temperatures, about
11 K more than the northern polar region (Williams et al., [2017)).

The thermophysical properties of the regolith are noteworthy as they significantly
moderate nighttime temperatures. Larger rocks retain heat more effectively during
the long lunar nights, with only the outermost 30 cm of regolith affected by solar
radiation, temperature variations diminish with increasing depth of the regolith layer
(Malla et al., 2015). Surface features such as craters, mountains, valleys, ridges, and
plains also contribute to temperature variations, especially in permanently shadowed
areas.

The large fluctuations in temperature have significant implications, particularly re-
garding material characteristics such as thermal expansion and contraction. These
fluctuations give rise to several issues in terms of exploration, including maintaining
structural stability and ensuring the proper functioning of mechanical components
within complex devices. Notably, the extreme temperature variations in some lunar
regions also allow for the presence of water ice, particularly in permanently shadowed
craters near the poles where temperatures remain low enough to prevent sublima-
tion. This study will focus on how temperature affects the electrical properties of
lunar regolith.

2.2 The Lunar Charging Environment

The electrostatic environment on the Moon is characterised by the interaction of
various charged particles and fields. These include the plasma environment gener-
ated by solar UV radiation, solar wind, cosmic rays, micrometeoroid impacts, and
the lunar exosphere. The plasma is dynamic, varying based on the electrostatic
potential of the surface layer and the Moon’s position relative to the Sun and Earth.
The regolith can also acquire charge through mechanisms like triboelectric charging
induced by mobilised particles, either by natural or artificial processes. The result-
ing fields from these charged particles influence dust mobility, surface charging, and
interactions with plasma. This section will describe the lunar plasma environment
and its implications for studying electrostatics related to particles for dust mitigation
purposes.

2.2.1 Lunar Plasma and Surface Charging

As mentioned in previous sections, the interplay of the Moon’s distinctive character-
istics gives rise to a multifaceted and fascinating plasma environment. As the Moon
orbits the Earth, it experiences different plasma conditions depending on its relative
position to the Earth and the Sun. The lunar surface plasma conditions vary, with
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distinct environments occurring under different circumstances. This section explores
these diverse plasma regimes encountered on the Moon.

As any object submersed in a plasma, the collection and emission of charged par-
ticles serve to charge the lunar surface until it reaches an equilibrium potential
where the net current is zero. With the Moon receiving unimpeded streams of ions
and radiation, various processes such as surface reflection/scattering, photoelectron
emission, and secondary electron emission create a dynamic plasma system (Halekas
et al., 2011). In the case of the poorly conducting lunar surface, the charging is not
necessarily uniform, causing radial and horizontal local electric fields to form.

Measurements made by instrument onboard NASA’s Lunar Prospector identified
the major electrostatic charging processes on the lunar surface: 1) photoemission
of electrons J,, 2) plasma electrons J., 3) plasma ions J, and 4) secondary elec-
trons Js.. Note that Jg.. is primarily a result of surface ionisation by J. (Stubbs
et al., 2007). There are a few different regions of plasma that the moon encounters,
the usual distinctions used for lunar investigations are the solar wind, the magne-
tosheath and the plasmasheet/magnetotail (see Figure 2.1} The solar wind consists
mainly of a relatively cool (about 5-10eV) and dense (on the order of 10 cm™)
plasma, but there are also Solar Energetic Particle (SEP) events (Halekas et al.,
2009) and coronal mass ejections (Farrell et al., 2013|) as occasional enhanced fluxes
of particles that can modulate the charging behaviour. The magnetosheath and
plasma sheet are within Earth’s magnetosphere and are both characterised by much
lower densities, often below 0.1 cm™3), and much higher electron energies (up to
several keV). These regions internally also experiences large variations in densities,
flow speeds and temperatures, which ultimately depend on Earth magnetosphere’s
reaction to the solar wind and solar activity: space weather.

To clarify potential confusion, the term ’space weather’ refers to the dynamic and
varying conditions in space influenced by solar activity and solar wind. The term
‘'space weathering’ on the other hand, is a collection of processes through which
the lunar surface is charged and in some cases, physically altered. This includes
new impact melt glass bonds creation from micrometeoroid impact, rock damage
from high-energy cosmic rays and solar wind surface transformation. These weath-
ering processes can be categorised into random impacts by small physical particles
throughout the solar system, and electromagnetic radiation (solar X-ray, Extreme
Ultraviolet (EUV), flares) and plasma from the Sun (solar wind, Coronal Mass
Ejection (CME), SEP), galactic sources (cosmic rays, gamma ray bursts) or mag-
netic storms etc. While both terms involve the effects of space conditions, ’space
weather’ focuses on dynamic solar and cosmic events impacting space environments
and technology, whereas ’space weathering’ refers to the long-term alteration of
surface materials on celestial bodies due to exposure to the space environment.
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Magnetopause
Bow Shock
Marnetosheath

Solar Wind Moon site  Earth

Figure 2.1: Illustration of the Moon’s orbital path (yellow line) interacting with
Earth’s magnetosphere. The lines surrounding the Earth illustrate the
different regions of the Earth’s magnetosphere. Source: Chen et al.

(2021

Dayside of the Moon

The solar UV radiation is the main charging mechanism on the lunar dayside. The
process of UV charging a material by releasing electrons from its surface is called
the photoelectric effect. These emitted electrons are called photoelectrons and are
sometimes grouped as a specific type of Secondary Electron Emission (SEE): when
incident primary particles (photons for photoelectrons) of sufficient energy interact
with a dust grain, they can excite and emit a secondary electron from the grain,
which leads to a positive charge on the grains. Understanding the photoemission
and secondary electron yield of the lunar surface is crucial for characterising its
electrostatic charging environment. This yield, defined as the number of emitted
electrons per incident primary particle, varies depending on several factors such as
surface material, surface porosity /roughness, and degree of structural disorder (Dove

et al., 2018]).

Feuerbacher et al. measured a photoelectron yield of 0.07 and a work function
of 5eV from actual lunar soil in laboratory experiments using photon energies from
4-21eV (wavelengths of approximately 59-310nm). In contrast, they calculated a
photoelectron yield of 0.1 using CPLEE data collected in situ when the Moon was
in the geomagnetic tail. Subsequent studies by Abbas et al. and Abbas et
al. found significant differences in charging behaviours driven by photoemis-
sion between micron-sized simulant particles and Apollo sample particles compared
to measurements on bulk materials (Wyatt, ; Feuerbacher et al., . Re-
cent data from Acceleration, Reconnection, Turbulence and Electrodynamics of the
Moon’s Interaction with the Sun (ARTEMIS) missions in both Earth’s magnetotail
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and solar wind environments provided a lower limit of 1072 for the photoemission
yield for photon energies above 20eV, with uncertainties spanning approximately
four orders of magnitude (Xu et al., 2021)).

Current equilibrium on the sunlit lunar surface is reached at potential around +5 to
+10V (Manka, |1973), and photoelectrons form a sheath about 1 m above the lunar
surface with a density of 10% to 10? electrons/cm? (Singer et al., [1962b). Therefore,
both the surface charging processes and the plasma environment on sunlit faces of
the moon does not change significantly regardless if the moon is in the solar wind
or within Earth’s magnetosphere. On the nightside however, this is no longer the
case.

Nightside of the Moon

On the nightside of the moon, photoemission disappears, and the dominating current
to the regolith is instead J., the electrons from the surrounding plasma, charging the
surface on the nightside negative. Although the Earth’s magnetosheath and magne-
totail are less dense than the solar wind, the energies of the electrons are significantly
higher, rendering the surface charge comparably more negatively to about —50 to
—200V. The potential can even go up to some kilovolts when experiencing periods
of intense solar activity or Earth plasmasheet/magnetotail crossings (Halekas et al.,
2009). Figure illustrates the processes occurring on the lunar surface. Note also
that ARTEMIS observations on the lunar nightside surface suggest an additional
current source, likely originating from micrometeoroid impact-generated plasma as
these impacts may contribute to surface charging on airless bodies with low ambient
plasma densities (Stubbs et al., 2007; Poppe et al., [2021)).

Horizontal and/or
Vertical Dust Transport
e .

Plasma
Electro

—
n(\?j
e frra
sl
+  Photon Driven Electron Driven
Positive Charging Negative Charging

Lunar Surface Charging And Electric Fields

Figure 2.2: Schematic of the electrostatic environment on the lunar surface and
which radiation types exist on different regions of the Moon (not to
scale). The terminator region is where the sunlit (day)side transitions
into the nightside. Dayside of the moon is charged positively due to
photoelectrons and the nightside is charged negatively due to plasma
electrons. Source: Stubbs et al. (2007).
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Space Weathering: Dielectric Breakdown of Lunar Regolith

Lunar regolith is prone to breakdown for several reasons. The grains often have
irregular and jagged shapes, and these pointed projections can amplify local electric
fields by one to two orders of magnitude compared to the average electric field
(Bahder et al.,|1982), and inclusions (impurities or gas/fluid) in the regolith particles
(lithic clasts, breccias, agglutinates) create boundaries that increase the local electric
field, thus decreasing the material’s resistance to breakdown (Hara et al.,|1998; Fujita
et al., 2001} Andres et al., 2001]).

Galactic Cosmic Ray (GCR) and SEP events can charge the lunar surface, especially
in the polar regions. The model from Jordan et al. (2014) shows that GCR and SEP
events may cause dielectric breakdown in which strong electric field (> 107 V/m,
typical for most solids (Budenstein, [1980))) rapidly vapourises small channels along
mineralogical boundaries within the regolith grains. The breakdown caused by ener-
getic particle deposition must occur within the material’s characteristic discharging
timescale 7, defined as 7 = €/0.., where € is the material permittivity and o, its con-
ductivity (Buhler et al., 2007). The highly electrically insulating properties of lunar
regolith cause charge accumulation to occur more rapidly than the local relaxation
process, leading to discharge.

Breakdown has been well studied in spacecraft charging, but it has not been consid-
ered as much as for airless body surfaces. In Permanently Shadowed Region (PSR),
the regolith there likely has experienced up to 2 x 10° SEP events that are capable
of dielectric breakdown in their charging history, a phenomenon that may be able
to increase the amount of fine and monomineralics grains within those PSRs; up to
10-25% of PSR regolith is melted or vapourised via dielectric breakdown, compara-
ble to weathering by meteoroid impacts (Jordan et al., [2015; Jordan et al., |2017)).
SEPs penetrate ~1 mm into the regolith layer, which is deeper than the diameter of
a typical grain size, and this is the layer where breakdown would occur. Figure [2.3
depicts a map of PSRs that account for approximately three percent of the lunar
southern polar region.

Fig. shows the estimated yearly rate of SEP events that cause breakdown. The
coldest polar regions are predicted to experience breakdown-inducing SEP events
more than once per year. Note that larger pieces of rock have an electrical con-
ductivity about four orders of magnitude greater than granular soil (Olhoeft et al.,
1974)), making their discharging timescales too short for breakdown to happen.

The temperature dependence of conductivity (further discussed in Section
means that regolith at the much colder PSR environment dissipates internal charge
more slowly than the other regions and this translates to a larger build up of magni-
tude of the subsurface electric field. Comparing to temperatures above 160 K, PSRs
regolith discharging can take around 20 days (Jordan et al., [2015]).

The dielectric breakdown phenomenon is a potential issue for electrodynamic dust
mitigation technology, particularly in PSRs or areas frequently exposed to increased
solar activity. If dielectric breakdown occurs in either the regolith or the surface
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Figure 2.3: PSRs (in blue) in the Moon’s south pole region, where a heighten rate of
breakdown-inducing SEP events are expected. Source: NASA Goddard
LRO mission.

SEP events capable of causing

breakdown in lunar regolith Regolith’s discharging timescale

Rate of breakdown-inducing SEP
events (per year)
Timescale (day)

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Regolith temperature (K) Regolith temperature (K)

(a) (b)

Figure 2.4: (a) Estimated yearly rate of breakdown-inducing SEP events on lunar
regolith with respect to regolith surface temperature. (b) Characteristic
electrical discharging timescale of lunar regolith with respect to regolith
surface temperature. Source: (Jordan et al., 2015).

material, the technology’s effectiveness could be compromised, as the surface ma-
terial may undergo permanent degradation. Furthermore, this technology relies on
charged particles responding to the generated electric field for dust removal. Any
conductive surface elements would essentially neutralise the charges, undermining
the effectiveness of the system.

A brief mention on a lesser-discussed aspect of the lunar environment, probably due
to the scarcity of its presence: water. Water is not only an important commodity
on the Moon for mission longevity, it could also play a role in the lunar electrostatic
environment. Moisture on insulating materials is known to increase their dielectric
loss by creating a thin layer that may modify the surface properties of materials,
impacting their capacity to retain or accumulate charges (Sow et al., 2013} Toth III

13



CHAPTER 2. LUNAR SURFACE ENVIRONMENT

et al.,[2017). Since the Moon is a body of unmagnetised dielectric material, charges
are retained exceptionally well, but even in low quantity, water could be one of the
ways in which particles are discharged on the lunar surface. Two deliberate impact
experiments conducted on the lunar surface, one by Chandrayaan-1’s Moon Impact
Probe (MIP) and the other by Lunar Crater Observation and Sensing Satellite
(LCROSS), identified water vapor in the tenuous lunar environment across a large
area on the sunlit side (Sridharan et al., 2010; Anand, 2010). Substantial amounts
of water and organic compounds were also detected in the impact plume created by
LCROSS near the lunar South Pole (Colaprete et al., |2010; Gladstone et al., |2010)).
The extent to which water moisture affects dust dynamics on the lunar surface is
unknown but likely minimal.

2.2.2 Lunar Dust Transport

Numerous theories have attempted to explain the mechanisms by which particles
migrate across the lunar surface. One of the earliest theories is the electrostatic ero-
sion mechanism. According to this theory, charges from the solar wind accumulate
on dust grains, and once these grains are sufficiently charged, the repulsion between
similarly charged particles can cause them to be lifted off the surface and suspended
in the thin exosphere. This process is believed to contribute to the gradual erosion of
the lunar surface over time. Grannis (1961) estimated the rate of mass transport by
a mechanism which depends on the buildup of a potential on individual dust grains
as a result of a random accretion process. The photoelectrons and ions hitting and
leaving the dust grains deviate from an equilibrium value, and two neighbouring
grains might experience a sufficiently large force to bring about the ejection of one
of the grains from the surface, resulting in movement.

However, Singer et al. (1962a)) suggests that the forces binding the dust layer, or
even the weight of the particles, are much stronger than the electric fields produced
by UV radiation. Additionally, Walker (1962)) calculated the probability of large
charge fluctuations, demonstrating that this mechanism will not result in signifi-
cant mass transport across the lunar surface, electrostatic transport is therefore not
considered the primary process by which dust grains are moved on a large scale,
and any appreciable transport is attributed to meteoric impact, a process that also
contributes to the breakdown of surface material into finer particles.

Simulation and Experimental Investigations of Dust Levitation

Opposing the uplifting forces are typically gravity and adhesive forces. There are
generally four forces responsible for particle adhesion: van der Waals forces (vdW),
mechanical interlocking, electrostatic forces, and capillary forces. On the Moon,
electrostatic adhesion among like-charge particles frequently exceeds vdW forces
by several orders of magnitude (Hartzell et al., |2011; Berkebile et al., |2012)); for
polarisable particles contacting a rough conducting surface, electrostatic forces can
dominate adhesion for particle sizes as small as around 1-10 pm. Capillary forces are
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virtually non-existent due to the vacuum and lack of moisture. The rough surfaces
of regolith particles suggest that mechanical interlocking could be prevalent, and
the occurrence of single particles might be rare.

To evaluate the adhesive force between two surfaces, it is necessary to consider the
geometry and properties of the surrounding medium. Experimentally accounting
for these short-range interactions is challenging due to the difficulties in identifying
and isolating the precise mechanisms involved.

In the simulation work done by Colwell et al. (2009), it was found that only particles
with a radius of less than approximately 0.5 pm can levitate above the lunar sur-
face, while larger particles follow nearly ballistic trajectories. Some particles were
observed to be launched at high velocities, reaching heights of kilometers above the
surface (Yeo et al., [2021)), which theoretical models could not explain. Champlain
et al. (2016) devised an experimental setup to study dust charging using Vacuum Ul-
traviolet (VUV) in the absence of plasma, simulating the conditions on the Moon’s
dayside. Their findings indicate that dust levitation is challenging under the condi-
tions present on both sides of the terminator region. Stubbs et al. (2006) proposed a
dynamic fountain model to account for the observations of 0.1 pm-scale particles at
~100 km lunar terminator surface altitude. Figure[2.5|compares the static levitation
concept proposed by Criswell (1973) and others, versus the evolution of a dust grain
in the dynamic fountain model.

Height (Z) (b) LOFTING
inAX [ S — b s —————
(@) Charging | Detaches | Accelerates Leaves
A on the from through sheath region
surface | surface ; sheathregion | with upward Dust
1 LEVITATION velacity, Vo folloiws
Fx gF < gE = qE > mgy bqllislic
gh =mgy mgy + F. i mg, + F, rajectory

Fy

Sheath Region

F, v 0 ISR S [N S ——— -T—— -
Acceleration } 2

Lunar surface

F. Time (1)

Figure 2.5: Schematic depicting (a) the static levitation model (b) the dynamic foun-
tain model. The dynamic fountain model accounts for the particles ob-
served at 100 km above the lunar surface, which cannot be explained by
the static levitation model. Source: Stubbs et al. (2006)

Since these dielectric particles can retain their charges for extended periods, their
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charging history should also be considered. Wang et al. (2016 and Schwan et al.
(2017) experimentally demonstrated that, upon UV-irradiation, a pile of selected
dust grains was able to eject some particles due to a large accumulation of negative
charges inside microcavities. Furthermore, Oudayer et al. (2019) modelled a multi-
layer dust pile and found that the first two layers tend to charge differentially under
VUV irradiation at an incident angle of 45°, compared to a normal incident angle.
Particles in the lower layers may charge more negatively due to electron collection.
Hood et al. (2018) showed that dust lofting is also a time-dependent process as
mobilised dust particles disturb the interparticle microcavities, causing the cavity
structures to slowly disappear as the surface conditions reset from the lofting. This
process gradually reduces the charge accumulation effect over time.

According to the current literature, there is little robust theoretical estimation in-
dicating that electrostatic forces can overcome adhesion and gravity on the lunar
surface, despite the comparatively overwhelming observation indicating the oppo-
site. Experimentally observed lofting has only been seen with aggregated particles,
rather than individual particles. The dynamic of a group of particles is difficult to
simulate, and so far this case has not been accounted for, so there is a discrepancy
in the theoretical model and observation.

Experiments on insulating and semiconductor materials in plasma with energetic
electrons have shown that the charge on particles increases linearly with size for di-
ameters ranging from 30 to 120 pm Walch et al. (1995)). Experimental investigations
on phototelectric and triboelectric charging of dust showed that non-conducting
grains have large initial triboelectric charging potential up to +15 V and are gen-
erally weak photoemitters, suggesting that triboelectric charging may be the main
process that gives the particles enough charge to be released from the surface (Sick-
afoose et al., 2001).

Current literature suggests that a fine balance is required to achieve particle levita-
tion on the lunar surface. Particles must be large enough to accumulate sufficient
charge, yet small enough to minimise contact points and reduce adhesion, and light
enough to overcome gravity. Experimental conditions that accurately mimic the
lunar atmosphere, regolith, and plasma environment do not currently exist, leaving
the topic of dust levitation mechanisms still open to debate.

Observation of Dust Levitation

Over the years, increasing evidence has emerged supporting active dust activity at
or near the lunar terminator regions. The electric field near the lunar surface at
the terminator region is complex, and this complexity arises from the crossing of
dayside-positive and nightside-negative potentials, along with the intensely negative
potentials in the low plasma density wake region. Popel et al. (2015) demonstrated
that an excitation of electric fields on the order of 300 V/m is possible. The electric
field strength near the Earth’s surface is on average around 100 V/m (Harrison,
2011)), so 300 V/m is significant in the context of the lunar environment, where it
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can influence dust behaviour. This transition occurs on the illuminated side of the
terminator, where the incidence angle of solar photons decreases, yet fast thermal
electrons can still directly reach the surface (Freeman et al., [1975). It is speculated
that the electric fields generated by the rapid transition from positive to negative
potentials in this region are strong enough to loft particles (Criswell, (1973} Colwell
et al., 2007, Farrell et al., 2007; Szalay et al., |2015; Vaverka et al., 2016)).

The Surveyor landers (1966-1968) provided early indications of lunar dust activity,
capturing images of the lunar surface that showed a "horizon glow'. The phe-
nomenon is a result of forward scattering of sunlight by electrically charged dust
grains of ~10pm in diameter (Criswell, [1973). The LEAM experiment on Apollo
17 detected high rates of particle impacts, suggesting dust movement, though the
results were complicated by thermal noise (Berg et al., [1976)).

Other evidence includes Apollo 17 astronaut observations from the orbiting com-
mand module (McCoy et al., [1974; Zook et al., [1991)), and photographic evidence
obtained by Surveyors 5, 6, and 7 showing a bright glow 3 to 30 cm above the sur-
face, and possibly camera images from the Clementine spacecraft (Zook et al.,|1995]).
However, it is important to consider that ’levitation of dust’ does not necessarily
imply the existence of a stable, permanent layer.

The Lunar Dust Experiment (LDEX), part of the Atmosphere and Dust Environ-
ment Explorer (LADEE) mission, was specifically designed to search for a presumed
high-density population of small grains (approximately 0.3 mm) (Horanyi et al.,
2015)). However, despite expectations, LDEX did not detect the anticipated density
increases over the terminator regions in the altitude range of 3 to 250 km (Szalay
et al., 2015).

References

Abbas, M. M. et al. (2006). “Photoelectric emission measurements on the analogs
of individual cosmic dust grains”. In: The Astrophysical Journal 645.1, p. 324.
Abbas, M. M. et al. (2007). “Lunar dust charging by photoelectric emissions”. In:

Planetary and Space Science 55.7-8, pp. 953-965.

Anand, M. (2010). “Lunar water: a brief review”. In: Earth, Moon, and Planets 107,
pp. 65-73.

Andres, U. et al. (2001). “Liberation of valuable inclusions in ores and slags by
electrical pulses”. In: Powder Technology 114.1-3, pp. 40-50.

Bahder, G. et al. (1982). “Physical model of electric aging and breakdown of extruded
polymeric insulated power cables”. In: IEEE Transactions on Power Apparatus
and Systems 6, pp. 1379-1390.

Berezhnoy, A. A. (2010). “Meteoroid bombardment as a source of the lunar exo-
sphere”. In: Advances in Space Research 45.1, pp. 70-76.

Berg, O. E., H. Wolf, and J. Rhee (1976). “Lunar soil movement registered by the
Apollo 17 cosmic dust experiment”. In: Interplanetary Dust and Zodiacal Light.

17



CHAPTER 2. LUNAR SURFACE ENVIRONMENT

Ed. by H. Elsédsser and H. Fechting. Vol. 48. Lecture Notes in Physics. Berlin,
Heidelberg: Springer. DOI: 10.1007/3-540-07615-8_486.

Berkebile, S. and J. Gaier (2012). “Adhesion in a vacuum environment and its im-
plications for dust mitigation techniques on airless bodies”. In: 42nd International
Conference on Environmental Systems, p. 3465.

Borin, P. et al. (2009). “Statistical analysis of micrometeoroids flux on Mercury”.
In: Astronomy € Astrophysics 503.1, pp. 259-264.

Budenstein, P. P. (1980). “On the mechanism of dielectric breakdown of solids”. In:
IEEFE Transactions on Electrical Insulation 3, pp. 225-240.

Buhler, C. R. et al. (2007). “Test method for in situ electrostatic characterization
of lunar dust”. In: 2007 IEEE Aerospace Conference. IEEE, pp. 1-19.

Carosso, N. J. P. (1987). “Space Station users contamination requirements”. In:
Optical Systems Contamination: Effects, Measurement, Control. Vol. 777. SPIE,
pp. 138-145.

Champlain, A. et al. (2016). “Lunar dust simulant charging and transport under
UV irradiation in vacuum: Experiments and numerical modeling”. In: Journal of
Geophysical Research: Space Physics 121.1, pp. 103-116.

Chen, G. et al. (2021). “Influence of topography on the site selection of a Moon-based
Earth observation station”. In: Sensors 21.21, p. 7198.

Colaprete, A. et al. (2010). “Detection of water in the LCROSS ejecta plume”. In:
science 330.6003, pp. 463-468.

Colwell, J. E. et al. (2007). “Lunar surface: Dust dynamics and regolith mechanics”.
In: Reviews of Geophysics 45.2.

Colwell, J. E. et al. (2009). “Lunar dust levitation”. In: Journal of Aerospace Engi-
neering 22.1, pp. 2-9.

Criswell, D. R. (1973). “Horizon-glow and the motion of lunar dust”. In: Photon
and Particle Interactions with Surfaces in Space: Proceedings of the 6th Eslab
Symposium, Held at Noordwijk, the Netherlands, 26-29 September, 1972. Springer,
pp. 545-556.

Dove, A. et al. (2018). “Laboratory investigation of the effect of surface roughness
on photoemission from surfaces in space”. In: Planetary and Space Science 156,
pp- 92-95.

Dyal, Palmer, Curtis W Parkin, and William D Daily (1974). “Magnetism and the
interior of the Moon”. In: Reviews of Geophysics 12.4, pp. 568-591.

Farrell, W. M. et al. (2007). “Complex electric fields near the lunar terminator: The
near-surface wake and accelerated dust”. In: Geophysical Research Letters 34.14.

Farrell, W. M. et al. (2013). “The lunar photoelectron sheath: A change in trapping
efficiency during a solar storm”. In: Journal of Geophysical Research: Planets
118.5, pp. 1114-1122.

Feldman, W. et al. (1998). “Fluxes of fast and epithermal neutrons from Lunar
Prospector: Evidence for water ice at the lunar poles”. In: Science 281.5382,
pp- 1496-1500.

Feuerbacher, B., R. F. Willis, and B. Fitton (1973). “Electrostatic potential of in-
terstellar grains”. In: Astrophysical Journal 181, pp. 101-114.

18


https://doi.org/10.1007/3-540-07615-8_486

CHAPTER 2. LUNAR SURFACE ENVIRONMENT

Feuerbacher, B. et al. (1972). “Photoemission from lunar surface fines and the lunar
photoelectron sheath”. In: Proceedings of the Lunar Science Conference. Vol. 3,
p. 2655.

Freeman, J. W. and M. Ibrahim (1975). “Lunar electric fields, surface Potential
and Associated Plasma Sheaths”. In: The Moon 14, pp. 103-114. poI1: [10.1007/
BF00562976.

Fujita, T. et al. (2001). “Crushing and liberation of materials by electrical disintegra-
tion”. In: Furopean Journal of Mineral Processing and Environmental Protection
1.2, pp. 113-122.

Gladstone, G. R. et al. (2010). “LRO-LAMP observations of the LCROSS impact
plume”. In: Science 330.6003, pp. 472—476.

Grannis, P. D. (1961). “Electrostatic erosion mechanisms on the Moon”. In: Journal
of Geophysical Research 66.12, pp. 4293-4299.

Grew, G. W. (1971). The Lunar Orbiter meteoroid experiments: Description and
results from five spacecraft. National Aeronautics and Space Administration.

Halekas, J. S. et al. (2009). “Lunar surface charging during solar energetic particle
events: Measurement and prediction”. In: Journal of Geophysical Research: Space
Physics 114.A5.

Halekas, J. S. et al. (2011). “New views of the lunar plasma environment”. In:
Planetary and Space Science 59.14, pp. 1681-1694.

Hara, M. and H. Okubo (1998). “Electrical insulation characteristics of supercon-
ducting power apparatus”. In: Cryogenics 38.11, pp. 1083-1093.

Harrison, R. G. (2011). “Fair weather atmospheric electricity”. In: Journal of Physics:
Conference Series. Vol. 301. 1. IOP Publishing, p. 012001.

Hartzell, C. M. and D. J. Scheeres (2011). “The role of cohesive forces in particle
launching on the Moon and asteroids”. In: Planetary and Space Science 59.14,
pp. 1758-1768.

Heiken, G., D. T. Vaniman, and B. M. French (1991). Lunar Sourcebook: A User’s
Guide to the Moon. 2nd. Cambridge, UK: Cambridge University Press. ISBN: 978-
0-521-33444-0.

Hodges Jr., R. R. (1975). “Formation of the lunar atmosphere”. In: The Moon 14.1,
pp- 139-157.

Hoffman, J. H. et al. (1973). “Lunar atmospheric composition results from Apollo
177, In: Proceedings of the Lunar Science Conference. Vol. 4, p. 2865.

Honniball, C. I. et al. (2021). “Molecular water detected on the sunlit Moon by
SOFIA”. In: Nature Astronomy 5.2, pp. 121-127.

Hood, N. et al. (2018). “Laboratory investigation of rate of electrostatic dust lofting
over time on airless planetary bodies”. In: Geophysical Research Letters 45.24,
pp- 13-206.

Horanyi, M. et al. (2015). “The lunar dust experiment (LDEX) onboard the lunar
atmosphere and dust environment explorer (LADEE) mission”. In: The Lunar
Atmosphere and Dust Environment Explorer Mission (LADEE), pp. 93-113.

Jordan, A. P. et al. (2014). “Deep dielectric charging of regolith within the Moon’s
permanently shadowed regions”. In: Journal of Geophysical Research: Planets
119.8, pp. 1806-1821.

19


https://doi.org/10.1007/BF00562976
https://doi.org/10.1007/BF00562976

CHAPTER 2. LUNAR SURFACE ENVIRONMENT

Jordan, A. P. et al. (2015). “Dielectric breakdown weathering of the Moon’s polar
regolith”. In: Journal of Geophysical Research: Planets 120.2, pp. 210-225.

— (2017). “The rate of dielectric breakdown weathering of lunar regolith in perma-
nently shadowed regions”. In: Icarus 283, pp. 352—358.

Malla, R. B. and K. M. Brown (2015). “Determination of temperature variation on
lunar surface and subsurface for habitat analysis and design”. In: Acta Astronau-
tica 107, pp. 196-207.

Manka, R. H. (1973). “Plasma and potential at the lunar surface”. In: Photon and
Particle Interactions with Surfaces in Space: Proceedings of the 6th Eslab Sym-
posium, Held at Noordwijk, the Netherlands, 26-29 September, 1972. Springer,
pp. 347-361.

Martelli, G. and G. Newton (1977). “Hypervelocity cratering and impact magneti-
sation of basalt”. In: Nature 269.5628, pp. 478-480.

McCoy, J. E. and D. R. Criswell (1974). “Evidence for a high altitude distribution
of lunar dust”. In: Pergamon Press.

Mendillo, M., J. Baumgardner, and J. Wilson (1999). “Observational test for the
solar wind sputtering origin of the Moon’s extended sodium atmosphere”. In:
Icarus 137.1, pp. 13-23.

Mitchell, D. L. et al. (1998). “Lunar surface magnetic fields and their interaction with
the solar wind: Results from Lunar Prospector”. In: Science 281.5382, pp. 1480—
1484.

Nazarova, T. N.; A. K. Rybakov, and C. D. Komissarov (1967). “Investigation of
solid interplanetary matter in the vicinity of the moon”. In: 10th Plenary Meeting
of COSPAR (London, England).

Ness, N. F. et al. (1968). “Perturbations of the interplanetary magnetic field by the
lunar wake”. In: Journal of Geophysical Research 73.11, pp. 3421-3440.

Olhoeft, G. R., A. L. Frisillo, and D. W. Strangway (1974). “Electrical properties of
lunar soil sample 15301, 38”. In: Journal of Geophysical Research 79.11, pp. 1599—
1604.

Oudayer, P. et al. (2019). “Multiscale modeling of dust charging in simulated lu-
nar environment conditions”. In: IEEE Transactions on Plasma Science 47.8,
pp- 3710-3716.

Popel, S. 1., L. M. Zelenyi, and B. Atamaniuk (2015). “Dusty plasma sheath-like
structure in the region of lunar terminator”. In: Physics of Plasmas 22.12.

Poppe, A. R. et al. (2021). “ARTEMIS observations of lunar nightside surface po-
tentials in the magnetotail lobes: Evidence for micrometeoroid impact charging”.
In: Geophysical research letters 48.15, e2021GL094585.

Rhee, J. W., O. E. Berg, and H. Wolf (1977). “Electrostatic dust transport and
Apollo 17 LEAM experiment.” In: Space Research XVII, pp. 627-629.

Schwan, J. et al. (2017). “The charge state of electrostatically transported dust on
regolith surfaces”. In: Geophysical Research Letters 44.7, pp. 3059-3065.

Sickafoose, A. A. et al. (2001). “Experimental investigations on photoelectric and
triboelectric charging of dust”. In: Journal of Geophysical Research: Space Physics
106.A5, pp. 8343-8356.

Singer, S. F. and E. H. Walker (1962a). “Electrostatic dust transport on the lunar
surface”. In: Icarus 1.1-6, pp. 112-120.

20



CHAPTER 2. LUNAR SURFACE ENVIRONMENT

— (1962b). “Photoelectric screening of bodies in interplanetary space”. In: Icarus
1.1-6, pp. 7-12.

Sonett, C. P., D. S. Colburn, and R. G. Currie (1967). “The intrinsic magnetic field
of the moon”. In: Journal of Geophysical Research 72.21, pp. 5503-5507.

Sow, Mamadou et al. (2013). “The role of humidity on the lift-off of particles in
electric fields”. In: Journal of the Brazilian Chemical Society 24.2, pp. 273-279.
Sridharan, R. et al. (2010). “‘Direct’evidence for water (H20) in the sunlit lunar am-
bience from CHACE on MIP of Chandrayaan I”. In: Planetary and Space Science

58.6, pp. 947-950.

Stern, S. A. (1999). “The lunar atmosphere: History, status, current problems, and
context”. In: Reviews of Geophysics 37.4, pp. 453—491.

Stubbs, T. J., R. R. Vondrak, and W. M. Farrell (2006). “A dynamic fountain model
for lunar dust”. In: Advances in Space Research 37.1, pp. 59-66.

Stubbs, T. J. et al. (2007). “Lunar surface charging: A global perspective using
Lunar Prospector data”. In: Dust in Planetary Systems 643, pp. 181-184.

Suggs, R. M. et al. (2008). “The NASA lunar impact monitoring program”. In:
Advances in Meteoroid and Meteor Science, pp. 293-298.

Szalay, J. R. and M. Horédnyi (2015). “The search for electrostatically lofted grains
above the Moon with the Lunar Dust Experiment”. In: Geophysical Research
Letters 42.13, pp. 5141-5146.

Toth III, J. R. et al. (2017). “Particle-size-dependent triboelectric charging in single-
component granular materials: role of humidity”. In: Industrial & Engineering
Chemistry Research 56.35, pp. 9839-9845.

Vanzani, V., F. Marzari, and E. Dotto (1997). “Micrometeoroid impacts on the
lunar surface”. In: Conference Paper, 28th Annual Lunar and Planetary Science
Conference, p. 481. Vol. 28, p. 481.

Vasavada, A. R. et al. (2012). “Lunar equatorial surface temperatures and regolith
properties from the Diviner Lunar Radiometer Experiment”. In: Journal of Geo-
physical Research: Planets 117.F12.

Vaverka, J. et al. (2016). “Lunar surface and dust grain potentials during the earth’s
magnetosphere crossing”. In: The Astrophysical Journal 825.2, p. 133.

Walch, B., M. Horanyi, and S. Robertson (1995). “Charging of dust grains in plasma
with energetic electrons”. In: Physical Review Letters 75.5, p. 838.

Walker, E. H. (1962). “Comments on a Paper by PD Grannis,’electrostatic Erosion
Mechanisms on the Moon’”. In: Journal of Geophysical Research 67.6, pp. 2586—
2587.

Wang, X. et al. (2016). “Dust charging and transport on airless planetary bodies”.
In: Geophysical Research Letters 43.12, pp. 6103-6110.

Williams, J.-P. et al. (2017). “The global surface temperatures of the Moon as mea-
sured by the Diviner Lunar Radiometer Experiment”. In: Icarus 283, pp. 300—
325.

Wyatt, S. P. (1969). “The electrostatic charge of interplanetary grains”. In: Planetary
and Space Science 17.2, pp. 155-171.

Xu, S. et al. (2021). “Lunar photoemission yields inferred from ARTEMIS measure-
ments”. In: Journal of Geophysical Research: Planets 126.6.

21



CHAPTER 2. LUNAR SURFACE ENVIRONMENT

Yakshinskiy, B. V. and T. E. Madey (2004). “Photon-stimulated desorption of Na
from a lunar sample: Temperature-dependent effects”. In: Icarus 168.1, pp. 53-59.

Yeo, L. H. et al. (2021). “Dynamics of electrostatically lofted dust on airless plane-
tary bodies”. In: Icarus 366.

Zook, H. A. and J. E. McCoy (1991). “Large scale lunar horizon glow and a high
altitude lunar dust exosphere”. In: Geophysical Research Letters 18.11, pp. 2117—
2120.

Zook, H. A.; A. E. Potter, and B. L. Cooper (1995). “The lunar dust exosphere and
Clementine lunar horizon glow”. In: Abstracts of the Lunar and Planetary Science
Conference. Vol. 26, p. 1577.

22



3 Lunar Regolith and its Simulants

The Moon’s geological characteristics are nothing short of extraordinary. They not
only shed light on the early history of planetary formation in our solar system but
also serve as a record of Earth’s history, as the Moon lacks the geological activity
that continuously reshapes Earth’s surface (Canup et al., 2001; Ringwood, 2012).
Understanding lunar geology is crucial for planning and executing robotic and hu-
man missions. This knowledge will help us utilise potential resources such as water,
minerals, and oxygen, as well as mitigate the risks inherent in lunar exploration.

This section will summarise lunar regolith properties and introduce the lunar regolith
simulants used in this project.

3.1 Lunar Regolith

The term ’lunar regolith’ describes the layer of loose rock material covering the entire
lunar surface. 'Lunar soil,” on the other hand, refers to the finer-grained fraction of
regolith, consisting of particles smaller than 1cm. While these terms are often used
interchangeably in the literature, this thesis primarily focuses on particles typically
classified as soil. To maintain clarity and distinguish from the more common use of
’soil” in a non-lunar context, the term 'regolith” will be consistently used throughout.
Lunar regolith is formed by meteorite impacts on the underlying bedrock, which
break and pulverise the larger structures. The unique conditions on the Moon,
characterised by the absence of oxygen, wind, and water, set lunar regolith apart
from terrestrial regolith.

Lunar regolith is fine like powder but sharp like broken glass. Due to the atypical
weathering on the Moon, particles created by micrometeoroid impacts remain rough
and thus hazardous to humans and mission longevity. Measurements indicate that
this layer consists of particles with varying sizes across different locations. Typically,
the majority of lunar samples fall within the range of 45-800 pm (Heiken et al.,
1991). Notably, particles smaller than 20 pm constitute approximately 20% of the
total mass (Carrier IIT et al., [1991; McKay et al., 1991).

3.1.1 Locations and Geology

Even without the aid of sophisticated equipment, distinct darker and brighter re-
gions on the Moon are discernible. The darker regions, known as 'maria’ (singular
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Table 3.1: A summary of major minerals on the Moon and those used in simulants.

Mineral Description

Agglutinate Particle that is an aggregate of smaller soil particles
bonded together by vesicular, flow-banded glass that is
created by melting in micrometeoroid impacts.

Anorthosite Igneous rock predominantly (>90%) composed of
plagioclase feldspar.

Basalt Hard, dark, volcanic rock composed primarily of
plagioclase, pyroxene, and olivine.

Breccia A coarse-grained rock produced in impact fragmentation

composed of angular rock fragments held together by
a mineral cement or a fine-grained matrix.

Plagioclase feldspar ~Aluminium-, calcium-, or sodium-rich silicate mineral,
ranging from NaAlSi3Og to CaAlySisOg.

Pyroxene Igneous and metamorphic rocks characterised by their
monoclinic or orthorhombic crystal structure and typically
containing iron, magnesium, and calcium silicates.

‘'mare’ in Latin, meaning sea), contrast with the brighter areas referred to as "high-
lands” Maria, characterised by their flatness, were formed approximately 3.3-3.8
billion years ago when basins in these areas were filled with volcanic magma. In
contrast, highlands are heavily cratered with hilly terrain, indicating their ancient
origin around 4.5 billion years ago. The darker hue of the maria regions is at-
tributed to their predominantly basaltic composition, formed by a rapid cooling of
molten rock from extensive lava flows. Highlands primarily consist of Anorthosite,
an igneous rock formed during volcanic activities but at a slower pace.

In addition to these prominent features, the Moon exhibits other geological charac-
teristics such as lunar domes, lunar rilles, and lunar craters. However, this thesis
focuses on two generalised simulants (see Section , representing the mare and
highland regions, and therefore does not provide an exhaustive description of all
lunar features.

3.1.2 Lunar Mineralogy

The lunar samples returned from Apollo (1969-1972) and Luna (1970-1976) sample-
collecting missions have shown that lunar rocks are made up of minerals and glasses
and the bulk composition varies between basaltic and anorthositic. The most abun-
dant constituents are silicate minerals, making up over 90% by volume of most
lunar rocks, these silicate minerals are pyroxene (Ca,Fe,Mg),SisOg (8.5-61.1 vol.%),
plagioclase feldspar (Ca,Na)(AlSi)4Og (12.9-69.1 vol.%) and olivine (Mg,Fe),SiO,
(0.2-17.5 vol.%) (Heiken et al., [1991). The next most abundant minerals are ox-
ides, consisting of metals and oxygen, especially concentrated in the mare basalts,
potentially comprising up to 20% by volume. These are ilmenite (Fe,Mg)TiO3 and
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a complex series of spinel. Other materials such as native iron (Fe), silica, mare
glass, highland glass and rare lunar minerals occur in small quantities but are nev-
ertheless important and characteristic to the highly-reducing and low-oxygen lunar
environment.

While the composition and mineralogy of lunar regolith display a level of unifor-
mity when compared to terrestrial soil, the distribution and characteristics of the
collected samples differ across the various locations (Vaniman et al., [1991). Figure
shows the sample return from the Apollo 11 mission. Apollo 11 landed in Mare
Tranquillitatis, so many of the fragments are basalts.

Figure shows Scanning Electron Microscope (SEM) images of single-grain re-
golith samples returned from various Luna missions. The surface morphologies of
these lunar materials vary due to their distinct formation processes and composi-
tions. Basalts, formed from ancient volcanic lava flows, have a relatively smooth
texture. Plagioclase rocks, part of the Moon’s original crust, solidified from the
magma ocean and are typically lighter in colour with a more crystalline and frac-
tured appearance due to their high aluminium and calcium content. Agglutinates,
created by the welding of tiny rock and mineral fragments through micrometeorite
impacts, exhibit a glassy, vesicular texture and a bubbly, porous appearance due to
the melting and rapid cooling process.

II 1 1

feldspathic
breccia

Figure 3.1: Rock fragments from the 2-4 mm grain size fraction of the Apollo 11 sam-
ple return. Many of the fragments are basalts. Impact glass spherules,
agglutinates and regolith breccias, breccias from the feldspathic high-
lands (the lightest coloured fragments) are also shown. Source: St. Louis
(n.d), Randy Korotev.
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Figure 3.2: (a) Maria basalt fragment, Luna 16 return. (b) Highland plagioclase,
Luna 20 return. (c) Agglutinate, Luna 16 return. The surface morpholo-
gies differ due to their formation processes and compositions. Source:

Rode et al. .

3.1.3 Type and Shape

Rocks on the lunar surface bear the marks of impact craters, spanning sizes from
over 1000 kilometres to less than 1 micrometre in diameter. These craters originate
from a variety of sources, ranging from large asteroids to minuscule cosmic dust par-
ticles, covering a wide spectrum of sizes. Despite the differences in their dimensions,
both large and small impacts yield similar effects on the bedrock, including crater
formation, shattering, melting, and dispersion of rock fragments.

Lunar maria

Lunar highland

Lunar south pole

Figure 3.3: Typical regions of lunar mare and lunar highlands. Maria are charac-
terised by their darker appearance due to a higher basalt content.

The lunar landscape can be broadly categorised into two main types: highlands and
mare. Figure shows the near side of the Moon and indicates typical regions
of lunar maria and highland. Maria regions are darker and the highland regions
are lighter. The mare basins were shaped by the impact of meteoroids and many
were smoothed out when they became filled with basaltic lavas during the Moon’s
active volcanic period. Two types of lunar regolith lithologies, formed during mi-
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crometeorite impacts, are agglutinates and glass spherules. Agglutinates arise when
micrometeorites strike the lunar regolith, melting some of its material and producing
a glassy substance embedded with mineral and rock fragments. Conversely, glass
spherules form similarly, as products of micrometeorite impacts, but are molten glass
ejected from a crater and solidify in their ejection trajectory. Some glass spherules
were also created during the Moon’s volcanic phase, often referred to as pyroclastic
glass. When a rock contains either glass spherules or agglutinates, it is termed a
regolith breccia; if it solely consists of fragmented material without these lithologies,
it is simply referred to as a fragmental breccia.

3.1.4 Electrical Conductivity

The electrical conductivity of lunar regolith is one of the most important proper-
ties in the study of dust mitigation mechanisms involving electrostatic forces, yet
it is also possibly the most elusive for experimental measurements. The electrical
conductivity is found to be dependent on temperature for both terrestrial and lunar
soil. In the lunar environment, where moisture is scarce, electrical conductivity is
dominated by electronic and/or solid electrolytic mechanisms within the material.
One study found that electrical conductivity becomes greater with increasing iron
content (Schwerer et al., [1974)), while the other suggests that semiconductor oxide
minerals such as ilmenite and basic iron oxides found in lunar regolith contribute
minimally to overall conductivity, as they are finely dispersed within the predomi-
nantly silicate matrix, and implied that the dominant mechanism for conduction is
therefore ionic, which is very strongly controlled by external factors such as temper-
ature, deviations from stoichiometry and electric field strengths (Tilley, [1975)).

To predict the electrical tendencies and behaviours of particles, one needs to know
very well, or at least have a reasonable range, of the volume resistivity of the mate-
rial. This will give an indication of the likelihood of particles acquiring and dissipat-
ing charges. Insulating materials typically possess resistivities greater than 10° Qm,
leading them to accumulate significant amounts of charge during triboelectrification
and retain this charge over extended periods (Buhler et al., [2007)).

The typical method of measuring material resistivity involves placing the sample
between two electrodes and apply a known voltage that corresponds to an expected
range of resistivity values, and obtain a steady current readout. This is difficult
for porous and irregular bulk granular materials such as the lunar regolith. Com-
pactness, particles sizes, mineral distribution, only to name a few extremely difficult
variables that one cannot hope to control nor reproduce for reliable measurements.

Studies on conductivity are not well understood, especially so within the context of
amorphous rocks. Different sampling locations on the Moon also result in signifi-
cant fluctuations in the overall conductivity; paths which a current is more likely to
take within the material have determined to be the pyroxene or plagioclase phased
although this can change with samples with a larger volume of metallic material

*Distinct states or forms of minerals and materials.
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(Adler, [1970)). The average bulk electrical conductivity of the Moon is caluclated
to be 7 x 107* S/m. Silicate-dominated lunar regolith has low electrical conductiv-
ity (107 to 107 S/m) (Olhoeft et al., [1974a; Carrier III et al., [1991)). The wide
range of values may be attributed to numerous factors, particularly in the case of
crystalline structures where phase sizes (~0.3 mm) are comparable to the sample di-
mensions. Apollo returned samples exhibited exponentially temperature-dependent
conductivity upon heating up to 500°C, where activation energy increases with tem-
perature, and in this particular study by Olhoeft et al. (1974b), the two samples
showed different conductivities, with one sharing data close to terrestrial pyrox-
ene. Similar exponential temperature dependence has been observed in amorphous
materials as well (Adler, 1971)).

The electrical conductivity of lunar regolith increases exponentially as temperature
increases, similar to that of a semiconductor (Olhoeft et al., |1974al). The electrical
conductivity data obtained by Schwerer et al. (1971)) for lunar and meteorite samples
fit the expression

o(T) = olexp(—E;/kT) (3.1)
where o(T) is the electrical conductivity with temperature, ¢? are the prefactors in
(2 em)™!, E; are the activation energies in eV, k is the Boltzmann constant and T
is the temperature in Kelvin. An Apollo 15 soil sample’s conductivity was found to
be of the relationship

0. = 0™’ =6 x 107 Be20BTg /m (3.2)

where o, is the experimentally determined electrical conductivity from Olhoeft et
al. (1974a). Note that this relationship was obtained for temperatures between 300
and 1000 K.

During a typical lunar day, the effect of temperature on the dielectric properties is
small over a range of temperatures (Chung et al.,|[1970; Chung et al., [1971; Olhoeft
et al., |1975; Strangway et al., [1972). As Keihm et al. (1973) have shown that the
temperature below a few centimeters of the lunar surface is constant regardless of
the time of the lunar day, this implies that no change of dielectric properties will be
observed at depth. During the lunar night, soil conductivity drops below 10711 S/m
at temperatures below 285 K. Using Equation and a temperature near 100 K,
the conductivity drops to below 107 S/m.

An instantaneous increase in surface conductivity was observed when the sample of
a lunar breccia was exposed to a UV radiation of 235nm, and adding visible and
infrared radiations further increased the conductivity (Alvarez, 1975). This phe-
nomenon is known as photoconductivity, which would mean that the lunar dayside
may see a heightened conductivity compared to the rest of the Moon.

The relationship between dielectric permittivity e and electrical conductivity o is
characterised by their responses to an electric field. More about regolith’s dielectric
properties in an electric field is discussed in the simulation Chapter [7.5]
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3.2 Lunar Simulants

One of the first steps in conducting experiments began with the selection of an
appropriate lunar regolith simulant. The simulant is a mixture of terrestrial ma-
terials artificially fabricated to enable researchers to conduct extensive testing of
technologies for lunar applications with reproducibility and accessibility. These ma-
terials mimic the chemical and physical properties of real regolith to a certain extent.
However, achieving a perfect simulant is unattainable for several reasons. Variations
in mineral composition and particle size are not fully accounted for, as lunar regolith
exhibits non-uniformity in its composition. Depending on the collection location,
regolith can vary significantly.

We have come far from an assortment of homemade simulants since the first Moon
return in 1969. There was a need for large quantities of simulants to conduct studies,
so Johnson Space Center-1 (JSC-1) was manufactured in the US in 1994 (McKay et
al., [1994), and Japan swiftly followed suit in 1998 (Kanamori et al., [1998). NASA
maintains an extensive literature that regularly updates the simulant scene, in-
cluding adding newly established simulants and refreshing older ones as necessary
(Blewett et al., n.d.|a]; Blewett et al., n.d.[b]; A. Martin et al., n.d.).

Unique Lunar Regolith Properties

Replicating the natural conditions of lunar regolith particles on Earth is challeng-
ing. These conditions include meteoroid impacts that pulverise rocks into jagged,
fine particles, the absence of weathering, which prevents surface erosion, and the
effects of solar wind and radiation, which chemically alter and sputter the material,
further shaping its morphology. Consequently, creating a simulant that accurately
represents the full range of lunar regolith is difficult. No single simulant can meet
all lunar-related research purposes.

Lunar regolith lacks clay or hydrated alteration minerals commonly found in Earth’s
rocks and soils. Most lunar simulants are prepared by air-drying the raw materi-
als, a process that does not effectively remove volatile contaminants. As a result,
experiments involving oxygen and water production using these simulants may over-
estimate production rates (Lomax et al., |2020). This also significantly impacts the
discharging process in the context of electrostatics. Methods to minimise the effect
of water are discussed in Section [6.21

Although there are similar minerals on Earth, the magnetic and chemical properties
of lunar minerals differ significantly. For example, magnetic beneﬁciationm tech-
niques revealed that lunar ilmenite has similar magnetic susceptibility to pyroxene
(paramagnetic), whereas terrestrial ilmenite is highly magnetic (Oder, 1991)). Iron in
the regolith exists as nanophase iron, which consists of nano-sized grains dispersed
in the glass of impact-produced agglutinates. Agglutinates, comprising a major

fThe process of improving the economic value of mined ore by removing impurities and con-
centrating valuable minerals.
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component of lunar regolith (60-70%), contain many vesicles that increase surface
area, potentially providing more sites for charge accumulation (Taylor, [2016)).

3.2.1 Simulant Candidates

There are currently various lunar regolith simulants available for research. Several
were tested during this project’s initial stages, including JSC-1A, TUBS-T, TUBS-
M, LHS-1, LMS-1, and EAC-1. JSC-1A, similar to its predecessor JSC-1, was mined
in Golden, CO. JSC-1 and JSC-1A are no longer commercially available, leading to
their early disqualification for this project. TUBS-T and TUBS-M, developed by TU
Braunschweig in Germany, were made exclusively of a single mineral of anorthosite
and basalt, respectively. Their intended use was to be mixed to create site-specific
mixtures, which is not ideal for research consistency. EAC-1, developed by the
European Space Agency and sourced from the Siebengebirge Volcanic Field in Bonn,
Germany, is also 100% basalt like TUBS-M. However, its availability is unclear as
it is primarily for large-scale testing and technology maturation at the European
Astronaut Centre.

Considering accessibility, recognition, variation, and quality, LHS-1 and LMS-1 from
Exolith Lab, originating from the University of Central Florida, were chosen. The
simulants are a mix of different simulants to match their corresponding lunar regolith
compositions, the highlands and mare. At the time of simulant procurement, which
was at the end of 2021, the company had only recently undergone some changes
to the feedstocks used to create their simulants, and as of 2024, they had changed
their formula twice, so the same name does not guarantee the same composition
over time. Therefore, caution is advised when interpreting analysis reports, as older
simulants may have been used in place of newer ones, and analyses conducted by
different laboratories may yield slightly different results. Ideally, conducting one’s
analysis with the current sample at hand would provide the most accurate insights,
i.e. measure your own sample’s properties and characteristics.

3.2.2 Characteristics of LHS-1 and LMS-1

LHS-1, or Lunar Highlands Simulant 1, is designed to simulate the highlands regions
of the Moon (Isachenkov et al., [2022). It is composed of a mixture of materials such
as anorthosite, glass-rich basalt, ilmenite, pyroxene and olivine (Exolith Lab, |2022a).
LMS-1, or Lunar Mare Simulant 1, is a simulant for the mare regions of the Moon,
which are characterised by dark, smooth plains formed by ancient volcanic activity.
LMS-1 is made up of the same minerals as LHS-1 but in different proportions, see
Table for comparison. Samples of LHS-1 and LMS-1 are shown in Fig. [3.4
Agglutinates make up a significant portion of lunar regolith, and Exolith Lab has a
version of LHS-1 agglutinates (LHS-1-25A), created by applying a high temperature
to a base material of 99% anorthosite and 1% iron powder, and the particles crushed
to create the angular shape seen with real regolith. Note that the LHS-1-25A does
not consist of simulated agglutinates, but basalt with a high glass content, which

30



CHAPTER 3. LUNAR REGOLITH AND ITS SIMULANTS

consists of 25% simulated agglutinates by mass. Figures m and show SEM

images of the sieved simulant.

Mineralogy LHS-1 | LMS-1 | LHS-1-25A
Anorthosite 74.4% | 19.8% 80.6%
Glass-rich Basalt 24.7% | 32.0% 18.5%
Ilmenite 0.4% 4.3% 0.3%
Iron - 1.4% 0.3%
Pyroxene (Bronzite) | 0.3% | 32.8% 0.2%
Olivine 0.2% 11.1% 0.1%

Table 3.2: Mineralogical components of Lunar Regolith Simulants from Exolith Lab.
LHS-1-25A being the agglutinated, higher-fidelity version of LHS-1 with
an intermediate regolith maturity (Exolith Lab, 2022a; Exolith Lab,

2022 ExolithLab, 2023).

(a)

Figure 3.4: (a) Sample of LHS-1. (b) Sample of LMS-1. Source: University of

Central Florida.
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Figure 3.5: SEM images of Johnson Space Center-1 (JSC-1). The scale shown indi-
cates 100 pm. Source: NASA JSC.

(a) (b)

Figure 3.6: (a) SEM image of LHS-1. The particle size range is approximately 25—
50 pm in diameter. Smaller particles are also present due to their adhe-
sion to larger particles. (b) 3x more magnification as (a).
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