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Abstract. We review studies of physical processes associated
with the impact of external factors in outer space —flows of
micrometeoroids and solar radiation— on the lunar regolith.
Under the influence of these factors, regolith microparticles can
detach from the surface and levitate. Near-surface plasma and
levitating dust particles form a plasma—dust exosphere of the
Moon. Under anthropogenic effects on the lunar environment,
charged levitating microparticles can have an extremely nega-
tive impact on the engineering systems of lunar landers and on
the activity and health of astronauts on the Moon. Based on
information gained by automated and manned lunar missions
and in laboratory experiments, we discuss modern ideas about
physical processes occurring near the Moon’s surface. Unsolved
problems associated with the plasma—dust exosphere of the
Moon are considered, and the principal strategies for their
solution are outlined.
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1. Introduction

The Moon was the first extraterrestrial body to attract the
attention of space exploration pioneers. In the 1960s and early
1970s, a series of Soviet and American automated landers and
six crewed NASA Apollo missions conducted a lunar
exploration program unprecedented in both intensity and
scope. As a result of a large number of experiments, unique
breakthrough data on the material of the lunar surface and its
plasma environment were obtained. The robotic and crewed
expeditions returned more than 300 kg of samples of lunar
material to Earth for laboratory studies. The use of lunar
rovers and direct human activity on the surface of the Moon
played the role, as it were, of active experiments that allowed
gaining profound experience in studying the natural environ-
ment of the Moon.

One of the least expected results of these studies was the
discovery of a glow above the surface of the Moon (a celestial
body that lacks an atmosphere) in the terminator region [1, 2].
This glow was recorded by several television cameras installed
on Russian and American robotic landing vehicles and by
astronauts orbiting the Moon in crewed spacecraft. Inter-
preting the lunar horizon glow (LHG) led to the conclusion
that sunlight is scattered by lunar dust microparticles that
levitate above the surface. At first glance, a noticeable
amount of dust above the surface of a celestial body lacking
an atmosphere would suggest either high meteorite activity or
intense volcanic activity on the Moon. However, the LEAM
(Lunar Ejecta and Meteorites) experiment [3] showed that
very rarefied, but still noticeable, dust clouds arise above the
surface of the Moon in the terminator region. The appearance
of dust particles over the surface of the Moon cannot be
explained by weak seismic vibrations caused by tidal forces
due to the eccentricity of the Moon’s orbit and/or continuous
impacts of micrometeorites [4—6]. It was therefore assumed
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that the most likely cause of the lift force in this case is
Coulomb interaction.

Over the past decades, theoretical (see, e.g., [7-12]) and
laboratory (see, e.g., [13, 14]) studies have been carried out
aimed at experimentally modeling the physical processes that
give rise to dust particles above the surface of the Moon. It
turned out that this phenomenon is associated with a
combined effect of external factors acting on the lunar
surface: flows of micrometeorites and solar radiation. These
external factors have been acting constantly during previous
geological epochs and are currently active on the surface of
the Moon, lacking an atmosphere, and cause fine-graining
and, to a degree, chemical transformations of the lunar soil.
As a result, regolith is formed, a significant part of which
consists of particles of micron and submicron sizes, called
lunar dust. The dominant role here is played by impact
processes during bombardment with high-speed microme-
teoroids. Because regolith is a good insulator [15, 16],
exposure to ultraviolet (UV) radiation from the Sun and
plasma flows of the solar wind induce a positive electric
charge of the regolith on the illuminated surface (when the
Sun is quiet); a cloud of photoelectrons then forms above it,
creating a near-surface electric field and the so-called double
plasma sheet. The Coulomb forces F. in the electric field of
this sheet act on the microparticles of lunar dust, overcoming
the van der Waals adhesion forces F, and the gravitational
force F, acting on the particles, allowing the lofting of
particles, i.e., their detachment from the surface of the
regolith. At F, ~ F,, dust particles can levitate above the
surface of the Moon, forming a near-surface plasma—dust
environment — the lunar exosphere. Sunlight scattered by
particles suspended above the surface creates a glow that
can be observed under certain conditions. However, the
mechanism of the appearance of electrostatic forces capable
of taking a microparticle off the regolith surface remains
controversial [6].

During the Apollo crewed missions, American astronauts
reported that levitating charged dust particles could be
extremely aggressive. By affecting sensitive elements of
service systems and scientific equipment of the landing
vehicles, for example, thermal radiators, solar panel ele-
ments, and optical surfaces, such particles can disrupt their
nominal operation and even lead to malfunction. In addition,
American astronauts reported that lunar dust can penetrate
through air-proof seals and negatively affect the work of
astronauts on the surface of the Moon, reaching into the lungs
and onto the human body, causing irritation of the skin and
eyes [17]. This property of lunar dust microparticles is
sometimes called toxicity (see, e.g., [18]).

Analyses of observations of glow over the lunar surface,
the results of measurements of the regolith surface potential,
and theoretical studies and laboratory modeling have
brought about advances in understanding the dynamics of
plasma—dust processes on the Moon. However, many
unresolved problems remain.

Briefly, conditions near the surface of the Moon can be
characterized as follows:

— alow surface gravity (1.622 m s~2, approximately 1/6
of Earth’s);

— a deep vacuum (approximately 10 nPa); the concentra-
tion of particles near the surface of the Moon is 15 orders of
magnitude less than on Earth;

— regolith exposed to flows of intense electromagnetic
radiation from the Sun, solar wind plasma, and high-energy

charged particles (the penetrating radiation level on the
Moon is 200—1000 times higher than on Earth);

— depending on the relief, a sharp boundary between
light and shadow on the surface of the regolith (penumbra is
nearly absent);

— the angle of inclination of the Moon’s rotation axis to
the ecliptic plane (88.5°) results in the presence of completely
shadowed and constantly illuminated areas in the polar
regions;

— deep changes in daily temperature, up to 300 K
(~ 400 K during the day and ~ 100 K during the night);

— charged dust particles present above the regolith
surface whose characteristic size ranges from tens of nan-
ometers to hundreds of micrometers;

—under the influence of UV radiation and solar wind
plasma flows, a positive electric potential of several volts is
formed on the surface of the Moon on the illuminated side,
and a negative potential, up to hundreds of volts, on the
shadowed side; when the Moon crosses the geomagnetic tail,
the potential on the night side can reach several kilovolts;

— lunar dust, formed during the destruction of bedrock
in collisions with high-speed micrometeoroids, is made of
fine-grained microparticles of irregular shape with sharp
edges (similar to crushed glass), with the mean size
(determined by mass assuming their sphericity) is tens of
micrometers;

— the terminator region and surface inhomogeneities
with sharp boundaries of light and shadow are special as
regards the surface potential distribution and near-surface
electric fields.

In recent years, the space agencies of the Space Club
countries have been planning the resumption of research and
possible subsequent exploration of the Moon. In this regard,
interest in more profound studies of the physical processes
due to the dynamics of lunar dust and their impact on landers
and their engineering systems is growing significantly. There
is a need to develop technologies to reduce the negative
impact of lunar dust on landing vehicles and on the activities
and health of astronauts.

In this review, we analyze the physical processes asso-
ciated with the formation and dynamics of lunar dust under
natural conditions on the Moon. External factors are
considered that result in the formation of the regolith and its
most fine-grained component, lunar dust. The properties of
the regolith are discussed, and the physical processes
occurring during the formation of a near-surface plasma—
dust exosphere under natural conditions are considered.
Results of the six crewed expeditions of the NASA Apollo
program in 1968-1972, with the astronauts performing
moonwalks, showed that physical processes caused by
anthropogenic activity in the near-surface regions of the
Moon lead to much more active dynamics of lunar dust and
disturbances in the parameters of the near-surface exosphere
than the dynamics of dust particles in their natural state. We
discuss examples of the influence of disturbances in the
plasma—dust exosphere caused by anthropogenic activity on
the service systems of landing vehicles and on the activities
and health of astronauts. Unsolved problems that are key to
understanding the physical phenomena of the formation and
dynamics of the lunar plasma—dust exosphere are discussed.
In the last section, we discuss further research avenues and
upcoming in situ experiments (including domestic ones) to
study the plasma—dust exosphere and the dynamics of lunar
dust microparticles over the surface of the Moon.
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2. Formation and properties of lunar regolith

The surface of the Moon, like the surface of any atmo-
sphereless body in the Solar System, is exposed to external
factors: constant bombardment by micrometeoroids and
flows of interplanetary plasma, energetic cosmic rays, and
solar electromagnetic radiation. These processes are known
collectively as space weathering [19]. Space weathering leads
to the sputtering of surface material and the formation and
chemical evolution of regolith— the loose fine-grained upper
layer of the Moon. Similar surface erosion processes must be
operating on most atmosphereless bodies in the Solar System.

2.1 External factors impacting the Moon

All external factors can be divided into two main categories as
regards their physical impact on the surface of the Moon:
(1) mechanical, which are random impacts of micrometeor-
oids on the surface, and (2) electromagnetic, which are the
action of the electromagnetic radiation of the Sun, plasma
particles of the solar wind, the magnetospheric plasma when
the Moon crosses the distant part of the geomagnetic tail, and
energetic particles of solar or galactic origin. External factors
determine the properties of the regolith and the near-surface
exosphere and largely lead to changes in surface topography
[20, 21].

2.1.1 Micrometeoroids. Over billions of years, impacts from
micrometeoroids have fine-grained the silicate matrix of the
Moon’s surface into particles with a wide size distribution.
The speed of micrometeoroids at distances of the order of one
astronomical unit from the Sun can be in the range of 10 to
70 km s~! [22]. Their interaction with the regolith is therefore
explosive in nature, and, depending on the relevant processes,
several characteristic zones form around the equivalent center
of the meteoroid burst [23, 24]. A diagram of the formation of
matter evaporation zones below the lunar surface in a high-
speed impact is shown in Fig. 1.

Most of the ejecta particles have an initial velocity lower
than the Moon’s escape velocity (2.4 km s~!) and return to the
surface along ballistic trajectories. Micron- and submicron-
size secondary particles that are ejected at a near-escape
velocity form a highly variable but persistent dust cloud
around the Moon. Such rarefied clouds were observed by
the LADEE spacecraft near the Moon [25] and by the Galileo
spacecraft around four of Jupiter’s satellites [26].

Given the high impact velocity and explosive nature of
their formation, the particles acquire a highly irregular shape
and sharp edges: they are either conglomerates sintered at
high temperatures or sphere-like droplets. During the
geological epochs, repeated impacts by micrometeorites of
various sizes mix and recycle the preformed regolith
particles and transport them to various depths. The flow of
micrometeorites of cometary and asteroid origin falling
on the Moon is estimated at about 10° kg per year [27, 28].
The main contribution to the mass flow comes from
particles with sizes ranging from 10 nm to 1 mm [22].
When high-speed micrometeoroids hit the lunar surface,
an explosion occurs and a crater is formed on the surface.
The mass of regolith ejected from the crater can be
1000 times the mass of the impactor itself [29, 30]. A
significant portion of the ejected material returns to the
lunar surface, forming a layer of regolith. Secondary
particles of micron and submicron size that are ejected in
a micrometeorite impact with a speed exceeding the

Figure 1. Schematic of formation under the lunar surface of a matter
evaporation zone (I), a melting matter zone (II), a zone of destruction of
particles that make up the lunar regolith and their irreversible deforma-
tions (III), a zone of nonlinear elastic deformations of regolith matter (IV),
and zones of linear elastic deformations of regolith matter (V). Circle in
zone (I) represents an unperturbed meteoroid at the equivalent center of a
meteoroid explosion. Lines from each zone I to V show ejection of matter
(including dust particles) at high speeds from surface of the Moon. Same
colors as for the corresponding zones shows upward emissions of
evaporated and melted matter.

orbital velocity for the Moon (v; = 1.68 km s~!) form a
dust cloud around the Moon [28, 31]. At ejection speeds
exceeding v, = 2.4 km s™!, secondary particles permanently
leave the Moon. The deposition of dust particles on the lunar
surface during bombardment by micrometeorites and by the
resulting secondary particles at a speed less than v, is
estimated as ~ 800 particles/m? per year for particles greater
than 1 pm in size [29].

The science program of the Chinese lunar lander
Chang’e-3 in 2013-2014 included the deposition of dust
particles on a solar battery element with an area of 0.33 cm?,
assessed by measuring the parameters of the electrical signal
from that sensor [32, 33]. The solar battery element was
located ~ 2 m above the regolith surface. Measurements
have shown that the mass of dust settling per unit measuring
surface of the sensor per year is 21.4 pg cm~2, which
corresponds to an annual average microparticle flux density
of ~0.68 x 10712 g cm~2 s~!. A comparison of the results
with an analysis of the mechanisms for dust-particle lift from
the surface of the regolith [34] showed that the leading
contribution by mass to the observed fluxes of dust particles
could be made by micrometer-size particles originating from
the ejections of regolith matter from the lunar surface under
micrometeoroid impacts. At the same time, the theoretical
estimate turned out to be several times greater than the mass
transfer of dust particles measured by the Chang’e-3 mission.
Such a difference between experimental data and existing
models requires additional analysis.
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2.1.2 Interplanetary plasma. Another important factor of
external influence on the surface of the Moon is the
interplanetary plasma (solar wind) —a flow of electrons and
protons from the solar corona, with ~ 4% of helium nuclei,
elements of the group of inert gases and their various isotopes,
C and N nuclei, and a small number of other nuclei. Matter of
solar origin implanted into the regolith makes a certain
contribution to the abundance of rare elements [35] in
addition to the main external sources of rare elements on the
Moon: meteoroids, asteroids, and comets. The energy of solar
wind ions is relatively low (~ 1 keV), and they therefore
penetrate only into the uppermost layer of the regolith, no
more than a micron thick, causing sputtering in some cases.
Radiation damage to the regolith matter is also possible, in
the form of the transformation of the crystalline structure into
an amorphous one [36]. The average particle speed in a quiet
solar wind is approximately 400 km s~', but it can vary
significantly depending on solar activity. The average ion
flux in the solar wind is 4.5 x 10'> m~2 s~! and is extremely
variable with time [37]. Because protons constitute about
95% of ions, this flux is 8.5 x 10~'* kg m~2 s~!. Thus, the
total amount of solar matter implanted into the lunar
regolith is 4.3 x 10%° particles per second, or 0.081 kg s~!
(interestingly, this is approximately four times the flow of
micrometeorites to the Moon).

In the course of its orbital motion around Earth, the
Moon crosses Earth’s extended magnetospheric tail; hence,
for approximately a third of the lunar day (i.e., ~ 9 Earth
days), the Moon experiences the influence of the magneto-
spheric plasma. A diagram of the orbital motion of the Moon
showing its intersection with the bow shock and the
geomagnetic tail is presented in Fig. 2. Earth’s magneto-
sphere has a quite complex structure, is extremely dynamical,
and largely depends on the parameters of the solar wind and
solar activity. The outer zones of Earth’s magnetosphere are
largely determined by the parameters of the solar wind, whose
concentration at 1 AU is about 10 cm~3. When crossing the
magnetopause (the boundary of Earth’s magnetosphere), the
Moon enters the magnetospheric tail plasma and can then be
either inside one of the tail lobes or in the low-latitude
boundary layer, or in the plasma sheet [38, 39]. In the
northern and southern tail lobes, the plasma concentration
is very low, 1073 to 10~2 cm 3 [40]. In the plasma sheet of the
magnetospheric tail separating the northern and southern
lobes, the plasma concentration is 0.05-0.2 cm™3, but has a
high ion temperature (1-5 keV) and a highly variable velocity
(10-1000 km s~!) [41]. Plasma instruments from the Apollo
12 and 15 missions provided important information about
the influence of magnetospheric plasma on the lunar
surface [42, 43]. Model studies of the influence of magneto-
spheric plasma on the electric charge of the lunar surface
and the dynamics of dust particles above the surface were
carried out in [44].

With an increase in solar activity, conditions for the
acceleration of charged particles can be realized in the solar
atmosphere, giving rise to solar cosmic rays (SCRs). The
energies of SCR electrons are usually more than 2 keV, and
the energies of nuclei are tens of keV/nucleon. The maximum
energy of SCR protons depends on the solar activity level and
can exceed 100 eV. In addition to protons and electrons,
SCRs include heavier nuclei, whose abundance in the high-
energy region coincides with their abundance in the solar
corona. SCR protons and alpha particles can penetrate into
the lunar regolith to a depth of several centimeters. Heavy

Moon’s orbit

Solar wind

_—

Figure 2. Schematic representation of the Moon’s orbit, bow shock, and
boundary of Earth’s magnetosphere in a plane close to the ecliptic. Ticks
on parts of the Moon’s orbit indicate intervals that the Moon travels in a
time equal to an Earth day.

SCR nuclei are decelerated within a millimeter-thick layer,
where they can destroy the atomic structure and leave traces
of radiation damage visible with an electron microscope [36].

Galactic cosmic rays (GCRs) have energies greater than
100 MeV, usually of the order of several GeV, but can also
reach very high energies of the order of 10! GeV. When
interacting with the regolith, heavy GCR nuclei, especially
those with a high charge, are decelerated quite rapidly due to
ionization losses, within a depth of ~ 0.1 m into the regolith.
Radiation impacts on the regolith caused by such nuclei occur
at depths of a few centimeters. Lighter GCR nuclei, mainly
protons and alpha particles, penetrate much deeper into the
regolith, initiating cascades of particles in layers up to several
meters in depth. The number of secondary particles in such
cascades greatly exceeds the number of primary particles. The
dominant particles in a cascade are neutrons with energies
below ~ 100 MeV, mainly due to their lack of ionization
losses [45].

The processes of radiation modification of the regolith,
occurring at different time intervals, lead to changes that can
serve as unique chronological markers in studying lunar soil
samples; taken together, they yield unique and very extensive
information of great importance for solving a wide range of
fundamental problems, such as the early history of the Solar
System, the nature of the solar wind and the composition of
the Sun, the large-scale dynamics of radiation flows in the
Solar System, and the radiation history of lunar rocks.

2.1.3 Electromagnetic radiation from the Sun. The impact of
the Sun’s electromagnetic radiation on the surface of the
Moon, and especially its UV spectral component [46], plays
an important role in the photoemission of the upper regolith
layer. Photoemission leads to accumulation of a positive
charge on the illuminated part of the lunar surface and the
formation of a double layer of a near-surface electrostatic
field.

Solar activity cycles have the greatest influence on the
deviation in the solar radiation flux from the average value
[47]. Moreover, the flux variability increases at shorter
wavelengths, reaching several percent at 200-250 nm and
several tens of percent, or even more, for waves shorter
than 200 nm. The effects caused by photoemission from the
illuminated surface of the lunar regolith are discussed in
Section 3.2.
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2.2 Properties of the regolith

Most of the information about lunar regolith comes from
studies of samples returned to Earth in the 1960s and early
1970s by the Apollo crewed spaceflight missions and robotic
spacecraft Luna-16, Luna-20, and Luna-24. Almost half a
century later, in 2020, the Chinese mission Chang’e-5 also
returned samples of lunar regolith to Earth for laboratory
study [48]. All the lunar regolith samples were returned from
near-equatorial and middle latitudes of the visible side of the
Moon and from elevations. The samples were analyzed within
extensive programs of lithological, mineralogical, elemental,
granulometric, physical, and other studies (see, e.g., [31, 49—
51)).

The upper regolith layer (several millimeters in thickness)
is a porous (> 80%) structure [52]. The regolith density
increases with depth, and infrared (IR) measurements show
that the characteristics of the upper ~ 0.1 m of the regolith are
approximately the same over the entire lunar surface, except
in recently formed impact craters [53]. The regolith bulk
density ranges from 1.04 to 1.90 g cm~3 in various samples
[4, 54, 55].

2.2.1 Chemical composition. Laboratory analysis of samples
returned to Earth shows that lunar rock typically consists of
pyroxene, plagioclase, ilmenite, olivine, and small amounts of
many other minerals [56]. Such a composition can form as a
result of impact processes during micrometeor bombard-
ment. The chemical composition of lunar dust varies across
the lunar surface, but on average is about 50% SiO,, 15%
Al,03, 10% CaO, 10% MgO, 5% TiO,, and 5-15% iron [57].

A key feature of lunar regolith is the presence of greater
than expected amounts of elemental, fully reduced metallic
iron [58]. The origin of this so-called nanophase metallic iron
(np-Fe®) is associated with high-speed impacts of microme-
teorites. As a result of energy release, the material of the lunar
surface undergoes not only mechanical destruction but also
shock melting and evaporation, which leads to the reduction
of iron oxide (Fe,;O3) to metallic iron [57, 59, 60]. With
transmission electron microscopy [61, 62] or ferromag-
netic resonance [63], metallic iron in lunar soil and dust
particles can be seen as deposits ~ 10 nm in size near the
edge of the particles. Deposits of nanophase iron are
typically found in aggregates with a high content of SiO,,
sintered under high-speed impacts of micrometeoroids [61,
62]. In this form, nanophase iron cannot affect the
chemical activity of lunar dust until these glassy regions
are destroyed. It is this feature that allows easily distin-
guishing between lunar rocks and their terrestrial analo-
gues. Recent studies by the Chang’e-5 lunar lander have
provided new data on the abundance of nanophase iron in
the lunar regolith [64, 65].

2.2.2 Particle size distribution. Because regolith is the result of
impact metamorphism, most of it is made of small and
unconsolidated fragments of underlying crystalline rocks
covering the entire lunar surface. More than a quarter (by
mass) of lunar regolith particles are breccias and glass-
bounded aggregates formed from silicates during high-speed
impacts of micrometeoroids [66]. Breccia is a coarse-grained
rock resulting from impact fragmentation, consisting of
fragments of rock sintered at high temperatures. The
thickness of the layer of processed regolith is usually 4-5 m
in the lunar mare areas and 10-15 m in mountainous areas
[66, 67].

%
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Figure 3. Histogram of size distribution of lunar soil sample no. 24176
returned to Earth by the Luna-24 spacecraft. Vertical axis shows
percentage of the mass of particles under study and horizontal axis shows
granule size expressed in microns and ¢ = — log, (d [mm]) [69].

Lunar regolith samples returned by the Apollo missions
were obtained mainly from the surface (80-90%), as well as
from depths ranging from 0.3 to 0.6 m, the particle size
distributions being largely identical [68]. Particles less than
1 mm in size make up more than 95% of the regolith mass.
The smallest constituent of the regolith, less than 100 pm, is
defined as lunar dust. The average particle size ranges from 40
to 100 um. Such particles make up about half the mass of
lunar regolith, most of them having a size from 45 to 80 um
[66, 68]. For nonspherical particles, their size is usually
understood as the diameter of an equivalent sphere or circle
[31].

The granulometric composition of particles was studied
by various methods, including a calibrated sieve, laser
analysis, the aerosol diagnostic method, analysis of scanning
electron microscope images, and others. Figure 3 illustrates
the size distribution of dust particles for sample no. 24176,
returned by the Luna-24 automatic station [69]. As noted in
[69], the particle sizes of the isolated fractions were monitored
using optical and scanning electron microscopes. The results
of the analysis showed that approximately 50% of the studied
samples consisted of finely dispersed material, i.e., particles
less than 70 pm in size; the superfine fraction less than 10 pm
in size was about 10% of the mass of the entire analyzed
sample, and the thinnest part of the regolith, less than 2 um in
size, made up 1 to 2% by mass [69]. Data on the size
distribution of microparticles are important for studying the
conditions of detachment of particles from the surface and
their subsequent dynamics, for designing effective filtration
systems for the human environment, and for studying the
toxicological effects of dust on human respiratory functions
[70].

Despite the variability in the shape of the particles
composing the regolith, their size distribution on the lunar
surface satisfies a log-normal law, which is typical of multiple
fragmentation [71]. Figure 4 shows experimental data on the
particle size distribution from 20 to 500 um for one of the
lunar soil samples returned to Earth by the Apollo missions
[5], together with the theoretical Kolmogorov distribution.

The distributions shown in Figs 3 and 4, as well as the
results of granulometric measurements of regolith samples
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Figure 4. Kolmogorov’s theoretical distribution describing observational
data of dust particles on surface of the Moon (solid curve). Squares
correspond to data in [5].

returned by the Apollo missions [49], show that regolith
microparticles with a characteristic size in the range of several
tens of micrometers make the main contribution by mass.

It was shown in [72] that, in the case of multiple
fragmentation, the Kolmogorov distribution remains valid,
atleast for particle sizes smaller than or of the order of 100 nm,
which allows the distribution of dust particles on the lunar
surface deduced from the data in [5] to be extended into that
range of sizes. The fact that the distribution of dust particles
can be extended to smaller sizes, down to submicrometers and
even nanometers, is very significant for theoretical descrip-
tion of dust plasma over the lunar surface [73].

2.2.3 Shape of particles of the fine fraction of lunar soil. The
shape of dust particles is generally extremely irregular, with
pronounced pointed edges, which markedly distinguishes
them from their terrestrial counterparts. The density of
individual particles is usually taken to be 2.7-3.0 g cm™3 [4].
A rich collection of images of lunar regolith particles is
presented in [74]. Figure 5, taken from that collection of
images, illustrates a typical agglutinate sample: porous glass
with fused rock and iron particles. All dust particles can be
morphologically classified into four types: (1) irregular-
shaped blocks with sharp corners, (2) glass fragments
(flakes), (3) irregular (porous, ‘Swiss cheese’-like) pieces, and
(4) spherical pieces; it was emphasized that particles of
irregular shape typically have pointed corners [70]. The
particle shape is mainly oblong, conducive to preferential
adhesion of individual particles along their longitudinal axes.
As a consequence, the fine fraction of regolith has anisotropic
physical properties [75].

2.2.4 Electrical properties of regolith. The electrical properties
of dust particles and most silicates of the lunar regolith at zero
illumination have an extremely low electrical conductivity, of
the order of 10~'* S m~! (for regolith) and 10~ S m~! (for
consolidated lunar rock) [4, 76]. The regolith electrical
conductivity strongly depends on temperature. The average
surface temperature is 380 K on the illuminated surface and
120 K during the night; in polar regions, the range of possible
surface temperatures can expand significantly [76]. Studies of
the effect of irradiation on the electrical conductivity of
regolith show that, compared with electrical conductivity in
the dark, the surface electrical conductivity increases by
approximately 10 times under irradiation in the IR range
and by 10° times under irradiation in the UV range [77].

The relative dielectric constant is determined by the
regolith density p and is approximately 1.97, where p is

Figure 5. Photographs of two particles of the fine fraction of lunar regolith.
(a) Porous glass interspersed with regolith and iron particles. (b) Particle
with pores formed as a result of release of volatile components during
formation by melting [74].

expressed in g cm™ [4], and is independent of the miner-
alogical composition of the regolith. High-frequency electro-
magnetic losses are determined by the loss tangent (the ratio
of the imaginary part of the complex dielectric constant to the
real one), depend on the density p and the content
(TiO, + FeO), and are very small for lunar regolith. The
extremely low electrical conductivity and small values of the
loss tangents indicate that lunar regolith absorbs electro-
magnetic energy weakly. For example, radio communication
on the Moon is possible through a lunar soil layer about 10 m
in depth.

As is known, the Moon does not have a dipole magnetic
field. However, there are local areas on the Moon with
magnetized surface rocks, so-called ‘magnetic anomalies’
[78]. Solar wind plasma streams, encountering such regions
on the lunar surface, can form ‘mini-magnetospheres’ [79]. In
such regions, the interaction of solar wind plasma with the
lunar surface is largely controlled by the local magnetic field
(these questions are discussed in Section 3.3).

3. Exosphere of the Moon

As is known, the Moon lacks a noticeable atmosphere.
However, there is a thin atmosphere in the form of a
collisionless gas shell, the so-called exosphere, in which the
motion of molecules is controlled mainly by the gravitational
field. The values of gas concentration and pressure on the
surface of the Moon are apparently comparable to similar
values on the surfaces of some other atmosphereless bodies of
the Solar System, e.g., Mercury, large asteroids, and a
number of satellites of the giant planets. Along with a neutral
atmosphere, the Moon also has an ionosphere. Similarly to
the neutral lunar atmosphere, the chemical composition of
the ionosphere is determined by its interaction with the lunar
surface.

3.1 Ionosphere and atmosphere

3.1.1 Ionosphere of the Moon. The first convincing evidence of
the existence of an ionosphere around the Moon was obtained
in the 1970s by radio occultation methods using the Soviet
probes Luna-19 and Luna-24 [80]. These measurements
showed that the ion concentration can be ~ 100 cm~3 [81],
with a peak electron concentration of 500 to 1000 cm~* and
with a characteristic altitude of ~ 10-30 km [82]. Recent
studies of the lunar ionosphere using the Japanese Kaguya
lunar satellite [83] have shown an average concentration peak
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Figure 6. Dependences of concentrations of photoelectrons and atmo-
spheric ions in ionosphere of the Moon according to data from SIDE
experiments [87].

of ~ 300 cm 3 at an altitude of 15 km with a gradual decrease
both at higher altitudes and towards the surface. Such high
concentrations are not consistent with the assumed physical
mechanism of ionosphere formation, according to which the
ion concentration is ~ 1 cm™3, despite the fairly high
concentration of exospheric neutrals on the day side of
the Moon (10° cm~3), the long process of photoionization
(10 to 100 days), and the short time (~ 1 s) of ion loss due
to capture by the solar wind [84]. This contradiction was
discussed in [85], where it was shown that photoelectrons
emitted by charged dust particles located at high altitudes
may be responsible for the results of radio occultation
measurements.

The lunar ionosphere contains ions from various sources:
generated by the lunar atmosphere, coming from the solar
wind, coming from Earth’s magnetosphere, and correlated in
time with signals from seismic detectors, which later allowed
such particles to be identified as ions associated with
meteoroid impacts [84]. Almost all of these data were
obtained during the lunar day. The mass/charge ratios
m/q =20-28 and m/q = 40-44 for ions detected by the
SIDE instruments were respectively assigned to ionized °Ne
and “*Ar atoms that are part of the natural lunar atmosphere.
Assuming an argon composition of the atmosphere, SIDE
data allows describing the lunar atmosphere using an
exponential (barometric) formula with a characteristic
height of about 40 km.

During the day, along with ions, a shell of photoelectrons
several hundred meters in thickness is present near the surface
of the Moon [86]. Located above this layer is a region of ions
originating from the neutral lunar atmosphere. After forma-
tion, such ions move either toward the surface of the Moon or
away from it, accelerating along the lines of the interplanetary

Table 1. Concentration of main components of lunar atmosphere on the
day and night sides of the Moon [87].

Atmosphere Daytime, Night time,
component cm™? cm—?
H, 4 % 10° 1.2 x 10*
“He 2 x 103 4 x 10*
20Ne 4% 103 1 x10°
BAr 1 x 10? 3x 103
WOAr 1.6 x 103 4 x 104
CO 3x10° <103
CO, 6 x 103 < 10°
CH,4 7 x 10* <10’
Na 6.7 x 10
K 1.5x 10

electric field. Figure 6 shows the concentrations of photoelec-
trons and atmospheric ions in the lunar ionosphere according
to the SIDE data [87].

3.1.2 Neutral atmosphere of the Moon. The lunar atmosphere
is extremely rarefied. The gas concentration is only about
2 x 10° molecules cm 3 during the lunar night, and even less
during the lunar day: approximately 10* molecules cm~3 [88].
Given that this is 14 orders of magnitude smaller than Earth’s
atmosphere, the Moon is often considered to have no
atmosphere at all.

Experiments to study the composition and bulk proper-
ties of the neutral lunar atmosphere were carried out
during the NASA Apollo program [76, 89]. However,
basic ideas about the lunar atmosphere are based on
theory. This is because the total mass of the lunar atmo-
sphere is very small, only 10* kg. Approximately the same
mass of gas was ejected by each Apollo lander as it
descended to and ascended from the lunar surface. Thus,
the six Apollo missions returned six times more gas to the
Moon than the mass of the atmosphere itself [90].

A breakthrough in the study of the lunar atmosphere was
the discovery of the D, line emission from atomic K and then
Na, made by observations from Earth in the late 1980s [91,
92]. The total concentration of Na and K in the lunar
atmosphere is only ~ 10> cm~3. It may seem that these
elements make only a minor contribution to the lunar
atmosphere, but the possibility of detecting Na and K from
Earth makes them very valuable sources of information about
it. The most common component of the lunar atmosphere is
CO; on the day side and Ne on the night side. In Table 1, we
present the concentrations of the main components of the
lunar atmosphere on the day and night sides of the Moon,
obtained from measurements carried out during the Apollo
missions. In Table 2, we give the total mass of the main
components [87].

Table 2. Estimation of total mass of most common components of lunar
atmosphere [87].

Atmosphere component Weight, kg
CO, 5200
CcO 2000
CH4 640
Ne, Ar < 500
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3.1.3 Sources of and losses from lunar atmosphere. The sources
and the loss mechanisms of various atmospheric components
are important characteristics for understanding the forma-
tion and existence of an atmosphere. An estimate of the
characteristic rate of loss of the lunar atmosphere is
~ 1072 kg s~! [90]. This value (compared to the total mass
of the atmosphere of ~ 10* kg) means that losses actually
control the dynamics of the lunar atmosphere and determine
its equilibrium concentration.

At least four mechanisms of loss have been identified for
the lunar atmosphere. (1) The primary one is so-called
gravitational escape. Because the lunar atmosphere is an
exosphere where the mean free path of atoms and molecules
is much greater than the characteristic height of the atmo-
sphere, atoms or molecules moving away from the Moon at
speeds exceeding the escape velocity (2.38 km s~! for the
Moon) typically go into outer space. (2) The next loss
mechanism is ionization losses, which occur because ionized
atoms and molecules in the lunar atmosphere are entrained by
the electric field of the solar wind and accelerated in it to
speeds of the order of the escape velocity. Ionization of
neutral atoms and molecules occurs under the influence of
solar UV radiation and charge exchange. All these processes
occur with varying degrees of intensity in accordance with the
11-year solar cycle and, to a lesser degree, with the 28-day
rotation of the Sun. In addition, there are (3) chemical losses
and (4) condensation. The most important type of chemical
loss involves collisions of atmospheric atoms and molecules
with the lunar surface, which can lead to chemical reactions
that bind an atom or a molecule to the surface. Less important
are losses due to chemical reactions that occur when gas
molecules collide. Although the lunar atmosphere is an
exosphere, atomic collisions can still occur. However, the
cross sections of chemical reactions occurring in pairwise
collisions of the many components of the lunar atmosphere
(for example, Ar—X, He—X, Na—Na, Na—K, and K—K)
are quite low, which further reduces the (already low)
efficiency of this atmosphere loss process.

A significant loss mechanism in the lunar atmosphere is
due to condensation. The condensation process manifests
itself, e.g., as a result of collisions of high-speed meteoroids
with the lunar surface. The rate of such collisions (number per
unit time) is very significant (see, e.g., [93]). In a zone around
the impact epicenter, matter evaporates and rises at speeds
exceeding the escape velocity for the Moon. A cloud of
evaporated matter expanding into empty space is subject to
the process of condensation [94], and a significant part (tens
of percent) of this matter is indeed condensed. Particles of
condensed matter rise above the lunar surface at speeds
exceeding the escape velocity for the Moon, and thus leave
it, going into outer space. However, such losses should
instead be classified as the loss of regolith matter rather than
the atmosphere.

The sources that replenish the lunar atmosphere fall into
five main categories: thermal sources, sputtering due to the
external influence of meteoroids, chemical and meteorite
sources, and internal emissions. These issues are discussed in
detail in [84]. We note that, first, different types of sources are
important for different components of the atmosphere, and,
second, there is no single source that supports the entire
atmosphere with all its components.

Thermal sources, sometimes called thermal desorption,
involve the sublimation of matter in the uppermost (near-
surface) layer of the lunar regolith, which is influenced by the

daily cycle of surface temperature oscillations. These sources
are concentrated mainly along the lunar terminator in the
morning and, to a lesser extent, on the daytime side of the
Moon.

Sputtering sources are associated with ejections of
particles from crystal lattice sites in several upper mono-
layers of the lunar surface under discrete pulsed actions (for
example, impacts of solar wind particles). All types of
sputtering on surfaces are complex and difficult to analyze
precisely, which prevents quantification of the material yield
due to sputtering on the Moon.

Chemical sources include chemical sputtering, which
occurs when a chemical reaction on the lunar surface (for
example, due to incident protons from the solar wind) has
enough extra energy for desorption. This process seems to
provide a high yield of atomized volatiles.

Meteorite sources are associated with impacts of meteor-
oids incident on the surface of the Moon at speeds of the order
of tens of kilometers per second. Among the neutral atoms of
the atmosphere from this source, volatile substances such as
alkalis, sulfur, H,O, and other components, mainly in the
form of molecular fragments, are expected to be dominant.

Internal emissions may be associated with volcanism
(which, however, is presently nonexistent on the Moon),
diffusion in the lunar crust, or leaks caused by seismic
impacts.

3.2 Processes on regolith surface

under the influence of external factors

On the surface of the Moon, as on any large body surrounded
by plasma, an equilibrium electric potential is established that
prevents an increase in charge due to the constantly oncoming
plasma flow. This process leads to the formation of a near-
surface region of nonneutral plasma, bounded by two
oppositely charged layers. On the side of the Moon illumi-
nated by the Sun, such a near-surface region of nonneutral
plasma, the so-called ‘double sheet,” forms due to the
interaction of the incoming flow of solar wind plasma with
the regolith surface. The transverse size of the double sheet is
of the order of the Debye radius [95]. The parameters of the
double sheet plasma are determined by external factors, e.g.,
plasma concentration, thermal velocities of plasma particles,
and electrical conductivity of the regolith; on the sunlit side of
the Moon, for example, the thickness of such a layer is about
1 m [5]. The near-surface plasma forms under the action of
solar radiation on the lunar regolith as a result of the
photoelectric effect, the incoming plasma flows of the solar
wind (or the tail of Earth’s magnetosphere when it is crossed
by the Moon), and the effects of proton backscattering [96],
secondary electron emission, and sputtering. For the Moon
and most other atmosphereless bodies, the rate of photoemis-
sion under solar illumination is much greater than the rate of
absorption of solar wind electrons by the regolith, and the
regolith surface then acquires a positive charge.

Electron photoemission is generally the main process
responsible for charging the surface layer of the regolith on
the illuminated side of the Moon. Incident photons with
energies exceeding the work function of the lunar surface
material cause photoemission of electrons. The work function
of lunar regolith matter and its quantum yield, which
characterizes the number of electrons knocked out from the
surface by one photon, were experimentally studied in
laboratory conditions [97, 98]. However, the authors noted
that these studies were carried out in an inert atmosphere
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Figure 7. Quantum yield for two lunar regolith samples (nos. 14259.116
and 15021.98) [98].
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Figure 8. Results of a model analysis of quantum yield of lunar regolith
[99].

containing impurities, and its electrical properties could
significantly affect the results. In [97], only one sample was
studied, which, according to the authors, cannot be suffi-
ciently representative to arrive at definitive conclusions, and
in [98], rather small particles were studied, which could affect
the obtained quantum yield values. Figure 7 shows the
differential photoelectron flux obtained as a result of an
experimental study of two samples of lunar regolith returned
to Earth by the Apollo missions [98]. Figure 8 shows the
results of a model analysis of such a dependence, carried out
in [99].

It is clear from the presented dependences that they differ
significantly. Insufficiently accurate data on the quantum
yield of photoelectrons of the lunar regolith and significant
variations in the photon energy at different levels of solar
activity [100] in theoretical analyses lead to significant
uncertainties in the estimates of surface potentials on the
illuminated side of the Moon. It is therefore important to
determine these and other electrophysical characteristics of
the lunar regolith directly on the Moon or in laboratory
conditions in an environment as close to the lunar one as
possible.

Currently, the work function of lunar regolith is generally
accepted to be in the range of 5-6 eV [101]. These work
function values are used, together with the dependence of the
quantum yield value on the photon energy given in [98]
and [99], in studies where the effects of photoemission near
the lunar surface have to be taken into account.

For example, the results of calculating the photoelectron
layer above the illuminated surface of the regolith in [97] are
0.78 m for its thickness and ~ 130 cm ™ for its concentration.
But when using the data in [99], the concentration of
photoelectrons reaches 2 x 103 cm™3, and the photoelectron
layer thickness (determined by the condition that the
concentration of solar wind electrons in it is much less than
the concentration of photoelectrons) reaches several tens of
meters [102]. The work function and quantum yield of the
lunar regolith determine the photoelectron energy distribu-
tion function @¢(E.), which can be derived in a standard way
by calculating the flux density of photoelectrons emitted by

an irradiated solid body,

0u(Ee) B = 200502 [ () P dp B (1)
e JEA+W

where E. is the photoelectron energy, E,, is the photon
energy, W is photoemission work function, 0 is the angle
between the local normal and the direction to the Sun, m is
the electron mass, Y(Epy) is the quantum yield depending on
the photon energy, and F,, dE,, is the number of solar
radiation photons with energy Ep,, in the interval dEp,
crossing a unit area perpendicular to the direction of photon
motion per unit time. The coefficient 2 appears on the right-
hand side of (1), because the number of electrons leaving the
surface of a solid and the number of electrons absorbed by it
are equal in a stationary state. In deriving formula (1), the
possible anisotropy of the photoelectron distribution func-
tion in velocity space, caused by the roughness of the lunar
surface, was neglected. The probability that an electron with
energy FE. is emitted within the energy interval dE. due to the
absorption of a photon of energy E,, is given by [99]

6(Em — E)

dp =
£y

E.dE,, 0<E.<En=En—W. (2)

It was shown in [103] that the photoelectron distribution
function differs significantly from the usual Maxwellian
distribution. Figure 9 shows the distribution functions
fe(Ee) = @(E:)/ Ny, where Ny is the photoelectron concen-
tration on the surface of the Moon calculated for the data
corresponding to quantum efficiency [98] and different levels
of solar activity. The total distribution function f.(E.) is a
superposition of the distribution function of photoelectrons
ejected by photons with energies close to the work function
and having a temperature in the range of 0.1-0.2 eV, and the
distribution function of photoelectrons associated with the
Ly-o hydrogen line (10.2 eV) in the solar radiation spectrum
and having a temperature of the order of 1 eV. Hence,
photoelectrons with energies both of the order of 1 eV and
of the order of 0.1 eV should be observed.
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Figure 9. Energy distribution functions of photoelectrons f.(E.) (solid
curves) near illuminated part of lunar surface, corresponding to (a) a solar
flare of class X28, (b) a solar maximum, and (c) a solar minimum. Lunar
regolith work function is W = 6 eV, and quantum yield is determined by
an experimental dependence [98]. Dashed curves show Maxwellian
distributions calculated for values of average photoelectron energy
characterizing corresponding distributions represented by solid curves
[103].

The energy spectra of emitted photoelectrons are deter-
mined by the spectrum of incident photons times the
photoemission quantum yield as a function of photon energy
(see Eqn (1)). Depending on the solar activity level, solar
radiation fluxes can change dramatically, especially in the
photon energy range above 10 eV [100, 104]. Therefore, the
photoelectron spectra on the illuminated surface of the Moon
(as well as on other atmosphereless bodies) are extremely
variable and, as already noted, very sensitive to the quantum
yield value [100, 103]. The model distribution of photoelec-
trons over the lunar regolith illuminated by the Sun was
considered in several studies (see, e.g., [10, 12, 103, 105, 106]).
In a recent study [107], it was shown using an analytic
approach [108] that the energy distribution of photoelectrons
in a stationary state largely depends on the charge and
temperature of the lunar surface. Conversely, the energy
distribution of photoelectrons is critical for deciding how
large the dayside surface potential is in the solar wind and in
the magnetotail [107, 109].

3.2.1 Interaction of interplanetary plasma with regolith.
Besides photoemission, electron and ion currents created by
the incoming flow of solar wind plasma or magnetospheric
plasma can also make a certain contribution to the formation
of the surface potential when the Moon crosses the distant tail
of Earth’s magnetosphere. Typically, the solar wind plasma
flux onto the lunar surface is 10® ion cm~2 s~! in the energy
range of 350-1200 eV amu~'. Under the action of inter-
planetary plasma flows on the regolith surface, ion back-
scattering, surface sputtering, and secondary electron emis-
sion of the regolith can also make some (although much less,
at the level of several percent) contribution to the formation
of the regolith surface potential.

When solar wind plasma interacts with lunar regolith,
most of the ions are absorbed by the regolith material. Studies
of the interaction of the solar wind with the Moon by the
spacecraft Chandrayaan-1 (2008, India), Kaguya (2007,
Japan), Chang’e-1 (2007, China), and Artemis (2007, USA)
showed in [110] that a significant portion of solar ions (~ 10—
20%) capture electrons and are scattered in space in the form
of neutral atoms [96, 111, 112]. A small part of the H* ions
(~0.1-1.0%) are reflected from the surface, retaining a
positive charge [113]. As regards solar wind electrons, their
backscattering coefficient depends on their speed and surface
material; the resulting albedo for such particles with energies
of ~ 100 eV is ~ 10-30% [114].

Sputtering of lunar regolith particles by solar wind
protons and heavier ions is a process leading to erosion of
the upper layer of the regolith and is therefore one of the
sources behind the formation of the atmosphere and exo-
sphere of the Moon [115, 116]. This problem was briefly
discussed above in the analysis of the sources of the lunar
atmosphere. Here, we only recall that the main processes
involving atomic sputtering of regolith, in addition to
micrometeoroid impacts, are atomic sputtering of regolith
material by the solar wind flow and photon-stimulated
desorption [117-119].

When incident particles of interplanetary plasma interact
with surface material, surface atoms can be excited, which is
accompanied by secondary electron emission. The efficiency
of secondary electron emission depends on the energy of the
incident particle and the surface material. Higher-energy
incident particles can reach deeper layers and release more
electrons, which, however, are less likely to leave the material
than the secondary electrons produced at a shallower depth.
Therefore, the functions characterizing the secondary elec-
tron emission coefficient contain peaks corresponding to the
primary electron energies of several hundred eV for an
electron impact and ~ 10-100 keV for a proton impact. The
distributions of secondary electrons are Maxwellian with
characteristic energies of several eV [120]. In some cases, the
secondary electron emission coefficient can be greater than
unity [121].

However, we note once again that, under illumination
conditions, the average charge of the lunar surface is
determined by photoemission, and the role of plasma flows,
and even more so of secondary electron emission, is insignif-
icant [98].

3.2.2 Regolith surface potential. The lunar surface is charged,
and a near-surface electric field forms near the Moon as the
result of a complex interplay of external factors acting on the
surface of the regolith, including, first and foremost, solar UV
radiation, flows of electrons and ions of the solar wind (or
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magnetospheric plasma when the Moon crosses the geomag-
netic tail), and collisions of high-speed micrometeoroids with
the surface.

The electric potential of the regolith surface under the
influence of solar radiation is established when the sum of the
principal currents that affect the potential is equal to zero.
These are the photoemission of electrons Jp,. and the fluxes of
plasma electrons Je, plasma ions J;, and secondary electrons
Jsee (Which arise as a result of the impact of electrons of the
incoming plasma flow on the surface of the regolith, as we
discuss below). On the illuminated side of the Moon, the
concentration of photoelectrons is usually more than an order
of magnitude higher than that of solar wind plasma, and
hence the surface potential on the illuminated side is positive
[122].

The surface potential was determined during the NASA
Apollo program [123, 124]. In accordance with measurement
data, the potential of the illuminated part of the regolith
surface is of the order of +10 V at solar zenith angles up to
0 ~ 20°—45° (where 0 is the angle between the local normal
and the direction to the Sun). Because the lunar regolith
surface is almost insulating, the acquired surface potential
can persist for a long time [125, 126]. A double (plasma) sheet
with an electric field E then appears between the charged
surface of the regolith and the surrounding quasineutral
plasma. The characteristic thickness of such a sheet is of the
order of the Debye length, which is about 1 m for the Moon
[5]. With an increase in the solar zenith angle to 6 > 45°, the
surface potential rapidly decreases: at the terminator, it
becomes negative and can reach —100 V [123].

On the night side of the Moon, as for any atmosphereless
nonconducting celestial body, the incident solar wind flow
creates an area with an extremely low concentration and low
velocity of plasma. In this case, an analogue of the double
sheet is assumed to be a region with a transverse size of the
order of the Moon’s diameter [95]. Given that the thermal
velocities of electrons V. are much greater than those of
positive ions Vi, it was analytically shown in [8] that the
potential of the regolith surface on the night side of the Moon
must be negative.

Measurements of the electrical potential of the lunar
regolith surface carried out from the Lunar Prospector lunar
orbiter [127] showed that the regolith potential is negative on
the night side of the Moon, being equal to about —200 V near
the boundary of the shadow and about —100 V in the central
part of the lunar night [128]. However, when the Moon
crosses the geomagnetic tail in the region of the current
sheet, as well as in the solar wind during energetic solar
flares, the negative potential of the regolith on the night side
of the Moon can reach several kilovolts [129]. The structure of
the double sheet on the night side of the Moon depends on the
direction of the solar wind plasma flows relative to the vector
of the interplanetary magnetic field and the electrical
conductivity of the regolith, which, although extremely low,
determines the surface currents and hence the average surface
potential [8].

From the standpoint of electrostatic processes, a special
zone on the surface of an atmosphereless body is the
terminator zone—the boundary of the illuminated and
shaded regolith surfaces. It was in the terminator zone that
several American and Soviet lunar landers recorded LHG [1,
2, 130] caused by the reflection of solar radiation from dust
particles that presumably levitate in near-surface electric
fields (see, e.g., [126]). Many papers have been devoted to

studying the features of the terminator zone from the
standpoint of the acquisition of an electric charge by the
regolith surface and the structure of the double sheet (see, e.g.,
[9, 32, 131-137)).

Above the illuminated part of the Moon, as already noted,
the main components of the near-surface plasma are photo-
electrons and positively charged dust particles, while, above
the night part, the main contribution is made by solar-wind
electrons. Moreover, the concentration of electrons above the
illuminated part is always significantly higher than above the
night side of the Moon. As a result, the terminator zone
contains a region analogous to a plasma sheet, in which
significant electric fields can arise (~ 300 V m~") [138].

Surface inhomogeneities can also play an important role
in producing significant electric fields in the terminator region
[139-141]. It was shown in [9] that conditions for the
formation of strong local electric fields are created near the
terminator. Indeed, in the lunar surface areas near the
terminator, the value of the solar zenith angle 6 is close to
90°, and therefore sharp local alterations between light and
shadow exist at the boundary of acute local inhomogeneities
of the regolith surface, e.g., near craters or hills of various
scales. This leads to the formation of a large local potential
gradient, whose magnitude depends on the slope of the local
heterogeneity of the regolith surface (i.e., on 6,). The
extremely low conductivity of the lunar regolith supports the
formation of a large potential difference on a scale much
shorter than the Debye radius [9]. The estimates in that paper
show that the resultant local electric fields become strong
enough for dust particles about 1 mm in size to be lifted above
the surface. The proposed mechanism is effective only on the
night side after sunset and close enough to the terminator. Far
from the terminator on the night side, the flow of charged
particles hitting the surface is so insignificant that the process
of raising dust becomes too weak.

To conclude the discussion of the formation of the lunar
regolith surface potential, we emphasize that the relevant
physical processes depend on the solar activity, lighting
conditions, influence of the plasma of Earth’s magneto-
sphere, and characteristics of the regolith surface. Despite
the large number of studies devoted to the above problems,
additional experimental and theoretical work is needed to
clarify the values of the potential and elucidate the basic
physical processes leading to its formation. The most critical
area, which hosts a large number of unresolved issues, is that
of the lunar terminator — the boundary of light and shadow.

3.3 Near-surface plasma—dust environment

It has become generally accepted by now that dust above the
lunar surface is an integral part of the plasma—dust system of
the lunar exosphere. We qualitatively describe the general
picture of physical processes under the influence of external
factors on the surface of the regolith and the formation of the
plasma—dust exosphere of the Moon: electromagnetic radia-
tion of the Sun, solar-wind plasma, and plasma of the tail of
Earth’s magnetosphere. Figure 10 shows a simplified diagram
of the influence of external factors on the regolith surface in
the formation of the plasma—dust environment.

On the illuminated side of the Moon, the regolith surface
acquires an electric charge due to the photoelectric effect (the
contribution of the solar wind plasma flow is usually much
less than the photoelectric effect), giving rise to a near-surface
plasma sheet and an electric field E. Those dust particles lying
on the regolith surface for which the electrostatic force F;
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Figure 10. Main elements characterizing plasma—dust system above lunar
surface: terminator, photoelectrons, near-surface dust, high-altitude dust,
solar radiation photons (%), and solar wind.

exceeds the van der Waals adhesion force Fygw and the force
of gravity F, lift off the surface and become components of
the plasma—dust exosphere (lofting). Dust particles floating
above the surface of the Moon also emit photoelectrons when
they absorb UV radiation. All dust particles lying on and
hovering above the regolith surface constantly acquire charge
as a result of the photoelectric effect and the absorption of
photoelectrons. Whenever the Moon is in the tail of Earth’s
magnetosphere or when considering plasma—dust processes
on the night side of the Moon, external influences on the
regolith change, and the mechanisms for the regolith
microparticles to acquire charge also change, but a plasma
sheet is still formed above the regolith surface, together with a
near-surface electric field and hence a plasma—dust exosphere,
whose characteristics are determined by external influences
and the electrical properties of the regolith.

3.3.1 Observations of lunar dust dynamics. One of the
important and not fully explored factors of external influ-
ence on the surface of the Moon is the dynamics of
microparticles of the lunar regolith, the so-called lunar dust.
The first indications of the presence of dust in the near-surface
layer above the Moon were obtained by the Surveyor robotic
landing spacecraft, which used a TV camera to obtain images
of the lunar horizon after sunset [2] (Fig. 11). These images
reveal a near-surface glow over the region of the lunar
terminator with a maximum brightness of 0.26 c¢d cm™2,
with characteristic heights of ~ 10-30 cm. The authors of [2]
concluded that the observed glow may be due to the scattering
of sunlight by suspended (levitating) charged dust particles
with dimensions a ~ 5 um above the surface in an electric
field exceeding several hundred V cm™~!.

The existence of lunar dust at higher altitudes was proved
using a two-channel (2700 A and 5400 A) astrophotometer
installed aboard Lunokhod-2, which recorded light scattering
[130]. Estimates based on these measurements indicated that
the cloud of dust scattering sunlight was located 260 m above
the lunar surface. In addition, the Apollo mission astronauts
took photographs and made sketches of visual observations
during the circumlunar flight phase. Some of these sketches
are presented in Fig. 12 [142]. Later, as part of the Clementine
mission, images were also obtained indicating the existence of
a glow in the lunar horizon region, which, as the authors of

Figure 11. Raw image of LHG obtained by the American Surveyor-6
lander (part of a photo from the National Space Science Data Center) [5].

[143] believe, is associated with the rise of dust due to
electrostatic processes.

The presence of dust in the lunar exosphere is also
indirectly evidenced by data from the Soviet missions
Luna-19 and Luna-22. High electron concentrations in the
lunar ionosphere, obtained by the radio occultation method
[82] (see Section 2.1), can be caused by charged dust particles
at altitudes of 5 to 10 km above the Moon [85].

The first direct detection of dust particles above the lunar
surface dates back to the LEAM (Lunar Ejecta and Meteor-
ite) experiment conducted on the lunar surface by the Apollo
17 astronauts [3]. Using the LEAM installation, they could
obtain data on fairly intense particle flows with velocities
v ~ 1001000 m s~!, whose charge was typically 0 > 10712C
(> 107e).

Actual evidence of the lofting of regolith microparticles
above the lunar surface, obtained at the early stages of lunar
exploration [5], led to the development of theoretical and
experimental work aimed at explaining plasma—dust pro-
cesses in the near-surface exosphere of the Moon. Dynamical
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Figure 12. Part of a sketch of the sunrise on the Moon seen from the Apollo
17 spacecraft in lunar orbit. Coronal and zodiacal luminosity is marked in
red; blue: lunar dawns, possibly caused by dust in the lunar exosphere;
green: possible light streamers (twilight rays) formed by shadowed and
diffused light [142].
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models of the behavior of dust particles over the surface of the
Moon acted upon by electrostatic forces were developed in
theoretical and experimental studies [10-14, 105, 144] and
elsewhere.

3.3.2 Distribution of dust in near-surface exosphere. A
theoretical model of the distribution of dust particles and
electrons in the near-surface layer of the illuminated part of
the Moon was proposed in [12, 73, 103]. Calculations were
carried out in terms of the angle 0 between the local normal
and the direction to the Sun, and the photoemission work
function value W= Wz~ 6 eV was used for different
estimates of the quantum yield. To describe the plasma—dust
system in the near-surface layer of the illuminated part of the
Moon, the charging of dust particles above the lunar surface
was calculated with the influence of photoelectrons in the
double surface layer, electrons and ions of the solar wind, and
the photoelectric effect on dust particles taken into account
[73]. The influence of light pressure on the dynamics of dust
particles was not considered because, according to the
estimates in [73] based on a comparison of the electrostatic
force acting on a dust particle near the surface of the Moon
and the force of light pressure, this effect is felt only by
particles whose size is well below 1 nm.

As noted above, the calculations took photoelectrons
both from the lunar surface and from the surfaces of dust
particles floating above the Moon into account. Considering
photoelectrons from the surfaces of dust particles requires a
self-consistent description, because the presence of photo-
electrons affects the distributions of dust particles, while the
distribution of dust particles determines the number of
photoelectrons. Due to the self-consistent nature of the
problem, it can be solved only numerically. To find the
concentration of photoelectrons over the lunar surface, a
system of equations is to be solved that consists of a
stationary kinetic equation for the photoelectron distribu-
tion function and the Poisson equation for the electrostatic
potential with the corresponding boundary conditions char-
acterizing the behavior of the potential near the lunar surface
and at an infinite distance from it. To find the distribution
function of photoelectrons near the lunar surface, the number
of near-surface electrons knocked out by photons via the
photoelectric effect is calculated using the solar radiation
spectrum [145, 146], with due account for the decrease in the
work function and the increase in the quantum yield of
regolith photoemission in a hydrogen monolayer on dust
particles on the lunar surface [147]. In the zeroth approxima-
tion, when the photoelectrons originating from the dust
particle surfaces are disregarded, it turns out that the
distribution of photoelectrons with respect to velocity near
the surface of the Moon can be approximated by a
Maxwellian distribution with the photoelectron temperature
T pn and the concentration Ny. The behavior of dust particles
in the near-surface layer is described by equations that take
their dynamics and charging into account:

2

d°h
maqa = qaE(h, 0) — magyr (3)
a0 _ I I I 4
P (qa) + 1i(qa) — Ton(qa) + Ic pn(qa) 4)

where / is the height above the lunar surface, mg is the mass of
a dust particle, ¢4 is its charge, g) is the acceleration of
gravity near the lunar surface, I.(¢q) and f;(gq) are micro-

scopic currents of solar wind electrons and ions onto a dust
particle, I,y(qq) is the photocurrent of electrons from a dust
particle due to its interaction with solar radiation, and
I pn(gq) is the current of photoelectrons onto a dust particle
(see, e.g.,[73]). The minus sign in front of the third term on the
right-hand side of (4) means that photoelectrons described by
this term leave the surface of the dust particle, while the
plasma particles described by the first, second, and fourth
terms, conversely, are absorbed on it.

Calculations with system of equations (3), (4), in parti-
cular, allow determining the size distribution of dust particles
floating above the Moon. The probability of a particle being
present at a certain height can then be calculated (it is
proportional to the time spent by the particle at a given
height). This probability is multiplied by a normalization
factor, which is calculated so as to provide a suitable
description of the size distribution of lunar dust on the
surface (at zero height), given in Section 2.2 (see Fig. 4). As
a result, in Fig. 13, we show the distribution of dust particles
of different characteristic sizes along the height above the
lunar regolith surface. Figures 13a—c show histograms
describing the results of calculations of dust particle concen-
trations above the surface in the polar region of the Moon for
the angles 6 between the local normal and the direction to the
Sun equal to 77°, 82°, and 87°, under the assumption of a
smooth surface of the Moon (without hills and depressions)
approximately corresponding to lunar latitudes (the differ-
ence can amount to ~ 1.5°). The length of a single-color
horizontal section in each diagram in Figs 13a—c characterizes
the concentration of particles at the corresponding height £
with particle sizes in the corresponding range indicated on
each graph. The total length of the horizontal section on the
diagram corresponds to the total concentration of particles
with the indicated size. Figure 13d shows the results of
calculations of the maximum possible heights of lofting of
dust particles of various sizes for different 6 angles. The
abundance of sufficiently small particles (with sizes less than
60 nm) depends on the height nonmonotonically, because the
behavior of such particles is dynamical (i.e., they do not
levitate but move along nearly ballistic trajectories), the time
spent by particles of different sizes at the same height is
different and, in addition, each horizontal section in Fig. 13,
corresponding to a certain range of particle sizes, charac-
terizes a variety of particles. Reducing the size ranges that
define the horizontal section results in decreasing the degree
of nonmonotonicity in particle abundance.

In general, over the illuminated part of the Moon, for
angles 0 not very close to 90° (i.e., for not too small values of
cos ), the distributions of dust particles lofting above the
Moon due to electrostatic interactions are similar to those
shown in Fig. 13 and are determined by a factor of the order
of cosf. The main carriers of negative charges in the near-
surface layer over the illuminated side are photoelectrons
(npn) and, in some cases, solar wind electrons (s, ), with their
concentrations usually related as npn > ngy; the positive-
charge carriers are dust particles and solar wind protons.
Hence, the characteristic size a and concentration ngq of
charged dust particles in the near-surface layer of the
illuminated part of the Moon can be respectively estimated
as characteristic values of the order of 100 nm and 10° cm 3.
Such a high concentration of dust arises due to a significant
concentration of photoelectrons above the Moon (including
those knocked out by solar radiation photons from the
surfaces of dust particles hovering above the Moon). Over



546

L M Zelenyi, A V Zakharov, S I Popel, I A Kuznetsov, E V Rosenfeld

Physics— Uspekhi 67 (6)

240
. em a b
e 0=177°
200 200
h, cm
160 160
120 120
80 80
40 40
0 I 0
2 4 6 8
ng, 103 cm—3
240
d
h, cm ¢
200 200 |- o
0 =87° \ \\ 0="177
Hinax, cm \N W\ _____ 0= 82
160 70 nm 160 L \ \\
\ N\ —_—— 0=87
60 nm \ \
120 120 + A
50 nm \ N
[ NN
80 [ 0 nm 80 |- \ \\
| AR
I
40 [ 40 \\ \\
N
\ N
0 T T T | 0 | L\ N
1 2 3 5 40 50 @ nm 60 70
ng, 103 cm—3 ’

Figure 13. Distributions of dust particles over surface of the Moon for angle 6 between local normal and direction to the Sun given by (a) 77°, (b) 82°, and

(c) 87°, and (d) maximum possible height of ascent of dust particles [73].

the night part of the Moon, in the absence of photoelectrons,
the concentration of charged dust particles with a size of the
order of 100 nm can be estimated as ng ~ 1072—10"! cm 3.

We note that, in those areas of the Moon affected by solar
wind plasma flows (or magnetospheric plasma when crossing
the geomagnetic tail), plasma instabilities can develop,
leading to the excitation of Langmuir and electromagnetic
high-frequency waves [102, 148]. It was shown in [149] that
dust sound waves can propagate in the vicinity of the lunar
terminator. Studying wave processes in the near-surface
plasma—dust exosphere of the Moon is important from a
practical standpoint, because all these plasma instabilities
can, among other things, affect the results of measurements of
the parameters of near-surface plasma in the course of field
studies.

3.3.3 Dust clouds at high altitudes. The plasma—dust exosphere
near the lunar surface, as discussed above in this section,
forms as a result of the impact of electromagnetic solar
radiation and/or flows of interplanetary plasma on the
regolith. As already noted, such processes occur on the
surface of the regolith, whose thickness is of the order of the
Debye radius, in the near-surface plasma—dust layer about a
meter in thickness on the illuminated side of the Moon.

A different picture arises when the regolith is exposed to
high-speed micrometeoroids of cometary or asteroid origin.

The speed of such particles with sizes from 10 nm to 1 mm can
reach several tens of km s~! [22]. As shown in Section 2.1,
their impact is explosive. Most ejecta (secondary) particles
have an initial velocity below the escape velocity from the
Moon and return to the surface via ballistic orbits. Micron-
and submicron-size secondary particles that are ejected at a
near-escape velocity form a highly variable but persistent dust
cloud around the Moon. This dust cloud was discovered in
lunar orbit by the LDEX (Lunar Dust EXplorer) instrument
installed on the lunar orbital satellite LADEE (Lunar Atmo-
sphere and Dust Environment Explorer) [25].

The LDEX instrument was an impact ionization dust
detector that measured both positive and negative charges of
particles in the plasma cloud that forms when a dust particle
hits a target. Measured fluxes of dust particles in lunar orbits
at altitudes ranging from 3 to 250 km indicate that the Moon
is surrounded by a persistent but highly variable dust
exosphere. Based on measurements with the LDEX instru-
ment [150], a model configuration of the dust cloud over the
Moon has been proposed (Fig. 14).

3.4 Near-surface electric and magnetic fields

Currently, it is generally accepted that the most likely cause of
dust particles detaching from the surface and levitating over
the illuminated part of atmosphereless bodies is the electro-
static mechanism [5]. For the Moon, the concept of such a
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Figure 14. A model year-averaged distribution of lunar dust concentration
for particles > 0.3 pm in size, obtained from measurements with the
LDEX instrument [150]. The Sun is to the left of the image, and the
Moon’s orbital motion direction is upward.

process was proposed in [1, 151]. Dust particles located on the
regolith surface that have acquired an electric charge ¢
experience the Coulomb force F, = gE;, the gravitational
force Fy = mgy (where m is the particle mass and g is the
acceleration of gravity on the Moon), and the van der Waals
adhesion force F,. If the Coulomb force directed upward
exceeds the sum of the forces holding the dust grain on the
surface, F. > F, + F,, the particle detaches from the surface
and the van der Waals force disappears. As a result, in the case
F. > Fg, the particle is accelerated and is pushed away from
the surface (lofting). If the electrostatic and gravitational
forces acting on a particle are balanced, F, ~ Fj, the particle
levitates in the near-surface electric field E..

However, two significant problems arise with this
mechanism. The first is to understand how a dust grain lying
on a surface can accumulate the electrical charge necessary to
levitate in the field of the electric double sheet. The second is
to elucidate the nature of the force that is capable of detaching
a dust grain from the surface, overcoming the van der Waals
adhesion force Fygw and the gravitational force F,. The
solution to these problems was considered in several studies,
including [6, 9, 152—-155].

When considering the detachment of dust particles from a
nonconducting surface, an important point is to take the
adhesive van der Waals forces F,qw into account; they adhere
microparticles to each other or attach them directly to a
nonconducting surface. For micron and submicron particles,
these forces can be quite significant [152]. For relatively large
dust particles (with a characteristic size R ~ 1 mm), the
adhesion forces Fygw < R become insignificant compared
with the gravitational force Fy oc R® [6]. Therefore, in
discussing the particle detachment problem, we first briefly
consider methods for assessing the adhesion force.

The magnitude of adhesion forces is usually estimated
using the Hamaker model [156]. The parameters of the model
are the characteristic sizes R; and R, of interacting particles,
the distance D between their surfaces, and a parameter A

introduced by Hamaker. This parameter has the dimension of
energy and depends on the properties of the material of the
microparticles, but is independent of their shape. Expressions
for the magnitude of the adhesion force between two dust
particles used by different authors do not differ much [157].
For example, the formula used in [152] is

A RR

Foaw(D) =p2 Ry 1

(5)

with the Hamaker parameter 4 ~ 10~'° J [156]. The distance
D between the dust particle surfaces is a rather uncertain
quantity. According to [152], D can range from 0.3 nm to
100 nm, depending on the shape and roughness of the dust
particles. Taking the characteristic size of microparticles
R ~ 1 pum, we can estimate the adhesion force Fyqw to be in
the range from 10~7 to 10~!> N, which is several orders of
magnitude greater than the force of gravity F, acting on
micron-size particles. Thus, to detach a particle with the
charge ¢ = ne from the surface, even if the adhesion force
F.qw has a minimum value of ~ 10~!2 N, the electric field
strength E above the surface must satisfy the condition

F
~—=nE>10"Vm'. (6)
e

If we again use the value E~ 10 V m~!, then, for a
micron-size particle to detach from the regolith surface, its
charge must be millions of e, which does not seem realistic.
Therefore, it should be assumed that either an extremely
strong local electric field exists directly above the surface at
the moment of dust grain detachment or dust detaches under
the influence of certain forces of a different nature (for
example, meteorite impacts or moonquakes).

3.4.1 Charge of a solitary dust grain and a grain of dust lying on
the surface. The charge acquired by dust grains lying on the
surface and floating above it differ by several orders of
magnitude. To understand the cause, it suffices to consider
two main mechanisms for acquiring charge: collisions with
ions and electrons of the solar wind and the photoelectric
effect. In both cases, the process starts with the accumulation
of charge on the initially neutral surface of a dust particle. In
plasma, this happens because the thermal velocities of
electrons are tens of times higher than the thermal velocities
of ions (protons in the vast majority of cases in the solar wind
plasma). Because the concentrations of electrons and protons
are approximately equal, electrons collide with dust grains
much more frequently than protons do. As a result, a negative
charge accumulates on the surface that absorbs most of the
particles incident on it. If photons hit the surface, then
positively charged holes appear on it as a result of the
photoelectric effect.

Naturally, the process of charge accumulation cannot
continue indefinitely. If the surface of the regolith is exposed
to plasma, the greater the negative charge of a dust grain on
the surface, the more strongly the dust grain repels the
incident electrons and attracts protons. Under the photo-
electric effect, the greater the positive charge, the smaller the
fraction of photoelectrons (the fastest ones) that can escape,
while the rest return. The equilibrium value of the charge of a
dust grain is attained when the average value of the current
flowing onto its surface vanishes.

It is natural to call a dust grain solitary if the field of any
other charges is negligibly small in its vicinity. Then, the
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currents flowing onto its surface should equalize only under
the effect of its own field, which can be considered the field of
a point charge. If a grain of dust lies on a plane that is charged
uniformly on average, then the field above it is the sum of the
fields created both by itself and by all neighboring charges.
The strength of such a field is constant in the half-space above
the surface and is practically independent of the dust
particle’s own charge. Therefore, currents flowing to the
surface of a solitary dust grain equalize the field that is
proportional to its own charge, and currents flowing onto a
dust grain on the surface equalize the field acting at any other
point on the surface.

Due to external influence, a solitary dust grain could
easily acquire a charge go(r) sufficient for levitating (but not
for detaching from the surface) [158]. The value of ¢y depends
on the dust grain radius r and its surface potential ¢, < 0 at
which the overwhelming majority of electrons flying towards
the dust grain are pushed back, equalizing the electron and
proton currents. In equilibrium, therefore, e, is of the order
of the thermal energy of electrons kg7,, and the charge
density on the surface of a solitary dust grain is inversely
proportional to r:
10°10 C N 10° e
m>  r m?’

(7)
Here, we set kg T, ~ 15¢V; a dust grain with a radius of 1 pm
can then accumulate about 1000 excess electrons.

A similar situation arises if the charge appears on a
solitary dust grain due to photoemission. This time, the
charge of the dust particle is positive, and it increases until
almost all of the emitted photoelectrons return. For this, e,
must be of the order of their kinetic energy at the instant they
lift off from the surface, and we therefore again arrive at
formula (7), where we replace the thermal energy with the
difference between the energy of a light quantum and the
work function. As a result, the sign changes and the value of ¢
slightly decreases, but in any case we have hundreds of excess
elementary charges e on the surface of a micron-size dust
particle.

For small-radius solitary particles, a high surface charge
density is necessary, because the electric field they create
practically vanishes already at a distance / of the order of ten
ofits radii r. Therefore, the potential difference must be equal
to ¢, o< Ephin this layer, where Ey = /¢ is the field strength
above the surface. That is why the surface charge density of a
solitary grain should increase rapidly as its radius decreases.

An entirely different situation occurs when a dust grain
lies on a flat surface. In that case, the average current onto the
surface is zero due to the deceleration of electrons inside the
near-surface layer, above which the field, equal to Ey = oo 1
immediately above the surface, is screened. In plasma physics,
such a layer is called a plasma sheath, and its thickness near
the Moon is of the order of the Debye screening radius
rp ~ 1 m [5]. Under the photoelectric effect, the plasma
sheath (in this case, a layer of photoelectrons lifting off and
falling back) screens the positive surface charge, and the field
above the layer is zero. More specifically, if the field strength
above the surface is about 10 V m~! and the photoelectron
energy does not exceed 10 eV, then the thickness of the
photoelectron layer is also about a meter. Thus, in equili-
brium, the charge density on a flat surface gy is in any case
rp/r times less than on the surface of a radius-r dust grain,
and if such a dust grain lies on the surface, then only the

a(r) = o

E0Po EokBTe
= 3= ~———nr—1.5
4y r er r

charge noyr? accumulates on it (see the comparison of two

models for a dust grain charge in [152]). The Coulomb force
acting on it is then equal to

FC ~ 275]’280E§7 E() = ﬂ . (8)

28()

Therefore, for E = 10 V m~! [123], the Coulomb force acting
on a dust grain with d ~ 1 pm should be about 10~2! N, which
is a billionth of the lower limit estimates for F,qw. Moreover,
with an average charge density on the illuminated surface
6o~ &E ~ 1071 C m~2, which corresponds to the field
strength E ~ 10 V m~! above the illuminated surface of the
Moon, only one in a thousand dust grains 1 pm in diameter
would have an excess charge of at least le.

Nevertheless, dust levitates above the surface of the Moon
and other atmosphereless bodies. It is this kind of dust that is
responsible for the repeatedly observed near-surface LHG.
The presence of dust above the surface has also been
repeatedly confirmed by instruments aboard lunar probes
(see Section 2.3) and in laboratory experiments (see, e.g., [6,
13, 152, 159, 160]). It is to be assumed that dust most likely
takes off and levitates under the influence of Coulomb forces,
and options for resolving this paradox appeared only
recently.

3.4.2 Microparticle charge fluctuations on the surface [155].
Charges +e appear on the illuminated surface of the Moon
due to the photoelectric effect. The surface becomes positively
charged, and photoelectrons return to it, bringing the
negative charge —e to a random location on the surface. In
general, according to measurement data, the surface is
charged positively, and an electric field with the strength
E =10 V m™! exists above it [123]. The density of the surface
charge creating this field is o ~2eE ~ 10°e m™2 ~
10~3e pm~2, and the photocurrent density from the surface
i jph ~ 40 pA m~2 & 250¢ pm~2 s~! [122]. Thus, the sum of
the moduli of charges incident in 1 second on any area on the
surface of the Moon is hundreds of thousands of times greater
that the average value of its charge. In such a situation,
fluctuations inevitably arise, and the amplitude of these
fluctuations depends sharply on the size of the area under
observation.

If we let ny(f) denote the number of charges of the
corresponding sign that appeared in an area AS during the
time interval from ¢ to ¢+ dz, then the current density
approaching this area is

eny (Z)
ASdr ©)

JO) =ji(0) +j-(1), Je(t) = £

If we define the average value of the current density as the sum
of its values at different times 71,t,...,tx, with K> 1,
divided by K, then (j.) = £j, and (j) = 0 in the stationary
state. Here, jj is the average value of the density moduli of the
positive- and negative-charge currents to the surface, which
are equal to each other in a stationary state. However, these
currents are stochastic in nature, and therefore their instanta-
neous values fluctuate. This means that more positive charges
fall on the selected area AS at some instants, and more
negative charges at others. Therefore, the instantaneous
value of the charge accumulated in this area,

(10)
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also fluctuates, although its average value vanishes:

tim 14— ¢,

1—00 t

Because the probabilities of protons and electrons hitting
the region AS are the same in a stationary state, the process
under consideration is quite similar to a series of coin tosses. If
heads and tails are denoted by +1, then the result of a series of
N tosses is a sequence of N numbers like +1,+1,—1,...,—1.
Most probably, in any series of N tosses, heads and tails
would appear an unequal number of times, i.e., the sum of all
+1 would be some positive or negative number +v (cf.
Eqn (10)). If we perform many series of N tosses and average
their results, we obtain (v) = 0, but if we average not v, but v,
then

02 ={(+1,-1,...,—1)%)

N. (11)

Because the average square of the excess number of heads or
tails is N, the amplitude of accumulated charge fluctuations is
dq = ve, and because N = 2¢ ! jyASt, we have

(8q) =~ \/2ejoASt .

In such a situation, on a microscale, the surface should look
like a set of chaotically scattered ‘charge spots’ of different
sizes, with different positive or negative charges. For a
noticeable field to be created above the surface, it must carry
a certain average charge in a macroscopic sense, and therefore
the number or the average charge of same-sign spots (positive
on the illuminated lunar surface) must prevail, and hence the
average density over the entire surface charge must be
00+ 75 0.

The distribution of charge spots over the surface is not
static; their shapes and sizes, as well as charge magnitudes and
signs, fluctuate. At each instant 7, the increment dx(¢) of any
fluctuating quantity x(¢) is determined by the competition of
two contributions: stochastic processes (Brownian walk) and
a unidirectional process that tends to suppress any deviation
of x from its stationary average value xo (damping). If the
charged particles and light quanta hit the surface totally
randomly, then according to (12) the amplitude of charge
fluctuations in the spots should increase over time in
proportion to +/f. Because the amplitude of the charge
density fluctuations on the surface of an emerging spot
increases, the amplitude of fluctuations of the field strength
above it also increases,

(12)

(80) ~ (3¢)AS™' oc ASTV2 | (BE) ~ (1/2)e; ' (3a), (13)

and hence both these amplitudes are inversely proportional to
the linear size of the spot.

Without a doubt, however, the amplitude of fluctuations
cannot increase indefinitely over time: because of the excess
charge d¢q appearing on an area AS, the incidence of new ions
and electrons onto it would no longer be random. Ions with a
charge of the same sign as ¢ would be repelled from AS and
hit it less often, and ions with an opposite-sign charge would
hit the area more often. This is exactly how the mechanism of
constant suppression of the resulting fluctuation works in this
case, determining the fluctuation lifetime z. Immediately after
its occurrence, the fluctuation amplitude increases in propor-
tion to v/7, and the damping processes at small amplitudes are
not very significant. But as ¢ increases, the rate of increase in

amplitude, proportional to ¢~/ decreases, attenuation
processes come to the fore, and, having existed for a period
of time of the order of 7, the fluctuation disappears. Based
on these considerations, we can expect that the amplitude
of charge fluctuations in equilibrium is approximately
equal to the maximum value attained by (d¢) in (12)
during the time t:

(89)eq ~ V/2€j0AST .

In general, this conclusion does not contradict the results
obtained by solving equations for stochastic processes, which
is quite natural. We do not discuss various versions of such
equations here, which are quite well known and have been
described in detail in textbooks. However, we briefly discuss a
specific problem that arises when trying to apply these
equations to describing charge fluctuations on a flat surface.

As is clear from Eqn (14), the central problem in studying
surface charge fluctuations is to calculate 7. Because the rate
of decay of a fluctuation is determined by the field above it,
the primary problem in calculating 7 is to find the potential or
field strength above the surface on which charge fluctuations
occur. As was mentioned above when discussing the charge of
a solitary particle, only the field of the particle’s own charge
controls the current flowing to its surface, i.e., the rate of
change of the charge over time. Because the field above a
solitary particle is directly proportional to its charge,
describing charge fluctuations in such a system requires
solving standard equations with one fluctuating variable.

In the case of fluctuations of a charge spot on a plane, the
rate of change of its charge is also controlled by the field
above it. However, this field is now created not only by the
charge of the spot but also by all charges located on the plane,

(14)

E(R) :ﬂé:JrJ L_GOS(
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(15)

where oy is the average value of the charge density on the
plane and é; is the unit vector along the z-axis perpendicular
to the plane. Thus, the rate of change of any charge spot
depends on all charge spots on the plane, and we therefore
have a system of infinitely many elements fluctuating and
interacting with each other.

In reality, the problem is even more complicated because,
in addition to the field of charge spots, the field of space
charges above the surface (plasma sheath and/or the layer of
photoelectrons) must be taken into account. Still, neglecting
the contribution of the space charge, we can find the potential
¢ from the Poisson equation

Ap(R) = —¢;"! [00 + 8a(r)]8(z), So(r) =o(r) —ao, (16)
which can be solved analytically [161]. Here, d(z) is the delta
function; expanding the inhomogeneous addition to the
surface charge density in a series do(r) = Y, 8oy exp (ikr),
we can obtain an exact solution of this equation for each
Fourier component:

50’k

3¢ (R) = ¢y exp (ikr — k|z|), 8¢ = Sk

(17)

As a result, the problem of fluctuating local charge spots
interacting with each other reduces to the exactly solvable
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problem of an ensemble of charge waves fluctuating indepen-
dently of each other.

It is clear from (17) that, when charge spots fluctuate on
the surface, a thin layer of a pulsating electric field appears
above it. It can be imagined as a superposition of fields
fluctuating independently of each other, each of which has a
periodic structure with its own wave vector k parallel to the xy
plane, but at the same time very rapidly attenuates, as
exp (—k|z|), with distance from the plane. Consequently, the
shorter the wavelength A = 2rnk~! of the resulting periodic
structure, the faster its field decays with distance from the
surface. In addition, it follows from (16) that the smaller 4, the
weaker the field created by this charge density wave, and
therefore the longer its relaxation time, i.e., the smaller the
size of the charge spot and the longer its lifetime. We
emphasize that such a conclusion was obtained in [161] in
the case where the current density onto the charge spot is
proportional to the potential on its surface. Apparently, other
factors must also be taken into account (e.g., the usual
electrical conductivity j o< E) when calculating the current,
which can make the relation between the size of the charge
spot and its lifetime more complex.

In conclusion, we note that, as a result of fluctuations in
the charge of a microparticle lying on the surface of the
regolith, the local electric field strength E immediately above
the surface of charge spots with a size of the order of a micron
canbe ~ 10°—107 Vm~![155, 161]. The authors of [162], who
conducted experiments with quantum dots embedded in the
surface on which charge fluctuations occurred, arrived at the
same conclusion. When substituting the above values of E in
(8), it becomes clear that the Coulomb force acting on a dust
grain lying near the center of such a spot can easily exceed at
least the lower bound of the estimated adhesion forces.

3.4.3 Other mechanisms for emergence of strong local fields. A
different approach to explaining the emergence of a strong
electric field near the surface of the Moon was considered in
[9], where a model was proposed for the emergence of a local
electric field near natural inhomogeneities of the lunar surface
(craters, rocks, and so on). The model was developed in the
cases where the zenith angle of the Sun is close to 90°, which is
most typical for the terminator and polar regions. It was
shown that, if the characteristic size of a regolith irregularity
is much smaller than the local Debye radius, then, given the
low conductivity of the regolith, a sufficiently strong electric
field can arise under the influence of external factors at the
boundary of light and shadow, and this field can ensure the
detachment of dust grains from the surface and their
levitation.

A more sophisticated model explaining how a sharp
increase in the charges of dust particles can occur was
proposed in [154], where it was noted that light quanta or
fast particles can penetrate through the gaps between dust
particles of the uppermost regolith layer into natural subsur-
face caverns and knock out electrons from the underlying
layer of particles. The knocked-out electrons can be absorbed
by dust particles in the upper layer of such a cavern. A
diagram of the proposed mechanism, called the patched
charge model by the authors, is presented in Fig. 15. In this
figure, dust particles shown with gray spheres form a
microcavity (in the center of the figure). Photons and/or
electrons and ions hit the surfaces of dust particles (shown in
blue) and charge them, giving rise to the emission of
photoelectrons or secondary electrons. Some of the emitted
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Figure 15. Patched charge model [154]. Dust particles (gray spheres) form
a microcavity (in the center). Photons and/or electrons and ions hit dust
particle surfaces (marked in blue) and charge them, and photoelectrons or
secondary electrons are then emitted. Some emitted electrons are reab-
sorbed by dust particles inside the cavity (red areas on the surface of dust
particles), which then acquire a negative charge.

electrons are reabsorbed by dust particles inside the cavity
(red areas on the surface of dust particles), and these then
become negatively charged.

According to the authors, when the negative charges of
dust particles on the ceiling of the cavity become sufficiently
large, the Coulomb repulsion force between negatively
charged particles causes them to detach from the surface
and fly up. We note that this model is currently quite widely
used by some researchers.

3.4.4 Temperature dependence of conditions for detachment of
particles. When considering the problem of detachment of
microparticles from the surface, it should be borne in mind
that, if the magnitude of the adhesion forces is several
piconewtons, then the detachment probability must strongly
depend on temperature. Indeed, van der Waals forces
decrease quite rapidly with distance D between particles,
Feaw ~ D72 (see Eqn (5)). Therefore, the work required to
detach particles initially located at a distance D is

* dx

;X

F(D)D,

W:anJ (18)

which turns out to be not too big. With the values 4 ~ 107° J
and D ~ 0.3 nm [152], it follows that, for characteristic
particle sizes R; ~ R, ~ 0.5 um, the adhesion force is
Feuaw ~ 5% 10* pN and W~ 1.5x 10"'7 J, which corre-
sponds to the thermal energy kT at T~ 10° K. If
D~ 100 nm, then F~04 pN, W~4x102 J, and
T = W/kg = 3000 K. This case corresponds to the standard
estimate of the dipole bond energy W a2 10-20 kJ mol~! [163].
This means that, at 7'~ 400 K, i.e., close to the temperature
of the lunar surface illuminated by the Sun [76], approxi-
mately three out of every 10,000 dust grains lying on the
surface have the energy sufficient to take off due to thermal
fluctuations. Moreover, under such conditions, solely due to
such fluctuations, the smallest dust grains with d ~ 10 nm can
levitate at a height of about 1 m [164].

In addition, when analyzing the destructive effects of
lunar dust, we must take the rotation of dust grains into
account: when detached from the regolith surface, they
acquire some angular momentum. Due to the principle of
the equidistribution of energy over the degrees of freedom, a
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spheroid of mass m should rotate with the equatorial speed
va \/5kgT/2m. For a micron-size particle (weighing
~ 1071 kg), this speed is of the order of millimeters per
second, and for a grain of dust with a diameter of 10 nm
(weighing ~ 102! kg), it is already several meters per second.
As noted in [164], this means that, above the regolith surface,
levitating and rotating dust grains with a characteristic size of
tens of nanometers can make tens or even hundreds of
millions of revolutions per second. This property of levitat-
ing dust particles can qualitatively change the degree to which
theyimpact an obstacle (this problem is discussed in Section 4).

3.4.5 Near-surface magnetic fields. Measurements with
magnetometers at the Apollo landing sites (on the visible
side of the Moon) showed that the magnetic field strength on
the surface is in the range of ~1073—10"% G [165].
Measurements and global mapping of magnetic fields from
lunar orbits by the Lunar Prospector [166] and Kaguya [167]
spacecraft revealed that there are areas of local magnetization
on the Moon, called magnetic anomalies. The magnetic field
strength in zones of magnetic anomalies can reach 100 nT
(1073 G) [166]. It was suggested in [79] that magnetic
anomalies can create mini-magnetospheres, as a result of
which solar wind fluxes can be deflected over areas of
magnetic anomalies. According to observations by Lunar
Prospector [168] and Chandrayaan-1 [169, 170], local mag-
netic anomalies are associated with mini-magnetospheres.
Mini-magnetospheres have features characteristic of normal
planetary magnetospheres, namely, a collisionless bow shock
[171]. The electric field associated with the small-scale (of the
order of several hundred kilometers) collisionless bow shock
is responsible for deflecting the solar wind around the mini-
magnetosphere, its shape being determined by the shape of
the collisionless bow shock—a classical phenomenon in
plasma physics, widespread in many space and astrophysical
processes, e.g., when the plasma flow of the solar wind
interacts with a magnetized planet [172].

Numerical modeling of the interaction of solar-wind
particles with magnetized areas on the lunar surface shows
that a dipole buried 100 km below the surface with a field
strength of 50 nT at the surface and 10 nT at an altitude of
100 km above the surface deflects the solar wind flow and
causes the formation of a bow shock and magnetopause [173].
However, the bow shock and the magnetopause are not
clearly separated in the simulation because of the small size
of the mini-magnetospheres. The spatial size of magnetic
anomalies (about 100 km) is comparable to the ion gyroradius
of the solar wind (usually 30—150 km) and, as noted in [169],
kinetic effects must be important under this condition.
Figure 16 illustrates the interaction of the solar wind with
the magnetic field of the lunar crust as observed by the Lunar
Prospector orbiter [79].

An important consequence of the formation of a mini-
magnetosphere is that it protects the regolith surface from the
incoming flow of ions by shielding the surface of the Moon
from the solar wind, and hence the action of the solar wind on
the regolith changes in the mini-magnetosphere areas.
Apparently, this fact is related to the so-called ‘lunar swirls,’
which in many cases are associated with lunar magnetic
anomalies and high-albedo areas of the lunar surface.
Analyses of the spectra obtained using UV and IR cameras
installed on the Clementine lunar orbiter showed that, in the
studied areas of the lunar surface where lunar swirls were
observed, external impacts caused less erosion of the regolith,

Figure 16. Interaction of solar wind with the magnetic field of lunar crust.
This magnetic field is represented by a dipole placed at the focal point of
the surface of a hyperbolic shock wave crossing the Lunar Prospector
spacecraft. Also shown are interplanetary magnetic field lines B and solar
wind velocity vector Vg, [79].

while the areas immediately adjacent to them experienced
increased weathering [174, 175]. Lunar regolith microparti-
cles can be transported along the surface by weak electrical
fluctuations created by the interaction of the solar wind with
magnetic anomalies over distances comparable to the length
of the emerging swirl [176].

For approximately a quarter of its orbit, the Moon is
located in the tail of Earth’s magnetosphere, where the
magnetic induction of typical magnetic fields is of the order
of 1 to 10 nT [177]. The Moon moves in orbit at a speed of
about 1 km s~!. Because the dust plasma of the Moon is
‘attached’ to its surface, this results in charged dust particles
moving relative to the magnetic field lines of the geomagnetic
tail with a speed of the order of 1 km s~!. Therefore, despite
very small values of the magnetic field induction near the
Moon, a rather noticeable magnetic component of the
Lorentz force acting on dust particles is feasible due to the
rather large relative velocity. The motion of the Moon in the
tail of Earth’s magnetosphere, the magnetic field induction
vector B, the speed of a dust particle V4, and the magnetic
component of the Lorentz force Fi, are schematically shown
in Fig. 17.

Due to the action of these magnetic fields during the
passage of the Moon through the tail of Earth’s magneto-
sphere, meridional (from —90° to 90°) transport of charged
dust particles over the lunar surface is possible over long
distances [178]. The transfer of dust particles from the
latitudes adjacent to the lunar poles to the equator of the
Moon due to the uncompensated magnetic component of the
Lorentz force is a fundamentally important, qualitatively new
effect, absent outside the region of the magnetospheric tail.
We note that the transfer of dust particles is accompanied, in
particular, by changes in their charges, because the number of
photoelectrons surrounding a dust particle and affecting its
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Figure 17. Schematic of motion of the Moon in the tail of Earth’s
magnetosphere. Lunar orbit is shown with a thin line; arrows on lunar
orbit show the Moon’s motion direction. Solar wind and solar radiation
photons (%iw) are also depicted [178].

charge depends on the angle between the local normal to the
surface and the direction to the Sun. In addition, the charge of
a dust particle is also affected by the height at which it is
located. This height can change during the transfer process.
The magnetic part of the Lorentz force acting on dust
particles located in areas of magnetic anomalies is either
smaller than or comparable to a similar force calculated for
the magnetic fields of Earth’s magnetotail in the orbit of the
Moon. However, due to the strong localization of areas of
magnetic anomalies, their influence on the dynamics of
charged dust particles above the Moon does not lead to
similar qualitative effects.

4. ‘Toxicity’ of lunar dust

Of all the known features of the lunar environment, the most
unexpected and apparently the most mysterious one is lunar
dust. Although the USA Apollo crewed program carried out
from 1969 to 1972 was assessed as amazingly successful [179],
American astronauts were faced with an unforeseen and very
unpleasant problem: the aggressive effects of lunar dust. The
crews of each of the six Apollo missions to the lunar surface
noted insurmountable problems caused by exposure to lunar
dust. Each subsequent Apollo mission attempted to account
for the effects of dust, but no solution was found to minimize
its impact. Gene Cernan, the commander of the last mission,
Apollo 17, expressed his reaction to the impact of lunar dust
most succinctly. In his report, he wrote: “I think dust is
probably one of our greatest inhibitors to a nominal
operation on the Moon. I think we can overcome other
physiological or physical or mechanical problems except
dust” [17].

4.1 Exposure to natural lunar environment

Even at the early stages of lunar exploration, several reflective
systems for laser ranging were deployed on the lunar surface.
Laser reflectors were installed on Lunokhod-2 [130] and by
American astronauts at the landing sites of the Apollo
missions [180]. During the first few months of observations,
the signal from the Lunokhod-2 laser reflector was 25 times
stronger than that from the Apollo reflectors. However, after

almost 40 years of operation of these systems on the lunar
surface, the signal magnitude from the Lunokhod-2 reflector
became an order of magnitude lower than that of the Apollo
[180]. This may be because the reflective surfaces of
Lunokhod-2 had greater exposure to external influences
than the Apollo reflectors. Such design features may reduce
their reflectivity due to deposition of levitating lunar dust and
exposure to particles associated with micrometeoroid bom-
bardment. In any case, an analysis of the operation of these
systems over several decades showed that, in natural condi-
tions not perturbed by anthropogenic factors, the optical
systems performed their functions quite successfully, but the
gradual degradation of the optics was recorded on a decade
time scale [180].

Another important source of information on the impact
of the lunar surface environment on lander systems was the
analysis of the long-term stay of the Surveyor 3 robotic lander
on the lunar surface. This analysis was made possible because
the crewed Apollo 12 descent module landed, as had been
planned, in close proximity to the Surveyor 3 landing site. By
the time Apollo 12 arrived on the lunar surface (November
24, 1969), the Surveyor 3 lander (lunar landing date April 20,
1967) had been on the lunar surface for more than 2.5 years.
The distance between the two landing locations was ~ 83 m
[181]. Figure 18 shows a photograph of the Apollo 12 mission
commander, astronaut Charles “Pete” Conrad, at the
Surveyor 3 robotic lander. The Apollo 12 lunar module can
be seen in the background [182].

Some systems and equipment removed from Surveyor 3
were returned to Earth. Based on the results of laboratory
studies, a large number of features pertaining to changes in
the surface of the lander and its systems were noted. In
particular, photoinduced discoloration of surfaces was
discovered. Almost all exposed surfaces of the chamber were
partially covered with a thin layer of lunar dust. There were
noticeable differences in the number and apparent size of dust
particles on different surfaces. A detailed analysis revealed
that fine-grained particles were implanted on the spacecraft

Figure 18. Apollo 12 mission commander Charles “Pete”” Conrad at the
Surveyor 3 robotic lander. Apollo 12 lunar module can be seen in the
background [182] (https://upload.wikimedia.org/wikipedia/commons/4/
4e/Surveyor_3-Apollo_12.jpg).
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primarily during the initial landing of Surveyor 3, and then
during the descent and landing of the Apollo 12 lunar module.
The presence of dust, even in very small quantities, can
significantly affect temperature control systems and charac-
teristics of equipment on the lunar surface. It was demon-
strated that the landing of the Apollo 12 lunar module
covered the surface of Surveyor 3 service systems with an
additional layer of dust. Analyses of organic contaminants, of
micrometeor impacts on the surface of the apparatus, and of
radiation damage were also performed.

Nevertheless, the principal conclusion from the analysis
of the state of optical systems after long-term (several
decades) exposure and the condition of the service systems
of the Surveyor 3 lander after more than 2.5 years on the lunar
surface is that the impact of the plasma—dust exosphere, and
of levitating dust particles in particular, in a natural
environment does not have a significant effect on sensitive
surfaces and the condition of engineering systems of landing
vehicles.

4.2 Aspects of anthropogenic factor

The results of six crewed expeditions of the Apollo program
showed that the situation changes significantly when anthro-
pogenic factors influence the regolith and exosphere of the
Moon. Such factors include the operation of the engines of
descent and ascent stages when landing on and taking off
from the surface of the Moon, the motion of astronauts or a
rover on the surface of the regolith, and the operation of
technological systems (for example, a drilling rig) on the
ground. In such cases, in addition to natural processes
affecting the dynamics of dust particles, so-called ‘collateral
dust’ arises [183]. Moreover, the transfer of such collateral
dust of anthropogenic origin is several orders of magnitude
higher than the transfer of natural dust [30]. Collateral dust
causes a much greater impact on service systems and on
astronaut operations and health than natural dust transfer
processes. It has been noted that the effects of collateral dust
pose a much greater threat to astronaut safety and mission
success [17, 18, 30, 179, 184].

The effects of collateral lunar dust on lander systems and
astronaut activities on the lunar surface during the six Apollo
lunar missions on the surface were classified into nine
categories:

(1) deterioration of visibility when dust rises;

(2) false instrument readings;

(3) dust deposition and surface contamination;

(4) loss of traction with the ground when moving on the
ground;

(5) jamming of turnable components of mechanisms;

(6) active erosion of surfaces;

(7) problems with thermal regulation and control systems;

(8) violation of seals and air-tightness of systems;

(9) breathing problems and other factors related to human
health [17].

The astronauts first encountered the problem of reduced
visibility during landing while the engines of the Apollo 11
lunar module were burning. At an altitude of approximately
30 m above the surface, due to the operation of the descent
engines, a cloud of dust arose, which became increasingly
dense as the altitude decreased. There was a risk that one of
the landing legs would touch a large boulder or fall into a
small crater. Therefore, for the landing of the subsequent
Apollo 14, 15, and 16 missions on the lunar surface, the
landing profile was adjusted. But in those cases, too,

difficulties were encountered in inspecting the site before
contact with the surface. The visibility problem also had a
consequence that the landing speed sensors of the Apollo 12
and 15 vehicles showed false readings due to a cloud of dust
that arose during the burn of the landing engines [17].

Moon dust turned out to be extremely abrasive. Accord-
ing to the astronauts, after working outside the lunar module,
the instrument dials and sun visors of their helmets were so
scratched that it was impossible to discern the instrument
readings. The astronauts noted that after eight hours of work
on the lunar surface, the spacesuits and gloves, especially after
soil drilling, had significant abrasions and, had it become
necessary to do one or two additional moonwalks, they could
have lost their air-tightness [17]. For example, the space suit
of Pete Conrad, the Apollo 12 mission commander, which
was airproof before the first EVA from the lunar module, was
losing pressure at a rate of ~ 0.01 atm min~! after the first
EVA and ~ 0.017 atm min~! after the second EVA. Because a
safe leak was 0.02 atm min~!, the safety of a third EVA would
have been questionable if it had been planned. Dust that
penetrated the moving parts of the pressurized suit led to such
great difficulties in movement that another scheduled moon-
walk would have been impossible [17]. It was impossible to
use the zippers on the spacesuits after working outside the
lunar module. The abrasive properties of lunar dust affected
not only service systems and the activities of astronauts but
also scientific results: in particular, due to exposure to dust,
the sealing of all sealed samples of the lunar atmosphere
brought to Earth for analysis was broken and, thus, all of
them turned out to be useless. It was noted that, during a
long-term stay on the Moon, maintaining safe living condi-
tions would require more attention to ensuring the air-
tightness of systems and spacesuits and creating more dust-
resistant seals.

When astronauts worked on the surface, it turned out that
dust quickly covered all surfaces with which it came into
contact, including space suits, boots, hand tools, equipment,
and lunar module systems. Dust deposition required the
astronauts to perform additional work to clean clothing and
equipment, but this also turned out to be ineffective. That the
attempts to remove dust under lunar conditions were
ineffective was in no way expected based on the results of
tests on Earth. As a result, the operating temperature of some
systems exceeded the nominal one by 20°C and individual
devices of the Apollo 16 and 17 equipment deteriorated their
characteristics due to overheating. It is for this reason that
John Young, the Apollo 16 commander, noted that “dust is
the number one concern in returning to the Moon.”

However, the most unwanted factor of lunar dust is its
effect on human health. For the Russian lunar program, these
problems are planned to be studied at the Institute of Medical
and Biological Problems of the Russian Academy of Sciences.
Here, we only note the reviews of American astronauts about
working on the lunar surface. Crew members of the Apollo
landers reported that lunar dust microparticles caused
irritation to the skin, eyes, and the respiratory system.
Moon dust has a pungent odor reminiscent of gunpowder,
which is apparently a consequence of the presence of volatile
substances on the surface of dust particles. Dust penetrated
the astronauts’ clothing; when removing their clothes, the
astronauts discovered that they were covered in dust. During
the return flight, in the absence of gravity, the dust that had
been brought into the lunar module rose and spread
throughout its volume. The crew breathed this atmosphere
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Figure 19. Apollo 17 mission commander Gene Cernan in a dusty
spacesuit in the lunar module after an EVA on the lunar surface. Portion
of a NASA photo (https://www.smithsonianmag.com/smart-news/eugene-
cernan-was-more-just-last-astronaut-moon-180961830/) [18].

Figure 20. (a, b) Photographs of lunar dust particles taken with a
microscope (https://science.nasa.gov/science-news/science-at-nasa/2005/
22apr.dontinhale). (c) Examples of images of shuriken (throwing stars)
(https://army-today.ru/oruzhie/syuriken).

with dust, which irritated their eyes. The dust removal
equipment available on board was ineffective. After the
discovery of these features of lunar dust during the first
mission, measures were taken to reduce such effects on
subsequent flights. However, the toxicity of micron and
submicron particles found on space suit material indicates
the need for constant monitoring of particle concentrations
inside the lunar module and, in the future, in the long-term
habitat at lunar exploration stations [184]. Figure 19 shows a
photo of Gene Cernan, the Apollo 17 mission commander, in
the lunar module wearing a dusty spacesuit after working on
the surface of the Moon.

Based on the Apollo experience, it can be concluded that
the severity of the dust problem was originally underesti-
mated [179]. When planning the Apollo missions, the proper-
ties of the plasma—dust exosphere under natural conditions
on the Moon were taken into account, with the dynamics of
dust determined by effects due to solar radiation and flows of
micrometeorites incident on the regolith surface. Under these
conditions, as shown by the results of experiments on robotic
landing vehicles, the influence of dust dynamics, although
noticeable, did not have a critical impact on the operation of
scientific and service equipment. During crewed missions, a
radically different degree of influence of dust particles on the
service systems of landing vehicles was discovered, associated
with anthropogenic activity and human operations on the
surface. Collateral dust arising under such dynamical condi-
tions, caused by the mechanical impact of human activity on
the regolith surface, is much more dangerous compared to
natural dust. As noted in reports on the results of the Apollo
missions, the transfer of dust associated with the activities of
astronauts on the lunar surface can be orders of magnitude
higher than the transfer of dust as a result of natural processes
[30]. Therefore, active work on the lunar surface can be very
dangerous for astronauts, life support systems, and the
service systems of landers and equipment used by astronauts.

The unusual ability of lunar dust to penetrate the seals of
airproof systems and stick to various surfaces can be
considered from the standpoint of the dynamical properties
of particles levitating above the surface. Due to the impact
origin of such particles, their shapes are extremely irregular
and most of them have sharp edges [70, 74]. As was shown in

Section 3.4, dust grains with a characteristic size of tens of
nanometers levitating above the surface of the regolith when
detached from the surface can acquire angular momentum
and rapidly rotate [164]. Such rotating mineral particles,
when interacting with an obstacle, are not just ‘projectiles,’
but can also be a kind of ‘cutting tool,” reminiscent of
miniature replicas of oriental shuriken (throwing stars or
ninja stars), which have great destructive power. Figure 20
shows photographs of microparticles and examples of
shuriken.

It is perhaps this feature, in combination with the existing
electrostatic charge, that explains the amazing ability of
collateral dust arising from anthropogenic impact on the
lunar regolith to aggressively affect the surfaces of sensitive
instruments and service systems of landers, penetrate through
airproof seals, and affect humans, despite their apparent
protection from such influence. The experience of the Apollo
crewed missions led to the development of a new scientific and
practical research area: the development of methods and tools
for minimizing the influence of lunar dust (see, e.g., review

[185]).

5. Unsolved problems of the dynamics
of plasma—dust processes on the Moon

Explorations of the Moon carried out more than 50 years ago,
at the dawn of the space age, stimulated intensive analytic and
laboratory studies aimed at modeling the physical processes
occurring near the surface of the Moon. The results of this
work have shown that the relevant processes cannot be
modeled with reasonable accuracy, mainly because we have
no knowledge of many important parameters that actually
determine the environment under study, and even those
parameters that are known well can only be reproduced in
terrestrial laboratory conditions with great difficulty. Due to
many unsolved problems, studying the physical processes
associated with the dynamics of lunar dust is currently
difficult. Below, we list only the major problems, which we
classify into several categories for convenience.

Clarifying the physical properties of regolith. This con-
cerns, first and foremost, those properties of regolith that
affect its photoemission and electrical conductivity. In
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particular, the parameters of the regolith material such as the
work function, quantum yield, influence of nanophase iron,
dependence of electrical conductivity on temperature, and
presence of water molecules in the upper regolith layers are
still not sufficiently known. These parameters largely deter-
mine the strength of surface currents induced by external
factors of the space environment, the magnitude of the
electric charge of the surface, and the characteristics of the
double sheets and parameters of the near-surface plasma.
These characteristics of regolith can be obtained in situ or by
laboratory analysis of regolith samples returned to Earth.

Problem of detachment of microparticles from the regolith
surface. Currently, it is generally accepted that the most likely
cause of the detachment of dust particles from the illuminated
surface of atmosphereless celestial bodies is the electrostatic
field. At least three forces act on a microparticle located on
the regolith surface: the adhesion force, the force of gravity,
which holds the particle on the surface, and the electrostatic
force, which tries to tear the particle off the surface. There are
several key open questions connected with this problem,
primarily the assessment of the van der Waals adhesion
force. This force and the force of gravity compete with each
other, depending on the size, shape, and mass of a particle.
Moreover, the adhesion force largely depends on the shape of
the particle surfaces at the particle contact point, and
therefore assessing the adhesion force in modeling is quite
difficult. However, the key problem faced when solving the
problem of particle detachment is to explain how the electric
charge necessary for lifting off from the surface can
accumulate on a dust grain still lying on the surface [6]. To
date, there have been several studies devoted to this problem,
e.g., [9, 152, 154, 155]. Various approaches were proposed
there for solving the problem of the emergence of an electric
field acting on a particle strong enough to overcome the forces
holding the particle and to tear it off the surface. However,
none of the existing models offers a self-consistent theory of
such a physical process that would determine the magnitude
of the flow of microparticles lifted off the surface, their mass,
their speed, the magnitude of their electric charge, and the
parameters of the near-surface electric field in the emerging
plasma sheet. Today, the processes of detachment of dust
particles from the surface and their dynamics appear more
complex than previously thought, and the existing models
require corrections. To explain the detachment of particles
from the surface, we should apparently not only deal with the
averaged description of the electric charge accumulation by
near-surface dust particles but also take the random nature of
these processes into account, given the discrete nature of the
interaction of plasma particles and UV radiation with the
regolith. A preliminary analysis shows that thermodynamic
processes can also play a role in the detachment of submicron
particles from the surface. Solving the problem of micro-
particle detachment from the regolith surface is important for
constructing a self-consistent description of the dynamics of
lunar regolith microparticles under the influence of solar
radiation, solar plasma, and micrometeoroids.

Plasma—dust processes in terminator region at the boundary
of light and shadow. The peculiarity of these regions is that the
mechanisms for acquiring charge by the regolith change
sharply at the boundary of light and shadow. As discussed
above, on the illuminated side of the Moon, regolith is
charged positively as a result of the photoelectric effect. On
the night side or in the shadowed regions on the day side, the
main role is played by the electrons of the incident flow of

interplanetary plasma, and the surface is charged negatively.
It was in the area of the terminator that LHG was observed,
which gave impetus to studies of lunar dust. In the terminator
region, where the zenith angle of the Sun approaches 90°,
inhomogeneities of the regolith surface play an important role
when sharp boundaries of light and shadow become strongly
localized. Numerous studies have been devoted to the
plasma—dust processes in the terminator region, but their
nature remains an open problem. Another open question is
about the possible effect of the observational selection of
LHG in the terminator region and the conditions for
observing levitating dust particles away from the boundary
of light and shadow.

Processes in magnetic anomaly zones. The existence of
local zones with an increased magnetic field on the surface of
the Moon leads to peculiarities of the interaction of the
incident plasma flow: mini-magnetospheres form in these
zones, changing the conditions of the plasma-regolith
interaction. These peculiarities were revealed by measure-
ments from orbiting lunar probes, which only allowed
studying these anomalies in the most general terms. For
example, so-called lunar swirls are often associated with
magnetic anomalies—regions with an increased albedo,
where dust transport along the lunar surface is apparently
increased. Of course, all these features observed from space-
craft in lunar orbit are of great interest and require further in
situ studies of the dynamics of the plasma—dust exosphere in
such zones.

Role of collateral dust. Among the unresolved problems,
we mention the aggressive influence of collateral dust
discovered during the American crewed Apollo mission,
which we reviewed in Section 3. Although this problem is
not associated with natural physical processes occurring on
the Moon, the experience of the Apollo missions raised
several important questions as to the influence of collateral
lunar dust on the engineering systems of the landing vehicles
and on the activities and health of astronauts on the Moon.
Because several countries plan to expand Moon exploration,
including with human participation, laboratory research is
needed to study the influence of charged dust on materials
and spacecraft systems and to develop methods for minimiz-
ing that influence [185]. Obviously, this ‘practical’ direction in
studying the dynamics of lunar dust and creating tools for
reducing its negative impact is also of great importance. In
this regard, the problem arises of building theoretical models
of the ‘perturbed’ state of the near-surface plasma—dust
exosphere to simulate the appearance of collateral dust
under anthropogenic influence.

These unsolved problems seem to be the most important
ones in our opinion, but by no means exhaust all obstructions
to understanding the physical processes occurring under the
influence of external factors of outer space on the Moon and
its regolith and to creating reliable models of such processes.

6. Instead of a conclusion

Finding a glow above the lunar horizon was the most
unexpected discovery recorded by Soviet and American
lunar landers in the very early stages of lunar exploration.
The analysis of observational data led to assumptions that the
observed glow is associated with the scattering of sunlight on
microparticles levitating above the regolith surface at heights
of several tens of centimeters. The six crewed missions to the
lunar surface within NASA’s Apollo program showed that
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levitating particles exert an extremely negative effect on the
engineering systems of lunar landing vehicles and on the
activities and health of astronauts. Moreover, the experience
of manned missions to the surface of the Moon has shown
that anthropogenic activity has a much greater effect on the
dynamics of lunar dust than natural processes occurring on
the Moon. The ‘dust problem’ was quoted in astronauts’
reports on their missions as the one that was the most complex
and difficult to overcome in relation to human activities on
the Moon. All the results collected by robotic and crewed
expeditions showed that the study of the observed effects and
processes associated with lunar dust has not only scientific
but also practical significance in implementing further plans
for the possible exploration of the Moon.

Results of pioneering studies of the Moon triggered the
development of a new scientific area associated with so-called
‘complex plasma,’ in particular, dusty plasma, in which
charged microparticles are present, as are ordinary ions.
Due to the obvious difficulties of conducting full-scale
experiments on the lunar surface, the main results were
subsequently obtained by developing theoretical models and
using laboratory modeling. At the same time, adequate
modeling is difficult not only because of the need to create
deep vacuum and low gravity conditions characteristic of the
Moon but also, and primarily, because of the specific
properties of the lunar dust microparticles themselves, which
were formed in the process of high-speed impacts of
micrometeorites and which are nonexistent in natural condi-
tions on Earth. From a practical standpoint, such studies are
important for assessing the impact of microparticles on
various materials, service systems, mechanical components,
and air-proof seals. A special and extremely important area is
research into the impact of lunar dust on the activities of
astronauts on the lunar surface and on human health.

An important component of laboratory modeling is the
creation of analogues of lunar regolith, with characteristics
close to the main parameters of lunar dust. The analogues are
most often considered in terms of chemical, mineralogical,
and granulometric compositions; in terms of specific features
of dust particles, e.g., their extremely irregular shape, and the
presence of nanophase iron on the surface of dust grains; and
in terms of other characteristics specific to the Moon.
Creating analogues of lunar regolith and its dust component
is currently receiving considerable attention (see, e.g., [186]).
As of 2021, the archive of existing regolith analogues
(Planetary Simulant Database, https://simulantdb.com/
index.php) includes 43 registered names of analogues created
in the USA, China, and several other countries. Two of these
analogues were used in preparation for the Chinese Chang’e-5
mission, which returned lunar regolith samples to Earth in
2021.

In Russia, laboratory experiments with dusty plasma were
started under the leadership of Fortov [187] and continue
being developed at the Joint Institute for High Temperatures
of the Russian Academy of Sciences. Active work on
modeling the dynamics of dust particles and simulating
various conditions of outer space is underway at laboratory
facilities of the Space Research Institute of the Russian
Academy of Sciences, the Institute of Applied Physics of the
Russian Academy of Sciences, and other organizations.
These studies include experiments on the laboratory model-
ing not only of plasma—dust processes near the Moon but also
of various phenomena occurring in other parts of the Solar
System where dust particles play a significant and sometimes

decisive role. Examples include planetary dust clouds, dust
storms on Mars, cometary comas, ‘dust lakes’ on the Eros
asteroid [188] and on the nucleus of the 67P Churyumov—
Gerasimenko comet [189], radial spokes that periodically
appear in the rings of Saturn [190], and many other
phenomena in the Solar System and in the Universe as a
whole. An important stage in the development of research in
this area is the creation by the State Corporation Rosatom of
a dedicated National Center for Physics and Mathematics
(NCPM) aimed at experimental studies of astrophysical
processes using laboratory modeling methods. One of the
research fields of the NCPM will be the study of plasma—dust
processes in the near-surface exosphere of the Moon.

Currently, the space agencies of several countries are
drafting projects to study the Moon with orbital and landing
spacecraft. The People’s Republic of China has already
successfully completed several expeditions in recent years,
including the Chang’e-4 mission to land on the far side of the
Moon and Chang’e-5 to return lunar regolith samples to
Earth. In the coming years, the PRC plans to continue this
program to explore the south polar region and build
infrastructure there for studying natural resources and their
possible utilization. India is also a player in Moon explora-
tion. After two Indian orbital missions, Chandrayaan 1 and 2,
Chandrayaan 3 was successfully completed in August 2023 by
landing in the south polar region. Exploration of the Moon is
also envisaged by Japan and the European Space Agency. In
the USA, NASA, with the cooperation of more than
20 countries, is preparing an ambitious Artemis lunar
exploration program with human participation.

In Russia, after an almost fifty-year break in lunar
exploration via spacecraft, in accordance with the Federal
Space Program, a series of lunar missions are planned to be
launched in the coming years, carrying orbital and landing
vehicles: Luna-25, Luna-26, Luna-27, and so on. The
scientific program of these studies is aimed at continuing the
exploration of the Moon at a new level of scientific research
technology for space. The plan is that the landing vehicles will
explore the vicinity of the South Pole of the Moon [191],
where no spacecraft have yet landed. This area of the Moon
has several characteristic and very important features, in
particular:

(1) because the rotation axis of the Moon is nearly
perpendicular to the ecliptic plane, the circumpolar regions
of the Moon host places where the surface is almost
constantly illuminated by the Sun (hence, almost an unin-
terrupted source of solar energy is ensured); in addition,
almost constant radio communication with Earth can be
ensured in such locations;

(2) according to measurements made by the Russian
LEND instrument installed on the American LRO satellite
orbiting the Moon, there are areas in the polar regions of the
Moon with a reduced number of neutrons reflected as a result
of their scattering in the regolith (the so-called neutron
albedo), which is associated with the presence of water ice in
subsurface regolith layers [192];

(3) the polar regions of the Moon, as regards the nature of
changes in the zenith angle of the Sun, are very close to the
terminator regions, where surface illumination conditions
change sharply; this feature is extremely interesting for
scientific research to elucidate the competing influence of
solar illumination and solar wind plasma flows on the surface
charging process and to study the dynamics of dust particles
of the lunar regolith in such areas.
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Figure 21. (a) Photos of LDM blocks. (b) Photo of Luna-25 spacecraft
during tests. Locations of LDM blocks on the device are shown.

The scientific research program on the planned Luna-25
and Luna-27 landing vehicles includes (1) studies of the
composition and of the physical, mechanical, and thermo-
physical properties of regolith in the surface layer to a depth
of 1-2 m, assessment of the mass fraction of water ice in polar
regolith, elucidation of the origin of water in polar regolith,
and (2) studies of the properties and dynamics of the plasma,
neutral, and dust components in the lunar polar exosphere.

The scientific equipment of the Luna-25 and Luna-27
landing vehicles includes the Lunar Dust Monitoring
(LDM) device to detect lunar dust microparticles levitat-
ing above the regolith surface and determine the para-
meters of the near-surface plasma in which the dust
particles move. Using this device on each lunar landing
vehicle, the plan is to detect microparticles levitating above
the lunar surface for a long time, assess their physical
characteristics, and monitor the parameters of the near-
surface plasma—dust environment (its concentration, tem-
perature, and potential) [193, 194].

The LDM device on the Luna-25 spacecraft includes three
elements: an impact sensor unit (SU) and two electrostatic
sensors, ES-1 and ES-2. The sensitive elements of the SU
block are 24 piezoelectric plates, the total aperture being
~ 150 x 150 mm. Each ES block includes two sensors: a
Langmuir probe and an inductive charge sensor. Figure 21
shows photographs of the LDM blocks and of the Luna-25
landing vehicle during tests, with the locations of the LDM
blocks indicated.

The parameters of the lunar environment studied by the
LDM instrument are very sensitive to the influence of the
induced electric potential of the lander. Unfortunately, it was
not possible to place a remote boom aboard the Luna-25
spacecraft for sensitive elements of the instrument blocks to
be installed on it in order to eliminate the influence of the
landing vehicle on the measurements. Therefore, using
numerical modeling, the impact of the spacecraft on the
environment was assessed in order to take this effect into
account when analyzing the measurements to be performed
[195].

The Luna-25 spacecraft was launched in August 2023,
during the preparation of this paper. After the flight from
Earth to the Moon, the spacecraft successfully entered a
circular lunar orbit 100 km above the lunar surface. In this
orbit, the LDM device was turned on to check its function-
ality. The results of switching the device on showed its
operability and readiness to carry out measurements on the
surface of the Moon. During the time (~ 45 min) when the
LDM was turned on, 10 (out of 24) piezoelectric sensors of the

device simultaneously registered an impact event. A preli-
minary analysis of this event led to the conclusion that such a
response from the device could be caused by a micrometeor-
oid from the Perseid meteor shower that occurs annually in
August.

During the further flight program—transferring the
spacecraft into a prelanding elliptical orbit—a failure
occurred in the control system, and the spacecraft was lost.
The Roscosmos State Corporation has to resolve the issue:
either make some adjustments to the previously planned
lunar research program or go ahead with implementing it.

In accordance with the currently existing space program,
the next vehicle to land on the lunar surface (after the Luna-25
spacecraft) should be Luna-27. The LDM device for it is built
according to a scheme similar to that of the device installed on
Luna-25. However, unlike Luna-25, the dust instrument for
Luna-27 includes a remote boom on which sensitive impact
sensors to detect microparticles above the regolith surface,
Langmuir probes, and the inductive charge sensors of dust
particles will be placed. This boom will significantly minimize
the influence of the lander on the measurement results [195].
Langmuir probes are located on the boom at different heights
from the surface to determine the vertical component of the
near-surface electric field. Figure 22 shows a diagram of part
of the landing vehicle body, the LDM blocks installed on it,
and the boom in the deployed state.

The LDM device aboard Luna-27 will detect microparti-
cles lifted off from the regolith surface under the influence of
solar radiation and secondary particles knocked out in high-
speed impacts of micrometeorites in the vicinity of the
spacecraft landing site. The electrical sensors included in the
device are designed to determine the main parameters of the
near-surface plasma and electric fields in the near-surface
exosphere and near the body of the lander (which will allow
determining the influence of the spacecraft on plasma
diagnostics). The sensors of the device will allow tracing

TR
EHIHE D
T
{HEH R
T
iR
I
I
HE R
TR Y
iii?!iif%&i?;gllz

Regolith surface

Figure 22. Portion of a diagram for the Luna-27 spacecraft. Location of
LDM blocks is shown: SU (shock sensor), ES-1 and ES-2 (electrical
sensors), and the boom with three probe sensors (PS, Langmuir probes),
two induction sensors (IS), and shock sensors (SS, piezoceramic plates).
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changes in the parameters of the near-surface plasma—dust
environment, depending on local time and solar activity. The
LDM operating program includes long-term measurements
on the lunar surface. As the authors of the experiment hope,
this will make it possible, on a time scale of one or several
lunations (approximately 29 Earth days each), to compare the
state of the plasma—dust exosphere perturbed by the burn of
the spacecraft landing engines, i.e., in the presence of
collateral dust, with the lunar environment conditions
determined by natural external factors. The combination of
all this data will allow obtaining important firsts— results
that the participants in the planned research hope will offer
insights into the mechanisms and features of the dynamics of
lunar dust and near-surface plasma in the polar region of the
Moon.
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