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Introduction: The Moon is continually bombarded by
on the order of 106 kg/y of interplanetary dust particles
(IDP) that are micrometeoroids of cometary and asteroidal origin. Most of these projectiles range from 10 nm
to about 1 mm in size and impact the Moon with speeds
in the characteristic range of 10 to 72 km/s. At Earth,
the passage through the atmosphere ablates most of these
particles turning them into “shooting stars”. However,
they directly reach the surface of the Moon, generate secondary ejecta particles and leave a crater record on the
surface from which the micrometeoroid size distribution
has been deciphered [1]. Most of the ejecta particles have
initial speeds below the escape speed from the Moon (2.4
km/s) and following ballistic orbits return to the surface,
blanketing the lunar crust with a highly pulverized and
impact gardened regolith with  1 m thickness. Micron and sub-micron sized secondary particles that are
ejected at speeds up to the escape speed form a highly
variable, but permanently present, dust cloud around the
Moon. Such tenuous clouds have been observed by the
Galileo spacecraft around all lunar-sized Galilean satellites at Jupiter [2]. Our understanding of the lunar dust
exosphere before NASA’s Lunar Atmosphere and Dust
Environment Explorer mission [3] has been summarized
elsewhere [4], hence here we focus on the results of that
mission greatly enhancing our understanding of the highaltitude ( 1 km) lunar dust environment. These findings provide a unique opportunity to map the composition of the lunar surface from orbit [5] and identify regions that are rich in volatiles, providing opportunities
for future in situ resource utilization (ISRU).
Near the lunar surface ( 1 km) the exposure to UV
radiation and the solar wind plasma flow have been suggested to explain a number of unusual observations indicate processes related to dust charging and subsequent
electrostatic mobilization of lunar dust. Images taken by
the television cameras on Surveyors 5, 6, and 7 showed
a distinct glow just above the lunar horizon referred to
as horizon glow (HG). This light was interpreted to be
forward-scattered sunlight from a cloud of dust particles
above the surface near the terminator. A photometer onboard the Lunokhod-2 rover also reported excess brightness, most likely due to HG. From the lunar orbit during sunrise the Apollo astronauts reported bright streamers high above the lunar surface, which were interpreted
as dust phenomena. The Lunar Ejecta and Meteorites

(LEAM) Experiment was deployed on the lunar surface
by the Apollo 17 astronauts in order to characterize the
lunar dust environment. Instead of the expected low impact rate from interplanetary and interstellar dust, LEAM
registered hundreds of signals associated with the passage of the terminator, which swamped most signatures
of primary impactors of interplanetary origin [6]. Currently no theoretical model explains fully the formation
of a dust cloud just above the lunar surface, but the observations discussed above all indicate the role of charging,
subsequent mobilization and transport of lunar fines [4].
Here we summarize the results of recent laboratory experiments indicating that the interaction of dust on the
lunar surface with solar UV and plasma is more complex than previously thought, and can possibly offer an
answer to many questions that remained open since the
Apollo era [7, 8].
The Lunar Dust Experiment (LDEX): LADEE was
launched in September 2013, it reached Moon in about
30 days, continued with an instrument checkout period
of about 40 days in the altitude of 220 - 260 km, followed by an approximately 150 days of science observations period in a typical altitude of 20 - 100 km. LADEE
followed a near-equatorial retrograde orbit, with a characteristic orbital speed of 1.6 km/s. LDEX detected a
total of approximately 140,000 dust hits (Figure 1) during about 80 days of cumulative observation time by the
end of the mission in April 2014. LDEX was designed
to explore the ejecta cloud generated by sporadic interplanetary dust impacts, including possible intermittent
density enhancements during meteoroid showers, and to
search for the putative regions with high densities of dust
particles with radii  1 µm lofted above the terminators
[9]. LDEX was an impact ionization dust detector, which
measures both the positive and negative charges of the
plasma cloud generated when a dust particle strikes its
target. The amplitude and shape of the waveforms (signal
versus time) recorded from each impact are used to estimate the mass of the dust particles. The instrument had
a total sensitive area of 0.01 m2 , gradually decreasing to
zero for particles arriving from outside its dust field-ofview of ± 68o off from the normal direction [10]. The
measured fluxes indicate that the Moon is engulfed in a
permanently present, but highly variable dust exosphere
(Figure 2).
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Compositional Mapping of the Lunar Surface: The
dust particles comprising the lunar ejecta cloud are small
samples from the surface and could be used to map the
Macmillan Publishers Limited. All rights reserved
chemical composition of the Moon from orbit [5], and
could be used to identify regions that could be most valuable for In Situ Resource Utilization (ISRU), a key element in establishing human habitats on the Moon. The
expected availability of water ice, and other volatiles, in
Permanently Shadowed Regions (PSR) makes the lunar
poles of prime interest. However, the relative strength
of the various sources, sinks, and transport mechanisms
of water into and out of PSRs remain largely unknown.
At high latitudes, the lunar surface is exposed to the
continual bombardment from the northern and southern
toroidal meteoroids as well as intermittent, intense meteoroid showers [11]. Impact bombardment produces transiently large quantities of lunar dust ejecta, which serves
to re-blanket and cover the surrounding terrain, and also
produces impact vapor from the volatile distribution at
the surface.
Water is thought to be continually delivered to the
Moon through geological timescales by water-bearing
comets and asteroids, and produced continuously in situ
by the impacts of solar wind protons of oxygen-rich minerals exposed on the surface. IDPs are an unlikely source
of water due to their long UV exposure in the inner solar
system, but their high-speed impacts can mobilize secondary ejecta dust particles, atoms and molecules, some
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3
sputtering. Since none of these are at work in PSRs, dust
impacts remain the dominant process to dictate the evolution of volatiles in PSRs. The mobilized atoms and
molecules can get trapped in PSRs, and the accumulation of water in these regions has been suggested since
the early days of the space age [12, 13]. While there are
several processes leading to the accumulation of volatiles
in PSRs, the only recognized and possibly significant
loss mechanism is due to IDP impacts. The competing
effects of dust impacts are: a) ejecta production leading to loss out of a PSR; b) gardening and overturning
the regolith; and c) the possible accumulation of impact
ejecta, leading to the burial of the volatiles. The competition between the volatile influx and these dust impact
induced processes determine the ability of a PSR to accumulate volatiles, as well as their accessibility for ISRU
[14]. Hence, the measurement of the temporal and spatial variability of the dust influx, and the characteristics
of the impact generated secondary dust particle plumes
are critical to assess the availability of water in PSRs.
A polar-orbiting spacecraft (Figure 3) could directly
sample the lunar ejecta, providing the critical link between IDP bombardment and the evolution of water
ice in PSRs [5, 15].
(dashed) [Campbell-Brown and Jones, 2006]. Errors for each of
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SZALAY AND HORÁNYI

2
0

0

s

AP,peak

−(3𝛼−2)
max

−3𝛼
max

initial
systematic
increase
until 20 November
is duerunning
to transitionsaverage
from the
lunar phase is averaged from 1 January 2014 to 18 April 2014. The lunar dust cloud is found to wax and
out
the
LADEE
mission.
The2013
daily
wane with lunar phase as expected, peaking
high-altitude
subsequent
orbits.
Four
of the80309,
several
in a reference frame where
versity of Colorado, Boulder, Colorado
80303, USA. 2checkout
Departmentto
of the
Physics,
University science
of Colorado,
Boulder,
Colorado
USA. 3Institute a ≥ 0.3µm. These plots are
when the Moon is in its waning gibbous phase.
ofBoulder,
impacts
per
minute
of and
particles
with
>
0.3µm
(Methods
subsection
annual
meteoroid
showers
generated
elevated
impact
ratesradii
lasting
several
days.
t (IMPACT),
University
of Colorado,
Colorado
80303,
USA. 4Astronomy
Space Physics,
University
of Oulu,
FI-90014
Oulu, Finland.
The phase of this peak further validates the conthe
Sun
is
on
the
left
(-x
direction)
and
theoverapex
motion
6
7
clusion that the HE source
dominates
the
berg,
Germany.
für Raumfahrtsysteme,
Stuttgart,
Raumfahrtzentrum
Baden
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Near-surface Dust Transport Observations: In addition to bombardment by interplanetary dust, the exposure
of airless surfaces to ultraviolet radiation and solar wind
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The size distribution for lunar regolith
has been accurately measured down
to a few microns [Heywood, 1971; Görz
et al., 1971], and recent analysis indicates that the lunar fines are lognormally distributed with a peak at radius
0.1 to 0.3 μm [Park et al., 2008], indicating that a0 is lower than the LDEX
observation threshold ath . However,
determining the size distribution for
grains with a < 1 μm remains challenging [Liu and Taylor, 2011]. Laboratory impact experiments found impact
ejecta fragments down to 50 nm in
radius [Buhl et al., 2014]; therefore, we
investigate the impact gardening rates
for a0 in the range of 0.05 to 0.3 μm.
Table 1 shows 𝜏 and 𝛿 for critical radii
of 0.05, 0.1, and 0.3 μm.
4

lunar poles of prime interest. However, the relative strength of the various sources, sinks, and transport
mechanisms of water into and out of PSRs remain largely unknown.
The proposed Korean Dust Experiment (KDEX) will quantitatively characterize the temporal
and spatial variability of the influx of Interplanetary Dust Particles (IDP) to the polar regions
of the Moon, a critical measurement in understanding the evolution of volatiles in PSRs. KDEX
will contribute fundamental measurements to move several Strategic Knowledge Gaps (SKG)s
toward closure to assess the availability and accessibility of water ice in PSRs.

Lunar Dust 2020 (LPI Contrib. No. 2141)

The surface of the Moon is covered with a layer of loose rocky material, including micron and submicronsized dust particles. This regolith has been formed, and remains continually reworked, by the intermittent
impacts of comets, asteroids, meteoroids, and the continual bombardment by IDPs. All planetary bodies in
the inner solar system are continually bombarded by IDPs originating primarily from asteroid collisions and
cometary activity (Fig.D.1).

Geophysical Research Letters

Figure D.1: Depiction of IDP bombardment related processes at the lunar polar regions. IDP impacts are important contributors to sustaining the dilute lunar exosphere, to mobilizing and transporting volatiles towards the lunar polar regions,
and simultaneously limiting their accumulation in PSRs through geological time scales. At high latitudes, the lunar surface is exposed to the continual bombardment from the northern and southern toroidal meteoroids as well as intermittent,
intense meteoroid showers. Impact bombardment produces transiently large quantities of lunar dust ejecta, which serves
to reblanket and cover the surrounding terrain, and also produces impact vapor from the volatile distribution at the surface.
KDEX will directly sample the lunar ejecta, providing the critical link between IDP bombardment and the evolution
of water ice in PSRs.
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particles generated by IDP impacts and the accessibility 3.1. Comparative
Dust Transport Experiments

n equation (1) as a starting point for our three-dimensional model, we will derive
potentially indicated the efficient lofting of charged
the angular distribution and check for consistency.

We report the results of a series of comparative experiments of dust transport with and without secondary
electron or photoelectron production. In the ﬁrst set of experiments, dust particles were exposed to a thermal
plasma with an electron temperature of ~2 eV or a plasma and a 120 eV electron beam by placing the hot
ﬁlament below or above the dusty surface, respectively. Note that the observations of dust transport and
the measurements for the vertical electric ﬁeld (Figure 2b) and horizontal potential (Figure 2c) proﬁles were
all carried out in exactly the same plasma with the bottom or top ﬁlament setup. Dust transport including the
hopping motions was only recorded when exposed to both the plasma and electron beam (Figure 3a), while
exposure to plasma alone did not result in the mobilization of the dust particles, consistent with previous
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Figure 6: The initial velocity distribution of lofted dust
particles as function of the grain size. The modeling parameters are: γ characterizes the geometry of the cavity
and the dust grains, φ is the surface potential of negatively charged grains inside a micro-cavity, rho is the
specific density of the dust particles, and r is the radius
of a lofted particle [30].
posure to plasmas (Figure 5), resulting in an equivalent
height of ∼ 0.1 m on the lunar surface, that is comparable to the height of the so-called lunar horizon glow
[7]. These experiments showed that the emission and
re-absorption of photoelectron and/or secondary electron
at the walls of micro-cavities formed between neighboring dust particles below the surface are responsible for
generating unexpectedly large negative charges and intense particle-particle repulsive forces to mobilize and
lift off dust particles [7, 8, 31]. The initial speed distribution of the particles (Figure 6) is on the order of 0.5
m/s and it is expected to be inversely proportional to the
size of the particles with a large scatter due to the somewhat stochastic effects of particle-particle cohesion [30].
These experiments indicate that electrostatic dust transport could be a surprisingly fast and efficient process to
intermix lunar fines in the top layer of the lunar regolith,
and indicate that these processes could indeed be responsible to deliver small particles to PSRs. Dust charging,
mobilization, and transport observed in laboratory
experiments could be verified by an Electrostatic Dust
Analyzer (EDA) instrument (Figure 7) placed on the
lunar surface [32, 33].
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