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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 aster-
oidal 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 sec-
ondary 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. Mi-
cron 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 satel-
lites 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 high-
altitude (� 1 km) lunar dust environment. These find-
ings provide a unique opportunity to map the composi-
tion of the lunar surface from orbit [5] and identify re-
gions 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 sug-
gested to explain a number of unusual observations in-
dicate 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 on-
board the Lunokhod-2 rover also reported excess bright-
ness, most likely due to HG. From the lunar orbit dur-
ing sunrise the Apollo astronauts reported bright stream-
ers 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 im-
pact rate from interplanetary and interstellar dust, LEAM
registered hundreds of signals associated with the pas-
sage of the terminator, which swamped most signatures
of primary impactors of interplanetary origin [6]. Cur-
rently no theoretical model explains fully the formation
of a dust cloud just above the lunar surface, but the obser-
vations discussed above all indicate the role of charging,
subsequent mobilization and transport of lunar fines [4].
Here we summarize the results of recent laboratory ex-
periments indicating that the interaction of dust on the
lunar surface with solar UV and plasma is more com-
plex 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, fol-
lowed by an approximately 150 days of science observa-
tions period in a typical altitude of 20 - 100 km. LADEE
followed a near-equatorial retrograde orbit, with a char-
acteristic orbital speed of 1.6 km/s. LDEX detected a
total of approximately 140,000 dust hits (Figure 1) dur-
ing 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 inter-
planetary 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 esti-
mate 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-of-
view 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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Interplanetary dust particles hit the surfaces of airless bodies in the
Solar System, generating charged1 and neutral2 gas clouds, as well
as secondary ejecta dust particles3. Gravitationally bound ejecta
clouds that form dust exospheres were recognized by in situ dust
instruments around the icy moons of Jupiter4 and Saturn5, but
have hitherto not been observed near bodies with refractory rego-
lith surfaces. High-altitude Apollo 15 and 17 observations of a
‘horizon glow’ indicated a putative population of high-density
small dust particles near the lunar terminators6,7, although later
orbital observations8,9 yielded upper limits on the abundance of
such particles that were a factor of about 104 lower than that neces-
sary to produce the Apollo results. Here we report observations of a
permanent, asymmetric dust cloud around the Moon, caused by
impacts of high-speed cometary dust particles on eccentric orbits,
as opposed to particles of asteroidal origin following near-circular
paths striking the Moon at lower speeds. The density of the lunar
ejecta cloud increases during the annual meteor showers, especially
the Geminids, because the lunar surface is exposed to the same
stream of interplanetary dust particles. We expect all airless plan-
etary objects to be immersed in similar tenuous clouds of dust.

The Lunar Atmosphere and Dust Environment Explorer (LADEE)
mission was launched on 7 September 2013. After reaching the Moon
in about 30 days, it continued with an instrument checkout period of
about 40 days at an altitude of 220–260 km. LADEE began its approxi-
mately 150 days of science observations at a typical altitude of 20–100
km, following a near-equatorial retrograde orbit, with a characteristic
orbital speed of 1.6 km s21 (ref. 10). The Lunar Dust Experiment
(LDEX) began its measurements on 16 October 2013 and detected a
total of approximately 140,000 dust hits during about 80 days of
cumulative observation time out of 184 total days by the end of the
mission on 18 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
0.1-mm-scale dust particles above the terminators. The previous
attempt to observe the lunar ejecta cloud by the Munich Dust
Counter on board the HITEN satellite orbiting the Moon (15
February 1992 to 10 April 1993) did not succeed, owing to its distant
orbit and low sensitivity11.

LDEX is an impact ionization dust detector (Methods subsection
‘The LDEX instrument’). When pointed in the direction of motion of
the spacecraft, LDEX recorded average impact rates of about 1 and
about 0.1 hits per minute of particles with impact charges of q $ 0.3
and q $ 4 fC, corresponding to particles with radii of a> 0.3 mm and
a> 0.7 mm, respectively (Fig. 1). Approximately once a week, LDEX
observed bursts of 10 to 50 particles in a single minute. Particles
detected in a burst are most likely to originate from the same well-
timed and well-positioned impact event that happened just minutes
before their detection on the ground-track of LADEE. Several of the

yearly meteoroid showers generated sustained elevated levels of LDEX
impact rates, especially those where the majority of the incoming
meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
approximation, independent of their initial speed and angular distri-
butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
ber of ejecta particles generated on the surface per unit time with
mass greater than m follows a power law: N1(.m) / m2a. The
LDEX measurements indicate a < 0.9, surprisingly close to the value
aG 5 0.8 suggested by the Galileo mission at the icy moons of Jupiter12
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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before their detection on the ground-track of LADEE. Several of the
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meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
approximation, independent of their initial speed and angular distri-
butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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The Geminids generated the strongest enhancement in impact rates
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followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
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butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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Figure 1: Impact rates observed by LDEX through-
out the LADEE mission. The daily running average
of impacts per minute of particles with radii > 0.3µm
and a > 0.7µm recorded by LDEX. Four of the sev-
eral annual meteoroid showers generated elevated impact
rates lasting several days. The labelled annual meteor
showers are: the Northern Taurids (NTa); the Geminids
(Gem); the Quadrantids (Qua); and the Omicron Centau-
rids (oCe) [9].

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
chemical composition of the Moon from orbit [5], and
could be used to identify regions that could be most valu-
able for In Situ Resource Utilization (ISRU), a key ele-
ment 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 mete-
oroid showers [11]. Impact bombardment produces tran-
siently 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 min-
erals 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 sec-
ondary ejecta dust particles, atoms and molecules, some
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Figure 3. The annually averaged lunar dust density distribution, given
in equation (2), for particles with a ! 0.3 !m in a reference frame where
the Sun is in the "x direction and the apex motion of the Moon about
the Sun is in the +y direction.

and shown in Figure 4. Using the
turning point approximation to calcu-
late F(!, a) via equation (3) introduces
#10–20% error compared to using
the true velocity distribution [Horányi
et al., 2015, Methods] for a similar cal-
culation. Integrating equation (3) over
all local times, we derive an average
flux for all sizes (a!a0),

F = F0

!
a0

ath

""3"

, (4)

where F0 =1.2 ± 0.7 m"2 s"1. The error
is calculated by incorporating a 20%
error from the turning point approx-
imation with the average 35% error
from the fitted and observed values
of n(h).

To determine the impact gardening
rate, the characteristic cross-sectional
area for this flux is calculated by inte-
grating over the distribution function,

# = "
amax

a0

f (a)$a2da = 3"$
3" " 2

#
a"(3""2)

0 " a"(3""2)
max

a"3"
0 " a"3"

max

$
$ 3

3" " 2
$a2

0 (5)

where the approximation has been made for amax % a0. The accumulation timescale, after which the surface
will be entirely covered by a single layer of impact ejecta is

& = 1
F#

= 3" " 2
3$F0a3"

th

a3""2
0 (6)

with a characteristic thickness of d $
%
#. Therefore, the depth accumulation rate is

' = d%& = F#3%2 = F0a3"
th

& 3$
3" " 2

' 3
2 a3(1"")

0 (7)

Figure 4. The total number flux of ejecta particles onto the surface as
a function of local time. The dashed line shows the average value of
1.2 m"2 s"1 and the grey portion indicates the error of 0.7 m"2 s"1.

The size distribution for lunar regolith
has been accurately measured down
to a few microns [Heywood, 1971; Görz
et al., 1971], and recent analysis indi-
cates that the lunar fines are lognor-
mally distributed with a peak at radius
0.1 to 0.3 !m [Park et al., 2008], indi-
cating that a0 is lower than the LDEX
observation threshold ath. However,
determining the size distribution for
grains with a < 1 !m remains chal-
lenging [Liu and Taylor, 2011]. Labora-
tory 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 !m.
Table 1 shows & and ' for critical radii
of 0.05, 0.1, and 0.3 !m.
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Figure 2. The average cloud density for each calendar month LADEE
was operational in 2014. Each color ring corresponds to the density
every 20 km.

constraint, the ratio between the HE and
AH mass production values directly yields
their flux ratio and we find FHE!FAH =M+

HE!
M+

AH"2.1 ± 0.2 on average, from January
to April 2014.

3. Annual Variation and
Synodic Modulation

From January to April 2014, the cloud
structure was observed to vary (Figure 2).
The changes in the observed densities are
caused by changes in the relative contri-
butions of the three dominant sources.
To investigate this temporal dependence,
we find the best fit for each M+

s through-
out 2014 in a sliding window of 30 days
(Figure 3).

The flux ratio FHE!FAH decreases by a
factor of two from #2.7 at the beginning
of 2014 to #1.5 in mid-April. Ground-
based measurements indicate a similar
factor of two decrease in this ratio, how-
ever, for a smaller range of #1.7 to 1.0
[Campbell-Brown and Jones, 2006].

In addition to its sensitivity to the variation of each source flux, the lunar ejecta cloud density is also sensitive
to changes in the impact velocity of incoming meteoroids, since M+ $ v!

imp. The impact velocity of each source
is modulated by the Moon’s 1 km/s orbital velocity around the Earth, hence vs(") = vs,av + cos(" %#s), where
" is the lunar phase and has a value of 0& at full moon. Hence, the mass production of each source peaks at
"s,peak = #s and oscillates throughout the Moon’s synodic period. Since the AP and HE sources dominate the
mass production over the AH source, the lunar dust cloud is expected to peak during the waning gibbous
phase between "AP,peak = 0& and "HE,peak = 65&.

Figure 4 shows the observed lunar dust cloud distribution for lunar phases in increments of 45&. Each depicted
lunar phase is averaged from 1 January 2014 to 18 April 2014. The lunar dust cloud is found to wax and

Figure 3. (top) The best fit M+
s for the HE (blue), AP (green), and

AH (red) sources. (bottom) The flux ratio between the HE and
AH sources from LDEX (solid) and ground-based measurements
(dashed) [Campbell-Brown and Jones, 2006]. Errors for each of
the M+

s sources are no greater than 0.02.

wane with lunar phase as expected, peaking
when the Moon is in its waning gibbous phase.
The phase of this peak further validates the con-
clusion that the HE source dominates over the
AH source for the period of measurement.

4. Discussion

We are able to estimate the HE/AH flux ratio as
a function of time, noting a factor of 1.5–2 dis-
crepancy from radar based observations. Mete-
oroids impacting the lunar surface generate
ejecta in a mechanism entirely di!erent than
how they ablate and ionize in the Earth’s atmo-
sphere. Detecting the signatures of primary
impactors in each scenario relies on signifi-
cantly di!erent parameters. The discrepancy in
FHE!FAH between this method and radar-based
methods is most likely due to the di!erence
between these two very di!erent mechanisms.

SZALAY AND HORÁNYI LUNAR DUST INFLUX VARIATION 3

Figure 2: left: The average dust ejecta cloud density
observed by LDEX for each calendar month LADEE was
operational in 2014. Each color ring corresponds to the
density every 20 km [16]. right: The modeled annually
averaged lunar dust density distribution for particles with
a ≥ 0.3µm. These plots are in a reference frame where
the Sun is on the left (-x direction) and the apex motion
of the Moon about the Sun is towards the top of the page
(+y direction) [17].

with high-enough speed to escape the Moon. Other sur-
face processes that can lead to mobilization, transport
and loss of water molecules and other volatiles include
solar heating, photochemical processes, and solar wind
sputtering. Since none of these are at work in PSRs, dust
impacts remain the dominant process to dictate the evo-
lution of volatiles in PSRs. The mobilized atoms and
molecules can get trapped in PSRs, and the accumula-
tion 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 lead-
ing 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 compe-
tition between the volatile influx and these dust impact
induced processes determine the ability of a PSR to ac-
cumulate volatiles, as well as their accessibility for ISRU
[14]. Hence, the measurement of the temporal and spa-
tial 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 be-
tween IDP bombardment and the evolution of water
ice in PSRs [5, 15].

Near-surface Dust Transport Observations: In addi-
tion to bombardment by interplanetary dust, the exposure
of airless surfaces to ultraviolet radiation and solar wind
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D. Science Investigation

D.1. Introduction

In Situ Resource Utilization (ISRU) is 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.

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.

The surface of the Moon is covered with a layer of loose rocky material, including micron and submicron-
sized 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).
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Figure D.1: Depiction of IDP bombardment related processes at the lunar polar regions. IDP impacts are important con-
tributors 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 sur-
face 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.

Thick atmospheres protect Venus, Earth, and Mars, ablating the incoming IDPs into “shooting stars” that
rarely reach the surface. The surfaces of airless bodies near 1 AU are directly exposed to the high-speed (�
1 km/s) IDP impacts of particles with a characteristic radius of a ' 100 µm and mass flux of F ' 1.5⇥10�15

kg/m2/s [Grün et al., 1985]. The total mass influx to Earth is on the order of 105 kg/day, hence the Moon is
expected to be bombarded by 5⇥103 kg/day of IDPs arriving with a characteristic speed of 20 km/s [Taylor,
1996]. The IDP sources impacting the Moon at high latitudes remain largely uncharacterized due to the lack
of optical and radar observations in the polar regions on Earth. These high latitude sources have very large
impact speeds in the range of 30 < v < 50 km/s [Campbell-Brown and Wiegert, 2009, Pokorný et al., 2014],
hence they are expected to have a significant effect on the lunar surface, including the removal and burial of
volatile deposits in the lunar polar regions (Fig.D.1 and Fig.D.2).
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Figure 1. Illustration of the simulated plume and flight path. The blue ring represents the generated plume while the
dotted line represents the a simulated flight path. (a) The top view of the plume model labeled with the starting point
of the simulated flight path (t1, x1, y1) as well as grid steps dx and dy used for binning the simulated impact rates.
(b) The side view of the plume model labeled with inner and outer cone angles !1 and !0, respectively. Note that the
grid shown in (a) is actually curved at a fixed altitude of (r ! Rm). dx and dy are fixed to 1.67 km for all altitudes
considered to allow for direct comparison between plume fits.

where "v = v"vm with vm = 2.4 km/s (lunar escape speed), # = 8.69, and $ = 7.2 # 10!3 s/m (Horányi et al.,
2015; Szalay & Horányi, 2016b). !0 and !1 are the outer and inner angles from surface normal of the plume,
respectively, as shown in Figure 1. The mass exponent (% = 0.91 ± 0.003) was measured by LDEX while
the mass bounds (mmin = 10!17 kg and mmax = 10!8 kg) were determined by the detection limits of LDEX
at the spacecraft's apex velocity (Horányi et al., 2015). Note that a large !0 would indicate an inconsistency
in the model, as & ("v) and f(!) were derived assuming purely vertical motion.

By using the distributions in equation (1) as a starting point for our three-dimensional model, we will derive
the values of !0 and !1 for the angular distribution and check for consistency.

2. Plume Identification
LDEX received impacts above its detection threshold of a > 0.3'm at a rate of ' = 2.3 # 10!2 s!1 during
commissioning and ' = 3.1 # 10!2 s!1 during the nominal science mission (21 November 2013/18 April
2014; Horányi et al., 2015). We must determine if a given set of impacts is statistically anomalous with
respect to the average background impact rate LDEX observed. As previously performed, the impact rate is
described as a Poisson process. The probability of detecting n or more impacts within a time $t is

P(n,$t) = 1 ! e!'$t
n!2!
n%=0

('$t)n% "n%! (2)

where n is the number of impacts, $t is the total elapsed time, and ' is the average impact rate (Szalay &
Horányi, 2016a; Oberst & Nakamura, 1991). The n ! 2 in the upper limit of the summation follows from
the assumption that $t begins and ends at individual particle detections. For example, the probability of
detecting two or more particles separated by time $t is P(2,$t) = 1 ! e!'$t. Using equation (2), we can
quantify the probability of a set of impacts occurring by employ a sliding window throughout the data of
either a fixed time range $t or a fixed number particles n. Since the temporal structure of the impact rate
time series is highly variable, we elected to fix the number of particles. Measurements referred to as bursts
are impact rates with probability of detection P < 10!3 containing n = 5 particles as shown in Figure 2b.

In this analysis, we are concerned with the total number of impacts in a given plume. Therefore, consecutive
bursts are grouped together in the following manner. We search for bursts within a sliding window of 30 s
and group these together as a “plume” measurement as shown in Figure 2c. The total number of particles

BERNARDONI ET AL. 536

Figure 3: Depiction of IDP bombardment related pro-
cesses at the lunar polar regions. IDP impacts are impor-
tant contributors to sustaining the dilute lunar exosphere,
to mobilizing and transporting volatiles towards the lunar
polar regions, and simultaneously limiting their accumu-
lation in PSRs through geological time scales.

plasma flow has been suggested to result in the lofting of
small dust particles, owing to electrostatic charging and
subsequent mobilization [18]. Electrostatic dust mobib-
lization on the lunar surface has remained a controver-
sial topic since the Apollo era. In situ [18, 19, 20, 6], as
well as remote sensing observations [21, 22, 23, 24] have
potentially indicated the efficient lofting of charged dust
particles near the lunar terminators.

High altitude observations also indicated the exis-
tence of lofted dust at tens of km above the surface. The
first high altitude, remote sensing optical observations
were made during the Apollo 15-17 missions, which
took a series of calibrated images to analyze the zodi-
acal light and the solar corona. Some of these images
indicated an excess brightness that has been interpreted
as forward scattered light from small grains with char-
acteristic radii a ' 0.1µm lofted over the terminator
regions of the Moon by electrostatic effects. The den-
sity of such a dust population was first calculated to be
on the order of 104 m−3 near the surface using Apollo
data [21, 22]. Subsequent remote sensing surveys by
Clementine [23] and LRO/LAMP [24] have significantly
lowered the upper limit of the lofted dust density to ' 1
m−3 near the surface. LDEX was designed to be able to
identify the anticipated high-density of small lofted parti-
cles [25] but found no evidence of electrostatically lofted
grains in the altitude range of 3 - 250 km above the lunar
terminator [26]. Contrary to the LDEX in situ and re-
cent LRO/LAMP remote sensing observations [24], the
most recent analysis of the Ultraviolet/Visible Spectrom-
eter (UVS) onboard LADEE did observe a dense cloud of
nanodust particles with radii in the range of 20 - 30 nm,
driven from the surface by electrostatic charging and/or
IDP impacts [27]. The accumulation, or ponding [28]
of nanodust in PSRs can offer an explanation for their
low FUV surface albedo reported by LRO/LAMP [29],
and likely to alter their near-surface geotechnical proper-
ties possibly reducing the production of secondary ejecta
particles generated by IDP impacts and the accessibility

reach the red surface patches, and the
negative charge Qr is reached. The mag-
nitude of !e(!r! !b) is mainly deter-
mined by high-energy components in
the emitted electron energy distribution
that can be as large as a few Tee (the
temperature of the emitted electrons in
the unit of eV), i.e., !e(!r! !b) = "Tee
with "> 1. According to Gauss’s law
(equation (1)), the charge on the surface
of a dust particle is proportional to the
surrounding electric !eld that is
signi!cantly different between the blue
and red surface patches. The electric
!eld at the blue patch Eb is the sheath
electric !eld, which is on the order of
(!b! !p)/#De while that at the red patch
Er is the Coulomb electric !eld, which is
on the order of (!r! !b)/a, assuming that
the size of microcavity is approximately
the radius of the dust particle. In general,
#De!a, while !b! !p and !r!!b are
comparable, leading to Er! Eb, and conse-
quently,Qr!Qb and the net chargeQ"Qr.
Assuming that the surface area of the red
patch is a half of the total surface area
and substituting E= (!r!!b)/a with
(!r!!b) = "Tee/e in equation (1), we can
estimate

Q"Qr"0:5C "Tee=e" # (2)

where C= 4$%0a is the capacitance of an
isolated spherical dust particle and "> 1.
In an ideal condition in which the red
patches only collect the emitted elec-
trons from the blue patches, "Tee can
be as large as the maximum energy
truncated in the emitted electron energy
distribution at equilibrium in the labora-
tory conditions. However, !r can be com-
plicated by the re"ected electrons/ions
and reemitted electrons from the red
patches despite their lower "uxes. An
empirical constant for " is between 4
and 10 based on our measurements
described in the following sections.

3. Experimental Results

The experiments were carried out in a
vacuum chamber, 50 cm in diameter
and 28 cm tall, with a base pressure of
10!6 torr (Figure 2a). Dust particles were
loaded in a crater 1.9 cm in diameter and

(A)

(B)

(C)

Figure 2. Dust transport experiments. (a) Schematic of the experimental
setups. (b) Electric !eld E pro!les above the dusty surface in both the top
and bottom !lament setups, in which E was made to be approximately
same (~16 V/cm) at the surface. (c) Horizontal potential scans across the
dusty and the solid crater surfaces in both the top and bottom !lament
setups. The potential scans were taken 1mm above the surfaces.
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Figure 4: Schematic of an experimental setups to investi-
gate charging under UV and plasma exposure of regolith
surfaces [7].

of potential resources for ISRU.

Dust Transport Laboratory Experiments: Labora-
tory experiments cannot reproduce the conditions on the
lunar surface, but have been invaluable to shed light on
the microphysical processes that contribute, or even con-
trol, the properties of the regolith. Recent laboratory ex-
periments (Figure 4) recorded micron-sized dust parti-
cles jumping to several centimeters high with an initial
speed of ' 0.5 m/s under ultraviolet illumination or ex-

0.2 cm deep on a graphite surface that was electrically !oated. Mars simulants (irregular shapes, 38–48!m in
diameter, major composition of silica, mass density of 1.9 g/cm!3), which generally resemble the regolith
particles of most airless planetary bodies in the inner solar system, were used in the experiments. In the
plasma experiments, a hot "lament emitted 120 eV beam electrons that simultaneously generated a plasma
when argon gas was fed to the vacuum chamber (0.5–1mtorr) due to the impact of beam electrons with
argon neutral particles. In the UV experiments, a xenon excimer UV lamp was alternatively placed on the
top of the chamber to illuminate the dust particles at a wavelength of 172 nm with a spectra width of
14 nm FWHM. Dust transport and hopping trajectories were recorded with a regular video camera at
30 frames per second (fps) or a high-speed video camera (Phantom V2512) at 5000 fps.

3.1. Comparative Dust Transport Experiments

We report the results of a series of comparative experiments of dust transport with and without secondary
electron or photoelectron production. In the "rst 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
"lament below or above the dusty surface, respectively. Note that the observations of dust transport and
the measurements for the vertical electric "eld (Figure 2b) and horizontal potential (Figure 2c) pro"les were
all carried out in exactly the same plasma with the bottom or top "lament 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
experiments [Flanagan and Goree, 2006]. The vertical electric "elds generated in the plasma sheath above
the dusty surface were kept approximately constant (~16 V/cm) in both experiments (Figure 2b). A major
difference between them was that secondary electrons (SEs) were generated from the dusty surface in
the presence of the electron beam while minimized in the thermal plasma alone. These results indicate
that (1) the plasma sheath electric "eld alone does not generate a suf"cient force to liberate dust particles
and (2) SEs emitted from the dusty surface play a role in alteration of the dust charging process and
subsequent mobilization.

Figure 3. Images of dust transport and hopping trajectories in (a) plasma and electron beam, (b) electron beam, and (c) UV
experiments. A blue square in Figure 3c indicates a hopping trajectory captured under UV illumination. Deposits of dust
particles on the surface outside the crater also indicate their hopping motions in all three images. Large aggregates up to
140 !m in diameter are lofted in addition to individual particles (38–45 !m in diameter).

Geophysical Research Letters 10.1002/2016GL069491
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Figure 5: Images of dust transport and hopping trajecto-
ries in (a) plasma and electron beam, (b) electron beam,
and (c) UV experiments. A blue square in (c) indicates a
hopping trajectory captured under UV illumination. De-
posits of dust particles on the surface outside the crater
also indicate their hopping motions in all three images.
Large aggregates up to 140 µm in diameter are lofted in
addition to individual particles in the size range of 38 -
45 µm in diameter [7].
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Figure 6: The initial velocity distribution of lofted dust
particles as function of the grain size. The modeling pa-
rameters are: γ characterizes the geometry of the cavity
and the dust grains, φ is the surface potential of nega-
tively 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 compa-
rable 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 neighbor-
ing dust particles below the surface are responsible for
generating unexpectedly large negative charges and in-
tense particle-particle repulsive forces to mobilize and
lift off dust particles [7, 8, 31]. The initial speed dis-
tribution 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 some-
what stochastic effects of particle-particle cohesion [30].
These experiments indicate that electrostatic dust trans-
port 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 respon-
sible 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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The AOS includes two cover doors and two tilting mechanisms. In the current model, the sun 
sensors are also developed for determining the sun position. In a lunar landing mission, locating 
the sun position is assumed to be a mission (lander) requirement. The sun sensors are therefore 
eliminated in the proposed new EDA model (section 1.5). After the instrument is deployed on 
the lunar surface, the AOS operates in the following procedure: 1) Determining the sun position 
by lander; 2) The anti-solar side of the instrument will be raised by a tilting mechanism to an 
optimized field-of-view (FOV); 3) A door on the same side will be then opened for dust 
collection. The other door facing the sun prevents solar photons and solar wind ions from 
entering the analyzer, which may cause the saturation of the outputs of the Charge Sensitive 
Amplifiers (CSAs) and consequently the failure of charge measurements. Because the solar wind 
ions are supersonic (i.e., their drift speed is larger than their thermal speed), they are not 
expected to enter the opening aperture that is in its wake. A small fraction of the photons and 
ions may be reflected from the regolith surface and enter the analyzer but their currents to the 
wire-electrodes are expected to be much lower than the saturation current of the CSAs. In the 
current model, ambient electrons (e.g, solar wind electrons and photoelectrons from the surface) 
are prevented by magnet tubes at the entrance.  

The instrument itself also creates local plasma environment and optical shadow that may 
affect the lofted dust particles and their collection. Though this effect is expected to be minimal 
due to the small size of the instrument (much smaller than the photoelectron Debye length above 
the lunar surface, ~ 1 m), it will be studied in the proposed work using computer simulations 
(section 1.5.7).  
1.3.2 Dust Analyzer Module 
1.3.2.1 Design and Implementation 

The analyzer consists of two Dust Trajectory Sensor (DTS) units with a Deflection Field 
Electrodes (DFE) unit in between them. The design and development of the current model are 
shown in Fig. 9 and are described below.  

Measurements of Charge, Velocity and Mass. 
DTS consists of two wire-electrode planes, each 
consisting of 6 wires (0.5 mm in diameter, 7 cm long, 
1 cm spacing) aligned in the y direction (Fig. 9, top). 
This is a simplified configuration of ELDA’s wire-
electrodes, which has additional two wire-electrode 
planes aligned in the z direction. The diameter of the 
wires and their spacing are optimized for charge 
detection, based on the ELDA’s testing results 
[Duncan et al., 2011]. The wire-electrodes are 
electrically shielded using high-open-area grids on 
both ends. As a charged dust particle passes through 
the DTS, the induced charge on each of the wires is 
measured. The total dust charge is close to the sum of 
charges detected on all wire electrodes when the 
particle is in between the two planes. Each CSA is 
individually calibrated (see sections 1.3.2.2 and 
1.5.5.1). The magnitude of the induced charge is 
inversely proportional to the distance between the 

 

 
Fig. 9 Top: Schematic of the current 
dust analyzer module; Bottom: Photo 
of a fully integrated module. 

Figure 7: top: Schematic of EDA, and bottom: photo of
its fully integrated functional module.The magnitude of
a particle’s charge, Q, is measured by induced signals at
the entry and exit of EDA, and the charge-to-mass ratio,
Q/m, is estimated by bending the dust trajectory by ap-
plied electric fields. Hence the measurement can provide
the speed, mass, and charge of mobilized dust on the lu-
nar surface [33].
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[17] J. R. Szalay and M. Horányi. Lunar meteoritic gardening
rate derived from in situ LADEE/LDEX measurements.
Geophys. Res. Lett., 2016. ISSN 1944-8007. doi: 10.
1002/2016GL069148. URL http://dx.doi.org/
10.1002/2016GL069148.

[18] J. J. Rennilson and D. R. Criswell. Surveyor Observations
of Lunar Horizon-Glow. Moon, 10:121–142, June 1974.
doi: 10.1007/BF00655715.

[19] O. E. Berg, H. Wolf, and J. Rhee. Lunar soil move-
ment registered by the Apollo 17 cosmic dust experiment.
In H. Elsaesser and H. Fechtig, editors, Interplanetary
Dust and Zodiacal Light, volume 48 of Lecture Notes in
Physics, Berlin Springer Verlag, pages 233–237, 1976.
doi: 10.1007/3-540-07615-8 486.

[20] Otto E Berg. Lunar Terminator Configuration. Earth and
Planetary Science Letters, 39(3):377–381, 1978.

[21] J. E. McCoy. Photometric studies of light scattering above
the lunar terminator from apollo solar corona photogra-
phy. In R. B. Merrill, editor, Lunar and Planetary Science
Conference Proceedings, volume 7 of Lunar and Plane-
tary Science Conference Proceedings, pages 1087–1112,
April 1976.

[22] D. A. Glenar, T. J. Stubbs, J. E. McCoy, and R. R. Von-
drak. A reanalysis of the Apollo light scattering observa-
tions, and implications for lunar exospheric dust. Plane-
tary and Space Science, 59:1695–1707, November 2011.

[23] D. A. Glenar, T. J. Stubbs, J. M. Hahn, and Y. Wang.
Search for a high-altitude lunar dust exosphere using

Clementine navigational star tracker measurements. Jour-
nal of Geophysical Research (Planets), 119:2548–2567,
December 2014. doi: 10.1002/2014JE004702.

[24] P. D. Feldman, D. A. Glenar, T. J. Stubbs, K. D. Rether-
ford, G. Randall Gladstone, P. F. Miles, T. K. Greathouse,
D. E. Kaufmann, J. W. Parker, and S. Alan Stern. Up-
per limits for a lunar dust exosphere from far-ultraviolet
spectroscopy by LRO/LAMP. Icarus, 233:106–113, May
2014.
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