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This paper describes our future observation of the dust environment around the Moon by the Lunar Dust
Monitor (LDM) to increase our knowledge regarding how the dust inﬂow and outﬂow contribute to lunar surface
materials. Dust observation in lunar orbit is of great signiﬁcance to better understand the source of supply of lunar
materials, the evolution of lunar regolith, ejecta escaped from the Moon’s gravitational sphere, and the inﬂow dust
related to meteor streams. Although there have been several past missions of dust observation around the Moon,
the origins of the observed dust particles in those missions could not be identiﬁed due to low statistics of dust ﬂux
or low accuracy of determining their arrival directions. To quantitatively study dust particles around the Moon,
we need further data for improved statistics. In a feasibility study, we propose the instrumentation of a LDM
that can measure the mass and speed of dust particles with a large detection area of 0.04 m2 . With this LDM,
we aim at quantitatively studying dust particles around the Moon, inclusive of interplanetary dust, β meteoroids,
interstellar dust, and possibly lunar dust that originate from the surface materials of the Moon. In this paper, we
summarize the signiﬁcance of dust particles around the Moon and report an overview of our instrument proposed
for the next Japanese lunar mission SELENE-2.
Key words: Cosmic dust, interplanetary dust, interstellar dust, lunar dust, impact ionization detector, lunar
exploration.

1.

Introduction

Dust particles (or micrometeoroids) around the Moon,
which we call lunar ambient dust particles, include interplanetary dust (IPD), β meteoroids, interstellar dust (ISD),
and possibly lunar dust that originates from the surface materials of the Moon. According to a direct measurement
of the accretion rate to the Earth by Love and Brownlee
(1993), several thousands of tons of dust particles may fall
onto the Moon every year, supplying materials to its surface layer. When the inﬂow dust particles hit the surface
of the Moon, or any other airless body (Mercury, asteroids,
etc.), the resulting melting and vaporization redden materials on the surface. Therefore, the reﬂectance spectrum of
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lunar surface materials can be changed from their primordial characteristics by the hypervelocity impact of dust particles because of the space weathering (Hapke et al., 1975;
Keller and McKay, 1993; Sasaki and Hiroi, 2008). This
change might cause a problem in estimating mineralogical composition from the reﬂectance spectrum of the Moon.
The quantitative relation between dust ﬂux and reﬂectance
change is uncertain since the ﬂux of the inﬂow dust colliding with the lunar surface has not yet been quantitatively
estimated for different dust sizes. Therefore, an in-situ measurement of “inﬂow” dust particles is very important for an
understanding of the material composition of the lunar surface. The regolith on the lunar surface may be accelerated
to energetic lunar dust by some mechanisms. As a result,
some lunar material possibly leaves the gravitational inﬂuence of the Moon (like lunar meteorites). Although the escaping mass ﬂux is still uncertain, primordial surface materials might be exposed by such a mass-loss mechanism from
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Table 1. Properties of dust particles around the Moon.

Dust

Origin

Interstellar dust

Local interstellar cloud

Interplanetary dust

Cometary and asteroidal materials
Interplanetary dust swept by
solar radiation
Materials on the lunar surface, regolith

β meteoroids
Lunar dust

Kinetic property in heliocentric coordinates
Velocity (mass)
Direction of arrival
25 km/s∗ (<10−8 g∗ )
<42 km/s∗∗ (<10−5 g∗∗ )
>42 km/s∗∗∗ (<10−12 g∗∗∗∗ )
>0 km/s∗∗∗∗∗ (unknown)

Ecliptic longitude of 252◦ & ecliptic latitude of 5◦∗
Anti-apex of the Earth or higher eccentricities and various inclinations
Solar direction
Lunar direction

∗ Refer

to Kimura et al. (2003a, b).
to Fechtig (1982) and Grün et al. (1985).
∗∗∗ Escape velocity at the Earth/Moon location with respect to the Sun’s gravity.
∗∗∗∗ The mass of which a spherical particle with a density of 2 g/cm3 has a high β factor greater than 0.5. Such dust particles can be accelerated by
radiation pressure to above the escape velocity at 1 AU (Zook and Berg, 1975).
∗∗∗∗∗ Selenocentric velocity measured in an orbit of 100-km altitude.
∗∗ Refer

the lunar surface. Thus, the “outﬂow” dust particles are
another important factor to understand the chemical composition of material of the lunar surface. There have been
several past missions for dust observation around the Moon,
but we need further data to improve the statistics for a quantitative study of lunar ambient dust particles; in particular,
the outﬂow dust particles. The next Japanese lunar mission
SELENE-2, after the successful mission Kaguya (formerly
known as SELENE), is planned to be launched in the mid
2010s and to consist of a lander, a rover, and an orbiter, as a
transmitting satellite to the Earth (Matsumoto et al., 2008).
Here, we propose a cosmic-dust particle detector LDM (Lunar Dust Monitor) to be onboard the orbiter. In a lunar
orbit that is far further from the Earth and, in particular,
the earth’s geosynchronous orbit, cosmic-dust observation
takes place in a clean environment, which is not inﬂuenced
by a background of man-made space debris. As for dust observation in a debris-free environment for one year, cosmicdust observation with a large detection area is certainly of
signiﬁcance. Recently, large-detection-area dust counters
have been proposed for future space missions in Earth orbit
(Sternovsky et al., 2007; Grün et al., 2009). If those missions are realized, many subjects that have been neglected
due to insufﬁcient statistics of dust observation might be
solved. The detection area of the LDM proposed here is
smaller than those mentioned above, but still has larger detection area than those used in past dust missions in lunar
orbit. In this paper, we summarize the observational significance of lunar ambient dust and present an overview of our
instrument proposed to the SELENE-2 mission, which has
a large detection area thereby enabling a signiﬁcant amount
of data to be obtained.

was a Japanese Mars explorer; the Nozomi-MDC (Mars
Dust Counter) observed dust particles for ﬁve months in the
Earth’s gravitational sphere before leaving for Mars. Nozomi made only ﬂybys of the Moon without entering lunar
orbit. These observations by Hiten- and Nozomi-MDCs obtained a small dataset of dust particles for statistics, excluding earth-orbiting dust, once in a week, because the dust
detectors had small sensitive areas, 0.01 m2 and 0.014 m2 ,
respectively. Dust particles around the Moon should be
classiﬁed on the basis of their origins: ISD, IPD, β meteoroids, and possibly dust particles that have originated from
the Moon. Table 1 summarizes a rough criterion for the
identiﬁcation of dust particles around the Moon. They can
be inferred from their kinematic properties: the velocities
and the arrival directions. If the population of dust components around the Moon is determined by observation, we
can increase our knowledge of the contribution of inﬂow
and outﬂow dust particles to lunar surface materials.
2.1.1 Source of supply of the Moon’s volatile materials Materials on the lunar surface contain volatiles,
as evidenced by a sodium atmosphere on the Moon. The
volatiles should already be exhausted from the surface layer
on the Moon if they are supplied only from the lunar interior because the diffusion of sodium on the Moon is inadequate to account for the observed atmospheres (Killen,
1989; Sprague, 1990; Stern, 1999; Sarantos et al., 2008).
The sodium atmosphere, however, still remains if cometary
dust is one of the supply sources. A past observation shows
that the sodium atmosphere of the Moon changes in synchronization with Leonids (Smith et al., 1999; Shiokawa
et al., 2000). Furthermore, cometary dust may be a contributing source of water ice in the pole regions of the Moon
(Berezhnoy et al., 2003). A dust detector onboard a space2. Signiﬁcance of the Observation of Lunar Am- craft in lunar orbit can obtain data that are necessary to infer
the origin of volatiles on the Moon.
bient Dust Particles
2.1.2 Evolution of the lunar regolith Dust particles
2.1 Lunar ambient dust particles
Hiten and Nozomi observed dust particles and measured play an important role in the space weathering of airless
their ﬂuxes in lunar orbit (Iglseder et al., 1996; Sasaki et al., bodies such as the Moon. Bombardment of high-velocity
2002, 2007). Hiten orbited the Moon from February 1992 dust particles of the lunar surface contributes to the proto April 1993, and the dust counter MDC (Munich Dust duction of its regolith layer. As we have mentioned in
Counter), which was the only science payload of Hiten, Introduction, space weathering affects its optical properdetected about 150 dust particles in lunar orbit. Nozomi ties. As the surface undergoes space weathering, the overall
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Fig. 1. Schematic of the cross-sectional view of LDM-S, the sensor part
of the LDM.
Fig. 2. Example of a typical event measured with a bread-board model in
the laboratory.

albedo is reduced, reﬂectance decreases with wavelength,
and the depth of its diagnostic absorption bands is reduced.
The mineral compositions of lunar materials derived from
remote-sensing observations of the reﬂectance spectrum become ambiguous due to the space-weathering effect. Since
the bombardment rate of dust particles of the Moon has not
been measured precisely, any changes in the reﬂectance of
lunar surface materials have not been evaluated quantitatively. It is important to measure the current ﬂux of inﬂow
dust particles, from which the weathering effect in the past
can be inferred. The latitudinal distribution of the inﬂow
position of dust particles is also interesting, because the latitude dependence of space weathering may reveal a leading
cause of space weathering.
2.1.3 Ejecta escaped from the Moon’s gravitational
sphere Surface materials might escape from the Moon,
although they have not yet been directly observed. Small
bodies such as satellites and asteroids have weak gravitational ﬁelds that enable surface materials to easily escape as
impact ejecta of meteoroid bombardment. The dust detector
subsystem (DDS) onboard Galileo detected dust particles
ejected from the Jovian satellites, Ganymede, Europa, and
Callisto. A theoretical estimate of the total mass of impact
ejecta is difﬁcult because of unknown ejection mechanisms.
However, observation by a dust detector with a large detection area may determine the total mass of outﬂow materials.
Small ejecta from the Moon, of a size assumed to be less
than 1 μm, may be related to levitation dust observed by
Apollo astronauts (McCoy, 1976; Zook and McCoy, 1991).
It is expected that the grain size of levitation dust at a certain position in the lunar orbit depends on the grain size of
regolith materials at the nadir.
2.1.4 Inﬂow dust related to meteor streams Recent
studies suggest that the ﬂux of inﬂow dust increases when
meteor streams appear (see, e.g., Bruno, 2007). An observation over more than one year may verify this hypothesis by examining the variation of the dust ﬂux with meteor
streams.

Fig. 3. The sensitivity of the LDM is shown by an area surrounded by a
dashed line.

Grid4) parallel to the target whose effective area is 0.04 m2
(20 cm × 20 cm). The grids are 90% transparent: Grid1
is 2 cm apart from the target and Grid2 is 15 cm from the
target. Two meshed grids, Grid3 and Grid4, between which
a negative-bias high voltage of −100 V is applied to reﬂect
the solar-wind electrons, were added. LDM-S has a large
target (gold-plated Al), to which a high voltage of +500 V
is applied. Grid1, Grid2, and the target, are individually followed by charge-sensitive ampliﬁers, which convert charge
signals induced by electrons and ions to voltage signals that
are fed to a following ﬂash ADC driven with 10 MHz. Assuming the surface potential of +5 V for incident dust particles (Mukai et al., 2001), the lower detection limit of dust
size is about 2 μm in radius. Figure 2 shows an example
of the waveforms of a typical event measured with a breadboard model in a laboratory. The waveforms from Grid1,
Grid2, and the target, can be stored and be sent back to
ground. We can deduce the mass and speed information
of impacting dust particles from the recorded waveforms.
This impact ionization type detector is designed to detect
charged dust particles and to measure the kinematic param3. Instrumentation of the Lunar Dust Monitor
eters, mass and speed. The speed of a dust particle is ob3.1 Principle of measurement
tained by measuring the time of ﬂight (TOF) between Grid1
As shown in Fig. 1, LDM-S, that is the sensor part of and Grid2. When the charged dust particle passes through
LDM, has four meshed grids (Grid1, Grid2, Grid3, and Grid2 and Grid1, it induces an electric signal on the grids.
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Table 2. Measuring capability of LDM.

Velocity

Mass

Range
Precision
Range
Precision

Science requirement

Performance target

1–100 km/s
better than 30%
10−14 –10−11 g
(@10 km/s)
better than an order of magnitude

0.1–100 km/s
better than 30%
as shown in Fig. 3
10−14 –10−11 g (@10 km/s)
better than an order of magnitude

As shown in Fig. 2, the signals from Grid1 and Grid2 show
negative peaks before the moment of the impact. Those
signals have peaks corresponding to the time that the incident charged dust particle pass through the grids and this
corresponds to “start” and “stop” of TOF. Time separation
between the peaks shows a TOF of the incident dust particle
between the grids. The speed of the incident dust particle is
derived from the TOF and the distance between the grids.
Measuring the time separation, we can determine the speed
of the particle. Uncertainty in the speed determination cannot be completely erased, because the path length between
the grids depends on the incident angle. We obtain the mass
of the incident dust particle by observing the impact plasma
generated from the impact of the hypervelocity dust particle on the target plate. The quantity of the impact plasma is
obtained by reading the pulse height of the signal from the
target plate, V1, shown in Fig. 2. When the incident particle with hypervelocity impacts on the target, the impact
generates a plasma gas of electrons and ions. The electrons
of the plasma are collected by the target and the ions are
accelerated toward Grid1 by the electric ﬁeld. Some of the
ions drift through Grid1 and reach Grid2. The mass of the
incident dust particle is a function of the quantity and drift
time of the impact plasma as follows;
tr = cg · v α ,
Q/m = cr · v β ,

(1)
(2)

called side-wall impact event (Willis et al., 2004; Altobelli
et al., 2004). The LDM will also have such side-wall impact
events in orbit and the observed data has to be corrected according to a secondary impacts experiment, such as that of
Willis et al. (2004).
3.2 Evaluation of the detection area of the LDM
We propose a dust monitor that is operated in lunar orbit,
called the lunar dust monitor (LDM). The detection area of
the sensor part is 0.04 m2 (rectangle, 20 cm × 20 cm) and
the FOV is ±62◦ . This instrument aims to observe several
hundred counts of dust particles, the origins of which are
well identiﬁed. The detection area of the LDM has been
constrained from the following arguments: A dust detector called MDC onboard Hiten that was launched on January 24th, 1990, observed dust particles in lunar orbit. The
Hiten-MDC, of which the detection area was 0.010 m2 , detected 150 counts of dust particles during 14 months of operation, from February 15, 1992, through April 10th, 1993,
(Iglseder et al., 1996). The Hiten-MDC observed dust particles with velocities from 1.8 km/s up to over 70 km/s and
masses between 10−7 g and 10−16 g. Using the same procedure as described above, the mass and velocity of the impacted dust particles can be derived from the Hiten-MDC
observation data. Our LDM has a geometric conﬁguration of sensor and dynamic ranges of mass and velocity
for impacted dust particles similar to the Hiten-MDC. The
Hiten-MDC had a single grid as a top layer while the LDM
has four grids that have 90% transparencies, individually.
Therefore, only about 65% dust particles with incident angles within the FOV can pass through the grids and reach
the target. The FOV of the LDM, ±62◦ , should also be
taken account. As a scientiﬁc requirement, it is preferable
to detect several hundred counts of dust particles during
the mission period (assumed one year) in order to identify
their origins (meteoroids, comets, and interstellar matter)
by the orbits of the observed dust particles. Therefore, the
LDM needs a detection area several times larger than those
missions and thus the detection area was speciﬁed to be
0.04 m2 . The LDM aims to observe the dust environment
in lunar orbit and dust components shown in Table 1 are expected to be detected. Those various dust components have
different ﬂux and arrival directions. To detect them evenly,
the mounting position and orientation of the LDM should
be carefully considered, taking into account the ﬂux and arrival direction of the dust components.

where tr is the rising time of the target signal, Q is the
charge collected on the target, m and v are the mass
and the speed of the incident dust particle, respectively
(Friichtenicht and Slattery, 1963; Auer and Sitte, 1968).
The parameters cg , cr , α, β, have been determined by calibration experiments using a van de Graaff accelerator at
the Max Planck Institute for Nuclear Physics in Heidelberg: cg = 7.6 × 10, cr = 5.50 × 10−5 , α = −1.44,
β = 3.91. The LDM detects dust particles with a sensitivity as shown in Fig. 3. Using a bread-board model of the
LDM, we are evaluating the conceptual design of the LDM
described above and conducting experiments to optimize its
performance (Ohashi et al., 2010). From the results of experiments accounting for the uncertainties of the parameters
and the ﬁeld of view (FOV) of the instrument, the speeds of
incident dust particles larger than 2 μm can be measured as
low as 2 km/s within an uncertainty of about 30% owing
to their TOFs between the grids. For incident dust particles smaller than 2 μm, the uncertainties of the mass and
the speed are an order of magnitude and about 70%, respec- 4. Collaboration with the Preceding Mission of
LADEE-LDEX
tively. The assumed measuring capability of the LDM is
tabulated in Table 2. Some of the incident particles can imThe Lunar Dust EXperiment (LDEX) onboard LADEE,
pact on the side wall of the impact ionization detector, a so- which will be launched in 2012, is designed to map the spa-
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tial and temporal variability of the dust size and density distributions in the lunar environment (Horányi et al., 2009).
LDEX will observe the lunar environment for about 90 days
at 50-km altitude in a nominal case. It has a sensor area of
0.01 m2 . The observation data of LDEX in the low orbit will
determine the dust outﬂow rate from the Moon accurately
while SELENE-2 will orbit at 100-km altitude and can detect the more energetic outﬂow dust particles. Combining
the observation results of LDEX and LDM will improve our
knowledge of the conventional model of the interplanetary
ﬂux at 1 AU and the lunar ﬂux proposed by Grün et al.
(1985).

5.

Concluding Remarks

In this paper, we propose a future observation plan of dust
particles in lunar orbit onboard the orbiter of the SELENE-2
mission. The proposed instrumentation has a larger detection area (0.04 m2 ) than that employed in past lunar missions which will enable it to obtain enough statistics of ambient dust particles for a quantitative study to determine
the origin of the dust particles accurately. The orbiter of
SELENE-2 may be planned to be in operation for one year
or longer, and the LDM is expected to observe more than
100 counts of dust particles with enough kinematic information to identify their origins in lunar orbit. It has been
observed that the Sun is at an extremely low activity level
at the time of writing this paper. Under such circumstances,
more ISD, the orbit of which is less affected by the interplanetary magnetic ﬁeld, might be observed at 1 AU.
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