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Motivation

Dust-plasma interactions on the surface of the Moon are significant 
because:

• electrostatic dust motion is a surface process that may influence the 
evolution of the Moon’s surface (and that of other small, airless 
planetary bodies especially asteroids)

• dust deposition on spacecraft poses a considerable threat to spacecraft

• the Moon is an ideal laboratory for some investigations of the 
fundamental physics of dust-plasma interactions
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overcome gravity (Table S1 in the sup-
porting information). Improvements to
account for the quantized and stochastic
nature of the electron and ion fluxes to
the surface, including the possible role
of charge fluctuations [Flanagan and
Goree, 2006; Sheridan and Hayes, 2011],
still resulted in a small electrostatic force
in comparison to gravity (Table S1).

2. Patched Charge Model

Here we propose a new “patched charge
model” (Figure 1b) for insulating dust
particles on a dusty surface, based on
two key elements: (1) photoelectron
and/or secondary electron production
and (2) the formation of microcavities
between neighboring dust particles
below the surface. In most laboratory
and space conditions, in which the elec-
tron Debye length is much larger than
the dust particle radius (λDe>> a), we
will show that (1) a cavity-side surface
patch can collect unexpectedly large
negative charge due to the absorption
of photoelectron and/or secondary elec-
tron emitted from the neighboring parti-
cles, which magnitude can be much
larger than the charge on a sheath-side
surface patch due to direct exposure to
UV and/or plasma, and (2) the particle-
particle repulsive force Fc can become
the dominant electrostatic force, far
exceeding the sheath electric field force
Fe, in responsible for dust mobilization
and lofting. Our patched charge model
shows that the interactions of the insu-
lating dusty surface with UV radiation
and/or plasmas are a volume effect,
contrary to current studies that only
consider the interacting surface as a
plane boundary. Note that the charging
mechanism proposed here is fundamen-
tally different from the so-called

“supercharging” effect that is related to the motion of the sunlit/shadow boundary on the lunar surface
[Criswell and De, 1977; Wang et al., 2007].

As illustrated in Figure 1b, the blue surface patches are charged to Qb with a potential φb with respect to the
ambient plasma potential φp due to exposure to UV and/or plasma. Photons and/or electrons and ions can
come through small surface gaps, and be incident on dust particles below the surface, generating photoelec-
tron and/or secondary electron. A fraction of these emitted electrons will be absorbed inside the microcavity
and collected on the red surface patches of the neighboring dust particles. These red surface patches are
shielded from the incoming UV photons and/or electrons and ions and will be therefore charged to a nega-
tive potential φr at equilibrium; i.e., the emitted electrons with the energies lower than !e(φr! φb) cannot

Figure 1. Illustration of charges and forces on dust particles. (a) Current
charge models. An electric field E is created in a plasma sheath formed
above a dusty surface. In this case, the dust particles are charged negatively.
Forces acting on a top dust particle (blue) are Fe=QE, the sheath electric
field force; Fc, the particle-particle repulsive force; Fg, the gravitational force;
and Fco, the cohesive force between contacting particles. (b) Patched
charge model. Dust particles (gray circles) form a microcavity in the center.
Photons and/or electrons and ions are incident on the blue surface patches
of the dust particles, charging them to Qb and simultaneously emitting
photoelectron and/or secondary electron. A fraction of these emitted
electrons are re-absorbed inside the microcavity and collected on the
red surface patches of the neighboring dust particles, resulting in a
negative charge Qr.
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Complicating Factors:
• Spacecraft charge
• Spacecraft shadowing
• Extraneous regolith 
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Evidence (?) of Electrostatic Dust Motion
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Figure Credit: Robinson et al. [11]

Figure Credit: Berg et al. [1]

Figure Credit: Colwell et al. [3]

BUT:
• LADEE’s LDEX instrument saw no evidence of 

high altitude dust other than that released by 
micrometeoroid bombardment.

• Reanalysis of Apollo 15 LHG observations are 
consistent with zodiacal light

Geophysical Research Letters 10.1029/2019GL083611

Figure 2. Rock and soil regions near CE-3 landing site. (a–c) Regions on the rocks in C12, C13, and C14 frames taken
by LPCAM on 13 January 2013. (d–f) White rectangle areas in (a)–(c). The R1, R2, and R3 are the three rock regions,
while S1 and S2 are two regions completely covered by lunar soil. White rectangles denote the statistic strips on the
rocks in R1, R2, and R3. The green rectangles in R1, R2, and R3 are statistic strips completely covered by lunar regolith
and each of them is considered as the reference statistic point in each rock region. The height of each blue point
represents corresponding strip's altitude. The red strips in R1, R2, and R3 denote the uppermost strips just below the
height of 28 cm.

4. Results and Analysis
The spatial distributions of dust deposits on the rocks photographed in CE-3 mission are quite different from
the observations in Apollo 17 mission (Figure 1). Figure 1a shows massive dust deposited on a huge boulder
with ∼3-m height at the landing site of Apollo 17, even on the top of this boulder. In addition, there are a
few small boulders wholly covered by the lunar dust in this area.

Comparatively, much less amount of dust is deposited on the rocks in the traversed area of the Yutu rover
(Figures 1b and S1–S3). The walls and the rim of the crater behind Loong rock are distinctly rocky where the
ejected boulders are irregular in shape and of various size ranging from centimeters to few meters tall and
wide. Only small boulders of a few centimeters height are covered by lunar dust, while the dust distribution
on relatively tall boulders only extends to a certain height. In addition, a great number of boulders show
clearly visible coarse granular or porphyritic textures and the uniform textures imply that compositions
within the surfaces of boulders photographed by the Yutu rover are probably homogeneous.

To quantify the deposits on the rocks at CE-3 landing site, we calculated the bidirectional reflectance of the
red, green and blue bands, and then the ratios between every two of them, that is, BOR, BOG, and GOR by the
method described above. Those ratios are treated as indicators showing the distributions of dust deposited
on the rocks in the vicinity of CE-3 landing site. We will show their validations in the following discussion.

4.1. Reflectance Ratios
We analyzed the reflectance features of three relatively smooth and approximately planar regions on rocks
(R1, R2, and R3 in Figure 2) and two regions on regolith (S1 and S2 in Figure 2) to obtain variations of dust
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Terrestrial Work on ES Dust Motion

• Plasma sheath structure: semi-analytical and 
computational, near-surface and global (Nitter
1998, Zimmerman 2014, Poppe 2010, 2012)

• Dust charge: computational and experimental 
(Zimmerman 2016, Wang 2016, Schwan 2017)

• Dust lofting feasibility, considering cohesion 
(Hartzell 2013, Wang 2009)

• Altitudes and particle sizes of levitating 
(Hartzell 2013)

• Dust transport into craters (Hughes 2008)
• Experimental levitation in plasma sheath 

(Sickafoose 2002)
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an electric field pointing downward, as same as the direction
of gravity. When the surface is biased to !60 V, a non-
monotonic potential structure forms in the sheath with a
minimum at 0.5–1 cm above surface. This potential dip
shows an upward electric field near the insulating disc. The
vertical electrostatic force acting on a positively charged
grain now points upward against gravity. The depth of the
potential dip is found to increase as the surface is biased
more negatively. If this near-surface electric field acts on
grains with sufficiently large positive charges, the electric
force overcomes gravity, and the dust particles can be lifted
off the surface and land in the surrounding area. A full two
dimensional map of the measured potential distribution
above the insulating disc with a bias voltage of !80 V is

Figure 2. (a) Images of initial pile of grains with size of
<25 mm at t = 0 minute and at t = 1, 20, and 45 minutes after
plasma is turned on. (b) The radial potential distribution at
each time step, taken 2 mm above the surface with a spatial
resolution of "0.1 cm. The probe was swept from !3 to
+3 cm through the center of the dust pile in about 5 sec.
The asymmetry of the potential distribution is due to the
slight slant of the probe’s path.

Figure 3. A dust pile resting on the graphite surface 3 mm
away from a 6-mm high insulating block and another on an
insulating sheet at t = 0 and t = 45 minutes after plasma is
turned on.

Figure 4. (a) Vertical potential distributions above the
center of an insulator 1.1 cm in diameter on the surface
biased at different voltages. (b) Potential contours above the
insulator sitting on the surface biased at !80 V. Arrows
represent electric fields.

A05103 WANG ET AL.: DUST TRANSPORT ON A SURFACE IN PLASMA
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3. Electrostatic and plasma environment of a small asteroid

The asteroid surface generated for this study is shown in Fig. 1.
A smooth, double-lobed geometry is chosen to provide some com-
plexity of shape while still revealing the governing physics in a
straightforward manner. On its primary ‘‘long’’ axis the object is
about 200 m in length, its large and small lobes are respectively
about 100 m and 60 m in diameter, and the body axis makes a
30! angle with respect to the sunward vector (which points along
the negative x axis in Fig. 1). At this orientation there are four dis-
tinct illumination regions along the surface, which are denoted in
Fig. 1 – unlit regions are drawn in black and lit regions are drawn
in red. The shadowed nightside area, or surface A, comprises the
entire ‘‘back’’ side of the body, dayside surfaces B and C comprise
the directly illuminated ‘‘front’’ parts of the two lobes, and a shad-
owed ‘‘pocket’’, or surface D, lies between dayside B and C. These
labels will also be used to refer to the spatial regions near the
respective surfaces; e.g. dayside B and C will also denote the
regions just upstream of the respective illuminated parts of the
large and small lobes, the pocket D will also denote the region
between dayside B and C, and the nightside A will also refer to
the full obstructed region downstream. There are four boundaries
between sunlight and shadow, denoted as p1–p4 in Fig. 1. At occul-
tation points p1, p2, and p4 the solar incidence angle (and thus the
emitted photoelectron flux) tapers off smoothly to zero, and at p3

the photoemission boundary is more abruptly defined by the sha-
dow of the larger lobe, dayside B.

Figs. 2–6 show time-averaged simulation results from the tree-
code, including electric field (Fig. 2), concentration and fluid veloc-
ity vectors of solar wind electrons (incl. secondary electrons,
Fig. 3), solar wind protons (Fig. 4), and emitted photoelectrons
(Fig. 5), as well as electric potential (Fig. 6). The total simulation
domain for these figures was 0–3 km in the horizontal x-direction
and !750 m to 750 m in the vertical y-direction, and time-
averaging was carried out using 100 instantaneous snapshots
taken at intervals of 500 timesteps after the simulation reached a
quasisteady equilibrium. Pointing to Figs. 2–5 we will discuss the
various physical processes involved in generating the very distinct

nightside and dayside regions, and we will then discuss the com-
plex transition areas in between (near the terminator points p1

and p4), as well as the pocket region which combines elements of
day and night in a very interesting and physically significant man-
ner. Finally, the electric potential of Fig. 6 will be examined within
the context of these other findings.

Fig. 3. Time-averaged solar wind electron concentration and velocity vectors for
the asteroid of Fig. 1.

Fig. 4. Time-averaged solar wind proton concentration and velocity vectors for the
asteroid of Fig. 1.

Fig. 2. Time-averaged electric field vectors and magnitude produced by the simulated interaction of the solar wind with the asteroid surface of Fig. 1. The electric field
magnitude reaches 9 V/m in the red saturated regions near the terminators p1 and p4, and 6 V/m in the pocket near p2 and p3.
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(A Few) Open Questions

Fundamental Physics:
• What is the charge on a dust particle on a solid surface in a plasma?
• What is the charge on a dust particle in a bed of other particles in a plasma 

(e.g. a single regolith particle on the lunar surface)?
• How does dust charging on a surface or in a plasma sheath depend on the 

particle's chemical composition and shape?

Planetary Science:
• Does electrostatic lofting occur on the Moon? When? Where? At what rate? 

What are the characteristics of these particles?
• Does electrostatic levitation occur on the Moon? (see above)

These observations would test modeling predictions and inform spacecraft design
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Lunar Dust

Spacecraft 
Activities

Near-Surface 
Plasma

Plasma dictates 
dust charging 
and motion.

Dust 
tribocharging
modifies plasma 
sheath.

Dust motion/accumulation 
drives mitigation 
need/modality.

Spacecraft activities 
cause tribocharging. 
Spacecraft charging 

attracts dust.

Spacecraft shadowing of surface, tribocharging
and dust mitigation activities modify the plasma 

environment.

Plasma sheath influences spacecraft charging.



Practical Implications for Spacecraft/Mission Design

• What is the rate of dust accumulation on spacecraft? 
– Particle sizes?
– Variation with time of day, landing location?

• How is dust accumulation influenced by tribocharging?
• How will the spacecraft charge?
– Variation with time of day, landing location?
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Plasma Densities (Mike Zimmerman)

• 5m spacecraft at 3m, SIA of 76 deg
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Effect of Launch Location

• Trajectories generally similar, even those that enter the wake
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Relevance to Mitigation

• Several mitigation efforts rely on 
electrostatic forces:
– Electrodynamic dust shield from KSC
– Electron beam developed at CU

• These mitigation efforts will change 
the local plasma environment

• Knowledge of particle charge would 
inform these mitigation efforts
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30 min, the performance of all solar panels is above 98%.
The error in the data is of the order of 1–2%.

From the data above, it is apparent that the Dust Shield
can be made transparent and operate successfully under
high vacuum conditions even under extreme dust loading
conditions. Performances above 98% should be accom-
plished easily upon final design. The application of the
Dust Shields did not have any adverse effects on the solar
panels themselves.

4. Dust mitigation for optical systems

Hundreds of tests were performed on transparent dust
shields under high vacuum in order to understand its
capabilities and limitations and to optimize the design.
Fig. 4 shows the dust shields with dust deposited on them
at 10!6 kPa (Fig. 4a) and after activation and clearing
(Fig. 4b). Cleaning performance was determined qualita-
tively using visual estimation methods for each test. Dust

removal took place a short time after activation. Dust
deposited onto or over the edge of the electrode pattern
was not included in determining performance.

These tests serve to deliver a great deal of information
in a short period of time. Parameters such as dust size,
moisture content, high and low dust loading, voltage
levels, frequencies, are all parameters that can and need
to be evaluated quickly to optimize the technology. For
example, the answer to simple questions such as the
effect of moisture on the surface of the particles can be
found quickly.

5. Dust mitigation for thermal radiators

The thermal insulating properties of the lunar dust are
expected to degrade thermal radiation systems when dust
is transported to these systems as a result of lunar
exploration activities that can disturb the powdery top
layer of the regolith [15]. A method to actively remove
dust from the surfaces of thermal radiation systems is
required to maintain the proper efficiencies of thermal
radiators. The Electrodynamic Dust Shield is being suc-
cessfully implemented to thermal radiators.

Two main types of thermal radiators are being consid-
ered for lunar exploration. The first is to coat the surface
with a radiative paint. The most common paint is AZ-93
Thermal Paint. AZ-93 is an inorganic white thermal control
paint developed for use on spacecraft/satellite surfaces
exposed to the deleterious effects of the space environment.
Application of AZ-93 creates a white coating that allows
only 14–16% of the solar radiation impinging on the space-
craft external surface to be absorbed through to the interior
systems while emitting 89–93% of the internal heat gener-
ated to the cold vacuum of space. AZ-93 has been thor-
oughly tested and is currently being used on external
surfaces of the International Space Station.

The second method to protect objects from incident
radiation is the use of flexible, reflective materials. Fluoro
Ethylene Polypropylene (FEP) is a transparent polymer
material, which is highly flexible, resists oxygen attack,
and serves as the mechanical support for a vapor-depos-
ited layer of highly reflective metal. Two metals that are
commercially available that are vapor-deposited onto the
FEP are aluminum and silver. Ag/FEP has slightly better
thermal characteristics but is more expensive. Since silver
is prone to oxygen attack, a nickel–chromium layer is
deposited on top of the silver giving the material a
greenish tinge. This method is used where painting a
spacecraft surface is not feasible.

5.1. Electrodynamic dust shield for metallic thermal
radiators

Developing an active dust mitigation technique for
removing dust on surfaces covered with AZ-93 thermal paint
involves several steps. The first step is to cover the aluminum
substrate (or any metallic substrate in need of thermal
protection) with a strong dielectric material to allow the
application of large voltages and large electric fields at the
particle0s location. One of the best known dielectrics with
excellent breakdown strength properties is polyimide.

Fig. 4. (a) Transparent dust shields with JSC-1A lunar simulant (50–
75 mm) deposited under high vacuum conditions on transparent dust
shields and (b) dust removal after activation of the dust shields with
performances greater than 99%.
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Figure Credit: Calle et al. [34] (above), Farr et al [35] (below)Acta Astronautica 177 (2020) 405–409
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surface cleanliness C is conveniently defined as 

C=(Ls −Ld) / (Lc − Ld ) (1)  

where Ls is the average pixel brightness of the entire sample surface, Lc is 
the average pixel brightness of the clean surface (no dust) and Ld is the 
average pixel brightness of the surface fully covered by dust. 

In order to create a controlled and consistent dust deposition on the 
test sample, we followed the following procedure: 1) Load the lunar 
simulant on a sieve (mesh opening: 25 μm); 2) Tap the sieve to let the 
simulant fall on the sample surface to create an approximately uniform 
deposition; and 3) Record an image and analyze the sample surface 
brightness to define the initial surface cleanliness using Eq. (1). In our 
experiments, we focused on cleaning the sample surface that is not fully 
covered by dust (i.e., C > 0). However, we noticed that the deposition 
does not create a perfect mono-layer of dust on the sample surface. 
Instead, dust particles can accumulate on top of each other due to inter- 
particle cohesion, forming a multi-layer deposition. The surface clean-
liness is therefore correlated with the thickness of the dust layer as well. 
The lower cleanliness gives both the higher dust coverage and the 

thicker dust layer. As shown in Section 4, the cleaning efficiency is 
affected by the thickness. 

We performed a series of tests to find the optimized electron beam 
current density and energy. The cleaning effectiveness was tested with 
different surface materials and thicknesses of the initial dust layer. Each 
of the tests included 2–4 trials. Their averaged results are shown in 
Figs. 3–6 with the standard deviations as error bars. 

4. Results and discussion  

1) Electron beam current density and energy 

The optimized beam current density and energy were tested with a 
spacesuit sample covered by JSC-1A dust with a medium thick layer (C 
= 37.5%). The beam current density was varied between 0.3 and 6.1 μA/ 
cm2. The beam energy was set at ~230 eV which is known to yield a 
relatively high secondary electron emission for most materials [39]. 
Fig. 3a shows the cleaning process as a function of time. The maximum 
cleanliness reached ~75% for all the beam current densities. The time 

Fig. 2. Left: Dust jumping off a glass surface due to exposure to an electron beam (230 eV, 1.5 μA/cm2); Right: Images of the glass surface before and after the 
beam exposure. 

Fig. 3. a) Temporal cleaning process profiles with different electron beam current densities. The beam energy is 230 V. The process begins with a medium thick dust 
layer on a spacesuit sample surface; b) Time constant of the cleaning process to reach the maximum cleanliness. 

B. Farr et al.                                                                                                                                                                                                                                     



Conclusions

• The Dust-Plasma-Spacecraft system is interconnected and ripe 
for experimental investigation

• There are a number of outstanding fundamental physics and 
planetary science questions that could be investigated, to test 
existing theories

• Dust-plasma interactions are relevant to spacecraft operations, 
especially mitigation
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Questions?

Contact: Hartzell@umd.edu
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