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Dust mobilization in the presence of magnetic fields
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We present a study of surface dust mobilization due to photoelectric charging in the presence of a magnetic
field. Dust mobilization is observed to be inhibited in certain regions and is correlated with the orientation
of the magnetic field. The recent patched charge model, which describes a mechanism for dust charging and
mobilization, is extended to explain the effects of magnetic fields seen in our laboratory results. We propose
that ambient electrons collected in photoemitting areas precipitate changes in the emission and reabsorption of
photoelectrons inside microcavities between dust grains. This affects the charging, repulsion, and subsequent
mobilization of the dust grains surrounding the microcavities. The magnetic field controls the movement of
ambient electrons across the dusty surface, resulting in active and inactive regions of dust mobilization. Computer
simulations show that regions of ambient electron accumulation as imposed by the magnetic field match the areas
of high dust activity.
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The electrostatic lofting of dust as driven by ultraviolet
(UV) radiation and the solar wind plasma is thought to be
the physical process behind several observed phenomena on
many airless bodies in our solar system. The earliest of these
was the lunar horizon glow, a diffuse scattering of light above
the Moon’s horizon seen in images captured by the Surveyor
5, 6, and 7 spacecraft [1–3]. Observations of dust ponds on
the surfaces of the asteroid Eros [4] and the Comet 67P [5]
suggest electrostatic transport of dust in the absence of water
flow or wind. The “spokes” in Saturn’s rings [6,7] are thought
to be footprints of electrostatically lofted dust above the ring
plane. The lack of fine-grained material on the surfaces of the
asteroids Bennu and Ryugu has been proposed to be due to
electrostatic escape of small grains [8].

On Earth, interest in dust charging and lofting in plasma
environments has been widespread due to its applicability in
fusion [9–11] and semiconductor fabrication [12–14] devices
where particulate contamination has been identified as an
adverse problem.

Early experimental work [15,16] demonstrated dust release
from a surface exposed to plasma, and subsequent experi-
ments [17–20] investigated dust charging, mobilization, and
lofting in various plasma environments. A charge fluctuation
theory showed temporal increases of the dust charge as a result
of stochastic processes of electrons and ions hitting the surface
[16,21–23]. However, when a dust grain was treated as part of
the surface, the expected accumulated charge was shown to
be far too small to cause its lofting [16], even considering
various possible enhanced charging effects of a dust grain
resting on a solid surface [24]. All these models were based on
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the charging processes and electric fields in the plasma sheath
above the dusty surface.

Recent laboratory work [25,26] advanced our understand-
ing of the physical processes underlying dust charging and
lofting in a plasma and/or under UV radiation by recognizing
the role of cavities that form between dust particles. The
patched charge model (PCM) [25] describes a microscale
charging process within the dusty surface. It proposes that the
emitted photo or secondary electrons can be reabsorbed inside
intergrain microcavities, causing substantial buildups of neg-
ative charges on adjacent grains. These negative charges can
be several orders of magnitude larger than what earlier surface
charging models predict [26]. The buildup of large charges on
a grain scale was also verified by computer simulations [27].
It was found that lofting velocities are dependent on the grain
size [28], lofting rates decrease as a function of time [29], and
smaller grains are more easily lofted [30]. Once lofted, the
subsequent dust dynamics depend on dust size, the properties
of the plasma sheath, and gravity [31,32].

To date, the PCM has yet to be applied in the presence of
magnetic fields. On the Moon, high-albedo markings, known
as lunar swirls, are colocated with lunar magnetic anomalies
(LMAs) [33,34]. It has been suggested that electrostatically
lofted dust is re-sorted by surface electric fields created by
solar wind interactions with LMAs [35–41], forming high-
albedo patterns due to the increased brightness of fine dust
[42]. Understanding dust charging, mobilization, and trans-
port in the presence of magnetic fields is also of interest
in the development of efficient dust mitigation approaches
for plasma facilities that incorporate magnetic fields, such
as tokamak fusion devices [11] and plasma processing in
semiconductor manufacturing [13], as well as any human or
robotic exploration of LMA regions.

In this Letter, we present both experimental work showing
the behavior of dust grains in the presence of a dipole mag-
netic field as well as computer simulation results that reveal
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FIG. 1. Schematic of the experimental setup. A circular bed 4 cm
in diameter and 1-mm deep of Martian simulant dust (<38 microns
in diameter) is placed on an insulating plate in a vacuum chamber.
A permanent magnet is placed underneath the dust bed. The dust is
irradiated and charged by UV light (172 nm or 7.2 eV).

the underlying physics driving the dust activity as understood
by an extended PCM.

The experiment was performed in a vacuum chamber
50 cm in diameter and 28-cm tall (Fig. 1). A permanent dipole
magnet with a maximum field strength of ∼1.2 kG at its
surface was placed under a circular bed of Martian regolith
simulant [43]. The bed was 4 cm in diameter and 1-mm deep,
whereas the dust size was no larger than 38 μm. Under a
vacuum base pressure of 10−6 torr, the dusty surface was
irradiated with UV light at 172 nm (i.e., 7.2 eV).

For reference, this setup is compared to LMAs (<1 km)
with field strengths of ∼1000 nT. Important dimensionless
parameters, such as the ratios of the electron gyroradius and
Debye length to the length scale of the magnetic fields are
comparable (Table I). However, the ratios of the electron
gyroradius to the Debye length, which indicate the relative
strengths of the magnetic field and the near-surface electric
fields as experienced by electrons, are not comparable be-
tween the two cases. These values are calculated using lunar
photoelectron characteristics from Refs. [44,45] for typical
solar activity levels during the day. Photoelectron character-
istics in the laboratory are referenced from Ref. [46].

TABLE I. Comparison of LMA and laboratory parameters. Ap-
proximate ratios of the electron gyroradius rg and Debye length λD

to the length scale L of the magnetic field are shown for the case of
an LMA (<1 km with field strength of ∼1000 nT) and the laboratory
setup. The ratio of the gyroradius to the Debye length is also shown
for both scenarios.

LMA Laboratory

rg/L �1 (3 m/1 km) �1 (0.1 mm/5 cm)
λD/L �1 (1 m/1 km) <1 (2 cm/5 cm)
rg/λD >1 (3 m/1 m) �1 (0.1 mm/2 cm)

The dust movement was recorded using a digital video
camera with a frame rate of 1 fps. A frame-by-frame analysis
was performed on the footagewhere images were converted
into gray scale, and changes in the pixel brightness between
consecutive frames were used as a measure of dust activity.

The magnet was placed 5 mm below the dust bed with the
dipole moment perpendicular or parallel to the surface, result-
ing in a maximum field strength of ∼200 G at the surface of
the dust bed. Dust activity was found to be correlated with
the orientation of the magnet. When the dipole moment was
perpendicular to the surface, dust activity was concentrated
in a circular spot directly above the magnetic cusp as well
as in a large ring at the edge of the dust bed, whereas the
dipole lobe region showed no dust mobilization [Fig. 2(a)].
When the dipole moment was parallel to the surface, the
observed pattern was asymmetric inside the dust ring with
one side of the lobe region active and the other side inhibited
[Fig. 2(b)]. When the parallel dipole moment was reversed,
the dust activity pattern was observed to flip about the dipole
axis.

We rule out direct interactions between the dust grains
and the magnetic field as an explanation for these observa-
tions for two reasons: (1) the dust grains do not consist of
ferromagnetic materials; and (2) the charge-to-mass ratios of
the dust grains are too small for them to be affected by the
magnetic field. Given the maximum field strength of ∼200 G
at the surface of the dust bed and initial lofting conditions
measured by ref. [26], the minimum gyroradii of the dust
grains are on the order of kilometers. Additionally, the min-
imum gyroradii of the photoelectrons are ∼125 μm, larger
than the dimensions of the microcavities, which are on the
order of the grain size (<38 μm). Therefore, it is expected
that the magnetic field has a minimal effect on the emission
and reabsorption of photoelectrons inside the microcavities,
but it remains critical in shaping the large-scale motion of the
ambient photoelectrons above the surface.

To explain these observations, an extension to the PCM is
suggested. The original PCM [25] describes a potential barrier
across a microcavity created between grains that emit and
collect photoelectrons (Fig. 3). The magnitude of the potential
barrier is determined by the energy distribution of the photo-
electrons. The extended PCM suggests that ambient electrons
above the dusty surface, (e.g., photoelectrons emitted from
neighboring areas) can control the emission and subsequent
reabsorption of photoelectrons inside microcavities. When
ambient electrons are collected by a positively charged pho-
toemitting surface [Fig. 3(a), the surface potential is lowered.
This causes the emission of more photoelectrons and the accu-
mulation of more negative charges on the surrounding grains
to maintain the same equilibrium potential barrier across the
microcavity [Fig. 3(b)]. Subsequently, repulsive forces be-
tween these negatively charged grains are increased, resulting
in substantial dust activity. Conversely, photoemitting dust
grains in microcavities that do not receive ambient electrons
emit fewer photoelectrons, causing the surrounding grains to
collect fewer negative charges and remain immobilized.

As a test of the extended PCM, a forward Monte Carlo test
particle computer simulation [47] was performed that tracked
the trajectories of 80 000 ambient electrons photoemitted from
the dusty surface and the vacuum chamber walls. The bulk
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FIG. 2. Dust activity profiles. Dust activity levels extracted from recorded images when the dipole magnet is a) perpendicular and
(b) parallel to the dust surface. The center of the magnet are 7.5 and 10.5 mm away from the dust surface, respectively.

dusty surface was assumed to be charged positively due to
photoemission. The sheath electric field was assumed to be
10 V/m at the surface and to decay with a Debye length of
2 cm [46]. An ideal magnetic dipole closely matching the
measured magnetic field above the dusty surface was used in
the simulation (Fig. 4). The dipole moment was M = 5.54 ×
10−9 Am2. In a simulation space of 8 × 8 × 3 cm, individual
electrons with energies of 0.5 eV [48] were emitted from the
bottom dusty surface or a wall with a random initial direction
and subjected to the electric and magnetic fields described
above. Particle trajectories were calculated with a time step
of 5 × 10−10 s, a fraction of the smallest possible gyroperiod.

FIG. 3. Extended PCM. (a) Collection of ambient electrons on
a photoemitting dust grain within the microcavity is added to the
original PCM [25]. (b) The potential barrier created between grains
that emit and collect photoelectrons across the microcavity. The col-
lection of ambient electrons causes a downward shift in the potential
barrier, indicating more photoemission and, subsequently, increased
accumulation of negative charges on the surrounding grains. Re-
pulsive forces between the negatively charged grains are, therefore,
increased.

Each trajectory was terminated when the electron crossed the
boundary of the simulation space.

Figure 5 shows the landing patterns of ambient electrons
generated by the simulations when the dipole moment of an
ideal magnet was (a) perpendicular and (b) parallel to the
dusty surface. The center of the dipole was at 8 and 10 mm
below the surface, respectively. For photoelectrons emitted
from the dusty surface, only those that moved, at least, 4 mm
from where they originated were included in the landing
patterns. Photoelectrons that moved no further than 4 mm
were considered to be immobile and were excluded. This
resulted in 12.2% and 7.3% of photoemitted electrons being
excluded from the vertically and horizontally oriented dipole
simulations respectively. This distance threshold was defined
from the gyroradii (∼3 mm) of electrons at the edge of the
dust bed (i.e., >2 cm from the center) where dust was active.
The landing patterns within the circular area of the dust bed
(Fig. 5) show a match with the observed dust active regions
(Fig. 2).

When the dipole moment was perpendicular to the surface
[Fig. 5(a)], ambient electrons were funneled into the cusp
region above the center of the dipole. Furthermore, from
the cusp (>2 cm), the magnetic field strength is weaker so
that ambient electrons with gyroradii >3 mm could move

FIG. 4. Measured and simulated magnetic fields. Magnetic field
lines measured from the permanent magnet (blue) and from the
theoretical dipole (orange). At the origin, which corresponds to the
center of the surface of the permanent magnet, the magnetic field
strengths of both are 1.2 kG.
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FIG. 5. Simulated electron landing patterns. Electron landing patterns generated by the simulations when the magnetic dipole moment is
(a) perpendicular and (b) parallel (along the Y axis) to the surface. The dipoles are placed right below the origin. The green circles indicate the
area of the dust bed in the experiment.

more freely. In these two regions, dust was active as shown
in Fig. 2(a). In contrast, the dipole lobe region showed
little dust activity because the ambient electrons were un-
able to move across the magnetic field lines to reach this
region.

When the dipole moment was parallel to the surface
[Fig. 5(b)], the ambient electrons were concentrated in the two
cusp regions, as well as on one side of the dipole lobe due to
the E × B drift. This resulted in an asymmetric landing pattern
that is in agreement with the dust activity shown in Fig. 2(b).
When the dipole moment was reversed, the E × B drift moved
in the opposite direction, resulting in a landing pattern that is
flipped about the dipole axis and found to be consistent with
observed dust activity.

The expanded PCM emphasizes the role of the sup-
ply of ambient electrons in ensuring the charge buildup
within microcavities and the subsequent mobilization of dust
grains, complementing our understanding of the physics of
dust charging and mobilization. With regards to LMAs, the

parameters shown in Table I indicate that lunar crustal
magnetic fields have weaker effects on the motion of pho-
toelectrons. Electric fields created as a result of solar wind
interactions with LMAs [49–51] may have a bigger role in
redistribution of the photoelectrons, thereby influencing dust
charging and lofting in these regions and resulting in resorting
and subsequent albedo patterns related to the formation of
lunar swirls. The effect presented in this Letter should be
considered in future model developments in addition to other
existing swirl-formation mechanisms. Our results indicate that
strong magnetic fields in fusion devices and semiconductor
manufacturing processes, such as magnetron sputtering are
expected to have significant effects on the charging, mobiliza-
tion, and transport of dust.

We acknowledge support for this work by
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