SCIENCE CHINA
Earth Sciences

CrossMark

& click for updates

* RESEARCH PAPER

October 2016  Vol.59 No.10:2053-2061
doi: 10.1007/s11430-016-0015-6

Dust levitation and transport over the surface of the Moon
LI Lei", ZHANG YiTeng'?, ZHOU Bin' & FENG YongYong'

! State Key Laboratory of Space Weather; National Space Science Center, Chinese Academy of Sciences, Beijing 100190, China,
2 University of Chinese Academy of Sciences, Beijing 100190, China

Received January 20, 2016; accepted May 18, 2016; published online August 30, 2016

Abstract Exposed to space plasma and solar radiation, electrostatic potential may build up in the lunar regolith, leading to
a wealth of dust phenomena, including levitation, oscillation, and transport over the surface. Based on plasma sheath theory,
the global near-surface plasma environment is modeled, and the dynamics of charged dust are investigated. Results show that
sub-micron sized dust particles can be levitated by the electric field over the surface, forming a dust belt that changes in position
and thickness depending on the solar zenith angle. On the dayside of the Moon, stably levitated particles are about ten times
smaller, and collect in a thinner belt closer to the surface than do those on the nightside. Although the size and charge of stably
levitated dust particles are dependent on ambient plasma conditions, initial charge and velocity, which are closely related to the
dynamics of dust particles including charging, oscillation, and damping, will determine whether, or not, a particle can attain stable
levitation. Horizontal electrostatic dust transport near to the terminator region may lead to net deposition of dust from the dark into
the sunlit hemisphere. Finally, because of different charging processes that result due to rotation of the Moon, before precipitation,
dust particles in the dusk terminator region may be transported much longer distances and oscillate to much higher altitude than

these in the dawn terminator.
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1. Introduction

As the Moon has no significant atmosphere, the lunar surface
is exposed to the full impact of solar radiation and plasma,
which results in photoelectron emissions and plasma charg-
ing. As a result, a plasma sheath develops above the lunar
surface, containing an electric field that varies with respect to
incoming solar radiation and space plasma (Manka, 1973).
The lunar surface is covered by regolith, or lunar soil,
mostly comprising small particles with a wide variation in
size. Of these, particles smaller than 100 um in size are
usually called lunar dust. Analysis of lunar samples indi-
cates about 20 weight percentage of the regolith comprises
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particles that are smaller than 20 pm (Colwell et al., 2007),
with an even smaller fraction made up of sub-micron, even
nanometer-sized, particles. These dust particles are subject
to the same charging mechanisms as the lunar surface; actu-
ally, since this dust is dielectric, it is prone to accumulating
charge. If the lunar surface sheath electrostatic force on a
charged dust particle is larger than the sum of gravity and
cohesion between the dust and the surface, the particle will
be levitated and transported.

Ubiquitous dust in the lunar environment was noticed by
the first Apollo astronauts; subsequently, several Surveyor
spacecraft have observed ‘horizon glow’ 10—-30 c¢m in ver-
tical extent above the western horizon of the Moon after lo-
cal sunset, probably due to light scattered by levitated dust
particles (Rennilson and Criswell, 1974). On the lunar sur-
face, the Lunar Ejecta and Meteorites (LEAM) Experiment
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of Apollo 17 detected slow moving, highly charged, dust par-
ticles in larger numbers before sunset, which suggests they
are launched on long trajectories from the terminator region
(Berg et al., 1976). More recently, the Clementine spacecraft
also detected high-altitude lunar horizon glow, which might
also be attributable to lunar dust (Zook et al., 1995). Since lu-
nar dust has cohesive characteristics, it could potentially have
severe and harmful effects on lunar surface missions. Thus,
in order to explain these observed phenomena, and to effec-
tively implement mitigating strategies, a number of theoreti-
cal approaches have been applied to investigate the charging,
levitation, and transport of dust particles.

Suppose that dust particles have the same charge, if

‘%

s < 1, where no and ny are the ambient plasma and dust
o
particle number density, respectively, then modifications

caused by charged dust particles to the sheath potential and
plasma profiles would be negligible. In this case, the sheath
is referred to as “tenuous” (Nitter et al., 1994). A good
deal of research has been conducted on this tenuous sheath,
determining the electric field and plasma using a sheath
model that enables the charging and dynamic processes
of dust to be traced. In this way, basic properties of dust
particle dynamics, including oscillation, damping, stability,
and trapping, can be investigated (e.g., Nitter and Havnes,
1992; Colwell et al., 2005).

The terminator region on the Moon is the place where sur-
face potential switches from positive to negative (Freeman
and Ibrahim, 1975). Horizontal electric field is thought to ex-
ist in the terminator region, which would function to launch
dust particles over long distances. However, due to a lack
of observational data, uncertainties remain about the nature
of the plasma environment that extends from the terminator
region deep into the lunar wake. To date, observations and
research on the lunar sheath and dust dynamics have been
limited in most cases to the dayside, and in particular have
focused on the subsolar region (Nitter et al., 1998; Poppe
and Horanyi, 2010). As a result, quantitative estimates of the
global properties of the lunar sheath and dust dynamics are
currently lacking.

In this paper, we present a global lunar sheath model that
has been developed on the basis of lunar plasma observations
over recent years (i.e., Halekas et al., 2005; Nishino et al.,
2009a, 2009b). Using this model, we investigate the basic
features of dust particle dynamics at different solar zenith an-
gles (sza), as well as their transport near the terminator region.

2. Methods

2.1 Sheath and electric field

Submerged in solar plasma and exposed to solar radiation,
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the Moon has a surface potential that builds up on its sur-
face. Responsible for this, collection of solar wind electrons,
ions, and solar UV induced photoemission are thought to be
the most important charging currents, although electrons in
the lunar wake with relatively high energies may also induce
some secondary electron emissions (Whipple, 1981).

As the Debye length (4p) is much smaller than the lunar ra-
dius (Rn), and ignoring local geologic features, the thin sheath
can be described using a one-dimensional model (Guernsey
and Fu, 1970), in which charged particle densities are corre-
lated with the sheath potential via Poisson’s equation, as fol-
lows:

e
ViV = —;(ni—ne—np), (1)

where V' is the potential, n; and n. are the number densities of
incoming solar wind protons and electrons, 7, is the number
density of photoelectrons emitted by the lunar surface under
the impact of solar UV, e is the electron charge, and & is the
vacuum permittivity.

Thus, every particle species inside the sheath has its veloc-
ity v, and electric potential energy, governed by the energy
conservation equation:

1 1
Emvz—eV: Emvoz—eVO, 2)

In this relationship, the subscript “0” denotes the initial state,
unperturbed solar wind ion/electron, or photoelectron newly
emitted by the surface.

It is assumed that incoming solar wind electrons, and pho-
toelectrons emitted from the lunar surface, have Maxwellian
velocity distributions, as follows:
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where m, is electron mass, #; is number density, 7;is electron
temperature, k is Boltzmann’s constant, j=e for solar wind
electrons, and j=p for photoelectrons emitted by the lunar sur-
face. In this model, solar wind ions are considered to be cold
with just a drifting velocity, which can be related to their un-
perturbed condition using the mass conservation equation:

ny = ngv,. (3b)

With plasma quasi-neutrality and zero net current conditions
at infinity, solving eqs. (1)—(3) enables calculation of the po-
tential and particle density profiles inside the sheath (Nitter et
al., 1998).

Further, assuming nominal solar wind conditions in the lu-
nar orbit, that is a solar wind with a density of 5 cm™, and
taking a velocity of 350 km/s, an electron temperature of 15
eV, and electron density and temperature measurements taken
by Lunar Prospector from the lunar plasma wake (Halekas et
al., 2005), it is possible to determine sheath profiles at differ-
ent sza values (Figure 1).
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Figure 1  Sheath potential profiles for different sza values. (a) Dayside

and terminator region; (b) nightside.
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Calculations show that the sheath exhibits a non-mono-
tonic profile in most regions at dayside (Figure 1). Further-
more, the dayside sheath is usually thin, which implies that
the near-surface electric field resulting from surface charging
is confined to a layer close to the surface. In contrast, the
nightside sheath can extend several kilometers, and the asso-
ciated vertical electric field can remain strong high above the
surface. These differences in profiles at different sza values
imply that a horizontal electric field may exist near the lunar
surface, especially at sza values of more than 80°.

Thus, based on one-dimensional sheath profiles, we attempt
to determine the nature of the electric field in the lunar spheri-
cal coordinate system by differentiating the potential horizon-
tally and vertically. Figure 2 shows the surface radial (a), and
longitudinal (b), components of the electric field as a func-
tion of longitude (¢ ) and colatitude (). Since the potential
profile is sza dependent, and we ignore the aberration of the
solar wind, the electric field is symmetric about the subsolar
point. It is also clear that the radial component (£,) is largest
at the subsolar point, trending to zero at about a sza of 86°,
before becoming negative and reaching a minimum at a sza of
about 90°. The longitudinal component (Eg) is much weaker
than the radial one; at dayside, the longitudinal component is
negligible when sza is less than 60°, but becomes significant
near the dawn and dusk terminator regions. At the equator of
the dusk hemisphere (i.e., ¢ >0), the longitudinal component
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Electric field on the lunar surface, with sza shown by white lines. (a) Radial component; (b) longitudinal component.
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points to local east if @is less than 150°, or shifts to the west
if @is greater than 150°, as the electron temperature reaches
a maximum when ¢ is equal to 150° (Halekas et al., 2005).
There is a small increase in E4 near to the terminator region
(sza=90°), as solar flux is proportional to cos(sza), resulting
in significant differential charging when sza is greater than
approximately 80°. However, when sza is greater than 90°,
there is no solar radiation and just a flat solar wind electron
distribution, differential charging almost disappears. When
solar wind parameters begin to change via sza in the lunar
wake, Egincreases again.

2.2 Dust particle dynamics

Dust particles are subject to the same charging mechanisms
as the lunar surface. However, because the radius of a dust
particle, r4, is usually much less than the Debye length in
the lunar surface plasma environment (i.e., 7.<<Ap), it is as-
sumed that these particles remain tenuous in the sheath (i.e.
r«<<d), and electrically isolated from one another. Dust par-
ticle charge, Q, can be approximated using vacuum capac-
itance, Q = 4me aU, where U is the dust particle potential
relative to the local plasma potential, V. The forces acting on
a charged dust particle include electromagnetic, gravitational,
and Coulomb forces from the sheath plasma, as well as neu-
tral drag from the lunar exosphere. However, because either
the solar wind or the lunar exosphere is tenuous, neutral drag,
or Coulomb force, can be neglected. Moreover, because the
Lorentz force acting on the slowly moving dust due to solar
wind magnetic field is much smaller than electrostatic force,
the balance between electric force and gravity determines the
motion of the dust particle.

The transport of a dust particle can be simulated in a frame
fixed on the surface of the Moon, originating at the initial po-
sition of the dust particle (6, @), with x pointing to the east,
v pointing to the north, and z pointing to the sky, perpendic-
ular to the lunar surface. Thus, the equations of motion and
charging for a dust particle can be written as follows:

dvy v tand V.
—= — 12Qsinf + = 2
m @t [ sind + R ]vy + R V.

m m

+v,-2Qcos0 = Q(t)E,,

]vx + RV-’ v, = O(E,, @

m

dv, v tan@d
. 2Qsinf + =
mdz +[ sind + R

m

2 2
dvz Vx +VV

m* R v, - 2Qcos0 = Q(t)E. — mg,
dx
= 5
PP ©)
do
— =1 6
” (6)

In these relationships, m is dust particle mass, x is position,
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v (v, Wy, v2) is particle velocity, and Q is dust particle charge,
time dependent because the charging current, /, varies as the
particle moves to different positions. In addition, Ry, is the
average radius of the Moon (1737 km), g is acceleration due
to gravity (1.62 m s at the Moon), and Q is the angular
velocity of the Moon (2.66x107° rad s™'). Note that in eq. (4),
terms involving Q are Coriolis terms, while terms involving
1/Rn result from consideration of the curvature of the Moon.
Usually, if the velocity of particles is not very high, these
two terms are small compared with gravity, or electric force,
especially in the vertical direction where gravity and vertical
electric forces dominate.

During the motion of a dust particle, all charged particles it
encounters can contribute to the charging current. Thus, the
charging currents from electrons can be obtained by integrat-
ing the distribution function in eq. (3) over velocity space, as

follows:
1,=—c [ [ [ve.f 00y, (M)

where j=e for solar wind electrons, and j=p for photoelectrons
emitted by the lunar surface. Note that ¢, is the electron colli-
sion cross section, o, = na’(1 + 2eU/ (m %)), m. is electron
mass, a is dust particle radius, and U is dust potential relative
to the local plasma.

The solar wind ion current is given as follows:

I,=enywy, (8)
where no and vy are incoming solar wind density and velocity,
respectively, o, = na’[1 — 2eU/ (my; — 2eV)] is ion colli-
sion cross section, and m; is proton mass.

When collecting charge from the environment, the dust par-
ticle also emits photoelectrons when lit by the Sun:

U<o
U>0

2
nr, J,

2 )
nr, Jexp(—eU/KT, )

where J; is the current density emitted by the dust particle,
and 7). is the emitted photon electron temperature, set here to
values as defined by the experiment (i.e., J/=4.5x10° A m™2,
and 7,.~=1.47 eV; Willis et al., 1973).

Thus, the net current transferred to a dust particle is as fol-
lows:

I=I+1+1,+1, (10)

According to eq. (3), O varies at a rate defined by /. However,
because values for / depend on local plasma density, unless
a grain is immobile for a long time, it cannot reach charge
equilibrium, which means that the net current transferred will
be zero.

In sum, within a pre-defined sheath (see above, section
2.1), and using eqs. (4)—(6) and the fourth-order Runga-Kutta
method, it is possible to trace the motion, and charging pro-
cesses, of a dust particle, and investigate its dynamics in a
three-dimensional frame.
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3. Results

3.1 Dust particle levitation

In the first place, we consider a case at the subsolar point
(i.e., 6=90°, @=0°), and assume that a spherical-shaped dust
particle has a radius of 0.05 pm, a mass density of 1000 kg
m ™, an initial charge of 10e, and an initial velocity of 0.

Ignoring cohesion of the particle to the surface, as shown
in Figure 3a where particle vertical position z (black line) and
charge Q (red line) are illustrated as functions of time, the
dust particle leaves the surface and passes into the sheath, as
electric force can overcome the force of gravity. Data show
that the particle accelerates upwards when the electric force
is larger than gravity, and decelerates when the sheath electric
field drops at high altitudes.

During this motion, currents change as shown in Figure 3b;
in this graph, all currents are shown as absolute values in or-
der to use the log scale (actually /. and , are negative). The
sheath photoelectron changes are most violent near the sur-
face (sharp peak in Figure 3b), as the photoelectron density
has the largest gradient in this position. In contrast, solar wind
electron current varies in a smoother manner, with a tendency
opposite to the photoelectron current, while the current emit-
ted by the dust particle declines exponentially as its potential,
U, increases. Figure 3b also shows that the solar wind ion
current does not change, since the positive dust potential does
not significantly retard incoming ions with high drift veloc-
ities. Throughout this process, except at early stages when
particles stay near the surface where photoelectron density
is high, the dust particle emission current dominates over all
others, and the charge on the particle increases. Gradually,
the dust particle position converges towards a certain height
but total charge continues to increase at =1000 s. Actually,
data show that in fact it takes more than 1 hour for a dust par-
ticle to reach its equilibrium potential, as charging currents in
the lunar sheath are very low. Finally, the dust emission cur-
rent added to the incoming ion current acts to almost balance
environmental electron currents.

Figure 3

Sci China Earth Sci

Charge (C)

October (2016) Vol. 59 No. 10 2057

During a simulation lasting 1000 s, horizontal displacement
of the dust particle is less than 0.1 m, which means that the
horizontal electric field component is negligible in the subso-
lar region. In addition, because sza changes by about 0.15°,
solar flux change is also negligible.

Since the horizontal electric field is negligible in the sub-
solar region, and the velocity of the dust particle is low, eq.
(4) can be reduced to a momentum equation in the vertical
direction, as follows:

dv

—Z — QOE — = F. 11
mdt Q ne an

z

Thus, integration of eq. (11) results in an energy equation for
the dust particle:

0,0,
y P T T

2 2
VZ,Z Vz,l

on

m

+

1
4
+ng+f;dl‘. (12)
tl

In this expression, the fourth term on the right represents the
energy created by the charging currents. Without this fourth
term, eq. (12) resembles an ordinary energy conservation
equation in the potential fields, and the velocity of the par-
ticle is just the function of position. Thus, inclusion of the
fourth term in eq. (12) changes the charge balance and also
introduces non-linear effects into the system. According to
eq. (11), as the grain charge increases, the force equilibrium
position (F=0) becomes higher. In the sheath when sza is
zero (Figure 1), the fourth term in eq. (12) is usually negative
when the dust particle accumulates positive charge (/ > 0).
This means the particle will lose energy, resulting in damped
oscillations (Figure 3).

Stable levitation is established at a height where both
charge and force are in equilibrium, or /=0 and /=0 (Nitter et
al., 1998). Thus, when /=0, we can determine the equilibrium
dust particle potential, U, as a function of height (dashed
line in Figure 4). Results show that at high altitudes where
photoemission dominates, U,, is close to the value of photo-
electron energy, 7., in eV. Indeed, as total charge (and hence
electric force) is determined by U, and the capacitance of
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Dust particle levitation when sza=0, 7~0.05 pm, v-c=0, and Qp=7e. (a) Vertical position (black line) and charge (red); (b) absolute charging current

values from photoelectrons in the sheath (black), solar wind electrons (red), solar wind ions (black), and dust emitted photoelectrons (green).
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Figure4 Radius of the levitated dust particle, and equilibrium dust poten-

tial as functions of height, when sza is zero.

the dust particle, at certain altitudes, only particles of certain
sizes (solid line in Figure 4) are able to attain a force bal-
ance (F=0), and thus suspend in the sheath. Results show that
although there might be two force equilibrium positions for
particles of a certain size (Figure 4). The position at higher
altitude will be the stable one since it has minimum potential
energy, according to eq. (12). It is also the case that sta-
ble levitation (i.e., height, charge) can only be determined by
grain size under certain sheath profiles, irrespective of initial
velocity or charge.

The solid curve in Figure 4 implies that force equilibrium
is only possible in a belt above the surface. In the subsolar
region, since the sheath has a non-monotonic potential pro-
file (Figure 3), at heights more than about 10 m, the electric
field turns downwards, and can no longer suspend positively
charged dust particles. In contrast, at heights less than about 1
m, the sheath is dominated by photoelectrons, U,, is negative,
and no stable levitation is possible as the electric field points
upwards. The levitation belt over the lunar surface is shown
in Figure 5, which shows that dust can only be suspended

October (2016) Vol. 59 No. 10

within the belt bracketed by the grey lines. The levitation
belt at dayside is usually thin, and close to the lunar surface;
when the sza is higher than about 70°, the lower boundary of
this belt drops to the surface, while at nightside, the belt is
much thicker and higher, as the scale height of the sheath is
much larger. The solid line (Figure 4) indicates the position at
which the largest particle suspends; higher than this, particles
can be levitated stably at a height inverse to their size, while
levitation is unstable below this level. No stable levitation is
possible in the shaded region near to the point where the sza
is equal to 90° (Figure 5), and where U,, is positive, because
the dust particle will be fully sunlit, and the vertical electric
field is negative.

Results also show (Figure 4) that there is a maximum par-
ticle radius that can be levitated; when the sza equals zero,
and under nominal solar wind conditions, the maximum ra-
dius of levitated dust is less than 0.07 pum. As the sheath pro-
file changes with sza, the maximum size of particle changes
accordingly (dashed line in Figure 5); as sza increases, the
surface potential decreases together with the vertical electric
field (Figure 1a), and the size of dust particles that can be
suspended by the electric field gets smaller. Indeed, when the
sza is higher than about 70° (Figure 1a), the surface potential
turns negative, the potential gradient and electric field in the
sheath increase, and larger particles can be levitated. On the
nightside of the Moon, negatively charged particles with radii
almost ten times larger than on the dayside can be levitated.

As described above, stable levitation is only dependent on
rq and sza. However, initial charge and velocity may also be
important to determine if it is feasible for a particle to reach
final stable levitation.

A large initial charge with the same polarity as the surface
potential means a large initial electric potential, which deter-
mines the initial amplitude of oscillation and charging cur-
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Figure 5

Dust levitation belt, and maximum radius of levitated particles, over the lunar surface.
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rents during motion. Thus, as shown by eq. (12), too large
an initial charge may reduce the photoelectron emission of
the particle and enlarge the electron current from the environ-
ment. Also according to eq. (12), if net current, /, is always
negative, the energy of the particle will increase, resulting in
amplified oscillation, which may deposit the particle into the
regolith. However, if there is a suitable initial charge, /x} re-
mains negative, and a particle will have damped oscillation;
except at a very early stage, when the particle moves near the
surface where photoelectron density is high, the charge will
increase, and the trajectory will move higher to the stable lev-
itation height (Figure 3). However, if the initial charge drops
from 10e to 7e, with low initial electric potential energy, the
particle oscillates longer in the region where the photoelec-
tron density is high, / and 7xV are both negative, the particle
loses both charge and energy. Subsequently, the trajectory
lowers to the unstable levitation height, and finally oscilla-
tion stops (Figure 6).

Initial speed, v.o, is not really relevant for a particle to reach
stable levitation. This is because, as mentioned above, for
an ordinary energy conservation system in potential fields,
particle speed is just a function of position; a particle will
have the same speed when it oscillates back to the surface, and
will be caught in the regolith. A difference is due to the fourth
term on the right-hand side in eq. (12): some kinetic energy
may be converted to extra electric potential energy due to
charge loss, or gain. If the kinetic energy is totally converted
to potential energy when the particle oscillates back to the
surface, the following relationship follows:

2 t

4-40, _ EJrfI—th. (13)

m 2 y m

However, in just one period of oscillation, charge change
and energy loss are small due to the low charging currents in
the lunar sheath, which means that if v, is large, the equation
above becomes irrelevant, and the particle will fall into the
regolith at high speed. In other words, stable levitation is
impossible if the dust particle has a high initial velocity.

Based on the analysis above, it is clear that non-linearity in
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Figure 6  Unstable levitation, 7,=0.05 pm, v-=0, Qs=7e, sza=0.
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the system greatly enriches possible phenomena.

3.2 Dust transport across the terminator region

The terminator region is the area where space plasma and so-
lar radiation change for both the lunar surface and the dust.
Particles electrostatically released from the surface are more
likely to move across the terminator region, where horizon-
tal electric fields are much larger than in other regions on the
dayside of the Moon (Figure 2b). Data also show that levi-
tation status can also change greatly in the proximity of the
terminator region, and that a range of dust phenomena can be
expected.

In the first place, we examined effects in the dawn termi-
nator region. In this case, a dust particle with 7,~0.05 pm,
and Qy=—17¢ was launched into the sheath before sunrise
(sza=90.5°) at the equator (6=90°, $=—90.5°), and v.¢=0. Fig-
ure 7 shows its trajectory in the x-z plane, with colors indicat-
ing charge state. At first, this particle is in the dark, but its
charge becomes more negative as it oscillates up to its stable
levitation height around 200 m and moves eastward under the
influence of the horizontal electric field. As the dust particle
moves into sunlight, photoelectron emissions take control of
the total charging current, and the particle charge becomes
less negative. Examining the trajectory shown in Figure 7,
it is clear that there is a dramatic change in oscillation that
occurs when the particle moves to an sza of 90°, where the
charging current, /, turns positive. Since the sheath poten-
tial is negative, on the basis of eq. (12), the system sud-
denly changes from energy gain to energy loss, and oscilla-
tion switches from amplified to damped. However, since no
stable levitation is possible in the shaded region of Figure 5,
the particle finally drops down into the regolith as expected.
Overall, total transportation time was about 1 hour, and the
dust particle has moved about 1000 m to the east.

Things are quite different if the dust particle is launched
at dusk (6=90°, ¢=90.2°), because of solar radiation re-
lated to the rotation of the Moon. At dusk, the horizontal
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Figure 7 Dust transport in the dawn terminator region; 7,~0.05 um,
O=17e, v-=0.
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electric field is eastward, and thus a negatively charged dust
particle is doomed to move westward (Figure 8). However,
since the Moon rotates in an eastward direction, the parti-
cle will remain longer in dark (sza>90°) than the case in the
dawn terminator region. At first, as the dust does not gain
high westward speed, the sza of its location gets higher as the
Moon rotates, and it takes more than 5 hours for the particle
to gain a horizontal speed large enough to cancel out this ro-
tation. During this time, the particle becomes charged to a
high negative equilibrium potential, but since the current is
negative, it gains energy and oscillations are amplified until
it passes into the sunlight. Subsequently, photoelectron emis-
sions lead to a neutralization of negative charge, oscillation
becomes damped, and trajectory height is lowered as a re-
sult of energy loss and negative charge. Eventually, transport
stops when the particle drops to the ground, although hori-
zontal displacement has been very long, up to 270 km over
more than 140 hours (six Earth days).

4. Discussion and conclusions

According to plasma sheath theory and recent observations of
the lunar plasma environment, we present a global near-sur-
face plasma environment model. We solved equations of mo-
tion and charging for dust particles in the near-surface plasma
environment, studied their dynamics, and discussed dust par-
ticle levitation conditions from the energy conservation point
of view. We also simulated dust transportation near the ter-
minator region.

Results of our modeling work show that in solar wind, the
dayside Moon surface is usually positively charged to poten-
tials in the magnitude of the lunar photoelectron energy (in
eV), while the nightside surface is negatively charged to po-
tentials in the magnitude of the plasma electron energy (in eV)
in the lunar wake. The scale height of the dayside sheath is
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around 1 m, while the nightside has much thicker sheath with
scale height up to kilometers. With different sheath profile,
the dayside sheath of the Moon is usually dominated by a ver-
tical electric field, while many regions on the nightside have
both vertical and horizontal electric field components. How-
ever, globally speaking, the horizontal electric field compo-
nent is usually more than three orders of magnitude weaker
than the vertical component.

In the near-surface environment, dust particles of certain
sizes can be levitated stably by the electric field. However,
as the Moon is a celestial body with a relatively large grav-
ity, dust particles that can be levitated are usually small, no
larger than sub-micron scales. On the dayside of the Moon,
these particles can be up to ten times smaller than these on
the nightside. Stably levitated particles collect in a belt over
the lunar surface; on the dayside of the Moon, this belt is less
than 10 m thick, while on the nightside it can be up to 10 km
thick. Between the lower boundary of this belt and the sur-
face, there is also a layer where dust particles cannot be stably
suspended on the dayside of the Moon. Although the size and
charge of stably levitated particles are dependent only on lo-
cal plasma conditions, both initial velocity and charge are im-
portant factors in determining whether, or not, a particle can
finally reach equilibrium force and charge. Our results show
that both a large initial velocity and charge are unfavorable if
a dust particle is to reach stable levitation. However, on the
other hand, too small an initial charge is also a disadvantage,
as a particle either will be unable to overcome gravity, or will
be unstably levitated.

Near to the terminator region, although the horizontal elec-
tric field is below several millivolt/m, its impact on dust parti-
cle dynamics is significant. Driven by the horizontal electro-
static force, negatively charged particles may move from the
dark side of the Moon towards the sunlit hemisphere. Dur-
ing transport, a particle accumulates more negative charges
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Dust transport in the dusk terminator region; 7,=0.05 pym, Qy=—17¢, v-0=0.
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and gains energy in the dark, leading to a higher trajectory and
larger amplitude of oscillation; once in the sunlight, a particle
begins to lose both negative charge and energy, resulting in
a lowered trajectory and damped oscillation, before it finally
falls to the ground. Although the sheath profiles are symmet-
ric for both dawn and dusk, dust particle dynamics at the two
times are quite different, because of the rotation of the Moon.
At dawn, dust moves eastwards in the same direction as rota-
tion, and comes into the sunlight before becoming too highly
negatively charged. In contrast, at dusk, a particle moves in
the anti-rotation direction, but because horizontal accelera-
tion is weak, it usually takes tens of hours for its acceleration
to counter rotation. At the same time, the particle develops
a high negative charge and can even reach equilibrium. By
the time a highly negatively charged particle races into the
sunlight, it may have attained a very large amplitude of oscil-
lation, which can last for several days before it crashes into
the ground before sunset. Thus, the particle transport time is
much longer if launched at sunset rather than at dawn, and
simulation results suggest that the terminator region is the
place where net deposition of dust from the dark hemisphere
into the sunlit hemisphere takes place.

It is nevertheless worth noting that in this research, we have
assumed that dust is so tenuous that the charge carried by par-
ticles does not affect the sheath plasma, and that there is no
Coulomb interaction between dust particles. This assumption
is likely fair on the Moon some of the time as the charge den-
sity on the lunar surface is 3x10% e/m?; this means that just 1
grain out of every 100 can carry a charge (Poppe and Horanyi,
2010). However, perturbations from human or robot activity,
as well as meteoroid impacts can produce large amounts of
charged dust. If this is the case, then the problem should be
addressed by solving the Vlasov-Poisson system self-consis-
tently using the Particle in Cell (PIC) method (Anuar et al.,
2013). Due to our currently limited computational capabil-
ities, however, PIC can only be applied to small-scale dust
problems at present (Anuar, 2013).

In our work, we have extended current understanding of the
dynamics of lunar dust from a simply dayside perspective to a
global view. However, due to limited observations, there are
still some uncertainties about the plasma environment in the
lunar wake which might give rise to uncertainties in sheath
and dust charging on the nightside of the Moon. On the other
hand, electron temperatures inside the wake can exceed 100
eV, secondary electron yield may play a role in influencing
the equilibrium electric potential both of the lunar surface and
dust particles (Nitter et al., 1998).

In summary, this study shows that the problem of lunar dust
is both highly non-linear and manifested in a variety of ways.
Additional theoretical studies, as well as measurements of the
plasma environment and dust mobility on the lunar surface,
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are needed to fully understand the charging and motion of
dust particles on the Moon.
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