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Abstract

We investigate the electrostatic transport of charged dust in the photoelectron layer over the dayside surface of an asteroi
sized dust particles may be levitated above the surface in the photoelectron layer. Horizontal transport within the layer can then
deposition of dust into shadowed regions where the electric field due to the photoelectron layer disappears. We apply a 2D nume
simulating charged dust dynamics in the near-surface daytime plasma environment of Asteroid 433 Eros to the formation of dust d
craters. We find that dust tends to collect in craters and regions of shadow. This electrostatic dust transport mechanism may contr
formation of smooth dust ponds observed by the NEAR-Shoemaker spacecraft at Eros. The size distribution of transported dust d
the particle density and work function, and the work function of the surface and solar wind electron temperature and density. With r
values for these parameters, µm-sized and smaller particles are levitated at Eros. Micrometeoroid bombardment is not a suffic
mechanism for electrostatic transport to create the Eros dust ponds. Laboratory measurements of dust in a plasma sheath sh
launched off the surface by direct electrostatic levitation can provide a sufficient source for transport to produce the observed Eros
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Dusty regoliths are produced on the surfaces of vi
ally all airless bodies in the Solar System through ongo
bombardment by the interplanetary micrometeoroid flux
these dust particles become charged, they may be t
ported across the surface by electrostatic interactions
the near-surface plasma environment. For example, l
electrostatic dust dynamics are believed to be respon
for several observed dust phenomena(Zook et al., 1995;
Zook and McCoy, 1991; Berg et al., 1974, 1976; Rennil
and Criswell, 1974; McCoy and Criswell, 1973). The spokes
in Saturn’s rings are most likely clouds of particles elect
statically levitated from the surfaces of larger bodies in
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-

rings (Nitter et al., 1998; Goertz, 1989). In addition, elec-
trostatic dust transport processes have been proposed o
surface of Mercury(Ip, 1986)and comets(Mendis et al.,
1981).

The surface of Asteroid 433 Eros reveals a comp
regolith in high resolution images taken by the NEA
Shoemaker spacecraft (e.g.,Veverka et al., 2000; Cheng
al., 2001; Kerr, 2001). Smooth deposits, or “ponds” we
observed in craters ranging in size from 20 to 300 m in
ameter(Veverka et al., 2001). The deposits are smooth dow
to 1.2 cm per pixel resolution indicating they are compo
of particles significantly smaller than 1 cm(Robinson et
al., 2001). The colors of the pond material, large boulde
and the background landscape are nearly indistinguish
(Veverka et al., 2001), though the ponds are slightly bluer
the visible than the surrounding terrain. The homogeneit
the surface colors can be explained by a layer of fine
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over the surface and is consistent with the ponds being c
posed of dust. The small color differences of the ponds
also be explained by a size distribution of grains� 50 µm
(Robinson et al., 2001).

The mapped distributions of larger ponds correspond
with local regions of particularly long terminator duration
and there is an excellent correlation between ponds and
gravity areas(Robinson et al., 2001). Of the 255 large pond
(> 30 m diameter) 231 are located within 30◦ of the equator
These areas therefore also see the Sun rise and set, a
that is required if terminator electric fields play a role in th
formation. The observed characteristics of the Eros pond
quire a mechanism that separates the fine fraction of reg
and a mechanism to concentrate particles in the depre
that is most efficient along the equatorial belt. Global eje
blanketing events can be ruled out by the correlation betw
pond depth and crater diameter.

Electrostatic dust levitation and transport has been
posed as a possible explanation for the observed dusty
tures on Eros(Cheng et al., 2002; Robinson et al., 200
Pieters, 2001; Tepliczky and Kereszturi, 2002). This expla-
nation was anticipated byLee (1996)who recognized tha
levitated charged dust grains over asteroids could be tr
ported to “smooth, flat, and/or perennially shaded area
where the particles become physically trapped, e.g., in t
graphic asperities and/or lows in dynamic height.” Pond-
deposits have been observed in topographic depression
are not craters(Veverka et al., 2001), consistent with the
electrostatic model. The boundary between the smooth,
pond surface and crater walls can be quite abrupt(Robinson
et al., 2001), and these craters “do not show. . . evidence
downslope movement on the crater walls”(Veverka et al.,
2001). These observations are consistent with electros
transport of dust playing a role in the formation of the po
deposits. Other mechanisms that may be responsible fo
or all of the formation of ponded deposits on Eros inclu
seismic shaking(Cheng et al., 2002)and size sorting throug
evaporative processes(Kareev et al., 2002). We present re
sults on the transport of charged dust near the surface of
and apply it to the question of the formation of the pond
deposits.

This work provides a numerical approach to the anal
of dust levitation and subsequent redistribution, and con
trates on the conditions at Asteroid 433 Eros. We investi
the role of electrostatic processes in redistributing mate
on the surface of Eros and producing some of the unu
features of its regolith, and we present a numerical mo
that simulates dust transport in a photoelectron sheath a
a surface on Eros. A description of electrostatic dust l
tation on asteroids is presented in Section2. Our numerical
model for transport on Eros is described in Section3, and the
results are presented in Section4. Section5 provides a dis-
cussion and conclusions. Our numerical simulations dem
strate that this mechanism may play an important role in
formation of the dust ponds seen at Eros.
or
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2. Electrostatic dust levitation

2.1. Sheath and dust charging processes

The primary charging currents for the sunlit side of an
teroid are solar wind electrons, solar wind ions, and pho
mission. On a sunlit, airless surface in interplanetary sp
where the plasma density is that of the tenuous solar w
photoelectric charging usually exceeds plasma chargin
the absence of other charging processes these surfac
come positively charged. The floating potential is depend
on the energy of the incoming photons and the photoele
work function of the surface material. In equilibrium, t
surface potential becomes positive enough to return em
photoelectrons to the surface. These outbound and inb
electrons form a photoelectron sheath, or layer, above
surface. The photoelectrons in the sheath generate a ve
electric field which acts to return negatively charged pa
cles to the surface and accelerate positively charged par
away from the surface.

Dust particles resting on the surface may become p
tively charged due to photoemission. If positively charg
particles detach from the surface, they can thus be levit
in the photoelectron sheath. Conversely, dust particles
collect enough photoelectrons in the sheath to become n
tively charged are accelerated down to the positively cha
surface. When a particle leaves the surface the curre
photoelectrons to the particle exceeds the current of
toemitted electrons and it can attain a negative charg
it passes through the photoelectron layer. If its initial
locity is high enough it will make it through the layer a
attain a positive charge due to its own photoemission, m
ing it possible for the particle to be stably supported by
upward electric field in the sheath. If, on the other ha
the particle spends too much time in the sheath, it will
negatively charged and accelerated toward the surface
dynamics of a charged dust particle near the surface o
asteroid or other airless planetary body thus depend on
local plasma environment, the gravity of the body, and
variable charge of the grain. The levitation of dust partic
in plasma sheaths has been studied numerically (e.g.,Nite-
tal et al., 1994, 1998) and experimentally(Doe et al., 1994
Arnas et al., 1999; Robertson et al., 2003).

Over small spatial scales, such as along the terminat
a rough surface, UV illuminated regions are adjacent to u
luminated regions. The photoemission from the illumina
regions leads to differential charging. Therefore, horizo
electric fields can occur in a photoelectron sheath in
dition to the existing vertical field. Dust particles releas
from the surface may be transported across the surfa
these fields. Also, if particles have any horizontal veloc
when they enter the sheath, or if there are enough dust
ticles in the sheath to interact with each other electrica
then horizontal transport of dust will occur, with a depo
tion of dust where the topography changes or the ele
field strength is reduced. The electric field may be gre
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reduced or vanish in shadowed regions of a photoelec
sheath.

Such electrostatic interactions are likely the source of
observed dust dynamics on the Moon (e.g.,Pelizzari and
Criswell, 1978; Criswell, 1972, 1973; Gold, 1955). Like the
Moon, asteroids are primarily unmagnetized bodies in
Solar System that lack atmospheres. Asteroids are typic
located farther from the Sun than the Moon, so the co
sponding solar wind and photoemission currents to an a
oid surface are typically smaller than at the lunar surfa
However, the gravitational force on an asteroid such as
Eros is roughly two orders of magnitude lower than on
Moon. Depending on the properties of the plasma envir
ment, dust particles may levitate in the photoelectron sh
above the sunlit surface of an asteroid.

We next investigate the general properties of single p
cle dynamics in a photoelectron sheath on Eros. We note
a similar phenomenon is possible in the solar wind plas
sheath on the night side of an asteroid. Furthermore a
terminator the combination of photoelectron currents and
solar wind creates a more complex charging environmen
this paper we restrict our study to the dayside photoelec
layer.

2.2. Single particle dust charging

The charge on a particle in a photoelectron sheath is
termined by the currents due to collection of photoelectr
in the sheath,Ie, and the emission of photoelectrons fro
the grain itself,Ipe. Particles are also subject to addition
currents from the solar wind electrons and ions. In the s
wind particles attain a positive charge due to photoemiss
which is moderated by the collection of solar wind electro
We can therefore neglect solar wind ions and only cons
current due to solar wind electrons,Isw. The charging equa
tion for a dust particle above the surface is then given by

(1)dQd/dt = Ipe − Ie − Isw,

whereQd is the dust particle charge.
The current of photoelectrons to the particle is given

(Havnes et al., 1987):

Ie = πr2
d enpe

√
8kBTpe

πme

exp

(
eφd

kBTpe

)
, φd � 0,

(2)Ie = πr2
d enpe

√
8kBTpe

πme

(
1+ eφd

kBTpe

)
, φd > 0,

whereφd is the potential of the particle,rd is the particle ra-
dius,e is the electron charge,kB is the Boltzmann constan
me is the electron mass,Tpe is the photoelectron temper
ture, andnpe is the photoelectron density in the sheath.

The photoelectron density in the sheath is determine
the photoelectron current away from the surface and the
sulting positive surface potential. The photoelectron cur
is determined by the flux of solar photons with sufficie
t

energy to knock electrons off the surface,F(λ < λ1), and
the quantum efficiency of photoemission from the mater
χ(λ):

(3)Iph0 =
λ1∫

0

F(λ)χ(λ)dλ,

whereλ1 ∼ 200 nm is the longest wavelength photon
pable of producing a photoelectron from a surface wit
typical work function, W∼ 5 eV (e.g.,Sternovsky et al.
2002). BothF andχ are strongly dependent on waveleng
so χ should not be pulled outside the integral. Rather t
adopt a functional form forχ and a value forλ1 and evaluate
the integral in Eq.(3), we will assume that the dust and su
face of Eros have the same photoemissive properties a
lunar regolith, for whichχ(λ) has been directly measure
The resulting photocurrent at a distanced (in AU) from the
Sun isIph0 = 2.8 × 109/d2 electrons/(cm2 s) (Willis et al.,
1973). The photoelectron density at the surface is then g
by

(4)npe,0 = 2Iph0 sin(is)/υpe,

whereυpe is the average photoelectron emission veloc
andis is the solar elevation angle above the horizon. We t
the average photoelectron temperature ofkBTpe = 2.2 eV
as measured for lunar regolith(Willis et al., 1973), giving
υpe = 8.8× 107 cm/s. Assuming a Maxwellian distributio
of photoelectron energies, the photoelectron density in
sheath as a function of height above the surface is give
Grard and Tunaley (1971):

(5)npe = npe,0

(
1+ z√

2λD

)−2

,

wherez is the height of the grain above the surface, and

(6)λD =
√

kBTpe

4πnpe,0e2

is the Debye length at the surface. The photoelectron
ergy distribution cannot be a true Maxwellian because th
must be an upper limit to the photoelectron energy. H
ever, more detailed solutions of the charge distribution,
cluding particle-in-cell calculations(Sickafoose et al., 2001
and solutions of Poisson’s equation including photoelec
and plasma populations(Nitter et al., 1998)give a verti-
cal profile similar to that in Eq.(5). The solutions ofNitter
et al. (1998)also show that the photoelectron layer pro
does not change significantly with solar incidence angle
is > 5◦. We therefore assume for simplicity that the ve
cal profile of the photoelectron layer has the form of Eq.(5)
independent ofis , but we only consider values ofis > 10◦.
Also, we neglect the small contribution of solar wind ele
trons to the near-surface electron density in calculating
Debye length.

The photoemission current of electrons leaving a d
particle is also calculated from the flux of high energy p
tons from the Sun,Iph0, assuming the material properties
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the particles are the same as the surface. The current of
toelectrons emitted by the grain is then given by

Ipe = πr2
d eIph0, φd � 0,

(7)Ipe = πr2
d eIph0 exp

( −eφd

kBTpe

)
, φd > 0.

The final current we consider is the collection of so
wind electrons. We assume the solar wind electron den
is constant, although very close to the surface the positi
charged surface should lead to a slight enhancement. Th
lar wind electron density isnsw ≈ 5/d2 cm−3 (e.g.,(Mendis
et al., 1981)), or less than 10% of the photoelectron dens
npe,0 = 64/d2 cm−3, near the surface at noon (Eq.(4)). Sev-
eral Debye lengths above the surface, however, collectio
solar wind electrons balances the photocurrent from the
ticle. The current due to collection of solar wind electro
following Eq.(2), is

Isw = πr2
d ensw

√
8kBTsw

πme

exp

(
eφd

kBTsw

)
, φd � 0,

(8)Ie = πr2
d ensw

√
8kBTsw

πme

(
1+ eφd

kBTsw

)
, φd > 0,

where the solar wind electron temperature,Tsw, is assumed
to be 10 eV. While the actual values fornsw andTsw may
vary considerably around the nominal values we have
sen, the solar wind electron current acts primarily in t
model to prevent the grain charge from growing with
bound due to photoemission when it is outside the ph
electron sheath and reasonable changes in these param
do not qualitatively affect our results.

By setting Eq.(1) equal to zero we calculate the equili
rium dust particle potential as a function of height, wh
the potential is related to the charge viaQd = rdφd . We
used = 1.78 AU, the aphelion distance of Eros, through
the rest of this paper. The equilibrium dust particle pot
tial with these parameters is shown inFig. 1. Within about
one Debye length of the surface the particle is negati
charged due to collection of photoelectrons in the ph
electron layer, and then reaches a positive charge at l
distances above the surface where photoemission from
particle itself dominates the current from solar wind el
trons.

2.3. Electric field and dust levitation conditions

The strength of the electric field as a function of hei
above the surface for a Maxwellian photoelectron ene
distribution, is given by(Grard and Tunaley, 1971)

(9)E = 2
√

2ΦsλD

(
1+ z√

2λD

)−1

,

whereΦs is the floating potential of the surface. The elec
field is shown inFig. 1 for a surface with the Sun direct
overhead. We calculate the surface potential by numeric
-

-

rs

r

Fig. 1. Equilibrium dust particle potential as a function of height in
photoelectron layer with the charging currents described in the text.
electron density and vertical electric field strength are also shown for
solar noon on Eros. Dust particles reach an equilibrium potential of 1.
in the solar wind.

Fig. 2. Diurnal variation of the surface potential on Eros determined by
balance of photoemission from the surface and collection of solar wind
trons, and the Debye length,λD . Although the Debye length is roughly ha
as long at local noon as it is near sunset and sunrise, the stronger e
field due to the greater photoelectron density results in an effective ex
sion of the photoelectron layer and an increase in the levitation heigh
charged dust particles.

solving for the balance of the photoelectron current from
surface and the current of solar wind electrons to the
face:

(10)

Iph0 exp

( −eΦs

kBTpe

)
sin(is) = nsw

√
kBTsw

2πme

(
1+ eΦs

kBTsw

)
.

The surface potential and photoelectron layer Debye le
are shown inFig. 2as a function of solar elevation angle.

We can now determine what size particles can be l
tated in the photoelectron layer. We first consider the s
case of stationary particles in charge equilibrium. Solv
Eqs.(3), (7), (8)for the equilibrium charge as a function
height together with the electric field as a function of hei
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Fig. 3. The ratio of the electric force to the gravitational force acting on
ticles of different sizes at noon on Eros. Within one Debye length of
surface particles are negatively charged and the electric force is down
(negative in this plot). Levitation is possible when the ratio is 1. The up
equilibrium point is stable and increases in height for smaller particles.
ticles larger than 1.3 µm in radius never experience an upward electric
strong enough to overcome gravity.

(Eq. (9)) gives the electric force as a function of height
different particle sizes (Fig. 3). Because the charge increas
with height while the electric field strength declines w
height, the strength of the electric force on a particle is c
siderably less than the value obtained by just using the e
librium charge and the near-surface electric field stren
With the photoelectron and solar wind parameters descr
above, the equilibrium particle potential in the solar wind
φeq(z � λD) = 1.78 V, λD = 2.46 m, and the surface ele
tric field strength isE0 = 5.04 V/m.

There are two heights at which the electric force balan
the gravitational force (Fig. 3). The lower equilibrium point
is unstable(Nitter et al., 1998; Robertson et al., 2003). At
the upper equilibrium point, the particle potential can be
sumed to have the equilibrium value ofφeq in the solar wind.
Solving the force balance for the upper levitation height
find

(11)zeq = √
2λD

(
3E0φeq

4πρdgr2
d

− 1

)
,

whereg is the gravitational acceleration andρd is the density
of dust particles, assumed to be 3.7 g/cm3 consistent with
dense ordinary chondrites. We use the maximum local g
itational acceleration on Eros ofg = 0.55 cm/s2. We find
the largest particle that can be stably levitated in the ph
electron layer with these parameters has a radius of 1.3
However, in regions of lower surface gravity on Eros, an
the grains are less dense than the conservatively high v
for ρd we have assumed, levitated grains will be larger t
this. Also, in the presence of strong electric fields near
terminator larger particles may be temporarily levitated. T
calculated upper and lower levitation heights as well the
ues determined from Eq.(11)are shown inFig. 4.
.

Fig. 4. Levitation heights as a function of particle size at noon on Eros.
solid line shows the value assuming the particle potential has reach
value in the solar wind (Eq.(11)) and matches the values using the cal
lated particle potential. The lower levitation point is unstable: a downw
perturbation pushes the particle into the negative charge regime wher
accelerated to the surface, and an upward perturbation results in a str
upward electric force, accelerating the particle further upward to the u
levitation height.

2.4. Single particle dynamics

We next consider the trajectory of a particle moving o
the surface of Eros under the influence of gravity and
electric force. We ignore radiation pressure and drag fo
for the present model which studies short timescale dyn
ics of particles. The particle is not required to be in cha
equilibrium, and its instantaneous charge is calculated
multaneously with its trajectory. Particles resting on the s
face are likely to attain a positive charge like the surface
a whole, and this can lead to the initial electrostatic lev
tion of the particle. However, small individual particles m
acquire significantly different dust potentials than the s
face potential. For simplicity we give particles no initial n
charge. They quickly attain a negative charge as they
ter the photoelectron layer and become positively char
above about one Debye length (Fig. 1). Starting the particles
with a positive charge on the surface would make it easie
particles with a slower initial vertical velocity to rise abo
the sheath, but on Eros the gravity is so weak that thi
not an important consideration. We ignore any horizon
components of the electric field and assume our surfac
perpendicular to the gravitational force, so the only acce
ations are in the vertical direction:

(12)
dz

dt
= Qd

md

E − g,

wheremd is the mass of the grain.
Integrating Eqs.(1) and (12)simultaneously produces th

trajectories inFig. 5 for particles launched at five differen
speeds off the surface of Eros forrd = 0.5 µm. The particle
launched at 0.3 m/s stays within the dense part of the ph
toelectron layer and therefore remains negatively char
so both gravity and the electric force act to return it to
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Fig. 5. Vertical position as a function of time for particles withrd = 0.5 µm
at solar noon on Eros, with different initial vertical velocities. All partic
are accelerated up above the photoelectron layer except the particle
v0 = 0.3 m/s which remains within the first Debye length of the surface
therefore remains negatively charged. This particle is returned to the su
after reaching a maximum height of 3 m, while a particle launched
slightly faster (v0 = 0.5 m/s) is accelerated upward to a maximum hei
of 250 m. Particles launched faster than 2.5 m/s penetrate the photoelectro
layer too quickly on descent to be decelerated before hitting the surfac

surface. The particle launched slightly faster, at 0.5 m/s, be-
comes positively charged at∼ 5 m above the surface an
is then accelerated upward to the stable levitation heigh
particles of this size. As the launch speed increases the i
height of the particle trajectory increases resulting in gre
kinetic energy as the particle falls back toward the pho
electron layer. If this energy is too large the particle reac
the surface before the electric force reverses its motion. C
sequently particles of this size with an initial velocity grea
than about 2.5 m/s do not become levitated but instead p
etrate the photoelectron layer and land on the surface.

This maximum launch velocity for levitation is size d
pendent because the charge to mass ratio is larger for sm
particles. Smaller particles can be launched at faster sp
and still be caught by the photoelectron layer and levita
Particles on the order of 0.1 µm in radius and smaller lev
at such a large altitude above the surface of Eros that ra
tion pressure becomes an important perturbing force tha
ultimately lead to loss of particles from the asteroid entir

3. Simulation of dust transport into craters

In this first work we do not include a detailed gravity a
topography model of individual craters on Eros. We us
one-dimensional profile of relative surface height to mo
the Eros surface, and embed a model crater by placing a
cular depression with a depth-to-diameter ratio of 0.25
the center of our simulation space. We model the surfac
one dimension with a length of 1 km discretized into 1
positions. We assume that the regolith is fine-grained w
size distribution of particles extending down to sub-µm pa
cles which can be levitated in the near-surface electric fie
l

r
s

-

-

Dust particles are launched from each position on the
face, one at a time, at launch angleα0, from the surface in
each direction at launch velocityv0. The particle trajectory is
simultaneously integrated in two dimensions (horizontal
vertical) with the particle charge until the grain comes i
contact with the surface or a maximum time limit (104 s) is
exceeded. The time limit is exceeded for particles that
stably levitated in the sheath, have been accelerated t
cape velocity, or are on long ballistic trajectories much lar
than the simulation region.

In the results presented here the crater has a diam
of 200 m and maximum depth of 50 m. This crater size
consistent with observations of ponds on Eros, which
typically found in craters 20–300 m in diameter(Veverka et
al., 2001; Robinson et al., 2001). The crater is also large
than the Debye length, so the photoelectron layer sh
roughly follow the contour of the topography. When the S
is above the horizon a uniform photoelectron sheath is
erated above the surface. At small values ofis the solar
wind plasma plays an important role in the sheath cha
teristics and our assumptions are not valid. We restrict
simulations to values ofis > 10◦. Shadowed regions are ca
culated based on the topography, and the sheath is ass
to be absent where there is a shadow. Although particle
main positively charged due to photoemission when ov
shadowed part of the surface, there is no electric field
erated by a photoelectron layer in the shadow to act on
charged particles. Particles then fall toward the shadowe
gion of the surface. If the particle horizontal velocity carr
it across the shadowed region before it hits the surface
particle may return to being levitated in the photoelect
layer. Transport of dust into the shadowed region thus
pends on the combination of the horizontal velocity and
size of the crater.

We place our model craters on the equator so that
Sun reaches the zenith at noon of each simulation day.
assumption reduces the amount of dust transport, which
curs preferentially at shadow boundaries. Sample traje
ries with the Sun 20◦ above the horizon are shown inFig. 6
with a particle transported into the shadowed region of
crater.

4. Results

4.1. Diurnal effects

We first test the simulation for edge effects and for
effects of topography with no electric force. The distrib
tion of landing positions for a simulation with uncharg
particles launched at speeds between 50 and 150 cm/s with
α0 = 80◦ is shown inFig. 7. The tapering and sharp spik
at the limits of the surface are due to an edge effect: part
are launched outward beyond the range of the surface w
none are launched from outside of the surface inward. E
particles are launched from each of the 100 horizontal p
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Fig. 6. (Solid) 0.5 µm particle launched at 100 cm/s at an angle of 80◦.
(Dash) 100 µm particle on a purely ballistic trajectory, launched at 100 c/s
at an angle of 80◦. (Dot) 0.5 µm particle launched at 200 cm/s at an angle
of 45◦. The Sun is 20◦ above the left horizon.

Fig. 7. Dust distribution with no photoelectron layer, showing the edge
fects of the simulation and small variations introduced by the presenc
topography.

tions, four in each direction. The velocity range was cho
to match the velocities of particles that are levitated in
photoelectron layer. The effect of topography on the la
ing positions is small. When there is no sheath dust parti
follow ballistic trajectories and are evenly distributed acr
the surface. When a sheath is imposed above the surfac
dust is no longer evenly distributed due to dust-sheath in
actions.

We next consider the distribution of dust for the ca
whereis is held constant. For this case, dust distributions
shown inFig. 8on the simulated Eros surface for solar in
dence anglesis = 10◦ to 40◦. The simulation was run with
the Sun at a fixed elevation until all particles hit the surf
or the maximum time was reached. We use a maximum
of one half of an Eros rotation, or about 104 s. These sim-
ulations with a constantis illustrate the connection betwee
shadow location and the landing positions of dust partic
No particles are launched from the shadowed part of the
face to simulate electrostatic levitation as the cause of
particle initially leaving the surface. We will discuss impa
ejecta as well as electrostatic levitation as means of injec
dust into the photoelectron layer below. For the dust pa
e

Fig. 8. Dust distributions at fixed solar elevation angles from 10◦ to 40◦
above the horizon. The Sun is on the left of the image. Particles are 0.
in radius and were launched from the surface at 50–150 cm/s at an angle
of 80◦ to the horizontal. At higher solar elevation angles there is no sha
and all particles with these velocities and particle size remain levitated

cles inFig. 8 (rd = 0.5 µm, v0 = 50–150 cm/s), once the
Sun is high enough to fully illuminate the crater, all partic
remain levitated in the photoelectron layer throughout
simulation. At the lowest solar incidence angle (is = 10◦),
the fastest particles in the simulation pass through the
toelectron layer and hit the surface. At higher values ois
all particles remain levitated except when they are over
shadowed region. The U-shaped profile of the dust distr
tion in the crater at the lower values ofis in Fig. 8 represent
the pile-up of dust at the shadow boundary: as soon as
particle enters the shadowed region it falls to the surfa
This is partly an artifact of our simplified treatment of t
photoelectron layer characteristics at a shadow bound
where we ignore diffusion and simply turn off the pho
electron layer in the shadowed regions.

Next we simulate dust transport over an entire day of
lar exposure on Eros by launching particles just after sun
and calculating their trajectories while the Sun moves fr
is = 10◦ to 180◦ in 2◦ steps at the rotation rate of Eros,
until the particle hits the surface. When the Sun is low
the horizon the levitation height is lower than at local no
As the Sun rises, therefore, levitating particles rise as
photoelectron layer expands. Values ofv0 which result in
levitation are also lower at small values ofis because ther
is less distance for the photoelectron layer to decelerate
ticles descending through the layer. The particle launche
1 m/s in Fig. 9 is suspended when the Sun is overhead,
not when the Sun is low on the horizon. The slower pa
cles are suspended, and their trajectories are altered as
pass over the shadowed region of the crater. The levita
height also dips over the crater because the photoele
layer follows the surface topography. One particle falls i
the crater, while the other traverses the shadowed region
ultimately hits the surface at sunset. A dust distribution
a range of particle sizes and launch velocities is show
Fig. 10for a rotating Eros. Here we see a net accumula
of dust in the crater, but preferentially at the edges of
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Fig. 9. Trajectories of three 0.5 µm radius particles launched from the
face shortly after sunrise (is = 10◦) with a rotation period equal to that o
Eros. As the Sun rises the photoelectron layer expands (Fig. 2) and the par-
ticle levitates at a higher altitude above the surface (solid line). The d
the solid particle over the crater reflects the fact that the photoelectron
follows the topography in our model. The particle launched at 50 cm/s from
the surface (dotted line) reaches the crater edge while it is still in sha
and falls to the surface.

Fig. 10. Distribution of dust (thick line) for a simulation of an Eros day w
dust particle radiird = 0.3 to 0.6 µm andv0 = 50–75 cm/s. The simulated
surface profile is shown in the thin line. Dust accumulates preferential
the morning (left) side of the crater as it crosses over the shadow i
crater.

crater rather than center, as was seen with the simula
for a fixed value ofis (Fig. 8).

4.2. Pond formation on Eros

The preceding sections illustrate the basic mechan
that dust levitation in a photoelectron sheath can lea
net transport of dust into a crater or other shadowed
pression. Small dust particles levitated by the near sur
electric field generated by photoemission from the sur
may be transported into shadowed regions where the ph
electron layer is absent or greatly diminished. The detai
the resulting dust distributions are dependent on a numb
unknown parameters, such as the angle and speed tha
ticles initially lift off the surface, the interactions betwe
charged particles in the photoelectron layer that can
-

f
r-

lead to horizontal transport, and the work function of
asteroidal material. Electrostatic levitation provides a me
anism to transport dust into shadowed regions, includ
craters. This is not sufficient to explain the smooth, flat p
deposits observed on Eros, but it may indicate that elec
static levitation and transport of dust works in concert w
other mechanisms such as impact-induced seismic sha
(Cheng et al., 2002).

In order for electrostatic transport to play an import
role in pond formation the process must occur on a s
enough time scale. The net redistribution of regolith du
electrostatic transport processes near the surface is d
dent on the rate particles are launched from the surface.
value is difficult to determine. Two mechanisms can al
particles to overcome the cohesion forces and gravity b
ing them to the surface: an electrostatic force or a mecha
disturbance (such as a micrometeoroid impact). It is unlik
that ponds are formed by dust launched off of the sur
due to micrometeoroid bombardment (see Section4.3.1).
However, we have observed electrostatic launching of
particles tens of µm in size in our laboratory experime
at 1 g(Sickafoose et al., 2002; Robertson et al., 2003). For
the smaller, µm-sized particles discussed here, the su
cohesion forces between particles dominate the weak g
tational force on Eros. Particles are most likely to be elec
statically released from the surface at the terminator reg
where the electric fields are orders of magnitude larger
at other locations on the surface(Criswell and De, 1977). For
this reason, the above numerical simulations were perfor
with all particles launching across the surface at sunrise

Particles launching at sunset are neglected because
is no photoelectron sheath on the nighttime side, and in
paper we do not model the nighttime solar wind plas
sheath. Because of this assumption particles tend to a
mulate more on the morning side of the crater in our sim
tions. If particles launch at terminator regions, it is also p
sible that they can launch at shadow/light interfaces ca
by crater topography. This situation can lead to redistribu
of dust within the crater, perhaps enhancing the formatio
ponds from dust transported into a crater from the exteri

4.3. Timescale for pond formation

In order to produce the observed pond deposits we
consider the rate of transport and the timescale for pond
mation. A full simulation of the regolith on Eros is beyo
the scope of this paper; the following is a simple order
magnitude estimate of the rate of electrostatic transpo
determine if it is capable of supplying enough materia
produce the observed deposits in Eros craters. Our sim
tions artificially inject particles into the sheath at prescrib
velocities and at a prescribed rate. The actual rate of par
levitation or ejection from the surface is unknown, but
can make estimates based on two physical mechanism
launching dust off the surface.
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4.3.1. Meteoroid bombardment
The surface of Eros is bombarded by interplanetary

crometeoroids which eject particles from the surface on
pact. The number of particles ejected off the surface of E
that may be transported into a crater via electrostatic lev
tion is

(13)Nejecta= FmicroYfsizefvelocity/Mparticle,

whereFmicro ≈ 10−16 g/(cm2 s) (e.g., Grün et al., 1985),
Y ∼ 105 is a typical yield for a hypervelocity impact int
regolith(Colwell and Esposito, 1990), fsize andfvelocity are
the mass fractions of ejecta in the size and velocity ran
that lead to electrostatic transport, andMparticle is the mass
of a dust grain. We find particles smaller than 1 µm are tra
ported into the shadowed regions, and the fraction of ej
that can be transported in this way is thus

(14)fsize�
∫ 1
r1

m(r)n(r) dr∫ rmax
r1

m(r)n(r) dr
≈

√
1− √

r1√
rmax

≈ 0.01,

where we have assumed the ejecta size distributionn(r) dr ∼
r−3.5 dr , r1 � 1 µm, andrmax ∼ 1 cm is the largest particl
ejected by a typical micrometeoroid of radius 500 µm w
a yield of Y = 105. The value in Eq.(14) is an upper limit
because the size distribution of dust on Eros may be fa
off at such small particle sizes. Similarly, the mass fract
of ejecta in the velocity range,v = v1 to v2, that allows for
levitation and horizontal transport, is

(15)fvelocity =
(

v1

vmin

)−1.2

−
(

v2

vmin

)−1.2

= 0.85,

where we assume thatvmin � v1, v1 = 25 cm/s, v2 =
125 cm/s, and the power-law index of the velocity mass d
tribution is for impacts into regolith(Housen et al., 1983).
Compensating for the large value ofα0 adopted for the nu
merical simulations toα0 = 45, more appropriate for impac
ejecta, increases the values ofv1 andv2 that lead to levita-
tion, but does not significantly affect the value offvelocity.
The result isNejecta= 2× 10−4 cm−2 s−1. Because our sim
ulations have a 1D surface, we assumerd = 1 µm and get a
1D injection rate ofNejecta= 3× 10−8 cm−1 s−1 or 30 par-
ticles per linear km per Eros day.

Because the enhancement of crater dust that we find i
pendent on the particular values of particle sizes and lau
speeds as well as the dimension of the crater it is not
sible to determine a precise rate of dust transport into
crater. Nevertheless, our simulations provide an order
magnitude estimate of the rate of dust transport. In a s
ulation with v0 = 25–100 cm/s andrd = 0.1–1.0 µm, the
enhancement of dust in the crater compared to the surro
ing terrain in our simulations is 10 particles per 10-m lin
element per Eros day, where the total number of parti
launched in the simulation was 6257. Most particles in
simulation went beyond the simulation boundaries be
landing. In a simulation with only 0.5 µm particles atv0 =
50 cm/s we find 1.6 particles per 10-m linear element
-

-

the crater where the total number of particles launched
168 and again most particles were transported beyond
simulation boundaries. The larger fraction of particles tra
ported to the crater for the single size simulation (1.6/168
10/6257) simply reflects the fact that the largest particle
the bigger simulation are not levitated and the smaller p
cles are levitated higher and are therefore less likely to
into the shadowed crater. In order to estimate a lower l
for the time scale for pond formation via micrometeoro
ejecta loading the photoelectron layer, we use the hig
rate we find from the optimal values ofrd = 0.5 µm and
v0 = 50 cm/s. We therefore scale the result of 1.6 partic
per 10-m element per day by the factor of 30/168 repres
ing the estimated ratio of ejecta particles in the relevant
range to the number launched in the simulation. This g
0.3 particles per 10-m element per Eros day or 1 monola
of micron-sized particles in 3× 106 Eros days and 3× 1012

Eros days or∼ 2 × 109 years to build up an extra meter
dust inside the crater.

Micrometeoroid ejecta therefore seems an unlikely so
of dust for pond formation via electrostatic transport. Thi
consistent with observations of dust levitated over the lu
horizon (Rennilson and Criswell, 1974)and horizon glow
observed by the Clementine spacecraft and Apollo as
nauts(Zook et al., 1995)implying a much greater abundan
of dust leaving the surface than can be accounted for by
crometeoroid bombardment.

4.3.2. Electrostatic levitation
Electrostatic levitation of dust off the surface may the

fore provide enough charged dust in the photoelectron l
to lead to formation of the observed pond features if it act
efficiently on Eros as it apparently does on the Moon. We
make crude estimates of the launch rate by electrostatic
tation, though there are several uncertainties: the streng
the binding force between particles, the strength of the e
tric field at the surface of Eros, and the photoelectric yield
the particles.

If the electric force is sufficient to levitate particles
the relevant size range, then there could be one mono
of µm-sized particles injected into the photoelectron la
each day. We can make a set of assumptions about
process to test whether it is plausible for this to lead
pond formation. The area fraction of the monolayer of l
itated particles depends on the size distribution of parti
in the regolith and the distribution of regolith on the s
face. Assuming that this fraction is high enough so that w
combined with the enhancement of dust inside the cr
compared to outside from our numerical simulations, t
there is a net addition of one monolayer in the forming po
each Eros day and the pond formation timescale is o
∼ 2000 years.Lee (1996)similarly concludes that electro
static levitation occurs more rapidly than production of sm
particles by micrometeoroid bombardment.

A third indication that the rate of levitation is sufficie
to lead to pond formation, following the lunar observatio
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and Lee’s charging timescale, comes from our laboratory
periments. We observe dust to spontaneously lift off o
surface having a plasma sheath (plasma conditions are
described inRobertson et al. (2003), and the plate is biase
to −100 V). Experimentally, we have observed particles
launch from a graphite plate with a crater-like depress
surrounded by a plasma sheath at a rate of approximat
per cm per second, looking at a 1 cm-wide section of
plate with a shallow (� 1 cm) depth of focus. The daytim
global surface potential of Eros is likely much smaller,
the order of∼ 5 V (Section2), but terminator fields may b
much higher than the 100 V potential in the laboratory
periment (e.g., 550–1000 V/cm in Criswell (1972, 1973);
100–1000 V/cm in Pelizzari and Criswell (1978), though
the potential difference is over a short spatial scale so
at no time was any potential more than twice the elec
energy). The weight of the particles is also much highe
the laboratory than on Eros, but the cohesive forces ma
less since we levitated larger particles (with a smaller
face area to mass ratio) from a thin layer instead of fro
thick regolith. If we ignore the admittedly large uncerta
ties due to these differences, then the electrostatic levita
rate is Nelectrostatic∼ 1 cm−1 s−1. This rate is∼ 2 × 107

timesNejectaand gives a correspondingly shorter timesc
for pond formation of∼ 102 years. The only conclusion w
draw from these two rough estimates is that neither a
ment rules out electrostatic levitation as a viable mechan
for pond formation on Eros.

5. Discussion and conclusions

A numerical model of dust levitation and transport in
photoelectron sheath above the surface of Eros demons
that particles smaller than 1 µm tend to collect in craters
regions of shadow. Over the course of a day, dust is prim
ily transported into a crater and is redistributed over the
portions of the surface. These simulations support the
that features like the dust ponds observed by the NE
Shoemaker spacecraft at Eros may be caused by electro
dust transport. In particular, we find:

• particles smaller than∼ 1 µm in radius can be stab
levitated in the photoelectron sheath on Eros at a he
of tens to hundreds of meters, depending on the par
size and time of day;

• particles smaller than∼ 1 µm knocked off the surfac
at speeds exceeding a few tens of cm/s are accelerate
upward by the photoelectron layer electric field wh
they are subject to long range transport in the laye
well as potential loss from the asteroid;

• there is a net transport of dust in the photoelectron la
to shadowed regions, such as craters;

• injection of dust into the photoelectron layer by elect
static levitation off the surface can occur fast enoug
e

s

ic

transport enough dust into craters to create the Eros
ponds.

Our simulations do not, however, reproduce the Eros
ponds in detail. We find an accumulation of dust near
edges of craters, rather than a central smooth deposit
detailed shape of our dust distribution is controlled by f
tors such as the initial horizontal velocity, the path of
shadow boundary over the course of a day, the size an
locity distributions of levitated particles, and the behav
of the photoelectron layer at the light/shadow boundary
function of height above the surface. We have assume
abrupt boundary which naturally leads to an enhanced
centration of dust at that boundary.

More detailed calculations are needed to address the
term evolution of the dust distribution on Eros, includi
processes other than just electrostatic levitation. In this
study we have focused only on the dayside electros
transport of dust, but strong terminator fields as well a
solar wind plasma sheath on the night side may play an
portant role in the dynamics of charged dust on aster
such as Eros. A correlation between diurnal sunlight
shadow patterns and the distribution of ponds on Eros w
support the hypothesis that photoelectric levitation play
role in their formation.
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