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Abstract The Moon has no significant atmosphere, thus its surface is exposed to solar ultraviolet radiation
and the solar wind. Photoemission and collection of the solar wind electrons and ions may result in lunar
surface charging. On the dayside, the surface potential is mainly determined by photoelectrons, modulated
by the solar wind; while the nightside surface potential is a function of the plasma distribution in the lunar
wake. Taking the plasma observations in the lunar environment as inputs, the global potential distribution is
calculated according to the plasma sheath theory, assuming Maxwellian distributions for the surface emitted
photoelectrons and the solar wind electrons. Results show that the lunar surface potential and sheath scale
length change versus the solar zenith angle, which implies that the electric field has a horizontal component
in addition to the vertical one. By differentiating the potential vertically and horizontally, we obtain the
global electric field. It is found that the vertical electric field component is strongest at the subsolar point,
which has a magnitude of 1 Vm~!. The horizontal component is much weaker, and mainly appears near
the terminator and on the nightside, with a magnitude of severalmV m~!. The horizontal electric field
component on the nightside is rotationally symmetric around the wake axis and is strongly determined by
the plasma parameters in the lunar wake.
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1 INTRODUCTION nitude as the plasma electron energy in eV. However, if
the photoelectron emission dominates, the equilibrium sur-
face potential will have a positive value on the same order
of magnitude as the photoelectron energy in eV (Whipple

1981).

Celestial bodies exposed to the space environment will
accumulate charge due to the incident solar radiation
and space plasma, resulting in an inhomogeneous plasma
sheath around the body. Previous research has shown that
the equilibrium potential of a celestial body can be deter-
mined by balancing all charging currents, and among them
transfer of charge from the ambient plasma, photo-electron
emission and secondary electron emission of the surface

The lunar exosphere is extremely tenuous, thus it is
usually negligible. As a result, the lunar surface is exposed
to solar radiation, the solar wind or the Earth’s magne-
tosphere plasma. The incident ambient plasma injection,

are most important. Moreover, all currents are determined
by the surface characteristics and environmental condi-
tions. Without photoemission, the incident electron flux
from the ambient plasma is usually larger than the ion flux,
and the equilibrium surface potential will have a negative
value, with the potential in V on the same order of mag-

* A contributed paper from the International Symposium on Lunar
and Planetary Science (ISLPS) on 2018 June 12—15 at Macau University
of Science and Technology.

photoelectrons and secondary electrons emitted by the lu-
nar regolith can all cause charging of the lunar surface.
From the ion measurements on the lunar surface by Apollo
14, Freeman & Ibrahim (1975) deduced that the surface
potential is a function of the solar zenith angle (sza), with
the highest potential at the subsolar point (sza=0), which
is about +10 V. The surface potential declines with sza. At
the terminator, the potential drops to about —100 V. From
the electron reflectometry of Lunar Prospector (Halekas



772

et al. 2002), the potential difference between the night-
side lunar surface and the spacecraft is found to be =35V,
and hence the scale thickness of the electric double layer
is 1 ~ 2km on the nightside. However since the potential
of the spacecraft is unknown, the lunar surface potential
on the nightside cannot be deduced. The surface charging
is a result of several coupled mechanisms, and the electric
condition on the surface should be much more complicated
than the scenario depicted by such limited measurements.

Classic plasma sheath theory can help in understand-
ing the lunar surface charging and surface electric field. By
solving Poisson’s equation, the potential and electric field
inside the sheath, as well as their variations with sza, can
be calculated (Manka 1973). In recent years, a Particle-In-
Cell (PIC) simulation has been applied to the lunar sheath.
Through one dimensional (1D) PIC simulation, the effects
of the non-Maxwellian distribution of photoelectrons, and
the solar radiation variation on the lunar sheath were inves-
tigated (Poppe & Hordnyi 2010). PIC can also be extended
to the three dimensional (3D) context to simulate the lo-
cal electric field resulting from small scale lunar topology
(Anuar et al. 2013).

Due to uncertainty about the plasma environment in-
side the lunar wake, previous simulations of the lunar
sheath and surface electric field are usually limited to the
dayside, where the reflection of the solar wind by the lu-
nar surface is not considered, and the solar wind is treated
as undisturbed at the upper boundary of the lunar sheath.
Our knowledge about the ambient plasma around the Moon
mainly comes from spacecraft observations at altitudes
of tens kilometers above the lunar surface. Results show
that, on the nightside, the ambient plasma is quite differ-
ent from the undisturbed solar wind upstream of the Moon
(Halekas et al. 2005).

Both observations and theoretical works agreed
that the surface potential is a function of sza
(Freeman & Ibrahim 1975; Manka 1973), both
the solar radiation and solar wind change with sza. It
follows naturally that a large scale horizontal electric field
exists on the Moon in addition to the vertical electric

since

field, especially at the dawn-dusk region, where the solar
radiation and solar wind conditions change dramatically.
In this paper, based on the lunar plasma observations in
recent years, based on a 1D sheath model (Lei et al. 2016),
potential distributions at different sza are analyzed and a
global 3D electric field distribution is deduced when the
Moon is submerged in the solar wind.
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2 LUNAR SURFACE SHEATH MODEL

In the solar wind, the Debye length (\;) is much smaller
than the radius of the Moon (R,,,). Ignoring local geologi-
cal features, a 1D model is suitable to describe the plasma
sheath over the surface of the Moon (Nitter et al. 1998).
Supposing x is perpendicular to the lunar surface, the an-
gle between x and the Moon-Sun line is the sza. Ignoring
aberration of the solar wind, the solar radiation and solar
wind impact the lunar surface along the same direction,
which makes an angle of sza with respect to x. The lunar
regolith emits photoelectrons under the impact of solar UV.
Moreover, the incoming solar wind mostly has low energy,
and the secondary electrons emitted by the lunar regolith
resulting from bombardment of the solar wind can be ne-
glected (Whipple 1981).

At thermodynamic equilibrium, the potential V and
charged particle density n in the sheath are governed by
Poisson’s equation,

V2V = —E(ni—ne—nph) , (1
€0
where subscripts ¢, e and ph represent the solar wind pro-
ton, solar wind electron and photoelectron emitted by the
lunar surface respectively; e is the elementary charge and
€ is the vacuum permittivity.
The motion of charged particles satisfies the continuity
and energy conservation equations, ignoring gravity, which
can be written as

nv = ngv (2a)
Lo 5 L 5
5mv +qV(x) = 3P +qVo , (2b)

where m, v, ¢ and x are particle mass, velocity, charge
and position respectively; ¢ = e for protons, ¢ = —e for
electrons; V' is the electric potential at x; the subscript
0 denotes the initial state. Usually, the thermal velocity
of a proton is much lower than its bulk velocity, so v in
Equation (1) is approximately equal to the proton bulk
velocity; on the contrary, the electron thermal velocity is
much higher than its bulk velocity, and v in Equation (1) is
taken as its thermal velocity.

It is assumed that both solar wind electrons and
the photoelectrons emitted by the lunar surface are
Maxwellian. The distribution function can be written as

m. \3/2
fi(@,v) =n; (m)

mev? e (V(z) — V)
e <_ KT, | KT, > ’
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where m, is the electron mass, n; is the number density,
T} is the electron temperature, k is the Boltzmann con-
stant, j = e for solar wind electrons and j = ph for photo-
electrons. Integration of Equation (2) in the velocity space
yields the electron density n. and n,, at z. Since the pro-
ton is mono-energetic, n; can be obtained through energy
conservation and the continuity equation,

—1/2
ni = no (1 _ M) , 4)

m;v3/2

where subscript 0 represents the incoming solar wind pa-
rameters.

Combining Equations (2), (3) and (4), together with
the quasi-neutrality and zero net current conditions at in-
finity, a steady state sheath model can be established to de-
termine the potential distribution inside the sheath, which
is expected to depend on the solar radiation and solar wind
conditions.

3 SHEATH PROFILE AT DIFFERENT SZA
3.1 Solar Wind Conditions Near the Moon

Early studies believed that the solar wind plasma is ab-
sorbed by the lunar surface, leading to the formation of a
plasma wake behind the Moon, meanwhile the interplane-
tary magnetic field (IMF) passes through the Moon without
significant distortion in its direction or magnitude.

The characteristics of solar wind electrons and the
magnetic field near the Moon are well understood thanks
to Lunar Prospector’s long term observations at altitudes
of several tens of kilometers. Halekas et al. (2005) give the
normalized solar wind electron and temperature binned by
the angle from the wake axis, which is aligned with the
solar wind flow direction. Since we ignore the solar wind
aberration here, the angle from the wake axis coincides
with sza. The solar wind electron density and temperature
stay largely undisturbed on the dayside. At sza > 90°, the
density decreases monotonically to a minimum at the cen-
ter of the wake, while the temperature increases first, shows
a high level of variability around sza = 150°, and then de-
creases towards the center of the wake (Fig. 1). Here we
should note that although the electron temperature inside
the wake might be several times that of the undisturbed so-
lar wind, it is still too low to produce significant secondary
electron emission when the solar wind electrons impact on
the lunar surface (Whipple 1981).

However, the proton behavior is not so well known in
the wake. With higher thermal velocity, the electrons refill
the wake along the magnetic field lines much more quickly
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Fig.1 Normalized solar wind electron density and temperature
versus sza in the quasi-perpendicular wake regions, adapted from
Halekas et al. (2005).
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Fig.2 Sheath potential profiles from the subsolar (sza = 0°) to
the terminator on the dayside, for sza = 0°, 50°, 80° and 90°.

than the ions. So for a long time, it was believed that the
near wake is a negatively charged region. The scale height
of the electric double layer in the near wake can be as large
as 200 km (Borisov & Mall 2002). However, recent obser-
vations suggest that the ambipolar electric field at the lunar
wake boundary may accelerate the solar wind protons deep
into the lunar wake (Nishino et al. 2009). Furthermore,
the solar wind particles impacting on the dayside are not
totally absorbed by lunar regolith, with 1% or more pro-
tons reflected or scattered by the lunar surface (Saito et al.
2008); meanwhile, the lunar regolith may also be sputtered
by the solar wind. All the charged particles, which are re-
flected, scattered and sputtered, may be accelerated by the
solar wind electric field, moving around the Moon into the
near wake (Nishino et al. 2009; Wang et al. 2010). It can
be inferred from these observations that the near wake is
not a negatively charged region, but a region with quasi-
neutrality (Nishino et al. 2009).
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Fig.3 Charged particle densities in the sheath when sza = 0° or
90° (Color version is online).

Based on these observations, it seems reasonable to as-
sume that the protons and electrons have the same density
to keep quasi-neutrality in the near wake. We also assume
that the protons have the same temperature as the electrons.
Because the proton velocity is much lower than the elec-
tron thermal velocity, its effects on the sheath are relatively
minor. The uncertainty in the temperature might cause er-
ror in the sheath potential, but no significant influence is
expected.

In the following calculation, the undisturbed solar
wind parameters on the dayside are vg = 400km s~ 1,
ng = 5em ™3 and T, = 15eV, while the nightside pa-
rameters follow LP’s observations (Fig. 1). The solar wind
temperature in the wake is fitted with a Gaussian function
centered at sza = 150°. The temperature of a photoelec-
tron emitted by the lunar regolith is 1.47 eV, and the pho-
toelectron current density is 4.5 x 1075 cos(sza) Am™2
(Nitter et al. 1998). The photoelectron emission is cut off
when sza > 90°.

3.2 Sheath Profiles vs. sza
3.2.1 Dayside sheath

On the dayside, the photoelectron current density, as well
as the solar wind proton normal incident flux, depends on
sza. The sheath potential profiles for sza = 0°, 50°, 80°
and 90° are shown in Figure 2. As expected, the sheath
potential profile changes significantly with sza. When sza
is low, photoelectron emission is high. Near the surface,
the photoelectrons have a much higher concentration than
the solar wind particles (see Fig. 3, sza = 0°), so the
sheath is also called a “photoelectron sheath.” The equi-
librium surface potential is positive. Accumulation of pho-
toelectrons inside the sheath leads to a potential trap as
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seen from the non-monotonic potential profile. The photo-
electron emission and normal incident proton flux decrease
with increasing sza. At sza = 80°, the entire sheath, in-
cluding the surface, has a negative potential. At sza = 90°,
there is no photoelectron emission, but the solar wind elec-
tron with high thermal velocity can still impact the surface
to build up a negative potential (Fig. 2, sza = 90°). At
the same time, the proton can still move into the sheath
with the thermal velocity although its normal bulk veloc-
ity is 0. Consequently, we set the minimum velocity of
the proton as the ion acoustic velocity (Nitter et al. 1998).
Otherwise without positive ion charge, no stable sheath
can form in front of a negatively charged absorbing sur-
face (Riemann 1991). Under the attraction of the nega-
tively charged surface, protons are gathered around the sur-
face (Fig. 3, sza = 90°), forming an ion sheath, screening
the effect of negative surface potential within a distance of
about 100 m.

In a photoelectron sheath (sza = 0°), photoelectrons
dominate near the surface. The proton density stays al-
most constant throughout the sheath. The proton serves as a
component in current balance, especially far away from the
surface where the proton and electron density are nearly
equal. On the contrary, in an ion sheath (sza = 90°), the
proton density is higher than the electron density in the
whole sheath.

3.2.2 Nightside sheath

When sza is above 90°, although there is no surface pho-
toemission, and the plasma density inside the wake is very
low, the lunar surface can still accumulate charges due to
its low conductivity (Borisov & Mall 2002). Referring to
the result of particle simulation (Ye 2010), we assume that
a proton in the wake has no drift velocity toward the sur-
face, but can reach the surface with the ion acoustic veloc-
ity to maintain a stable sheath.

As expected, the surface potential stays negative due
to the higher mobility of electrons in the wake. The sur-
face potential decreases with sza as the electron tempera-
ture increases in the wake, and reaches a minimum value
of =300V at sza = 150° (Fig. 4), but increases when
sza > 150°. At the center of the wake (sza = 180°), both
the electron temperature and density are lower, and the sur-
face potential is higher than that at sza = 150°. Figure 4
suggests that the electron temperature inside the wake is
a dominant factor in determining the surface potential on
the nightside. According to Figure 4, the thickness of the
sheath is more than several hundred meters on the night-
side. Our result is close to the observation results by LP
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Fig.4 Sheath potential profiles on nightside.
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Fig.5 Lunar surface potential and Debye length versus sza.

(Halekas et al. 2003), but much smaller than that estimated
by the model which assumes that the near wake is neg-
atively charged with an electric double layer as thick as
200km (Borisov & Mall 2002).

3.3 Global Electric Field

The changes in the surface potential and Debye length vs.
sza are summarized in Figure 5. At sza < 80°, the surface
potential changes by several volts from positive to neg-
ative; while the Debye length stays around 1 m. Around
the terminator (sza = 90°), as the solar wind parameters
change abruptly with sza, the surface potential drops while
the Debye length increases sharply. On the nightside, the
surface potential can reach negative several hundred volts,
and the Debye length can be as large as several hundred
meters (Fig. 5). The slope discontinuity at sza = 90° is
caused by the abrupt cutoff of solar radiation at the termi-
nator.

The changes in the surface potential and sheath thick-
ness vs. sza imply that there is a horizontal gradient

77-5

of the surface potential besides the vertical gradient.
Theoretically, determining the 3D potential distribution
needs a 3D plasma sheath model. However, a 3D global lu-
nar surface sheath model will encounter difficulty because
of the large difference between the vertical and horizon-
tal scales. As a measure of the vertical scale, the Debye
length is on the order of 100 m (Fig. 5), corresponding to a
vertical potential gradient of several V m~!. The horizon-
tal scale is measured in sza. For example, a 1° change in
sza at the equator corresponds to a horizontal distance of
30km. From Figure 5, when sza changes from 0° to 80°,
the surface potential has a change of ~10V, or the hor-
izontal gradient is on the order of uVm~!. Even at the
terminator and on the nightside, the horizontal potential
gradient is several mV/m, still 3 orders lower than the ver-
tical gradient. So when solving a 3D global sheath model,
if the computation domain is meshed according to the ver-
tical scale, the horizontal gradient might be overwhelmed
by numerical error. In other words, the horizontal gradient
can be ignored compared with the vertical gradient, or the
3D model degrades into a 1D model. So, we can use the 1D
model above to calculate the sheath potential profile at dif-
ferent sza to establish a 2D data set V (z, sza), from which
the 3D electric field on the surface and in the sheath can be
calculated globally.

In a spherical coordinate system (r, 6, ¢) centered at
the Moon’s center, on the surface, 8 = 0° is the zenith, and
0 = 90°, ¢ = 0° correspond to the subsolar point. sza is
a function of § and ¢, or sza = cos™!(sin @ cos ¢). The
electric field components can be calculated by differentiat-
ing the potential V'(z, sza) according to Equation (5):

oV
Er = >
pe (6a)
B, :1 oV sin ¢ 7 (6b)
7 0sza \/1 — sin®  cos? ¢
Ey—— 1 0V cos ¢ cos (60)

r0sza /1 —sin? 6 cos? ¢ '

The results are shown in Figure 6, with 6(a) and 6(b)
showing the vertical and horizontal components respec-
tively. From the figure, the vertical component is mostly
positive on the dayside, pointing away from the surface.
Near the terminator, the vertical component switches po-
larity, staying negative on the nightside. At the subpolar
point, although the surface potential is not high, the verti-
cal component is largest since the sheath is thinnest there.
The horizontal component is actually the intensity, which
stays positive as shown in Figure 6(b). The distribution
of the horizontal component is quite different from that
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Fig.6 Electric field components at the lunar surface: (a) vertical; (b) horizontal; (c) eastward; (d) northward. White lines show where
sza = 80°,90° and 150°. Here @ = 0° is the zenith; and 8 = 90°, ¢ = 0° correspond to the subsolar point.

of the vertical one. On the dayside, the horizontal com-  to the relatively quick variation of the potential vs. sza.
ponent is usually very small, except around the termina- At sza = 150°, the horizontal component is zero since
tor, where the horizontal component becomes significant.  the potential has no gradient there (Fig. 5). The horizontal

On the nightside, the horizontal component is larger due ~ component is further decomposed into eastward and north-
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Fig.7 The change of vertical and horizontal electric field com-
ponents versus sza at the lunar surface around the terminator.

ward components as shown in Figure 6(c) and Figure 6(d)
respectively. The eastward component is in the magnitude
of mVm~! from the terminator to the nightside, pointing
to midnight at sza < 150° and pointing to dawn/dusk at
sza > 150°. The northward component is relatively large
on the nightside (Fig. 6(d)), at sza < 150°, pointing to the
equator; at sza > 150°, pointing to the poles.

To check the details in Figure 6, Figure 7 gives the ver-
tical and horizontal components vs. sza around the termi-
nator. From the dayside to the nightside, the vertical com-
ponent switches from positive to negative at about 86°;
while the horizontal component increases towards the ter-
minator, decreases at sza > 90° corresponding to the po-
tential distribution in Figure 5 and increases again when
the solar wind electron temperature increases deep into the
wake. We should note here that the vertical and horizon-
tal components are on different scales. Except in a very
narrow region where the vertical component switches po-
larity, the magnitude of the vertical component is always
much larger than that of the horizontal component.

4 CONCLUSIONS AND DISCUSSION

Based on the plasma sheath model, the lunar sheath is dis-
cussed at different solar zenith angles with different solar
radiation and solar wind conditions. A global large scale
electric field is deduced from the sheath profiles:

1) On the dayside, mostly the lunar surface sheath is
dominated by photoelectrons emitted from the lunar
surface. The surface potential is positive, and is
modulated by the solar wind parameters. On the night-
side, the sheath profile is controlled by the plasma
distribution inside the lunar wake and the surface
potential is negative. The surface sheath thickness
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varies with sza. At the subsolar point, the scale length
of the sheath is smallest, while the scale length of the
sheath on the nightside can be 100 times larger than
that at the subsolar point.

2) The variations of sheath potential and thickness with
sza result in the horizontal component of the electric
field, besides the vertical one. On the dayside, the ver-
tical component is the main component. The largest
vertical component appears at the subsolar point with
a magnitude of 1 Vm~!. The horizontal component
enhances at the terminator and on the nightside, with
a magnitude of mV m~!. Around the terminator, the
horizontal component points toward the nightside;
while on the nightside, the horizontal field may point
to or be away from midnight.

The potential distribution in our paper agrees with the
Apollo observations (Freeman & Ibrahim 1975), and is
also on the same order of magnitude as the PIC simula-
tion results at the subsolar point (Poppe & Hordnyi 2010).
However due to the lack of direct measurements of the sur-
face electric field, detailed comparison has to be made in
the future.

Throughout this paper, the effects of the magnetic field
on the sheath and electric field are not considered. In the
solar wind magnetic field of 10nT, even a low energy lu-
nar photoelectron has a gyroradius of about 300 m, which
is much larger than the sheath scale length on the dayside.
On the nightside, sza = 120° for example, the gyrora-
dius of the solar wind electron is about 1800 m, which is
also much larger than the sheath scale length of 20m. A
charged particle moves almost along a straight line inside
the sheath, hence can be taken as unmagnetized. A sheath
model omitting the ambient magnetic field should be rea-
sonable at the lunar surface if the lunar crustal fields are
weak. However, in the strong lunar crustal field regions,
the sheath might be magnetized. Through solar wind inter-
action with the crustal fields, the incoming plasma is also
quite different from the undisturbed solar wind (Xie et al.
2015), and higher surface potential is expected (e.g., Saito
et al. 2012). So, our results are not applicable to the strong
crustal field regions.

The nightside sheath and electric field are deter-
mined by the plasma distribution in the lunar wake,
especially by the electron temperature. According to
Halekas et al. (2005), the various electron parameters are
smoothly varying and nearly perfectly rotationally sym-
metric about the wake axis, but the electron tempera-
ture has a high level of variability in the central wake.
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In our calculation, the electron temperature in the region
quasi-perpendicular to the magnetic field is adopted and
smoothed as input. Considering the variability in plasma
conditions in the central wake, uncertainty may arise,
which should be further studied and confirmed by future
observations.

To simplify the calculation, we have set the incoming
plasma potential V{ to zero in our work. Actually V[, may
drop to —300V in the central wake, and change with the
solar wind parameters (Halekas et al. 2005). If V{, has some
non-zero value, the 1D sheath potential profile will have
zero-offset, and an extra horizontal field will superpose on
the present horizontal component according to the gradient
in Vj, which is almost zero on the dayside, but on the order
of ~0.2mV m~* deep in the wake.

Acknowledgements This work is supported by the Key
Research Program of the Chinese Academy of Sciences
(Grant No. XDPBI11).

References

Anuar, A. K., Honary, F., Hapgood, M., & Roussel, J.-F. 2013,
Journal of Geophysical Research (Space Physics), 118, 6723
Borisov, N., & Mall, U. 2002, Journal of Plasma Physics, 67, 277

Freeman, J. W., & Ibrahim, M. 1975, Moon, 14, 103
Halekas, J. S., Mitchell, D. L., Lin, R. P, et al. 2002,
Geophys. Res. Lett., 29, 1435

Halekas, J. S., Lin, R. P, & Mitchell, D. L. 2003,
Geophys. Res. Lett., 30, 2117

Halekas, J. S., Bale, S. D., Mitchell, D. L., & Lin, R. P.
2005, Journal of Geophysical Research (Space Physics), 110,
A07222

Lei, L., Zhang, Y. T., Zhou, B., & Feng, Y. Y. 2016, Science
China Earth Sciences, 59, 2053

Manka, R. H. 1973, in Astrophysics and Space Science Library,
37, Photon and Particle Interactions with Surfaces in Space,
ed. R. J. L. Grard, 347

Nishino, M. N., Fujimoto, M., Maezawa, K., et al. 2009,
Geophys. Res. Lett., 36, L16103

Nitter, T., Havnes, O., & Melandsg, F. 1998, J. Geophys. Res.,
103, 6605

Poppe, A., & Hordnyi, M. 2010, Journal of Geophysical
Research (Space Physics), 115, A08106

Riemann, K.-U. 1991, Journal of Physics D Applied Physics, 24,
493

Saito, Y., Yokota, S., Tanaka, T., et al. 2008, Geophys. Res. Lett.,
35, L.24205

Saito, Y., Nishino, M. N., Fujimoto, M., et al. 2012, Earth,
Planets, and Space, 64, 83

Wang, X.-D., Bian, W. Wang,
Geophys. Res. Lett., 37, L07203

Whipple, E. C. 1981, Reports on Progress in Physics, 44, 1197

Xie, L., Li, L., Zhang, Y., et al. 2015, Journal of Geophysical
Research (Space Physics), 120, 6559

Ye, Q. M., 2010, Master Thesis, Central University, Taibei

J.-S., et al. 2010,



