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A rich set of new measurements has greatly expanded our understanding of the Moon–plasma

interaction over the last sixteen years, and helped demonstrate the fundamentally kinetic nature of

many aspects thereof. Photon and charged particle impacts act to charge the lunar surface, forming thin

Debye-scale plasma sheaths above both sunlit and shadowed hemispheres. These impacts also produce

photoelectrons and secondary electrons from the surface, as well as ions from the surface and

exosphere, all of which in turn feed back into the plasma environment. The solar wind interacts with

sub-ion-inertial-scale crustal magnetic fields to form what may be the smallest magnetospheres in the

solar system. Proton gyro-motion, solar wind pickup of protons scattered from the dayside surface, and

plasma expansion into vacuum each affect the dynamics and structure of different portions of the lunar

plasma wake. The Moon provides us with a basic plasma physics laboratory for the study of

fundamental processes, some of which we cannot easily observe elsewhere. At the same time, the Moon

provides us with a test bed for the study of processes that also operate at many other solar system

bodies. We have learned much about the Moon–plasma interaction, with implications for other space

and planetary environments. However, many fundamental problems remain unsolved, including the

details of the coupling between various parts of the plasma environment, as well as between plasma

and the surface, neutral exosphere, and dust. In this paper, we describe our current understanding of

the lunar plasma environment, including illustrative new results from Lunar Prospector and Kaguya,

and outstanding unsolved problems.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The lunar plasma environment contains a veritable host of
fascinating plasma physics. Despite the seeming simplicity of the
lunar environment, the physics of the Moon–plasma interaction
has proven complex and varied. Many of the physical processes
important in the lunar environment have a fundamentally kinetic
nature, primarily because of the small scale of the interaction
regions – for example, the plasma interface with sub-ion-inertial-
length crustal magnetic anomalies and thin Debye-scale double
layers above the charged lunar surface. Given the large gyro-
scales for both gyrating solar wind ions and pickup ions, the Moon
itself proves small enough to generate very important kinetic
effects, especially in the near vacuum of the lunar wake.
Furthermore, we find that the Moon acts a natural generator
of plasma instabilities, given the host of processes (surface
reflection/scattering, secondary and photoelectron emission,
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ambipolar acceleration, etc.) that produce unstable distributions
and counter-streaming beams of both electrons and ions.

The processes described above are fascinating and worthy of
study in their own right. In addition to satisfying our intrinsic
curiosity, though, we study the Moon as a fundamental plasma
physics laboratory with applicability to many other environments
and solar system locations. The Moon provides a natural place to
investigate basic physics processes such as plasma interaction
with surfaces and small-scale magnetic fields, and plasma
instabilities, some of which we cannot easily observe elsewhere.
At the same time, the Moon provides a place to research many
fundamental processes, including ion pickup, sputtering, surface
charging, and wake formation, that take place at many other
planets, moons, and smaller objects in this solar system.

Scientific study of the lunar plasma environment dates back to
the early days of space exploration. Luna 2 made the first space
measurements relevant to lunar plasma in 1959 (Dolginov et al.,
1960), providing magnetometer evidence that the Moon, unlike
the Earth and many other planets, lacked a strong dipolar
magnetic field. Beginning eight years later in 1967, and extending
over a five-year period, the Explorer and Apollo missions provided
data that form the foundation of our understanding of the lunar
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plasma environment (see Schubert and Lichtenstein (1974) and
Ness (1972) for thorough reviews of these observations). These
missions revealed a Moon that has no significant global magnetic
field (Sonett et al., 1967; Russell et al., 1978; Dyal et al., 1974)
though it does have extensive regions of weak remanent crustal
magnetization (Coleman et al., 1972; Anderson et al., 1975). The
Moon also has no significant atmosphere (Hoffman et al., 1973),
though it does have a weak surface boundary exosphere (Stern,
1999). To first order, one expects absorption of the solar wind
plasma at the lunar surface, leading to the formation of a plasma
wake behind the Moon (Colburn et al., 1967; Ness et al., 1967).
The interplanetary magnetic field (IMF), meanwhile, passes
through most parts of the Moon largely unimpeded, with only a
small inductive interaction with the conductive lunar interior
(Sonett, 1982). Regions of crustal magnetism, though, produce a
surprisingly strong solar wind interaction, leading to the forma-
tion of limb shocks and or compressions (Ness et al., 1968;
Colburn et al., 1971; Russell and Lichtenstein, 1975). Downstream
from the Moon, meanwhile, a system of diamagnetic currents
forms, producing a characteristic reduction in field strength in the
expansion region at the wake boundary, and an increase in field
strength in the plasma void (Ness et al., 1968; Colburn et al., 1967,
1971). Schubert and Lichtenstein (1974) described a somewhat
different interaction, lacking a clear wake signature, when the
Moon passed through the Earth’s magnetosphere.

The next significant advance in our understanding of the lunar
plasma environment did not come until the Wind spacecraft
performed its lunar swing-by maneuvers, in 1994 (Ogilvie et al.,
1996; Owen et al., 1996; Farrell et al., 1996). Since that date, the
number of missions making relevant measurements has exploded,
with many spacecraft, launched by many countries, contributing
to a new and refined understanding of the lunar plasma
interaction. Geotail, Wind, Lunar Prospector Nozomi, Kaguya,
Chang’E, and Chandrayaan in particular have contributed to this
renaissance. In this paper, we detail the advances in lunar plasma
science over the last sixteen years, with a particular emphasis on
describing the many aspects of the Moon–plasma interaction that
a purely magnetohydrodynamic picture cannot account for.
We also include illustrative data from Lunar Prospector (LP) and
Kaguya and discuss future directions.
Fig. 1. Overview of solar drivers and fundamental physical processes in the lunar plasm

and refilling, crustal magnetic field interactions, and surface charging.
2. Global moon–plasma interaction

2.1. Dayside interaction

The Moon’s surface, not protected by any significant atmo-
sphere or global magnetic field, sits directly exposed to the
surrounding solar wind and/or magnetospheric plasma, and to
solar photons and solar energetic particles as well. Not surpris-
ingly, solar influences strongly drive the global Moon–plasma
interaction, affecting the plasma environment directly, and also
influencing the surface and exosphere and their respective
interfaces with the plasma. Fig. 1 shows an overview of some of
the major plasma processes in the lunar environment.

To first order, the solar wind interacts relatively weakly with
the dayside lunar surface, with most ions impacting and
implanting into the surface. Relatively few manifestations of the
interaction propagate back upstream from the Moon, especially in
regions with no remanent crustal magnetism. Even above crustal
fields, few phenomena have proven measurable more than a few
hundred kilometers upstream from the lunar surface. Recent
observations, though, have shown that ion scattering/reflection
form a more important part of the dayside lunar surface
interaction than previously thought, suggesting that some lunar
effects may indeed propagate upstream from the surface. Thanks
to observations from Kaguya, Chandrayaan, and IBEX, we now
know that �10–20% of solar wind ions reflect from the surface,
with 0.1–1% of them remaining charged (Saito et al., 2008;
Holmström et al., in press), and the remainder gaining an electron
to become energetic neutral atoms (ENAs) (Wieser et al., 2009;
McComas et al., 2009). Neutral hydrogen atoms have a long
lifetime against photoionization and should not strongly interact
with the lunar environment, but the reflected protons may have
interesting consequences, given their large relative velocity with
respect to the solar wind population and the resulting potential
for instability formation (Holmström et al., in press). In addition,
these reflected protons feel the force of the convective electric
field and the IMF and follow cycloidal pickup ion trajectories, seen
by Kaguya as self-pickup accelerated ions (Saito et al., 2008), and
possibly also observed by Nozomi (Futaana et al., 2003). Some of
these re-picked up solar wind ions re-impact the surface, while
a environment, including solar wind scattering, pickup processes, wake formation
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others escape and propagate downstream. For some launch points
and solar wind conditions, these re-picked up solar wind ions
have gyro-orbits such that they can enter the tenuous lunar
wake (Nishino et al., 2009b) (as shown in Fig. 1), where they can
have strong, even dominant, effects on the tenuous local
plasma (Nishino et al., 2009b, in press) (as described further in
Section 2.2).

In addition to reflected solar wind protons, sputtering from the
lunar surface (Elphic et al., 1991) and ionization of the neutral
exosphere can produce heavier pickup ions, previously observed
far downstream (tens of thousands of km or more) from the Moon
by several spacecraft (Cladis et al., 1994; Hilchenbach et al., 1993;
Mall et al., 1998), and more recently at �100 km altitude by
Kaguya (Yokota et al., 2009). Therefore, the Moon provides not
only a sink, but also a source, of plasma in the solar wind. This
source of plasma has rather low flux compared to the solar wind,
but could nonetheless still produce significant and observable
effects around the Moon, given the very different composition and
3-d velocity distribution of these ions compared to the dominant
solar wind flux. These ions, similarly to the re-picked up solar
wind protons, may re-enter the plasma wake cavity further
downstream in their cycloidal gyration, as shown in Fig. 1, locally
introducing significant perturbations to the wake structure and
dynamics. In addition, measurement of these pickup ions can
provide information about the composition of the surface and
exosphere, as well as the dynamics of the respective plasma
interaction regions, as described by Yokota and Saito (2005) and
Hartle and Killen (2006).
2.2. Lunar plasma wake

The Moon apparently does not strongly affect the environment
upstream from it, acting only as a source of rather tenuous neutral
atoms as well as ions produced via photoemission, impact
ionization, and charge exchange. However, significant influences
on the surrounding plasma unquestionably propagate to large
distances downstream, as Wind observations of the lunar wake at
up to 25 RL (�43,000 km) (Clack et al., 2004) show. The lunar
wake forms because of the removal of solar wind ions and
electrons at the dayside, through both absorption/implantation
and scattering/reflection, resulting in a nearly complete plasma
void immediately downstream from the nightside hemisphere of
the Moon. As the supersonic solar wind flows past the Moon, solar
wind plasma refills this void region, with many interesting
consequences.

The wake cavity region typically has moderately enhanced fields
compared to the solar wind, while the ‘‘expansion region’’
immediately surrounding the wake has correspondingly reduced
fields (Ness et al., 1968; Colburn et al., 1967, 1971). These magnetic
field perturbations, which correspond to changes in the field
direction as well as magnitude (as seen in Fig. 1), result from a
diamagnetic current system produced by the pressure gradient
across the wake boundary (Colburn et al., 1967; Owen et al., 1996).
Equivalently, one can think of these effects on the magnetic field in
terms of plasma expansion and recompression, assuming the frozen-
in condition (Whang, 1968a, 1968b; Johnson and Midgeley, 1968;
Michel, 1968). The expansion region corresponds to a rarefaction
region, bounded externally by a rarefaction wave, and the central
wake to a recompression region, as shown in Fig. 1. Finally, many
spacecraft have observed additional external magnetic enhance-
ments, clearly correlated in location with crustal magnetic sources,
variously termed ‘‘limb shocks’’, ‘‘limb compressions’’, and ‘‘Lunar
External Magnetic Enhancements’’, outside of the wake and
expansion regions (Ness et al., 1968; Colburn et al., 1971; Russell
and Lichtenstein, 1975; Lin et al., 1998; Halekas et al., 2006a, 2008b).
We will discuss these last features, also shown in Fig. 1, in more
detail in Section 4.

The wake has a number of modes of particle entry, many of
which have only recently been observed and properly appre-
ciated. In a fluid picture, one would expect that plasma should
refill the wake via a magnetosonic wave mode, and the first
models of the wake indeed assumed this, with some predictions
treating the wake boundary as a tangential discontinuity with no
cross-boundary flow, forming a trailing shock wave at the
downstream convergence of the refilling plasma (Spreiter et al.,
1970). According to most fluid models, the wake should fill in an
asymmetric fashion, with the asymmetry determined by the
magnetoacoustic velocity anisotropy. Whang and Ness (1970)
found that the rarefaction wave approximately obeyed such a
relation, but Sonett and Mihalov (1972) found that the external
enhancements followed a relationship seemingly inconsistent
with magnetosonic expansion, given a large inferred velocity
anisotropy inconsistent with typical solar wind conditions.
However, both of these investigations relied on features without
a natural cylindrical symmetry, making such a determination
difficult at best. Halekas et al. (2005b) later attempted to use
electron data to determine the refilling mode at low altitudes, and
successfully ruled out a purely static magnetic field with particle
entry along field lines, but could not rule out either purely
cylindrically symmetric ion sonic expansion or magnetosonic
expansion based only on electron measurements (though mag-
netic field data seemingly rule out purely symmetric ion sonic
expansion). Recent ion observations conclusively rule out any
treatment of wake refilling via a purely magnetosonic or sonic
wave mode, at least at low altitudes. Instead, a complete
description of wake refilling must take into account a number of
kinetic effects.

Far downstream from the Moon (46.6 RL), Wind observations
indicate ion refilling primarily along magnetic field lines. This
process unfolds with more mobile electrons leading the expan-
sion into the wake, resulting in a charge separation electric field
and a potential drop across the wake boundary that both slows
the electron expansion and accelerates ions along field lines into
the wake (as shown in Fig. 1) at a velocity related to the ion sound
speed (Ogilvie et al., 1996). The resulting beam of cold ions can
have large temperature anisotropies (Clack et al., 2004), and
beams from the two sides of the wake can meet and interpene-
trate in the center of the wake, possibly leading to instabilities
(Farrell et al., 1998). Meanwhile, the wake potential excludes
some electrons from the wake, resulting in a cutoff energy of
electrons that can pass through the wake – the resulting filtered
electron distribution may stimulate whistler turbulence observed
outside of the wake (Nakagawa et al., 2003). The excluded low
energy electrons, meanwhile, will reflect from the potential,
producing a counter-streaming distribution that could also excite
waves (Futaana et al., 2001; Farrell et al., 1996). Differential
shadowing of electrons and ions may generate further current
systems and instabilities (Bale et al., 1997). The wake potential
may also result in pitch angle diffusion of particles near the wake
boundary (Nakagawa and Iizima, 2006).

The ambipolar expansion process has been described theore-
tically (Samir et al., 1983), and modeled extensively, both
from the general standpoint of plasma expansion into a void
(Crow et al., 1975; Denavit, 1979) and from a specifically lunar
viewpoint (Farrell et al., 1998, 2008a; Birch and Chapman, 2001a,
2001b; Kallio, 2005; Trávnicek and Hellinger, 2005; Kimura and
Nakagawa, 2008), with great success. Halekas et al. (2005b)
extended the basic theory of ambipolar wake expansion to take
into account the energetic tail of the solar wind electron
distribution, thereby explaining an increase in electron tempera-
ture observed in the wake by LP (Halekas et al., 2005b) and Wind



Fig. 2. Overview of ion processes observed by Kaguya, including exospheric

pickup ions, solar wind scattering, re-picked up solar wind ions, reflection from

magnetic anomalies, and wake entry. Top panel identifies components in data

(with expanded vertical axis).

J.S. Halekas et al. / Planetary and Space Science 59 (2011) 1681–16941684
(Ogilvie et al., 1996) in terms of velocity filtration of a non-
Maxwellian distribution of solar wind electrons.

The degree to which quasi-neutrality holds in the wake
remains under debate. Quasi-neutrality usually provides a very
close approximation of space plasma processes, and most
theoretical descriptions of the wake expansion assume perfect
quasi-neutrality, but some simulations (Crow et al., 1975; Farrell
et al., 2008a) indicate an ‘‘expansion front’’, where an electron
cloud precedes the ions into the wake. If this picture proves
correct, it has fascinating implications for charging and dischar-
ging of the surface and objects on the surface in the wake, as this
electron cloud could drive the surface to unexpectedly large
negative potentials, especially if no mitigating current exists
(Farrell et al., 2008a, 2008b, 2010).

Closer to the Moon, absent ion observations, researchers
assumed that a similar expansion process operated. However,
Kaguya and Chang’E have now shown that, while ions do enter the
wake parallel to field lines at low altitudes, they also enter the
wake perpendicular to field lines close to the Moon. At least two
processes lead to wake entry perpendicular to the field lines. First,
the finite temperature of solar wind ions ensures that they gyrate
in the solar wind frame. This gyration allows some ions to enter
the wake perpendicular to magnetic field lines. Fig. 1 shows this
process, termed Type-I entry (Nishino et al., 2009a). Intriguingly,
as these gyrating ions enter the wake, they apparently feel the
effects of a potential drop and experience an E X B drift parallel/
anti-parallel to the solar wind flow near the wake boundary,
resulting in energy gain/loss in the Moon frame as they enter from
the two flanks of the wake (Nishino et al., 2009a). The pair-wise
energy gain/loss features therefore seemingly indicate that
ambipolar processes may also operate at low altitudes near the
Moon, consistent with electron observations (Halekas et al.,
2005b). However the angular dependence of the ambipolar
potential remains poorly understood. Most expansion models
predict an electric field exactly parallel to magnetic field lines, but
the observations of Type-I entry suggest the presence of a
component of the electric field perpendicular to the magnetic field.

Scattered ions, re-picked up in the solar wind, provide another
source of ion entry perpendicular to the magnetic field line – so-
called Type-II entry (Nishino et al., 2009b), also shown in Fig. 1.
This entry process allows ions to enter deep into the plasma void,
with a flux apparently significant enough to provide a significant
perturbation to the charge density in the wake. This supplemental
charge density proves large enough to accelerate electron beams
into the wake (Nishino et al., 2009b), generating significant
electrostatic turbulence (Nishino et al., in press). In this case the
ions pull the electrons into the wake, opposite to the usual
ambipolar expansion along field lines. This process produces
anomalous bursts of electrons along field lines in the deep wake,
observed by both Kaguya and LP. Most recently, Chang’E
observations have shown that these scattered and re-picked up
solar wind ions sometimes also feel the effects of a potential drop,
experiencing additional acceleration into the wake as they enter
the cavity perpendicular to field lines (Wang et al., 2010). Again,
this implies the existence of a perpendicular component of the
ambipolar electric field near the Moon.
2.3. Future directions

Many of the processes described in this section can and do
operate simultaneously in the lunar plasma environment, as
shown by an illustrative orbit of Kaguya MAP-PACE data, in Fig. 2.
This figure shows many of the processes discussed above, all on
one orbit, cutting through the wake at one altitude, at a limited
range of local time, in a plane roughly perpendicular to the plane
of the magnetic field. The Kaguya data on this orbit show ion
scattering and re-pickup from the dayside, pickup ions from the
exosphere and/or surface, magnetic anomaly interaction, and
Type-I entry at the wake flanks. At the same time, at other regions
around the Moon (as shown schematically in Fig. 1), ambipolar
ion entry should take place parallel to the magnetic field lines,
Type-II entry may take place in some regions of the wake, and
pickup ions from the exosphere and/or surface may re-enter the
wake far downstream. All of these processes have a fundamen-
tally kinetic nature, and the interplay between them will no doubt
prove difficult to untangle. In addition, the work of describing the
Moon–plasma interaction when it passes through the Earth’s
magnetotail, an entirely different plasma regime, has just begun
(Tanaka et al., 2009). The two-spacecraft constellation ARTEMIS
(Angelopoulos et al., 2010) will soon arrive in orbit around the
Moon, and its comprehensive instrumentation, two-probe mea-
surement technique, and comprehensive orbital coverage, should
lead to further advances in our understanding of the extended
global Moon–plasma interaction region.
3. Surface–plasma interaction

3.1. Surface charging

The lunar surface, like any object immersed in plasma, charges
to an electrostatic potential. This potential, assuming equilibrium
(a good assumption for the Moon, given typical charging time
scales 51 s), develops such that all the currents to the surface
balance. This current balance, for a purely conductive body,
should hold globally. The Moon, however, has low enough surface
conductivity (Schwerer et al., 1974), especially at night (Alvarez,
1977), that this current balance need only hold locally. Thus, each
portion of the lunar surface charges in order to balance all
currents to it, including plasma currents from electrons and ions,
photoelectron currents generated by solar photons, and secondary
electron emission from both electron and ion impact (see Whipple
(1981) for a thorough review of charging processes). In sunlight,
photoemission should generally provide the largest current
source, and the surface should charge to positive potentials on
the order of the photoelectron temperature (a few eV), sufficient
to return most photoelectrons to the surface. In shadow, on the
other hand, electron thermal flux dominates, and the surface
should generally charge negative to values on the order of
the electron temperature, unless secondary emission proves
significant. Theoretically, given high enough secondary emission



Fig. 3. Median electrostatic potential of the lunar surface in the solar wind, in

spherical Selenocentric Solar Ecliptic coordinates, relative to the local plasma.

Black line indicates the average wake boundary at spacecraft altitude.
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efficiency, the nightside surface could charge positive, but few
observations to date support this possibility at the Moon, though
the �100 eV electron temperature often observed in the wake
could lead to increased secondary emission. A non-neutral plasma
sheath (double layer) forms above the charged surface, with a
scale height roughly related to the Debye length of the dominant
current carrier. This layer effectively shields the charged surface
from the surrounding plasma, ensuring that surface charging
generally does not directly affect the surrounding environment at
high altitudes above the sheath. However, charged particles
accelerated from these surfaces certainly can and do affect the
lunar environment.

The Apollo SIDE surface experiment suggested a lunar surface
potential that, commensurate with expectations, generally equili-
brates at small positive values in the solar wind on the dayside at
small solar zenith angles (SZA) (Fenner et al., 1973; Freeman et al.,
1973; Freeman and Ibrahim, 1975), with potentials decreasing as
a function of SZA and going negative some tens of degrees before
the terminator due to the reduction in photoelectron and solar
wind ion flux at glancing incidence, and reaching �50 to �100 V
near the terminator (Freeman et al., 1972; Lindeman et al., 1973;
Benson, 1977). The SIDE potential measurement techniques had
limited utility in shadow, and therefore provided few constraints
on nightside surface charging.

More recently, the LP mission pioneered the measurement of
negative surface potentials, providing a better understanding of
surface charging on the lunar night side. As first shown by Halekas
et al. (2002), one can extract information about the potential drop
between the spacecraft and the surface by measuring the electron
distribution above the surface and identifying boundaries in
phase space between incident electrons, magnetically and
electrostatically reflected electrons, empty regions of phase space
formed by electron loss to the surface (the ‘‘loss cone’’), and
secondary electrons accelerated up from the lunar surface. The
key observations indicative of negative surface charging below
the spacecraft are energy-dependent loss cones, with measure-
ments at a range of energies thereby allowing separation of
electrostatic and magnetic reflection effects, and beams of
secondary electrons accelerated upward from the surface through
the potential drop.

Unfortunately, the electron reflectometry technique only
provides the potential drop between the spacecraft and the
surface, and spacecraft charging proves troublesome and difficult
to correct for (Halekas et al., 2008c, 2009b). In addition, in the
wake, one will in general measure a component of the ambipolar
field across the wake (see Section 2.2), in addition to the potential
drop at the surface (Halekas et al., 2008c). Finally, finite
gyroradius effects lead to underestimated potential drops when
magnetic field lines intersect the surface at oblique angles, since
an electron on a tilted field line that reflects just before reaching
the surface (thereby defining the loss cone boundary) senses a
smaller gyro-averaged potential than a corresponding electron on
a field line normal to the surface (Halekas et al., 2003). It is now
possible to apply corrections for the effects of these issues, by
using a spacecraft charging model developed for LP (Halekas et al.,
2008c), utilizing a self-similar model of low-altitude ambipolar
potential in the wake (Halekas et al., 2005b), and applying an
empirical ad hoc correction for the tip angle effect (Halekas et al.,
2003). All of these corrections have been applied to produce the
first global map of average lunar surface potential in the solar
wind and wake (relative to the local plasma just above the
sheath), shown in Fig. 3.

The global map (Fig. 3) indicates that the surface at
SZAo�601 has either a positive potential or a small negative
potential. The available data cannot rule out a negative dayside
surface potential, though a small positive potential conforms
more closely to previous observations and theoretical expecta-
tions (Singer and Walker, 1962; Manka, 1973; Stubbs et al.,
2007b) (see more discussion in Section 3.4). Given the limited low
energy coverage of the LP instrumentation, we cannot easily
resolve this question observationally. However, the surface
potential unquestionably starts to go significantly negative
(��50 V average) at SZA of �60–701, again in rough accord
with expectations from theory and previous measurements
(Stubbs et al., 2007b; Benson, 1977). In full shadow, past SZA
of 901, the surface potential drops steeply, reaching its most
negative values relative to the local plasma of ��100 to �200 V.
At the largest SZA (greater than �1351) the magnitude of the
negative surface potential surprisingly decreases. This reduction
in negative potential may result from increased secondary
electron emission induced by the greatly enhanced electron
temperature in the central wake (Halekas et al., 2008c). We must
emphasize that Fig. 3 shows the surface potential relative to the
local wake plasma, not relative to the solar wind outside the
wake. Given the effects of the large potential drop into the wake,
the surface potential relative to the undisturbed solar wind
should remain at or close to its maximum negative value of
��400 V in the center of the wake. We note the presence of
some potential variations not related to solar zenith angle, for
instance larger negative potentials at longitudes of 120–1501 than
at 210–2401. These may result from geographic variations and/or
from the dominant Parker spiral IMF orientation, which will affect
electron access to the lunar night side.

The general picture of surface charging in the Earth’s magneto-
tail remains similar to that in the solar wind, but with some
important differences. First, in the magnetotail, with no solar
wind flow and therefore no wake, the primary day/night
differences result from the presence/absence of photoemission.
The plasma input to the night side remains nearly constant over
the entire shadowed hemisphere, resulting in a commensurate
lack of spatial variation in the nightside potential. However, the
temporal variability of the surface charging, if anything, increases,
due to the many rapid transitions between tail lobe and
plasmasheet observed at lunar orbit. The plasma properties in
both of these very different regions have interesting consequences
for surface charging. In the very tenuous tail lobe regions, it
appears that the surface potential may at times reach very large
positive values (since few ambient electrons exist to balance
escaping photoelectron fluxes) as suggested by both Apollo CPLEE
surface observations (Reasoner and Burke, 1972) and more recent
Kaguya orbital data (Tanaka et al., 2009). Meanwhile, in the very
hot and dynamic plasmasheet, the lunar surface regularly reaches
negative surface potentials of up to �2 kV (Halekas et al., 2005a).
Intriguingly, we regularly observe these large negative potentials
even in sunlight, despite the seeming inability of the observed
plasma electron currents to balance the expected photoemission
(Halekas et al., 2005a, 2008c). These observations have significant
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consequences, suggesting either lower than expected photoemis-
sion, or possibly non-monotonic potential structures. We will
discuss the latter possibility further in Section 3.4.
3.2. Extreme events

The most significant lunar nightside charging observed to date
by LP has taken place during large solar energetic particle (SEP)
events, when the typically observed nightside charging level
shown in Fig. 3 increases by over an order of magnitude, resulting
in negative nightside surface potentials of up to �4 kV (Halekas
et al., 2007, 2009b). Energetic particle inputs clearly drive the
surface to these extreme potentials, but the exact role of
electrons, ions, and secondary electrons remains somewhat
unclear (Halekas et al., 2009b).

In Fig. 4, we show a single orbit of LP data during an early
phase of an SEP event, during a time period with a very
anisotropic (field-aligned) primary electron distribution charac-
teristic of the early portion of many SEP events. We see a number
of interesting features in this data, many of which have not been
previously explored. Fig. 4 shows a series of energy spectrograms,
for five different pitch angle ranges. Absent lunar influences, the
bottom-most spectrogram in Fig. 4 (most anti-field-aligned
Fig. 4. Lunar Prospector orbit in the solar wind during the early stages of a solar energ

differential energy flux (eV/(cm2 sr s eV)) in five different pitch angle channels (0–3

black¼shadow), magnetic connection to surface ‘‘Pol’’ (assuming no field curvature, r

solar zenith angle of connection to surface. (For interpretation of the references to col
electrons) primarily contains the energetic anisotropic popula-
tion, while the other spectrograms contain a more diffuse and less
anisotropic distribution.

From 17:40 to 17:58 and from 19:16 to 19:40, the incoming
anisotropic electron population travels along magnetic field lines
connected to the dayside of the Moon, as indicated by the ‘‘Pol’’
color bar in Fig. 4. The non-zero population of electrons coming
from the Moon during these time periods (top two spectrograms
in Fig. 4) indicates some combination of backscattered electrons,
photoelectrons, secondary electrons, magnetically and/or electro-
statically reflected primary electrons, electrons that have experi-
enced significant pitch angle diffusion, and/or electrons reflected/
accelerated by wave particle interactions. Given the clear
disruption of the incoming beam, and the low frequency
turbulence observed in the magnetic field, we suspect at least a
component of pitch angle diffusion and/or wave–particle inter-
actions; however, the full interaction might include any or all of
these effects.

From 17:58 to 18:18 and from 19:02 to 19:16, the magnetic
field at the spacecraft, according to a straight-line trace, does not
connect to the Moon. During the later time period (exit side of
wake), the magnetic field does not intersect the lunar surface or
the wake, and we observe few lunar influences on the electron
distribution, as expected – thus, this period shows something like
etic particle injection on May 2 1998, showing magnetic field magnitude, electron
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the unperturbed upstream electron input. Meanwhile, during the
earlier time period (entry side of wake), the field lines point into
the wake, and the ambipolar wake potential reflects most of the
incident electron population. As the spacecraft travels into
the wake during this time period, the potential drop traversed
by the measured primary electrons increases, reflecting more and
more of the incident population, and leaving only a hotter and
more tenuous filtered population in the wake.

Finally, from 18:18 to 19:02, the Moon blocks the main
electron population (note that the region that this energetic
electron population cannot access is not exactly the same as the
plasma wake, since the wake is controlled by the solar wind ion
flow and corresponds more closely to the light/shadow boundary
seen in the ‘‘Sun’’ color bar), leaving only a more diffuse
upstream-propagating population to impact the lunar night side.
The wake potential also filters this residual population, leaving a
very hot and tenuous incident electron population in the central
lunar wake. This population drives the surface potential to large
negative values, producing a beam of secondary electrons
accelerated upwards through the near-surface potential drop to
the spacecraft, as clearly seen in the bottom spectrogram of Fig. 4.
This beam reaches an energy of �0.8–1.5 keV (on the order of the
temperature of the incident electrons, and with variations
corresponding to the variation in that population), indicating a
peak negative surface potential of at least ��1.5 kV. The beam
appears more localized in both energy and angle in the deepest
part of the wake (farthest anti-solar region), possibly because of
the larger Debye length there, which leaves plasma instabilities
fewer Debye lengths in which to alter the beam before it reaches
spacecraft altitude. Large upward-going fluxes suggesting nega-
tive surface charging persist well into sunlight (up to SZA �601),
albeit at reduced levels, during the time period from 18:50 to
19:00.

This sample event serves to represent the complexity and
detail of the wake structure and surface interaction around the
Moon (and the interplay between these two components of the
lunar plasma environment). We can clearly anticipate from events
like this one that the details of the plasma interaction will
generally depend sensitively on the properties of the incident
electron distributions and the magnetic geometry of each event.
In the following section(3.3) we discuss electron velocity
distributions in more detail, using this same event as an example.
3.3. Electron emission from the surface

Given the many sources of upward-traveling electrons dis-
cussed in the previous section (3.2), we need to understand both
reflected primary electrons and electrons emitted from the
surface to understand the lunar plasma environment. Photoelec-
trons and secondary electrons from the surface provide a
particularly useful diagnostic of the surface interaction, since
they must pass through any magnetic gradient or potential drop
above the surface before reaching the spacecraft. Since photo-
electrons and secondary electrons from both electron and ion
impact should start with a relatively low characteristic tempera-
ture of a few eV (Whipple, 1981), one can often determine many
of the characteristics of both the magnetic and electric field
configuration below the spacecraft by measuring these surface-
generated electrons. Furthermore, beyond their use as a diag-
nostic, we can predict that these electrons should have a
significant effect on the surrounding plasma, though the altitude
range to which this influence may extend remains in doubt, since
no one has yet observed these surface-emitted electrons more
than �100 km from the Moon. Finally, if we can unambiguously
observe a particular population of electrons from the surface, we
can put constraints on the physical properties of surface
materials, as attempted by Halekas et al. (2009a) for the case of
secondary electron emission.

A typical observation of an electron distribution above the
lunar night side shows a beam of electrons traveling upward
along the magnetic field line from the surface, likely composed of
secondary electrons accelerated through the potential drop from
the negatively charged surface (Halekas et al., 2002, 2008c). We
consider this interpretation of the nightside distributions plau-
sible and physically likely, since the energy of the beam typically
corresponds to the potential drop one infers from the energy
dependence of the loss cone. However, previous studies may have
insufficiently appreciated one major complication to this picture.
For parallel magnetic and electric fields, we should indeed expect
a beam of electrons; however, for non-parallel magnetic and
electric fields, near-surface acceleration through a Debye-scale
double layer should in general lead to a gyrating conic distribu-
tion of electrons rather than a beam. We do not often observe
such a conic distribution above the night side (though beams do
often appear more broad in angle than expected), suggesting the
presence of some additional focusing mechanism. Small-scale
crustal magnetic fields, resulting in a near-surface magnetic
gradient and adiabatic focusing, provide one candidate focusing
mechanism (though pitch angle scattering and/or wave particle
interactions could also prove important). We know from Apollo
surface magnetometer measurements that surprisingly strong
fields exist at some surface locations (Dyal et al., 1974), even in
regions where we only observe relatively weak fields at orbit
altitudes. Additionally, a recent study of the electron reflectome-
try technique shows that neither electron reflectometry nor
magnetometer measurements from orbit can reliably detect such
fields, as long as they have spatial wavelengths of a few km or less
(Halekas et al., 2010) (as observed at the Apollo 16 landing site,
for example). Therefore, a significant distribution of small-scale
crustal magnetic fields whose influence extends only a few km or
less above the surface could act to adiabatically focus secondary
electrons, without contradicting any observations to date. Clearly,
other possibilities exist, but nothing rules such an effect out. If
such magnetic focusing does prove important, we can predict that
it would not operate as efficiently on the day side, since the solar
wind dynamic pressure will compress most small-scale crustal
fields below the surface.

With these considerations in mind, we survey electron
distributions observed during the event of Fig. 4, at four different
times, in the four panels of Fig. 5. Panel A shows a distribution
observed from the spacecraft in sunlight, while briefly connected
to the nightside surface near the wake boundary. We find a loss
cone consistent with purely electrostatic reflection by a potential
drop of �500 V, as shown by the over-plotted loss cone fit. This
reflection may result from a combination of surface potential and
wake ambipolar potential drop along the magnetic field line.
Outside of the loss cone, the reflected flux is equal to the
corresponding incident flux for most portions of the distribution,
but we see excess flux at angles of 120–1501, indicating a surplus
of upward-going particles. Given the energy of these upward-
going electrons of �500 eV, these electrons could represent a
conic of secondary electrons accelerated from the surface, but
they could also result from pitch angle scattering of the reflected
anisotropic electron distribution, especially given their low
absolute flux level compared to the more field-aligned incident
and reflected components of the distribution (Fig. 4 shows that
field-aligned fluxes greatly exceed more obliquely traveling fluxes
at this time).

Panel B of Fig. 5 shows a much more typical nightside
observation (with higher noise levels because of the much lower
fluxes in the deep wake) with a very clear upward-going beam



Fig. 5. Four energy/angle spectrograms during the event of Fig. 4. Each distribution
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consistent with the typical interpretation of secondary electrons
accelerated along the field line through the potential drop of
��800 V.

Panel C of Fig. 5 shows a distribution much like that in the first
panel, but indicating a much lower surface potential, consistent
with the location of the spacecraft above the dayside, and
magnetic connection to a dayside region with SZA of �601 (as
compared to the �1201 surface location of the first observation).
This distribution most plausibly represents a conic of secondary
electrons (and/or photoelectrons, given the dayside surface
location) accelerated from the surface, given the high excess
fluxes of upward-going electrons at an energy corresponding
closely to the estimated potential drop of �50 V.

Finally, panel D of Fig. 5 shows a distribution that, though still
plausibly fit by an adiabatic loss cone model for a drop of �50 V,
does not display the same clear loss cone of the other three
distributions. Surrounding the purported loss cone, we observe
enhanced upward-going electron flux, extending well above the
potential drop suggested by the loss cone fit. Therefore, we cannot
explain these electrons purely in terms of accelerated secondary
electrons or photoelectrons; instead, they must result from wave–
particle interactions and/or pitch angle scattering, as also
suggested by the turbulent magnetic field and the disruption of
the incident primary electrons at this time (see Fig. 4). Given these
considerations, the loss cone in this distribution may or may not
indicate the presence of a static negative surface potential. A
negative potential would also disagree with theoretical expecta-
tions of predominantly positive dayside potentials, given the
nearly sub-solar location of this observation.

These electron distributions, particularly those observed in
sunlight, again speak to the extreme complexity of the Moon–
plasma interaction. Numerous processes, including, but not
limited to, adiabatic reflection, secondary acceleration, back-
scatter, wave–particle interactions, and pitch angle scattering
likely operate in the lunar environment, and affect the electron
distributions that we observe. In order to truly understand these
distributions, we will require both detailed case studies and
statistical surveys, with complete plasma instrumentation.
3.4. Future directions

The observations discussed in the preceding sections indicate a
complex lunar surface interface that varies dramatically due to
temporal changes in the properties of the incident plasma and
IMF, and due to spatial variations in incident plasma and solar
radiation over the surface of the Moon. For instance, the
properties of the wake plasma heavily influence the surface
interface; in turn, the surface could affect wake refilling,
especially near the terminator.

Indeed, the near-terminator region, including the poles, pre-
sents a very interesting environment. The presence of the light/
shadow boundary here could lead to significant lateral potential
variations over small scales, and thus large electric fields, especially
in regions with significant topography (Criswell and De, 1977;
De and Criswell, 1977). Local ‘‘orographic’’ mini-wakes extending
downstream from topographic features (for instance, polar craters)
near the terminator/polar regions could enhance and/or add to
these fields, especially if the ambipolar expansion process results
in a non-quasi-neutral region with enhanced negative charge,
which would in turn charge the surface anomalously negative
(Farrell et al., 2010). Dust also charges in a plasma (Horányi, 1996),
and electrostatic transport of dust has been achieved in the
laboratory (Doe et al., 1994; Sickafoose et al., 2002; Colwell et al.,
2009; Wang et al., 2009) and modeled theoretically (Nitter et al.,
1998; Nitter and Havnes, 1992; Stubbs et al., 2006, 2007c; Borisov
and Mall, 2006). A number of lines of evidence suggest that some
process(es) may loft lunar dust above the surface near the
terminator regions, at least to a few meters (Rennilson and
Criswell, 1974; Berg et al., 1976), but possibly to tens of kilometers
or more (McCoy and Criswell, 1974; Zook and McCoy, 1991).
Electrostatic forces provide the most plausible explanation for this
dust transport; therefore, the details of the lunar plasma interac-
tion near the terminator may significantly affect lunar dust, with
possible impacts on exploration (Stubbs et al., 2007a). The
proposed LADEE (Lunar Atmosphere and Dust Environment
Explorer) mission, especially in concert with ARTEMIS, will hope-
fully shed more light on this question. However, the best way to
understand the polar/terminator environment may be to place a
dusty-plasma landed package in the region to examine surface
charging, plasma currents, and dust transport.

Another important scientific question relates to the structure of
the plasma sheath near the dayside surface. Generally, one assumes
a monotonic potential variation from the surface to the ambient
plasma. However, theoretical investigations show that a second
solution, with a non-monotonic potential variation, can equally
well balance currents to the dayside surface (Fu, 1971; Guernsey
and Fu, 1970; Nitter et al., 1998). For this solution, a potential well
generated by space charge acts to trap more of the photoelectrons
near the surface, while also reflecting part of the incoming electron
population before it reaches the surface. With such a potential well,
the sunlit surface can float to less positive potentials than
otherwise possible, even reaching negative potentials relative to
the ambient plasma for some conditions. Some questions remain as
to the energetic favorability of this solution (Nitter et al., 1998), but
the most recent particle-in-cell models (Poppe and Horányi, in
review) also converge on a non-monotonic solution for the
potential above dayside in the solar wind. This non-monotonic
potential structure could have interesting implications, because it
allows the dayside surface to float to larger negative values than
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otherwise possible – potentially allowing us to explain the large
negative dayside surface potentials observed in the plasmasheet
(Halekas et al., 2005a, 2008c) without requiring a lower than
expected photoemission efficiency from the surface. In addition,
the small negative potentials often measured on the lunar dayside
in the solar wind (Halekas et al., 2008c) might also prove real,
rather than representing erroneous measurements of potentials
below the noise level of the reflectometry technique, as previously
assumed. ARTEMIS, with its comprehensive plasma instrumenta-
tion, including a much expanded energy range and energy
resolution compared to LP, may help us resolve some of these
questions. A surface plasma/fields/dust package could also shed
light on these issues.
4. Crustal magnetic anomaly interactions

The lunar crustal magnetic anomalies provide perhaps the most
unique aspect of the Moon–plasma interaction. The Moon has
small-scale crustal magnetic fields, with scale sizes ranging from
less than one km to perhaps hundreds of km, and surface field
strengths ranging from a few nT to perhaps a thousand nT, falling
off rapidly with altitude to a maximum of a few tens of nT
at �30 km, and a few nT at �100 km (Dyal et al., 1974; Halekas
Fig. 6. Part of a Lunar Prospector orbit in the solar wind over the strong magnetic
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et al., 2001; Hood et al., 2001; Mitchell et al., 2008; Purucker,
2008). Many of the anomalies have field strengths sufficient to
stand off the solar wind, but given their small scale, the pressure
balance point for even the strongest anomalies should lie no more
than �20 km above the surface. Given typical proton inertial
lengths and gyroradii in the solar wind on the order of �100 km,
these small vertical and lateral scales seemingly make a large-scale
fluid interaction with the incoming solar wind plasma quite
unlikely. Despite these basic considerations, the latest data from
Kaguya and Chandrayaan strongly imply that at least some lunar
crustal magnetic sources can generate a ‘‘mini-magnetosphere’’
capable of more or less completely shielding the surface under
them from the solar wind (Saito et al., in press; Wieser et al., 2010).
Indeed, it now appears that the lunar crustal magnetic sources may
form the smallest magnetospheres in the solar system, if not the
smallest magnetospheres physically achievable in our solar system.

The first observations of solar wind interaction with crustal
magnetic anomalies came in the form of unexpected magnetic
field enhancements, often seen just outside of the wake rarefac-
tion region. Early theories for their formation included conduc-
tivity anomalies (Holweg, 1970) and atmospheric interactions
(Siscoe and Mukherjee, 1972), but to date, the association with
crustal magnetic fields has proven ironclad (Sonett and Mihalov,
1972; Russell and Lichtenstein, 1975; Halekas et al., 2006a),
anomaly antipodal to the Imbrium basin, showing magnetic field magnitude,
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suggesting that these magnetic enhancements instead represent
plasma compressions and/or shocks formed by solar wind
interaction with crustal fields, and extending downstream from
their source. Some observations argue particularly for the
presence of a shock-like interaction, including density increases
correlated with the field increases (Siscoe et al., 1969; Halekas
et al., 2008a), and magnetic enhancements that extend signifi-
cantly upstream from their apparent sources (Lin et al., 1998;
Halekas et al., 2006a; Kurata et al., 2005), inconsistent with a
compressional feature advected downstream with the solar wind
(i.e., a magnetosonic wake).

We show a sample flyby of a typical example of such a feature,
in the solar wind, over a large concentration of crustal anomalies
on the lunar far side, in Fig. 6. At �21:15–21:30, LP observes a
strong magnetic enhancement, at an altitude of �100 km. The
�30 nT peak field represents an amplification factor of �2 over
the IMF strength, and exceeds the uncompressed crustal field at
orbital altitude by an order of magnitude. Thus, we can only
plausibly identify this field as compressed/shocked solar wind
field piled up over the anomaly; however, we find the degree of
field compression surprising, given that it occurs at an altitude far
above the expected pressure balance obstacle. We also see
significant magnetic turbulence (second panel of Fig. 6) just
upstream of the magnetic enhancement, and earlier in the orbit
when magnetically connected to the surface before �20:56. This
turbulence, broadband rather than monochromatic in nature like
the waves observed upstream from some interaction regions
(Halekas et al., 2006b), may result from particle reflection
from the surface and the resulting wave-particle instabilities
(Nakagawa et al., 2009). Upstream of a crustal anomaly and/or
shock-like feature such as the one observed here, one expects such
reflection-generated instabilities to increase in efficiency due to
increased particle reflection, consistent with the observation.

Meanwhile, during the period of maximum field compression,
electron flux increases up to a few hundred eV at all angles
(spectrograms in Fig. 6), implying both compression and heating,
with some signs of more compression in the downward-going
electron population (low energy flux enhancement) and more
heating in the upward-going population (higher energy flux
enhancement). During both periods of wave turbulence noted
above, we observe increased electron flux coming from the surface
(field-aligned flux in top spectrograms of Fig. 6 from 20:50 to 20:56,
anti-field-aligned flux in bottom spectrograms of Fig. 6 from 21:10
to 21:30). Given the high degree of near-surface magnetic curvature
likely near such a strong source, a straight-line trace provides only a
rough approximation of the magnetic field line foot points, so we
may or may not achieve surface connection, especially during the
latter time period. Therefore, the increased upward-going flux could
result from surface-emitted electrons accelerated by surface
electrostatic fields, or by electron heating/acceleration in the crustal
magnetic field interaction region. Possibly, ions penetrate deeper
into the anomaly (due to their larger gyroradius and higher
momentum), setting up an electric field that slows ions and
accelerates electrons out of the interaction region, with this
interaction also generating heating and turbulence, as previously
observed by surface experiments (Clay et al., 1975; Neugebauer
et al., 1972). However, the source population of such electrons, and
the role of wave–particle interactions, remains unknown.

Finally, we observe bursty enhancements in electron flux at
�21:40 and 22:00 in Fig. 6, near the edge of the wake and in the
center of the wake. Though not very strongly field-aligned, we
suggest that these may represent electrons accelerated along
magnetic field lines into a lower density region by the entry of
scattered and re-picked up protons, as observed by Nishino et al.
(2009b). In this case, the protons may have reflected, not from the
surface, but from the anomaly interaction region.
All of the effects shown in Fig. 6 speak to the presence of a
surprisingly strong and (at least in the main interaction region)
coherent interaction between the solar wind and crustal magnetic
anomalies, which we have yet to reconcile with theory and
modeling. Simulation has provided some basic expectations for
solar wind interaction with small-scale crustal anomalies. Omidi
et al. (2002) modeled the solar wind interaction with dipoles with
a range of strengths, finding that, as dipole strength increases, the
interaction ranges from a whistler wake, to a magnetosonic wake,
to a shock-like interaction, to a magnetosphere-like interaction.
These models would predict at most a magnetosonic wake for the
weak lunar magnetic sources. However, as Harnett and Winglee
(2003) have shown, the complicated non-dipolar nature of lunar
crustal anomalies may enhance the efficiency of the interaction
with the solar wind. In addition, a full accounting of surface
effects, including surface charging, proton reflection, electron
emission, etc. may change the picture dramatically.

Until recently, we had only indirect evidence for the existence of
magnetosphere-like structures above lunar crustal fields, since we
only observed the shock-like enhanced magnetic fields. One might
expect to find a magnetospheric cavity below these enhancements,
but it could lie below the altitude of most observations. During the
LP mission, only once did we observe anything like a magneto-
spheric cavity, at very low altitudes over the Crisium antipode
(Halekas et al., 2008a). LP made this observation on a day with very
unusual solar wind conditions (very high density, very low
temperature, velocity and IMF strength), consistent with previous
indications that solar wind conditions strongly affect the prob-
ability of formation of a magnetic enhancement (Halekas et al.,
2006a) and/or the mode of interaction between the solar wind and
the magnetic anomaly (Halekas et al., 2008b). Interestingly, some
theoretical work suggests a stronger interaction for low Mach
number (Borisov and Mall, 2003), but the LP observation instead
occurred during a time period with very high Mach number.

More certain evidence for a magnetospheric cavity came only
very recently, with Kaguya and Chandrayaan. Kaguya found
decelerated and reflected solar wind ions over strong crustal
magnetic sources, with an absence of scattered ions from the
surface suggesting magnetic shielding of the surface from the
solar wind (Saito et al., in press). Chandrayaan, meanwhile,
similarly observed a dearth of reflected neutralized solar wind
hydrogen from the surface, likewise implying magnetic shielding
from the solar wind (Wieser et al., 2010). Intriguingly, the latter
observation came over the same region as the LP observation
described in the previous paragraph.

Further (though indirect) evidence of surface shielding may
come from observations of ‘‘swirl’’ albedo markings on the lunar
surface, with an extremely strong correlation found between
these markings and strong crustal magnetic sources. These albedo
markings could result either from shielding of the surface from
solar wind weathering (Hood and Schubert, 1980) or (as recently
suggested) from enhanced dust transport caused by electric fields
in the anomaly interaction region near the surface (Garrick-
Bethell et al., 2010). Either of these proposed mechanisms could
have significant geologic implications, adding yet another reason
to study the fundamental physical properties of the solar wind
interaction with crustal magnetic sources.
5. The lunar plasma physics laboratory

The Moon provides us with a natural plasma physics
laboratory – right in our back yard, cosmically speaking. The
lunar environment gives us a natural place to investigate
fundamental plasma physics and related phenomena that operate
throughout the solar system, such as surface charging, wake
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formation, exospheric source and loss processes, surface weath-
ering, etc. The Moon also gives us a wonderful laboratory in which
to study kinetic phenomena, given the small scales of many of the
interaction regions as compared to relevant plasma scales. Finally,
the Moon unquestionably provides a unique environment for
studying plasma instabilities and wave–particle interactions, with
applicability throughout the solar system.

At the Moon, we can study a variety of foreshock-like
processes, including wave turbulence upstream from dayside
regions with (Halekas et al., 2006b) and without (Nakagawa et al.,
2009) magnetic anomalies, and on magnetic field lines connected
to the wake (Nakagawa et al., 2009; Farrell et al., 1996). These
waves, ranging from monochromatic whistlers to broad-spectrum
turbulence, may variously result from charged particle reflection
from the surface, crustal fields and wake boundary, and charged
particle filtration and acceleration by electrostatic fields in the
wake and magnetic anomaly interaction regions. A number of
other processes, meanwhile, may produce waves by generating
unstable (non-Maxwellian) distribution functions and/or beam–
beam instabilities. For example, solar wind protons that bi-
directionally refill the wake along field lines may produce
electrostatic turbulence (Farrell et al., 1998) and electron phase
space holes (Birch and Chapman, 2001a, 2001b). Electrons pulled
into the wake along magnetic field lines by charge imbalances
from Type-II entry of re-picked up solar wind ions unquestionably
produce electrostatic turbulence (Nishino et al., in press). Pickup
ions themselves likely produce unstable distributions, as does the
electrostatic filtration effect of the wake (imagine for instance, a
case where the wake ambipolar field excludes the entire electron
core, leaving only a strongly beamed strahl population, part of
which could also reflect and produce a counter-streaming
distribution). Finally, the Moon provides a source of particles
that can affect the plasma environment around it, including
reflected protons, sputtered ions, ionized exospheric constituents,
photoelectrons from the surface, and secondary electrons pro-
duced by electron and ion impact, etc. Any and all of these source
processes can and likely to produce particle distributions unstable
to wave growth.

In addition, the Moon provides a unique environment in which
to study processes where ions and electrons decouple from each
other; for instance, the thin plasma interface at the surface, the
wake boundary region, and the tiny crustal magnetic anomaly
interaction regions. We can investigate fundamental plasma
processes in these regions that may prove relevant for our
understanding of shocks and other plasma discontinuities, and
perhaps even reconnection. The Moon could prove particularly
convenient for such studies, since we can easily locate the region
of interest, rather than searching a large and highly variable
region for other examples of these phenomena.

Many fundamental lunar plasma processes will also operate at
other airless bodies throughout the solar system (e.g. Mercury,
outer planet moons, asteroids, KBOs, etc.) – probably in similar
fashion to how they operate at the Moon. Additionally, many of
these same processes also work in completely different environ-
ments, like magnetized planets and moons (e.g., Ganymede, the
giant planets, etc.), un-magnetized planets with atmospheres
(e.g. Mars, Venus, Titan, etc.). Even in the tenuous lunar
environment, most lunar plasma processes can act in concert
and couple to each other; however, some processes may couple
only weakly compared to other planetary environments. In that
case, the Moon provides an opportunity to explore fundamental
physics in a regime where processes do not couple as strongly as
they will in a more complicated plasma environment. Thus, the
Moon represents both a keystone for the study of airless bodies,
and a test bed for the study of plasma processes throughout the
solar system and beyond.
6. The future

In many respects, it may seem that we have learned much of
what there is to know about the lunar plasma environment.
However, in truth, we still know very little about many
fundamental aspects of the Moon–plasma interaction, and how
it affects (and is affected by) other aspects of the lunar
environment. We have discussed some of these problems in
detail in this paper, and commented extensively on the remaining
work that must be done. Truly fascinating science remains before
we understand the full picture of the surface interaction, the
wake, or the interaction with crustal magnetic fields.

A satisfactory description of crustal field interactions may
require a fundamentally new paradigm in order to understand
how the solar wind interacts so efficiently with such small-scale
features. We still need to understand whether this interaction
represents a bow shock and magnetosphere as we typically
understand the terms, or whether our observations actually
indicate something rather different. We also have far to go before
we can relate the small-scale microphysics of the interaction to
the global-scale features. We have not even begun the difficult
task of determining the importance of surface effects on the
plasma-magnetic anomaly interaction, and in turn, the effects of
the interaction on the surface.

Speaking of the surface, we clearly have much to learn about
the details of the plasma-surface interface. Our understanding of
single particle interactions with the surface remains rudimentary.
We know that solar wind particles cause sputtering, produce
components of the exosphere and pickup ions, generate second-
ary particles, and charge the surface. However, we do not yet fully
understand the detailed chemistry of these interactions. For
instance, solar wind implanted hydrogen may have some
connection to the significant stores of water and other molecules
on the Moon recently discovered by LCROSS (Colaprete et al.,
2010), as proposed by Vondrak and Crider (2003) and others. Also,
a solar wind/regolith chemical process has been specifically
mentioned as a possible source of the 3-micron absorption
feature (identifying water/hydroxyl) recently observed by Chan-
drayaan, Deep Impact, and Cassini (Pieters et al., 2010; Sunshine
et al., 2009; Clark, 2009). Conversely, proton impact on an already
ice-rich surface, which has a high sputtering yield, could
effectively erode ice and remove any water build-up (Farrell
et al., 2010). Thus, plasma impact could potentially affect both the
source and loss processes for lunar ice deposits.

In general, we have much to learn about the interactions
between plasma and other components of the lunar environment.
How does the surface chemistry produced by plasma impact
affect the geology of the near surface? To what degree does
plasma impact act to weather surfaces? Can magnetic shielding
from plasma impact account for lunar albedo swirls? How does
the electrostatic environment around the Moon affect dust, and
how much, in turn, does charged dust affect the plasma
environment around it? How much of the exosphere does charged
particle impact generate, and how does the ionized component of
that exosphere feed back into the plasma environment? These
and more fundamental questions, with relevance to all areas of
lunar science, await solution.

We are not done with lunar plasma science, or with lunar
science in general. Luckily, huge volumes of data from previous
and current missions await analysis, as does data from future
missions like ARTEMIS and LADEE. The path forward seems clear
in many regards, but we should have no doubt that the most
interesting discoveries awaiting us, as always, will prove to be the
inevitable unexpected and serendipitous finds that have come
every time a new mission with new instrumentation has visited
the Moon.
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