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Supervisor’s Foreword

The importance of understanding the Moon–plasma interaction has been recognized
since the early days of space age not only because it contains fundamental and
fascinating plasma physics but also because measurements of lunar electromagnetic
environment raised concerns for its possible impacts on human and robotic
exploration on the lunar surface. In this thesis, Yuki Harada has analyzed a wide
variety of data from recent lunar missions (i.e., Kaguya, ARTEMIS, and Chan-
drayaan-1) to investigate the basic aspects of lunar plasma environment in the
Earth’s magnetotail, where the Moon is bathed in a hot plasma of terrestrial plasma
sheet or in an extremely tenuous plasma of magnetotail lobes. The Moon–plasma
interactions in these plasma regimes make a clear contrast with those in the solar
wind, which consist of relatively cold, supersonic plasma.

From Kaguya observations, Dr. Harada reveals that nongyrotropic electron
velocity distribution functions are formed by electron absorption by the lunar
surface combined with the electron gyromotion. This is a unique observation
because usually it is difficult to detect nongyrotropic signatures of electrons in space
plasmas. In the hot plasma of the Earth’s plasma sheet, a typical electron gyrodi-
ameter becomes so large that Kaguya can measure the nongyrotropic electrons even
at its nominal altitude of 100 km. Dr. Harada conducts test particle simulations to
compare with these electron observations, taking into account electric and magnetic
fields around the Moon. He also utilizes nonadiabatic magnetic scattering of high-
energy electrons by lunar crustal magnetization to infer small-scale magnetic fields
on the lunar surface.

Dual-probe ARTEMIS observations, on the other hand, exhibit dominance of
plasma of lunar origin over the ambient plasma when the Moon is in the Earth’s
magnetotail lobes. The lobe plasma is so tenuous that the lunar plasma density can
be several times higher than the lobe plasma density. This present work suggests the
significant role in modifying the lobe plasma played by the ionized atmosphere of
the Moon, which is often thought of as an “airless” body.

Finally, Dr. Harada analyzed energetic neutral atom (ENA) data from Chan-
drayaan-1, showing that plasma sheet protons are backscattered at the lunar surface
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as hydrogen ENAs. The ENA observations together with test particle simulations
suggest that the lunar mini-magnetosphere, which results from the solar–wind
interaction with the strongly magnetized region on the lunar surface, may “disap-
pear” in the Earth’s plasma sheet owing to the less effective magnetic shielding
from the hotter protons.

I believe that the results presented in this thesis are an outstanding contribution
to the literature and are relevant for understanding interactions of generally hot
plasma with the Moon as well as other airless bodies in the solar system and
beyond.

Kyoto, May 2014 Dr. Akinori Saito
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Chapter 1
Introduction

Abstract In this chapter, I provide extended background information on the
Moon–plasma interaction. It begins with a brief outline of plasma interactions with
solar system bodies. Key parameters controlling the nature of interactions are the
body’s atmospheric density and the strength of its intrinsic magnetic field. I then
introduce particle emission processes from solid surfaces of airless bodies in space
environment. Particle emission and surface charging are fundamental consequences
of direct interactions of airless bodies with the surrounding plasma. Next I present
a review of observational and theoretical studies of lunar plasma environment. Our
current understanding of the Moon–plasma interaction is mostly based on a num-
ber of plasma and electromagnetic field measurements which have been conducted
since the Apollo era. I also describe the basic characteristics of the lunar tenuous
exosphere. Finally I mention the objectives of this thesis.

Keywords Plasma interactions with solar system bodies · Solid surfaces in space ·
Lunar plasma environment

1.1 Plasma Interactions with Solar System Bodies

Flowing plasma interactions with various types of bodies can be drastically different
from one body to another, depending on the strength of a possible intrinsic magnetic
field and on the density of the atmosphere and ionosphere [9, 148]. In terms of
characteristics of the plasma interactions, the solar system bodies can be categorized
into four groups (cf. Table 1.1): (i) bodies with both strong magnetic fields and dense
atmospheres (e.g., Earth, Jupiter, Saturn, Ganymede), (ii) bodies that have dense
atmospheres but lack strong magnetic fields (e.g., Venus, Mars, Titan, comets close to
the Sun), (iii) bodies that have strong magnetic fields but lack dense atmospheres (e.g.,
Mercury), and (iv) bodies that lack both strong magnetic fields and dense atmospheres
(e.g., the Earth’s moon, asteroids, distant comets). In this section, I briefly outline
the interactions between bodies in the solar system and their surrounding plasma.

© Springer Japan 2015
Y. Harada, Interactions of Earth’s Magnetotail Plasma with the Surface,
Plasma, and Magnetic Anomalies of the Moon, Springer Theses,
DOI 10.1007/978-4-431-55084-6_1
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2 1 Introduction

Table 1.1 Classes of plasma interactions with solar-system bodies

Dense atmosphere Tenuous atmosphere

Strong magnetic field Earth, Jupiter, Saturn, Uranus, Neptune Mercury, Ganymede

Weak magnetic field Venus, Mars, Titan, near-Sun comets Moon, asteroids, Phobos,

Tethys, Rhea, distant comets

1.1.1 Bodies with Intrinsic Magnetic Fields and Dense
Atmospheres

A planetary magnetic field, produced by a presently active internal dynamo, acts
as an effective obstacle to the solar wind plasma [16, 17]. The solar wind dynamic
pressure compresses the dayside planetary magnetic field and confines the nightside
filed into a long tail stretching anti-sunward. In order to deflect the supersonic solar
wind plasma, the fast-mode magnetosonic wave becomes nonlinear and forms a bow
shock. The solar wind is slowed and heated at the shock and becomes subsonic
in the subsolar magnetosheath. The magnetosphere of a dense-atmosphere planet,
extended far beyond the dense ionosphere, prevents the solar wind plasma from
directly interacting with the ionosphere except the small “cusp” regions at the north
and south poles. Precipitation of the solar and magnetospheric electrons and ions
into the upper atmosphere causes auroral emission. The shapes and sizes of the
magnetospheres in the solar wind depend on a number of parameters such as the
planetary magnetic moments, solar-wind dynamic pressure, interplanetary magnetic
field (IMF), and magnetospheric plasma pressure.

1.1.2 Unmagnetized Bodies with Dense Atmospheres

Unmagnetized bodies with substantial atmospheres, such as Mars, Venus and
comets near the Sun, possess ionospheres formed mainly by photoionization of the
atmospheric neutral particles by the solar photons. Since the ionosphere is a con-
ductor, the convecting magnetic field induces electric currents in it, preventing a
bulk penetration of the magnetic field by generating a canceling field. The super-
sonic solar-wind plasma, frozen to the IMF, must be diverted around the conducting
obstacle, forming a bow shock. The IMF piles up on the dayside and drapes around
the body. This magnetic barrier screens the ionosphere from the solar wind plasma.
Such an “induced magnetosphere” is a common feature of the interaction of the solar
wind with ionospheres of unmagnetized bodies [21, 27, 114]. On the other hand,
Titan, the Saturn’s largest moon with a dense nitrogen-rich atmosphere, is immersed
most of the time in the Saturn’s magnetospheric plasma flowing at subsonic speed.
In this case, the magnetic field still piles up on the upstream side, but no bow shock
is formed [6, 93].
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1.1.3 Airless Bodies with Intrinsic Magnetic Fields

Mercury does not have a significant atmosphere, but does possess a moderate intrinsic
magnetic field, creating a magnetosphere similar in shape but smaller than the Earth’s
[2, 3, 89, 119]. The absence of a thick atmosphere leads to direct interactions of the
planetary solid surface with the magnetospheric particles, and with the solar wind
particles in the cusp regions. The cusp regions of Mercury are rather large because
of the small magnitude of its dipole field, and the solar-wind sputtering in the cusp
regions is considered as a possible source of planetary ions and neutrals [100, 188,
196]. The magnetosphere of Jupiter’s moon, Ganymede, is located inside the jovian
magnetosphere, interacting with the jovian plasma and magnetic field corotating at
subsonic speed [97, 98].

1.1.4 Airless Bodies Without Intrinsic Magnetic Fields

A body like our moon, which is composed of essentially insulating material and lacks
both a significant atmosphere and an intrinsic magnetic field, is directly exposed to
its surrounding plasma. The majority of the impinging plasma is absorbed or neutral-
ized by the surface material and the magnetic field rapidly diffuses into the body’s
interior. In this sense, the body can be thought of as a plasma absorber, causing no
significant pressure perturbation in the upstream plasma. Therefore, even if the body
is immersed in the supersonic solar wind, no bow shock is formed upstream. In the
downstream region, a plasma void is left behind the body and the surrounding plasma
expand into the body’s “wake”. The pressure gradient at the wake boundary produces
the diamagnetic current system, causing magnetic perturbations in the downstream
region in both supersonic and subsonic plasma flows [38, 58, 95, 121, 147, 162].
The plasma environment in the vicinity of the Moon is introduced in more detail in
the following sections.

1.2 Solid Surfaces in Space Environment

When energetic photons, charged and neutral particles are incident on a solid surface,
a portion of their energies can be transferred to other particles, which may escape
from the surface. The incident particles may be absorbed by the surface material
or scattered back into space. As a result, charged and neutral particles are emitted
from the bombarded surface with different characteristics depending on the emission
mechanisms. Also, absorption and emission of charged particles give rise to surface
charging. The near-lunar environment provides a unique natural laboratory to study
the surface-plasma interactions, because the surface of the Moon, which lacks both
a significant atmosphere and an intrinsic magnetic field, is directly exposed to the
ambient environment and the emitted particles can be detected by spacecraft far above
the surface. This section contains a brief review of particle emission mechanisms from
a solid surface, particularly focusing on the energy characteristics of the emitted
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Table 1.2 Particle emission processes from a solid surface in space

Process Incident particle Emitted particle Typical energy of
emitted particle

Photoemission Photon (under solar
irradiation)

Electron A cold core (a
few eV) and a
high-energy tail
(>∼10 eV)

Backscattering Electron Electron A fraction of the
incident energy

Ion Neutral atom, ion A fraction of the
incident energy

Secondary electron emission Electron, ion Electron A few eV

Sputtering Photon, electron, ion Neutral atom, ion ∼0.1–10 eV

particles (the emission processes are summarized in Table 1.2), as well as a short
introduction of charging processes of solid surfaces.

1.2.1 Photoemission

Incident photons with energies above the work function of the surface material can
cause photoelectron emission. Photoemission properties were measured in laboratory
for typical materials such as aluminum, gold, stainless steel and graphite, with the
surfaces treated so as to simulate space conditions [41]. The measured work functions
range from 4.0 to 4.8 eV. On the other hand, the work function of the lunar regolith was
experimentally studied in a similar way and determined to be 5 eV [40]. Typically, the
photoemission yield, defined as the number of emitted photoelectrons per incident
photon, peaks at ∼10–20 eV, which is in the ultraviolet (UV) and extreme ultraviolet
(EUV) ranges.

Energy spectra of the emitted photoelectrons are determined by the product of the
incident photon spectrum and the photoemission yield as a function of energy. The
solar flux spectrum falls off sharply by five orders of magnitudes for photon energies
between 4 and 10 eV, and is flatter for higher energies [56]. In general, photoelectron
energy spectra under solar irradiation in space consist of two populations: a cold
core and a high-energy tail. The cold core distribution can be approximated by the
Maxwellian distribution with characteristic temperatures of a few eV [41, 56]. The
high-energy tail population is not yet well-understood, but its existence is inferred
from large positive potentials of spacecraft surfaces measured in the terrestrial mag-
netotail lobes [131].
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1.2.2 Backscattering

When energetic electrons and ions impinge on a surface, they can penetrate the
surface and collide with lattice electrons and atoms in the material [110, 183]. After
the collisions, some may eventually backscatter out of the material into space, losing
a fraction of their initial energies. The electron backscattering coefficient depends on
the incident electron velocity and on the surface material, and resulting net albedo for
∼100 eV isotropic electrons is around ∼10–30 % [94]. The majority of the impinging
ions are expected be neutralized by resonant or Auger neutralization before absorbed
or backscattered [123, 187]. A small portion, less than a few %, of the incident ions
are re-emitted as ions [154, 183]. These backscattered particles have similar but
somewhat lower energies than their initial energies.

1.2.3 Secondary Electron Emission

A part of the energy and momentum that an impinging particle loses when colliding in
the surface material can go into exciting surface electrons, causing secondary electron
emission. The secondary emission yield depends on the incident particle energy and
the surface material, and it can be greater than unity in some cases [94, 183]. The
higher-energy incident particles can excite more electrons in the material, but they
penetrate deeper in the material. The electrons excited deeper below the surface are
less likely to escape from the surface. Consequently, the secondary emission yield
functions have peaks at primary energies of several hundreds eV for electron impact,
and of ∼10–100 keV for proton impact. The energy distributions of the secondary
electrons can be represented by the Maxwellian with characteristic energies of a
few eV.

1.2.4 Sputtering

Sputtering was originally defined as the removal of atoms form a surface by ion
impact, but the definition is often broadened to include the removal of atoms by the
impact of incident photons, neutral atoms, and electrons [110]. Photon sputtering,
also known as photon-stimulated desorption, is emission of neutral particles from
the surface caused by the injection of the incident photon energies [111]. Laboratory
studies show that the energy distribution of the neutral atoms emitted by photon sput-
tering corresponds to characteristic temperatures of ∼800–2000 K (0.07–0.17 eV)
[164, 171, 185]. On the other hand, charged particle sputtering produces a Thompson-
Sigmund distribution with peaks at ∼1–10 eV [110, 161, 170, 189]. A few percent
of the sputtered atoms are emitted as ions (also called secondary ions) [30, 190].
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1.2.5 Surface Charging

Surface charging of an airless body in space has been extensively studied, specifically
with the aim of preventing spacecraft malfunctions attributed to spacecraft charging
and electrostatic discharges [183]. Surface absorption of incident charged particles, as
well as charged particle emission caused by impinging high-energy particles, results
in charge transfer between the surface and space. The electric field generated by the
charge that has already accumulated on the surface attracts or repels the incident
charged particles, changing the charge-transfer rate. This process continues until it
reaches an equilibrium that the net current onto the surface balances. In general, the
equilibrium potential will not be zero. If the photoelectron current is absent (i.e.,
surfaces in optical shadow), electron thermal currents generally dominate owing to
higher mobility of electrons than heavier ions, resulting in negative surface potentials
on the order of the ambient electron temperature. Energetic electrons in the Earth’s
magnetosphere cause negative potentials on geosynchronous satellites as large as
several kV during eclipse [25].

The surface equilibrium potential will be positive in regions where the photo-
electron current dominates. Considering typical photoelectron temperatures of a few
eV, a straightforward charging theory predicts slightly positive potentials of sunlit
surfaces of less than +10 V. However, in the terrestrial magnetotail lobes, where the
incident electron current from the ambient plasma becomes extremely small, the sur-
face potential can become much higher than expected from a simple current-balance
model based on Maxwellian plasmas. In this region, the energy distribution of the
photoelectrons has important implications for the surface potential. Pederson [131]
suggested that a high-energy tail population in the photoelectron energy distribution
causes the large positive spacecraft potentials of tens of volts detected in the Earth’s
magnetotail. The spacecraft surface potentials can reach approximately +70 V in
the tail lobes [158].

1.3 Lunar Plasma Environment

The Moon orbits the Earth with an orbital radius of ∼60RE (1RE = 6,378 km). Along
its way, it passes through various regions, including the solar wind, the terrestrial
magnetosheath, the magnetotail lobes, and the plasma sheet as sketched in Fig. 1.1. In
each of these regions, the plasma conditions near the Moon vary widely in density and
energy. The various types of plasma interact directly with the lunar surface because
of the lack of both a global magnetic field and a thick atmosphere. In this section,
I present an overview of past observations and models regarding the lunar plasma
environment in the solar wind and the Earth’s magnetotail to provide context for this
thesis.
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Magnetopause

Moon
Plasma Sheet

Earth

Solar Wind

Bow Shock Magnetosheath

Lobe

Fig. 1.1 Schematic illustration of the lunar plasma environment

1.3.1 Lunar Wake in the Solar Wind

As summarized in Table 1.3, the lunar electromagnetic environment has been stud-
ied since plasma and magnetic fields were first measured in the 1960s and 1970s
[159]. Explorer 35 observations revealed the fundamental features of the interaction
between the Moon and the solar wind. No bow shock is formed in the upstream
solar wind [120], while a tenuous region, called the lunar wake, is formed behind
the Moon because of the absorption of the solar-wind plasma by the lunar surface
[104]. Magnetometer measurements exhibited enhanced magnetic fields in the wake
as well as reduced fields near the wake boundary, which can be explained in terms
of diamagnetic-current systems [22, 23, 121]. A diamagnetic sheet current at the
wake boundary, caused by the decrease in density of gyrating particles, produces a
magnetic field, which increases in the central wake. The magnetic signatures in the
lunar wake were successfully described by several theoretical models [90, 112, 181,
182].

Measurements conducted by several spacecraft in the 1990s revealed another
characteristic signature of the lunar wake, namely ambipolar electric fields near the
wake boundary. An electrostatic potential drop across the wake boundary is formed
by charge separation between faster electrons expanding into the void ahead of the
slower ions [155]. Data from a lunar wake passage by the Wind spacecraft displayed
the existence of ion beams parallel to the magnetic field refilling the wake from sides,
inferring the presence of an ambipolar potential drop [130]. When the magnetic field
line passing through spacecraft was connected to the lunar wake, NOZOMI detected
counter-streaming electrons, which were presumably reflected by the wake potential
[51], and WIND and GEOTAIL observed both electrostatic and electromagnetic
waves associated with the modified velocity distribution functions (VDFs) of the
solar wind particles [7, 31, 118]. In addition to the data from these lunar flybys,
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three-dimensional (3D) measurements of low-energy electrons and magnetic fields
were conducted by the Lunar Prospector at a low-altitude polar orbit (<∼100 km
above the Moon).

A large amount of data obtained by Lunar Prospector enabled a statistical study
on the global structure of the lunar wake, which indeed demonstrated the existence
of magnetic perturbations by the diamagnetic current system as well as of negative
electrostatic potentials in the wake [58]. More sophisticated numerical models than
the early work in the Apollo era have been developed to investigate the fluid and
kinetic features of the lunar wake [12, 14, 15, 32, 34, 91, 96].

Since the late 2000s, several lunar orbiters have provided whole new datasets
of plasma and fields in the vicinity of the Moon [73]. Kaguya conducted the first
ion measurements by modern instruments at low-altitude orbits (<∼100 km) [152,
153]. The ion data obtained by Kaguya in the near-lunar wake revealed two kinetic
processes of perpendicular ion entry into the wake: gyration of solar wind ions
combined with the ambipolar electric fields near the wake boundary, resulting in
pair-wise energy gain/loss features observed at the two flanks of the wake (Type-
I entry) [128], and self-pickup of solar wind ions backscattered from the dayside
surface, allowing ion entry deep into the near-lunar wake (Type-II entry) [125]. The
excess ion populations caused by the latter mechanism accelerate counter-streaming
electron beams into the wake, generating broadband electrostatic noise [126]. In
addition, Chandrayaan-1, orbiting at ∼100–200 km altitudes, detected ion entry into
the deep wake along the field line [48], and perpendicular entry to the field line
in the case of IMF parallel to the solar wind flow [26]. These ion observations at
low altitudes in the deep wake, which cannot be explained by the conventional fluid
models and demonstrate essentially kinetic nature of plasma expansion processes
into the lunar wake, have driven a series of theoretical and numerical investigations
[37, 38, 81, 82, 85, 86, 88, 115, 175]. The kinetic ion entry into the lunar wake may
explain the Apollo Suprathermal Ion Detector Experiment (SIDE) measurements of
the solar wind ions on the lunar surface in the deep night [43] Recent distant-wake
observations by ARTEMIS have promoted further understanding of the global and
local features of the lunar wake [169, 184, 192].

1.3.2 Solar–Wind Interactions with the Dayside Lunar Surface

It has been thought that impinging charged particles are almost completely absorbed
in the porous regolith surface of the Moon, but recent observations from Kaguya,
Chandrayaan-1 and IBEX indicate that ∼0.1–1 % of the incident solar wind pro-
tons are scattered back as ions [154] and ∼10 % as energetic neutral atoms (ENAs)
[106, 187]. The backscattered protons are accelerated via “self-pickup” process,
resulting in the maximum energy up to nine times solar wind energy [153, 154].
The backscattered protons interact with the upstream solar wind plasma, generating
whistler and magnetohydrodynamic waves [72, 116, 117]. As for the backscattered
hydrogen atoms, the magnetic and electric fields no longer affect the trajectories of
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these ENAs, which are approximated by straight lines. The observed energy spectra
of the backscattered hydrogen ENAs are relatively flat up to hundreds of electronvolts
and decrease sharply at higher energies [1, 46, 49, 146]. Angular distributions of
the backscattered ENAs are almost isotropic for normal incidence of the solar wind,
and exhibit anisotropy for large solar zenith angles [157].

1.3.3 Solar–Wind Interactions with Lunar Magnetic Anomalies

Interest in solar–wind interactions with small-scale magnetic fields has been spurred
by the discovery of lunar crustal magnetism and its correlations with the occurrence
of magnetic “limb compressions” in the Apollo era [28, 45, 121, 149, 159, 163].
The analysis of electron and magnetic field data from Lunar Prospector suggested the
formation of a “mini-magnetosphere” as a result of solar-wind interaction with lunar
magnetic anomalies [101]. Upward ions with extremely large flux up to more than
10 % of the solar wind proton flux are observed above magnetic anomalies [103, 153].
Several spacecraft and surface observations as well as numerical simulations indicate
that solar wind protons are reflected or deflected above the surface not only by crustal
magnetic fields, but also by charge-separation electric fields and magnetic fields
associated with current systems around magnetic anomalies [8, 20, 50, 75, 92, 103,
122, 134, 151]. The solar-wind interaction with magnetic anomalies is characterized
by the upstream solar wind parameters such as the solar wind dynamic pressure, Mach
numbers, strength and polarity of the interplanetary magnetic field [29, 61, 74, 99,
127, 177]. Various kinds of electrostatic and electromagnetic waves, presumably
associated with the magnetically reflected ions and electrons, are observed above the
magnetic anomalies [59, 60, 71, 76, 101, 172, 173].

An important consequence of the formation of the mini-magnetosphere is that the
lunar surface might be shielded from the impinging ions. Several authors pointed
out correlations between the magnetic anomalies and high-albedo markings on the
lunar surface (the lunar “swirls”), and it is proposed that swirl origins are related
to differential space weathering caused by magnetic shielding from the solar wind
protons and/or charged-dust transport by electric fields associated with the mini-
magnetosphere [13, 52, 77, 83, 84, 144, 145, 179]. The surface distribution of
precipitating ion flux is the essential information for the understanding of the ion
shielding processes and their relations with the lunar swirls. However, only a few
measurements on the lunar surface of the solar wind ions exist [159].

Lunar ENA observations can be used as a remote sensing technique to estimate
the precipitating ion flux onto the surface, and consequently, to image the mini-
magnetosphere [47]. If a local region on the lunar surface is completely shielded
from the incident ions by the magnetic field, no ENAs caused by ion precipitation
will be emitted from that region. In fact, a reduction in the ENA flux was observed
by CENA above magnetic anomalies, indicating locally effective ion shielding [177,
186]. The CENA observations also revealed an enhanced-flux region surrounding
the void region, suggesting increased solar wind flux due to the deflection around the
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mini-magnetosphere. Recently, global ENA maps were produced from the CENA
data, which show large reductions in ENA backscattering ratio (defined as the ratio
of the upward ENA flux to the downward flux of the upstream solar-wind protons)
as much as ∼50 % in large and strong anomaly regions [178]. In addition, the lunar
ENA observations were used to infer a potential difference between the upstream
plasma and the lunar surface, which is potentially associated with charge separation
above the magnetic anomalies [50].

1.3.4 Moon–Plasma Interactions in the Earth’s Magnetotail

While the Moon–solar wind interaction has been extensively investigated, relatively
little work has addressed Moon-plasma interactions in the Earth’s magnetotail. Dur-
ing the Apollo era, lunar shadowing techniques were used to infer magnetospheric
convection electric fields at the Moon’s distance [4, 176]. The presence of convection
electric fields can be deduced through detection of the E × B drift displacement of
low-energy electrons at the edge of the lunar electron shadow. A typical value of
0.15 mV/m, spanning the range from ∼0.02 mV/m (the method’s sensitivity limit)
to 2 mV/m, was obtained by analysis of particle and magnetic-field data from the
Apollo 15 and 16 subsatellites [109]. The analysis also shows that the sense of the
electric field is almost always in the direction from dawn to dusk, but it is often vari-
able both in time and space. Also, the plasma sheet characteristics at lunar distance
and its interactions with the lunar surface were investigated from electron measure-
ments by Charged Particle Lunar Environment Experiment (CPLEE) deployed on
the lunar surface [140–143] and by Explore 35 [124]. Apollo 15 subsatellite mag-
netometer measurements suggested the existence, on average, of a dayside plasma
depletion in the plasma sheet as a result of interactions between the Moon and pre-
dominantly earthward, though variable, flow in the plasma sheet [160]. At present,
the global Moon-plasma interaction in the Earth’s magnetotail remains poorly under-
stood. Reexamination of the extended Moon-plasma interaction region utilizing the
plasma and field data of greatly improved quality from the modern instruments has
just begun [63, 71, 150].

1.3.5 Lunar Surface Charging

The electron VDF observations by Lunar Prospector on the lunar night side revealed
energy-dependent loss cones, indicating electron reflection by both crustal magnetic
fields and downward electric fields above the negatively-charged nightside surface
[68]. Magnitude of the negative potentials on the nightside lunar surface depends
on the ambient plasma conditions, especially directly on the incident electron tem-
perature [64, 150]. The secondary electron yield determined from nightside Lunar
Prospector measurements is a factor of ∼3 lower than measured for samples in
the laboratory [65]. During solar energetic particle (SEP) events, negative surface
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potentials on the nightside reach up to −4.5 kV [62, 66]. For the most part, the night-
side lunar surface potentials can be explained by a current balance model between
the currents from the ambient plasma and secondary electrons.

Meanwhile, dayside lunar surface potentials appear to be not as straightforward
to interpret as the nightside potentials. Surprisingly, it turned out that negative poten-
tials can exist above the dayside lunar surface in the presence of hot electrons of the
Earth’s magnetotail [63, 67]. These negative dayside potentials cannot be explained
by a simple current balance model, which only predicts slightly positive dayside
potentials due to the dominant photoelectron current. Instead, a “non-monotonic
potential structure” model [44, 57, 129] was applied to the lunar dayside and numer-
ical simulations successfully reproduced the observed negative potentials [132, 133,
136].

As mentioned in Sect. 1.2.5, the photoelectron energy distribution dominantly
controls the sunlit surface potentials in the extremely low-density environment in
the terrestrial magnetotail lobes. It is most likely that spacecraft photoelectrons have
high-energy tail populations, since dozens of spacecraft have observed large positive
potentials in the tail lobe. On the other hand, the energy distribution of photoelectrons
originating from the lunar surface remains unclear. When the Moon was located in
the tail lobes, CPLEE detected lunar photoelectrons that returned to the surface with
energies of up to 200 eV [139]. The observed electron energy distribution and the
inferred large positive potential of ∼+200 V were explained by assuming a constant
photoelectron yield function for the high-energy tail of solar photons. However,
this assumption is inconsistent with the experimental result from the returned lunar
fines, which showed that the photoelectron yield drops off steeply for higher-energy
incident photons after a peak at 14 eV [40]. The calculated energy distribution under
solar irradiation exhibits a mean energy of 2.2 eV and an extremely weak tail. At
present, it is uncertain whether or not the photoelectron yield of the lunar surface
remains high for high-energy incident solar photons.

Dayside and terminator surface potentials in the solar wind were inferred from the
SIDE observations on the lunar surface [39, 42, 102]. They derived dayside potentials
of ∼+10 V at solar zenith angles (SZAs) of 20–45◦, and near-terminator potentials
from ∼−10 to −100 V at SZAs of 60–90◦. Since the positive potential events seemed
to be observed in the Earth’s foreshock regions, it was proposed that the somewhat
large positive potentials of ∼+10 V were related to enhanced secondary electron
emission caused by foreshock electron beams [24]. More recently, dayside and near-
terminator surface potentials were investigated for various solar-wind parameters
using a numerical model, indicating that the dayside potentials vary significantly
depending on the input photoelectron current and temperature [165]. Information
about the photoelectron energy distribution is crucial for determining how large the
lunar dayside surface potentials would be in the tail lobes and the solar wind.

Electric fields arising from the charged lunar surface can lift charged dust grains,
which potentially cause so-called “streamers” (sunlight scattered at the terminator)
observed by surface landers and astronauts in orbit [53, 107, 108, 113, 129, 133,
166, 167]. Along those lines, I note that dayside and near-terminator surface potential
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distributions can be very complex due to local surface topography such as craters,
which may cause significant dust transportation [11, 33, 35, 36, 136, 194, 195].

1.4 Lunar Exosphere

It is often stated that the Moon has no atmosphere, but it does have an “atmosphere”
which is in fact a tenuous, collisionless, and surface-bounded exosphere. Since the
mean free path is much greater than the atmospheric scale hight, an exospheric neutral
atom or molecule rarely collides with another particle along its ballistic trajectory.
The lunar exosphere and its resulting ionosphere are too thin to form an induced
magnetosphere and to stand off the solar wind [5, 87]. In this sense, plasma of lunar
origin does not act as an effective obstacle to the solar wind and is usually thought
to be negligible in terms of the global Moon-solar wind interaction. Some basic
information about the lunar exosphere is introduced in this section.

1.4.1 Species and Abundances

The lunar exosphere has been investigated from Apollo surface measurements,
ground- and space-based spectroscopy, and pickup ion observations [164]. The mea-
sured species include the alkali atoms Na and K, the noble gases He, Ar and Rn,
nitrogen- and carbon-based molecules, [54, 55, 79, 80, 138], and pickup ions H+,
H+

2 , He++, He+, C+, O+, Na+, Al+, Si+, K+ and Ar+ [10, 19, 78, 105, 168, 180,
191, 193]. Only upper limits were put on densities of other species from the ground-
and space-based spectroscopy. Recent observations of lunar pickup ions in both the
solar wind and the Earth’s magnetotail further constrained the upper limits on den-
sities of some species [70, 135, 156]. The most abundant species among known
ones is Ar, with maximum number density of ∼105 cm−3 near the surface. Although
near-surface densities of the alkali metals Na and K are rather small (70 cm−3 for Na
and 17 cm−3 for K), they can be significant sources of plasma of lunar origin owing
to their high photo-ionization rates and large scale heights [69].

1.4.2 Source and Loss Mechanisms

The proposed sources of the lunar exospheric neutrals can be categorized into five
groups: (i) thermal, (ii) sputtering, (iii) chemical, (iv) meteoritic, and (v) interior
release [164]. Thermal desorption involves sublimation from the uppermost regolith
and produces thermal Maxwellian distributions with the surface temperature (<400 K
∼0.03 eV). Sputtering produces somewhat higher-energy neutrals (∼0.1 eV for
photon sputtering and ∼1–10 eV for charged-particle sputtering). When a chemical
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reaction on the uppermost layer of the surface has sufficient excess energy, an atom or
molecule is emitted from the surface by “chemical sputtering”. Micrometeoroid bom-
bardment produces a cloud of impact generated vapor represented by Maxwellian
distributions with characteristic temperatures of 2000–5000 K (0.17–0.43 eV) as well
as outgassing of hot or molten surface material (<3000 K). Finally, radiogenic prod-
ucts Ar and Rn can be released from the Moon’s interior.

Main loss mechanisms, also called “sinks”, include (i) gravitational escape, (ii)
ionization loss, (iii) chemical loss, and (iv) condensation [164]. Any atom or molecule
emitted with radial velocities greater than the escape speed from the Moon (2.38 km/s)
will be directly lost to space due to the lack of collisions. Surface-bounded atoms and
molecules in the exosphere may suffer solar UV photoionization, charge exchange
or impact ionization. When an exospheric atom or molecule collides with the sur-
face, chemical reactions can lead to bounding of the particle to the surface before
being ballistically ejected again. Condensation occurs when neutrals contact the cold
nightside surface and become absorbed in the solid surface. Among these loss mech-
anisms, photoionization is usually the dominant (fastest) process in the near-lunar
environment.

1.4.3 Lunar Pickup Ions

Ion pickup is a very common process in the solar system and interstellar space
[21]. Once exospheric neutral atoms or molecules become ionized or secondary ions
are sputtered from the surface, they start to feel the electric and magnetic field in
the ambient plasma. Since the electric and magnetic forces usually dominate the
gravitational force, the newly ionized particles are no longer bounded by the surface.
In many cases, the perpendicular flow speed is much greater than the initial speeds
of the ions, and they follow cycloid trajectories. Gyroradii of the heavy ions are
often greater than the lunar radius and these pickup ions are detected in their first
gyroorbit by lunar-orbiting spacecraft both in the solar wind [69, 70, 180, 191]
and the terrestrial magnetotail lobes [135, 137, 168, 193]. These near-lunar pickup
ions have phase-bunched, non-gyrotropic velocity distributions, which are highly
unstable and will diffuse in the phase space via wave-particle interactions [18, 174].

1.5 Objectives of the Thesis

The Moon-plasma interactions are characterized by the absence of both a substan-
tial atmosphere and a global intrinsic magnetic field, including direct interaction
processes of the solid lunar surface with the ambient plasma such as surface absorp-
tion, neutralization, scattering, sputtering, and magnetic and electric reflection of
charged particles. Since the Apollo era, an enormous amount of work has addressed
the near-lunar plasma environment, which involves a wide variety of fascinating
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plasma physics and planetary sciences. In particular, the solar wind interactions with
the Moon and the lunar crustal magnetic anomalies have attracted the greatest deal
of interests. A number of observations indicated the importance of kinetic effects of
plasma in many places around the Moon such as in the lunar wake and above the
magnetic anomalies.

The Moon provides us with a test bed for the study of fundamental plasma
processes which will also work at other bodies in our solar system [73]. For example,
knowledge on plasma interactions with the lunar surface will be directly applicable to
asteroids, airless moons of other planets, and distant comets. Kinetic processes simi-
lar to those working at the lunar magnetic anomalies will also operate in the vicinity
of relatively small-scale magnetic fields such as intrinsic magnetic fields of Mercury
and Ganymede as well as crustal fields of Mars. Thus, the Moon, which is the closest
body to the Earth, represents a basic plasma physics laboratory to investigate plasma
interactions with airless bodies throughout the solar system and beyond. With the
aim of establishing a fundamental framework of airless-body plasma physics, this
thesis provides key observational information of Moon-plasma interactions with a
particular emphasis on those in the Earth’s magnetotail plasma regime.

This thesis presents a series of new observations from recent lunar missions (i.e.,
Kaguya, ARTEMIS, and Chandrayaan-1), focusing on the data obtained within the
Earth’s magnetotail. These near-lunar observations in the Earth’s magnetotail have
extended our knowledge on the Moon-solar wind interactions to an entirely dif-
ferent plasma regime and revealed new aspects of the physical processes work-
ing in the lunar environment. The comparison between the plasma characteristics
in the solar wind and those in the terrestrial magnetospheric plasma will help us
understand the Moon-plasma interactions from more general and comprehensive
viewpoints. Chapter 2 contains Kaguya observations and theoretical considerations
of non-gyrotropic electron VDFs near the lunar surface. In Chap. 3, I investigate
Moon-related plasma features in the Earth’s magnetotail from two-point ARTEMIS
observations. Chapter 4 presents the lunar ENA observations by Chandrayaan-1 in
the Earth’s magnetotail and discusses the different characteristics of the magnetic-
anomaly interactions with the terrestrial plasma sheet and the solar wind.
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Chapter 2
Electron Gyro-Scale Dynamics Near
the Lunar Surface

Abstract I examine electron dynamics near the lunar surface with spatial scale
lengths characterized by the electron gyroradius from both observational and theoret-
ical standpoints. Electron velocity distribution functions (VDFs) obtained by Kaguya
at ∼10–100 km altitudes above the Moon occasionally exhibit clear non-gyrotropic
signatures, which have been rarely observed in space plasma. Comparison of the
observed electron VDFs with theoretical predictions derived from particle-trace cal-
culations demonstrates that electron absorption by the lunar surface combined with
electron gyromotion produces a gyrophase-dependent (non-gyrotropic) partial loss
in the electron VDF. The electron motion is modified by the near-lunar electromag-
netic environment, and therefore, the characteristics of the non-gyrotropic electron
VDFs reflect the electric and magnetic fields in the vicinity of the Moon. I discuss
the Moon-related electromagnetic fields by analyzing the high-angular resolution
electron data from Kaguya.

Keywords Non-gyrotropic electrons · Electron gyromotion · Lunar magnetic
anomaly · Non-adiabatic scattering

2.1 Introduction

This chapter discusses electron gyro-scale dynamics in the vicinity of the Moon from
Kaguya observations and test-particle tracing, including two main topics: (i) non-
gyrotropic electron velocity distribution functions, and (ii) non-adiabatic magnetic
scattering of electrons. First I introduce basic knowledge for each topic.

2.1.1 Non-gyrotropic Velocity Distribution Functions

In thermal equilibrium, ions and electrons are expected to have gyrotropic (i.e., sym-
metric relative to the magnetic-field lines) velocity distribution functions (VDFs) in
the plasma’s rest frame. Plasma in space is not necessarily in thermal equilibrium,
and ions and electrons occasionally form non-gyrotropic VDFs associated with
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shocks, boundaries, or waves. Three possible mechanisms to generate non-gyrotropic
(gyrophase-bunched) ions include (i) a pick-up process of ions by the solar wind, (ii)
plasma inhomogeneities on spatial scales smaller than the ion gyroradius, and (iii)
wave–particle interactions (resonant trapping by waves). Non-gyrotropic ions possi-
bly produced by these mechanisms have been widely observed near the Earth’s bow
shock and interplanetary shocks, in the current sheet and the plasma-sheet boundary
layer in the Earth’s magnetotail, and near comets, planets, the Moon, and in similar
environments [3, 4, 11, 26, 28, 40].

In contrast to the large number of observations of non-gyrotropic ion VDFs, only
a few observational papers exist that focus on non-gyrotropic electron VDFs. The
small electron gyroradius and short gyroperiod compared with the ion gyroradius
and gyroperiod cause great difficultly in attempts to detect non-gyrotropic electron
VDFs [19]. Some signatures of a gyrophase-bunched electron VDF were observed
just upstream of the Earth’s bow shock, first by ISEE 1 and ISEE 2, and subsequently
by WIND [1, 12]. Although a local phase-trapping distribution is thought to be
necessary for gyrophase-bunched electron observations, the mechanism responsible
for producing these non-gyrotropic electrons is as yet unknown.

2.1.2 Lunar Magnetic Field Measurements

The Moon does not possess a global intrinsic magnetic field, but it has remanent
crustal magnetic fields distributed widely and non-uniformly over the lunar surface
[8] that are known as magnetic anomalies. Lunar crustal magnetization has been
extensively studied for decades but its origins remain one of the key unsolved prob-
lems in the study of lunar history [6]. Critical hurdles include the difficulty in mapping
lunar magnetic fields with a wide range of spatial scales from a few kilometers or
less up to hundreds of kilometers.

Direct measurements of lunar crustal magnetic fields are provided by magnetome-
ters installed on lunar orbiting spacecraft as well as by those deployed on the lunar
surface. When a lunar orbiter travels over a magnetic anomaly, the magnetometer
detects Moon-related field variations, which are fixed to the selenographic coordinate
system. After detrending the external field variations, I can map the global distribu-
tion of the three components of the lunar crustal magnetic fields [5, 16, 18, 29–31,
38, 39]. In practice, the orbital altitude, usually tens of kilometers or more, limits
the detectable spatial scale length of the crustal fields. The strength of small-scale
magnetic fields distributed on the surface decreases sharply with altitude and eventu-
ally becomes smaller than the magnetometer noise level at the orbital altitude. Lunar
surface magnetometers made direct measurements of the surface magnetic fields at
the Apollo and Lunokhod-2 landing sites [7, 8]. Strong crustal magnetic fields up to
∼327 nT were measured, and both the field strength and polarity vary significantly
over a few kilometers or less. The surface magnetic field data are only available for
a few landing sites, and it remains uncertain whether kilometer-scale magnetization
exists elsewhere on the lunar surface.
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Another approach is indirect estimation of crustal magnetic fields using
charged-particle motion in the vicinity of magnetized regions. The most frequently
used remote sensing technique is “electron reflectometry” (ER), which is based on
the magnetic mirror effect [2, 15, 20, 21, 27]. The ER technique assumes adiabatic
behavior, which means that the field variation encountered by electrons within a
single gyration orbit is small compared with the initial field. This assumption is not
appropriate for magnetic fields with spatial scales smaller than the electron gyrodi-
ameter (200 eV electrons have a gyrodiameter of 9.5 km in a 10 nT magnetic field),
and crustal-field strengths could be significantly underestimated by the ER technique
in the presence of kilometer-scale magnetization [14]. Recently, magnetic anomaly
maps were produced from the observations of solar wind protons deflected by strong
crustal magnetic fields [23] and from those of energetic neutral atoms formed from
solar wind protons, which are backscattered as neutral hydrogen atoms at the surface
[41]. Since these two techniques are based on the ion dynamics, they are appropriate
for mapping surface magnetic fields with length scales comparable to or greater than
the ion gyrodiameters.

2.2 Instrumentation and Coordinates

Kaguya is a lunar orbiter that was launched on 14 September 2007 and entered a
circular lunar polar orbit with an altitude of 100 km. Since Kaguya is a three-axis
stabilized spacecraft, one of its panels always faces the lunar surface. Its altitude was
lowered to ∼50 km from January 2009 to April 2009, and the lowest periapsis altitude
was ∼10 km after April 2009 until it hit the lunar surface on 10 June 2009. In this
chapter, I analyze data obtained by the MAgnetic field and Plasma experiment (MAP)
instrument on Kaguya, which consists of two components: the Lunar MAGnetometer
(LMAG) and the Plasma energy Angle and Composition Experiment (PACE). LMAG
is a triaxial fluxgate magnetometer, which is used to observe the magnetic field with
a sampling frequency of 32 Hz and a resolution of 0.1 nT [24, 36, 37, 39]. Here
1 s magnetic-field data are used. Low-energy charged particles near the Moon are
observed by PACE, which consists of four sensors: two electron spectrum analyzers
(ESA-S1 and ESA-S2), an ion mass analyzer (IMA), and an ion energy analyzer
(IEA) [34, 35]. ESA-S1 and ESA-S2 measure the distribution functions of low-
energy electrons in the energy ranges of 6 eV–9 keV and 9 eV–16 keV, respectively.
Each electron sensor has a hemispherical field of view, with angular resolutions of a
5◦ full width at half maximum (FWHM) in elevation and an 8◦ FWHM in azimuthal
angle. I use the satellite coordinates; i.e., +Z is directed towards the lunar surface,
+X or −X is the direction of travel, and Y completes the orthogonal coordinate set
(see Fig. 2.1). ESA-S1 and IMA are installed on the +Z panel (looking down toward
the lunar surface), while ESA-S2 and IEA are on the −Z panel (looking away from
the lunar surface). I define the azimuthal angle of the magnetic field in the satellite
coordinates as φBsat and the corresponding elevation angle as θBsat.
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Fig. 2.1 Satellite coordinates
of Kaguya. +Z is directed
toward the lunar surface; +X
or −X is the direction of
travel; and Y completes the
orthogonal set

Moon

ESA-S2,IEA

ESA-S1,IMA

Kaguya X
Y

Z

satellite
coordinates

2.3 Non-gyrotropic Electron Velocity Distribution Functions
Near the Lunar Surface

This section presents Kaguya observations of non-gyrotropic electron VDFs near
the lunar surface as well as theoretical considerations of their generation mecha-
nisms. These near-lunar non-gyrotropic electrons are produced by the “gyro-loss”
effect; surface absorption of electrons combined with their gyromotion gives rise
to a non-gyrotropic partial loss in the electron VDF observed by spacecraft with
altitudes lower than the electron gyrodiameter. The gyro-loss effect is essentially the
same as “cyclotron shadowing” considered in the Apollo era. Shadowing of gyrat-
ing particles by an absorbing surface was first theoretically treated by calculating
the reduction in omnidirectional particle flux observed by lunar orbiters [25]. This
concept was then applied to ion and electron measurements by a detector deployed
on the lunar surface with a given look direction [32]. In addition, the local crustal
magnetic field at the Apollo 14 site was taken into account in the numerical cal-
culations, and it was shown that the theoretical calculations were consistent with
a “magnetic shadowing” observation of plasma sheet electrons by Charged Parti-
cle Lunar Environment Experiment (CPLEE), which consists of two small-aperture
detectors [33]. Kaguya’s high-angular-resolution measurement of 3D electron VDF
provides us clear observational evidence of cyclotron shadowing in low lunar orbits.

I first consider an ideal and simple case of a uniform magnetic field parallel to
a plane surface to understand the basic nature of the electron dynamics at low alti-
tudes above the lunar surface. Test particle tracing is then conducted to take into
account more realistic and complicated configurations, including the spherical lunar
surface, inclined and nonuniform magnetic fields, the negatively charged lunar sur-
face, perpendicular electric fields, etc. I compare the theoretical predictions with the
electron VDFs obtained by Kaguya, discussing how the electron motion is modified
by the lunar electromagnetic environment. In this thesis, I refer to “empty regions”
when I am describing features in observations, while “forbidden regions” when I am
describing theoretical predictions. Note that here I refer to the “forbidden regions” in
velocity phase space, wheares this term was originally used by Størmer to describe
the spatial regions of a dipole magnetic field to which charged particles from the sun
do not have direct access [17].
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Fig. 2.2 Schematic
illustration of the gyro-loss
effect and the diamagnetic
current
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2.3.1 Gyro-Loss Effect on Electron Velocity
Distribution Functions

2.3.1.1 Theoretical Predictions

A charged particle gyrates around magnetic-field lines with a gyroradius (Larmor
radius) given by rL = mv⊥/|q|B, where m is the particle mass, v⊥ the velocity
component perpendicular to the magnetic field, q the electric charge, and B the
magnetic-field intensity. Consider a VDF at an altitude H in the presence of a mag-
netic field oriented parallel to a plane solid surface (cf. Fig. 2.2). As shown by the
gray dashed lines in Fig. 2.2, some particles on orbits with gyrodiameters greater
than or equal to H strike the surface and are absorbed because of gyromotion. This
absorption results in an empty region in the VDF. This gyro-loss effect is expected to
be seen in electron VDFs observed by Kaguya, because the gyrodiameter of electrons
near the Moon (1 keV electrons have a gyrodiameter of 107 km in a 2 nT magnetic
field) is comparable in length to Kaguya’s orbital height (∼10–100 km).

When an electron enters the sensors with a perpendicular velocity component v⊥
and a gyrophase ψ as illustrated in Fig. 2.3, a critical gyroradius is given by

Fig. 2.3 Schematic illustra-
tion of the critical gyroradius,
rc, gyrophase, ψ , perpendic-
ular velocity, v⊥, spacecraft
orbital height, H , and the
guiding center of the elec-
tron, GC

B

GC
ψ

ψ
rc H

v⊥
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Particle trajectory
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Fig. 2.4 Sample electron trajectories obtained from reverse tracking calculations, launched from
a spacecraft altitude of 100 km with an energy of 2 keV, for a uniform magnetic field of 2 nT and no
electric field; the black trace shows the trajectory for θBsat = 0◦

rc = H

1 − cosψ
. (2.1)

Electrons with rL ≥ rc strike the lunar surface and therefore cannot be observed.
When ψ = 180◦, rc takes a minimum value H/2 and the cut-off energy of electrons
will be a minimum. On the other hand, rc is infinite when ψ = 0◦ and no electrons
will be cut off for this angle. Therefore, whether or not an electron is absorbed
by the lunar surface depends on its gyrophase, resulting in a gyrophase-bunched
(non-gyrotropic) partial loss in the electron VDF.

To consider the gyro-loss effect on electron VDFs observed by Kaguya, I perform
particle-trace calculations using a fourth-order Runge–Kutta integration method. I
backtrace a test electron from the spacecraft and check whether or not it strikes
the lunar surface, assuming the Moon to be a sphere with a radius of 1RL (1RL =
1738 km). The black trace in Fig. 2.4 shows an example of an electron trajectory that
results in a collision with the lunar surface in the presence of a uniform magnetic field
that is locally parallel to the lunar surface at the spacecraft’s position (θBsat = 0◦)
and in the absence of electric fields. I launch electrons characterized by an initial
velocity distribution divided into 64 elevation angles, 64 azimuthal angles, and four
different kinetic energies. This way, I derive the forbidden regions in the electron
VDFs. Electrons launched with velocities in these forbidden regions strike the lunar
surface.

For a uniform magnetic field that is locally parallel to the lunar surface at the
spacecraft’s locus and in the absence of electric fields, the derived forbidden regions
are shown in white in Fig. 2.5. I trace electrons with a time step of 1/50 of the
gyroperiod Tce from the spacecraft’s altitude of 100 km until they either strike the
lunar surface or gyrate one cycle, t ≥ −Tce. (One cycle is sufficient to see whether an
electron strikes the Moon in the presence of a parallel magnetic field.) In Fig. 2.5, the
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Fig. 2.5 Forbidden regions in the electron VDF for different energies in satellite coordinates,
assuming a uniform magnetic field of 2 nT in the +X direction, no electric fields, and a spacecraft
altitude of 100 km. The contours indicate pitch angles. The white regions show the forbidden regions
derived from particle-trace calculations. The dashed lines indicate the forbidden regions derived
from Eq. (2.1)

high-energy forbidden regions are larger than their low-energy counterparts, since
more electrons strike the lunar surface because of the larger gyroradii associated with
higher energies. The forbidden regions appear at an azimuthal angle of around 90◦
and an elevation angle of approximately 0◦. This angle corresponds to ψ = 180◦,
where electrons strike the lunar surface with the minimum energy.

The dashed lines in Fig. 2.5 indicate the forbidden regions derived from Eq. (2.1).
These regions are symmetric with respect to the (vx , vy) plane, since the lunar surface
is assumed to be planar. By contrast, the forbidden regions derived from the particle-
trace calculation (white regions in Fig. 2.5) are asymmetric relative to the (vx , vy)
plane since I assume the Moon to be a sphere: the time in which electrons that are
launched for reverse tracking with initial z-component velocity vz > 0 (the regions
of positive elevation angle in Fig. 2.5 and 180 < ψ < 360◦ in Fig. 2.3) gyrate from
the spacecraft to the lunar surface is longer than for electrons with vz < 0. Therefore,
electrons with vz > 0 can move long distances along the magnetic-field lines (thus
increasing their effective height because of the spherical Moon) and the forbidden
regions for vz > 0 are smaller than those for vz < 0.
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Fig. 2.6 Forbidden regions in the electron VDF for an inclined magnetic field (θBsat = +10◦), in
the same format as in Fig. 2.5. The dashed lines indicate the regions where electrons strike the lunar
surface during one gyrocycle

For magnetic-field lines that pass through the spacecraft under an angle but do
not intersect the lunar surface, the derived forbidden regions are shown in Fig. 2.6. I
perform this calculation by adopting θBsat = +10◦ (the magnetic-field line at 100 km
intersects the Moon with θBsat ≥ +19◦). I continuously trace electrons until they
either strike the lunar surface or gyrate twenty cycles: t ≥ −20Tce. The dashed
lines in Fig. 2.6 indicate the regions where the electrons strike the surface during
one cycle. Although the forbidden regions in Fig. 2.6 also appear at an azimuthal
angle of around 90◦ and an elevation angle of approximately 0◦, they have different
distributions from those shown in Fig. 2.5. The forbidden regions are large for pitch
angles α > 90◦, since electrons gyrate upwards along the magnetic-field lines. In
the forbidden regions with α > 90◦, electrons launched from the spacecraft for
reverse tracking can strike the lunar surface after they gyrate more than one cycle, as
indicated by the black trace in Fig. 2.7. On the other hand, electrons in the forbidden
regions with α < 90◦ strike the lunar surface in one gyrocycle, because they move
away from the lunar surface during reverse tracking. Electrons with α > 90◦ pass
near the lunar surface and can strike with lower energies than electrons with α < 90◦
if θBsat > 0.
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Particle trajectory
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Fig. 2.7 Sample electron trajectories obtained from reverse tracking calculations, launched from
a spacecraft altitude of 100 km with an energy of 2 keV, for a uniform magnetic field of 2 nT and no
electric field; the black trace shows the trajectory for θBsat = +10◦

2.3.1.2 Observations

Here I present four electron VDFs which exhibit non-gyrotropic empty regions pro-
duced by the gyro-loss effect. Table 2.1 shows the location of the Moon and Kaguya,
as well as the ambient plasma conditions for these events.

Table 2.1 Plasma conditions for four events

Event 1 Event 2 Event 3 Event 4

Time period 2009/06/05 2009/04/17 2008/04/18 2008/01/21

20:10:17–
20:10:33

11:57:22–
11:58:42

23:06:33–
23:07:21

15:00:23–
15:01:11

Moon location at GSE
coordinates

(−58, 23,
−5) RE

(−1, −63,
−1)RE

(−60, 18,
−4)RE

(−57, 12,
3)RE

Kaguya location

• Orbital height (km) 12 14 109 98

• Latitude and longitude in
selenographic coordinates

(76◦S,
149◦E)

(36◦S,
104◦W)

(62◦N,
176◦W)

(28◦S, 92◦W)

• Solar zenith angle 99◦ 39◦ 115◦ 106◦

Magnetic field intensity (nT) 4.6 5.1 2.1 2.1

(φBsat , θBsat) (41◦, 2◦) (268◦, −2◦) (338◦, −2◦) (239◦, −11◦)

Density (cm−3) 0.10 3.20 0.06 0.07

Ion temperature (IEA) – 27 eV 1.93 keV 1.86 keV

Electron temperature (eV) 88 21 446 435

Bulk flow (IEA) (km/s) – 446 490 410
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Fig. 2.8 Electron angular distribution for different energies in satellite coordinates obtained in
the period of 20:10:17–20:10:33 UT (16 s) on 5 June 2009, when the Moon was in the Earth’s
magnetosphere. Angles with little or no sensitivity are indicated in gray. Note that ESA-S1 and
ESA-S2 have different sensitivities. The white contours represent the pitch angles. The red solid
lines indicate the forbidden regions derived from particle-trace calculations for the energies of
ESA-S1 and ESA-S2 shown in each panel, assuming a uniform magnetic field and no electric field

Figure 2.8 shows a gyro-loss event, observed at an altitude of only 12 km (time-
series data are shown in Fig. 2.9). At this time, the Moon was thought to be located
in either the plasma-sheet boundary layer or the magnetotail lobe, and Kaguya was
located on the nightside of the Moon near the south pole (at latitude 76◦S, longitude
149◦E in selenographic coordinates), where relatively weak and/or small-scale mag-
netic anomalies exist [39]. The red solid lines in Fig. 2.8 show the forbidden regions
derived from the particle-trace calculation using the magnetometer data and assum-
ing an inclined, uniform magnetic field without any electric fields. Empty regions
clearly appeared at an azimuthal angle of around 135◦. They roughly correspond to
the theoretically derived forbidden regions indicated by the red solid lines, although
the empty regions seem to be somewhat smaller than the forbidden regions. At lower
altitudes of ∼10 km, the gyro-loss effect is clearly seen, even for lower energies of
a few hundred eV.

Figure 2.10 shows an electron VDF observed during Event 2, when the Moon was
located in the solar wind and Kaguya’s position was on the far side (at latitude 36◦S,
longitude 104◦W in selenographic coordinates), where strong magnetic anomalies
do not exist [39]. Detailed information and time-series data for Event 2 are included
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Fig. 2.9 Time-series data from Kaguya for Event 1. a–d Energy–time spectrograms from PACE
sensors, e magnetic-field intensity and Kaguya’s orbital altitude, f direction of magnetic field in
satellite coordinates, and g and h spacecraft location in solar zenith angle (SZA) and in selenographic
coordinates. The gray box indicates the time period of the gyro-loss event shown in Fig. 2.8. The
black arrows in panel b indicate upward-going electron beams with energies of ∼50 eV, observed
by ESA-S1

in Table 2.1 and shown in Fig. 2.11. In the solar wind, the electron temperature is
significantly lower than that in the terrestrial plasma sheet, and observed counts
of higher-energy electrons are very small. Therefore, I did not observe the gyro-
loss effect at higher altitudes and even at lower altitudes, I have to average counts
over a certain interval to see the gyro-loss effect on electron VDFs in the solar
wind. Figure 2.10 shows the electron distribution averaged during the period covering
11:57:22–11:58:42 UT on 17 April 2009, when the magnetic field was quite stable
and nearly parallel to the lunar surface. The electron flux clearly decreases in the
theoretically derived forbidden regions indicated by the red lines in Fig. 2.10. This
shows the gyro-loss effect on electron VDFs also when the Moon is located in the
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Fig. 2.10 Electron angular distribution obtained during 11:57:22–11:58:42 UT (80 s average) on
17 April 2009, when the Moon was located in the solar wind, in the same format as in Fig. 2.8. The
red lines indicate the forbidden regions for a uniform magnetic field and no electric field. The flux
dips around (180◦, 65◦) are thought to be due to blockage of electrons by the high-gain antenna

solar wind, although there are slight differences between these red lines and the
boundaries of the observed empty regions.

I have shown the two gyro-loss events observed in both the Earth’s magnetosphere
and the solar wind. The observed electron VDFs are relatively consistent with the-
oretical predictions for uniform magnetic fields without electric fields. However, I
also found some distributions exhibiting empty regions that do not correspond to
the theoretically derived forbidden regions based on this simple assumption. Two
examples that have remarkably different distributions from the simple theoretical
predictions are shown in Figs. 2.12 and 2.13 (detailed information and time-series
data are included in Table 2.1 and shown in Figs. 2.14 and 2.15). Both of these events
were observed when Kaguya was located above the rather weak and/or small-scale
crustal-field regions [39], and the Moon was located in the high-temperature and
weak-magnetic-field regions in the central plasma sheet. The electron VDFs of these
events indicate that large numbers of electrons were observed in the forbidden regions
indicated by the red lines. The electron motions and forbidden regions may have been
greatly modified by some factors, including electric and nonuniform magnetic fields.
I do not deal with the effects of lunar magnetic anomalies in this section, although
they may play an important role, in particular around strong magnetic anomalies.
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Fig. 2.11 Time-series data from Kaguya for Event 2 in the same format as in Fig. 2.9. The gray
box indicates the time period of the gyro-loss event shown in Fig. 2.10

They will be discussed in the next section. Nonuniform magnetic fields caused by
a diamagnetic-current system near the lunar surface, lunar-surface charging, and
electric fields perpendicular to the magnetic field are discussed below.

2.3.2 Diamagnetic-Current System

Non-gyrotropic electron VDFs produced by the gyro-loss effect are related to a
diamagnetic-current system formed by the pressure gradient near the lunar surface.
The diamagnetic current produces magnetic fields, resulting in nonuniform magnetic-
field structures. The nonuniform magnetic fields will modify the electron trajectories
and, consequently, the forbidden regions. This diamagnetic-current effect will con-
tribute strongly in the presence of high plasma pressure and weak magnetic fields.
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Fig. 2.12 Electron angular distribution obtained during 23:06:33–23:07:21 UT (48 s average) on
18 April 2008, when the Moon was in the Earth’s magnetosphere, in the same format as in Fig. 2.8.
The red lines indicate the forbidden regions for a uniform magnetic field and no electric field

The following is discussion of how the diamagnetic-current system affects the for-
bidden regions in electron VDFs.

When I consider the lunar surface and a magnetic field that is parallel to the
surface, high-energy, hot electrons are gradually lost as the altitude H decreases
because of the gyro-loss effect, and the pressure gradient near the surface forms a
diamagnetic-current system (see Fig. 2.2). Although numerous hot electrons are lost
near the surface, charge neutrality would be preserved by field-aligned intrusion of
cold electrons, which are not lost through the gyro-loss effect because of their small
gyroradii.

For the ambient plasma near the Moon, most ions have gyroradii that are much
larger than H or even larger than the lunar radius, except when the Moon is in the
magnetotail lobes. These ions are not magnetized on the scale length considered here,
and I do not take into account the ion diamagnetic current near the lunar surface.

In the presence of a gradient of perpendicular pressure to the magnetic field,
∇ pe⊥, the diamagnetic electron current is given by

JDe = B × ∇ pe⊥
B2 = B × ∇(nehkBTeh⊥)

B2 , (2.2)
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Fig. 2.13 Electron angular distribution obtained during 15:00:23–15:01:11 UT (48 s average) on 21
January 2008, when the Moon was in the Earth’s magnetosphere, in the same format as in Fig. 2.8.
The red lines indicate the forbidden regions for a uniform magnetic field and no electric field

where neh and Teh are the density and temperature of hot electrons, respectively,
and kB is the Boltzmann constant. I assume that cold electrons do not contribute
to the electron perpendicular pressure; i.e., neckBTec⊥ = 0. If the magnetic field is
oriented parallel to a plane solid surface (+X direction), as illustrated in Fig. 2.2, the
electron diamagnetic current flows parallel to the lunar surface (+Y direction), since
∇ pe⊥ directs away from the lunar surface (−Z direction). In terms of the electron
VDF, there are more electrons with negative than with positive Y velocity. These
with positive Y velocity are partially lost because of the gyro-loss effect. Therefore,
the −Y -directed bulk electron velocity, Ve, produces an electron current, Je, in the
+Y direction.

Figure 2.16 shows a cross section of a modeled hot-electron VDF using the coor-
dinate system defined in Fig. 2.2. I assume that the ambient electrons’ velocity dis-
tribution is Maxwellian, with a density of 0.1 cm−3 and a temperature of 400 eV. I
derive the forbidden region at an altitude of 50 km in the presence of a magnetic field
of ∼3.2 nT. I can obtain the same result, no matter whether I use Eq. (2.1) or the
particle-trace calculation, because the lunar surface is assumed to be planar while
the magnetic field is assumed to be parallel to the lunar surface. The boundary of the
forbidden region in the (vy, vz) plane becomes a parabola, as derived from Eq. (2.1);



42 2 Electron Gyro-Scale Dynamics Near the Lunar Surface

Event 3
20080418 230633-230721

23:00 23:05 23:10
UT

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

0.0 1
0.1

1
10

E
S

A
-S

2
[k

eV
]

0.0 1
0.1

1

E
S

A
-S

1
[k

eV
]

0.5
1

5

IE
A

[k
eV

]

0.0 1
0.1

1
10

IM
A

[k
eV

]

0

15

B [n
T

]

0

360

φ B
sa

t

[d
eg

.]

0

180

S
Z

A
[d

eg
.]

-180

180

Lo
ng

itu
de

[d
eg

.]

103

10

103

108

103

107

103

107 di
ffe

re
nt

ia
l e

ne
rg

y 
flu

x
[c

m
-2

 s
-1

 s
tr

-1
 k

eV
/k

eV
]

0

150

H
[k

m
]

-90

90

θ B
sa

t
[d

eg
.]

-90

90
La

tit
ud

e
[d

eg
.]

7

7

Fig. 2.14 Time-series data from Kaguya for Event 3 in the same format as in Fig. 2.9. The gray
box indicates the time period of the gyro-loss event shown in Fig. 2.12

the gyro-loss condition rL ≥ rc yields v2
z + (2eB H/me)vy − (eB H/me)

2 ≥ 0,
where me is the electron mass and e the elementary charge. Figure 2.16 shows that
the bulk velocity of hot electrons Veh has a −Y component because a large part of
the region for vy > 0 is lost. By calculating the moments of this modeled electron
VDF, neh, Veh, and Je can be derived.

The distribution of neh calculated for each altitude is shown by black lines in
the top left-hand panel of Fig. 2.17, Veh is shown in the top right-hand panel, and
Je in the bottom left-hand panel. I calculated the moments for the energy range
from −10 to +10 keV below an altitude of 150 km for 1 km steps. Here, Veh =
|Vehy | and Je = Jey , because the modeled electron VDF is symmetric relative to
the (vy, vx ) and (vy, vz) planes. The current layer with a peak at around 20 km
is present below an altitude of 100 km, where the hot-electron density decreases
and the corresponding velocity increases. The distribution of Je depends on the
parameters of the calculation; i.e., the ambient electron density, ne0, the ambient



2.3 Non-gyrotropic Electron Velocity Distribution Functions... 43

Event 4
20080121 150023-150111

0.01
0.1

1
10

0.01
0.1

1

0.01
0.1

1
10

0.01
0.1

1
10

0

15

0

360

0

18 0

14:55 15:00 15:05

UT

-18 0

18 0

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

E
S

A
-S

2
[k

eV
]

E
S

A
-S

1
[k

eV
]

IE
A

[k
eV

]
IM

A
[k

eV
]

B [n
T

]
φ B

sa
t

[d
eg

.]
S

Z
A

[d
eg

.]

Lo
ng

itu
de

[d
eg

.]

103

10

103

107

103

107

103

107

di
ffe

re
nt

ia
l e

ne
rg

y 
flu

x
[c

m
-2

 s
-1

 s
tr

-1
 k

eV
/k

eV
]

0

150

H
[k

m
]

-90

90

θ B
sa

t
[d

eg
.]

-90

90
La

tit
ud

e
[d

eg
.]

7

Fig. 2.15 Time-series data from Kaguya for Event 4 in the same format as in Fig. 2.9. The gray
box indicates the time period of the gyro-loss event shown in Fig. 2.13

electron temperature, Te0, and the ambient magnetic-field intensity, B0. The vertical
scale length of the current layer, L , depends on the electron gyrodiameter; i.e., L ∝√

Te0/B0. Note that the average speed of the ambient electrons is proportional to√
Te0. If I define L ≡ 100 km based on Fig. 2.17, with Te0 = 400 eV and B0 ∼

3.2 nT, I get

L ∼ 16

√
Te0

B0
km, (2.3)

with Te0 expressed in units of eV and B0 in nT. Since the intensity of the current
Je ∝ Te0ne0/B0 L—Eq. (2.2)—I obtain Je ∝ ne0

√
Te0.

The diamagnetic current produces a magnetic field that reduces the ambient
magnetic field above and enhances the magnetic field below the current layer (see
Fig. 2.2). Using Ampère’s law, an infinite current sheet with a current per unit length
I produces a magnetic field B = μ0 I/2. The magnetic field associated with the
diamagnetic current is derived from Eq. (2.2) as
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Fig. 2.17 Calculated electron moments in the diamagnetic-current model (see text for details).
Iterated results are represented by the gray lines. The vertical dashed line in the bottom right-hand
panel indicates the assumed ambient magnetic field strength of 3.236 nT
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BD = μ0 I

2
= μ0

2

ne0kBTe0

B0 L
L ∼ 0.1

ne0Te0

B0
nT, (2.4)

with ne0 expressed in units of cm−3, Te0 in eV, and B0 in nT. For ne0 = 0.1 cm−3,
Te0 = 400 eV, and B0 ∼ 3.2 nT, I obtain BD ∼ 1.2 nT.

Equation (2.4) expresses the magnetic-field strength outside the current layer pro-
duced by the diamagnetic current. The magnetic field produced by the diamagnetic
current at an altitude H in the current layer is derived by adding the magnetic field
produced by the currents above and below H ,

BD(H) = −
H∫

0

μ0 Je(H ′)
2

dH ′ +
∞∫

H

μ0 Je(H ′)
2

dH ′. (2.5)

The black line in the bottom right-hand panel of Fig. 2.17 shows the magnetic-field
intensity for each altitude, derived as B0 + BD(H). I perform the integration over an
interval of [H , 150] km instead of [H , ∞] in the second term of Eq. (2.5), since Je

above 150 km is much smaller than that below 150 km. As expected from Eq. (2.4),
B ∼ 2.0 nT above 100 km and B ∼ 4.5 nT near the lunar surface in Fig. 2.17. In
the current layer (0–100 km), the magnetic-field intensity increases gradually as H
decreases.

Once this magnetic configuration is constructed, the electron motion and the for-
bidden regions in the electron VDFs are modified by the nonuniform magnetic field. I
perform two-dimensional particle-trace calculations in the presence of a nonuniform
magnetic field, linearly interpolated from B0 + BD(H), as indicated by the black line
in the bottom right-hand panel of Fig. 2.17. I derived the forbidden regions for each
altitude step. When I launch electrons from lower altitudes, I need more accuracy
for the trajectory calculation to derive the correct forbidden regions. I trace electrons
until they either strike the lunar surface or gyrate one cycle, with a time step of Tce/50
if H > 16 km and Tce/(800/H) if H ≤ 16 km. After derivation of the forbidden
regions, I calculate the moments of the electron VDF once again. I then obtain a new
magnetic-field distribution by integrating Eq. (2.5). The gray lines in Fig. 2.17 show
the results, iterated four times using this method. These results converge in this case
as the calculation is iterated.

The magnetic-field distribution derived above can be applied to the 3D particle-
trace calculation as long as the approximation of a plane lunar surface is valid; i.e.,
H  RL. The dashed lines in Fig. 2.18 show the forbidden regions derived from
the 3D particle-trace calculation in the presence of a nonuniform magnetic field pro-
duced by the electron diamagnetic current. I assume that the magnetic-field intensity
distribution depends on H , which I derive by iterating four times (as indicated by
the gray lines in Fig. 2.17). I trace electrons until they either strike the lunar surface
or gyrate one cycle, adopting a time step of Tce/50. In this case, B ∼ 2.0 nT at
100 km and the magnetic field is enhanced as H decreases. Some of the electrons
are magnetically deflected before they strike the lunar surface, resulting in smaller
forbidden regions than for a uniform magnetic field. As expected from Eqs. (2.3)
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Fig. 2.18 Forbidden regions in the electron VDF considering the diamagnetic-current effect, in
the same format as in Fig. 2.5. The white regions indicate the same forbidden regions as in Fig. 2.5.
The dashed lines indicate those taking into account the nonuniform magnetic field produced by the
diamagnetic current near the lunar surface

and (2.4), our calculation results of the modified forbidden regions including this
diamagnetic-current effect depend on the ambient electron density, temperature, and
magnetic-field strength.

I assumed that loss of hot electrons with large gyroradii, hence with large v⊥,
is compensated by cold electrons with v⊥ = 0, and therefore, neckBTec⊥ = 0. If
hot electrons with v⊥ �= 0 intrude along the field line, they will contribute to the
electron perpendicular pressure. However, they have smaller v⊥ than those of the lost
electrons because the gyroradii of the intruding electrons must be smaller than the
critical gyroradius, otherwise they will strike the lunar surface before they reach the
loss region. Since the number of these intruding electrons does not exceed that of lost
electrons to satisfy the charge neutrality condition, the loss of electron perpendicular
pressure cannot be completely compensated. In other words, replacement of hot
electrons by “colder” electrons (not necessarily neckBTec⊥ = 0) results in loss of
electron perpendicular pressure. Therefore, the gradient of electron perpendicular
pressure is left to some extent, and the diamagnetic current does not vanish completely
by hot electron intrusion, although it might be weakened compared to our calculation.
I also have to be aware that our estimation of the magnetic-field variations produced
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by the diamagnetic-current layer might be overestimated, because I do not consider
the spherical lunar surface in our calculation of the current distribution.

2.3.3 Lunar Surface Charging

If the lunar surface is charged negatively, electrons are thought to be reflected by
an electric field near the lunar surface (see Fig. 2.19). The electric field produced by
the surface potential can be shielded within a few Debye lengths (<1 km), which is
much smaller than the electron gyroradius considered here (>10 km) [10]. Therefore,
I assume that the electrons are nonmagnetized on the scale length of the surface
potential. If the electric field is assumed to be radial with respect to the Moon, from
the relationship between the radial velocity component of the electrons at the lunar
surface vrad and the lunar surface’s electrostatic potential UM (<0 V), the reflection
condition of the electrons is given by

vrad <

√
−2eUM

me
. (2.6)

I now derive the forbidden regions in the electron VDFs by particle-trace calculation,
taking this condition into account.

The dashed lines in Fig. 2.20 indicate the forbidden regions for UM = −500 V in
Eq. (2.6), and the thin lines indicate the results for UM = −1,000 V. Since electrons
with radial velocity components that satisfy the inequality (2.6) are reflected at the
lunar surface, these forbidden regions are smaller than those in the absence of negative
lunar-surface charging (see the white regions in Fig. 2.20). The forbidden regions with
energy of 1 keV for UM = −500 and −1,000 V disappear (top left-hand panel). On

e-

E

vrad

~λD<<rL

UM<0-- - -

Fig. 2.19 Schematic illustration of an electron trajectory near the negatively charged lunar surface;
vrad is the radial velocity component to the Moon, and the electric field E produced by the negative
surface electrostatic potential UM is shielded within a few Debye lengths, λD, which is much smaller
than the electron gyroradius, rL
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Fig. 2.20 Forbidden regions in the electron VDF considering the lunar-surface charging, in the
same format as in Fig. 2.5. The white regions indicate the same forbidden regions as in Fig. 2.5.
The dashed lines indicate those for an electrostatic potential at the lunar surface of −500 V, and
the thin lines indicate those for a surface potential of −1,000 V

the other hand, the forbidden regions with an energy of 8 keV for UM = −500 and
−1,000 V are not very different from those generated in the absence of negative
lunar-surface charging. At higher energies and large vrad, fewer electrons satisfy
inequality (2.6). For larger lunar-surface potentials, the forbidden regions become
smaller, since more electrons satisfy inequality (2.6).

2.3.4 Perpendicular Electric Fields

If an electric field component exists perpendicularly to the magnetic field and the
scale length of the region characterized by the electric field is longer than the electron
gyrodiameter, electrons will drift with a E × B drift velocity vE×B = E⊥/B. The
forbidden regions in the electron VDFs will be modified, since the electron motion
is different from that in the absence of electric fields. I perform particle-trace calcu-
lations and derive the forbidden regions, taking into account four cases; i.e., Ey < 0,
Ey > 0, Ez < 0, and Ez > 0, all in the presence of uniform magnetic fields oriented
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Particle trajectory
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Fig. 2.21 Sample electron trajectories in the presence of a uniform electric field of Ey = −5 mV/m

along the X axis. I trace electrons until they either strike the lunar surface or gyrate
twenty cycles (t ≥ −20 Tce). I assume a relatively strong electric field of 5 mV/m in
each case to generate obvious effects for further study.

For Ey < 0, electrons drift in the +Z direction (towards the lunar surface) as
shown in Fig. 2.21. In this case, the forbidden regions are indicated by the red lines
in Fig. 2.22. The top left-hand panel, for an energy of 1 keV, shows no forbidden
region for Ey = −5 mV/m. The other panels show that the forbidden regions are
smaller than those found in the absence of an electric field and they are displaced
towards the bottom in all panels. This occurs because the effective height H ′ in the
guiding center’s rest frame becomes larger than H because of the E × B drift and
H ′ depends on the gyrophase of the electrons that enter the sensors.

For Ey > 0, electrons drift in the −Z direction (away from the lunar surface) and
the forbidden regions are shown by the orange lines in Fig. 2.22. These forbidden
regions have rather different distributions from those for the other cases, especially
for the lower-energy electrons. Note that the regions around pitch angles α = 90◦
correspond to the forbidden regions, for example in the top left-hand panel, the
region around 60 < α < 120◦ indicates the forbidden region. Figure 2.23 shows
the trajectories of an electron outside and in the forbidden region by the light blue
and purple traces, respectively (the initial angles are indicated by the circles and
arrows of the same colors in the top right-hand panel of Fig. 2.22). Electrons with
pitch angles around 90◦ have small velocity components parallel to the magnetic
field, so they drift towards the lunar surface under reverse tracking and strike the
lunar surface, as shown by the purple trace. On the other hand, electrons with large
velocity components parallel to the magnetic field do not strike the lunar surface,



50 2 Electron Gyro-Scale Dynamics Near the Lunar Surface

B= 2.0 nT  E=( 0.0, 0.0, 0.0) mV/m  H=100 km

-90

-45

0

45

90

el
ev

at
io

n 
an

gl
e 

[d
eg

.]

30

30

60

60 60

60

90
90

90

90120

120

150 30

30

60

60 60

60

90
90

90

90120

120

150

0 90 180 270 360

azimuthal angle [deg.]

-90

-45

0

45

90

el
ev

at
io

n 
an

gl
e 

[d
eg

.]

30

30

60

60 60

60

90
90

90

90120

120

150
0 90 180 270 360

azimuthal angle [deg.]

30

30

60

60 60

60

90
90

90

90120

120

150

10
00

 e
V

20
00

 e
V

40
00

 e
V

80
00

 e
V

E=( 0.0, -5.0, 0.0) mV/m E=( 0.0, 5.0, 0.0) mV/m
E=( 0.0, 0.0, -5.0) mV/m E=( 0.0, 0.0, 5.0) mV/m

Fig. 2.22 Forbidden regions in the electron VDF for a uniform magnetic field (Bx = 2 nT) and
uniform electric fields perpendicular to the magnetic field, in the same format as in Fig. 2.5. The
white regions indicate the forbidden regions in the absence of electric fields. The red lines indicate
those for Ey = −5 mV/m, the orange lines indicate those for Ey = 5 mV/m, the green lines indicate
those for Ez = −5 mV/m, and the blue lines indicate those for Ez = 5 mV/m. The light blue circle
and arrow in the top right-hand panel indicate the (250◦, 0◦) point, which corresponds to the light
blue trajectory in Fig. 2.23 for Ey = 5 mV/m, and the purple circle and arrow indicate the (260◦,
0◦) point, corresponding to the purple trajectory in Fig. 2.23

because I assume that the Moon is a sphere, as shown by the light blue trace in
Fig. 2.23. The forbidden regions for higher energies exhibit similar distributions to
those in the absence of an electric field, because the E×B drift becomes less effective.

For Ez < 0 and Ez > 0, the forbidden regions are indicated by the green and blue
lines in Fig. 2.22, respectively. The forbidden regions for Ez < 0 (indicated by the
green lines) become larger and those for Ez > 0 (indicated by the blue lines) become
smaller than those in the absence of electric fields. This can be explained as follows.
If an electron enters the sensor with a velocity v⊥ = (0, vy, vz), as illustrated in
Fig. 2.3. Equation (2.1) becomes

rc = H

1 − cosψ
= H

1 + vy/v⊥
, (2.7)
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Particle trajectory
B=( 2.0, 0.0, 0.0) nT, E=( 0.0, 5.0, 0.0) mV/m
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Fig. 2.23 Sample electron trajectories for Ey = 5 mV/m; the light blue trace shows the trajectory
launched with an initial azimuthal angle of 250◦ and an elevation angle of 0◦, the purple trace
shows the trajectory with an azimuthal angle of 260◦ and an elevation angle of 0◦

where v⊥ = |v⊥|. Using this relation, the condition that the electron strike the lunar
surface, rL ≥ rc, is converted to

mev⊥
eB

≥ H

1 + vy/v⊥
(2.8)

v⊥ + vy − eB H

me
≥ 0. (2.9)

For Ez < 0 and Ez > 0, an electron drifts into the −Y and +Y directions, respec-
tively, and the velocity of the electron in the guiding center’s rest frame is given by
v′⊥ = v⊥ − vE×B = (0, vy − Ez/B, vz). Hence, inequality (2.9) is modified to

v′⊥ + vy − Ez

B
− eB H

me
≥ 0. (2.10)

Since (left-hand side [LHS] of inequality (2.9)) − (LHS of inequality (2.10)) = v′⊥ −
v⊥ − Ez/B, and using triangle inequalities, v′⊥ + |Ez/B| ≥ v⊥ and v⊥ + |Ez/B| ≥
v′⊥, I obtain the following relationships: if Ez < 0 (LHS of inequality (2.10)) ≥
(LHS of inequality (2.9)), and if Ez > 0 (LHS of inequality (2.10)) ≤ (LHS of
inequality (2.9)). Therefore, for Ez < 0, more electrons satisfy inequality (2.10) and
the forbidden regions become large. In contrast, fewer electrons satisfy equality (2.10)
and the forbidden regions become small for Ez > 0.
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Finally, I summarize the perpendicular electric-field influence on the forbidden
regions in the electron VDFs caused by the gyro-loss effect. For Ey < 0, the for-
bidden regions become smaller and they shift in the −vz direction. For Ey > 0, the
forbidden regions appear like the regions with pitch angles of approximately 90◦.
For Ez < 0, the forbidden regions become larger. For Ez > 0, the forbidden regions
become smaller. In all cases, perpendicular electric-field effects appear less clearly
in the forbidden regions for higher energies.

2.3.5 Discussion

Here I discuss the electrons’ interaction with the lunar surface, as well as with the
lunar plasma environment, by comparing the observed non-gyrotropic empty regions
with the forbidden regions modified by taking into account the mechanisms that I
have discussed.

During Event 1, the observed electron density and temperature were relatively
low and the magnetic-field intensity was fairly strong (0.10 cm−3, 88 eV, and 4.6 nT).
Therefore, the diamagnetic-current effect is not significant in this case. If I assume
ne0 = 0.10 cm−3, Te0 = 88 eV, and B0 = 4.6 nT, I obtain BD ∼ 0.2 nT using
Eq. (2.4). Using these observed values as ambient-plasma parameters is, in fact, not
appropriate, since Kaguya was thought to be located in the diamagnetic-current layer;
using Eq. (2.3), I estimate L ∼ 33 km > H = 12 km. However, I can at least estimate
the order of magnitude of the magnetic-field strength produced by the diamagnetic-
current system, and this magnetic field seems to be too weak to modify the electron
motion.

The red dashed lines in Fig. 2.24 indicate the modified forbidden regions for
UM = −50 V in Eq. (2.6). The forbidden regions become small, because some of the
electrons are reflected by the lunar surface’s electrostatic potential. The red dashed
lines seem to correspond to the inner edges of the observed empty regions, suggesting
that the electrons in the regions between the red solid and dashed lines were reflected
because of lunar-surface charging. The surface potential of −50 V is quite reason-
able compared with the observed electron temperature of 88 eV and previous Lunar
Prospector observations, which show potentials of −150 to 0 V in the magnetotail
lobes [13]. In addition, although Kaguya were not able to observe an upward-going
electron beam from the lunar surface during Event 1 (because the magnetic-field
line passing through the spacecraft was not connected to the Moon), electron beams
with energies of ∼50 eV were observed by Kaguya just before and after the time
interval of Event 1 as shown by the black arrows in Fig. 2.9. Therefore, despite the
fact that I cannot completely exclude the possibilities of perpendicular electric-field
and magnetic-anomalies-related effects, lunar-surface charging is thought to be the
most plausible mechanism to produce the slight differences between the observed
empty and forbidden regions which assume a uniform magnetic field and the absence
of any electric field.
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Fig. 2.24 Electron angular distribution for Event 2. All panels are identical to those shown in
Fig. 2.8 except that the red dashed lines indicate the modified forbidden regions for an electrostatic
potential of the lunar surface of −50 V

The Moon was located in the solar wind during Event 2, and lunar-surface charging
would not contribute significantly, because Kaguya was located on the dayside of
the Moon (solar zenith angle 39◦), where the lunar surface is usually charged pos-
itively [13]. When Kaguya is located above the current layer or near its top edge,
most electrons are not lost, except for higher-energy electrons, as shown in Fig. 2.17.
Therefore, I can use the observed density and electron temperature as approxima-
tions of the ambient-plasma parameters to estimate the diamagnetic-current effect
as described in Sect. 2.3.2. During Event 2, Kaguya was presumably located above
the current layer; if I assume ne0 = 3.20 cm−3, Te0 = 21 eV, and B0 = 6.2 nT,
I obtain L ∼ 12 km from Eq. (2.3) and BD ∼ 1.1 nT from Eq. (2.4). Therefore,
B ∼ 5.1 nT at H = 14 km, which is consistent with the observed magnetic-field
intensity. The modified forbidden regions in the presence of the diamagnetic-current
effect are indicated by the orange lines in Fig. 2.25. In addition, I can estimate the
perpendicular electric-field effect by deriving the solar-wind motional electric field
E = −V×B from the data obtained by IEA and LMAG. The yellow lines in Fig. 2.25
indicate the modified forbidden regions, taking into account the solar-wind motional
electric-field effect, while the green lines indicate the forbidden regions when both the
diamagnetic-current and the perpendicular electric-field effects operate. The green
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Fig. 2.25 Electron angular distribution for Event 2. All panels are identical to those shown in
Fig. 2.10 except that the orange lines indicate the modified forbidden regions under the diamagnetic-
current effect, the yellow lines indicate those affected by a perpendicular electric field, and the green
lines indicate those due to both the diamagnetic-current effect and a perpendicular electric field. A
solar-wind motional electric field of 2.3 mV/m is estimated from −V × B using the data obtained
by IEA and LMAG

lines seem to be somewhat smaller than the observed empty regions, suggesting that
one or both of these effects might be slightly overestimated. In any case, the orange
and yellow lines are in general agreement with the observed empty regions, indicat-
ing that the gyro-loss effect can be affected by nonuniform magnetic fields caused
by the diamagnetic-current system and/or the electron-drift motion because of the
solar-wind motional electric field.

During Event 3, the Moon was located in the central plasma sheet and Kaguya was
thought to be located near the top edge of the diamagnetic-current layer; if I assume
ne0 = 0.06 cm−3, Te0 = 446 eV, and B0 = 3.0 nT, I obtain L ∼ 113 km from
Eq. (2.3) and BD ∼ 0.9 nT from Eq. (2.4), resulting in B ∼ 2.1 nT at H = 109 km.
Using the observed density and electron temperature as ambient-plasma parameters,
the modified forbidden regions in the presence of the diamagnetic-current effect are
derived as indicated by the orange solid lines in Fig. 2.26. Although the diamagnetic-
current effect works substantially because of the relatively high electron temperature
and the weak magnetic field, this effect does not seem to be sufficient to account for
the electrons observed in the forbidden regions. From the data obtained by IEA and
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Fig. 2.26 Electron angular distribution for Event 3. All panels are identical to those shown in
Fig. 2.12 except that the orange solid lines indicate the modified forbidden regions under the
diamagnetic-current effect, and the orange dashed lines indicate those affected by the diamagnetic-
current effect and an electrostatic potential of the lunar surface of −1,000 V

LMAG during Event 3, the convection electric field of the Earth’s magnetosphere is
estimated to be lower than 1.0 mV/m, which can hardly modify the forbidden regions
with energies greater than a few keV (not shown in Fig. 2.26 because they almost
coincide with the orange lines).

When the Moon is located in the terrestrial plasma sheet, it is known that the lunar-
surface potentials can be up to ∼−1,000 V [13]. The modified forbidden regions that
take into account the lunar surface-charging effect for UM = −1,000 V in addition to
the diamagnetic-current effect are indicated by the orange dashed lines in Fig. 2.26,
which roughly correspond to the observed empty regions. A small fraction of the
electron population is still found in the modified forbidden regions, but it seems
that the diamagnetic-current effect and lunar-surface charging are the predominant
mechanisms responsible for modifying the forbidden regions during Event 3.

Kaguya was presumably located near the top edge of the diamagnetic-current
layer during Event 4; if I assume ne0 = 0.07 cm−3, Te0 = 435 eV, and B0 = 3.1 nT,
I obtain L ∼ 107 km from Eq. (2.3) and BD ∼ 1.0 nT from Eq. (2.4). The orange
solid lines in Fig. 2.27 indicate the modified forbidden regions, taking into account
the diamagnetic-current effect using these values as ambient-plasma parameters,
and the orange dashed lines indicate the forbidden regions in the presence of the
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Fig. 2.27 Electron angular distribution for Event 4. All panels are identical to those shown in
Fig. 2.13 except that the orange solid lines indicate the modified forbidden regions under the
diamagnetic-current effect, the orange dashed lines indicate those affected by the diamagnetic-
current effect and an electrostatic potential of the lunar surface of −1,000 V, the yellow solid lines
indicate those due to the diamagnetic-current effect and a perpendicular electric field of 5 mV/m,
and the yellow dashed lines indicate those under the diamagnetic-current effect, a perpendicular
electric field of 5 mV/m, and a lunar-surface potential of −1,000 V

diamagnetic-current effect and a lunar-surface potential of −1,000 V. These modified
forbidden regions under the influence of the diamagnetic-current effect and lunar-
surface charging do not seem to be in agreement with the observed empty regions,
especially not in the regions with positive elevation angles.

Finally, I take into account the perpendicular electric-field effect during Event 4.
The estimated convection electric field of the Earth’s magnetosphere (<0.9 mV/m)
can hardly modify the forbidden regions with energies of a few keV. However, an
electric field can become locally stronger than the convection electric field if the
scale length of the region characterized by the strong electric field is shorter than the
ion gyrodiameter. In this case, electrons execute E × B drift, but ions do not. Such
small-scale electric fields can significantly modify the electron motion. The yellow
solid lines in Fig. 2.27 indicate the modified forbidden regions under a perpendicular
electric field of 5 mV/m and the diamagnetic-current effect, while the yellow dashed
lines indicate those where I additionally assumed a surface potential of −1,000 V. I
assume an electric field corresponding to Ey < 0 in Sect. 2.3.4, because the forbidden
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regions with positive elevation angles become smallest in this case. The yellow lines
seem to be more consistent with the observed empty regions than the orange lines,
suggesting that an electric field of at least 5 mV/m is needed to explain this event
by the mechanisms discussed in this section. Even if this electric field exists, the
mechanism responsible for the production of such a strong electric field is unknown
at the present. Note that although this event was observed when Kaguya was located
above the rather weak and/or small-scale crustal-field regions, the small-scale crustal-
field effect cannot be ruled out.

The electron gyro-loss events observed in the Earth’s magnetosphere and the
solar wind have been analyzed by considering the three mechanisms that modify the
forbidden regions in the electron VDFs. Each event shows that the characteristics
of the non-gyrotropic electron VDFs associated with the gyro-loss effect depend
significantly on the ambient plasma and the lunar-surface conditions. I selected the
events observed near the weak and/or small-scale crustal-field regions in this section,
but if nonuniform magnetic fields related to lunar magnetic anomalies are taken into
account, the process responsible for producing non-gyrotropic electron VDFs will be
even more complicated. In the next section, I will further present Kaguya observations
of complex-shape “empty regions” presumably associated with small-scale crustal
magnetic fields on the lunar surface.

Kaguya’s low orbital altitudes of less than the electron gyrodiameter and the
excellent angular resolutions of ESA-S1 and ESA-S2 enable clear detection of
non-gyrotropic electron VDFs. We now know that non-gyrotropic electrons com-
monly exist near the lunar surface and that spacecraft orbiting at lower altitudes than
∼100 km are able to detect them. The vicinity of the lunar surface would be one of the
suitable environments for investigation of non-gyrotropic electrons, including their
wave–particle interactions, which have rarely been studied observationally because
of the difficulty of detecting non-gyrotropic electron VDFs.

Non-gyrotropic electrons near the lunar surface might have implications for sur-
face electrostatic potentials and dust dynamics. Shadowing of the incoming flux
depending on the ambient magnetic field direction as well as photoelectrons returned
to the surface by crustal magnetic fields could alter the incident currents to the sur-
face, and therefore, the equilibrium surface potential [33]. In addition to shadowing
effect on the total incident flux to a smooth surface, surface topography might be
important to local potential distribution. For example, it was suggested that topo-
graphic features such as mountains or crater rims could create local sunlit/shadow
regions and local plasma void, leading to the formation of local electric fields and
the acceleration of charged dust grains [10]. Highly angular-dependent hot electrons
produced by the gyro-loss effect could also influence the surface potential distrib-
ution according to the surface topography, causing local electric fields and charged
dust motion. This effect would be significant especially in the plasma sheet, where
large incident flux of hot electrons is expected.

While the loss of hot electrons in the plasma sheet including its angular depen-
dence was observed on the lunar surface [33], magnetic-field variations associated
with the diamagnetic-current layer near the lunar surface have not been reported
thus far. Even if indeed the near-surface current layer exists, there seems to be
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some difficulty to find the clear signatures of the diamagnetic-current-related fields.
Magnetic shadowing occurred infrequently at the Apollo sites located at relatively
low latitudes and low longitudes, because magnetic fields in the Earth’s magne-
tosphere at lunar distance are typically Bx -dominant and they rarely become parallel
to the lunar surface there [32]. In the solar wind, on the other hand, the interaction of
crustal magnetic fields with the solar-wind plasma would be predominantly observed
on the surface [9].

Single spacecraft measurement cannot distinguish the ambient field B0 and the
diamagnetic-current field BD. In order to detect BD by a single probe, it needs to move
along the gradient of perpendicular pressure (across the current layer) faster than
B0 changes. Such a trajectory seems to be difficult for the electron-perpendicular-
pressure gradient near the lunar surface, since the probe needs to sweep the altitudinal
structure faster than B0 changes. In contrast, it is quite possible for the pressure gradi-
ent across the wake boundary, where various spacecraft have observed diamagnetic-
current-related fields. It seems possible to find the signatures of BD near the lunar
surface using two probes, but very careful investigation would be needed in order to
identify BD, because the ambient magnetic field is frequently turbulent in the plasma
sheet or in the solar wind.

It would be a real challenge to understand the current systems near the Moon
comprehensively, including the diamagnetic current layer near the lunar surface. If
the diamagnetic current actually exists near the lunar surface, it might be connected
to the diamagnetic current system near the wake boundary in the solar wind, and
perhaps to some kind of currents associated with magnetic anomalies, which might
form a miniature magnetosphere [22]. Further analysis of data obtained by recent
missions such as Kaguya or ARTEMIS, as well as careful reanalysis of data in the
Apollo era, will be necessary to understand the lunar plasma environment from the
viewpoint of current systems.

2.4 Small-Scale Magnetic Fields on the Lunar Surface
Inferred from Plasma Sheet Electrons

This section deals with crustal magnetic field effects on the plasma sheet electron
motion near the lunar surface, which are neglected in Sect. 2.3. The motion of hot
electrons with gyroradii larger than the scale size of the crustal magnetization no
longer conserves the first adiabatic invariant (the magnetic moment of the electron).
Since their trajectories can become very complex, I conduct particle trace calculations
which include 3D lunar magnetic field data to investigate the electron motion in a
realistic magnetic field configuration. In turn, the magnetic field distribution on the
lunar surface can be inferred from the electron and magnetometer measurements in
the terrestrial plasma sheet.

As introduced in Sect. 2.1.2, the difficulty in mapping kilometer-scale magnetic
fields hinders our ability to interpret the surface distribution of crustal magnetic
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fields in a comprehensive way. In this section, I present a new technique to map
the small-scale magnetic fields from electron and magnetic field observations in the
terrestrial magnetotail, using data from instruments on the Kaguya spacecraft. In con-
trast to the ER technique, I use non-adiabatic scattering of plasma sheet electrons with
energies >1 keV. The combination of the electron observations by Kaguya MAP–
PACE and particle-tracing calculations using lunar magnetic field data synthesized
from the Kaguya MAP–LMAG measurements allows us to extract valuable informa-
tion about the small-scale crustal magnetic fields of the Moon. Hereafter, I use “large-
” and “small-”scale magnetic fields to describe crustal magnetic fields with spatial
scales larger and smaller, respectively, than the lowest orbital altitude of Kaguya at
which the magnetometer measurements are used for producing the synthesized lunar
magnetic field data (i.e., ∼20 km).

2.4.1 Mapping Small-Scale Magnetic Fields

When the Moon is located in the terrestrial plasma sheet, the lunar surface is exposed
to hot electrons. These relatively high-energy electrons are usually absorbed when
they strike the lunar surface. This results in a partial loss in the electron velocity
distribution function. However, Kaguya sometimes observed high-energy electrons
with energies >1 keV traveling upward from a particular local area on the lunar
surface. Figure 2.28 shows electron angular distributions from one of these obser-
vations at a low altitude of 23 km. The observed empty regions are highly modified
from the “uniform-magnetic-field” forbidden regions (cf. the red lines), suggesting
a non-adiabatic nature of the electron motion. These electron VDFs exhibit more
complicated shapes of the empty regions compared to the electron VDFs shown in
Sect. 2.3. Such complicated shapes of empty regions are not expected by the modi-
fication mechanisms considered in Sect. 2.3. Figure 2.29 shows electron trajectories
derived from these electron distributions. Here I trace back the electrons from the
spacecraft in a spatially uniform magnetic field. These electrons seem to come from
a local area on the lunar surface within a single gyration, implying non-adiabatic
scattering by the crustal magnetic fields.

I now investigate the effect of the large-scale magnetic field on high-energy elec-
tron trajectories by introducing three-dimensional lunar magnetic field data synthe-
sized from magnetometer measurements into our particle-tracing calculations. I use
the Equivalent Pole Reduction (EPR) method, one of the equivalent source models
for mapping large-scale crustal magnetic fields [38, 39]. This method solves the
inverse problem of a surface density distribution of equivalent monopoles (“mag-
netic charges”) to fit the magnetic field measurements. The three components of the
lunar magnetic fields are calculated at arbitrary positions above the surface from
positive and negative magnetic charges distributed on the surface. I applied the EPR
method to the LMAG measurements obtained over 12 consecutive orbits on 7 May
2009 at low altitudes of ∼20–30 km (Fig. 2.30a) in the terrestrial magnetotail (plasma
densities <0.3 cm−3 derived from the moment calculation). Figure 2.30b shows the
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Fig. 2.28 Electron angular distributions from ESA-S1 onboard Kaguya for (left) 1.314 keV and
(right) 1.664 keV from one energy scan at 19:42:11–19:42:27 UT on 7 May 2009. Angles with
little or no sensitivity are indicated in gray. The white contours represent the pitch angles. The
red lines indicate the regions where the electron absorption by the lunar surface is expected from
particle-trace calculations in a uniform magnetic field

Fig. 2.29 High-energy (>1 keV) electron trajectories with observed counts greater than 2 from one
energy scan at 19:42:11–19:42:27 UT on 7 May 2009, traced back from the Kaguya position in a
uniform magnetic field. The black arrow indicates the magnetic field direction obtained by LMAG

resulting magnetic charge distribution and the radial component at the Kaguya alti-
tudes calculated from the magnetic charge distribution. These synthesized magnetic
field data include lunar crustal fields with length scales greater than 20 km.

Figure 2.31 shows the electron trajectories obtained from tracing calculations
that include the synthesized lunar magnetic field data. Compared with the uniform
magnetic field case shown in Fig. 2.29, some of the electrons are traced back to
outer space, suggesting that these electrons are scattered by the large-scale crustal
fields. However, most of the electrons still originate from near the surface even if
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Fig. 2.30 Maps of the southwestern side of the South Pole–Aitken basin (orthographic projection).
a The radial component of the detrended magnetic field data obtained by Kaguya MAP–LMAG
at low altitudes in the terrestrial magnetotail. b The “magnetic charge” distribution on the surface
(2 km spacing, not shown) derived by applying the EPR method to the detrended data, and the radial
component at the Kaguya altitudes calculated from the magnetic charge distribution

Fig. 2.31 High-energy (>1 keV) electron trajectories with observed counts greater than 2 from
one energy scan at 19:42:11–19:42:27 UT on 7 May 2009, traced back from the Kaguya position
in non-uniform magnetic fields including the synthesized lunar magnetic field data (cf. Fig. 2.30b).
The black arrow indicates the magnetic field direction obtained by LMAG

large-scale magnetic fields are taken into account. This suggests a significant con-
tribution to the electron trajectories from crustal fields that are absent from the
synthesized large-scale magnetic field data; i.e., the small-scale magnetic fields (see
Fig. 2.32).
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Fig. 2.32 Schematic illustra-
tion of high-energy electron
trajectories non-adiabatically
scattered by a small-scale
crustal magnetic field; the
white and dark gray zones on
the surface indicate equivalent
sources of outward and inward
magnetic fields, respectively
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- +
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It is possible to extract information about the small-scale magnetic fields on the
lunar surface from these observations of high-energy electron scattering. If I assume
that the scale length of the surface magnetic field is much smaller than the electron
gyrodiameter (i.e., the non-adiabatic limit), the electron trajectory will be bent sharply
as shown in Fig. 2.33. Since the magnetic force is always perpendicular to the electron
velocity, a horizontal component of the surface magnetic field is necessary to modify
the electron trajectory upward from the surface. For a given scattered velocity at the
surface (cf. v1 in Fig. 2.33), a lower limit of electron momentum change caused by
magnetic scattering can be derived by considering the electron trajectory where the
deflection angle, Δψ , is the smallest (cf. the dashed trajectory in Fig. 2.33). From
the equation of motion of an electron with charge e and mass me in a magnetic field
B, medv/dt = ev × B, the velocity change of the electron along this trajectory,Δv,
satisfies the equation

me
Δv

Lh⊥/v
= evBh⊥, (2.11)

where Bh⊥ is the horizontal component of the surface magnetic field perpendicular
to the electron velocity, Lh⊥ is its horizontal scale length, and v is the electron speed.
The product Bh⊥Lh⊥ can be derived as

e

Lh⊥

Bh⊥
v0

v1n

ΔvΔψ

Fig. 2.33 Schematic illustration of high-energy electron trajectories passing through a small-scale
horizontal magnetic field. Bh⊥ is the horizontal component of the surface magnetic field perpen-
dicular to the electron velocity; Lh⊥ is its horizontal scale length; n is the normal direction to the
lunar surface; v0 and v1 are the electron velocities before and after scattering, respectively; Δv
is the velocity change; Δψ is the deflection angle; and the dashed gray line denotes the electron
trajectory where Δv and Δψ are the smallest for a given v1
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Bh⊥Lh⊥ = meΔv

e
= mevΔψ

e
. (2.12)

A single electron-trace calculation gives a vector of v1, and I can easily calculate
Δv and convert it to Bh⊥Lh⊥. Thus, a number of electron-tracing calculations can
constrain the lower limit of the product of the horizontal magnetic field component
and its horizontal scale length, Bh Lh , at a particular position on the lunar surface.

I now present the result of mapping small-scale horizontal magnetic fields in the
southwestern side of the South Pole–Aitken (SPA) basin. I use electron data from
Kaguya MAP–PACE during the same 12 orbits. I trace the electrons with energies
>1 keV if the observed counts are greater than 2. The particle-tracing calculation
includes both the lunar magnetic field data synthesized by the EPR method and
the ambient magnetic field vector obtained by subtracting the synthesized magnetic
field data from LMAG measurements at the time when the electron is observed.
If the electron traced from the spacecraft strikes the lunar surface, its location and
velocity at the surface are recorded. After analyzing all data from the 12 orbits, I
divide the surface into 3 km bins and take the maximum value ofΔv (or equivalently
Bh⊥Lh⊥) in each bin. Since each surface velocity gives a lower limit for Bh Lh at the
point where the electron is scattered, I can constrain Bh Lh for each bin by taking the
maximum value. Figure 2.34a shows the mapping obtained with this procedure. The
colors represent the lower limit of Bh Lh that needs to be added to the synthesized
large-scale field data to account for the electron observations.
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Fig. 2.34 Maps of the southwestern side of the South Pole–Aitken basin (orthographic projection).
a Small-scale horizontal magnetic fields inferred from the combination of the electron data with
energies>1 keV obtained from Kaguya MAP–PACE and the synthesized lunar magnetic field data
(see text for details). The lower limit of the product of the horizontal magnetic field component
and its horizontal scale length, Bh Lh , as well as that of the electron velocity change at the surface,
Δv, is shown by colors in 3 km bins smoothed over 9 km (the bin size is chosen to achieve most
complete coverage with good resolution). b Intensity of the horizontal component at 5 km altitude
calculated from the magnetic charge distribution (cf. Fig. 2.30b)
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2.4.2 Discussion

Here I briefly discuss the mapping of the small-scale magnetic fields on the lunar
surface. The inferred Bh Lh is up to 200 nT km. Since the synthesized lunar magnetic
field data already include the large-scale magnetization (>20 km), I can reasonably
assume Lh < 20 km. This yields the strongest Bh > 10 nT. Although this value
is not surprisingly strong compared with the Apollo surface measurements of up to
hundreds of nanotesla, our result suggests the existence of kilometer-scale magneti-
zation with strength comparable to that of the large-scale magnetization (<20 nT as
shown in Fig. 2.30b). While the Apollo and Lunokhod-2 surface measurements were
all made on the Moon’s nearside, I now find significant small-scale magnetization in
the southwestern side of the SPA basin on the farside. This implies that kilometer-
scale magnetization is not a unique characteristic of the nearside landing sites, but
may be ubiquitous over the lunar surface.

Note that the small-scale horizontal magnetic fields inferred from the high-energy
electron data seem to be correlated with the large-scale horizontal fields. Figure 2.34b
shows the horizontal component of the large-scale lunar magnetic fields at 5 km
altitude calculated from the magnetic charge distribution in Fig. 2.30b. The strong
small-scale horizontal field regions indicated by the bright red colors in Fig. 2.34a
tend to be found in regions where a strong large-scale horizontal magnetic field
exists, as denoted by the warmer colors in Fig. 2.34b. This correlation suggests that
the small-scale magnetization is not randomly distributed, but related to the large-
scale magnetization. This result also implies that the observed keV electrons from
the surface are crustal-field related, not caused by random transient features of the
ambient field.

I note that high-energy electrons are expected to be less sensitive to near-surface
electric fields than low-energy electrons. In fact, the negative surface potentials esti-
mated from the upward electron-beam energies observed during this time period are
a few hundred volts, insufficient to reflect the keV electrons. In addition to the well-
established adiabatic reflection of low-energy electrons, non-adiabatic scattering of
high-energy electrons can be used as a complementary method to investigate the
small-scale component of the crustal magnetization.

2.5 Conclusions

Non-gyrotropic electron VDFs observed near the lunar surface (at altitudes of ∼10–
100 km) by Kaguya have been analyzed and compared with theoretical predictions
from particle-trace calculations. Non-gyrotropic empty regions in the electron VDFs
are produced by the gyro-loss effect, which is attributed to the absorption of elec-
trons by the lunar surface, combined with electron gyromotion. Based on particle-
trace calculations, I derived theoretical forbidden regions in the electron VDFs and
considered the modifications to the forbidden regions caused by nonuniform mag-
netic fields associated with diamagnetic-current systems, lunar-surface charging, and
electric fields oriented perpendicular to the magnetic field.
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The non-gyrotropic electron VDF caused by the gyro-loss effect corresponds to a
diamagnetic current seen in the electron VDF. The diamagnetic-current system is set
up by the pressure gradient near the lunar surface and produces nonuniform magnetic-
field configurations. By modeling non-gyrotropic electron VDFs for different alti-
tudes, one-dimensional distributions of the magnetic-field intensity are derived, and
the modifications to the forbidden regions are estimated. The diamagnetic-current
effect on the forbidden regions depends on the ambient electron density, temperature,
and magnetic-field strength.

Taking surface potentials into account in the particle-trace calculations, the lunar
surface-charging effect on the non-gyrotropic forbidden regions is estimated. Nega-
tive surface potentials reflect the electrons and reduce the forbidden regions, depend-
ing on the electron energy. Also, calculations including the E × B drift term indicate
that electric fields perpendicular to the magnetic fields modify the forbidden regions
depending on the drift direction.

Comparison between the observed empty regions and the calculated forbidden
regions suggests that various factors affect the characteristics of the non-gyrotropic
electron VDFs, depending on the ambient-plasma conditions. In the magnetotail
lobes with low density and temperature in relatively strong magnetic fields, the
diamagnetic-current effect cannot work well. Perpendicular electric fields also seem
to be less effective, because plasma flows are expected to be moderate in the tail
lobes. Instead, on the lunar nightside, the lunar-surface potentials slightly modify
the forbidden regions. On the dayside of the Moon in the solar wind, there will
be no lunar surface-charging effect on the forbidden regions with positive surface
potentials, and observations suggest a solar-wind motional electric-field effect and/or
a diamagnetic-current effect in relatively weak magnetic-field conditions for high
densities compared with those in the Earth’s magnetosphere. In the terrestrial plasma
sheet, all three mechanisms can modify the forbidden regions significantly. High
electron temperature and weak magnetic fields result in a strong diamagnetic-current
effect despite the relatively low density. Large surface potentials in the plasma sheet
will reflect higher-energy electrons. Although convection electric fields do not seem
to be able to modify electron trajectories for energies of a few keV, as analyzed in this
chapter, they will affect lower-energy electrons that are lost at lower altitudes. One of
the observations implies the presence of a local electric field of at least 5 mV/m, but the
mechanism for producing this electric field is unknown The dominant modification
processes deduced from the observed non-gyrotropic electron VDFs in different
regions are summarized in Table 2.2.

Table 2.2 Summary of the dominant modification effects on non-gyrotropic electron VDFs
observed in different regions

Dayside Nightside

Lobe – UM

Solar wind E⊥ and/or JDe –

Plasma sheet – E⊥, JDe, and UM

E⊥, JDe, and UM represent the perpendicular electric-field, diamagnetic-current, and lunar surface-
charging effects, respectively
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Some observations in the terrestrial plasma sheet show highly complex empty
regions in electron VDFs, which can be explained by none of the above-mentioned
mechanisms. A plausible explanation is that the plasma sheet electrons are non-
adiabatically scattered by small-scale magnetic fields on the lunar surface. Com-
bining these electron observations and particle tracing that includes the synthesized
data of large-scale lunar magnetic fields, I developed a new mapping technique. The
result implies significant kilometer-scale magnetic fields correlated with larger-scale
magnetization on the Moon’s far side.

The gyro-loss effect is a fundamental process associated with charged and magne-
tized particles and boundaries. This process will be distinctly observed, particularly
around sharp boundaries such as provided by solid surfaces. Various components
can affect the production of non-gyrotropic VDFs. In other words, analysis of non-
gyrotropic VDFs might provide a wealth of information on plasma environments near
surfaces. The basic process can be applied to other airless bodies such as Mercury,
asteroids, other moons, and distant comets. High-angular-resolution observations of
non-gyrotropic VDFs near solid surfaces can promote a better understanding of the
near-surface electromagnetic environment and of plasma–solid-surface interactions.
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Chapter 3
Lunar Dayside Plasma in the Earth’s
Magnetotail Lobes

Abstract As introduced in Chap. 1, the lunar atmosphere is too tenuous to stand
off the solar wind plasma and magnetic field by inducing currents in its ionosphere.
Therefore, the Moon is often called an “airless” body and thought of as a passive
plasma absorber. This chapter presents the dual-probe ARTEMIS observations in the
Earth’s magnetotail lobes to demonstrate that plasma of lunar origin can be dominant
and have a significant impact on the ambient plasma. The two-point measurements
reveal that the plasma density on the lunar dayside sometimes becomes several times
higher than the ambient lobe plasma density. Meanwhile, the electron pitch-angle
distributions show ∼90◦ electron dropouts coexisting with the plasma of lunar origin,
suggesting that the velocity distributions of lobe electrons are modified in associa-
tion with the lunar plasma. The accurate electron measurements by ARTEMIS with
knowledge of the spacecraft potential also suggest the existence of a high-energy tail
population of lunar surface photoelectrons. The high-energy photoelectron emission
results in large positive potentials on the dayside lunar surface in the tail lobes,
accelerating lunar ions upward from the Moon.

Keywords Plasma of lunar origin · Terrestrial magnetotail lobes · Lunar surface
photoelectrons

3.1 Introduction

In this chapter, I describe Moon-related electron and ion signatures observed
by ARTEMIS in the terrestrial magnetotail lobe. Chapter 2 deals with one-point
measurements at low altitudes (<100 km), while this chapter presents dual-probe
measurements that cover a wide spatial range from a few hundred km up to
∼20,000 km distant from the lunar surface. Even though the spacecraft altitudes
are much larger than the electron gyroradius, ARTEMIS can still observe the gyro-
loss effect on upcoming electrons from the lunar surface. In addition, analysis of
the ARTEMIS data helps resolve two unsolved issues regarding the lunar plasma
environment:
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• Do high-energy tail populations of lunar surface photoelectrons exist?
• Can plasma of lunar origin have significant effects on the near-lunar environment?

The ARTEMIS mission [3] conducts comprehensive plasma and wave observa-
tions by employing two probes that orbit the Moon. Using simultaneous observations
by probes that are, respectively, near and distant from the Moon, Moon-related phe-
nomena can be separated from those intrinsic to the ambient plasma. The ARTEMIS
measurements of electron velocity distributions, utilizing knowledge of the space-
craft potential, enables us for the first time to quantitatively interpret the energy
spectra of upward-traveling electrons that play the crucial role in the surface charg-
ing mechanisms. I first show the pitch-angle and energy distributions of field-aligned,
upward-traveling electrons from the dayside lunar surface and discuss their gener-
ation processes and implications for large positive potentials of the lunar surface.
I then present dual-probe data on Moon-related populations observed above the
lunar dayside, which confirm the large positive surface potentials and indicate that
plasma of lunar origin dominates the lobe plasma populations that are also present.
In addition, I present modified electron-velocity distribution functions associated
with Moon-related populations. These ARTEMIS observations reveal an interesting
plasma environment, where dominant heavy ions are accelerated near the positively
charged surface, expanding several hundreds of kilometers above the Moon’s dayside
and potentially interacting with the ambient-plasma populations.

3.2 Field-Aligned Electrons from the Dayside Lunar Surface

I first present the ARTEMIS data of the field-aligned, upward-traveling electrons
from the dayside lunar surface observed in the terrestrial magnetotail lobe. Analysis
of the pitch-angle and energy distributions of the upward-traveling electrons pro-
vides important pieces of information on the near-surface dynamics of electrons,
as well as on the electrostatic potentials of the dayside lunar surface. The lunar
surface potentials, which are mainly determined by electron dynamics, have signifi-
cant implications for the near-surface dynamics of newborn ions of lunar exospheric
origin.

Figure 3.1 shows the orbits of the two ARTEMIS probes and the average magnetic-
field direction during the ARTEMIS P2 lunar dayside observations in the terrestrial
magnetotail on 7 January 2012. Figure 3.2 shows the data from the ARTEMIS P2
during this time interval, based on data from the ESA (ElectroStatic Analyzer) [15],
EFI (Electric Field Instrument) [5], and FGM (Fluxgate Magnetometer) [4] instru-
ments. Hot electrons and ions with energies greater than 1 keV were not observed,
and the magnetic-field data show a coherent, dominant, and positive Bx compo-
nent, indicating that the Moon was located in the northern tail lobe. Straight-line
magnetic-field traces from the spacecraft imply a magnetic connection between P2
and the dayside lunar surface at 17:55–18:25. As seen in the electron pitch-angle dis-
tributions, a considerable upward flux of electrons with pitch angles between 0◦ and
90◦ was detected during this magnetically connected interval. The upward-traveling
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electrons exhibit a field-aligned signature, particularly at the beginning and end of
the connected interval.

The field-aligned signature of the upward-traveling electrons from the dayside
lunar surface can be explained by considering electron emission from an extended
surface in an oblique magnetic field, as sketched in Fig. 3.3a. Electrons with pitch
angles (α) smaller than the elevation angle (δ) of the magnetic field from the surface
will be emitted with all 360◦ gyrophases, as shown by the dark gray, complete cone.
They will all travel upward along the field line without striking the surface, because
their trajectories are spatially restricted within a cone of angle δ from the field line
(cf. the black trajectory in Fig. 3.3b). On the other hand, the initial gyrophases of
electrons with δ < α < 90◦ are limited because of the presence of the surface,
as shown by the light gray, partial cone in Fig. 3.3a. Some will strike the surface
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Fig. 3.2 Time-series data from an ARTEMIS P2 lunar-dayside flyby in the magnetotail lobe on 7
January 2012. Differential energy-flux spectra for ions with pitch angles of a 0–90◦ (Earthward,
corresponding to the upward motion from the Moon’s dayside) and b 90–180◦ (tailward, corre-
sponding to the downward motion toward the Moon’s dayside), for omnidirectional electrons c
with the spacecraft potential indicated by the black line and d with the spacecraft potential cor-
rected, e–g electron pitch-angle spectra for three energy channels, h high-frequency electric-field
spectra from the spin-plane sensors, i magnetic field in SSE coordinates, j spacecraft potentials from
P2 and P1, k cutoff pitch angles derived from the electron pitch-angle distribution averaged over
three spin periods, l solar zenith angle, longitude, and latitude of the foot point, and m distance along
the field line to the foot point. The dashed lines in panels (e)–(g) indicate the elevation angle δ of
the magnetic field from the lunar surface estimated from straight-line magnetic-field extrapolations.
The red, blue, and black lines in panels (e), (f), and (g) show the cutoff pitch angle at each energy
corresponding to the lines in panel (k). The light-blue and red lines in panel (h) show the electron
plasma frequencies calculated from the moments of the observed ion and electron distributions,
respectively. The bottom color bar indicates magnetic connection to the lunar surface in red and no
connection in black. The four arrows below the time axis denote the timing at which the electron
distributions shown in Fig. 3.8 were obtained
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Fig. 3.3 Schematic illustration of a electron emission from an extended surface in an oblique
magnetic field, b cyclotron shadowing by the surface, and c the velocity distribution function of the
emitted electrons

because of gyromotion around the oblique field line (cf. the light gray trajectory in
Fig. 3.3b). This shadowing effect of magnetized particles by an absorbing surface,
which is called “cyclotron shadowing” [21] or the “gyro-loss” effect described in
Chap. 2, depends on the initial gyrophase of the emitted electrons. This cyclotron
shadowing further reduces the range of the emitted gyrophases with which elec-
trons can travel upward to outer space along the field line. Electrons emitted with

http://dx.doi.org/10.1007/978-4-431-55084-6_2
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α > 90◦ are unable to travel upward along the field line, and they will all return to the
surface. Eventually, a boundary will appear at δ in the upward-traveling pitch-angle
distribution, where the oblique magnetic field starts to be effective in restricting the
initial gyrophases (see Fig. 3.3c). For example, even if the electron emission from
the surface is isotropic, a lunar orbiter will detect the gyrophase-averaged electron
flux which is reduced at δ < α < 90◦ compared with at 0◦ < α < δ because of both
gyrophase-limited emission and cyclotron shadowing, resulting in a field-aligned
signature of the upward-traveling electrons.

I now compare the electron data with the prediction of the oblique magnetic-
field effect. The magnetic-elevation angle δ can be estimated from the straight-line
magnetic-field traces. First, the measured magnetic-field vector is extrapolated from
the spacecraft until the field line crosses the lunar surface. I then compute δ based
on the geometry of the magnetic-field vector relative to the surface normal at the
magnetic footpoint. The dashed lines overplotted on the electron pitch-angle spectra
in Fig. 3.2e–g indicate the estimated elevation angles δ. At each energy, a relatively
large flux is observed for 0◦ < α < δ, whereas the flux decreases for δ < α < 90◦.
The observed pitch-angle distributions of the upward electrons are in good agreement
with the theoretical prediction of the gyrophase-limited zone for δ < α < 90◦,
particularly at 17:55–18:00 and 18:20–18:25. This implies that the oblique magnetic
field gives rise to the field-aligned signature of the upward-traveling electrons.

The agreement of the observed pitch-angle spectra with the theoretical prediction
is rather indistinct at 18:00–18:20. There are several possible reasons why it is difficult
to observe the oblique magnetic-field effect during this time period. First, if upward
electrons include magnetically-reflected populations (i.e., “loss cone” distributions),
the reflected electrons with large flux will “mask” the smaller-flux electrons emitted
from the lunar surface. The spot-like bright signatures seen in the upward-electron
distributions at 18:02, 18:10–18:13, 18:15, 18:17, and 18:18 (see Fig. 3.2e–g) are
presumably due to electron reflection by lunar crustal magnetic fields. These features
will be discussed in more detail in Sect. 3.4. Second, electron emission from the
lunar surface might be anisotropic. As δ approaches 90◦, the oblique-field effect
becomes less effective. If the emitted-electron distribution is originally field-aligned,
for example, it will be difficult to identify the boundary at δ in the pitch-angle
distribution.

Another interesting issue regarding the field-aligned electrons from the dayside
lunar surface in the tail lobes relates to their energy spectra. Figure 3.4a shows the
energy distributions of the field-aligned, upward- and downward-traveling electrons
in the energy range < 200 eV obtained by P2 at 18:05–18:06, whereas Fig. 3.4b
shows those corrected for the spacecraft potential. One can see that large-flux space-
craft/instrument photoelectrons are successfully removed from the electron energy
spectra.

Here I compare the field-aligned fluxes of upward- and downward-electrons. If I
assume that the electron distribution over the entire velocity space is obtained and
ion currents are negligible, the sum of the upward- and downward-electron currents
should balance in the equilibrium state. The upward- and downward-flux along the
field line, Fu and Fd, can be calculated as Fu = ∫∫

J | cosα|d�d E for 0◦ < α < 90◦,
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Fig. 3.4 Electron-energy spectra in units of distribution function obtained by P2 at 18:05–18:06
UT on 7 January 2012. The black and gray thick lines show electrons with pitch angles of 150–180◦
(downward) and 0–30◦ (upward), respectively. a The obtained energy spectra include contamina-
tion from spacecraft/instrument photoelectrons with energies lower than the spacecraft potential
indicated by the vertical dotted line. b The spacecraft potential has been subtracted. It is seen that
the spacecraft/instrument photoelectrons are successfully removed from the energy spectra. The
dashed line shows 30 % of the downward-traveling electron spectrum. The upward distribution of
backscattered electrons is expected to be lower than this line. The black thin line indicates the
one-count level

and Fd = ∫∫
J | cosα|d�d E for 90◦ < α < 180◦, where J is the differential flux,

E the energy, and � the solid angle. I use the electron-energy spectrum from P2 at
18:05–18:06 corrected for the spacecraft potential in units of distribution function,
and convert it to differential flux. Integrating over the available energy range and each
hemisphere, I obtain Fu = 6.8 × 106 cm−2s−1 and Fd = 7.5 × 106 cm−2s−1. The
integrated upward-electron flux is slightly smaller than the integrated downward-
electron flux. The discrepancy can be attributed to the lowest-energy population just
above the spacecraft potential that ESA cannot resolve and/or contribution from ion
currents. For example, lack of measurements of upward-traveling cold electrons with
very low energies will result in underestimation of Fu.

In Fig. 3.4b, the upward-traveling distribution (cf. the gray line) is much higher
than the one-count level (cf. the thin black line). The fact that the upward-traveling
electrons still have such a large population, even with relatively high energies of
∼10–200 eV, can constrain their source mechanisms. As summarized in Table 1.2,
the dayside lunar surface emits electrons mainly via three types of processes: photoe-
mission, secondary electron emission, and backscattering. Impinging electrons that
are reflected by magnetic or electric fields above the lunar surface may also exist.

http://dx.doi.org/10.1007/978-4-431-55084-6_1
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Generally, secondary electrons and core populations of photoelectrons are expected
to be very cold, with a characteristic temperature of only a few eV [28]. These cold
populations are incompatible with the relatively hot energy distribution of upward-
traveling electrons with energies of ∼10–200 eV. Backscattering electrons, on the
other hand, can be emitted with energies comparable to the incident electron ener-
gies. However, the backscattering ratio is expected to be less than 0.3 for ∼100 eV
incident electrons [28]. This fraction is insufficient to explain the observed upward
population significantly larger than 30 % of the downward electrons (indicated by
the dashed line in Fig. 3.4b).

Possible explanations for the upward electrons with energies of ∼10–200 eV
include (i) high-energy tail populations of lunar surface photoelectrons, (ii) incident
electrons electrically reflected by a nonmonotonic potential structure near the dayside
lunar surface [7, 16–18], and (iii) incident electrons adiabatically or non-adiabatically
reflected by the lunar crustal magnetic fields [2, 8]. I note that the upward electrons
with energies<50 eV have a larger flux than the downward electrons (see Fig. 3.4b).
This excess flux cannot be explained by any reflection processes which conserve par-
ticle energies, including electrostatic and magnetic reflection. Therefore, I suspect
that at least the lower-energy population of the upward electrons with energies of
∼10–50 eV mainly consists of high-energy photoelectrons after deceleration through
a potential just above the dayside lunar surface.

The presence of a large population of upward electrons with relatively high ener-
gies of ∼10–200 eV has significant implications for the current balance on the lunar
surface. In the tail lobes, the electron current into the lunar surface from the ambient
plasma is very small. Therefore, most upward electrons should return to the surface
to maintain the current balance at the surface. The existence of a large population
of upward-traveling high-energy electrons means that large positive potentials are
required to attract them back to the surface within the photoelectron sheath just above
the surface and reach an equilibrium.

The large positive potentials of the lunar surface will play an important role in
the dynamics of newly ionized ions of lunar exospheric origin near the dayside lunar
surface. These ions can interact with the lunar surface sheath in two ways: (1) ions
ionized within the sheath will gain acceleration from the surface field until they exit
the sheath (where magnetotail convection then solely controls the ion motion), and
(2) ions ionized near the Moon yet outside the lunar photoelectron sheath that are
convected into the Moon by the magnetotail convection electric field can be repelled
by the surface field and “scattered” along the magnetotail field lines. The strength
of the positive surface potential directly correlates to the energy that these ions can
gain, and in turn, determines how far above the lunar surface the ions can travel
before they are convected away by the geomagnetic field [19]. In fact, Kaguya (at an
altitude of 100 km) and ARTEMIS (at several hundred kilometers above the Moon)
have detected Moon-related ions which were presumably accelerated by the upward
electric field caused by large positive potentials of the dayside lunar surface in the
tail lobes [20, 26]. I present a pickup-ion observation which supports the suggestion
of large positive surface potentials in the next section.
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3.3 Moon-Related Ions and Electrons on the Lunar Dayside
in the Tail Lobes

In this section, I compare the data from the dual-probe measurement on the lunar
dayside and of ambient plasma, which indicate the existence of dominant ions and
electrons of lunar origin with respect to the ambient-plasma populations in the tail
lobes. The top two panels in Figs. 3.2 and 3.5 show the Earthward- (parallel to the
magnetic field in the northern lobe) and tailward-traveling (anti-parallel) ions. These
ion spectra from P2 and P1 are also shown in Fig. 3.6. P1 was located ∼10 lunar radii
from the Moon (see Fig. 3.1) and detected tailward ions with energies of ∼100 eV,
indicating a cold ion flow from the Earth in the tail lobes (see Fig. 3.6e). Earthward-
traveling ions were not detected by P1 (see Fig. 3.6d). On the other hand, P2 detected
both Earthward- and tailward-traveling ions above the dayside lunar surface (see
Fig. 3.6a–b). These Earthward ions detected by P2 travel upward from the Moon,
suggesting a Moon-related origin.

I now present the ion velocity distributions in more detail. The ion pitch-angle dis-
tributions from P2 and P1 are shown in Fig. 3.6c, f. The Moon-related ions detected by
P2 have different velocity components compared with the ambient ion flow detected
by P1. The Moon-related ions have pitch angles between 0◦ and 90◦, but not neces-
sarily either 0◦ or 90◦. These ions with intermediate pitch angles have both parallel
and perpendicular velocity components [20], implying acceleration by parallel and
perpendicular electric fields, such as by the lunar photoelectron sheath field (both
parallel and perpendicular) and the magnetospheric convection electric field (only
perpendicular). Considering the observed pickup-ion pitch angles of ∼60◦ and ener-
gies of ∼100 eV, and a spacecraft potential of ∼+30 V at 18:11, one can place a
lower limit to the positive lunar surface potential of ∼+32.5 V by assuming that the
near-surface electric field is oriented parallel to the magnetic field. I discussed the
implications for large positive surface potentials in relation to the energy spectrum
of the upward-traveling electrons in Sect. 3.2. They are consistent with the nonzero
parallel-velocity component of the pickup ions deduced here. I note that it is possi-
ble to constrain the ion species from the energy and pitch-angle spectra of pickup
ions by assuming a reasonable convection speed or charge neutrality, even though
ARTEMIS probes are not capable of mass resolution [20, 29].

Observations of the electron-plasma frequency, fpe, can be used as a useful diag-
nostic tool for the local electron density, and also for the ion density on the assumption
of charge neutrality. The electric-field wave spectra from P2 show that the frequencies
of the observed narrow-band plasma oscillations, also known as Langmuir waves,
occasionally rise up to well above the fpe deduced from the moments of the observed
ion distributions (see Fig. 3.2h). This implies the existence of undetected low-energy
ions that are repelled by the large positive spacecraft potential in the tail lobes, and/or
of heavy ions. Since the moment calculation is based on the “proton-only” assump-
tion, the density fraction of heavy ions will be underestimated by a factor

√
M , where

M is the ion-to-proton mass ratio [14]. The observed frequencies are also higher than
the fpe estimated from the moments of the measured electron distributions. This is
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Fig. 3.5 Time-series data from ARTEMIS P1 during the same time interval as shown in Figs. 3.2
and 3.1. All panels have the same format as Fig. 3.2a–i, except that the black lines in panel (i) show
the magnetic-field data from ARTEMIS P2

probably because the energy resolution around the spacecraft potential is not suffi-
ciently high to resolve the enhanced cold electrons on the lunar dayside, nor to derive
an accurate density from the moment calculation. The detected frequencies go up to
the highest detectable frequency of 8 kHz at 18:08, indicating a corresponding plasma
density of ∼0.8 cm−3. On the other hand, the electron-plasma frequencies detected
and estimated by P1 remain <4 kHz during the same time interval (see Fig. 3.5h).
Thus, the electric field and particle data from P1 indicate ambient-plasma densities
of less than ∼0.2 cm−3. The discrepancy between the plasma densities from P2 and
P1 implies the presence of several times as many ions and electrons above the lunar
dayside as in the ambient plasma.

The measured spacecraft potential provides another proxy for the plasma density.
P2 detected a spacecraft potential decrease that was correlated with the electron-
plasma frequency’s increase, whereas the P1 potential remained high (see Fig. 3.2j).
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Fig. 3.6 Time-series data of ion energy and pitch-angle spectra from ARTEMIS P2 (a–c) and P1
(d–f) during the same time interval as shown in Fig. 3.2. Ion energy spectra in panels (a), (b), (d),
and (e) are identical to those shown in Figs. 3.2a, b and 3.5a, b respectively

The reduction in the spacecraft potential is presumably caused by an enhancement of
the electron current incident onto the spacecraft, which is consistent with the density
increase inferred from the plasma-wave observations.

ARTEMIS also observes a Moon-related signature of cold electrons with ener-
gies below 100 eV. Figure 3.7 shows a typical electron-energy spectra for different
solid angle bins obtained by P2 at 18:10:23–18:10:27. One can see characteristic
spectra of photoelectrons emitted from the spacecraft surface and EFI probes in the
energy range lower than the measured spacecraft potential. Therefore, it is possible
to remove the spacecraft/instrument photoelectrons from the electron-energy spec-
tra by subtracting the spacecraft potential from the electron energies. Figure 3.2d
shows the electron energy–time spectrogram from P2, corrected for the spacecraft
potential. Here I subtracted the spacecraft potential averaged over the spin from the
energy spectrum in units of the distribution function, and converted it to units of the
differential energy flux when plotting the corrected energy spectrum. P2 observed
a significant cold-electron enhancement at 17:50–17:52, 17:54–18:01, and 18:06–
18:15. The electron energy spectra from P1, however, do not show a similar cold-
electron enhancement (see Fig. 3.5d), suggesting that the cold electrons detected
by P2 are related to the Moon. It is unlikely that the cold-electron enhancement
include a significant amount of spacecraft/instrument photoelectrons, because the
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Fig. 3.7 Electron-energy spectra in units of differential energy flux from ARTEMIS P2 at 18:10:23–
18:10:27 UT. Energy spectra for the 88 solid angle bins are plotted separately. The vertical black line
indicates the spin-averaged spacecraft potential of 30 V. Photoelectrons from the axial and radial EFI
sensors are seen as the peaks at 12–16 and 28 eV, respectively [15]. The energy spectrum>30 eV for
each bin is clearly different in shape from that of spacecraft/instrument photoelectrons with energies
lower than the spacecraft potential, enabling the removal of the photoelectron contamination from
the ambient-electron spectrum

energy-spectrum shapes of cold electrons above the spacecraft potential are clearly
different from those of the contaminating photoelectrons as shown in Fig. 3.7. One
simple interpretation of the cold-electron enhancement measured above the dayside
lunar surface is the appearance of newly ionized cold electrons of lunar exospheric
origin.

There seem to be good correlations among the Moon-related signatures in the
data from P2 described above, i.e., P2 simultaneously observed Earthward-traveling
ions, a spacecraft potential reduction, a cold-electron enhancement, and an increase
in the electron-plasma frequency at 17:50–17:52, 17:54–18:01, and 18:06–18:15
(see Fig. 3.2a, d, h, and j). The correlations among these Moon-related signatures
are consistent with an increase in the numbers of both electrons and ions of lunar
exospheric origin ionized above the dayside lunar surface. As I have shown, the
dual-probe ARTEMIS observation provides good evidence of the existence of Moon-
related plasma with densities comparable to or even several times higher than the
ambient-plasma density above the lunar dayside in the terrestrial magnetotail lobes.

3.4 Ambient Electron Modification Associated
with Moon-Related Populations

Finally, I point out some interesting signatures in the electron-velocity distributions,
which imply interactions between Moon-related plasma populations and ambient
electrons of terrestrial and interplanetary origin. P2 observed a depletion in the
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omnidirectional electron flux at 17:48–17:55 when the field line was not connected
to the Moon (see Fig. 3.2c, d). It is easier to see this flux depletion in the pitch-
angle distribution panels because of their enhanced color scale (e.g., colors turning
from red into yellow at 17:48 in Fig. 3.2g). This overall flux depression during the
unconnected interval might represent a convected flux tube that was partially emp-
tied because of lunar shadowing when it was connected to the Moon [1, 11, 13]. In
this case, the ARTEMIS P2 on the open field line in the tail lobes should observe
Earthward-traveling electrons from the distant tail as soon as the flux tube is detached
from the Moon. However, P2 did not detect the Earthward-electron flux (α < 90◦)
larger than the tailward-electron flux (α > 90◦) in Fig. 3.2e–g. Meanwhile, another
Moon-related phenomenon during the unconnected interval was observed, i.e., the
spacecraft potential of P2 started to decrease gradually at 17:48 (see Fig. 3.2j). Now
I speculate that the Moon-related populations inferred from the spacecraft-potential
reduction might be related to the flux depletion during the unconnected interval
at 17:48–17:55, though I do not have any plausible explanation for its generation
mechanisms yet.

The electron pitch-angle distributions from P2 exhibit intermittent flux depletion
around 90◦ at 17:50–18:22 (see Fig. 3.2e–g). On the other hand, P1 observed almost
isotropic electrons throughout this time interval (see Fig. 3.5e–g), indicating that the
90◦ electron dropouts detected by P2 are Moon-related. The 90◦ dropouts appear on
both the Earthward (α < 90◦) and tailward (α > 90◦) sides at 17:50–17:55 when
the spacecraft is not connected to the Moon by the field line. During the connected
time, dropouts are seen mainly in the downward electron distributions (α > 90◦),
and sometimes in the upward electron distributions (α < 90◦). The P2 data show
good correlations of the 90◦ electron dropouts with the Moon-related populations
discussed in Sect. 3.3, i.e., P2 simultaneously observed the 90◦ electron dropouts
and the signatures of Moon-related populations at 17:50–17:52, 17:54–18:01, and
18:06–18:15 (see Fig. 3.2a, d–h, and j). This suggests direct or indirect interactions
of the ambient lobe electrons with the Moon-related populations.

I also note enhanced counter-streaming electrons at 18:25 when the connected
interval is just ending (see Fig. 3.2e–g, and the bottom color bar). This is a special
geometry, because the field line from the spacecraft passes very close to the Moon. In
addition, P2 observed Moon-related ions until 18:25 (see Fig. 3.2a). The combination
of these unusual situations might be responsible for generating the enhancement of
counter-streaming electrons.

One can see spot-like bright signatures in the upward electron pitch-angle distri-
butions which have almost as high a flux as the incident electrons at 18:02, 18:10–
18:13, 18:15, 18:17, and 18:18 (see Fig. 3.2e–g). I presume that they are incident
electrons that are magnetically reflected by the crustal fields; for example, the mag-
netic foot points at 18:10–18:13 are estimated at (lat ∼6◦N, lon ∼12◦E), where
moderate crustal fields are inferred from electron reflecmetory [9]. They look like
“conics” with flux peaks at intermediate pitch angles (0◦ < α < 90◦) rather than
the loss-cone distributions expected from magnetic reflection of isotropic incident
electrons.
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(a) (b)

(c) (d)

Fig. 3.8 Electron distribution function slices from ARTEMIS P2 as a function of parallel and
perpendicular velocity. Positive parallel velocity points Earthward (corresponding to upward motion
during the magnetically connected interval). The inner white circles indicate the lowest energies of
the available data after subtraction of the spacecraft potential

I present in more detail the electron-velocity distributions obtained when the
Moon-related signatures were observed. Figure 3.8 shows v||–v⊥ cuts of the electron-
velocity distribution functions obtained at (a) 17:52:00–17:52:03, (b) 18:07:01–
18:07:04, (c) 18:10:23–18:10:27, and (d) 18:24:48–18:24:52 (the observed timing is
denoted by the black arrows in Fig. 3.2). As seen in the pitch-angle distributions, 90◦
dropouts are seen in (a) both earthward- and tailward-traveling electron populations,
(b) downward-traveling electrons, and (c) both downward- and upward-traveling
electrons, with large perpendicular velocities of >5,000 km s−1. The flux depletion
of hot electrons with all pitch angles in the positive parallel-velocity region (corre-
sponding to upward electrons) in Fig. 3.8b can be simply interpreted as due to electron
absorption by the lunar surface. The upward electron conic in Fig. 3.8c can be inter-
preted as magnetically reflected anisotropic electrons; if the incident electrons are
anisotropic with the 90◦ dropouts, adiabatic reflection results in an upward-traveling
conic. In Fig. 3.8d, counter-streaming electrons are enhanced along the field line
without a clear signature of 90◦ hot-electron dropouts.

Here I briefly discuss the angular distributions of the enhanced cold electrons
with energies just above the spacecraft potential. The cold-electron enhancement
seen in Fig. 3.8a–c look anisotropic. However, I note that the angular distribution of
the lowest-energy electrons cannot be trusted, since the spacecraft potential varies by
several volts over the spin period as a result of the differential illumination of the EFI
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probes. If very cold electrons (e.g., newly ionized electrons of lunar exospheric origin)
are present around the spacecraft, they can be strongly modulated by this variable
spacecraft potential, resulting in apparent anisotropic enhancement of the lowest-
energy electrons. I also note that the corrected energy spectra of the electrons shown
in Fig. 3.2d include some smearing effects, because I used the average spacecraft
potential over the spin period to apply the spacecraft potential correction.

I now consider possible generation mechanisms for the 90◦ electron dropouts.
To modify the electron-velocity distribution functions, electric or magnetic fields,
or source/loss processes are needed. As a way of removing the 90◦ electrons, I can
consider collisions, wave–particle interactions (“microscopic” electric and magnetic
fields), and large-scale electrostatic and magnetic structures (“macroscopic” electric
and magnetic fields). However, my evaluation shows that the cross sections for colli-
sions are too small for any reasonable density of target particles, such as neutral atoms
and dust grains, to achieve the observed erosion of ambient electrons. Typical cross
sections of neutral atoms σen < 10−19 m2 [10] and number densities near the surface
nn < 106 cm−3 [24] yield mean free paths λen > 104 km, which is much longer
than the lunar radius of 1,738 km. Besides, the mean free path will increase rapidly,
because the number density falls off exponentially as a function of altitude. Therefore,
I would not expect that collisions with neutral atoms can take place sufficiently fre-
quently to remove electrons. As for charged dust grains that are potentially levitating
around the Moon [25], if I assume that a dust particle with a radius Rd ∼ 0.1µm is
charged to φd ∼ +10 V, I can calculate its capacitance, C ∼ 4πε0 Rd ∼ 10−17 F [6],
and charge, q = Cφd ∼ 10−16 C. Considering Coulomb collisions, its cross section
for 100 eV incident electrons is calculated as σed < 10−14 m2. Using expected dust
densities, nd, of 10−5 to 10−6 cm−3 at 100–200 km altitude [12], the mean free path
will be λed > 1010 km, which is again much longer than the size of the system.

Next I show the electric and magnetic field wave data. The relative motion between
the newborn populations and the background plasma flow would provide the free
energy source for exciting waves like other environments including comets and Mars,
where various waves associated with pickup ions have been observed [23, 27]. The
excited wave fields then might modify the electron velocity distribution functions.
Figure 3.9b–g shows electric and magnetic field wave spectra from P2 and P1. The
high frequency magnetic field spectra are obtained by the SCM (Search Coil Magne-
tometer) instruments [22]. The magnetic field spectra are very flat with no indication
of electromagnetic waves such as whistlers (Fig. 3.9c, f). The wavelet spectra of low
frequency magnetic field also shows no clear difference between the data from the
two probes (Fig. 3.9d, g). Thus ARTEMIS did not observe any Moon-related elec-
tromagnetic wave excitations with frequencies from above the electron cyclotron
frequency down to near-DC level.

One might expect excitations of electrostatic waves in the low-β plasma in the tail
lobe. The P2 data show some electrostatic noise with frequencies of ∼10–100 Hz
(Fig. 3.9b), but it does not seem to be correlated with the 90◦ electron dropouts
(Fig. 3.2e–g). Besides, since P1 occasionally observed similar enhancements of the
electric field wave intensity with frequencies of 10–100 Hz (Fig. 3.9e), I would not
conclude that the electrostatic noise detected by P2 is the Moon-related signature
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Fig. 3.9 Comparison of the data from ARTEMIS P1 and P2 on 7 January 2012. a Magnetic field
intensities from P1 (red) and P2 (green), FFT wave spectra of high frequency b electric and c
magnetic field, d wavelet spectra of low frequency magnetic field from P2, and (e–g) from P1

responsible for generating the 90◦ electron dropouts. Thus, the wave data from
ARTEMIS do not seem to be favorable to the wave-particle interaction hypothesis.
Therefore, hereafter I explore the possibility of the presence of large-scale electro-
static and magnetic structures.

Both large-scale electrostatic and magnetic structures can produce 90◦ electron
dropouts. If a field-aligned potential structure exists, as shown in Fig. 3.10a, incident
electrons will be accelerated by the electric field along the magnetic field line. Elec-
trons with initially zero parallel-velocity component will have a parallel-velocity
component of

√
2eφ/m after having been accelerated, where e is the elementary

charge, φ the field-aligned potential difference, and m the electron mass. The field-
aligned acceleration cases a gap in velocity space with a constant cutoff parallel
velocity v||c = √

2eφ/m. I note that the electrostatic potential that I postulate here
is probably not related to the lunar surface potential, because the surface potential
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Fig. 3.10 Schematic illustration of possible generation mechanisms of the 90◦ electron dropouts
associated with a electrostatic acceleration along the magnetic field and b a pitch-angle focusing
effect owing to a nonuniform magnetic-field configuration. The lunar surface and the spacecraft are
located to the right along the magnetic-field line. Initially isotropic downward-traveling electrons
are modified by the time they reach the spacecraft. Note that the electrostatic process produces
energy-dependent cutoff pitch angles, whereas the magnetic process results in energy-independent
cutoff pitch angles

should be shielded within a few Debye lengths, which is much smaller than the
spacecraft altitude. On the other hand, if a nonuniform magnetic-field configuration
exists, as shown in Fig. 3.10b, conservation of the first invariant μ = mv2⊥/2B will
render the electron pitch angles smaller. This pitch-angle focusing effect will also
produce a gap in velocity space around α = 90◦, but with a constant cutoff pitch
angle of αc = sin−1 √

B1/B0, where B1 and B0 are the magnetic-field strengths at
the spacecraft and in the upside region, respectively (B0 > B1). Therefore, if an
electrostatic process is responsible for the 90◦ electron dropouts, the cutoff pitch
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angles will be energy-dependent, whereas the magnetic process will give rise to
energy-independent cutoff pitch angles.

Here I examine the energy dependence of the electron dropout angles around 90◦
from the P2 data. I define the cutoff pitch angle at each energy as the angle for which
the slope of the electron pitch-angle distribution, s = ∂ f/∂α, becomes maximal for
90◦ < α < 180◦ and minimal for 0◦ < α < 90◦. I exclude upward-traveling elec-
trons during the magnetically connected interval, adopt thresholds for the slope to get
rid of flat isotropic distributions, and then plot the remaining cutoff pitch angles using
red, blue, and black lines in Fig. 3.2e–g. The cutoff pitch angles for three energies are
also plotted together in Fig. 3.2k. Rapid fluctuations are seen in the cutoff pitch angle
for 289 eV, but the three cutoff pitch angles seem to behave in a similar fashion, sug-
gesting that they are energy-independent. For field-aligned electrostatic acceleration
with a constant cutoff parallel velocity, the cutoff pitch angles for different electron
energies will obey a relationship of the form

√
E1 cosαc1 = √

E2 cosαc2, where
αc1 and αc2 are the cutoff pitch angles for electron energies E1 and E2, respectively.
This relationship is obviously not satisfied most of the time (cf. Fig. 3.2k). Thus, the
lack of energy dependence of the cutoff pitch angles implies a magnetic rather than
an electrostatic origin of the 90◦ electron dropouts. I note, despite the implication of
nonuniform magnetic fields suggested by the electron data, that the magnetic-field
data from the two probes indicate almost identical magnetic fields (see Figs. 3.5i
and 3.9a). I will leave a detailed discussion of these enigmatic characteristics of the
electron modification to a future investigation.

As I have described in this section, the ARTEMIS data exhibit very curious fea-
tures of electron-velocity distribution functions associated with plasma of lunar ori-
gin. Note that the downward electrons of terrestrial or interplanetary origin are already
modified by the time they reach the spacecraft and the lunar surface. This means that
the interaction region of ambient electrons and Moon-related populations extends at
least several hundred kilometers above the dayside lunar surface.

3.5 Conclusions

ARTEMIS observed field-aligned, upward-traveling electrons from the dayside lunar
surface when the Moon was located in the terrestrial magnetotail lobes. Their
pitch-angle distributions are in good agreement with the theoretical predictions of
gyrophase-limited electron emission from an extended surface in an oblique magnetic
field. The energy distributions of the upward electrons comprise a large population of
over 100 % of the incident electrons with energies in the range ∼10–50 eV and 30 %
with energies of ∼50–200 eV. I speculate that at least the lower-energy population
of the upward-traveling electrons primarily consist of the high-energy tail of photo-
electrons emitted from the lunar surface. These new observations help resolve long-
standing questions about the existence of large dayside surface positive potentials
first inferred from Apollo Charged Particle Lunar Environment Experiment (CPLEE)
measurements. The large upward flux with relatively high energies of ∼10–200 eV
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implies large positive potentials of the lunar surface. The large positive potentials will
accelerate a significant amount of newly ionized ions of lunar origin near the lunar
surface, both parallel and perpendicular to the magnetic field, and play an important
role in the plasma dynamics around the Moon in the tail lobe.

The dual-probe ARTEMIS mission has revealed Moon-related signatures of ions
and electrons in the tail lobes, which are only detected when the probe passes above
the Moon’s dayside. The lunar dayside probe simultaneously observes Moon-related
ions, an increase in the electron plasma frequency, a spacecraft potential reduc-
tion, and a cold-electron enhancement. The Moon-related Earthward ions have both
parallel- and perpendicular-velocity components. The nonzero parallel-velocity com-
ponent of the pickup ions suggests large positive potentials of tens of volts on the
lunar surface, supporting the existence of a high-energy tail of lunar-surface photo-
electrons. The electric-field wave spectra from the two probes show that the electron-
plasma frequency rises during the lunar dayside flyby. A comparison of the electron-
plasma frequencies between the two probes indicates the presence of several times
as many ions and electrons above the dayside lunar surface as in the ambient plasma.
The Moon-related spacecraft potential reduction indicates an enhancement of the
electron current incident onto the spacecraft, which also implies that the plasma
density increases. The electron data show cold-electron enhancements with energies
below ∼100 eV, which suggest the existence of newly ionized cold electrons of lunar
exospheric origin. The coexistence of these Moon-related signatures is consistent
with increases in the numbers of both electrons and ions ionized above the dayside
lunar surface. Thus, the dual-probe ARTEMIS measurements confirm that plasma
of lunar origin dominates the terrestrial and interplanetary plasma populations above
the Moon’s dayside in the Earth’s magnetotail lobes.

The ARTEMIS data also exhibit modified electron-velocity distribution functions
that coexist with the Moon-related populations. The electron data show 90◦ elec-
tron dropouts, enhanced counter-streaming electrons, and upward electron conics.
The upward-traveling electron conics can be interpreted as magnetically reflected
anisotropic electrons with 90◦ dropouts. The good correlations of the 90◦ electron
dropouts with the signatures of plasma of lunar origin imply direct or indirect inter-
actions of ambient lobe electrons with lunar pickup ions and electrons. The lack of
energy dependence of the 90◦ dropouts implies a magnetic origin, whereas the mag-
netometer measurements by the two probes show almost identical magnetic fields.
In future work, I will investigate in more detail the generation mechanisms of the
90◦ electron dropouts and counter-streaming electrons.

The comprehensive observations of the lunar-dayside plasma environment in the
tail lobes conducted by the dual-probe ARTEMIS mission provide us with a wealth
of information about Moon-related ion and electron populations and their interac-
tions with the ambient plasma. I have shown that electrons and ions of both lunar and
ambient origins are closely connected. Both the incident electron flux from the ambi-
ent plasma and the energy distribution of the upward-traveling electrons primarily
decide the lunar surface potential. The large positive potential of the lunar surface,
in turn, accelerates the dense newly ionized heavy ions outward from the Moon’s
dayside. These Moon-related ions potentially interact with the ambient plasma in the
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tail lobes. In this environment, the heavy ions and cold electrons of lunar exospheric
origin can predominantly exist in an ambient, low-β plasma which is characterized
by a sub-Alfvénic flow speed. Further analysis of the ARTEMIS data, as well as the-
oretical work and numerical simulations, will be necessary to completely understand
the observed characteristics and multiple-species plasma dynamics.
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Chapter 4
Hot-Proton Interactions with the Surface
and Magnetic Anomalies of the Moon

Abstract Proton backscattering at the lunar surface is an important consequence of
the direct interaction of the ambient plasma and the Moon. Furthermore, observa-
tions of the backscattered energetic neutral atoms (ENAs) can be used as a remote
sensing technique to monitor the incident proton flux to the surface and to investi-
gate the lunar surface shielding by crustal magnetization. This chapter describes the
characteristics of the backscattered hydrogen ENAs observed by the lunar-orbiting
Chandrayaan-1 spacecraft in the terrestrial plasma sheet. The energy distributions
of the hydrogen ENAs in the plasma sheet are well-represented by the Maxwellian
with the best-fit temperatures of ∼100 eV, which are similar to those of the backscat-
tered hydrogen ENAs detected in the solar wind. On the other hand, comparison of
the hydrogen ENA/proton flux ratios obtained in the plasma sheet and in the solar
wind suggests less effective magnetic shielding in the plasma sheet. Test-particle
simulations demonstrate that the broad velocity distributions of the plasma sheet
protons prevent development of a distinct mini-magnetosphere, which is formed in
the beam-like solar wind protons.

Keywords Energetic neutral atoms · Backscattering · Terrestrial plasma sheet ·
Lunar mini-magnetosphere

4.1 Introduction

Up to this point, I have mainly discussed the electron dynamics both near and far
above the lunar surface. This chapter shows lunar energetic neural atom (ENA)
observations within the Earth’s magnetotail and describes the ion motion around
lunar crustal magnetic fields. Since the ion gyroradius is much larger than the electron
gyroradius, ions will behave non-adiabatically even at the largest magnetic anomalies
on the Moon. Taking into account both ion and electron dynamics is critical in fully
understanding plasma interactions with crustal magnetic fields. In this chapter, I
study the ion motion around lunar magnetic anomalies from ENA measurements as
well as from test-particle simulations.

© Springer Japan 2015
Y. Harada, Interactions of Earth’s Magnetotail Plasma with the Surface,
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92 4 Hot-Proton Interactions with the Surface and Magnetic Anomalies…

As introduced in Chap. 1, all of the reported lunar ENA observations were con-
ducted when the Moon was located in the solar wind or magnetosheath. The Moon
enters the Earth’s magnetotail for several days around full moon. In the magneto-
tail, the Moon is sometimes exposed to hot plasma of the terrestrial plasma sheet
[4, 14]. Plasma parameters in the plasma sheet such as densities, ion and electron
temperatures and Mach numbers significantly differ from those in the solar wind.
Therefore, lunar ENA characteristics in the Earth’s magnetotail can be quite different
from those in the solar wind. The similarity and difference is directly associated with
nature of the plasma interaction with the regolith surface in the two different plasma
regimes. Here I present ENA, plasma and magnetic-field data from Chandrayaan-
1 and Kaguya when the Moon was located within the terrestrial magnetotail, and
discuss the lunar ENA characteristics in the plasma sheet.

4.2 Instrumentation and Datasets

In this chapter, I mainly analyze the data obtained by the Sub-keV Atom Reflecting
Analyzer (SARA) instrument onboard Chandrayaan-1, which consists of two sen-
sors: the Solar Wind Monitor (SWIM) and the Chandrayaan-1 Energetic Neutrals
Analyzer (CENA) [1]. SWIM measures ions (∼100 eV/q to 3 keV/q) with mass
resolution within a ∼7◦ × 160◦ field of view (FOV) divided into 16 angular sectors
[11]. CENA measures energetic neutral atoms in the energy range from ∼10 to 3 keV
with mass resolution within a 9◦ × 160◦ FOV divided into seven angular sectors [8].
In this paper, I use the CENA data in the energy range of 38–652 eV (energy setting
2) in the hydrogen channels from three angular sectors centered at the nadir-looking
direction (sectors 2, 3 and 4).

Some of the CENA data obtained in the sunlight are contaminated by ultraviolet
light, and sometimes it is difficult to extract the rather weak ENA signal in the
magnetotail. Note that the ENA signal in the magnetotail is weaker by 2–3 orders
of magnitude compared with that in the solar wind. Because of this difficulty, here
I only use the CENA data obtained when the Chandrayaan-1 was in the optical
shadow of the Moon. Nevertheless, plasma sheet ions can even precipitate onto the
Moon’s nightside because both earthward (corresponding to the sunward motion)
and tailward (anti-sunward) plasma flows exist at the lunar distance (∼60RE , where
RE is the Earth’s radius of 6,378 km) in the Earth’s magnetotail [12, 16, 21]. Besides,
hot protons with nearly isotopic velocity distributions are frequently observed in the
central plasma sheet [9]. Thus, the nightside lunar surface is exposed to incident
protons when the Moon is immersed in the isotropic plasma.

I also present the plasma and magnetic-field data from the MAgnetic field and
Plasma experiment (MAP) instrument onboard Kaguya to confirm the ambient
plasma conditions around the Moon at the time when the SARA data were obtained.
As described in Sect. 2.2, MAP consists of two components: Lunar MAGnetometer
(LMAG) and Plasma energy Angle and Composition Experiment (PACE). LMAG
measures the magnetic field with a resolution of 0.1 nT [10, 19, 20, 22]. PACE

http://dx.doi.org/10.1007/978-4-431-55084-6_1
http://dx.doi.org/10.1007/978-4-431-55084-6_2
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consists of four particle sensors: two electron spectrum analyzers (ESA-S1 and ESA-
S2), an ion mass analyzer (IMA), and an ion energy analyzer (IEA) [17, 18]. Each
sensor has a hemispherical FOV to obtain three-dimensional velocity distribution
functions of electrons and ions.

4.3 ENAs from the Moon in the Earth’s Magnetotail

4.3.1 Overview of Lunar ENA Observations in the Earth’s
Magnetotail

I first present time-series data of ENAs and ambient-plasma conditions from two time
intervals when the Moon was in the geomagnetic tail and Chandrayaan-1 was in the
optical shadow of the Moon. The spacecraft trajectories during these time intervals
are shown in Fig. 4.1. The selenocentric solar ecliptic (SSE) system has its x-axis
from the Moon toward the Sun, the z-axis is parallel to the upward normal to the
Earth’s ecliptic plane, and the y completes the orthogonal coordinate set, whereas the
geocentric solar ecliptic (GSE) system has its x-axis from the Earth toward the Sun.
During these orbits, the Moon was located in the dawn-side magnetotail (∼01–02
LT). Figures 4.2 and 4.3 show the SARA data for orbits 2565 and 2555, respectively,
as well as the ion, electron, and magnetic-field data simultaneously obtained by
MAP onboard Kaguya. In orbit 2565, Chandrayaan-1 traveled from north to south
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Fig. 4.1 Chandrayaan-1 (CY-1) and Kaguya (KGY) trajectories for CY-1 orbits a 2565 and b 2555
in SSE coordinates and the position of the Moon in GSE coordinates (RE = 6,378 km, the gray
zones in the left panels represent the optical shadow of the Moon and the black lines in the top right
panels show the typical location of the magnetopause)
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Fig. 4.2 Time series data from Chandrayaan-1 (orbit 2565) and Kaguya in the terrestrial plasma
sheet. Energy-time spectrograms of a protons from CY-1/SWIM (64 s data accumulation), b hydro-
gen atoms from CY-1/CENA (64 s data accumulation), c downward electrons from KGY/ESA-S1,
d upward electrons from KGY/ESA-S2, e downward ions from KGY/IEA, f upward ions from
KGY/IMA, g magnetic field in SSE coordinates from KGY/LMAG, spacecraft h altitudes, i seleno-
graphic longitudes and latitudes, and j solar zenith angles are shown

at ∼200 km altitudes at selenographic longitudes of ∼170◦E, while Kaguya was at
<100 km altitudes on the near-terminator orbit (Fig. 4.2h, i). Figure 4.4 displays the
Chandrayaan-1 orbit track and surface area on the lunar surface seen by the CENA
angular sectors 2–4. The FOV projected area in the southern hemisphere corresponds
to the large magnetic anomaly, where the ENA backscattering ratio map previously
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Fig. 4.3 Time series data from Chandrayaan-1 (orbit 2555) and Kaguya in the terrestrial magnetotail
lobe in the same format as in Fig. 4.2. Kaguya was illuminated by sunlight after 16:22 UT and intense
spacecraft photoelectrons which were attracted by the positive spacecraft potential can be seen in
the low-energy part of the d ESA-S1 and c ESA-S2 data. The fluctuations observed by g LMAG at
15:56–16:18 UT at low altitudes are presumably due to lunar crustal magnetic fields

obtained from the CENA data in the solar wind exhibits a significant reduction in
ENA backscattering ratio, with reductions up to ∼50 % [25]. Meanwhile, Kaguya
observed hot electrons (Fig. 4.2c, d) and ions (Fig. 4.2e, f) with energies of hundreds
eV up to a few keV, indicating that the Moon was located in the terrestrial plasma
sheet. The SWIM data also exhibit consistent hot proton signatures (Fig. 4.2a), which
truly show that the Moon was exposed to nearly isotropic flux of the plasma sheet
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Fig. 4.4 Selenographic projection of the Chandrayaan-1 trajectories in the optical shadow of the
Moon during the orbits 2563 (black, solid, thick line), 2564 (dark), and 2565 (light gray). The
dashed thick lines represent the surface projections of the field of view of the CENA sectors 2–4.
The black thin contours indicate the lunar crustal magnetic field strength at 100 km altitude obtained
from KGY/LMAG data with lines for 0.5, 1, 1.5, and 2 nT [22, 23]

protons. On the other hand, the plasma data from orbit 2555 (Fig. 4.3a, c–f) show the
absence of hot electrons and ions, indicating that the Moon was located in the tail
lobe.

Simultaneously when SWIM identified the plasma sheet protons, CENA detected
hydrogen ENAs upcoming from the Moon. Figures 4.2b and 4.3b show the energy-
time spectrograms of hydrogen ENAs from the CENA sectors 2–4. The CENA counts
are seen during most of the time of orbit 2565. These continuous signals are absent
in Fig. 4.3b, which only shows a few instrument background counts in the optical
shadow. The correlation of the CENA counts with the proton flux detected by SWIM
implies that the detected CENA counts are not caused by background noise.

4.3.2 ENA Energy Spectrum

Generation mechanisms of the ENAs from the Moon can be deduced from their
energy spectra. Figure 4.5 shows the energy spectrum of hydrogen ENAs from CENA
in the optical shadow of the Moon, integrated from orbits 2563 (08:57:12–09:42:12
UT), 2564 (11:04:46–11:49:46 UT), and 2565 (13:12:20–13:57:20 UT) on 9 Jun
2009. The integration time for each orbit is ∼45 min, resulting in a total accumulation
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Fig. 4.5 Energy spectrum of
upward-traveling hydrogen
ENAs detected by CENA
in the optical shadow of the
Moon integrated over the
orbits 2563–2565. Error bars
correspond to the energy
resolution (x-axis) and the
uncertainty due to counting
statistics (y-axis). The solid
curve shows the best-fitted
Maxwell distribution. The
fitting parameters with errors
from propagation of the fitting
errors are also denoted. The
dashed line represents the one
count level (over 135 min)
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time of ∼135 min. During most of these time periods, the Moon was located in the
Earth’s plasma sheet and SWIM observed significant proton flux. The ENA energy
spectrum obtained in the plasma sheet has a similar shape to the energy spectra of
backscattered hydrogen ENAs observed by IBEX and Chandrayaan-1 in the solar
wind [2, 15]. The ENA energy spectra observed by CENA are well-reproduced by
the Maxwell distribution with typical characteristic energies of ∼60–140 eV [2]. The
solid curve in Fig. 4.5 shows the best-fitted Maxwell distribution (the observed data
are weighted by the uncertainty due to counting statistics when fitting). One can
see that the observed spectrum in the plasma sheet is well-fitted by the Maxwell
distribution especially in the higher energy range with sufficient statistics. The best
fit parameters are the number density N ∼ 0.03 cm−3 and the characteristic energy
(the e-folding energy of the distribution function) kT ∼ 100 eV. The characteristic
energy of ENAs in the plasma sheet is comparable to those in the solar wind. As
discussed in the previous paper [2], the shape of these energy spectra is not compatible
with the ENA energy spectra produced by ion sputtering, but can be explained by
backscattering of ions from the surface of regolith grains, typically involving a few
scatter events for a backscattered ENA. Thus, it is most likely that the detected ENAs
from the Moon in the plasma sheet are also backscattered hydrogen ENAs.

As in the previous work using CENA observations in the solar wind [2], I use
the Maxwell distribution only because it best fits the observed ENA energy spectra.
However, this is just an empirically found spectrum and not derived from the physics
of multiple scattering events at the lunar surface. Also note that since the collisionless
ENAs are not in thermal equilibrium, the best-fit parameters derived here do not
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represent the density and temperature of a thermal gas. Physical explanation and
detailed discussion of the backscattering processes at the lunar surface are beyond
the scope of this thesis.

4.3.3 Backscattering Ratio

Here I examine the flux ratio of the backscattered hydrogen ENAs to the incident
protons. I define the backscattering ratio as

r = Fx H0

Fx H+

= | ∫∫ cos θ JH0(E,�)d Ed�|
| ∫∫ cos θ JH+(E,�)d Ed�| , (4.1)

where Fx H0 is the upward flux of the hydrogen ENAs from the surface, Fx H+ is the
downward flux of the incident protons onto the surface, θ is the angle between the
particle velocity and the surface normal, JH0 and JH+ are the differential number
fluxes of the upward hydrogen ENAs and downward protons, respectively. I assume
an isotropic angular distribution of the observed hydrogen ENAs for simplicity as
was done in the previous paper [2]. The actual angular distribution is not too different
form the isotropic one [25].

I adopt two different approaches to calculate the ENA and proton fluxes: using
Maxwellian best-fit parameters [2] and directly integrating the observed differen-
tial flux over the measured energy range [15]. Using the best-fit parameters, the
upward ENA flux is calculated as Fx H0 = N

√
kT/2πm, where N and kT are

the density and temperature of the Maxwell distribution, respectively, and m is
the hydrogen mass. The upward flux of hydrogen ENAs calculated from the best
fit parameters is (1.13 ± 0.18) × 105 cm−2 s−1, whereas direct integration yields
(1.08 ± 0.07) × 105 cm−2 s−1. The best-fit flux error is from propagation of the
fitting errors, while the integrated flux error is from propagation of the uncertainty
owing to counting statistics.

I use the data from SWIM to calculate the downward proton flux impinging the
lunar surface. I first conduct spacecraft potential correction. Spacecraft surfaces are
charged negatively in the optical shadow owing to the larger flux of faster electrons
than slower ions [26]. The ambient protons are attracted by the negative spacecraft
potential before detected by SWIM, resulting in a shift in the energy spectrum toward
higher energies. The Chandrayaan-1 spacecraft potential was not directly measured,
but it is possible to constrain the upper and lower spacecraft potentials to be between
0 and −250 V, since the lower energy cutoff of the observed proton counts was around
250 eV during orbits 2563–2565. Figure 4.6 shows the proton energy spectra derived
from the SWIM data with corrections of assumed spacecraft potentials of 0, −150
and −250 V. The energy spectra fitted by the Maxwell distribution and the best-fit
parameters (the proton density and temperature) are also displayed.
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Fig. 4.6 Energy spectra of
downward-traveling protons
obtained by SWIM in the
optical shadow of the Moon
during orbits 2563–2565 for
three cases of assumed space-
craft potentials of 0, −150 and
−250 V. The energy spectra
are shifted in units of distribu-
tion function and converted to
differential flux. The shifted
energy spectra are fitted by
Maxwell distributions. The
solid curves show the fitted
distribution
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Under the assumption of an isotropic proton distribution just above the Debye
sheath formed on the charged lunar surface, the downward proton flux is calculated
in the same way as calculation of the upward ENA fluxes. Since the Debye length
above the lunar surface (<1 km) is much smaller than the lunar radius (1,738 km),
acceleration by the negative lunar surface potential will not modify the downward
proton flux onto the lunar surface from just above the sheath [26]. The downward
proton fluxes calculated from the best fit parameters for the three assumed spacecraft
potentials are (2.35 ±0.23)×106 cm−2 s−1 for 0 V, (1.81±0.18)×106 cm−2 s−1 for
−150 V, and (1.52 ± 0.16) × 106 cm−2 s−1 for −250 V, whereas direct integration
yields (2.13 ± 0.02) × 106 cm−2 s−1 for 0 V, (1.70 ± 0.01) × 106 cm−2 s−1 for
−150 V, and (1.42 ± 0.01) × 106 cm−2 s−1 for −250 V. Using the fitted fluxes, I
obtain backscattering ratios r ∼ 0.048 ± 0.009, 0.062 ± 0.012, 0.074 ± 0.014, and
using the integrated fluxes r ∼ 0.051 ± 0.003, 0.064 ± 0.004, 0.076 ± 0.005 for the
assumed spacecraft potentials of 0, −150, −250 V, respectively. Note that the two
different methodologies result in only small difference in the hydrogen ENA/proton
flux ratios. These backscattering ratios in the plasma sheet are comparable to, but
slightly smaller than the solar wind backscattering ratio of ∼0.1–0.2.

I now investigate the ENA backscattering ratios as functions of selenographic
latitude using the downward proton fluxes and upward ENA fluxes derived from
the SWIM and CENA measurements. During orbits 2563–2565, Chandrayaan-1
traveled at longitudes ∼170◦E, where a large magnetized region exists in the southern
hemisphere (Fig. 4.4). Figure 4.7 shows backscattering ratios derived from the data
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Fig. 4.7 Backscattering ratios along the selenographic longitude of ∼180◦ as functions of seleno-
graphic latitude for a Maxwellian fitting and b direct integration to calculate the hydrogen ENA
and proton fluxes. The data are taken from ±60◦ latitudes divided into four ranges. Three cases for
spacecraft potentials of 0, −150, −250 V are shown. Error bars represent the error estimates from
propagation of the fitting errors of the ENA and proton energy spectra

obtained in four different latitude ranges using the two flux calculation methods.
Previous analysis of the CENA data obtained in the solar wind shows a substantial
reduction in backscattering ratio up to ∼50 % at the same longitude in the southern
hemisphere at location of strong magnetization of the lunar surface [25]. The decrease
in backscattering ratio can be attributed to the shielding effect of the lunar surface
from the solar wind protons above the lunar magnetic anomalies. In the plasma
sheet, on the other hand, the north-south asymmetry in the backscattering ratios is
less clear for both of the two methods. Although one can see a tendency of smaller
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backscattering ratio in the southern hemisphere, the backscattering ratio difference
between the north and south latitudes is at most ∼20 %, which is much smaller than
∼50 % decrease seen between −30◦ and −60◦ latitudes in the solar wind [25]. The
smaller north-south asymmetry in the backscattering ratios suggests less effective
shielding of the magnetized surface from the plasma sheet protons than the solar
wind protons.

4.4 Magnetic Shielding from the Solar-Wind
and Plasma-Sheet Protons

The observed difference in shielding efficiencies may be attributed to difference in
velocity distributions of the solar wind and plasma sheet protons. In the Moon rest
frame, the solar wind protons have a beam-like velocity distribution with a narrow
thermal spread centered at the solar wind bulk velocity. On the other hand, the hot
plasma sheet protons have a broad velocity distribution with a wide thermal spread.
The proton thermal speed can become comparable to or larger than the bulk speed,
depending on the geomagnetic conditions and Moon’s location in the plasma sheet.
The wide spread in velocity distributions may modify the proton dynamics around
the lunar magnetic anomalies.

I conduct four sets of test-particle simulations including only magnetic force by
a single dipole to investigate how the different velocity distributions of incident
solar-wind and plasma-sheet protons (“mono-directional” and “isotropic” angular
distributions combined with “mono-energy” and “Maxwellian” energy distributions)
modify the magnetic shielding of the surface. I place a horizontal dipole along y-
axis, buried at 20 km below the surface with a surface magnetic strength of 1000 nT.
The maximum dipole-field strength at 100 km above the surface is 4.6 nT, which is
larger than the strongest field strength of ∼2.4 nT observed at 100 km altitude [22].
The lunar crustal magnetic fields actually have complex structures [13], and it is
suggested that these higher-order terms can enhance the shielding efficiency with-
out increasing the field strength at 100 km altitude [5]. The use of a rather strong
magnetic field is to qualify the shielding effects by the crustal magnetic force under
a simple setup of simulation (e.g., a single dipole). I set a simulation box with a
100 km altitude above the surface and a horizontal extent of 800 × 800 km2 centered
at the dipole location. I then launch a number of protons downward from the top of
the box with uniformly distributed random starting locations, with a constant kinetic
energy of 500 eV (“mono-energy” case) and a Maxwell energy distribution with a
characteristic energy of 500 eV (“Maxwellian” case), and with two different initial
velocity directions: a mono-directional distribution (“mono-directional” case) and an
isotropic distribution (“isotropic” case). Note that the “mono-directional” case corre-
sponds to the normal incidence of the solar wind protons to the subsolar lunar surface,
whereas the “isotropic” case applies to any point on the lunar surface when the Moon
is immersed in an isotropic plasma. I trace the particles until they strike the surface or
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escape from the simulation box. Figure 4.8a, b display sample proton trajectories for
“mono-directional, mono-energy” and “isotropic, mono-energy” cases in the vicinity
of the dipole (200×200 km2). If the particles strike the surface, the surface locations
are recorded. After 4 × 106 particles are traced, I derive a shielding efficiency for
each surface bin. Here I define the shielding efficiency as SE = 1− NB/NnoB, where
NB is a surface density of particles landing in a particular surface bin and NnoB is the
average surface density of particles per surface bin obtained by another simulation
without the dipole field. This shielding efficiency corresponds to the one used in the
previous analysis [24]. Positive values of the shielding efficiency indicate that the
incident flux to the surface is reduced at that point and negative values represent
enhanced flux to the surface. I note that the backscattering ratio is related to the
shielding efficiency as r = rnoB(1 − SE), where rnoB is the backscattering ratio at
the surface where no crustal field exists. The surface distributions of the calculated
shielding efficiencies for the different velocity distributions of launched protons are
shown in Fig. 4.8c–f.

I first discuss the shielding efficiency distribution for the “mono-directional,
mono-energy” proton case (corresponding to the “beam” solar wind protons). In
Fig. 4.8c, one can see a large void region (SE = 1) formed mainly in the −x region.
This asymmetry in x-direction is caused by the negative By component above the
surface, deflecting protons toward the −x-direction as shown in Fig. 4.8a. Figure 4.8c
also shows an enhanced-flux region (SE < 0) around the shielded region associated
with the protons that are deflected but still strike the surface. The pairs of void and
enhanced-flux regions are common characteristics of the solar wind interaction with
the lunar magnetic anomalies, which can be found in the previous observations and
simulations in the solar wind [6, 7, 24, 27].

In contrast to the large void region caused by the coherent deflection of “mono-
directional, mono-energy” protons shown in Fig. 4.8c, d shows different features
of magnetic shielding for the “isotropic, mono-energy” proton case. A void region
(SE = 1) is also formed just above the buried dipole, but its area is much smaller
than that seen in the “mono-directional, mono-energy” proton case. No significant
enhanced region is seen for the “isotropic, mono-energy” proton case. As shown in
Fig. 4.8b, the “isotropic, mono-energy” protons enter the dipole field from random
directions, resulting in incoherent deflection with no favored landing locations on the
surface. Consequently, only the small area with strong horizontal fields is effectively
shielded from the incident isotropic protons.

In addition to the angular spread, wider energy distributions of protons also modify
the magnetic shielding of the surface. The enhanced flux region (SE < 0) seen for
the “mono-directional, mono-energy” case (see Fig. 4.8c) is smeared out for the
“mono-directional, Maxwellian” case except the magnetic cusp regions located at
(0, ±25) km on the surface (see Fig. 4.8e). For the Maxwellian case, the deflected
lower- and higher-energy protons with both smaller and larger gyroradii strike wider
regions on the surface compared to the coherently deflected mono-energy protons,
forming the less clear boundary of the void region.

The difference of the “isotropic, Maxwellian” case (corresponding to the “broad”
plasma sheet protons, Fig. 4.8f) from the “isotropic, mono-energy” case (Fig. 4.8d)
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Fig. 4.8 Test particle trajectories around a buried dipole using different proton velocity distrib-
utions. A part of proton trajectories for a mono-directional and b isotropic initial velocity distri-
butions with a constant energy of 500 eV, in addition to the shielding efficiencies on the surface
(see text for details) for c mono-directional and d isotropic mono-energy protons (500 eV) and e
mono-directional and f isotropic Maxwellian protons (kT = 500 eV) are shown. The dipole is
horizontally placed along y-axis; the magnetic field has −y-component above the surface
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Fig. 4.9 Particle landing locations for the a “isotropic, mono-energy” and b “isotropic,
Maxwellian” cases, which correspond to the shielding efficiency maps displayed in Fig. 4.8d, f,
respectively

is small, but one can see that some of the white bins (SE = 1) in Fig. 4.8d turn into
light gray (SE < 1) in Fig. 4.8f. Figure 4.9a, b display the particle landing locations
instead of the shielding efficiencies for the “isotropic, mono-energy” and “isotropic,
Maxwellian” cases. In this format, one can clearly see that some protons strike the
“shielded” surface even just above the dipole for the Maxwellian case. This change
can be attributed to high-energy protons capable of penetrating the dipole field. As
I have presented, the combination of the angular and energy spread in proton VDFs
prevents development of a large, clear void region above the buried magnetic dipole.
The test particle simulations suggest that the surface is less effectively shielded by
the dipole magnetic fields from the broad-VDF protons than from the beam-VDF
protons, as inferred from the CENA observations in the plasma sheet and the solar
wind.

I note that this model neglects any collective effects and focuses on the deflection of
single particles by the magnetic force, as an early model of solar-wind shielding does
[6]. The lack of collective effects hinders quantitative evaluation of the shielding effi-
ciency. For example, charge-separation electric fields will enhance the ion deflection,
wheares plasma compression of crustal magnetic fields may result in less effective
shielding because of the decrease in scale size length of the mini-magnetosphere. In
addition, a bow shock or shock-like formation associated with a mini-magnetosphere
in the solar wind might play a role in protecting the lunar surface from the impinging
protons. The difference in potential distributions and magnetic-field configurations
above the magnetic anomalies resulting from the smaller pressure gradient and lower
Mach numbers in the plasma sheet than in the solar wind will affect the upward ENA
flux from the Moon and will be examined in future study. Nevertheless, this model
can qualitatively exhibit the basic characteristics of magnetic shielding of the surface
from the “beam” and “broad” ions.
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4.5 Conclusions

In this chapter, I present observations of ENAs from the lunar surface in the terrestrial
plasma sheet. The observed ENA energy spectra are well-fitted by the Maxwell
distribution with densities of ∼0.03 cm−3 and characteristic energies (temperatures)
of ∼100 eV. The hydrogen ENA/proton flux ratios ∼0.05–0.08 are roughly on the
same order of magnitude of the backscattering ratios of the solar wind protons ∼0.1–
0.2. These characteristics are similar to the backscattered hydrogen ENAs in the solar
wind, suggesting that the detected ENAs are plasma sheet particles backscattered as
hydrogen ENAs from the lunar surface.

On the other hand, the flux ratio of the backscattered hydrogen ENAs to the down-
ward plasma sheet protons observed in the different selenographic latitudes exhibits
no significant difference in the northern and southern hemispheres. No substantial
reduction of the backscattering ratio of plasma sheet protons is found over a large
magnetic anomaly region at selenographic longitudes of ∼170◦E in the southern
hemisphere, while the solar wind backscattering ratio drops to about the half in
the southern hemisphere compared to that in the northern hemisphere. This result
suggests a smaller shielding efficiency by lunar magnetic anomalies in the plasma
sheet than in the solar wind. Test-particle simulations consistently show less effec-
tive shielding in the case of “broad” incident protons than that in the “beam”-proton
case. The simulations suggest that difference between the beam-like velocity distri-
butions of the solar wind protons and the broad velocity distributions of the plasma
sheet protons may introduce different behavior of incident protons around the mag-
netic anomalies. Since this model only considers the dipole magnetic force on single
particle motion, I have discussed the ion shielding effect in a mostly qualitative man-
ner. More sophisticated models that can take into account collective effects such as
magnetic-field deformation by plasma currents and charge-separation electric fields
are necessary to evaluate the shielding efficiencies quantitatively and to understand
the physical processes actually working around the magnetic anomalies. It would
be also important to include more realistic configurations (e.g., higher-order terms)
of lunar crustal magnetic fields [3, 5]. As I have shown for lunar ENAs, backscat-
tered ENA observations within planetary magnetospheres can extend our knowledge
on the solar-wind interactions with solid surfaces and crustal magnetic fields to a
completely different plasma regime.
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Chapter 5
Conclusions

I have analyzed the plasma, neutral-atom, and electromagnetic-field data from three
lunar missions: Kaguya, ARTEMIS, and Chandrayaan-1. I particularly focus on the
near-lunar environment in the Earth’s magnetotail. Interactions of the Moon’s surface,
plasma, and magnetic anomalies with the terrestrial magnetotail plasma exhibit
remarkable Moon-related features in a completely different plasma regime from the
solar wind. The comparison of Moon–plasma interactions in the Earth’s magnetotail
with Moon-solar wind interactions can give insight into general processes at work.

First I have shown Kaguya observations of kinetic electron behavior with spatial
scale lengths comparable to the electron gyroradius. Kaguya observed non-gyrotropic
electron velocity distribution functions (VDFs) associated with the gyro-loss effect,
namely electron absorption by the lunar surface combined with electron gyromotion.
I conduct particle-trace calculations to derive theoretical forbidden regions in the
electron VDFs, thereby taking into account the modifications by diamagnetic-
current systems, lunar-surface charging, and perpendicular electric fields. Compar-
ison between the observed empty regions with the theoretically derived forbidden
regions suggests that several components can modify the characteristics of the non-
gyrotropic electron VDFs depending on the ambient-plasma conditions. On the lunar
nightside in the Earth’s magnetotail lobes, negative surface potentials slightly reduce
the size of the forbidden regions, but there are no distinct effects of either the dia-
magnetic current or perpendicular electric fields. On the dayside in the solar wind,
the observations suggest the presence of either the diamagnetic-current or solar-
wind motional electric-field effects, or both. In the terrestrial plasma sheet, all three
mechanisms can substantially modify the characteristics of the forbidden regions.
The observations in the plasma sheet imply the presence of a local electric field
of at least 5 mV/m although the mechanism responsible for production of such a
strong electric field is unknown. In addition, I have presented an application of the
kinetic behavior of electrons near the Moon to remote measurements of small-scale
magnetic fields on the lunar surface. The origins of the lunar crustal magnetic fields
remain unclear although dozens of magnetic field measurements have been conducted
on and above the lunar surface. A major obstacle to resolving this problem is the
extreme difficulty of determining a surface distribution of small-scale magnetization.
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I developed a new technique to map small-scale magnetic fields using non-adiabatic
scattering of high-energy electrons in the terrestrial plasma sheet. Particle tracing,
utilizing three-dimensional lunar magnetic field data synthesized from magnetome-
ter measurements, enables separation of the contributions to electron motion of
small- and large-scale magnetic fields. The obtained map shows significant kilometer-
scale magnetic fields on the southwestern side of the South Pole–Aitken basin that
are correlated with larger-scale magnetization. This implies that kilometer-scale
magnetization may be present over the lunar surface and related to the large-scale
magnetization. As is the case for the lunar surface, analysis of non-gyrotropic VDFs
near solid surfaces in space can promote a better understanding of the near-surface
electromagnetic environment and of plasma–solid-surface interactions.

I have demonstrated an important role of plasma of lunar origin in the Earth’s
magnetotail lobes from observations by the dual-probe ARTEMIS mission of Moon-
related electron and ion signatures obtained above the dayside lunar surface. While
the Moon is often thought of as a passive absorber, recent observations indicate
that plasma of lunar origin can have significant effects on the near-lunar environ-
ment. I present new observations from ARTEMIS showing that lunar plasma can
play a substantial role in the low-density environment of the terrestrial magneto-
tail. Two-point observations reveal that the density of plasma of lunar origin can
be higher than that of the ambient lobe plasma even several hundreds of kilometers
above the Moon’s dayside. Meanwhile, the distributions of incoming lobe electrons
exhibit modifications correlated with the presence of the Moon-related populations,
suggesting direct or indirect interactions of the lobe electrons with plasma of lunar
origin. I also show observations of high-energy photoelectron emission from the day-
side lunar surface, supporting the existence of large positive potentials on the lunar
surface. Lunar pickup ions with nonzero parallel-velocity components provide fur-
ther evidence for positive surface potentials of tens of volts or more. ARTEMIS data
reveal not only the existence of the positive surface potentials much larger than those
predicted from a current-balance model based on Maxwellian plasmas, but also their
significant implications for the dynamics of both the dominant Moon-originating
ions and the tenuous ambient plasma populations in the terrestrial magnetotail lobes.
The high-energy photoelectrons and interaction between plasmas of ambient and
exospheric origins may be important at other airless bodies as well.

Finally I have presented the observations of energetic neutral atoms (ENAs)
produced at the lunar surface in the Earth’s plasma sheet. When the Moon was
located in the plasma sheet, Chandrayaan-1 detected hydrogen ENAs upcoming
from the Moon. Analysis of the hydrogen ENA and proton data reveal the charac-
teristic energy of the observed ENA energy spectrum (the e-folding energy of the
distribution function) ∼100 eV and the ratio of upward ENA flux to downward pro-
ton flux <∼0.1. These characteristics are similar to those of the backscattered ENAs
observed in the solar wind, suggesting that Chandrayaan-1 detected plasma sheet
particles backscattered as ENAs from the lunar surface. The hydrogen ENA/proton
flux ratio observed in the plasma sheet exhibits no significant difference in the south-
ern hemisphere, where a large and strong magnetized region exists, compared with
the northern hemisphere. This is contrary to the previous observations in the solar
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wind, where the flux ratio in the southern hemisphere drops to ∼50 % of that in the
northern hemisphere. These ENA observations and test-particle simulations suggest
that magnetic shielding of the lunar surface in the plasma sheet is less effective than in
the solar wind owing to the broad velocity distributions of the plasma sheet protons.
Comparative studies of mini-magnetospheres in a wide range of plasma parameters
can contribute to magnetospheric physics in general.

The new findings presented in this thesis regarding the near-lunar environment in
the Earth’s magnetotail have expanded our knowledge on the fundamental aspects
of the Moon-plasma interactions. The near-lunar observations of plasma, electric
and magnetic fields, and ENAs in the Earth’s magnetotail with a wide range of
ambient plasma parameters not only complement our current understanding of the
Moon-solar wind interactions, which have been extensively studied for decades, but
also provide implications for other space and planetary environments. As I have
shown, the electron gyro-scale dynamics becomes important mainly at low altitudes
(<∼100 km) around the Moon. On the other hand, the electron kinetic effects may
control the global nature of a plasma wake formed behind small airless bodies such
as asteroids and distant comets if the body size is comparable to or smaller than
the electron gyroradius. Non-gyrotropic electron VDFs will be present around these
bodies as well. Kinetic treatment of electron dynamics will be necessary to study
plasma processes that are active around small-scale airless bodies.

Non-adiabatic magnetic scattering of high-energy charged particles will also be
important at other small-scale magnetic fields such as Mercury’s magnetosphere
interacting with the solar wind, Ganymede’s magnetosphere immersed in jovian
magnetospheric plasma, and Martian crustal magnetic fields exposed to both the solar
wind and planetary plasma. Particle tracing is a basic and useful tool to study the
charged-particle motion in these small-scale magnetic fields, though self-consistent
treatment of particles and fields is required to include collective effects. Observations
of backscattered ENAs from solid surfaces will provide valuable information about
ion dynamics in the magnetospheres of Mercury and Ganymede.

Although atmospheric and ionospheric effects are often ignored when studying
plasma interactions with “airless” bodies, one must exercise caution because plasma
of surface or exospheric origin can play a dominant role in a tenuous plasma envi-
ronment. Similar phenomena to the lobe electron modification associated with the
presence of plasma of lunar origin might operate at other places. We do not yet fully
understand how the newly ionized plasma interacts with the ambient plasma in a
wide variety of plasma regimes. Plasma of surface and exospheric origin should be
incorporated in a framework of airless-body plasma physics.
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