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Abstract we present the observations of energetic neutral atoms (ENAs) produced at the lunar surface
in the Earth’s magnetotail. When the Moon was located in the terrestrial plasma sheet, Chandrayaan-1
Energetic Neutrals Analyzer (CENA) detected hydrogen ENAs from the Moon. Analysis of the data from CENA
together with the Solar Wind Monitor (SWIM) onboard Chandrayaan-1 reveals the characteristic energy of
the observed ENA energy spectrum (the e-folding energy of the distribution function) ~100 eV and the
ENA backscattering ratio (defined as the ratio of upward ENA flux to downward proton flux) < ~0.1. These
characteristics are similar to those of the backscattered ENAs in the solar wind, suggesting that

CENA detected plasma sheet particles backscattered as ENAs from the lunar surface. The observed ENA
backscattering ratio in the plasma sheet exhibits no significant difference in the Southern Hemisphere,
where a large and strong magnetized region exists, compared with that in the Northern Hemisphere. This
is contrary to the CENA observations in the solar wind, when the backscattering ratio drops by ~50% in
the Southern Hemisphere. Our analysis and test particle simulations suggest that magnetic shielding of
the lunar surface in the plasma sheet is less effective than in the solar wind due to the broad velocity
distributions of the plasma sheet protons.

1. Introduction

The surface of the Moon is directly exposed to its surrounding plasma due to the absence of both a thick
atmosphere and an intrinsic magnetic field. While it has been thought that impinging charged particles
are almost completely absorbed in the surface material, recent observations from Kaguya, Chandrayaan-1,
and Interstellar Boundary Explorer (IBEX) indicate that ~0.1-1% of the incident solar wind protons are scat-
tered back as ions and ~10-20% as energetic neutral atoms (ENAs) [Saito et al., 2008a; McComas et al., 2009;
Wieser et al., 2009]. The observed energy spectra of the backscattered hydrogen atoms are relatively flat

up to hundreds of electronvolts and decrease sharply at higher energies [Rodriguez et al., 2012; Futaana

et al, 2012; Funsten et al., 2013; Allegrini et al., 2013]. Angular distributions of the backscattered ENAs are
almost isotropic for normal incidence of the solar wind, and exhibit anisotropy for large solar zenith angles
[Schaufelberger et al., 2011]. Allegrini et al. [2013] compared the ENA energy spectra obtained by IBEX when
the Moon was located in the magnetosheath with those in the solar wind, showing that the backscattered
ENA intensities are generally higher in the magnetosheath. They suggested that a lower Mach number in
the magnetosheath increases the surface area of lunar grains illuminated by the incident protons and visible
from IBEX.

The Moon does not have a global dipole field, but remanent crustal magnetization is widely but nonuni-
formly distributed over the lunar surface [Richmond and Hood, 2008]. These crustal magnetic fields have
a significant impact on the near-lunar plasma environment. Lin et al. [1998] suggested the formation of
a “minimagnetosphere” as a result of solar wind interaction with lunar magnetic anomalies. Upward ions
with extremely large flux up to more than 10% of the solar wind proton flux are observed above mag-
netic anomalies [Saito et al., 2010; Lue et al., 2011]. Several spacecraft and surface observations as well as
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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 [Neugebauer et al., 1972; Clay et al., 1975; Harnett and Winglee,
2002; Lue et al., 2011; Bamford et al., 2012; Kallio et al., 2012; Saito et al., 2012; Poppe et al., 2012; Futaana

et al., 2013]. 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 [Dyal et al., 1972; Harnett and Winglee, 2000; Kurata et al., 2005; Halekas et al.,
2006; Nishino et al., 2012; Vorburger et al., 2012].

An important consequence of the formation of the minimagnetosphere 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 due to shielding from the solar wind protons and/or
charged-dust transport by electric fields associated with the minimagnetosphere [Hood and Williams, 1989;
Hood et al., 2001; Richmond et al., 2003; Richmond and Hood, 2008; Garrick-Bethell et al., 2011; Blewett et al.,
2011; Hemingway and Garrick-Bethell, 2012; Wang et al., 2012]. Information about surface distributions of
precipitating ion flux is essential 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
[Schubert and Lichtenstein, 1974, and references therein].

Futaana et al. [2006] proposed that 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 minimagnetosphere. 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 [Wieser et al., 2010;
Vorburger et al., 2012]. The CENA observations also revealed an enhanced-flux region surrounding the void
region, suggesting increased solar wind flux due to the deflection around the minimagnetosphere. 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 [Vorburger et al., 2013]. 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 [Futaana et al., 2013].

All of the reported lunar ENA investigations used observations when the Moon was located in the solar wind
or magnetosheath. The Moon enters the terrestrial magnetotail for several days around full moon. In the
magnetotail, the lunar surface is sometimes exposed to hot plasma of the terrestrial plasma sheet [Rich et al.,
1973; Harada et al., 2010, 2012; Harnett et al., 2013]. Plasma parameters in the plasma sheet such as densities,
ion and electron temperatures, and Mach numbers significantly differ from those in both the solar wind and
magnetosheath. Therefore, lunar ENA characteristics in the Earth’s plasma sheet can be quite different from
those in the solar wind and magnetosheath. The similarity and difference are directly associated with nature
of the interaction between plasma and the regolith surface in space. Here we present ENA, plasma, and
magnetic-field data obtained from Chandrayaan-1 and Kaguya when the Moon was located in the Earth’s
magnetotail and discuss the lunar ENA characteristics in the plasma sheet.

2. Instrumentation and Data Sets

We analyze the data obtained by the Sub-keV Atom Reflecting Analyzer (SARA) instrument onboard
Chandrayaan-1, which consists of two sensors: the Solar Wind Monitor (SWIM) and the Chandrayaan-1
Energetic Neutrals Analyzer (CENA) [Barabash et al., 2009]. SWIM measures ions in the energy range from
~100 eV/q to 3 keV/q with mass resolution within a ~ 7° x 160° field of view divided into 16 angular sec-
tors [McCann et al., 2007]. CENA measures energetic neutral atoms (~10 eV to 3 keV) with mass resolution
within a 9° x 160° field of view divided into 7 angular sectors [Kazama et al., 20071. In this paper, we 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 2-4).

Some of the CENA data are contaminated by ultraviolet light, and sometimes, it is difficult to extract the
rather weak ENA signal in the magnetotail. Note that signal in the magnetotail is weaker by 2-3 orders of
magnitude compared with that in the solar wind. Due to the difficulty, here we only use the CENA data
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Figure 1. Time series data from Chandrayaan-1 (CY-1; orbit 2565) and Kaguya (KGY) in the terrestrial plasma sheet. Energy-time spectrograms of (a) protons from
CY-1/SWIM (64 s data accumulation), (b) hydrogen atoms from CY-1/CENA (64 s data accumulation), (c) downward electrons from KGY/ESA-S1, (d) upward elec-
trons 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) selenographic longitudes and latitudes, and (j) solar zenith angles are shown. (k) Chandrayaan-1 and Kaguya orbits in SSE coordinates and the posi-
tion of the Moon in GSE coordinates (R = 6378 km, the gray zones in the left column represent the optical shadow of the Moon and the black line in the top
right shows the typical location of the magnetopause).

obtained when the Chandrayaan-1 was in the optical shadow of the Moon. Nevertheless, plasma sheet ions
can even precipitate onto the nightside lunar surface. This is because both earthward (corresponding to
the sunward motion) and tailward (antisunward) plasma flows exist at the lunar distance (~ 60R;, where R
is the Earth’s radius of 6378 km) in the Earth’s magnetotail [Mukai et al., 1998; Saito et al., 2013]. Moreover,
hot protons with nearly isotopic velocity distributions are frequently observed in the central plasma sheet
[e.g., Machida et al., 1994]. The nightside lunar surface is exposed to incident protons when the Moon is
immersed in the isotropic plasma.

We also present the plasma and magnetic-field data from the MAP (Magnetic field and Plasma experiment)
instrument onboard Kaguya to confirm the ambient plasma conditions around the Moon. MAP consists of
two components: LMAG (Lunar Magnetometer) and PACE (Plasma energy Angle and Composition Experi-
ment). LMAG measures the magnetic field with a resolution of 0.1 nT [Shimizu et al., 2008; Takahashi et al.,
2009; Tsunakawa et al., 2010]. PACE consists of four sensors: two electron spectrum analyzers (ESA-S1 and
ESA-S2), an ion mass analyzer (IMA), and an ion energy analyzer (IEA) [Saito et al., 2008b, 2010]. Each sen-
sor has a hemispherical field of view to obtain three-dimensional velocity distribution functions of electrons
and ions.

3. ENAs From the Moon in the Earth’s Magnetotail

3.1. Overview of Lunar ENA Observations in the Geotail

We first present time series data of ENAs and ambient plasma conditions. Figures 1 and 2 show the SARA
data obtained when the Chandrayaan-1 spacecraft was located in the optical shadow of the Moon for orbits

HARADA ET AL.

©2014. American Geophysical Union. All Rights Reserved. 3575



@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019682

SWIM H*
Energy
[eV]

(@]
CENA H®
Sector 2-4
Energy [eV]

I}

o

o

o

ESA-S2

electron

Energy
[eV]

o

ESA-S1
electron
Energy
[eV]
=)
o
o

100

D

10000
1000
100

IEA ion
Energy
[eV/q]

IMA ion
Energy
[eV/q]

«Q
=

Bsse
[nT]
(4]

fkm
g

Lat [deg.] Altitude

SZA Lon
[deg.]

©

o

0
hhmm
2009 Jun 08

Chandrayaan-1 SARA/SWIM+CENA + Kaguya MAP/PACE+LMAG

count

——— ﬂ; Orbit 2555

[ — ]
- 5
count

10° ;
10° X
10*
3
10 Xsse [km] Xase [Rel

2009-06-08/15:56:39 -- 2009-06-08/16:41:38
108 k North view North view (GSE)
-2000 %(Y; i -60FNVioon

: “ 110! .
: — Hwa -1000 40

S
0
Eflux

100 € & 20

100 5 = = ]

10° 2 w 0 Woof----feao-
4 [0 ! ] .

103 g > 20

10 1000

40
2000 60

[eV/cm?/s/str/eV]

Eflux

2000 1000 0 -1000-2000 60 40 20 0 -20-40-60
10°
10° x
10t & Dusk view Sun view
3 2000 £ 2000 T
810 k& RE
WW = 1000 — 1000
3 IBI € €
= < Z
= Bx w 0 w 0
E| [} 172}
o o
N N
3 - -1000 -1000
3 4 KGY H
= CY1H -2000 -2000
2000 1000 0 -1000-2000 -2000-1000 0 1000 2000
= - KGY lat X Kk Y. Kk
> 7 CV1 Jat sse [km] sse [km]
L 3 CY1 lon
= 3 KaY S7A
B = CY1SZA
1600 1610 1620 1630 1640

Figure 2. Time series data from Chandrayaan-1 (orbit 2555) and Kaguya in the terrestrial magnetotail lobe in the same format as in Figure 1. Kaguya was illumi-
nated 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.

2565 and 2555, respectively, as well as the plasma and magnetic-field data simultaneously obtained by MAP
onboard Kaguya. 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. The Moon was located in the dawnside magnetotail (~01-02 LT). In orbit 2565, Chandrayaan-1 traveled
from north to south ~200 km above the lunar surface at selenographic longitudes of ~ 170°E, while Kaguya
was at <100 km altitudes on the near-terminator orbit (Figures 1h, 1i, and 1k). The Chandrayaan-1 orbit track
and surface area seen by the CENA angular sectors 2-4 are shown in Figure 3. The projected area in the
Southern Hemisphere corresponds to the large magnetic anomaly region, where the ENA backscattering
ratio map previously obtained from the CENA data in the solar wind exhibits a significant reduction in ENA
backscattering ratio, with reductions up to ~50% [Vorburger et al., 2013]. Kaguya observed hot electrons
(Figures 1c and 1d) and ions (Figures 1e and 1f) with energies of hundreds eV up to a few keV, indicating
that the Moon entered the terrestrial plasma sheet. The SWIM data also exhibit consistent signatures of hot
protons (Figure 1a), which truly show that the Moon was exposed to nearly isotropic flux of the plasma sheet
protons. On the other hand, the plasma data from orbit 2555 (Figures 2a and 2c-2f) show the absence of the
hot plasma, indicating that the Moon was located in the tail lobe.

Simultaneously, when SWIM identified the plasma sheet protons, CENA detected ENAs from the Moon.
Figures 1b and 2b show the energy-time spectrograms of hydrogen ENAs. We see the CENA counts during
most of the time of orbit 2565. These continuous signals are not seen in Figure 2b, which only shows very
small 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 due to background noise.
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750 nm albedo + 1Bl at 100 km + CY1 orbit 2563, 2564, 2565  3.2. ENA Energy Spectrum
: : = - ENA energy spectra can constrain gen-

eration mechanisms of the ENAs from
the Moon in general. Figure 4 shows

the energy spectrum of hydrogen

; ENAs observed by CENA in the opti-
77777 cal 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 June 2009.
The integration time for each orbit is
~45 min, resulting in a total integration
time of ~135 min. During most of the
time periods, the Moon was located in
the plasma sheet and SWIM observed
significant proton flux. The energy spec-
trum observed in the plasma sheet has
B e o s b e e a similar shape to the energy spectra of

: : backscattered hydrogen atoms observed
by IBEX and Chandrayaan-1 in the
Figure 3. Chandrayaan-1 trajectories in the optical shadow of the solar wind [Rodriguez et al., 2012;

Moon during the orbits 2563 (blue), 2564 (green), and 2565 (red). The Futaana et al., 2012]. Futaana et al. [2012]
dashed color lines represent the surface projgctif)ns of the field of view showed that the ENA energy spectra
of the CENA sectors 2-4. The black contours indicate the lunar crustal

magnetic field strength at 100 km altitude obtained from Kaguya data ~ ©0served by CENA are well reproduced
with lines for 0.5 nT, 1 nT, 1.5 nT, and 2 nT [Tsunakawa et al., 2010, by the Maxwell distribution with typical

2014]. The background grayscale image shows the Clementine 750 nm  characteristic energies of ~60-140 eV.
albedo map.

The solid curve in Figure 4 shows the
fitted Maxwell distribution (the observed
data are weighted by the uncertainty due to counting statistics when fitting). The observed spectrum 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 kT ~ 100 eV. The charac-
teristic energy (the best fit temperature, corresponding to the e-folding energy of the distribution function)
of ENAs in the plasma sheet is very similar to those in the solar wind. As discussed by Futaana et al. [2012],
the shape of these energy spectra is not compatible with the energy spectra for ion sputtering but can be
explained by scattering 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 emitted from the lunar surface while the
Moon is in the plasma sheet are also backscattered hydrogen ENAs.

As in Futaana et al. [2012], we use the Maxwellian only because it best fits the observed ENA energy spectra.
However, this is just an empirically found function and not derived from the physics of multiple-scattering
events at the surface. Also, note that the collisionless ENAs in the vicinity of the Moon are not in thermal
equilibrium. Therefore, the best fit parameters derived here do not 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 paper.

3.3. Backscattering Ratio
Here we investigate the flux ratio of the backscattered hydrogen ENAs to the incident protons. We define
the backscattering ratio as
FxH0
" Far
| [/ cos 0 (E, Q)EAQ|

" |/ [ cos 04y (E, Q)dEdQ|’

M

where F o is the upward flux of the hydrogen ENAs from the surface, F, is the downward flux of the inci-
dent protons onto the surface, 6 is the angle between the particle velocity and the surface normal, and Jy,
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Optical shadow, orb:2563--2565 and J,;; are the differential number fluxes of the upward

10000.0 Fx,i‘nte‘g i (108; 0_07‘))(165‘/‘:‘”‘12‘; hydrogen ENAs and downward protons, respectively. We
assume an isotropic angular distribution of the hydrogen

ENAs emitted over 2 str from the lunar surface for simplic-

ity as was done in Futaana et al. [2012]. The actual angular

distribution is not too different from the isotropic one

[Vorburger et al., 2013]. Here we derive the hydrogen

ENA flux by directly integrating the observed differential

flux over the measured energy range. The upward flux

of hydrogen ENAs calculated from the data is shown

in Figure 4. The flux errors are from propagation of the

uncertainty owing to counting statistics.

N_fit = 0.0279 = 0.0036 cm™
1000.0 F KT_fit=107. + 5.eV ]

100.0

10.0

Differential Flux [#/cm? sr s eV]

We analyze the data from SWIM to calculate the downward
proton flux impinging the lunar surface. We first conduct
spacecraft potential correction. Spacecraft surfaces are
dashed: 1 cnt (CH-2-3-4) A N charged negatively in the optical shadow due to the
01— ‘1‘(‘)0 E—T larger flux of faster electrons than slower ions [Whipple,
CENA HO Energy [eV] 1981]. The ambient protons are accelerated by the neg-
ative spacecraft potentials before detected by SWIM,
resulting in a shift in the energy spectrum toward higher
energies. The Chandrayaan-1 spacecraft potential was

1.0

Figure 4. 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 not directly measured, but we can constrain the upper
resolution (x axis) and the uncertainty due to count- and lower spacecraft potentials to be between 0 and
ing statistics (y axis). The upward flux derived from  _250 V, since the lower energy cutoff of the observed pro-

the observed differential flux integrated over the
measured energy range is shown with errors from
propagation of counting statistics. The solid curve
shows the best fitted Maxwell distribution. The fit-
ting parameters with errors from propagation of
the fitting errors are also denoted. The dashed line

ton counts was around 250 eV during orbits 2563-2565.
Figure 5 shows the proton energy spectra derived from the
SWIM observation with corrections of assumed spacecraft
potentials of 0, —150, and —250 V. The energy spectra fit-
ted by the Maxwell distribution and the best fit parameters

represents the one count level (over 135 min). (the proton density and temperature) are also displayed

for reference.

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 flux integrating the observed energy spectrum. Since the Debye length (<1 km) is much smaller than
the lunar radius (1738 km), acceleration by the negative lunar surface potential will not modify the down-
ward proton flux onto the lunar surface [Whipple, 1981]. The downward proton fluxes calculated from the
data are shown in Figure 5. Using these fluxes, we obtain backscattering ratios for the measured energy
ranges r ~0.051 +0.003, 0.064 + 0.004, and 0.076+0.005 for the assumed spacecraft potentials of 0V, =150V,
and —250 V, respectively. The errors are from propagation of counting statistics of the CENA and SWIM data.
These backscattering ratios are comparable to but slightly smaller than the solar wind backscattering ratio
of ~0.1-0.2.

We now investigate the ENA backscattering ratios as functions of selenographic latitude using the down-
ward 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 (Figure 3). Figure 6 shows backscattering ratios calculated from the data obtained in
four different latitude ranges. Previous analysis of the CENA data obtained in the solar wind shows a signif-
icant reduction in backscattering ratio up to ~50% at the same longitude in the Southern Hemisphere at
location of strong magnetization of the lunar surface [Vorburger et al., 2013]. The decrease in backscatter-
ing ratio can be attributed to the shielding effect of the lunar surface from the solar wind protons above
the magnetic anomalies. On the other hand, we note that the north-south asymmetry in the backscatter-
ing ratios is less clear in the plasma sheet. Though we see a tendency of smaller 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
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Optical shadow, orb:2563--2565 wind [Vorburger et al., 2013]. The smaller north-south
105§ S B AR asymmetry in the backscattering ratios suggests less
| 827 - 3022 eV ] effective magnetic shielding of the lunar surface from the
[Usc= OV -150 vV -250 V j X
Fx_integ = plasma sheet protons than the solar wind protons.
10 (213=0.02) (1.70:0.01)  (1.42:0.01) 4
F x10°fom? s x107/em”s  x10"/em"s ] Here we briefly discuss a possible effect of a nonisotropic
FN_fit = 0.252 0.194 0.163 1 i i
L0019 o 0015 cm® 20013 om= | proton flux in the plasma sheet on the analysis of
10° north-south asymmetry in the backscattering ratios. A

systematic trend along the polar orbit of discrepancy
between the“true” downward proton flux and the extrap-
olated flux from the limited field-of-view measurements
can originate from a finite z component of the proton
flow velocity. Average |V, | values are less than 30 km/s
in the distant plasma sheet [Troshichev et al., 1999].
This is much smaller than the proton thermal speed of
~300 km/s (corresponding to a proton temperature of
500 eV) during the analyzed orbits. Therefore, the effect
of proton-flux anisotropy on the north-south asymmetry
in the backscattering ratio should be small. Note also
10— “‘1‘(‘)0 — “1‘(‘)‘00 — ‘(‘)‘ooo that V, is usually a dominant velocity component in the
SWIM H* Energy [eV] distant plasma sheet but it causes no asymmetry in the
Northern and Southern Hemispheres.

102E
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Differential Flux [#/cm? s sr eV]
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Figure 5. Energy spectra of downward traveling pro-
tons obtained by SWIM in the optical shadow of
the Moon during orbits 2563-2565 for three cases 4. Magnetic Shielding From the Solar Wind

of assumed spacecraft potentials 9f 0, f150’. and . and Plasma Sheet Protons
—250 V. The energy spectra are shifted in units of dis-

tribution function and converted to differential flux.  The different shielding efficiencies may be attributed
The denoted downward flux is calculated directly to difference in velocity distributions of the solar wind
from the data. The shifted energy spectra are fitted .
by Maxwell distributions, and the solid curves show and plasma sheet protons. The solar wind protons have
the fitted distribution. a beam-like velocity distribution with a narrow thermal
spread centered at the solar wind bulk velocity in the
Moon rest frame. On the other hand, the plasma sheet protons have a broad velocity distribution with a
wide thermal spread. The ion 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 ion dynamics around the magnetic anomalies.

We conduct four sets of test-particle simulations including only magnetic force by a dipole to investigate
how the different velocity distributions of incident solar wind and plasma sheet protons (“monodirectional”
and “isotropic” angular distributions combined with “monoenergy” and “Maxwellian” energy distributions)
modify the magnetic shielding of the surface. We place a horizontal dipole along y axis, buried at 20 km
below the surface with a surface magnetic strength of 1000 nT. The 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
[Tsunakawa et al., 2010]. The lunar crustal magnetic fields actually have complex structures [e.g., Purucker,
2008], and these higher-order terms can enhance the shielding efficiency without increasing the field
strength at 100 km altitude [Harnett and Winglee, 2003]. The use of a rather strong single dipole is to qualify
the shielding effects by the crustal magnetic force under a simple setup of simulation. We set a simulation
box with a 100 km altitude above the surface and a horizontal extent of 800x800 km? centered at the dipole
location. We 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 (monoenergy case) and Maxwell energy
distributions with a characteristic energy of 500 eV (Maxwellian case), and with two different initial veloc-
ity directions: a monodirectional distribution ( monodirectional case) and an isotropic distribution (isotropic
case). The monodirectional case corresponds to the normal incidence of the solar wind protons to the sub-
solar lunar surface, whereas the isotropic case applies to any point on the lunar surface when the Moon is
immersed in the isotropic plasma. We trace the particles until they strike the surface or escape from the sim-
ulation box. Figures 7a and 7b show sample proton trajectories for “monodirectional, monoenergy” and
“isotropic, monoenergy” cases in the vicinity of the dipole (200 x 200 km?). If the particles strike the surface,
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Usc = 0, -150, -250 V, orb:2563--2565 the surface locations are recorded. After we
0.14r ‘ ‘ ‘ 1 trace 4x10° particles, we derive a shielding
0.12 a 4 efficiency for each surface bin. Here we define

- 1 the shielding efficiency as SE =1— Ng /N, o5,

EI 0.10- <1 where Ny is a surface density of particles land-

> [ 1 ingin a particular surface bin and N,z is the

T 0.08 250V b . .

X oy average surface density of particles per surface

S 0.06F ] bin obtained by another simulation without

T ov 1 the dipole field. This shielding efficiency cor-

x 004 7 responds to the one used in Vorburger et al.'s

" oooeb 1 [2012] analysis. Positive values of the shielding

[ 1 efficiency indicate that the surface is shielded

0'0950 30 o 30 6:0 from the incident particles and negative values

Latitidue [deg.] represent enhanced flux to the surface. We
note that the backscattering ratio is related to
the shielding efficiency as r=r,,3(1—SE), where
I'og is the backscattering ratio at the surface

Figure 6. Backscattering ratios along the selenographic longi-
tude of ~170°E as functions of selenographic latitude. The data
are taken from +60° latitudes divided into four ranges. Three

cases for spacecraft potentials of 0, —150, —250 V are shown. where no crustal field exists. The surface distri-
Error bars represent the errors from propagation of the counting  butions of the calculated shielding efficiencies
statistics of the CENA and SWIM data. are shown in Figures 7c-7f.

We first look at the shielding efficiency distribution for the monodirectional, monoenergy proton case (cor-
responding to the “beam” solar wind protons). Figure 7c shows a large void region (SE = 1) formed mainly in
the —x region. This asymmetry in x direction is due to the negative B, component above the surface, deflect-
ing protons toward the —x direction as shown in Figure 7a. We also see an enhanced-flux region (SE <0)
around the shielded region due to the protons that are deflected but still strike the surface. The pairs of
void and enhanced-flux regions are common features of the solar wind interaction with the lunar magnetic
anomalies, which can be found in the previous observations and simulations in the solar wind [Hood and
Williams, 1989; Wieser et al., 2010; Vorburger et al., 2012; Kallio et al., 2012].

In contrast to the large void region caused by the coherent deflection of monodirectional, monoenergy
protons, Figure 7d shows different characteristics of magnetic shielding for the isotropic, monoenergy pro-
ton case. A void region (SE = 1) is formed just above the buried dipole, but its area is much smaller than
that seen in the monodirectional, monoenergy proton case. We see no significant enhanced region for the
isotropic, monoenergy proton case. As shown in Figure 7b, the isotropic, monoenergy protons enter the
dipole field from a variety of incident angles, resulting in incoherent deflection with no favored landing loca-
tions on the surface. As a result, 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 also modify the magnetic shielding of the lunar
surface. Figure 7 shows that the enhanced flux region (SE < 0) seen for the monodirectional, monoenergy
case (c) is smeared out for the “monodirectional, Maxwellian” case except the magnetic cusp regions located
at (0, £25) km on the surface (e). For the Maxwellian case, the deflected lower- and higher-energy pro-
tons with both smaller and larger gyroradii strike wider regions on the surface compared to the coherently
deflected monoenergy protons, resulting in the less clear boundary of the void region.

The difference of the “isotropic, Maxwellian” case (corresponding to the “broad” plasma sheet protons,
Figure 7f) from the isotropic, monoenergy case (Figure 7d) is small, but we can see that some of the

white bins (SE=1) in Figure 7d turn into light gray (SE < 1) in Figure 7f. This change can be attributed to
high-energy protons penetrating the dipole field. As we have seen, 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 mag-
netic fields from the broad protons than from the beam protons, as inferred from the CENA observations in
the plasma sheet and the solar wind.

We note that our model neglects any collective effects and focuses on the deflection of single particles by
the magnetic force, as Hood and Williams's [1989] solar wind shielding model does. The lack of collective
effects hinders us from estimating the shielding efficiency quantitatively. For example, charge separation
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a b
mono-directional, mono-energy (500 eV), Bsurf = 1000 nT, d = 20 km isotropic, mono-energy (500 eV), Bsurf = 1000 nT, d = 20 km

z [km]

100

C
mono-directional, mono-energy (500 eV), Bsurf = 1000 nT, d = 20 km

(=}
shielding efficiency
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e f
mono-directional, Maxwellian (kT=500 eV), Bsurf = 1000 nT, d = 20 km isotropic, Maxwellian (kT=500 eV), Bsurf = 1000 nT, d = 20 km
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f=1
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Figure 7. Test particle trajectories around a buried dipole using different proton velocity distributions. A part of pro-
ton trajectories for (a) monodirectional and (b) isotropic initial velocity distributions with a constant energy of 500 eV,
in addition to the shielding efficiencies on the surface (see text for details) for (c) monodirectional and (d) isotropic
monoenergy protons (500 eV) and (e) monodirectional and (f) isotropic Maxwellian protons (kT = 500 eV) are shown.
The dipole is horizontally placed along y axis. The dipole magnetic field has —y component above the surface.

electric fields will enhance the ion deflection, while plasma compression of crustal magnetic fields may
result in less effective shielding because of the decrease in scale size length of the minimagnetosphere. A
bow shock or shock-like formation associated with a minimagnetosphere in the solar wind might also play
arole in protecting the lunar surface from the impinging protons. The different 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 as well and will be examined in future study. Nevertheless, our model can qualitatively exhibit the
basic characteristics of magnetic shielding of the surface from the beam and broad ions.
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5. Conclusion

We present observations of ENAs from the lunar surface in the Earth’s magnetotail. The observed ENA
energy spectra are fitted by the Maxwell distribution with densities of ~0.03 cm~3 and characteristic ener-
gies of ~100 eV. The estimated backscattering ratios of the plasma sheet protons as ENAs ~0.05-0.08 are
roughly on the same order of magnitude of those of the solar wind protons ~0.1-0.2. These characteristics
are similar to the backscattered 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 downward plasma sheet pro-
tons calculated in the different selenographic latitudes exhibits no significant difference in the Northern
and Southern Hemispheres. No large 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 magnetic anoma-
lies in the plasma sheet than in the solar wind. Test-particle simulations consistently show less effective
shielding in the case of broad incident ions than that in the beam-ion case. Our simulations suggest that
difference between the beam-like velocity distributions of the solar wind protons and the broad velocity
distributions of the plasma sheet protons may introduce different behavior of impinging protons around
the magnetic anomalies. Since our model only considers magnetic forces by crustal fields, we have dis-
cussed the ion shielding effect in a mostly qualitative manner. More sophisticated models that can take into
account 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 work-
ing around the magnetic anomalies. It would be also important to include more realistic configurations of
lunar crustal magnetic fields [Harnett and Winglee, 2003; Harada et al., 2013]. Backscattered ENA observa-
tions 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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