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Figure 5. lllustration depicting high-energy shadowing of energetic ions in an idealized situation of a uniform magnetic
field. The green path represents the trajectory of the highest-energy ion that can enter the detector at an angle a to
nadir if the spacecraft is at altitude h. Equation (1) relates the angle between nadir and ion velocity at the spacecraft to
spacecraft altitude and ion gyroradius.
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Figure 3. (a) MAVEN/EUVM solar irradiance in the 0.1-7 nm wavelength. (b) Penetrating background counts from
MAVEN/SWEA (red) and MEX/ASPERA-3 IMA (blue). (c) 15-100 MeV (light blue) and 80-200 MeV (blue) SEP protons from
MAVEN/SEP-FTO. (d-e) Differential energy fluxes of the MAVEN/SEP 20 keV to 6 MeV protons and 20 keV to 200 keV

electrons. Overplotted are the IUVS auroral emission in kiloRayleighs (black circles). (f—i) Upstream solar wind speed,

density, dynamic pressure, and IMF magnitude from MAVEN/SWIA and MAG (red filled circles), MEX/ASPERA-3 IMA (blue
filled circles) and WSA-Enlil model (black line). Proxy solar wind values estimated from the MAVEN/SWIA penetrating

Date
2017 Sep

proton measurements are also shown (red open squares). (j) Closed (red), open (green), and draped (blue) magnetic
field topology for a given altitude. (k) Inferred thermospheric temperatures. (I) Color contours of Argon densities at a
given height. (m) MSL/RAD surface radiation dose rate. Vertical lines mark the start of the flare (F), CME (C), SEP arrival
(E), and ICME shock arrival (S). The vertical gray bar marks the ‘bite-out’ features seen in (b-c) due to the passage of the

magnetic obstacle formed by the merged CMEs.

From Lee et al. (2018)
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Table 1. Typical Ambient Plasma Properties and Resulting Lunar Surface Potentials
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Tail Lobe Plasma Sheet Solar Wind Wake SEP Event
Figure 2. Data from April 29 — May 07, showing magnetic field magnitude, electron differential energy flux and peak
beam energy measured by LP, as well as electron and proton differential fluxes measured upstream by SOHO and ACE, and
total upstream fluxes integrated over the energy range 0.05—5 MeV. High energy (>30 MeV) proton fluxes in the fifth panel
are in units of total flux (1/(cm® s sr)) rather than differential flux. Times of major shocks (S1, S2, S3), directional
discontinuities (D1, D2, D3), and SEP injections (I1, 12) indicated by dashed bars.

Electron density 0.001-0.5 cm™> 0.01-1 cm™> 0.5-10 cm™? 0.001-0.1 cm™? 0.001-0.1 cm ™ in wake
Electron temperature <100 eV 100 eV to 2 keV 5-30 eV 50-150 eV 50 eV to 1 keV in wake
Lunar surface potential —150to O V —1000 to 0 V <20V —200t0o O V —1000 to —4000 V in wake

From Halekas et al. (2008) S From Halekas et al. (2007)
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Micrometeorite Cosmic and \\ Micrometeorite Cosmic and
Bombardment Solar Rays Solar Wind \, Bombardment Solar Rays Solar Wind

e Implantation

Sputtering

Vaporization

Figure 1. The complex array of processes involved in space weathering of airless bodies. Typical soils are particulate but
heterogeneous in composition. (left) Dominant processes affecting the surface of the Moon at 1 AU [after Noble, 2004].
(right) The broad range of surfaces processes now believed to be active across the solar system but with different degrees

of prominence for specific environments.
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Figure 2. Spectra of lunar materials illustrating the optical differences between fresh rocks and well-developed lunar soils.
(left) Laboratory spectra of basaltic lunar rock and soil samples from Apollo 17 (RELAB data: LR-CMP-158 and LR-CMP-039).

(right) Remote lunar spectra acquired from orbit with Moon Mineralogy Mapper (M3) as a traverse from a mare basalt small
fresh crater into surrounding well-developed soil (M3 file M3T20090701T094734). For these basalt examples, diagnostic

absorption bands are stronger for fresh materials but note the prominent differences in brightness at visible wavelengths
(500-700 nm) but little if any brightness difference near 2 pm.

Fig. 7 a) Distribution of surface
ice (cyan) within permanently
shaded regions at the Moon’s
south (left) and north pole (right)
as detected by NASA’s Moon
Mineralogy Mapper instrument
(Image credit: NASA).

b) Illustration of the kinetic
scheme that describes the HT
induced H»O cycle that is related
to recombinative desorption,
dissociative adsorption,
adsorption, photodissociation,
kinetic escape OH/H radical
reaction, photo-stimulated
desorption and desorption (after
Jones et al. 2020)
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Table 18.3 Catalog of lunar upstream waves.

Electrostatic vs.  Polarization Proposed Proposed Free- Energy
Frequency (S/C Frame) Electromagnetic  (S/C Frame)  Plasma Regime Modes Sources Reference

N AN

Electron “foremoon” lon “foremoon”

Upstream from the Moon

Wi-0.01-0.1 Hz <~ f,,
narrow

Electromagnetic ~ Mixed Solar wind Kinetic fast Reflected/scattered ions Nakagawa et al. [2012]; Halekas et al.
magnetosonic [2013]

LH Plasma sheet Slow, ion lons of lunar origin, Halekas et al. [2012b]; Chi et al.
cyclotron shadowed ions [2013]
Electromagnetic ~ Mixed Solar wind Whistler Reflected/scattered ions, Halekas et al. [2008, 2012b];
reflected electrons Nakagawa et al. [2011]; Tsugawa
etal. [2012]
Reflected/scattered ions, Lin et al. [1998]; Halekas et al. [2006,
phase-standing whistler 2008, 2013]; Tsugawa et al. [2011,

“Self'piCkU p” ions . . . wake 2012, 2014]

Electromagnetic ~ RH Solar wind, Whistler Electron loss cones Halekas et al. [2012b]; Harada et al.

WL0.1-10 Hz < f_
broad

W1 Hz < f_narrow Electromagnetic ~ Mostly LH  Solar wind Whistler

Exospheric
pickup ions

w4 _ ~
\ n;r(r)c?wHZ 0-57,, plasma sheet [2014b]
P3 W8 Wg W1 O W5_100-1000 Hz Electrostatic Plasma sheet Electron Electron loss cones Poppe et al. [2012b]
> f_harmonics cyclotro.n
ce harmonic
W6_0.01-10 kHz Electrostatic Solar wind, Electron beam,  Upward electron beams Hashimoto et al. [2010]; Halekas et al.
f. broad plasma sheet solitary [2012b]; Harada et al. [2014b]
<f, broa
N W_1-10 kHz Electrostatic Solar wind, Langmuir Upward electron beams Hashimoto et al. [2010]; Halekas et al.
' - o ~f narrow plasma sheet, [2012b]; Harada et al. [2013b]
. - 1 pe tail lobe
- Reflection by N
' ) - Upstream from the wake
i
P6 N ‘ ' wa ke pOte ntlal Wi_1 Hz<f narrow Electromagnetic Solar wind Whistler Oblique electron beams Farrell et al. [1996]; Nakagawa et al.
ce [2003]
W9_1_10 kHz < f Electrostatic Solar wind Solitary, ion Electron beams, shadowed Bale et al. [1997]; Hashimoto et al.
'\Q Photo-/secondary ‘ ‘ broad pe acoustic ions and electrons [2010]
. . emisSion wio_10 kHz ~ f narrow Electrostatic - Solar wind Langmuir Electron beams Bale et al. [1997]
E heric/dust h ~ :
Xospneric/aus |onos ere =
p p P5 BaC kscatte rl n Note: The terms “narrow,” “broad,” and “harmonics” in the frequency column denote spectral characteristics of narrowband, broadband, and narrow harmonic
\ P7 g bands, respectively. f,, is the proton-cyclotron frequency, f, the electron-cyclotron frequency, and f _ the electron plasma frequency. “RH” and “LH" in the

P2 polarization column indicate that the observed waves have right- and left-handed polarization, respectively.
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