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Abstract Despite the need to accurately predict and assess the lunar electrostatic environment in all
ambient conditions that the Moon encounters, photoemission and electrostatic potentials on the dayside
lunar surface in the terrestrial magnetotail lobes remain poorly characterized. We study characteristics and
variabilities of lunar photoelectron energy spectra by utilizing Acceleration, Reconnection, Turbulence,
and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) and Apollo measurements in
combination with the Flare Irradiance Spectral Model (FISM). We confirm that the photoelectron spectral
shapes are consistent between ARTEMIS and Apollo and that the photoelectron flux is linearly correlated
with the FISM solar photon flux. We develop an observation-based model of lunar photoelectron energy
distributions, thereby deriving the current balance surface potential. The model predicts that dayside lunar
surface potentials in the tail lobes (typically tens of volts) could increase by a factor of 2-3 during strong
solar flares.

1. Introduction

The dayside lunar surface is constantly bombarded by solar photons and ambient charged particles, induc-
ing a variety of surface processes (e.g., photoemission, secondary electron emission, sputtering, photon-
and electron-induced desorption, and absorption and implantation of bombarding particles). The resulting
charge transfer between the lunar surface and space causes surface charging such that electric currents into
and out of the surface are balanced [e.g., Manka, 1973]. The dominant currents on the sunlit lunar surface are
provided by the incoming ambient electrons and photoelectrons escaping from a positive potential sheath
formed above the surface. The escaping photoelectron flux is derived by integrating the energy distribution
of photoelectrons that overcome the positive potential barrier. Photoelectron energy distributions generally
exhibit two components under solar irradiation: (i) a cold core population with a mean energy of ~1-2 eV
and (ii) a slowly decreasing high-energy tail at > ~10 eV [Whipple, 1981; Pedersen, 1995]. In a low-density
plasma regime, such as in the terrestrial magnetotail lobes, the incoming electron flux becomes so small that
the surface charges up to large potentials in order to prevent the high-energy photoelectrons from escap-
ing, as is evident from observations of lunar pickup ions with nonzero parallel velocities [Tanaka et al., 2009;
Poppe et al., 2012a; Harada et al., 2013]. Strong surface charging potentially causes dynamic charged dust
transport [Stubbs et al., 2006; Sternovsky et al., 2008] and modifies exospheric pickup ion dynamics [Poppeet al.,
2013]. In order to assess lunar surface charging for a variety of plasma and solar conditions, we must charac-
terize the energy distribution of lunar surface photoelectrons over a wide range of energies from ~1 eV to
hundreds of eV.

In situ measurements of lunar surface photoelectrons are classified into two types: measurements (i) on the
lunar surface and (ii) from orbiting spacecraft. As illustrated in Figure 1, the cold photoelectrons with energies
lower than |eUy, |, where e is the electron charge and U is the lunar surface potential with respect to the ambi-
ent plasma, are attracted back to the surface by the positively charged lunar surface. Electron instruments
with upward looking apertures installed on the lunar surface (such as those deployed by the Apollo mis-
sions) can detect these trapped photoelectrons. Meanwhile, photoelectrons with energies higher than |eUy,|
escape from the lunar surface potential barrier and travel upward along the magnetic field. These escaping
photoelectrons can be measured by spacecraft on field lines connected to the lunar surface.

Lunar photoelectron measurements on the surface were conducted by the Charged Particle Lunar Environ-
ment (CPLEE) instrument at the Apollo 14 site [Reasoner and Burke, 1973] and by the Solar Wind Spectrometer
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Figure 1. Schematic illustration of electrostatic potential profile along the magnetic field line above the dayside lunar
surface and photoelectron energy distributions on the surface and at the spacecraft.

(SWS) at the Apollo 12 and 15 sites [Goldstein, 1974]. Reasoner and Burke [1973] presented CPLEE measure-
ments of lunar photoelectrons with energies between 40 and 200 eV and showed that the photoelectron
energy spectra follow a power law distribution, J(E) « E~%, with 3.5 < k < 4. The measured count rate dimin-
ished as the Moon entered eclipse, suggesting that solar photons are the predominant driver of the electron
emission. SWS measurements of 5-40 eV electrons show that the power law spectrum extends to the lower
energy range below 40 eV [Goldstein, 1974]. The CPLEE observations of the trapped photoelectrons with ener-
gies up to 200 eV suggested the presence of unexpectedly large positive potentials on the dayside lunar
surface in the Earth’s magnetotail, +80 Vin the plasma sheet and over +200 V in the tail lobes, which are much
higher than the equilibrium potentials predicted from the current balance solution [Burke et al., 1975]. Burke
et al. [1975] attributed the discrepancy to an additional potential generated by charge separation of heavier
ions and lighter electrons above the magnetized surface (the crustal magnetic field strength is estimated to
be ~75 nT at the CPLEE site).

This paper presents spacecraft measurements of escaping lunar photoelectrons based on plasma and field
data obtained by the Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's Interaction
with the Sun (ARTEMIS) mission [Angelopoulos, 2011]. ARTEMIS observed clear signatures of photoelectrons
emitted from the dayside lunar surface when the Moon was located in the terrestrial magnetotail lobes
[Harada et al., 2013]. We note that the CPLEE measurements of trapped lunar photoelectrons on the surface
could be contaminated by photoelectrons emitted from the instrument surfaces (although the instrumental
photoelectron contribution was estimated to be small [Reasoner and Burke, 1973]). In contrast, with the space-
craft potential information directly measured by ARTEMIS, lunar photoelectrons can be cleanly separated from
the spacecraft/instrumental photoelectrons (Figure 1). Based on the ARTEMIS and Apollo measurements and
solar photon flux provided by the Flare Irradiance Spectral Model (FISM) [Chamberlin et al., 2007, 2008], we
develop an empirical model of the lunar photoelectron energy spectrum accounting for solar flux variations.
We utilize the model photoelectron spectrum to predict positive potentials on the unmagnetized regions of
the sunlit lunar surface in the terrestrial magnetotail lobes.

2. ARTEMIS Observations of Photoemission and Potentials on the Dayside
Unmagnetized Lunar Surface in the Earth’s Tail Lobes

2.1. A Case Study

Figure 2 shows an example of ARTEMIS observations above the dayside lunar surface in the terrestrial magne-
totail lobes. We observe cold lobe ions at ~10-200 eV (Figure 2a), warm electrons below ~400 eV, (Figure 2b),
and stable, B,-dominant magnetic fields (Figure 2d). The distance along the magnetic field line from the space-
craft to the lunar surface, estimated from straight line tracing, was ~0.3 R, (Figure 2e), where R, is the lunar
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Figure 2. ARTEMIS P1 observations above the dayside lunar surface when the Moon was located in the northern lobe of the terrestrial magnetotail at
07:45-07:55 UT on 29 December 2012. Time series of energy spectra of (a) ions and (b) electrons, (c) pitch angle distributions of 100 eV electrons measured

by ESA [McFadden et al., 2008], (d) magnetic fields in the selenocentric solar ecliptic (SSE) coordinates measured by FGM [Auster et al., 2008], (e) magnetic field
line distances from the spacecraft to the lunar surface, (f) solar zenith angles of the field line foot point, and (g) latitudes and longitudes of the foot point. The
black line in Figure 2b represents the spacecraft potential measured by EFI [Bonnell et al., 2008]. One minute averages between 07:50 and 07:51 UT (indicated by
the dashed lines in Figures 2a-2g) of ion energy-pitch angle distributions in units of (h) differential energy flux and (i) upward/downward flux ratio, and energy
spectra of parallel electrons (pitch angles <30°) with (j) observed energies and (k) electron energies at the lunar surface (see text for detail).

radius (R, = 1738 km). The field line foot point was located at the near-subsolar region with low solar zenith
angles <30° (Figure 2f) and at selenographic longitudes of 0-50°W and latitudes of ~5°N (Figure 2g), where
only very weak crustal magnetic fields (<10 nT at the surface) are present [Halekas et al., 2001; Mitchell et al.,
2008; Tsunakawa et al., 2015]. The pitch angle distributions of 100 eV electrons (Figure 2c) show the downward
traveling lobe electrons with pitch angles of 90-180° (which could be modified by the interaction with local
cold plasma of lunar origin [Harada et al., 2013]) and upward traveling, parallel electrons with lower fluxes. Dur-
ing this time period, we do not observe adiabatically reflected electrons at 0-90° pitch angles, which should
have fluxes comparable to the incident electron fluxes [e.g., Mitchell et al., 2008]. The absence of magnetically
reflected lobe electrons is consistent with field line connection to the mostly unmagnetized surface.

In the absence of crustal magnetic fields, cold lobe ions incident on the positively charged lunar surface will be
electrostatically reflected, as illustrated in Figure 1, if | < qUy, where E, is the energy parallel to the mag-
netic field and q is the charge of lobe ions. We note that the gyroradii of these lobe ions (~120 km for 50 eV
protons in a 8 nT magnetic field) are much smaller than the lunar radius, allowing one-dimensional treat-
ment of ion motion along the magnetic field above the near-subsolar surface. Some of the reflected ions
can be detected by ARTEMIS, if the ions have sufficiently high total energies, E = E|| + E,, to overcome the
spacecraft potential Usc. Note that the ion gyroradii are much larger than the spatial size of the spacecraft
(~1 m). Figure 2h shows the ion energy-pitch angle distributions taken at 07:50-07:51 UT (indicated by the
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dashed lines in Figures 2a-2g). In addition to the downward traveling lobe ions with pitch angles a >90°,
we observe the upward traveling ions (@ <90°) with fluxes comparable to those at the corresponding
energy-pitch angle bins (180° — a) on the downward side. This is clearly seen in the upward/downward flux
ratio distribution shown in Figure 2i. The magenta lines in Figures 2i denote the contours of E; /g of 15 eV/q
and 25 eV/q, where £,/q = E/q - cos® a = (Eyys/q + Usc) cos® a. We can expect the flux ratio to be unity
for the reflected ions with £ /g < Uy, and nearly zero for the ions striking the lunar surface with £ /g > Uy.
Figure 2i exhibits flux ratios r ~ 1at £, /g < 15eV/q,0 < r < 1 between 15 eV/q < £, /q < 25eV/qandr ~ 0
at /g > 25 eV/q. This ion reflectometry method constrains Uy, to be between +15 V and +25 V. We note
that the ion reflection magnetometry was developed to probe surface magnetic field strengths at Mercury
[Winslow et al., 2014], whereas we utilize electrostatic ion reflection to probe potentials on the unmagnetized
surfaces of the Moon.

Figure 2j shows the measured energy spectrum of the upward traveling, parallel electrons with pitch angles
<30° at07:50-07:51 UT. The vertical line marks the measured spacecraft potential, which clearly separates the
ambient electrons (above |eUs|) from the spacecraft photoelectron contamination (below |eUy|). Figure 2k
shows the energy spectra of upward electrons emitted from the lunar surface corrected for Us- and Uy, where
Uy, is taken from the upper and lower limits constrained by the ion measurements. The measured electron
flux at 20-300 eV is well above the upper limit of the estimated backscatter flux indicated by the dashed, red
and blue lines (10% of the downward electron flux [Lin and Gopalan, 1991]), suggesting that these electrons
consist mostly of photoelectrons emitted from the lunar surface. Each electron spectrum is approximately
power law in shape, as demonstrated by straight line fitting in the log-log plot with a spectral index k between
3 and 4. The shape of the photoelectron energy spectrum measured by ARTEMIS is consistent with the Apollo
measurements of >10 eV lunar photoelectrons indicated by the magenta line (a kappa function [Vasyliunas,
1968] with parameters of N = 239 cm~—3, E;, = 0.75 eV, and k = 3.3 taken from Figure 2 of Burke et al. [1975]).

2.2, Statistical Results

We examine the variability of the lunar photoelectron energy spectra utilizing long-term data obtained by
the two ARTEMIS probes from July 2011 to September 2016. As the flux of photoemitted electrons induced
by energetic photons should be proportional to the incident photon flux, the lunar photoelectron spectra are
expected to exhibit variations associated with solar photon flux variations. In order to develop a statistical data
set of clean energy spectra of photoelectrons emitted from the unmagnetized region of the near-subsolar
lunar surface, we selected time intervals based on the following criteria: (i) the Moon is located within +30°
from the Earth-anti-Sun line; (i) the 100-10,000 eV downward electron flux is below 5 x 10° /cm?/s; (iii) the
electron beta is lower than 0.05; (iv) the spacecraft potential is lower than +40 V; (v) the distance along the
field line from the spacecraft to the lunar surface is below 1 R;; (vi) the solar zenith angle of the field line foot
pointis smaller than 30°; (vii) the foot point latitude is between 0 and 30°N; and (viii) the foot point longitude is
between 50°W and 10°W. The criteria (i) - (iii) are imposed to select intervals when the Moon was located in the
terrestrial magnetotail lobes and the lunar surface is exposed to relatively low fluxes of hot electrons, in which
case contamination from backscattered and electron-induced secondary electrons is negligible. We chose the
spacecraft potential threshold (iv) so that we can obtain a wide band of energy spectra with good counting
statistics uncontaminated by spacecraft photoelectrons. The field line geometry conditions (v) - (viii) restrict
the spacecraft location to low altitudes and the foot point location to near-subsolar regions and surface areas
with weak or no crustal magnetic fields [Halekas et al., 2001; Mitchell et al., 2008; Tsunakawa et al., 2015].

Figure3a shows the collection of 829 energy spectra of upward traveling electrons obtained during the
selected intervals. Since the U,, information estimated by the ion reflectometry described in section 2.1 is not
always available (because measurable cold lobe ions are often absent), Figure3a shows the upward electron
flux as a function of observed energy, instead of electron energy at the surface. If Uy, ~ Usc, which is the case
for the 29 December 2012 event shown in Figure 2, the observed energies are roughly equal to the energies at
the surface. We note that the uncertainty of Uy, — U (probably <~10V, based on the 29 December 2012 event)
would have minimal effects on photoelectron energy spectra at higher energies > ~100 eV. The colors indi-
cate the flux of 1-5 nm (247-1239 eV) solar photons obtained from 60 s resolution FISM spectra [Chamberlin
et al., 2008]. For monochromatic X-ray photons (0.1-10 keV) incident on a solid, photoemitted fast (>50 eV)
electrons consist of sharp lines of elastically scattered primary photoelectrons and Auger electrons and a
much larger number of their low-energy tails of inelastically scattered primaries [Henkeet al., 1977, 1981]. Since
most of the fast photoelectrons are emitted with energies slightly lower than the incident photon energies,

HARADA ET AL.

LUNAR PHOTOEMISSION IN THE TAIL LOBES 4



@AG U Geophysical Research Letters

10.1002/2017GL073419

(a

Upward differentital number flux [/cm?/s/st/eV]

] (b) ) N =829, corr = 0.77 (© a=5.0e-03, k=35
‘2“07ﬁ°§7%1 -> 20161001 tail pals§a es 1.1x10 NQ » 110 Té‘g’%%%l‘ -> 20161 O:ﬂ tail ?asgla es i * T
100-10000 eV down e flux [/cm“/s. 0 -> 5.e+06 £ Pl 100-10000 eV down e flux [/cm® /s?. 0->5.e+06
Fjes‘caﬂ?] %00 ;‘710.05 S £ beSta[‘?]. %(?2 ;‘E0.0S
B-line di ™ o Bine dist. g\] 0.0->1.0
SZA [de 1.0x10°% = SZA [deg]: 0 > 30
Lat. [deg =2 X 8x10°-Lat ol 0> 30 It i — !
Lon. [ =l Lon. [deg: -50 -> -10 @ b
5 = 4 & OA012-12-29
2 £ - s | | L 100
bt — e = 0.1 /cC
9.0x10 z % oo P A X Te = 100 eV |
] x10°- E
o Ee] + = I~
@D = 7 1) ‘ =
-3 — [ Apollo 1971-02-09 b4 5 | =
E”slope | }8.0x1 053 S (BOke etal m75,\6 it % 1 8 | 4 =
o S : ° |
Q 2 4x10°H % [ IR e ‘]'
87 o .
7ox10% 8 7 i N H y
g = 7 1§64 H I
©
s * a
E 0 20t ¥ . |
6.0x10°% s 7 _ 7t
. = - Ne_=0.01 /ec |
> - y = (5.00-03+1.66-03) * x Te=50¢ 5
7] = (5.0e-03=1.6e- -
soxio ° ol . , X ) 10° )20 10
0  2.0x10°4.0x10°6.0x10°8.0x10%1.0x10°1.2x10° 10° 10° 10"

Electron observed energy [eV]

FISM 1-5 nm (247-1239 eV) solar photon flux [/cm?/s] 1-5 nm photon flux [/cm?s]

Figure 3. Statistical properties of lunar photoelectrons observed by ARTEMIS (see text for details of the selection criteria): (a) energy spectra of upward electrons
and (b) scatterplot of upward electron flux versus solar photon flux. The magenta diamond in Figure 3b indicates the data points corresponding to the Apollo
measurements [Burke et al., 1975]. (c) Current balance solutions of positive lunar surface potentials as a function of downward electron flux and 1-5 nm solar
photon flux, calculated from equations (3) and (5) with a = 5.0 x 103 and k = 3.5. In Figure 3¢, the vertical lines show a range of variations in 1-5 nm photon
flux based on 11 year data of FISM daily spectra [Chamberlin et al., 2007], whereas the horizontal lines indicate downward fluxes of isotropic Maxwellian electrons
with typical densities and temperatures in the tail lobes.

we chose the photon energy range of ~200-1000 eV to represent the input photon flux relevant to ~100 eV
photoelectron emission. Figure 3a demonstrates that the measured upward electron spectra exhibit stable,
consistent shapes (approximately power law E~% with k ~ 3-4) with magnitudes scaled with the 1-5 nm solar
photon flux (colors). Figure 3b shows a scatterplot of the upward electron flux integrated over 80-300 eV as
a function of 1-5 nm solar photon flux. We observe a good linear correlation (0.77) between the photoelec-
tron and photon fluxes, thereby providing direct observational evidence for the modulation of lunar surface
photoemission in response to solar photon flux variations. We obtain a mean photoelectron/photon flux ratio
of 5.0 x 1073 with 2 standard deviations of 1.6 x 1073, which bracket most of the data points (see the blue
lines in Figure 3b). In Figure 3b, it is also seen that the Apollo data point from Burke et al. [1975] (the magenta
diamond) is within the variability of ARTEMIS measurements at the corresponding photon flux.

3. An Empirical Model

We can utilize the approximately power law nature of the high-energy (>10 eV) tail photoelectron spec-
tra and the linear dependence of the integrated photoelectron flux on the solar photon flux to develop an
empirical energy distribution of the high-energy photoelectrons accounting for solar photon flux variations.
First, we assume that the energy spectrum of the high-energy photoelectrons is represented by a power law
distribution

Jo(E) = CE™*, M

where k ~ 3-4 based on the ARTEMIS and Apollo measurements. The comparison between the 80-300 eV
photoelectron flux and the 1-5 nm photon flux suggests a linear relation

Fe 80-300ev = aFy 1_snm> )

where a = (5.0 + 1.6) X 1073 representing the upper and lower brackets of the variability of the measured

photoelectron/photon flux ratios (Figure 3b). From (2) and F.gy 300y = 7 8?(’)2(\),evJe(E)dE = zC(80~+1 —
3007%+")/(k — 1), we obtain

3 aFy,1—5nm(k -1
- 7(80-k+1 — 300—k+1)'

3)

Note that J, is in /cm?/s/st/eV, E is in eV, and F, ;s is in /cm?/s. The dotted black lines in Figure 2k show
the model photoelectron spectra (1) for the FISM-derived photon flux on 29 December 2012 with parameters
a=(5.0+1.6) x 1073 and k = 3.5. The model spectra roughly reproduce the measured electron spectra (red
and blue) within the uncertainty of U,,.
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On the dayside lunar surface in the terrestrial tail lobes, currents from ions and secondary electrons are neg-
ligible compared to the photoelectron and ambient electron currents. Equating the downward electron flux
and the upward flux of escaping photoelectrons with energies above |eUy|,

® zC _
Fedown = Feup = 7 /| iy ‘JE(E)dE = 7 1eUul ke @
eUm

we obtain a current balance solution of the lunar surface potential

1
—k+1

k—1
|eUM| = <7Fe,down> . (5)

As described by this equation, the current balance surface potential (Uy,) can be predicted from the input
photon flux (included in C) and the input electron flux (F, 4,un)- Figure 3c shows the current balance solution
of Uy, calculated from equation (5) as a function of downward electron flux and 1-5 nm solar photon flux for
parametersa = 5.0x 1073 and k = 3.5. The vertical lines denote ranges of 1-5 nm solar flux variations derived
from 11 years of daily FISM data [Chamberlin et al., 2007], whereas the horizontal lines indicate typical ranges
of downward electron fluxin the terrestrial magnetotail lobes. For the 29 December 2012 event, we obtain the
downward electron flux, Fe go,n = 2.9 % 107 /cm?/s, based on a kappa function fit to the measured downward
electron spectrum. The corresponding data point is shown by the black diamond in Figure 3c. This event
shows the downward electron flux higher than the typical lobe fluxes because of the presence of additional
cold plasma of lunar origin, which leads to decrease in the spacecraft potential (Figure 2b) [Harada et al., 2013].
The predicted values of Uy, for this event with a = (5.0 + 1.6) X 1073 and k = 3-4 range between +22 V
and +41V, which are roughly consistent with, but slightly higher than, U, ~ +15-25 V obtained from the
ion reflectometry. The slight overestimation of Uy, could be attributed to underestimation of the downward
electron flux caused by the presence of coldest electrons which have energies lower than the instrument
resolution and cannot be separated from spacecraft photoelectrons.

4, Implications

We can utilize the current balance solution (5) to estimate an enhancement of U,, induced by a solar flare.
Sternovsky et al. [2008] estimated that dayside lunar surface potentials in the solar wind plasma vary from
+5 V for the solar minimum and +7 V for the solar maximum up to +9 V during an X28 class solar flare, result-
ing mainly from solar photon flux variations in the 70-100 nm range. Meanwhile, the 1-5 nm solar photon
flux can increase by a factor of 10 or more during an X-class flare [Chamberlin et al., 2008]. As an example,
multiplying F, ;_s,, by 10 for the 2012-12-29 event results in a factor of ~2-3 increase in Uy, ranging from
+70V to +98 V. In Figure 3¢, we can see that a factor of 10 increase in 1-5 nm photon flux with the same
downward electron flux (an order of magnitude horizontal shift toward the right) generally results in a fac-
tor of a few increase in Uy, (colors). The current balance solution suggests that lunar surface charging in the
tail lobes could enhance substantially and reach very large potentials (on the order of +100 V) during strong
solar flares.

In this paper, we have focused on photoemission and charging on the unmagnetized regions of the lunar sur-
face. As Burke et al. [1975] suggested, even larger potentials could exist on the lunar surface with strong crustal
magnetic fields because of charge separation electric fields. Further investigation on plasma processes above
the photoemitting, magnetized surface would be necessary to fully characterize both spatial and temporal
variabilities of lunar surface potentials.

An accurate understanding of the emitted photoelectron spectrum from lunar soil is critical for understanding
the charging and transport mechanisms of lunar dust that have been theorized for the Moon and asteroids
[Veverka et al., 2001; Colwell et al., 2005; Poppe et al., 2012b]. Recent laboratory and simulation efforts have
shown that grain-scale “supercharging” may be responsible for electrostatic ejection and transport of individ-
ual grains [Wang et al., 2016; Zimmerman et al., 2016]. The high-energy (~20-300 eV) photoelectron spectrum
measured by ARTEMIS from the lunar soil should be incorporated into on-going modeling and theoretical
efforts in order to fully understand electrostatic charging, mobilization, and bulk transport of dust grains on
airless bodies.
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