'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

JGR Space Physics

RESEARCH ARTICLE
10.1029/2023JA031707

Key Points:

e We developed a numerical model of
the energy spectrum of photoelectrons
and Auger electrons emitted from the
sunlit lunar surface

e The model successfully reproduces
Acceleration, Reconnection,
Turbulence, and Electrodynamics of
the Moon's Interaction with the Sun
observations of upward-traveling
electrons from the sunlit lunar surface

e The data-model comparison suggests
that the emitted electrons can be used
as a new tool to remotely infer the
lunar surface potential

Correspondence to:

M. Kato,
katomasa@kugi.kyoto-u.ac.jp

Citation:

Kato, M., Harada, Y., Xu, S., Poppe,
A.R., Halekas, J. S., Miyake, Y., et al.
(2023). Modeling photoelectron and
Auger electron emission from the
sunlit lunar surface: A comparison with
ARTEMIS observations. Journal of
Geophysical Research: Space Physics,
128, €2023JA031707. https://doi.
org/10.1029/2023JA031707

Received 23 MAY 2023
Accepted 17 SEP 2023

© 2023. American Geophysical Union.
All Rights Reserved.

Modeling Photoelectron and Auger Electron Emission From
the Sunlit Lunar Surface: A Comparison With ARTEMIS
Observations

Masahisa Kato!
Yohei Miyake*

, Yuki Harada!
, Hideyuki Usui*

, Shaosui Xu? 2/, Andrew R. Poppe? (2, Jasper S. Halekas® (2,
, Masaki N. Nishino® (*), and Toru Matsumoto®

'Department of Geophysics, Graduate School of Science, Kyoto University, Kyoto, Japan, *Space Sciences Laboratory,
University of California, Berkeley, CA, USA, Department of Physics and Astronomy, University of lowa, lowa City, 1A,
USA, “Education Center on Computational Science and Engineering, Kobe University, Kobe, Japan, 3Institute of Space and
Astronautical Science, Japan Aerospace Exploration Agency, Sagamihara, Japan, °The Hakubi Center for Advanced Research,
Kyoto University, Kyoto, Japan

Abstract Due to the lack of a dense atmosphere, the Moon directly interacts with ambient plasmas and
solar radiation, leading to lunar surface charging. Solar X-rays drive the emission of photoelectrons and Auger
electrons from the lunar surface to space. The Auger electrons have characteristic energies intrinsic to the
photo-emitting atoms and were recently identified at the Moon by Acceleration, Reconnection, Turbulence, and
Electrodynamics of the Moon's Interaction with the Sun (ARTEMIS) observations. In this study, we developed
a numerical model of the energy spectrum of lunar photoelectrons and Auger electrons, thereby comparing the
predicted and observed energy spectra. By adjusting a scaling factor, the model well reproduces the ARTEMIS
observations obtained in the solar wind, where the energy spectra are minimally affected by surface charging.
Meanwhile, the energy spectra obtained in the geomagnetic tail can be significantly altered by lunar surface
potentials. We show that it is difficult to determine a unique combination of the scaling factor and the lunar
surface potential with the ARTEMIS energy resolution because of a strong parameter degeneracy. Nevertheless,
for a fixed scaling factor, a strong correlation is identified between the lunar surface potentials inferred from
the shifts of the energy spectra and those from the upward photoelectron beam energies, providing a proof of
concept for the use of the photo-emitted electrons as a new remote sensing tool of the lunar surface potential.
We advocate for future observations of lunar electrons with a high energy resolution.

1. Introduction

Since the Moon has no dense atmosphere, the lunar surface is exposed to the ambient plasma. On the sunlit side
of the Moon, photoelectrons are emitted from the surface by solar irradiation. The transfer of charge between the
lunar surface and space corresponds to electric currents into and out of the surface, and the imbalance of these
currents causes surface charging (Whipple, 1981).

Lunar surface charging has been investigated by charged particle measurements on the lunar surface (Freeman &
Ibrahim, 1975) and from orbit (Halekas et al., 2008). Lunar Prospector characterized negative lunar surface poten-
tials by electron reflectometry, which was originally utilized to measure the lunar crustal magnetic fields (Lin
et al., 1988; Mitchell et al., 2008) and was subsequently applied to probing the electrostatic environment based on
energy-dependent loss cones of electrostatically reflected electrons (Halekas et al., 2002). Meanwhile, ion reflec-
tometry was applied to Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's Interaction
with the Sun (ARTEMIS) data, thereby inferring positive lunar surface potentials (Harada et al., 2017). Another
observable signature relevant to lunar surface charging is field-aligned beams of upward electrons that are emitted
from the surface and subsequently accelerated by downward electric fields above the negatively charged lunar
surface (Halekas et al., 2002). The upward electron beams were observed not only on the lunar night side, where
negative surface potentials are naturally expected from the lack of photoemission, but also on the lunar day side in
specific environments such as the geomagnetic tail (Halekas et al., 2005), where a simple current balance predicts
positive surface potentials.

These dayside negative surface potentials are interpreted in terms of a non-monotonic potential distribution with a
potential minimum formed above the lunar surface (Guernsey & Fu, 1970). Based on a comparison of ARTEMIS
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observations and particle-in-cell simulations, Poppe et al. (2012) demonstrated that the observed electron beams
can be explained by non-monotonic potentials. The presence of non-monotonic potentials is also inferred from
ion observations by the Apollo 14 Suprathermal Ion Detector Experiment on the lunar dayside surface (Collier
et al., 2017).

In addition to primary photoelectrons directly expelled by solar photons, Auger electrons are emitted from surface
materials if the incident photons are sufficiently energetic (Auger, 1925). The Auger electron emission process
(Auger process) consists of three electron transition processes. The first process is photoemission from an inner
electron shell of an atom, by which a vacancy is generated (called the primary vacancy). In the second process,
another electron in an outer electron shell moves to the primary vacancy, producing a photon whose energy is
equal to the photon from the second electron transition. In the third process, the photon from the second electron
transition causes another electron emission from an outer electron shell. The emitted electron in the final step
is called an Auger electron. For explicit distinction of Auger electrons from different electron shells, the Auger
electrons are specifically called “XYZ Auger electrons,” where X, Y, and Z refer to the electron shells related to
the first, second, and third Auger processes, respectively.

The Auger process has been widely used for Auger Electron Spectroscopy (AES), which analyzes the chem-
ical composition of sample materials at a few nm depths from the surface (e.g., Chang, 1971; Harris, 1968).
Lin and Gopalan (1991) proposed that the surface composition of an airless body can be mapped by AES with
high-energy resolution electron measurements from lunar orbiters, though lunar Auger electrons were not obser-
vationally identified at that time. Decades later, observations of lunar Auger electrons by ARTEMIS were first
reported by Xu et al. (2021).

Motivated by the ARTEMIS observations of lunar Auger electrons, we develop a numerical model of the energy
spectrum of photoelectrons and Auger electrons emitted from the sunlit lunar surface, which can be directly
compared to the observations. The lunar Auger electron observations have a practical implication for the inves-
tigation of lunar surface charging. As the Auger electrons are emitted with fixed characteristic energies from the
surface, we can infer the electrostatic potential difference between the lunar surface and the spacecraft from the
energy shift of the measured Auger electrons from the emitted (known) energies. We explore the feasibility of this
concept by analyzing ARTEMIS data obtained in the terrestrial magnetotail, where large variations of the lunar
surface potential are observed. The organization of this paper is as follows. Section 2 gives an overview of an
example of observations of lunar Auger electrons by ARTEMIS. In Section 3, we describe our energy spectrum
model. Section 4 presents comparisons of the model predictions with ARTEMIS observations, and Section 5
summarizes key conclusions.

2. ARTEMIS Observations

In this section, we briefly introduce one of the Auger electron observations reported by Xu et al. (2021). Figure 1
shows a case of Auger electron observations in the solar wind. During the time interval indicated by the two
vertical times, a peak near 500 eV can be seen in the upward electron energy spectra with 0°-22.5° pitch angles
(Figures 1a and 1g) obtained on field lines connected to the dayside lunar surface (Figures le and 1i) when the
Moon was located in the solar wind (Figure 1h). The ~500 eV peak is not present in the downward electron
energy spectra (Figure 1c). The pitch angle distributions suggest relatively large loss cones during this time
interval (Figures 1c and 1d), suggesting a surface origin of the field-aligned electrons. The ~500 eV electrons
were interpreted as Auger electrons from oxygen atoms of the lunar surface materials. For comparison of these
ARTEMIS observations with our model, we focus on an energy range of 100-800 eV because (a) secondary elec-
trons, which are not included in our model, are expected to dominate at low energies (<~50 eV) and (b) signals
are typically too small above 800 eV in cases of Auger electron observations.

3. Model Description

The basic concept of our energy spectrum model of photoelectrons and Auger electrons is based on Lin and
Gopalan (1991) (hereafter LG91), who presented a simple forward model computing photoelectron and Auger
electron spectra from an input solar spectrum. As we demonstrate in Section 4, the LG91 model turned out to
be too simplified to reproduce the ARTEMIS observations and we made several improvements to the initial
LG91-based model by considering more realistic processes such as inelastic collisions, energy dependence of the
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Figure 1. The Auger electron observation in the solar wind region on 25 June 2014 reported by Xu et al. (2021). Energy spectra of electrons with (a) 0° < 6 < 22.5°,
where 6 indicates the pitch angle of the electrons, in units of Differential Energy Flux (DEF) and (b) with 157.5° < 8 < 180°, pitch angle distributions of electrons
with (c) 200 eV < E < 400 eV, (d) 400 eV < E < 600 eV, (e) estimated magnetic field line connection to the Moon (light blue = connected, dark blue = unconnected),
(f) magnetic fields in selenocentric solar ecliptic (SSE) coordinates, (g) energy spectrum averaged over the time range indicated by the vertical lines on panels (a—f),
and positions of ARTEMIS P1 in (h) geocentric solar ecliptic (GSE), and (i) SSE coordinates. The error bars on panel (g) indicate measurement uncertainties from
the counting statistics. The observed magnetic field vectors are projected on panel (i) with magenta and black arrows denoting connected and unconnected field lines,
respectively. The dashed line and dotted curved line on panel (h) indicate magnetopause location and bowshock location respectively based on Fairfield (1971). The
spacecraft potential Uy at this time is ~5 eV.

Inelastic Mean Free Path (IMFP), multiple Auger peaks, and escape efficiency of electrons. Our model calcu-
lates the energy spectrum of photoelectrons and Auger electrons emitted from the lunar surface in the following
manner.

When a photon with energy e strikes an xth electron shell of atom i (atom number Z,), the differential flux of
photoelectrons f,, , emitted from the lunar surface with energy E can be expressed as

fo (E)dE = / J(€)o(e, Zi, x)pil(E)aP,(E, E,)de d E, 1

€

where J (¢)is the solar irradiation flux of photons at photon energy €, (¢, Z;, x)is the photoionization cross-section
of the xth electron shell of atom i, p; is the number density of atom i in the surface material, /(E) is the IMFP of
electrons with energy E, a is the escape efficiency of photoelectrons due to the surface roughness, P,(E, E,) is the
probability distribution of the ejected photoelectrons at energy E and for primary photoelectron energy £, which
includes the effects from elastic and inelastic collisions, and W is the work function of the lunar surface mate-
rial. In Equation 1, we introduce parameters a, and P in addition to the LG91 formula to include more realistic
processes. We use the work function W =5 eV from Feuerbacher et al. (1972). The energy of the primary photo-
electrons E, is determined by the injecting photon energy ¢, the binding energy of atoms, and the work function as

E,=¢—Ey(Zi,x)—- W, 2)
where E| is the binding energy of xth electron shell of atom i with respect to the Fermi level.

The differential flux of Auger electrons for a specific transition can be expressed as

fa,(EYAE = /J(e)o(e, Zi, Xm, )pil(E)aﬂ,-PA”" (E, EA”n)de dE, 3)

€
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(a) Solar irradiance at 2014-06-25 03:11-03:12 from FISM2
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Figure 2. Examples of model inputs, such as Solar irradiance obtained from FISM2 (Chamberlin et al., 2020) in 1 nm wavelength resolution (a), converted and
redistributed photon flux (b), and photoionization cross sections of oxygen (Yeh, 1993; Yeh & Lindau, 1985 (https://vuo.elettra.eu/services/elements/WebElements.
html)). The dashed lines in panels (a and b) indicate the uncertainty of solar irradiance. In panel (c), the magenta, blue, and green lines indicate the cross sections of 1s,

2s, and 2p orbit, respectively.

where J, o, p, I, @, P, and W are the same as those in Equation 1, E,4,, is the peak energy of Auger electrons
through m Auger processes (e.g., m = KLL, LMM) from atom i, f; is Auger yield, and x,, is an electron shell
related to 1st Auger process (e.g., for KL,L,; Auger process, x,,, = K). E,,, is determined as

En, = Ey(Zi,xn,) = Es(ZisXm,) — Es(Zi, xmy) = W, )

where x,,, (n = 1,2, 3) are electron shells related to nth Auger process. In this study, Ey4,, is calculated from bind-
ing energy data from Moulder et al. (1992) and the work function W (Feuerbacher et al., 1972). We calculate the
model spectrum in 1 eV resolution. We will explain each variable in Section 3.1.

3.1. Model Inputs

For the solar photon flux J, we utilize a widely used empirical model, FISM2 (Chamberlin et al., 2020). FISM2
provides the solar irradiation flux every 1 nm wavelength (Figure 2a). When we input FISM2 data into our model,
we convert wavelength in nm to energy in eV, convert units of the photon flux from W/m?nm to /s/m%/eV, and
redistribute the photon flux into 1 eV resolution bins (Figure 2b).

The photoionization cross-sections, o (e, Z;, x), are taken from Yeh and Lindau (1985) and Yeh (1993) (https://
vuo.elettra.eu/services/elements/WebElements.html). We interpolate the cross-section data to the 1-eV resolution
(Figure 2c).

We assume that the lunar surface is composed of atoms of 6 elements (O, Si, Al, Fe, Mg, and Ca) in the same
manner as LG91. The number density p, is derived from the average mass densities d of the highland and mare
regions and the chemical compositions in atom% (Turkevich, 1973) as shown in Table 1.
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Table 1 I(E) is the IMFP of an electron with energy E within the surface material.

Atomic Composition of the Lunar Surface and Mass Density d

(Turkevich, 1973)

As IMFP varies with the electron energy, we utilize an energy-dependent
formula of IMFP given by Powell and Jablonski (2000) for the ejected elec-

Highland (atomic %)

Mare (atomic %) tron energy (>50 eV). In our model, we use the formula for silicon dioxide,

Atoms d =296 g/lcm? d=13.19 g/lcm?
& : I(E) = (2544E7"%% 4+ 0.1197E*™¥) x 107", Q)
(0] 61.1 £0.9 60.3 +0.4
Si 163+ 1.0 169 + 1.0 where E is the energy of electrons in eV and /(E) is in m.
Al 10.1£0.9 6.5+0.6 p is the Auger yield, which represents the probabilities of the Auger electron
Fe 1.8+0.3 44+07 emission in the third step of the Auger processes as opposed to the X-ray
Mg 4.0+0.8 51+1.1 fluorescence. Schonfeld and JanBen (1996) indicate that § varies with atomic
Ca 6.1+ 0.6 47 +04 number as shown in Table 2. Table 2 does not include Si, Al, and Mg because
the Auger energy peaks are out of the energy range of 100-1,000 eV.
Pp is the electron energy distribution function for photoemission, which
includes the elastic peak of photoelectrons with no energy loss and a
low-energy tail of inelastically scattered electrons. P, is the electron energy distribution function for Auger emis-
sion. Depending on the element, P, can include multiple peaks corresponding to multiple transitions (Table 2),
each having the inelastic tail. For the inelastic tail distribution, we adopt the Tougaard (1997) distribution,
BT
A= — 21— ©
(C-T?% + DT*?
where B, C, and D are empirically determined parameters for different materials, and T is the energy loss with
respect to the elastic peak energy. To approximate inelastic scattering within the lunar regolith materials, we apply
B =325eV2, C=542¢eV? and D = 275 eV? for SiO, (Tougaard, 1997). Consequently, the function P, becomes
B(E,—E)
6(E,— E)+ = - (E,—E>0)
P,,(E, E,,) — [C—(E,,—E) ] +D(E,-E) , (7
0 (E,—E<0)
where E, is the photoelectron primary energy with no energy loss. Py, becomes
PA,,,, (E, EA,-,,,) = RimPim (E, EA,-,,,), (®)
where
B(Ey, —E)
5(Ex, — E) : (Ea,—E20)
pim(E. Ea,,) = [c~(Ea,,—E)| +D(En,,~E) , )
0 (Es,, —E<0)
Table 2 m indicates the Auger process (such as KL|L,), and 4, is the normalized peak

Auger Transitions and Energies (Moulder et al., 1992) in an Energy Range

heights of multiple peaks emitted from the same element of atoms.

of 100-1,000 eV, and Auger Yield (Schonfeld & Janfien, 1996) Used in Our

Model a represents the escape efficiency. As opposed to emission from an ideal
. flat surface, some of the ejected electrons from the lunar surface will be
Normalized peak Auger . ’

Element ~ Transition ~Peak energy (eV) height h yield g~ reabsorbed because of the porous lunar regolith. A laboratory experiment by
Dove et al. (2018) showed that photoemission currents from a powder surface

o} KL,,L,, 509 0.510 ~1.000 : o
e are reduced by 60%—80% compared to that from a flat solid surface, implying
KL,Ly 488 0.283 0.2 £ a £ 0.4. However, since little knowledge has been obtained for « of the
KL,L, 474 0.207 lunar regolith, we treat « as a free parameter and we assume that it is energy
Ca L,M,;M,, 290 1.000 0.831 independent for simplicity. We note that this scaling factor is the only free

Fe LM,M,; 703 0.286 0.645  Pparameter in our model.

L;My;M,; 648 0.355 The errors of input parameters are considered as follows. For the solar photon
L,M,;M,, 599 0.359 flux J, the uncertainty of the flux is given by the FISM2 model (Chamberlin
KATO ET AL. 50f 12
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et al., 2020). We converted units of the error as same as the flux and interpolated to 1 eV resolution bins in the
same manner as the flux. For the photoionization cross-sections o, the error is assumed 10% based on the descrip-
tion on page 4 of Yeh and Lindau (1985). For the chemical composition, the variability from the average is given
by Turkevich (1973) as shown in Table 1. For IMFP [, Powell and Jablonski (2000) give the uncertainty of the
fitting by Equation 5 as 6.73%. Although the error of Auger yield § is not given numerically in the literature,
we assume the error of § as 0.02 according to the error bars of Figure 1 in Schonfeld and JanBen (1996). As the
accuracy of the electron energy distribution function P is indicated 5%—10% in Tougaard (1997), we assume the
error of P in this model is 10%.

The error propagation is calculated as follows. Since the flux is calculated by Equation 1 for the photoelectrons,
the error of photoelectron flux for each electron energy and each photon energy 6F (E, €)) is calculated by

oF, oF, oF, oF, oF,
5Fp(E,ej)=\/<aJ>(5J) (a >(5)+<6p>(6)+< >(51)+<a >(5P) (10)

where 6J, éo, dp, 61, and SP are uncertainties of J, o, p, [, and P, respectively. The uncertainty of photoelectron

flux for each electron energy Jf,(E) is calculated by

8fo(E) = Y Fy(E.€;) 11
J

The error of Auger electron flux JF, is similarly calculated from 6J, do, dp, 61, 6P, and 6, where f is the uncer-
tainty of f.

3.2. Prediction of Measured Fluxes From the Model

To compare the model energy spectrum at 1 eV resolution with the ARTEMIS electron measurements, we derive
predicted ARTEMIS measurements of electron fluxes by convolving the model spectrum with the instrument
energy response. The electron electrostatic analyzer (ESA) onboard ARTEMIS has the analyzer energy resolu-
tion AE/E = 17% and the energy sweep resolution is 32% (McFadden et al., 2008). We reconstruct the energy
response of ESA by combining the four sub-energy steps for each of the 31 energy channels, the information on
which can be found in a publicly available code, thm_read_esa_sweep_burst_mode.pro, included in SPEDAS
(Angelopoulos et al., 2019). The error of predicted measurements is calculated by convolving the error of the flux
of with the energy response of ESA.

4. Comparison of the Model With ARTEMIS Observations
4.1. Observations in the Solar Wind

We first show comparisons of the model predictions with ARTEMIS observations in the solar wind. When the
Moon is located in the solar wind, both the sunlit lunar surface potential and the spacecraft potential are usually
on the order of a few volts positive up to ~+10 V (Freeman & Ibrahim, 1975; Whipple, 1981). Since the expected
potential difference between the sunlit lunar surface and the spacecraft is sufficiently small compared to the
energy range of our interest, 100—-800 eV, we assume no energy shift between the emitted and measured electrons
for the observations in the solar wind.

Figure 3a shows an example of the model-data comparison for the event shown in Figure 1. We determine the
best-fit parameter @ by minimizing the total squared difference of logarithms of the modeled and observed
fluxes calculated for every 0.01 in &, S(a) = Y. (logFu(a) — logFg)2, in the energy range 100 eV < E < 800 eV.
The model-predicted measurement (magenta) is in good agreement with the ARTEMIS observation (black).
Meanwhile, Figure 3b compares the same observation with a model result under the simplified assumptions
of LGI1.
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(a) This study (b) Based on the assumption in Lin and Gopalan (1991)
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Figure 3. An example of comparisons between the model observed energy spectra with the model spectra (a) derived in this study and (b) based on the simplified
assumptions equivalent to Lin and Gopalan (1991). The red lines indicate the differential energy flux calculated by the model in 1 eV energy resolution. The magenta
lines show the predicted measurements derived from the model spectra convolved with the instrument response. The black lines indicate the ARTEMIS observations.
The blue dashed curve in panel (a) shows the energy spectra without Auger electron emission.

Table 3 summarizes the treatments of the model inputs in this study and LG91. We highlight that the overall
spectral slope and the shape of the ~500 eV peak are better reproduced in Figure 3a compared to Figure 3b.
Specifically, the energy-dependent IMFP changes the overall spectral slope, and the inclusion of the multiple
Auger peaks and inelastic low-energy tail modifies the Auger peak shape.

We found similar observations at least 10 events. Here we present two other representative ARTEMIS obser-
vations in the solar wind. Figures 4a and 4b show comparisons between the observed energy spectra and the
model spectra on 13 January 2013 and 19 June 2022, respectively. In both cases, the model prediction is in
general agreement with the ARTEMIS observations, though some variabilities are found in the observed elec-
tron spectra.

4.2. Observations in the Terrestrial Magnetotail

As opposed to dayside lunar surface charging in the solar wind, the lunar surface potential is highly variable in the
terrestrial magnetotail (Halekas et al., 2008). Since the photoelectrons and Auger electrons are accelerated/decel-
erated according to the potential difference between the spacecraft and the lunar surface, the resulting energy shift
needs to be considered when comparing the model predictions and ARTEMIS observations. As the spacecraft
potential is measured by ARTEMIS, the lunar surface potential is an additional free parameter for fitting of the
model to the measured electron energy spectra in the geomagnetic tail.

We first present a case study of ARTEMIS observations in the magnetotail lobe region (Figure 5). This event
is one of the reported Auger electron events by Xu et al. (2021) and was analyzed by Harada et al. (2017),
who derived the lunar surface potential U,, of +15-25 V based on the observed energy-dependent loss cone of
electrostatically reflected lobe ions (ion reflectometry). For a non-zero potential difference, we shift the 1-eV
resolution model energy spectrum such that the distribution function is conserved, and the shifted spectrum
is convolved with the instrument response to derive the model-predicted measurements. We conduct a grid
search for the best-fit parameters (@ and U,, = —(S.E. — U,), where S.E. is the shifted energy between the lunar
surface and the spacecraft and U, is spacecraft potential observed by ARTEMIS) based on the same metric,
S(a, S.E.) =Y (logFu(a, S.E.) — logF,)* calculated for every 0.01 in a and every 1 eV in S.E., as the solar wind
case. The error distribution as a function of @ and U, is shown in Figure 6a and the best-fit model and observa-
tions are compared in Figure 6b. The best-fit parameters are (o, U,,) = (0.52, 40 V). This U, is larger than the
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Our model

FISM2 Chamberlin et al. (2020)

Yeh and Lindau (1985)

Turkevich (1973)
Powell and Jablonski (2000)

Determined by model-observation comparison

Schonfeld and JanBen (1996)

Delta function (elastic) + Tougaard (1997) distribution (inelastic)

Considered multiple peaks

ion reflectometry results of +15-25 V. We note that Figure 6a shows a strong parameter degeneracy,
resulting in ambiguous determination of a and U,,. This is because increasing « and decreasing U,,
have similar effects as demonstrated by the raised overall spectrum with decreasing U,, in Figure 6b.
Ideally, electron measurements with a sufficiently high-energy resolution would enable unambiguous
determination of U,, by resolving the shift of the distinct Auger peaks. However, the rather coarse
energy resolution of ESA mostly smears out the Auger features, hindering the detailed investigation of
individual peaks.

The magnetotail lobe case suggests that it is difficult to unambiguously determine a and U,, from the
currently available data. Nonetheless, if we can assume that o does not vary significantly over a short
segment of ARTEMIS observations, we may be able to infer the degree of U,, variations within the
segment.

Figure 7 presents such an exercise with a well-studied event in the plasma sheet reported by Poppe
et al. (2012). As shown in Figure 7a, we observe monoenergetic electron beams with varying energies,
implying rapid variations of the negative (non-monotonic) potential on the dayside lunar surface. We
extract the beam energy (Figure 7¢) by fitting a Gaussian to the peak of differential energy flux detected
above the spacecraft potential.

During 12:14-12:16 UTC (indicated by the red dashed vertical lines in Figures 7a—7¢), a ~500 eV
peak was observed in the upward electrons (Figure 7a), indicating the presence of Auger electrons.
During this time interval, no electron beam was observed (Figure 7a), implying that the magnitude of
the negative surface potential is small. Based on these observations, we set U,, = 0 and determine the
best-fit a for this time interval as shown in Figure 7f. We note that the agreement between the model
and the observation is not as good as that in the solar wind case, possibly because of surface-scattered

©
=)
=]
g P
= ~ g
~ o fon) <
% g = § Z " or magnetically scattered hot plasma sheet electrons. Here a might function as an empirical adjusting
- = < . . - L .
5SS 5T S g parameter rather than representing the escaping efficiency as originally defined.
° =
| S 2 § 2 . . . o
é* é “g 5‘ S o = = Next, we assume that the determined « is constant during 12:00-12:13 (indicated by the black
2 e I 't'S i % dashed vertical lines in Figures 7a—7e) and determine the best-fit energy shift (Figure 7d). To elim-
3 s 8 8 B § 3 inate the electron beams with energies up to ~200 eV (Figures 7a and 7c) from fitting, we deter-
S — g % % :g: g mine the best-fit energy shift based on S(S.E.) = ¥ (logF,.(S.E.) — logF,)* in an energy range of
= EEE S 2| 200eV<E<S800eV.
T:, < < < A ©o Figure 7g compares the beam energy (Figure 7c) and the best-fit energy shift (Figure 7d). The relation-
3 ship between these energies and the potential structure is illustrated in Figure 8. The beam energy (red) is
é‘ determined by the potential minimum, U, , whereas the energy shift (blue) is determined by the surface
N potential, U,,. As shown in Figure 7g, we observe a strong correlation between the two. By correcting
.2 for the spacecraft potential, we derive the non-monotonic potential minimum from the beam energy and
g g é the lunar surface potential from the energy shift (Figure 7h). This result suggests a strong correlation
= £ 3 between the non-monotonic potential minimum and the lunar surface potential. The observed correla-
§ 8 " § ; tion is consistent with an expectation that the depth of the potential minimum with respect to the surface
§ § é 5 g %" potential, U,, — U, . should be determined by the characteristic energy of the emitted photoelectrons
-~ b5 (=9 . . . .. . . .
§ = 3 g % 5 5 and be largely independent of the incident electron variations. Also, PIC simulations predict that the
o é Z E S 5§ § lunar surface potential varies in sync with the potential minimum in response to the ambient plasma
) 5 2 s 8 o . . . .
% B = 2 § é‘ § § variations (Poppe et al., 2011, 2012). The consistent prediction from the simulations suggests that the
2 S = B . . . .
% s 8 g 8 5 = & & energy shift of the lunar photoelectrons and Auger electrons could provide valuable information on the
5 N o E —= © o .
= g E T & B £ § E lunar surface potential.
3 22 845 8528
S| |2 2555 222
E @2 &z = d < a8 Al 5 Conclusions
§ In this study, we developed the numerical model of the energy spectrum of photoelectrons and Auger elec-
% trons emitted from the sunlit lunar surface. The model reproduces the ARTEMIS observations generally
3 . . L
Q well in the solar wind, where the electron measurements are less affected by the potential difference between
s e
5 = |  the lunar surface and the spacecraft. To explore the feasibility of remote measurements of the lunar surface
Z § N 53 Lf: potential with the lunar Auger electrons, we analyzed the two magnetotail cases, in which the lunar surface
== S Q = 8 2 : . . : .
&S e 8§ ars potential was estimated by different methods. The magnetotail lobe case suggests that an unambiguous
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Figure 4. Examples of comparisons between the observed energy spectra and the model spectra (a) on 13 January 2013 and (b) on 19 June 2022 in the same format as

Figure 3a.
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determination of the lunar surface potential is challenging with the coarse energy resolution of ARTEMIS ESA. The

energy shift fitting and beam energy analysis for the plasma sheet case suggest a strong correlation between the lunar
surface potential and the non-monotonic potential minimum as predicted by PIC simulations. The results motivate
future high-energy resolution measurements of electrons at airless bodies. It is notable that such high-energy resolu-
tion electron measurements might also enable Auger Electron Spectroscopy investigation of the surface composition
of airless bodies as first envisioned by LG91.
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Figure 5. The Auger electron observation in the magnetotail lobe region on 29 December 2012 reported by Xu et al. (2021) in the same format as Figure 1. The black
lines in panels (a and b) indicate the observed spacecraft potential.
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Figure 6. Total error S distribution for the parameter « and the estimated surface potential (a), and an example of the electron energy spectrum calculated by our model
assuming deceleration by surface potential (b) on 29 December 2012 event (shown in Figure 5. The magenta diamond on panel (a) indicates best-fit parameters. The
black line and error bar in the right figure are similar to Figure 3. The black lines on panel (a) are contour diagrams of S = Y’ (logF,, — logF,)*.
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Figure 7. Running-averaged (30 s) energy spectra in units of differential energy flux (DEF) of (a) upward electrons (0° < € < 22.5°), and (b) downward electrons
(157.5° < 6 < 180°), (c) upward electron beam energy indicated by the diamonds on panel (a), (d) electron energy shift between the lunar surface and the spacecraft
estimated by fitting our model to the data, (e) pitch angle spectra of electrons (500 eV < E < 1,000 eV), (f) energy spectrum averaged over the time range indicated by
the red dashed vertical lines on (a—e) (black line with error bars) and model-predicted measurements (a = 0.51, magenta line), (g) scatter plot of the beam energy (panel
(c)) and the energy shift (panel(d)), and (h) scatter plot of the estimated minimum potential and the estimated surface potential. The black solid lines in panels (a and b)
indicate the observed spacecraft potential. The black solid lines in panels (g and h) indicate the linear fitting results.
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Figure 8. A schematic diagram of the potential distribution above the lunar surface and the electron energy spectra at the
lunar surface and above the surface. The red arrow indicates the magnitude of energy of beamlike electrons and the blue
arrow indicates the magnitude of the energy shift of electrons.
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