
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 1e 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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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 ϵ strikes an xth electron shell of atom i (atom number Zi), the differential flux of 
photoelectrons 𝐴𝐴 𝐴𝐴𝑝𝑝𝑖𝑖𝑖𝑖 , emitted from the lunar surface with energy E can be expressed as

𝑓𝑓𝑝𝑝𝑖𝑖𝑖𝑖 (𝐸𝐸) 𝑑𝑑𝐸𝐸 = ∫
𝜖𝜖

𝐽𝐽 (𝜖𝜖)𝜎𝜎(𝜖𝜖𝜖 𝜖𝜖𝑖𝑖𝜖 𝑖𝑖)𝜌𝜌𝑖𝑖𝑙𝑙(𝐸𝐸)𝛼𝛼𝛼𝛼𝑝𝑝(𝐸𝐸𝜖𝐸𝐸𝑝𝑝)𝑑𝑑𝜖𝜖 𝑑𝑑𝐸𝐸𝜖 (1)

where 𝐴𝐴 𝐴𝐴 (𝜖𝜖) is the solar irradiation flux of photons at photon energy ϵ, 𝐴𝐴 𝐴𝐴(𝜖𝜖𝜖 𝜖𝜖𝑖𝑖𝜖 𝑥𝑥) is the photoionization cross-section 
of the xth electron shell of atom i, ρi is the number density of atom i in the surface material, l(E) is the IMFP of 
electrons with energy E, α is the escape efficiency of photoelectrons due to the surface roughness, 𝐴𝐴 𝐴𝐴𝑝𝑝(𝐸𝐸𝐸𝐸𝐸𝑝𝑝) is the 
probability distribution of the ejected photoelectrons at energy E and for primary photoelectron energy Ep, 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 α, 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 Ep is determined by the injecting photon energy ϵ, the binding energy of atoms, and the work function as

𝐸𝐸𝑝𝑝 = 𝜖𝜖 − 𝐸𝐸𝑏𝑏(𝑍𝑍𝑖𝑖, 𝑥𝑥) −𝑊𝑊 , (2)

where Eb 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

𝑓𝑓𝐴𝐴𝑖𝑖𝑖𝑖
(𝐸𝐸)𝑑𝑑𝐸𝐸 = ∫

𝜖𝜖

𝐽𝐽 (𝜖𝜖)𝜎𝜎
(

𝜖𝜖𝜖 𝜖𝜖𝑖𝑖𝜖 𝑥𝑥𝑖𝑖1

)

𝜌𝜌𝑖𝑖𝑙𝑙(𝐸𝐸)𝛼𝛼𝛼𝛼𝑖𝑖𝑃𝑃𝐴𝐴𝑖𝑖𝑖𝑖

(

𝐸𝐸𝜖𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

)

𝑑𝑑𝜖𝜖 𝑑𝑑𝐸𝐸𝜖 (3)

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° < θ < 22.5°, 
where θ indicates the pitch angle of the electrons, in units of Differential Energy Flux (DEF) and (b) with 157.5° < θ < 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 USC at this time is ∼5 eV.
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where J, σ, ρ, l, α, P, and W are the same as those in Equation 1, 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖
 is the peak energy of Auger electrons 

through m Auger processes (e.g., m = KLL, LMM) from atom i, βi is Auger yield, and 𝐴𝐴 𝐴𝐴𝑚𝑚1
 is an electron shell 

related to 1st Auger process (e.g., for KL1L23 Auger process, 𝐴𝐴 𝐴𝐴𝑚𝑚1
= K ). 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖

 is determined as

𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖
= 𝐸𝐸𝑏𝑏

(

𝑍𝑍𝑖𝑖, 𝑥𝑥𝑖𝑖1

)

− 𝐸𝐸𝑏𝑏

(

𝑍𝑍𝑖𝑖, 𝑥𝑥𝑖𝑖2

)

− 𝐸𝐸𝑏𝑏

(

𝑍𝑍𝑖𝑖, 𝑥𝑥𝑖𝑖3

)

−𝑊𝑊 , (4)

where 𝐴𝐴 𝐴𝐴𝑚𝑚𝑛𝑛
(𝑛𝑛 = 1, 2, 3) are electron shells related to nth Auger process. In this study, 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖

 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 2/nm to /s/m 2/eV, and 
redistribute the photon flux into 1 eV resolution bins (Figure 2b).

The photoionization cross-sections, 𝐴𝐴 𝐴𝐴(𝜖𝜖𝜖 𝜖𝜖𝑖𝑖𝜖 𝑥𝑥) , 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 ρi 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.

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.
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l(E) is the IMFP of an electron with energy E within the surface material. 
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-
tron energy (>50 eV). In our model, we use the formula for silicon dioxide,

𝑙𝑙(𝐸𝐸) =
(

254.4𝐸𝐸−0.9359 + 0.1197𝐸𝐸0.7989
)

× 10−10, (5)

where E is the energy of electrons in eV and l(E) is in m.

β is the Auger yield, which represents the probabilities of the Auger electron 
emission in the third step of the Auger processes as opposed to the X-ray 
fluorescence. Schönfeld and Janßen (1996) indicate that β varies with atomic 
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. PA is the electron energy distribution function for Auger emis-
sion. Depending on the element, PA 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,

𝐴𝐴(𝑇𝑇 ) =
𝐵𝐵𝑇𝑇

(𝐶𝐶 − 𝑇𝑇 2)
2
+𝐷𝐷𝑇𝑇 2

, (6)

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 = 325 eV 2, C = 542 eV 2, and D = 275 eV 2 for SiO2 (Tougaard, 1997). Consequently, the function Pp becomes

𝑃𝑃𝑝𝑝(𝐸𝐸𝐸𝐸𝐸𝑝𝑝) =

⎧

⎪

⎨

⎪

⎩

𝛿𝛿(𝐸𝐸𝑝𝑝 − 𝐸𝐸) +
𝐵𝐵(𝐸𝐸𝑝𝑝−𝐸𝐸)

[

𝐶𝐶−(𝐸𝐸𝑝𝑝−𝐸𝐸)
2
]2
+𝐷𝐷(𝐸𝐸𝑝𝑝−𝐸𝐸)

2
(𝐸𝐸𝑝𝑝 − 𝐸𝐸 ≥ 0)

0 (𝐸𝐸𝑝𝑝 − 𝐸𝐸 𝐸 0)

𝐸 (7)

where Ep is the photoelectron primary energy with no energy loss. 𝐴𝐴 𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖
 becomes

𝑃𝑃𝐴𝐴𝑖𝑖𝑖𝑖

(

𝐸𝐸𝐸𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

)

= ℎ𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖
(

𝐸𝐸𝐸𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

)

𝐸 (8)

where

𝑝𝑝𝑖𝑖𝑖𝑖
(

𝐸𝐸𝐸𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

)

=

⎧

⎪

⎨

⎪

⎩

𝛿𝛿
(

𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖
− 𝐸𝐸

)

+
𝐵𝐵(𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

−𝐸𝐸)
[

𝐶𝐶−(𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖
−𝐸𝐸)

2
]2
+𝐷𝐷(𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖

−𝐸𝐸)
2

(

𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖
− 𝐸𝐸 ≥ 0

)

0
(

𝐸𝐸𝐴𝐴𝑖𝑖𝑖𝑖
− 𝐸𝐸 𝐸 0

)

𝐸 (9)

m indicates the Auger process (such as KL1L2), and hm is the normalized peak 
heights of multiple peaks emitted from the same element of atoms.

α represents the escape efficiency. As opposed to emission from an ideal 
flat surface, some of the ejected electrons from the lunar surface will be 
reabsorbed because of the porous lunar regolith. A laboratory experiment by 
Dove et al. (2018) showed that photoemission currents from a powder surface 
are reduced by 60%–80% compared to that from a flat solid surface, implying 
0.2 ≲ α ≲ 0.4. However, since little knowledge has been obtained for α of the 
lunar regolith, we treat α as a free parameter and we assume that it is energy 
independent for simplicity. We note that this scaling factor is the only free 
parameter in our model.

The errors of input parameters are considered as follows. For the solar photon 
flux J, the uncertainty of the flux is given by the FISM2 model (Chamberlin 

Atoms
Highland (atomic %)

d = 2.96 g/cm 3
Mare (atomic %)
d = 3.19 g/cm 3

O 61.1 ± 0.9 60.3 ± 0.4

Si 16.3 ± 1.0 16.9 ± 1.0

Al 10.1 ± 0.9 6.5 ± 0.6

Fe 1.8 ± 0.3 4.4 ± 0.7

Mg 4.0 ± 0.8 5.1 ± 1.1

Ca 6.1 ± 0.6 4.7 ± 0.4

Table 1 
Atomic Composition of the Lunar Surface and Mass Density d 
(Turkevich, 1973)

Element Transition Peak energy (eV)
Normalized peak 

height hm

Auger 
yield β

O KL23L23 509 0.510 ∼1.000

KL1L23 488 0.283

KL1L1 474 0.207

Ca L3M23M23 290 1.000 0.831

Fe L3M45M45 703 0.286 0.645

L3M23M45 648 0.355

L3M23M23 599 0.359

Table 2 
Auger Transitions and Energies (Moulder et al., 1992) in an Energy Range 
of 100–1,000 eV, and Auger Yield (Schönfeld & Janßen, 1996) Used in Our 
Model
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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 σ, 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 l, Powell and Jablonski (2000) give the uncertainty of the 
fitting by Equation 5 as 6.73%. Although the error of Auger yield β is not given numerically in the literature, 
we assume the error of β as 0.02 according to the error bars of Figure 1 in Schönfeld and Janßen (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 δFp(E, ϵj) is calculated by

𝛿𝛿𝛿𝛿𝑝𝑝(𝐸𝐸𝐸 𝐸𝐸𝑗𝑗) =

√

(

𝜕𝜕𝛿𝛿𝑝𝑝

𝜕𝜕𝜕𝜕

)2

(𝛿𝛿𝜕𝜕 )
2
+

(

𝜕𝜕𝛿𝛿𝑝𝑝

𝜕𝜕𝜕𝜕

)2

(𝛿𝛿𝜕𝜕)
2
+

(

𝜕𝜕𝛿𝛿𝑝𝑝

𝜕𝜕𝜕𝜕

)2

(𝛿𝛿𝜕𝜕)
2
+

(

𝜕𝜕𝛿𝛿𝑝𝑝

𝜕𝜕𝜕𝜕

)2

(𝛿𝛿𝜕𝜕)
2
+

(

𝜕𝜕𝛿𝛿𝑝𝑝

𝜕𝜕𝜕𝜕

)2

(𝛿𝛿𝜕𝜕 )
2
𝐸 (10)

where δJ, δσ, δρ, δl, and δP are uncertainties of J, σ, ρ, l, and P, respectively. The uncertainty of photoelectron 
flux for each electron energy δfp(E) is calculated by

𝛿𝛿𝛿𝛿𝑝𝑝(𝐸𝐸) =
∑

𝑗𝑗

𝛿𝛿𝛿𝛿𝑝𝑝(𝐸𝐸𝐸 𝐸𝐸𝑗𝑗) (11)

The error of Auger electron flux δFA is similarly calculated from δJ, δσ, δρ, δl, δP, and δβ, where δβ is the uncer-
tainty of β.

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 ΔE/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 
δf 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 α by minimizing the total squared difference of logarithms of the modeled and observed 
fluxes calculated for every 0.01 in α, 𝐴𝐴 𝐴𝐴(𝛼𝛼) =

∑

(log𝐹𝐹𝑚𝑚(𝛼𝛼) − log𝐹𝐹𝑜𝑜)
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 LG91.
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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 UM 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 (α and UM = −(S.E. − Usc), where S.E. is the shifted energy between the lunar 
surface and the spacecraft and Usc is spacecraft potential observed by ARTEMIS) based on the same metric, 

𝐴𝐴 𝐴𝐴(𝛼𝛼𝛼 𝐴𝐴𝛼𝛼𝛼𝛼) =
∑

(log𝐹𝐹𝑚𝑚(𝛼𝛼𝛼 𝐴𝐴𝛼𝛼𝛼𝛼) − log𝐹𝐹𝑜𝑜)
2 calculated for every 0.01 in α and every 1 eV in S.E., as the solar wind 

case. The error distribution as a function of α and UM is shown in Figure 6a and the best-fit model and observa-
tions are compared in Figure 6b. The best-fit parameters are (α, UM) = (0.52, 40 V). This UM is larger than the 

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.
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ion reflectometry results of +15–25 V. We note that Figure 6a shows a strong parameter degeneracy, 
resulting in ambiguous determination of α and UM. This is because increasing α and decreasing UM 
have similar effects as demonstrated by the raised overall spectrum with decreasing UM in Figure 6b. 
Ideally, electron measurements with a sufficiently high-energy resolution would enable unambiguous 
determination of UM 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 α and UM from the 
currently available data. Nonetheless, if we can assume that α does not vary significantly over a short 
segment of ARTEMIS observations, we may be able to infer the degree of UM 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 7c) 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–7e), 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 UM = 0 and determine the 
best-fit α 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 
or magnetically scattered hot plasma sheet electrons. Here α might function as an empirical adjusting 
parameter rather than representing the escaping efficiency as originally defined.

Next, we assume that the determined α is constant during 12:00–12:13 (indicated by the black 
dashed vertical lines in Figures 7a–7e) and determine the best-fit energy shift (Figure 7d). To elim-
inate the electron beams with energies up to ∼200 eV (Figures 7a and 7c) from fitting, we deter-
mine the best-fit energy shift based on 𝐴𝐴 𝐴𝐴(𝐴𝐴𝑆𝑆𝑆𝑆) =

∑

(log𝐹𝐹𝑚𝑚(𝐴𝐴𝑆𝑆𝑆𝑆) − log𝐹𝐹𝑜𝑜)
2 in an energy range of 

200 eV < E < 800 eV.

Figure 7g compares the beam energy (Figure 7c) and the best-fit energy shift (Figure 7d). The relation-
ship between these energies and the potential structure is illustrated in Figure 8. The beam energy (red) is 
determined by the potential minimum, Umin, whereas the energy shift (blue) is determined by the surface 
potential, UM. As shown in Figure 7g, we observe a strong correlation between the two. By correcting 
for the spacecraft potential, we derive the non-monotonic potential minimum from the beam energy and 
the lunar surface potential from the energy shift (Figure 7h). This result suggests a strong correlation 
between the non-monotonic potential minimum and the lunar surface potential. The observed correla-
tion is consistent with an expectation that the depth of the potential minimum with respect to the surface 
potential, UM − Umin, should be determined by the characteristic energy of the emitted photoelectrons 
and be largely independent of the incident electron variations. Also, PIC simulations predict that the 
lunar surface potential varies in sync with the potential minimum in response to the ambient plasma 
variations (Poppe et al., 2011, 2012). The consistent prediction from the simulations suggests that the 
energy shift of the lunar photoelectrons and Auger electrons could provide valuable information on the 
lunar surface potential.

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 
well in the solar wind, where the electron measurements are less affected by the potential difference between 
the lunar surface and the spacecraft. To explore the feasibility of remote measurements of the lunar surface 
potential with the lunar Auger electrons, we analyzed the two magnetotail cases, in which the lunar surface 
potential was estimated by different methods. The magnetotail lobe case suggests that an unambiguous 

Va
ria

bl
es

Li
n 

an
d 

G
op

al
an

 (1
99

1)
 m

od
el

O
ur

 m
od

el

J(
ϵ)

So
la

r i
rr

ad
ia

tio
n 

flu
x

M
ew

e 
(1

97
2)

FI
SM

2 
C

ha
m

be
rli

n 
et

 a
l. 

(2
02

0)

σ(
ϵ,

 Z
i, 

x)
Ph

ot
oi

on
iz

at
io

n 
cr

os
s s

ec
tio

n
Sc

of
ie

ld
 (1

97
3)

Ye
h 

an
d 

Li
nd

au
 (1

98
5)

ρ i
N

um
be

r d
en

si
ty

 o
f a

to
m

 i
Ta

yl
or

 (1
97

5)
Tu

rk
ev

ic
h 

(1
97

3)

l(ϵ
)

IM
FP

 o
f e

le
ct

ro
ns

A
ss

um
ed

 th
at

 l 
=

 2
 n

m
 (c

on
st

an
t)

Po
w

el
l a

nd
 Ja

bl
on

sk
i (

20
00

)

α
Es

ca
pe

 e
ff

ic
ie

nc
y 

of
 e

le
ct

ro
ns

A
ss

um
ed

 th
at

 α
 =

 1
D

et
er

m
in

ed
 b

y 
m

od
el

-o
bs

er
va

tio
n 

co
m

pa
ris

on

β
A

ug
er

 y
ie

ld
A

ss
um

ed
 th

at
 β

 =
 1

Sc
hö

nf
el

d 
an

d 
Ja

nß
en

 (1
99

6)

P p(ϵ
, E

)
D

ist
rib

ut
io

n 
fu

nc
tio

n 
of

 p
ho

to
el

ec
tro

ns
D

el
ta

 fu
nc

tio
n

D
el

ta
 fu

nc
tio

n 
(e

la
sti

c)
 +

 T
ou

ga
ar

d 
(1

99
7)

 d
ist

rib
ut

io
n 

(in
el

as
tic

)

𝐴𝐴
𝐴𝐴
𝐴𝐴

(

𝐸𝐸
𝐴𝐴
𝑖𝑖𝑖𝑖

)

 
D

ist
rib

ut
io

n 
fu

nc
tio

n 
of

 A
ug

er
 e

le
ct

ro
ns

O
nl

y 
co

ns
id

er
ed

 si
ng

le
 p

ea
k

C
on

si
de

re
d 

m
ul

tip
le

 p
ea

ks

Ta
bl

e 
3 

Va
ri

ab
le

s i
n 

O
ur

 M
od

el
 a

nd
 T

he
ir

 R
ef

er
en

ce
s, 

C
om

pa
ri

so
n 

W
ith

 L
in

 a
nd

 G
op

al
an

 (1
99

1)
 M

od
el

 21699402, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JA

031707 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [03/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

KATO ET AL.

10.1029/2023JA031707

9 of 12

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.

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.

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 α 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 𝐴𝐴 𝐴𝐴 =

∑

(log𝐹𝐹𝑚𝑚 − log𝐹𝐹𝑜𝑜)
2 .

Figure 7. Running-averaged (30 s) energy spectra in units of differential energy flux (DEF) of (a) upward electrons (0° < θ < 22.5°), and (b) downward electrons 
(157.5° < θ < 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 (α = 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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Data Availability Statement
All ARTEMIS data used in this paper are publicly available at the ARTEMIS sites (http://themis.ssl.berkeley.
edu/data/themis/thb/; http://themis.ssl.berkeley.edu/data/themis/thc/). Data processing was done using SPEDAS 
(Angelopoulos et  al.,  2019). The results presented in this document rely on the FISM2 model described in 
Chamberlin et al. (2020). The FISM2 data were accessed via the LASP Interactive Solar Irradiance Datacenter 
(LISIRD) (https://lasp.colorado.edu/eve/data_access/eve_data/fism/flare_hr_data/).
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