
1. Introduction
Surface charging in space, a fundamental physical process, is determined by the ambient currents near the surface 
and the surface properties, giving rise to a floating potential with respect to the surrounding plasma such that the 
net current is zero (Whipple, 1981). The lunar surface is electrically charged to different degrees depending on 
the photon and the ambient plasma environment (Kallio et al., 2012; Nitter et al., 1998). Lunar surface charging 
is both scientifically and practically important. Near-surface electric fields arising from lunar surface charging 
significantly affect the plasma environment near the surface. High surface potential could potentially lead to 
dynamic charged dust transport (A. Poppe & Horányi, 2010; Schwan et al., 2017; Sternovsky et al., 2008; Wang 
et al., 2016) and modify exospheric pickup ion dynamics (A. Poppe et al., 2013). Electric fields and dust near the 
surface may have important practical implications for robotic and human lunar exploration, as well as scientific 
observations from the surface (Farrell et al., 2008).

Lunar surface charging is typically dominated by currents from the lighter and faster electrons over those due to 
ions. Near the lunar surface, the main electron populations are: (a) incident ambient electrons that are of solar 
wind and/or terrestrial magnetospheric origin; (b) secondary and backscattered electrons (BSE) produced by 
incident electrons interacting with the surface (e.g., Halekas et al., 2009a; Manka, 1973); and (c) photoelectrons 
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produced by the solar photons ionizing the lunar surface (e.g., Halekas et al., 2012b; Kato et al., 2023; A. Poppe 
et al., 2012; Xu et al., 2021; Yokota et al., 2009). Note that, conventionally, secondary electrons are defined as 
the cold population less than 50 eV, and the BSE as the high energy tail of electrons emitted from the surface 
(e.g., Schreiber & Fitting, 2002; Thomas & Pattinson, 1970). However, there exists a more fundamental physical 
difference between the two, in that secondary electrons are electrons liberated from the surface by the incident 
electrons, while BSE are a fraction of the incident electrons that are reflected back to space. Depending on the 
specific environment, the lunar surface is typically positively charged in the sunlit hemisphere, from <∼10 V in 
the solar wind (e.g., Borovsky & Delzanno, 2021; Halekas et al., 2008, 2011b) to tens to hundreds of volts in the 
magnetotail lobes (Harada et al., 2013, 2017; Pedersen, 1995), and negatively charged in darkness, up to nega-
tive hundreds of volts (Halekas et al., 2002, 2008, 2011b) or sometimes kilovolts during solar energetic particle 
events (Halekas et al., 2007, 2009b). Inside Earth's magnetotail plasma sheet, non-monotonic sheath potentials 
can occur above the dayside surface (Collier et al., 2017; Halekas et al., 2011a; A. Poppe et al., 2011; A. R. Poppe 
et al., 2012).

Among electron populations that are emitted from the lunar surface, secondary electrons have been well char-
acterized by previous studies (e.g., Halekas et  al.,  2009a) but the BSE and photoelectrons that make up the 
high-energy tail have been less well characterized. Recently, Xu et al. (2021) reported oxygen Auger electron 
observations at the Moon by the Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's 
Interaction with the Sun (ARTEMIS) spacecraft, reproduced in the modeling effort by Kato et al. (2023), which 
provides a unique feature to identify lunar photoelectrons (PHE). Thus, this spectral feature can be used to sepa-
rate photoelectrons from the BSE. In this study, we focus on the characterization of the BSE with ARTEMIS 
observations, more specifically the backscattering coefficient, that is, the probability that a single incident elec-
tron is backscattered to space as opposed to being absorbed by the surface. The backscattering coefficient is also 
one of the fundamental properties of a solid surface, which has not been well characterized for the lunar surface 
yet. To investigate the electron backscattering from the Moon, we consider ARTEMIS observations when the 
Moon is immersed in the upstream solar wind, where the BSE produced by the incident solar wind electrons are 
often intense enough to dominate over lunar photoelectrons that escape the near-surface sheath and travel up to 
the ARTEMIS spacecraft. This paper is organized as follows: Section 2 describes the instruments, data selection, 
and method to derive the backscattering coefficient with ARTEMIS observations; Section 3 presents relevant 
results on the derived backscattering coefficients together with a sensitivity study; we then discuss the results and 
conclude the study in Section 4.

2. Methodology
In this section, we introduce the data selection and the method to derive the backscattering coefficient, η(Ep), 
where Ep is the primary electron energy. Data used in this study are from the ARTEMIS mission, which consists 
of two probes orbiting near the Moon's equator in elliptical orbits, P1 and P2 (originally probes B and C of the 
Time History of Events and Macroscale Interactions during Substorms mission) (Angelopoulos, 2009). Each 
probe carries a comprehensive suite of plasma and field instruments (Angelopoulos, 2011) and has been collect-
ing data in the lunar plasma environment since mid-2011. Relevant data are sub-keV electron observations from 
the Electro-Static Analyzer (ESA) (McFadden et al., 2008) and magnetic field vectors measured by the fluxgate 
magnetometer (FGM) (Auster et al., 2008) from both probes from 2011 to 2020. To properly resolve and utilize 
the oxygen Auger electron peak in the photoelectron energy spectrum, the burst electron data product is used, 
which provides the highest energy, angle, and time resolution (32 energies by 88 angles at ∼4 s time resolution) 
available. The spacecraft potential measured by the Electric Field Instrument (EFI), publicly available as part of 
the standard data products (Bonnell et al., 2009), is used to correct the measured electron fluxes.

This study focuses on times when the Moon is immersed in the solar wind, as determined by selecting data 
when ARTEMIS is outside of an empirical Earth bow shock, following Xu et al. (2019, 2020). To investigate 
electrons emitted from the lunar dayside surface, we select cases when the measured magnetic field is connected 
to the lunar surface (using a straight-line approximation) and the contact point is located at a solar zenith angle 
(SZA) < 90°. A maximum spacecraft altitude of 1,500 km is imposed to enhance the accuracy of the straight-
line approximation. We additionally require the spacecraft to be at SZA < 85° to avoid any complications in 
interpreting the data near the lunar terminator. As electrons are magnetically reflected outside of the loss cone 
pitch angles (PAs) before impacting the surface, we require the ratio of the measured magnetic strength at the 
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spacecraft and the surface crustal field strength (estimated from a crustal model (Mitchell et al., 2008)) to be 
larger than 1. To minimize the impact of magnetically reflected electrons and to pick out pure BSE emitted 
from the surface, we further confine our search to a geographic box where the crustal magnetic fields are mini-
mized, longitude = [210°, 300°] and latitude = [−10°, 10°] (Halekas et al., 2012a; Jarvinen et al., 2014). Finally, 
we can determine down-precipitating and upgoing electrons, from which to obtain primary electrons and BSE, 
by combining the pitch angle and the angle between the magnetic field and the surface normal vector (or the 
magnetic dip angle αBn).

2.1. Selection of BSE Events

The high-energy (>50 eV) tail of outgoing electrons from the lunar surface can be dominated by either PHE or 
BSE depending on their relative fluxes. Figure 1 illustrates two examples where the dominant upcoming electrons 
are PHE (red line in the left panel) and BSE (blue line in the right panel), respectively, with comparison to the 
downward-precipitating solar wind electrons (SWE; cyan lines in both panels). Both cases have been corrected 
for spacecraft potentials. A few observations can be made from Figure 1: (a) the BSE energy spectrum resembles 
the downward-precipitating SWE energy spectrum with much lower fluxes (right panel); (b) the shape of the 
PHE energy spectrum is distinctively different from SWE, with comparable fluxes below ∼30 eV and a relative 
deficit of flux >30 eV; and (c) a flux peak can be identified in the energy spectrum at ∼420 eV corresponding to 
the oxygen Auger electron peak (Xu et al., 2021), which is absent from the BSE case due to higher BSE flux. In 
particular, the Auger electron peak is unique to PHE and can be utilized to separate these two populations, which 
can be identified by comparing the fluxes of E0 (the closest energy channel to ∼420 eV) and E1, as indicated in 
the left panel. We define a quantity 𝐴𝐴 𝐴𝐴 =

ln(𝑓𝑓𝐸𝐸0)− ln(𝑓𝑓𝐸𝐸1)
[ln(𝐸𝐸0) − ln(𝐸𝐸1)]

 , which should be negative for BSE (e.g., S = −3 for the 
BSE flux in Figure 1) and positive for PHE (e.g., S = 0.85 for the PHE flux in Figure 1). Additionally, we can 
take advantage of another property of PHE, whose fluxes scale directly with solar EUV photon fluxes (Xu & 
Liemohn, 2015; Xu et al., 2015). It means photoelectron fluxes should vary by one to two orders of magnitude 
with solar cycle (except for intense flare events) (Sternovsky et al., 2008). Observationally, the Auger electron 
fluxes are on the order of 10 4–10 5 eV cm −2 s −1 sr −1 eV −1.

Figure 2 shows a scatterplot of electron differential energy fluxes at E0 (fE0) as a function of S for upward electron 
energy spectra satisfying the aforementioned selection criteria, with the two example cases shown in Figure 1 

Figure 1. Two examples of electron energy spectra measured by ARTEMIS when the Moon is in the solar wind, at times 
indicated in the figure titles. Both cases have solar wind electrons (cyan) traveling toward the Moon but different upward 
electron populations, dominated by photoelectrons (left, red) and backscattered electrons (right, blue), respectively. The 
highlighted E0 and E1 in the left panel are the two adjacent energy channels used to identify the oxygen Auger electron 
peak. All the electron fluxes have been corrected for spacecraft potentials. The two dashed green lines are the modeled 
photoelectron energy spectra using the solar irradiance spectra from FISM2 and the low and high photoemission yields 
adopted from Xu et al. (2021), their Figure 7.
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marked as red (PHE) and blue (BSE) diamonds, respectively. Empirically, 
we find S ≥ 0.7 is a satisfactory criterion to identify the Auger electron peak 
(thus indicating PHE) and S ≤ −2 for BSE. Figure 2 suggests for S ≥ 0.7, the 
Auger electron flux fE0 is <2 × 10 5 eV cm −2 s −1 sr −1 eV −1. We thus impose 
a flux threshold of fE0 > 1 × 10 5 eV cm −2 s −1 sr −1 eV −1 for BSE, a slightly 
lower threshold to gain more data sampling. In short, our additional criteria 
to select BSE-dominant cases are S ≤ −2 and fE0 > 1 × 10 5 eV cm −2 s −1 sr −1 
eV −1, which results in 898 BSE cases (electron measurements).

Finally, as pointed out by Halekas et al. (2012a), the most useful frame for 
considering reflection from a moving obstacle is the de Hoffman-Teller 
(dHT) frame (De Hoffmann & Teller, 1950). In the dHT frame, any adia-
batic reflection process perfectly conserves energy, with parallel velocities 
reversed and perpendicular velocities unchanged for reflecting particles. The 
transformation from the solar-wind frame to the dHT frame is performed via 
a transformation vector aligned with the IMF with a magnitude of −v ⋅n/(B 
⋅n), where v, B, n are the solar wind velocity, magnetic field, and surface 
normal vectors, respectively. All the selected cases have been transformed to 
the dHT frame accordingly for the following sections.

2.2. Integrated Primary Electron and BSE Spectra

Despite isolating ARTEMIS observations connected to weakly magnetized 
areas of the lunar surface, such weak crustal fields can nevertheless magnet-
ically reflect a non-negligible portion of the down-going electrons. We thus 
need to determine whether upgoing electron fluxes stem from magnetic 
reflection or actual backscattering from lunar regolith grains. For our goal 

of determining the backscattering coefficient η(Ep), only the latter population is of interest. As illustrated in 
Figure 3, only down-going electrons within 180° − LC < PA < 180° can reach the surface without being magnet-
ically reflected, where PA is short for pitch angle and LC for loss cone. At the lunar surface, Figure 3c, the 

Figure 3. (a) A schematic shows down-going solar wind electrons (cyan) producing backscattered electrons (BSE) with 
a certain angular distribution (blue). Upward-going electrons measured by Acceleration, Reconnection, Turbulence, and 
Electrodynamics of the Moon's Interaction with the Sun (ARTEMIS) are a mixture of magnetically reflected or scattered 
electrons with more perpendicular pitch angles (cyan) and BSE in more field-aligned directions (blue). (b) Electron 
pitch angle distribution measured at ARTEMIS altitude with primary electrons within LC colored in pink, BSE in blue, 
down-going and magnetic reflected electrons outside of LC in gray. (c) Electron pitch angle distribution measured at the lunar 
surface, assuming an isotropic distribution for both primary electrons (pink) and BSE (blue).

Figure 2. A scatterplot of electron differential energy fluxes at E0 (fE0) 
against energy flux gradient 𝐴𝐴 𝐴𝐴 =

ln(𝑓𝑓𝐸𝐸0)− ln(𝑓𝑓𝐸𝐸1)
[ln(𝐸𝐸0) − ln(𝐸𝐸1)]

 for selected upward electron 
energy spectra, where E0 and E1 are indicated in Figure 1. Those with 
fE0 > 1 × 10 5 eV cm −2 s −1 sr −1 eV −1 and S < −2 (the upper left quadrant 
highlighted by the two blue dashed lines) are cases dominated by backscattered 
electrons (BSE). Those with fE0 < 2 × 10 5 eV cm −2 s −1 sr −1 eV −1 and S > 0.7 
(the lower right quadrant highlighted by the two red dashed lines) are cases 
dominated by photoelectrons (PHE). The two cases shown in Figure 1 are 
marked as red (PHE) and blue (BSE) diamonds, respectively.
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primary solar wind electrons now fill all down-going PA and we furthermore assume that any BSEs are emitted 
isotropically. Correspondingly, BSE produced at the surface in all upward directions are then focused to upgoing 
electrons within 0 < PA < LC at the spacecraft altitude (Figures 3a and 3b). To derive the backscattering coeffi-
cient η(Ep), we need to first determine the loss cone size for each measurement and then the integrated primary 
electron flux and BSE flux. Note also that wave-particle instabilities can scatter magnetically reflected upgoing 
electrons into the loss cone (Figure 3b) and thus, observed pitch-angle distributions do not generally have sharp 
boundaries but rather smoothed distributions as shown in Figure 3b.

Figure 4 illustrates two selected case studies for determining the LC size and normalized PA distributions. The 
PA is rearranged based on the measured magnetic vector such that PA 0°–90° are upgoing electrons and PA 
90°–180° are down-going electrons. To obtain the LC size, we calculate the normalized PA distributions by 
dividing the flux of upgoing electrons at a certain PA of x by the corresponding down-going electron fluxes at 
PA of 180° − x, as shown as the black curves in all four panels. The LC size is determined to be the PA (the red 
vertical dashed line) at which the flux is the average of the minimum and maximum fluxes (equivalent of 50% 
depletion), as indicated by the red dotted horizontal lines. We then determine the primary electron flux to be the 
averaged flux within 180° − LC < PA < 180° and the BSE flux to be the minimum flux within 0 < PA < 20°, as 
indicated by the two blue horizontal dashed lines. We do not use the averaged flux within 0 < PA < LC because 
the loss cone is partly filled by pitch angle scattered electrons. Panel c shows the normalized PA distributions for 
all selected cases, where we determine the averaged PA distribution shape and the 2σ (standard derivation). We 
then down-select cases with a 2σ requirement, as shown in Figure 4d, resulting in 828 “filtered” cases in total.

2.3. Removing PHE Contribution

The high-energy tail of electrons emitted from the lunar surface are always a mixture of backscattered and 
photo-emitted populations, their relative contribution depending on the solar irradiance and the solar wind 

Figure 4. (a, b) Case studies of pitch angle (PA) distributions for determining the LC size at 100 eV. The PA is rearranged 
based on the measured magnetic vector such that PA 0°–90° are upgoing electrons and PA 90°–180° are down-going 
electrons. In both panels, the blue solid curves are measured electron fluxes divided by the averaged flux at 100 eV. For the 
black solid curve, upgoing electron fluxes at certain PAs are normalized to the corresponding down-going electron fluxes 
at supplementary PAs and thus down-going fluxes are all normalized to be 1. The red vertical dashed lines indicate the 
determined LC size and the two blue horizontal dashed lines are the determined BSE flux and primary electron flux. (c) The 
normalized PA distributions for all selected cases with the red curve showing the average values and the vertical lines are 2σ 
(standard derivation). (d) Filtered cases where the PA distributions are within 2σ.

 21699100, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JE

007983 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [20/10/2023]. 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: Planets

XU ET AL.

10.1029/2023JE007983

6 of 12

electron flux. To remove the possible contamination of PHE in our selected 
BSE cases, we employ the methodology described by Xu et  al.  (2021) to 
model the PHE energy spectrum. More specifically, we use the solar irradi-
ance spectra from Version 2 of the Flare Irradiance Spectral Model (FISM2) 
(Chamberlin et  al.,  2007,  2008,  2020), the probability function adopted 
from Feuerbacher et  al.  (1972), and also two photoemission yields shown 
in Figure 7 in Xu  et al. (2021) (referred as “high” and “low” yields because 
of the uncertainty in surface potentials). The modeled photoelectron energy 
spectra are shown as the green dashed lines in Figure 1, lower and higher 
fluxes corresponding to low and high photoemission yields, respectively. 
By examining  several case studies, the high-yield curve generally provides a 
better agreement with the upward electron fluxes for PHE-dominated cases 
at energies 30–400 eV, despite overestimating the PHE fluxes at <20–30 eV 
and underestimating Auger electron fluxes (both energy ranges are not well 
constrained by Xu et al. (2021)). Most recently (Kato et al., 2023) developed 
a numerical model of the energy spectrum of lunar photoelectrons and Auger 
electrons for the lunar environment, which is able to reproduce the observed 
oxygen Auger electron peak as a result of the solar photon flux. The main 
results of this study are using the high-yield correction and we will discuss 
the effects of this correction later.

Figure 5 shows the BSE (black) and primary electron (cyan) energy spectra for the selected 828 cases in the left 
panel and the ratio of the two fluxes in the right panel. The BSE energy spectra are the upward electron energy 
fluxes subtracted by the modeled PHE fluxes, missing data caused by overestimated PHE fluxes. The median 
flux ratio varies between a few percents to 10% within 40–600 eV. The sharp decrease in flux ratios above 600 eV 
is caused by electron fluxes approaching the instrument background flux level and we thus confine the energy 
range of interest to be 50–600 eV, excluding low energies dominated by secondary electrons, for the rest of the 
study. As it is complicated to reconstruct the angular distributions of primary electrons and BSE at the surface 
after magnetic focusing/reflection, we remove the angular dependence for deriving the backscattering coefficient 
by using the integrated fluxes of both populations, that is, the averaged fluxes shown in Figure 5a are multiplied 
by 2π.

2.4. Solving for the Backscattering Coefficient η

Observations (Vorburger et al., 2013) and modeling (Szabo et al., 2022) show that the surface structure of the 
regolith changes the angular dependence of the backscattering coefficient of protons from strongly increasing 
for oblique incidence to basically constant for all angles of incidence. As the angular dependence of the electron 
and proton backscattering for an idealized flat surface is similar, we can assume that the electron backscattering 
coefficient from regolith similarly becomes independent of the incidence angle. By integrating out the angular 
distributions of both the primary electrons and BSE, the theoretical derivation of the backscattering coefficient η 
is largely simplified and contains no angular information. Theoretically, the backscattered electron number flux, 
jj(ɛ), produced by primary electrons with a number flux, j(Ep), is given by,

𝑗𝑗𝑗𝑗(𝜀𝜀) 𝑑𝑑𝜀𝜀 = ∫
∞

𝐸𝐸𝑝𝑝≥𝜀𝜀
𝑗𝑗(𝐸𝐸𝑝𝑝)𝑝𝑝(𝜀𝜀𝜀 𝐸𝐸𝑝𝑝)𝜂𝜂(𝐸𝐸𝑝𝑝) 𝑑𝑑𝐸𝐸𝑝𝑝 𝑑𝑑𝜀𝜀 (1)

where ɛ and Ep are the energies of BSE and primary electrons, respectively, p(ɛ, Ep) is the probability function 
(PF) that describes the normalized BSE energy distribution produced by a monochromatic primary electron 
beam, that is, 𝐴𝐴 ∫ ∞

0
𝑝𝑝(𝜀𝜀𝜀 𝜀𝜀𝑝𝑝)𝑑𝑑𝜀𝜀 = 1 , and η(Ep) is the backscattering coefficient.

Discretizing Equation 1 over ɛ and Ep yields,

𝑗𝑗𝑗𝑗𝑘𝑘 =
∑

𝑖𝑖≥𝑘𝑘
𝑗𝑗𝑖𝑖 𝜂𝜂𝑖𝑖 𝑝𝑝𝑘𝑘𝑘𝑖𝑖 Δ𝐸𝐸𝑖𝑖𝑘 (2)

where jjk is the kth element of the BSE flux (k = 1, 2, …, n) and ηi is the ith element of the discretized backscatter-
ing coefficient (i = 1, 2, …, m). Defining an n × m matrix A as Aki = ji pk,i ΔEi, we obtain a vectorized expression, 

Figure 5. (a) Electron energy spectra for selected backscattered electrons 
(BSE) cases, cyan for downward primary electrons, and black for BSE 
corrected for photoelectrons contamination. (b) Median ratios of upward 
energy fluxes to downward energy fluxes as a function of electron energy for 
identified BSE cases, with the first and third quartiles as error bars.
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jj = Aη, such that η can be determined by solving a standard matrix inversion 
problem:

𝜂𝜂 = 𝐀𝐀
−1𝑗𝑗𝑗𝑗𝑗 (3)

A similar procedure was successfully carried out for the determination of the 
photoemission yield based on ARTEMIS observations by Xu et al. (2021).

For selected BSE cases, jj and j are obtained from each ARTEMIS obser-
vation as described in the previous subsection. Note that when the Moon is 
immersed in the solar wind, the lunar surface potential (Um) ranges from 0 
to ∼10 V on the sunlit hemisphere (e.g., Halekas et al., 2008, 2011b), which 
accelerates down-going SWE and decelerates upcoming BSE. These two 
processes are canceled out such that the fluxes measured by the spacecraft 
are mostly unaffected, though Ep could be corrected by adding Um when solv-
ing Equation 3. Nevertheless, for the energy range of interest (50–600 eV), 
this effect is insignificant and thus ignored.

The last parameter necessary to solve for η is the probability function, p(ɛ, 
Ep), which describes the probability that an incident electron with energy Ep 
is backscattered with an energy ɛ. In this study, we test different approaches 

because the electron scattering behavior from laboratory experiments and modeling studies is not well charac-
terized for lunar material. One of those is the PF from the simulations by Dapor (2006), and the other one is the 
analytical formalism by Staub (1994). The comparison of the two sets of PFs is provided in Figure S1. We have 
derived η(Ep) based on both sets of PFs and the results are quite similar. Thus, we primarily show results with 
Dapor-PF and discuss the comparison toward the end.

In Figure 6, we show example simulation results of the BSE energy distribution produced by 500-eV primary 
electrons incident on silicon dioxide from Dapor (2006) (the blue line), including (a) an elastic backscattering 
peak at ɛ = Ep, (b) a constant value at ɛ ≤ ∼Ep − 80 eV, and (c) peaks and troughs at ɛ = [∼Ep − 80, Ep] eV for 
inelastic scattering. For simplicity, in this study, we assume the probability function is applicable to all primary 
energies of interest and only preserve the elastic peak and ignore additional small-scale structures, consistent with 
the relatively coarse energy resolution of ARTEMIS data (ΔE/E = 0.32). We preserve this energy resolution for 
both ɛ and Ep. The adapted PF for this study is thus comprised of a constant value for 0 < ɛ ≤ Ep with an additional 
fraction, ζ, added to the energy grid at ɛ = Ep for the elastic scattering contribution, more specifically,

𝑝𝑝(𝜀𝜀𝜀 𝜀𝜀𝑝𝑝) =

⎧

⎪

⎨

⎪

⎩

(1 − 𝜁𝜁 )∕𝜀𝜀𝑝𝑝 for 0 ≤ 𝜀𝜀 ≤ 𝜀𝜀𝑝𝑝 − Δ𝜀𝜀𝑝𝑝

(1 − 𝜁𝜁 )∕𝜀𝜀𝑝𝑝 + 𝜁𝜁∕Δ𝜀𝜀𝑝𝑝 for 𝜀𝜀𝑝𝑝 − Δ𝜀𝜀𝑝𝑝 ≤ 𝜀𝜀 ≤ 𝜀𝜀𝑝𝑝

 (4)

A ζ of 0.05 is determined from the SiO2 simulation results (Dapor, 2006) and applied to all Ep over 50–1,000 eV. 
In Figure 6, our adapted PF (“Dapor-PF”) at Ep = 549 eV with ζ = 0.05 is shown as the cyan line.

3. Results
With the methodology described above, we derive the backscattering coeffi-
cient η(Ep) for the selected 828 cases with a standard matrix inversion proce-
dure, singular value decomposition, to solve the linear least squares problem 
(Xu et al., 2021). Figure 7 illustrates the calculated median η as a function of 
primary electron energy Ep and the magnetic dip angle αBn. Across all exam-
ined primary energies, η has a strong dependence on αBn, highest (0.3–0.4) 
at αBn = 0° and lowest (0.1–0.2) at αBn = 75°. To illustrate this dependence 
further, Figure  8 shows η as a function of the magnetic dip angle αBn for 
Ep = 132 eV, which decreases from 0.3 to <0.1 with increasing dip angle.

We interpret this dependence on the magnetic dip angle as an effect of a 
magnetized environment. Figure 9 illustrates the angular distributions of BSE 

Figure 6. Probability functions (PFs) as a function of backscattered electrons 
energy ɛ for primary electrons with an energy of Ep ∼ 500 eV. The blue 
thin line is the PF adopted from Dapor (2006), which is then averaged to 
Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's 
Interaction with the Sun energy grids (the cyan line) for Ep = 549 eV (the 
closest energy channel).

Figure 7. The calculated median η as a function of the primary electron 
energy Ep and the magnetic dip angle αBn.
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(blue curves) at two dip angles, αBn = 0° (Figure 9a) and 60° (Figure 9b). As 
shown in Figure 9b, the phase space of BSE is divided into three regions, 
dark gray for electron re-absorbing, light gray for gyrophase-shadowing, and 
white for free escaping. Gyrophase here refers to the angle between 0 and 2π 
that describes the orbit of the particle around the magnetic field under basic 
Larmor rotation. More specifically, considering a magnetic field pointing 
radially outward with αBn = 60°, those BSEs with PA > 90° have forward 
velocities and will return to the surface and get absorbed (red trajectory). The 
light gray highlights a phase space of 90° − αBn < PA < 90°, where some of 
the BSEs will also return to the surface (red trajectory) and those with the 
right initial gyrophases can escape back to the spacecraft (green trajectory), 
an effect called “gyrophase-shadowing” (Harada et al., 2013; Reiff, 1976). 
Finally, BSEs with PA < 90° − αBn are free to travel back to the spacecraft 
with no absorption from the surface. In other words, for a magnetized envi-
ronment like the lunar surface, depending on the magnetic dip angles, a 
significant portion of BSEs could be directed to re-impact the surface such 
that the total backscattering coefficient η could be significantly reduced 
compared to that in an unmagnetized environment (often the default setup for 

laboratory experiments or simulations). Meanwhile, these re-impacting BSEs in turn produce additional second-
ary electrons that may also contribute the surface current balance. It might be important to take into account this 
effect to accurately estimate the lunar surface charging.

We can simulate this effect with a simple particle tracing code and determine 
the fraction of BSE escaping for each dip angle, assuming an isotropic angu-
lar scattering. This simulated variation is overlaid as the blue dashed line in 
Figure 8 with a scaling factor of 0.28 (best fit with median values), which 
shows a good agreement with the observed variation (the red line).

Next, we examine the energy dependence of η. Figure 7 shows that η varies 
less with energy than αBn. Alternatively, the solid lines in Figure 10 are η as 
a function of primary electron energy Ep at different αBn. It shows that η is 
around 0.25–0.35 at 10° < αBn < 20° and 0.10–0.20 at 50° < αBn < 60° for 
the examined energy range (50–600 eV). It is worth noting that our derived 
η does not approach 0 at 50 eV like results from simulations and laboratory 
experiments (e.g., Demers et al., 2011; Nishimura et al., 1994), as we assume 
BSE goes down to 0 eV rather than cutting off at 50 eV, a more physical 
assumption.

In Figure 10, we also show results derived using alternative probability func-
tions from Staub (1994) (as shown in Figure S1) for electrons with an inci-
dent angle of 0° (dotted lines) and 45° (dashed lines). Interestingly, while 
the “Dapor-PF” and “Staub-PF” are quite different, with the latter having 
a much less energy spread in BSE, the derived η are very similar to each 
other. This is perhaps a result of the relatively coarse energy resolution of the 
ARTEMIS measurements and/or the solar wind electron (primary electron) 
flux decreasing sharply with energy. That is, the derivation of η thus mainly 
depends on PFs at ɛ/Ep ∼ 1 and the difference in PFs at small ɛ/Ep is negli-
gible. Ultimately, conclusions on the main characteristics of the observed 
behavior of the backscattering coefficient η remain the same for the different 
energy probability functions.

4. Discussion and Conclusions
When the Moon is immersed in the solar wind, the high-energy (>50 eV) tail 
of electrons emitted from the lunar surface consists of lunar photoelectrons 
(PHE) and BSE. In this study, we mainly utilize the oxygen Auger electron 

Figure 8. The BSE backscattering coefficient η as a function of the magnetic 
dip angle αBn for Ep = 132 eV, red for median values and quartiles as error bars 
and blue being the simulated curve (see text).

Figure 9. Schematics show the effects of a magnetized environment for 
different dip angles, (a) αBn = 0° and (b) αBn = 60°. In (b), the dark gray area 
represents backscattered electrons with forward velocities along the magnetic 
field (pitch angles [PA] > 90°) that will re-impact the surface. The light gray 
area represents a gyrophase-shadowing region of phase space, where BSEs 
within PA = [90° − αBn, 90°] may re-impact the surface, depending on their 
gyrophase. The red dashed curves show re-impacting electron trajectories 
for both scenarios and the green dashed curve shows BSEs that escape 
from the gyrophase-shadowing region of phase space. Finally, BSEs with 
PA < 90° − αBn are free to travel back to the spacecraft.
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peak feature in the lunar photoelectron energy spectrum to isolate cases of 
emitted electrons that are dominated by BSE over PHE. By adapting the BSE 
energy distribution for silicon dioxide provided by Dapor (2006) to be the 
probability function (PF) for lunar BSE, we derive the backscattering coeffi-
cient η with electron fluxes measured by ARTEMIS.

We have examined the dependence of η on the magnetic dip angle (αBn) and 
primary electron energy (Ep). η is found to have a strong dependence on αBn, 
most likely a result of a magnetized environment. As illustrated in Figure 9b, 
BSEs are magnetized to the IMF near the lunar surface and will re-impact the 
surface if they have forward velocities (PA > 90°). Furthermore, those BSE 
with PA = [90° − αBn, 90°] can either return to the surface or escape back to 
space depending their initial gyrophase (gyrophase shadowing effect). Both 
effects reduce the overall flux of BSE emitted from the lunar surface, thus 
a reduced backscattering coefficient η. The variation of η with αBn inferred 
from data agrees well with a simple theoretical solution of this magnetization 
effect. Meanwhile, re-impacting BSE could backscatter again and escape or 
produce additional secondary electrons.

There is no obvious dependence of the derived η on the primary electron energy, ∼0.3 within 50–600 eV. We 
have also tested other BSE energy distributions, which give similar results. This insensitivity to the choice of PF 
is probably because of a combination of the coarse energy resolution of the ARTEMIS data and the flux of solar 
wind electrons dropping sharply with energy. Thus, the derivation of η mainly depends on probability functions at 
ɛ/Ep ∼ 1 but is insensitive to discrepancies at small ɛ/Ep. Due to the dependence on the energy and the dip angle, 
the influence of electrons to the surface charging of the Moon (and any airless body) will depend on solar wind 
and IMF conditions, but also on the location on the surface.

In this study, we mainly use the high-photoemission-yield curve to remove the contamination from PHE. In 
Figure 11, we compare the derived BSE η based on the high-photoemission-yield curve (the red solid line) and 
the low-photoemission-yield curve (the blue solid line), limited to αBn < 20°. η mainly differs at lower energies 
(<150 eV) by 0.1, at which the two yield curves also differ. Meanwhile, we do not expect secondary electrons 
produced by high-energy electrons and solar wind ions to significantly impact our results as the secondary elec-
trons tend to be cold (a temperature of a few eV) and their fluxes are insignificant compared to PHE and BSE at 
the energy range examined here (e.g., Scholtz et al., 1996; Tsujita et al., 2004). We thus forgo the correction for 
secondary electrons in this study.

Finally, as the primary electron flux decreases with increasing energy, η should 
decrease with increasing contributions from the elastic backscattering and 
the lower limit of η can be inferred by assuming (unrealistically) pure elastic 
backscattering. This would be equivalent to calculating the ratio of upward and 
downward electron fluxes at the same energy. In Figure 11, we show the flux 
ratios for the high-photoemission-yield case and the low-photoemission-yield 
case as the dashed red and blue lines, respectively. The median flux ratio is 
around 0.1 for the high-photoemission-yield case but decreases from ∼0.2 
at 50 eV to ∼0.1 at 600 eV for the low-photoemission-yield case. In other 
words, we can infer 0.1 within 50–600 eV as the lower limit of η. Note that 
the laboratory experiments or simulations mainly focus on characterizing η 
at hundreds of eV or keV. In contrast, our study characterizes η at the less 
explored lower energies, providing data-constrained results for the character-
ization of the lunar surface properties and to be compared with future labora-
tory experiments and simulations.

In summary, this study provides a methodology to differentiate two of the 
dominant lunar surface electron populations and thus a better understanding 
of the plasma environment near the lunar surface and helps the interpretation 
of the electron measurements by the upcoming Heliophysics Environmen-
tal and Radiation Measurement Experiment Suite mission. Our study also 

Figure 10. The BSE backscattering coefficient as a function of primary 
electron energy Ep at different αBn. The solid lines are derived based on the 
probability function (PF) shown in Figure 6 while the dotted and dashed lines 
use PFs from Staub (1994) for electrons with an incident angle of 0° and 45°, 
respectively.

Figure 11. The BSE backscattering coefficient as a function of primary 
electron energy Ep at αBn < 20° for the high-photoemission-yield curve (the 
red solid line) and the low-photoemission-yield curve (the blue solid line). The 
dashed red and blue lines are the flux ratios for the high-photoemission-yield 
case and the low-photoemission-yield case, respectively.
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motivates for future electron instrumentation with a better energy resolution to gain a better characterization of 
the lunar surface electrons. Moreover, we have calculated the electron backscattering coefficient of the lunar 
surface with ARTEMIS observations, which gives important insights into the properties of the lunar surface. 
Furthermore, the Moon experiences very different plasma environments as it orbits around Earth and our inves-
tigation of the backscattering coefficient can be applied to all these plasma conditions to better characterize the 
surface charging, also noting the importance of taking into account a magnetized environment. Last but not least, 
our technique of inferring the electron backscattering coefficient could potentially be applied to other airless 
bodies, such as Mercury, particularly with low-energy electron measurements as provided by BepiColombo.

Data Availability Statement
All ARTEMIS data necessary for this study are publicly available at http://artemis.ssl.berkeley.edu, including 
the EFI, ESA, and FGM data available at http://themis.ssl.berkeley.edu/data_products/. The results presented 
in this study rely on the FISM2 model described in Chamberlin et  al.  (2020). These data were accessed via 
the LASP Interactive Solar Irradiance Datacenter (LISIRD) https://lasp.colorado.edu/lisird/). Data access and 
processing was done using SPEDAS V3.1 (http://spedas.org/wiki), see Angelopoulos et al. (2019). The research 
data presented in this manuscript is included in the accompanying data set uploaded on Figshare (Xu et al., 2023).
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