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Abstract We study the scattering of solar wind protons off the lunar surface, using ion observations
collected over 6 years by the ARTEMIS satellites at the Moon. We show the average scattered proton
energy spectra, directional scattering distributions, and scattering efficiency, for different solar wind
incidence angles and impact speeds. We find that the protons have a scattering distribution that is similar to
existing empirical models for scattered hydrogen energetic neutral atoms, with a peak in the backward
direction (toward the Sun). We provide a revised model for the scattered proton energy spectrum. We
evaluate the positive to neutral charge state ratio by comparing the proton spectrumwith existingmodels for
scattered hydrogen. The positive to neutral ratio increases with increasing exit speed from the surface but
decreases with increasing impact speed. Combined, these counteracting effects result in a scattering
efficiency that decreases from ~0.5% at 300 km/s solar wind speed to ~0.3% at 600 km/s solar wind speed.

1. Introduction

Solar wind protons that impact the lunar surfacemay scatter and return to space at high energies. Most of these
scattered protons capture an electron at the surface and thus becomehydrogen energetic neutral atoms (HENA).
Ten percent to 20% of the incident protons scatter as HENA with energies above 20 eV (McComas et al., 2009;
Wieser et al., 2009), while ~0.1–1% of the incident protons scatter with a positive charge (H+; Saito et al., 2008).

Scattered HENA have proven very useful for remote sensing of plasma precipitation onto the lunar surface. By
using empirical models for the HENA scattering properties (e.g., Futaana et al., 2012; Schaufelberger et al., 2011),
it is possible to remotely measure the precipitating plasma flux (Futaana et al., 2006) and flow speed (Futaana
et al., 2013). Suchmeasurements are of special interest wherever the plasma precipitation is modified at altitudes
too low to directly measure with spacecraft, such as at the lunar magnetic anomalies (LMAs; Futaana et al., 2013;
Harada et al., 2014; Lue et al., 2016; Saito et al., 2012; Wieser et al., 2010; Vorburger et al., 2012, 2013, 2015).

Scattered H+ (just like H+ reflected from LMAs, e.g., Lue et al., 2011; Poppe et al., 2017; Saito et al., 2010) are
important for the lunar plasma environment. The ions interact with and perturb the ambient solar wind flow
(Fatemi et al., 2014; Harada et al., 2014; Halekas et al., 2012, 2014, 2017). The ions travel on cycloid trajectories
that can bring them thousands of kilometers upstream of the Moon (Futaana et al., 2003; Holmström et al.,
2010), or give them access to the lunar wake and the night side surface (Fatemi et al., 2014; Futaana et al.,
2010; Nishino et al., 2009; Vorburger et al., 2016).

In the present study, we investigate the scattering properties of H+ scattered from the lunar regolith, as
observed by the ion sensors on the two spacecrafts of the ongoing Acceleration, Reconnection,
Turbulence, and Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) mission (Angelopoulos,
2010; Sibeck et al., 2011). We also study how the scattering properties vary with solar wind incidence angle
and impact speed.

The study builds on previous work by Lue et al. (2014) that used a few weeks of data from the Chandrayaan-1
lunar satellite at low solar-zenith angles (SZAs) and scattering directions close to the Zenith. Here we use a
much larger data set to reassess the H+ energy spectrum and the scattering rate as a function of the impact
speed. In addition, we investigate the H+ directional scattering distribution.

2. Instrumentation and Data

To measure the scattered H+, we use the Ion Electrostatic Analyzer (iESA; McFadden et al., 2008) on each
ARTEMIS probe (P1 and P2). The ARTEMIS probes are placed in highly elliptical, near equatorial lunar orbits.
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The aposelenes are at ~19,000 km, and the periselenes vary between 20 and 200 km. The corresponding orbit
period is ~26 hr. The iESA has an energy range of 1.6 to 25 keV with an energy resolution of ΔE/E of 32% in the
“Full”measurement mode used herein. The instrument field of view is 180o × 6° FWHM, where the 180° span
is perpendicular to the spacecraft spin plane and separated into 16 anodes with 5.6° to 22.5° (higher resolu-
tion in the spin plane). With each spacecraft spin (every 3 s), the measurement covers the full angular space
(4π sr). In the used mode, the data collection over the spin provides an angular resolution in the direction of
spin of 22.5°. We selected the “Full” mode to get regularly collected data at high energy and angular resolu-
tion. A “Full” data package of 32 energy bins × 88 directional bins is measured over a single spin once every 32
or 128 spins.

For this study, we limit the data set to data packages obtained at lower than 300 km altitude, that is, near the
periapsis. We do this to reduce the uncertainty in the back tracing of the measured fluxes to their inferred
source points on the Moon (see next section). We also limit the data to times when the Moon is in the solar
wind, outside of the terrestrial bow shock. The data retrieved for this study spans the period from July 2011 to
May 2017.

The spacecraft stores onboard-calculated moment data based on their suites of plasma particle instruments
including iESA. In this study, we use these derived moments (each time using the same probe that is used to
observe the scattered H+) to locally monitor the incident solar wind parameters. Further, we use magnetic
field data collected by the Flux Gate Magnetometer (Auster et al., 2009) to monitor the interplanetary
magnetic field.

3. Analysis

Each data package used in the study is analyzed by first back tracing the inferred ion trajectory that corre-
sponds to each energy-direction bin of the package. The back tracing is solved analytically and accounts
for the interplanetary magnetic field and the convection electric field of the solar wind. We discard any data
corresponding to traces that do not intersect the lunar surface within a 300-km trace length. Furthermore, we
discard any traces that intersect magnetized (LMA) regions of the lunar surface. An example of valid traces
from a single data package is shown in Figures 1a and 1b.

We define the LMA regions with the help of Purucker and Nicholas’s (2010) model of the crustal field strength.
We use their model results for the crustal field strength map at 30 km altitude (“correlative model” ASCII table
retrieved from http://core2.gsfc.nasa.gov/research/purucker/moon_2010) and we consider values of >2 nT
given by this map to qualify as LMAs. We then add a padding of 152 km (corresponding to 5° latitude) to
these regions. The padding is added to allow a certain uncertainty in the back tracing, as well as an uncer-
tainty in the effective area-of-influence of the LMAs relative to their crustal location (the area shielded by
an LMA may, e.g., be shifted downstream relative to the solar wind flow; c.f. Deca et al., 2015; Lue et al.,
2016; Zimmerman et al., 2015). The resulting regions are comparable to maps of LMA-reflected H+ observa-
tions (Lue et al., 2011; Poppe et al., 2014, 2017).

Each successful trace to the unmagnetized lunar surface yields a recording of the corresponding at-surface
differential flux and energy, both of which may differ from the at-spacecraft values due to acceleration along
the trajectory (c.f. Figure 1c). We also record the SZA of the scattering point and the scattering azimuth and
elevation, defined as shown in Figure 1d. The SZA is approximately equivalent to the solar wind incidence
angle to the macroscopic surface normal (neglecting surface topography and microscopic roughness).
From a single data package, a good estimate of the H+ energy spectrum can be obtained (Figure 1c), but only
a limited part of the scattering distribution is obtained (Figure 1e).

To produce the energy spectrum, we subtract a constant instrument background count of 0.03 counts per bin
per package. Further, we discard any traces that return a difference between the at-spacecraft and at-surface
energy of a factor 1.5, to reduce the impact of incorrectly back tracing a background signal or non-H+ ion sig-
nal. For the energy spectrum,we ignore the scattering angles informationwhen averaging themeasurements.

For the scattering distribution, we produce an energy spectrum for each direction bin, and then integrate the
spectrum trapezoidally under the condition that the spectrum is represented by at least three energy bins
containing a positive differential flux estimate. Thus, many data packages must be accumulated to reliably
reproduce the scattering distribution.
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For the results presented in the next section, we accumulate analysis results for the whole 6-year data set,
binned into different incidence angle and impact speed cases. To combine observations obtained over var-
ious solar wind flux conditions, we scale each measurement by a factor corresponding to a nominal solar
wind flux of 108 cm�2 s�1 divided by the incident flux at the point and time of measurement. We do not show
results for >75° SZA herein because of increasing influence of LMA-associated H+, but these results are
included in the supporting information for the paper.

Limiting the allowed ion acceleration along each traced trajectory to a factor < 1.5 effectively removes pick-
up ion measurements, which otherwise appears along the convection electric field direction, at energies
<~100 eV (c.f. Poppe et al., 2012). In addition, a sporadic but high-flux population appears near the solar wind
energy (presumed to be LMA-reflected H+ (c.f. Poppe et al., 2017) that sometimes are observed despite our
efforts to avoid LMA regions). To remove the latter population, we exclude measurements of anomalously
high fluxes from the surface (threshold set to 3,000 cm�2 sr�1 s�1 eV�1).

4. Results

The average scattered H+ energy spectra and directional distributions, for 15 parameter bins (three incidence
angle bins and five impact speed bins) are shown in Figures 2 and 3. Results from the full range of 6 × 9 bins

Figure 1. Analysis example of ARTEMIS iESA observations of scattered protons from theMoon for a single data package from 26 November 2011 10:16:06. After back-
tracing the proton trajectories from the spacecraft, those trajectories with a <300-km trace path to a point on the unmagnetized lunar surface are recorded. Panel
(a) shows these traced ion trajectories between the spacecraft and the surface source points. Panel (b) shows the source points on the lunar surface. The white
regions in panels (a) and (b) show the locations of the lunar magnetic anomaly (LMA) regions. The LMA regions are avoided in this study. The coordinate system in
panels (a) and (b) is selenocentric solar ecliptic (SSE). Note that the LMA regions rotate in this frame according to the lunar phase, and that the shown example is
near New Moon. Panel (c) shows the proton energy spectrum (given in differential flux, jde) as measured at the spacecraft and as inferred at the surface point
according to the tracing. Solid lines in panel c indicate the standard error of the mean based on measurement variance and dashed lines indicate the Poisson error
estimate (accounting for background count reduction), visible only where it is the greater error estimate. Panel (d) shows the definition of the scattering angles
(azimuth, elevation, SZA) used herein, where SZA is the solar-zenith angle. Panel (e) shows the inferred scattering directions and directional fluxes (jd) at the surface
for the measured particles.
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are available in the supporting information. In Figure 2, we see that the scattered H+ spectra peak at a fraction
of the solar wind impact energy and decrease rapidly near the impact energy. The ratio between the spectral
peak and the impact energy decreases from ~1/2 at ~250 km/s to ~1/4 at ~550 km/s. The results for different
incidence angles are consistent with each other given the error estimates. In other words, there is no clear
dependence on the incidence angle.

In Figure 3, we see a clear change of the scattering distribution with increasing SZA. The distribution goes
from nearly uniform at normal incidence (SZA < 15°) to a backward-directed scattering peak at high SZA.
The statistics are not sufficient to distinguish a change in the scattering distribution with impact speed, other
than an overall decrease in the scattering rate, examined further below.

In Figure 4, we investigate how the flux of scattered H+ in relation to the incident H+
flux, that is, the scattering

efficiency, changes with incidence angle, and impact speed. We use two different methods: integrating the
energy spectra (Figure 2) over energy, effectively assuming an isotropic scattering distribution (Method 1)
and integrating the scattering distribution (Figure 3) over scattering solid angle (Method 2). Overall, the
results are consistent with a scattering efficiency of 0.4±0.1%. A decreasing trend of the scattering efficiency
with increasing solar wind speed is observed, from ~0.5% to ~0.3%. Given the error estimates shown in
Figure 4, there is no statistically significant dependence of the scattering efficiency on the incidence angle.
Results for other incidence angle bins are included in the supporting information.

In Figure 5, we collapse the incidence angle separation of Figure 2 and show the average energy spectra,
allowing incidence angles of 0°–75° SZA for five impact speed bins (results for intermediate bins are available
in the supporting information). We compare the results with models for the HENA energy spectrum (F2012;

Figure 2. Scattered proton energy spectra of inferred differential flux (jde) at the traced source point on the lunar surface,
averaged over all data used in this study, separated into parameter bins with respect to solar wind speed (vsw) and solar-
zenith angle (SZA). The error bars are defined as in Figure 1. The dark shaded regions represent energies above the mean
solar wind incidence energy, and the dotted vertical lines represent 50% of the latter value.

10.1029/2018JA025486Journal of Geophysical Research: Space Physics

LUE ET AL. 4



Futaana et al., 2012) and the previous model for the H+ energy spectrum (L2014; Lue et al., 2014). The L2014
model is a convolution of the HENA velocity distribution and an exit speed dependence of the positive
charge fraction:

f vexitð Þ∝ exp �mpv2exit
2kTENA

� �
· exp

�vc
vexit

� �
;

wheremp is the proton mass, vexit is the H
+ exit speed, kTENA is the characteristic HENA spectrum width; and vc

is the characteristic charge-exchange velocity. We refit the model to our observations, by a standard error-
weighted least-square fitting of the parameters kTENA and vc. While Lue et al. (2014) used a free scaling factor
for fitting their results, we here set themodel to be consistent with the HENA scattering efficiency at 20%, such
that our model becomes

jdHþ Eexitð Þ ¼ jdHENA Eexitð Þ· exp �vc
vexit

� �
¼ 0:2·Jin

2π
·
Eexit
kT2ENA

· exp
�Eexit
kTENA

� �
· exp

�vc
vexit

� �
;

where jde is the differential flux (particle number flux within a given directional solid angle and energy span).
Note that the division by 2π here approximates the scattering as isotropic. To use the model for specific scat-
tering directions, this quantity should be replaced accordingly (see the directional scattering model later
herein). The refitted models seen in Figure 5 reproduce the main features of the observations, though

Figure 3. Proton scattering distributions in directional flux (jd) illustrated in the same way as in Figure 1e, averaged over all data used in this study, separated into
parameter bins with respect to solar wind speed (vsw) and solar-zenith angle (SZA).
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there are several outliers that are inconsistent with the model results. These outliers likely arise from
contamination from other ion populations and do not necessarily indicate a failure of the model. The data
and model results show lower peak energies than the L2014 model. The latter model may be affected by
observation bias and shifted spectra due to the lack of ion tracing in their analysis, see discussion in the
next section.

In Figure 6, we study the properties of the refitted spectrum models further. In Figure 6a, we look at the H+/
HENA ratio (i.e., the charge-state fraction of scattered particles) as a function of exit speed and impact speed.
The positive charge state fraction increases by more than an order of magnitude per 200-km/s increase in exit
speed. On the other hand, the charge ratio for a specific exit speed decreases by about an order of magnitude
per 200-km/s increase in impact speed. Figure 6b shows that these counteracting trends result in a trend of
decreasing total scattering efficiency with impact speed. The scattering efficiency decreases from 0.5–0.6% at

Figure 4. Proton scattering rate versus solar wind speed (vsw) and solar-zenith angle (SZA), with a vsw-bin width of 50 km/s,
estimated in two different ways (see Section 4). The error bars shown for Method 1 represent the standard error of the
mean based on measurement variance. The horizontal lines show the results from Method 1, averaged over the nine vsw
bins, where the dotted horizontal lines represent the standard-error of the mean.

Figure 5. Scattered proton energy spectra as in Figures 1 and 2, for a single solar zenith angle bin of 0°–75° and five solar
wind speed (vsw) bins. Also plotted are the empirical models for neutral hydrogen from Futaana et al. (2012; F2012), for
protons from Lue et al. (2014; L2014) and the L2014 model refitted to the ARTEMIS observations.
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250–300 km/s to 0.2–0.3% at 600–650 km/s. This negative trend with increasing solar wind speed (also iden-
tified in the incidence-angle separated results of Figure 4) is remarkably different to the previously reported
positive trend (Lue et al., 2014), shown for reference in Figure 6b. We suspect that the previous results are
affected by observation bias. We discuss this discrepancy further in the next section.

The spectral shape parameters of the refitted models are shown in Figure 6c. The vc values increase with
impact speed, from ~600 to ~1,300 km/s for impact speeds (vsw) of 250 to 650 km/s. This trend is in accor-
dance with the trend of decreasing positive fraction with impact speed shown in Figure 6a. The value of
vc = 5,000 km/s given by L2014 was evaluated at vsw = ~550 km/s, but their fitting result was given for an
unconstrained scaling factor and are thus not consistent with the HENA spectrum. The kTENA values are close
to the F2012 model results but increasing faster with solar wind speed. We compare the kTENA dependence
with an energy-proportional dependence kTENA = 0.12·Esw, where Esw is the solar wind energy. We find the
observed trend to be in-between the energy proportionality and velocity proportionality (F2012).

In Figure 7, we collapse the impact speed separation of Figure 3 and show the average directional distribu-
tions, allowing impact speeds of 225–675 km/s, for three incidence angle bins (results for three additional
bins are available in the supporting information). We compare the results with the HENA scattering model
from Vorburger et al. (2013; V2013) and refit the parameters z0, z1, z2, and z3 of that model to our results.
The refitted model has a clear backward-scattering peak like that of the V2013 model but does not decrease
as much in the sideward-scattering direction toward higher SZAs as the V2013 model.

5. Discussion

A range of measures have been taken in this study to ensure that the results represent H+ ions scattered from
the lunar surface, without significant contributions from lunar pickup ions (i.e., photo-ionized exospheric spe-
cies), H+ from LMAs, or instrument background counts. Although the characteristics of pickup ions (Poppe
et al., 2012) and LMA-reflected H+ (Poppe et al., 2017) in ARTEMIS data have been studied separately, the dis-
tinction of the populations in the analysis is not trivial. Nevertheless, the observed characteristics suggest that
these methods have been successful.

We observe an energy spectrum that extends to the solar wind energy, peaks at a fraction of this energy, and
decreases from there toward lower energies. The spectral shape can be represented by the model given by
Lue et al. (2014), although with different fitting parameters obtained in this study. The observed scattering
distribution peaks in the backward-scattering direction, like the distribution observed for HENA (e.g.,
Vorburger et al., 2013). The results are consistent with the first observations of surface-scattered H+, including
the scattering efficiency of, which was reported as 0.1–1% by Saito et al. (2008).

Figure 6. Analysis of the fitted spectrum model results and parameter results. Panel (a) shows the model results for the
charge-state fraction as a function of exit speed and impact speed, calculated from the scattered H+ spectrum divided
by the scattered HENA energy spectrum, given by the spectrummodel from Futaana et al. (2012). Panel (b) shows themodel
results (spectrum fit) for the H+ scattering efficiency, compared with trapezoidal integration of the observations (ARTEMIS)
and the model from Lue et al. (2014; L2014). Panel (c) shows the fitted model parameters kTENA and vc, compared with
the model for kTENA (vsw) from Futaana et al. (2012; F2012). A curve corresponding to kTENA = 0.12·Esw (where Esw is the
solar wind energy) is also plotted for reference.
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However, there is a notable difference in the scattering efficiency’s dependence on the solar wind speed
between our results and those of Lue et al. (2014; Figure 6b). Lue et al. (2014) found a strong positive correla-
tion between the scattering efficiency and the impact speed, while we observe an opposite trend in the pre-
sent study. Here we will address this contradiction and provide reasons for why the previous results may have
been miscalculated. Lue et al. (2014) did not back trace their observations according to the solar wind mag-
netic and electric fields. Instead, they assumed a linear trajectory with no significant change in differential flux
or energy. Their study was also limited to using a single viewing direction of their detector, which may vari-
ably have been favorable or unfavorable to scattered H+. Furthermore, they placed a strict limitation to the
energy bins used, to avoid an instrumental effect at energies just above the solar wind energy. This means
that accelerated ions may have been missed. Additionally, they defined a smaller exclusion zone for LMAs
than that of the present study. Each of these effects may have affected their results and may have favored
detection during higher solar wind speeds and disfavored detection at lower speeds.

The shape of the energy spectrum is similar to the existing model by Lue et al. (2014) but needs to be shifted
to lower energies, which can be achieved by decreasing the vc parameter (“characteristic charge-exchange
velocity”). We find that the vc parameter is not only lower, but variable with the solar wind impact velocity;
vc ≈ 2·vsw. While the previous model was based on observations at a solar wind impact speed of 550 km/s,
the adjusted model is valid for 250–650 km/s. A characteristic velocity vc near the Bohr velocity of
2,300 km/s for the electron in an H atom is reasonable for the charge-exchange process, but the apparent

Figure 7. Directional scattering distributions as in Figures 1 and 3, for three solar zenith angle bins. The columns respectively show the empirical model for neutral
hydrogen from Vorburger et al. (2013; V2013), the observed proton scattering distribution (including observations for solar wind speeds of 225–675 km/s), the V2013
model refitted to the ARTEMIS observations, and the resulting ratio between the proton and hydrogen models.
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variability of this parameter is unexpected. We expected two protons that leave the surface at the same
speed to have equal probability to leave with a positive charge, without “memory” of its initial impact speed
(c.f. Wieser et al., 2002). In this case, the vc parameter would be a constant. However, our results suggest that
the charge state is decided over the course of the path inside the surface material, where a proton that had a
higher impact speed, experienced more collisions, and traveled a longer path in the surface (to reach the
same exit speed as the other) apparently has a higher tendency to leave as neutral hydrogen. On the other
hand, we note that our comparison between HENA and H+, which is implied in our usage of the vc parameter,
is sensitive to the spectral shape and quantity of the scattered HENA. The HENA spectrum is relatively uncertain
at high exit energies due to the energy resolution of the observations behind the HENA model (Futaana et al.,
2012). Further, a quantitative decrease in the HENA scattering rate with solar wind speed has been reported by
Funsten et al. (2013; from 20% to 8%), though the same effect was not observed by Futaana et al. (2012).
Qualitatively, such a decrease could explain the decreasing trend that we observe, but quantitatively, it is
not sufficient because we observe a more than two orders-of-magnitude decrease between the curve for
250- and 650-km/s solar wind speed in Figure 6a.

When we fitted the L2014 spectrum function, we allowed the kTENA parameter to be fitted instead of fixing it
at the (F2012) values given for HENA. Futaana et al. (2012) found that kTENA is proportional to the solar wind
impact speed as kTENA (eV) = 0.273·vsw (km/s)—1.99. They discussed that this finding was unexpected as they
would have expected a linear dependence on the impact energy. We propose a hypothesis to explain this
behavior. The explanation would be that the width of the total energy spectrum increases linearly with
impact energy, but because an increasing amount becomes positively charged at higher exit energies, the
HENA spectrumwidth only increases in proportion to the square root of the impact energy. When we compare
our kTENA results as a function of impact speed (Figure 6c) with the velocity-proportionality from F2012 and
an energy-proportional curve, we find our results in-between these dependencies. Thus, our results are not
sufficient to prove our hypothesis. As in the preceding paragraph, we note that this test is highly sensitive
to the shape of the HENA spectrum at high exit energies.

The finding that the scattering function is similar between HENA and H+ supports the conclusion that these
observations are indeed of the same phenomenon (i.e., surface scattering). At nonnormal incidence angles,
this scattering is observed to be mainly backward-oriented as opposed to the forward-oriented
reflection/deflection from LMAs (Fatemi et al., 2014; Poppe et al., 2017). The favoring of the backward direc-
tion is also consistent with simulations of scattering off lunar regolith particles (Starukhina, 2003). Our results
are different from the HENA results in that our scattering function has a larger uniform component at high
scattering angles and a smaller forward-directed component. Thus, the “f1” component that captures this
effect in the V2013 model can be set to unity, which is equivalent to setting the fitting parameter z1 = 0.
On the other hand, we note that the data that our model is fitted to have a high variance and that theremight
be a forward-directed component at high SZA that the model fitting does not capture (see Figures 7j and 7k).

6. Conclusions

We have addressed H+ scattering off lunar regolith in a statistical study using ARTEMIS data to follow up on
first observations (Saito et al., 2008) from Kaguya data and characterization efforts (Lue et al., 2014) based on
Chandrayaan-1 data.

Our results suggest that the existing model for the shape of the scattered H+ energy spectrum (Lue et al.,
2014) should be modified, with vc ≈ 2·vsw. Thereafter, the model can be applied to the solar wind velocity
range of 250–650 km/s, and 0°–75° SZA.

We find that the existing model for the directional distribution of scattered HENA (Schaufelberger et al., 2011;
Vorburger et al., 2013) is applicable also to surface-scattered H+ (for 250–650 km/s solar wind speed, and 0°–
75° SZA) but the parameter z1 can be set to 0 to better represent the observed H+ scattering at 60°–75° SZA.

We find that the previously reported rapid decrease of the H+ scattering efficiency with decreasing solar wind
impact speed likely is false, perhaps due to overreduction of noise signals and the lack of ion tracing between
the spacecraft and the surface. Instead, our new results show a decreasing scattering efficiency from 0.5% at
vsw ≈ 300 km/s to 0.3% at vsw ≈ 600 km/s. The scattering efficiency appears to be the result of two counter-
acting effects of increasing impact speed, where the probability of a positive charge state of a scattered
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particle increases due to the increasing exit speed from the surface but decreases due to the increasing entry
speed into the surface. The latter dependence remains to be explained.

The differences between the HENA and H+ properties point to intriguing aspects of particle-surface interaction
physics. Future studies are needed to understand the charge-state dynamics involved and to provide a pic-
ture of H+ scattering that is consistent between observations from multiple spacecraft (ARTEMIS,
Chandrayaan-1, Chang’E-1, Chang’E-2, and Kaguya) that each have different viewing conditions, instrument
background levels, species distinction, orbits, and solar wind parameter coverage.
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