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We discuss the surface-scattering of solar wind protons at Mercury based on observed scattering char-
acteristics from lunar regolith. The properties of the impinging plasma are expected to be different be-
tween different regions on Mercury, and between Mercury and the Moon. Here, we review the expected
Hermean plasma conditions and lunar empirical scattering models. We present observed and modeled
energy spectra for scattered protons and hydrogen energetic neutral atoms (ENAs) for three cases of very
different plasma conditions at the Moon. Then, we simulate scattering from the Hermean surface by ap-
plying the empirical models to four different scenarios of plasma precipitation on Mercury. The results
suggest that surface-scattering is a strong source of ENAs at Mercury (up to ~108 cm=2 s~1), which can be
very useful for remote-sensing of the plasma conditions at the surface. Protons scattered from the surface
back into space are also expected with high fluxes up to ~107 cm~2s~!, and may be important for wave
generation and the filling in of the loss cone of mirroring and quasi-trapped populations. Scattered pro-
tons at the cusp region (of ~10%cm~2s-!) can potentially be detected by orbiters as outflowing protons

within the loss cone.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The planet Mercury has a global intrinsic magnetic field gener-
ated by an internal dynamo, like the Earth (e.g., Ness et al., 1975),
but it has only a tenuous, surface-bounded exosphere, like the
Moon (e.g., Killen and Ip, 1999; Killen et al., 2007). This combi-
nation makes Mercury a unique obstacle to the solar wind. The
magnetosphere modifies the global precipitation of plasma onto
the Hermean regolith (e.g., Goldstein et al., 1981).

Precipitating plasma can cause emission of particles from the
surface through sputtering of secondary particles originating from
the surface (e.g., Johnson and Baragiola, 1991) or by scattering
of the incident, primary particles (e.g,. Niehus et al, 1993). Over
time, particle implantation and sputtering modifies the structure,
elemental composition, and chemical state of the surface, in-
cluding the formation of hydroxyl and water (e.g., Pieters et al.,
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2009) and nanophase iron (e.g., Hapke, 2001) on grain surfaces.
The surface interactions also play an important role in the pro-
duction of the exosphere and planetary plasma populations. See
Milillo et al. (2005) for a review of this coupled system.

The particle emissions can also be diagnostic of the surface
structure and composition (e.g., Johnson and Baragiola, 1991;
Niehus et al, 1993; Grande, 1997) and of the precipitating
plasma species, flux, and velocity (e.g., Grande, 1997; Wurz, 2000;
Lukyanov et al., 2004; Futaana et al. (2006, 2013). Neutral particles
that are emitted with velocities much larger than the planetary es-
cape velocity (4 km/s for Mercury; 2 km/s for the Moon) can thus
be studied by orbiters for remote investigation of the Hermean sur-
face and plasma environment. These neutral particles with kinetic
energies > 10eV (i.e., >40km/s in the case of hydrogen atoms) are
called energetic neutral atoms (ENAs).

The potential for ENA observations at Mercury has been dis-
cussed (e.g., Kazama et al., 2006; Orsini et al., 2010; Saito et al.,
2010) in preparation for the upcoming Bepi-Colombo mission to
Mercury. In those studies, emphasis was placed on sputtering
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Fig. 1. Plasma parameters for the solar wind at the orbit of Mercury (0.31-0.46 AU) and at the orbit of the Earth (1 AU), and for the plasma at the most exposed regions of
the Herman surface and lunar surface. The parameters shown are (a) ion density, (b) ion bulk speed, (c) ion temperature, and (d) ion flux. The parameter ranges are meant
to represent both the model uncertainty and real variability. See Chapter 2 for more details.

and exospheric charge-exchange processes. However, lunar obser-
vations (McComas et al. 2009; Wieser et al., 2009) have shown
that scattering is very effective (~10%-20% of the incident so-
lar wind flux), and that the scattered particles dominate the ENA
emissions.

A fraction of the particles scattered from a surface are charged.
At the Moon, typically about 0.1%-1% of the solar wind flux is scat-
tered as protons (Saito et al., 2008; Lue et al., 2014). These particles
may be analyzed in a similar way as the scattered ENAs to learn
about the surface and the plasma precipitation, although their tra-
jectories away from the surface will be strongly controlled by the
Hermean magnetosphere.

In the present study, we focus on scattered particles. Our pur-
pose is to make predictions of the solar wind scattering at the
Hermean regolith. In Section 2, we review the plasma environ-
ment near the Moon and Mercury. In Section 3, we present our
chosen empirical models for solar wind scattering off regolith and
compare the model predictions with a set of case studies from
Chandrayaan-1 observations at the Moon. In Section 4, we apply
the empirical models to conditions expected at different regions of
the Hermean surface. In Section 5, we discuss the significance of
scattered hydrogen as an ENA population at Mercury, and the sig-
nificance of scattered protons in the Hermean magnetosphere.

2. Plasma precipitation onto Mercury and the Moon

The plasma conditions at Mercury and the Moon are different
for several reasons. At Mercury’s distance from the Sun, the so-
lar wind is much denser, slightly slower (Parker, 1958), and hotter
(Marsch et al., 1982) than at the Moon. Additionally, Mercury has
a magnetosphere that strongly affects the properties of the pre-
cipitating plasma (e.g., Goldstein et al., 1981; Slavin et al., 2014).
The Moon is also exposed to various plasma environments due to
its orbit around the Earth, in which it passes the undisturbed so-
lar wind as well as the magnetosheath and the magnetotail (e.g.,
Frank, 1985). In this section, we review the properties of the solar
wind at Hermean and lunar distances and the modifications that
arise due to the Hermean and terrestrial magnetospheres. We sum-
marize the results of the following review in Fig. 1.

2.1. Solar wind parameters at Mercury and the Moon

The solar wind parameters at Mercury’s orbit (0.31-0.46 AU)
have been studied by Sarantos et al. (2007, ff. 1,2). From their
results, we see that the proton density is typically within n=5-
200cm~3 and the bulk speed v=200-800km/s. In the regu-
lar solar wind, the bulk speed and density variations are anti-
correlated. We evaluate the corresponding flux to be within the
range J=5-108-5.10° cm~2 s~!. We can obtain an estimate for the
corresponding plasma temperature range by using the empirical
model by Lopez and Freeman (1986, c.f. Section 7 and Table 1)
of the solar wind temperature as a function of the bulk speed
and distance from the Sun. The result is a proton temperature
in the range of kgT=1-100eV. The model can be compared with
WSA-ENLIL model results and MESSENGER observations presented
by Baker et al. (2011, Figs 7 and 11), reporting an observed tem-
perature of ~10eV for a solar wind speed of ~300 km/s; ~20eV
for ~350km/s; and ~40eV for ~450km/s. Corresponding ENLIL
model results at the times were: ~4eV; ~20eV; and ~10eV. The
model by Lopez and Freeman (1986) returns similar values (us-
ing for simplicity the Hermean semi-major axis): kgT(300 km/s,
0.39AU)=7eV; kgT(350 km/s, 0.39 AU)=10eV; and kgT(450 km/s,
0.39AU)=20eV.

Typical ranges for the solar wind parameters at 1AU
are: n=2-20cm~2, v=250-800km/s, kzgT=2-30eV, and J=1.5-
9.108 cm 25! (e.g., Feldman et al., 1978; Katsavrias et al., 2012).

2.2. Plasma precipitation on the Moon

The plasma parameters listed above for undisturbed solar wind
at 1 AU are applicable to the dayside of the Moon when it is out-
side of the terrestrial magnetospheric regions. The small solar wind
proton thermal speed relative to the bulk speed results in an inci-
dent flux onto the surface that decreases approximately as cosine
of the solar-zenith angle (SZA).

Reflected protons from the terrestrial bow shock form an ad-
ditional population in the foreshock region (Asbridge et al., 1968).
Picked up by the interplanetary magnetic field, these reflected pro-
tons can reach up to three times the original solar wind speed.
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However, they contribute by a few percent or less to the solar wind
flux in the foreshock region and are not included in Fig. 1.

In the magnetosheath, the solar wind is heated (kgT=40-
400eV), decelerated (v=200-500km/s), and compressed (n=2-
50 cm~2) (Frank, 1985). Because of the higher thermal spread in
the magnetosheath, the precipitation onto the Moon is widened
from the cosine SZA dependence.

In the magnetotail lobes, the plasma is very tenuous
(~0.01cm™3, not shown in Fig. 1). In the plasma sheet of
the terrestrial magnetotail, the plasma has a very high tem-
perature (n=0.1-1cm3; v, =10-1000 km/s; kzT=200-2000¢eV)
(Frank, 1985), effectively impacting the whole Moon due to the
large thermal spread.

See also Lue et al. (2016a) for further discussion on the change
of the incident plasma distribution on the Moon in the magne-
tosheath and plasma sheet.

Lunar magnetic anomalies can also modify the plasma precip-
itation locally (10-1000 km scale regions), but these effects (heat-
ing, deceleration, voids and reflection (e.g., Wieser et al., 2010; Lue
et al.,, 2011; Saito et al.,, 2012; Vorburger et al., 2012, 2013; Poppe
et al.,, 2014) are similar to those generated by the terrestrial envi-
ronment, so we do not include the magnetic anomalies explicitly
in Fig. 1.

2.3. Plasma precipitation on Mercury

Different paths of precipitation onto the surface of Mercury
have been discussed in literature. The precipitation paths can be
generally sorted into four categories (e.g., Goldstein et al., 1981):
precipitation along (1) dayside open field lines; (2) closed field
lines connected to the plasma sheet; (3) dayside closed field lines;
and (4) the occasional direct precipitation when high solar wind
pressure pushes the magnetopause below the Hermean surface.
Here, we will refer to these types as (1) cusp; (2) aurora; (3)
nose; and (4) direct precipitation, following the terminology used
by Kallio and Janhunen (2003). Below, we will assign values of
the plasma parameters for these precipitation classes and the cor-
responding surface regions, by reviewing results from theoretical
models and computer simulations. In Fig. 1, we plot the ranges
of values found through this review or, if not directly available,
extrapolated values based on arguments made below. See also
Killen et al. (2007, Section 3.5, Table 8) and Raines et al. (2013,
2015) for further review of the plasma precipitation on Mercury.
It is worth noting that observations by the MESSENGER spacecraft
have revealed that flux transfer events (FTEs) play a major role in
the injection of plasma across the Hermean magnetopause (e.g.,
Slavin et al. (2009); Imber et al., 2014; DiBraccio et al., 2015; Sun
et al., 2016), an effect that may be underestimated in early models.

2.3.1. Cusp precipitation

At the cusps of the Hermean magnetosphere, plasma can pre-
cipitate along open field lines. Here, the plasma is expected to be
decelerated, compressed, and heated. Goldstein et al. (1981) as-
sumed a deceleration of ~250 km/s and an increase in density by
a factor of four, out of which one-fifth ends up precipitating, giv-
ing a precipitating flux of ~6.108 cm~2s~! (assuming an upstream
vy =400 km/s, n =44 cm3).

Qualitatively similar results were obtained in simulations by
Massetti et al. (2003). Where the plasma entered the cusp, they
observed a compression to twice the upstream density and de-
celeration to half the upstream speed, with a heating to thrice
the upstream temperature. However, the properties upon precipita-
tion varied significantly between different sub-regions of the cusp:
the low-latitude boundary layer (LLBL), the cusp proper, and the
mantle. The peak precipitation was found at the LLBL, where the
plasma had been accelerated compared to the upstream speed,

while the plasma was decelerated in the other regions. The mean
precipitating fluxes in the cusp region was ~4.108 cm=2s-! for
nominal solar wind conditions (v, =430 km/s, n =200 cm~3).

Similar results were also obtained in hybrid simulations by
Kallio and Janhunen (2003), resolving finite-gyro radius effects.
For upstream values of v, =430km/s, n=76cm3, Bp;r=10-
40nT, they calculated ‘cusp’ precipitation of ~108 cm=2s~!. In
the extreme case of v, =860km/s, the precipitation increased to
~10° cm~2s~1. Likely because of the finite gyro radius of the pre-
cipitating protons, they mostly impacted the surface at closed
field-line regions. Nevertheless, we consider it cusp precipitation
here.

Mura et al. (2005) also simulated proton trajectories in the Her-
mean magnetosphere. They separated their results into deceler-
ated protons (0.1-1keV) and accelerated protons (1-10 keV). From
the spatial distribution of the precipitation, we consider the for-
mer group representative of cusp-type precipitation and the lat-
ter of auroral type. The cusp-type precipitation was again at sim-
ilar fluxes as in the other studies (~107-108), with a peak of
3.108 cm~2s~1, Sarantos et al. (2007), however, reported higher
fluxes of 3-109cm=2s-! at aphelion solar wind conditions, and
roughly twice that for perihelion.

Particle observations by the MESSENGER spacecraft inside the
Hermean cusps (Raines et al., 2014, Fig. 6), at 300-600 km altitude,
show directional proton fluxes on the order of 3-106 cm=2sr~1s-1,
over a wide directional distribution and temperatures of 5.75 MK
(500eV). These fluxes (~3-105cm=2s-1) are relatively low com-
pared to the aforementioned estimates. On the other hand,
Poh et al. (2016) used MESSENGER magnetic field data to inves-
tigate the precipitation of protons through cusp filaments, and es-
timated a precipitation rate of 3.102°>s~! in an area of ~106 km?,
giving an average precipitating flux of ~3.10° cm=2s-1,

In summary of these studies, we find peak flux estimates at
the Hermean cusps ranging from ~108 to 101 cm~2s-1, even for
a nominal solar wind assumption. This wide range is due to the
uncertainty in modeling and observations but also differences in
the definition of the precipitation area. We allow this range to
also represent the smaller variability of the solar wind flow. The
population that we consider to be cusp-precipitating is deceler-
ated roughly to half the initial speed according to Goldstein et al.
(1981) and Masetti et al. (2003). Considering a solar wind speed of
200-800 km/s (Sarantos et al., 2007), the cusp bulk speed would
be ~100-400 km/s. Note that individual particle speeds will gen-
erally be larger than the bulk velocity. Assuming that the loss of
bulk energy is compensated by heating, the plasma would reach a
temperature of ~300-3000 eV. These properties combined suggest
a density of in the range of ~3-1000 cm—3.

2.3.2. Auroral precipitation

Goldstein et al. (1981) estimated that the precipitation of
plasma via the plasma sheet was the dominant type of plasma pre-
cipitation at Mercury. This precipitation would occur over large au-
roral ovals, corresponding to a surface area of ~2-10% km?2, with a
mean precipitating flux in the auroral oval of ~4.107 cm~2s~1, and
a plasma temperature of 7.5 keV.

The hybrid simulations by Kallio and Janhunen (2003) shows
auroral precipitation of ~3.107 cm~2s~!. Peak values may reach
~108cm=2s-!, but it is difficult to clearly distinguish be-
tween ‘cusp’ and ‘aurora’ precipitation in the simulation results
(Kallio and Janhunen, 2003; Fig. 3).

The aurora-like 1-10 keV protons precipitating according to the
model by Mura et al. (2005) reached up to 10° cm~2 s~1, although
a clear distinction between cusp- and auroral precipitation was not
made.
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MESSENGER observations in the plasma sheet show densities
of ~1-10cm~3, and temperatures of ~1-30 MK (~100-3000eV)
(Sun et al., 2016).

In summary, the auroral precipitation estimates range between
3.107 and 10° similar to lunar values, but the (thermal) energy of
these protons (1-10 keV) is higher than the typical solar wind bulk
energy. Because of the high temperature, the bulk speed is less im-
portant. Nevertheless, there should be a net flow down into the
auroral regions. Using the terrestrial plasma sheet (Frank, 1985)
as a reference, the bulk speed is likely within the range of 10-
1000 km/s. The densities required to fulfill these parameters are
~0.3-100 cm—2.

2.3.3. Nose precipitation

The non-negligible proton gyro radius compared to the Her-
mean dayside magnetosphere allows solar wind protons of suffi-
cient energy to reach the surface even at regions of closed field-
lines on the Hermean dayside. Goldstein et al. (1981) estimated
that this precipitation amounts to a flux of ~10% of the auroral
precipitation (or ~1% of the upstream solar wind).

Kallio and Janhunen (2003), with a model that resolves the
proton gyro motion, similarly found that ~1% of the solar wind
reached the subsolar “nose” region, for nominal solar wind con-
ditions of n=76 cm~3 and v, =430 km/s. They further found that
an increase of the solar wind speed to twice the nominal value
was sufficient to increase the nose precipitation to ~10% of the so-
lar wind flux. However, we cannot clearly distinguish between the
nose precipitation and cusp precipitation as we previously noted
that the kinetic effects cause much of the cusp-precipitation to oc-
cur on closed field lines. In fact, we may look at the nose precipita-
tion as the diffuse cusp experienced by the more energetic protons.

The plasma at the dayside magnetopause was studied using
MESSENGER observations, by Gershman et al. (2013). Directional
fluxes on the order of 105cm—2sr~1s~! are observed in non-
ideal (non-solar wind) viewing directions, suggesting that the flux
through the magnetopause may be higher than 106 cm=2s~!, with
a significant contribution from particles in the 1-10keV energy
range. Note that in the observed magnetic field of ~200nT, the
gyro radius for these protons is 20-60 km, while the magnetopause
distance is ~1000 km. Thus, these protons travel along the closed
field-lines over many gyrations before they impact the surface (c.f.
Leblanc et al., 2003, Fig. 3).

We assume fluxes of ~0.1%-10% of the solar wind depend-
ing on the solar wind speed variations, corresponding to ~106-
10° cm=2s~!. Like the cusp population, the nose population would
have experienced deceleration and heating at the bow shock. How-
ever, the precipitating nose component should come from the
high-speed tail of this incident distribution. Thus, we expect a
higher bulk speed than the cusp population. We assume a bulk
speed of ~400-1000 km/s, and a temperature similar to the cusp
population at ~300-3000eV. Corresponding densities are ~0.03-
30cm=3.

2.3.4. Direct precipitation

A clearly different type of precipitation occurs if the magne-
topause is pushed below the Hermean surface, so that the so-
lar wind impacts the surface undisturbed. Using magnetohydrody-
namic simulations, Kabin et al. (2000) estimated the solar wind
parameters required to push the magnetopause below the surface.
They found that an increase in speed by a factor of 2.5 from the as-
sumed nominal values of n =73 cm~2, v, =430 km/s was sufficient
to create such a situation (i.e.,, a dynamic pressure of 70 nPa). They
also noted that an increase in density by a factor 9 may achieve
the same. These parameter values are very rare (c.f. Sarantos et al.,
2007) but not impossible, as illustrated by one of the lunar cases
presented herein where the solar wind pressure increased more

than 10 times. Slavin et al. (2014) studied several extreme events
with up to 65nPa solar wind dynamic pressure at Mercury, and
inferred from their observations a corresponding mean magne-
topause standoff distance as low as 1.03 Mercury radii. Consid-
ering the north-south asymmetry of the Hermean magnetic field
(Anderson et al., 2011), this implies that the magnetopause may
have been suppressed below the Hermean surface over parts of the
southern hemisphere (Slavin et al., 2014, Fig. 18).

3. Lunar empirical scattering models

Solar wind scattering from the lunar regolith has been studied
for a range of different incident plasma parameters. The set of em-
pirical models resulting from these studies allow us to predict scat-
tered ENA and ion distributions at the Moon. However, the plasma
parameters in the Hermean environment reviewed in the previous
section show that the expected plasma at Mercury is sometimes
beyond the ranges from which the empirical models have been de-
rived.

In this section, we introduce and specify the empirical mod-
els and their implementation, and then show a set of lunar cases
found at the edges of the parameter spaces that the empirical
models were derived from.

3.1. Model description

We model scattered differential fluxes of hydrogen ENAs and
protons in three steps: First, we calculate the total scattered flux
Joutena and Joues, respectively (in the unit of cm=2s~1). Then, we
calculate the directional flux jgena; jgs (cm~2s~1sr~1) in the direc-
tion toward the spacecraft location. Finally, we calculate the energy
spectrum of differential flux jgegna; jgesr (cm=2 s~ 1 sr—1ev-1).

The total scattered flux is calculated by multiplying the inci-
dent proton flux J;, onto the surface with the expected scattering
rate. Estimates of the ENA scattering rate from the lunar regolith
range between ~10% and ~20% (c.f. Vorburger et al., 2013, Table 1).
Dependencies on the bulk speed (Funsten et al., 2013) and tem-
perature (Allegrini et al., 2013) of the incident plasma have been
reported. On the other hand, other studies (Futaana et al., 2012;
Lue et al., 2016a) found no strong dependence on these parame-
ters. For the purposes of the present study, where we are inter-
ested in order-of-magnitude results, we simply assume a constant
scattering rate of 20% for the hydrogen ENAs.

Joutna = 0.2 Jin (1)

The proton scattering rate has been estimated to 0.1%-1% by
Saito et al. (2008), or 0.01%-1% by Lue et al. (2014), where the
latter study reported a strong correlation with the solar wind
speed. For the present study, we use the empirical model from
Lue et al. (2014) for proton scattering rate as a function of solar
wind speed.

(2)

—2500 km/s
.]out+ =25 EXP</>Jin

Usw

To derive the directional flux, we used the empirical ENA scat-
tering function that was developed by Schaufelberger et al. (2011),
and updated by Vorburger et al. (2013). This scattering function de-
scribes the directional distribution, in elevation and azimuth, of hy-
drogen ENAs from the lunar regolith, as a function of the incidence
angle of the solar wind. We assume the same directional scattering
function for scattered protons. Note that we use the term plasma-
zenith angle (PZA) rather than SZA to express the incidence angle
because the plasma does not necessarily impact from the solar di-
rection.

Ja =Jou fs(az, el, PZA), (3)
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Table 1

Plasma parameters for selected lunar cases and simulated Hermean cases.
Case Density Bulk speed  Temperature Incidence angle Incident flux
I 140cm=3 260 km/s 0.92eV 20° 4.109cm2s-!
11 4.6cm3 550 km/s 21eV 22° 3.108 cm 25!
1 1.6cm—3 220 km/s 130eV 46° 3.107 cm 257!
Cusp 10cm—3 200 km/s 10% eV 10° 2108 cm—2 57!
Aurora  1cm™3 200 km/s 104 eV 10° 4.107 cm2 57!
Nose 1cm—3 600 km/s 103 eV 80° 2107 cm~2 57!
Direct 103cm=3  400km/s 10eV 10° 410" cm2s!

where f; is given by Vorburger et al. (2013, Appendix), and
the division by cos(PZA) added for normalization to unity
(P [P fs daz del = 1).

To derive the differential flux of ENAs, we apply the empirical
model for the energy spectrum from Futaana et al. (2012). A dif-
ferent model is presented by Rodriguez et al. (2012), but the dif-
ferences are small.

Jaeena = Jaenafeena(E: Vsw), (4)

where fg, adapted from Futaana et al. (2012) for normalization to
unity (fg° feenadE = 1) is given by

E E
feena = 7kTEZNA W) exp <— KTona (V) (Um)>, (5)
where kTgya is a function of the solar wind impact speed v;,.
kTena = Vi - 0.273 eV s km~! — 1.99 eV. (6)
For the proton scattering, we use the model from

Lue et al. (2014), which multiplies the ENA spectrum with a
probability to exit the surface with a positive charge, as a function
of the exit speed.

Jder = Jav fe+ (E: Vin), (7)
—-5000km/s o0
Je+ = feena(E: Vi) - EXP<V/>// Seena
n 0
Xp(—SOOOkm/s>dE’ ()
vy

where the denominator is added for normalization to unity
(fs° ferdE = 1), and vp = (2E/m;)%>, where mp is the proton
mass.

These empirical models can be directly applied to the nom-
inal solar wind, where the incident beam is almost mono-
directional and mono-energetic. However, to account for a signif-
icant plasma temperature, we need to integrate the above mod-
els (where v;, and PZA are functions of the incident velocity)
over the velocity distribution function of the incident plasma. See
Lue et al. (2016a) for a detailed description of this procedure. For
the distribution functions used herein, we apply a kappa distri-
bution with k =2, assuming a similarity to the terrestrial magne-
tosheath plasma (e.g., Formisano et al.,, 1973).

3.2. Lunar case studies

The models used herein have been derived from observations
by the Sub-keV Atom Reflecting Analyzer (SARA) (Barabash et al.,
2009) on the lunar orbiter Chandrayaan-1. Here, we perform three
case studies to illustrate the changes of the scattering with plasma
parameters, according to the model results along with the space-
craft observations, for three very different plasma conditions.

Chandrayaan-1 had a polar lunar orbit at 100 km altitude, raised
to 200 km in May 2009. SARA included two particle sensors: the

Chandrayaan-1 Energetic Neutrals Analyzer (CENA) (Kazama et al.,
2006) and the Solar Wind Monitor (SWIM) (McCann et al., 2007),
measuring ENAs and ions respectively. The data used in this
study are all from June 2009, during which Chandrayaan-1 was
in a noon-midnight orbit (c.f. Lue et al., 2014, 2016a). The noon-
midnight orbit is favorable for detection and distinction of surface-
scattered protons from other proton populations and noise sources
(Lue et al, 2014).

For the following case studies, we integrate measurements from
CENA and SWIM over 20 minutes around the dayside equator
crossing of Chandrayaan-1. For CENA, we subtract an estimated
noise contribution of 0.3 cos?(SZA) counts per energy-direction bin
per minute (Lue et al, 2016a). For SWIM, we subtract a constant
background of 0.08 counts per energy-direction bin per minute
and a solar wind cross-talk contribution of 10~ of the solar wind
signal, affecting energy bins just above the solar wind energy
(Lue et al., 2014).

To monitor the solar wind conditions, we used data from the
Solar Wind Experiment (SWE) (Ogilvie et al., 1995) on the Wind
spacecraft at the Earth-Sun L1 point. The Wind/SWE solar wind
data was time-shifted to account for the solar wind travel time
from Wind to the Moon. For the case when the Moon is in
the terrestrial magnetosheath, we instead use ion data from the
Magnetic Field and Plasma Experiment-Plasma Energy Angle and
Composition Explorer (MAP-PACE) instrument (Saito et al., 2010)
on the Kaguya lunar orbiter, located in a very similar polar or-
bit to that of Chandrayaan-1. At the chosen period, both Kaguya
and Chandrayaan-1 were located outside of the lunar wake (c.f.
Lue et al., 20164, ff. 2b, 4 g).

We look at the modeled energy spectra of reflected particles for
three different cases in Fig. 2. The corresponding time periods (UT)
for these cases are 2009-06-24 05:19-05:39; 2009-06-29 10:42-
11:02; and 2009-06-05 04:20-04:40, respectively. These cases rep-
resent very different plasma conditions at the Moon, see Table 1.

In Fig. 2, we see that the models reasonably well reproduce the
observed spectral shapes. The quantitative estimates exhibit devia-
tions from the models, especially for the proton component. These
deviations are small in the context of this study, but will be dis-
cussed further in Section 5.

4. Simulated solar wind scattering from the surface of Mercury

In this section, we apply the empirical scattering models pre-
sented in Section 3 to the expected Hermean plasma conditions
presented in Section 2. We show simulated spectra for scattered
hydrogen ENAs and protons from the Hermean regolith for four
chosen plasma conditions, corresponding to cusp-, auroral-, nose-,
and direct precipitation respectively. Although each case allows a
wide range of possible parameters (see Fig. 1), we here choose pa-
rameters from within those ranges such that the cases are repre-
sentative but also clearly different from each other (see Table 1).
The calculated ENA and ion spectra are seen in Fig. 3. For all these
cases, we employed the modified empirical models that allow for
a large plasma temperature (see Section 3.1; Lue et al., (2016a)).



44 C. Lue et al./Icarus 296 (2017) 39-48

108 T
--- Model, H: 20% --- Model, H: 20% --- Model, H: 20%
-7 a)l o Observed H: 14%’J [ b) II oObserved H: 16% ] [ c) III o Observed H: 22”/:,
g 10 -.-. Madel, H+: 0.003% ---- Model, H+: 0.4% } --—- Model, H+: 0.01%
v . e Observed H+: 0.01% e Observed H+: 1% e Observed H+: N/A
— 10 IncidentH+3F e IncidentH+1F . Incident H+ 1
1] -
'T‘zz 10° ‘d\‘ 201 F 201 F 20 1
< —O0—t o -~ O~ A= —0—i —0—i
10 3, AL | SRR e Feiq Fol |
 10° 2 r | f R S 1
e LR I
=102 I iy . 1t g ]
= s
§ 101 ’_,~ 'I i 1Fr [T I 1
1] H 4 \
£10° | 3 . 1r N B
43 % o)
107! L " . i - : k
10t 102 103 10% 10! 10? 103 10% 10! 102 103 10*

Energy [eV]

Fig. 2. Modeled and observed energy spectra of scattered proton and hydrogen distributions at the Moon, for cases I (a), Il (b), and III (c). Vertical error bars indicate 1o
errors from count-rate statistics, and horizontal error bars (20) indicate the energy resolution of the CENA and SWIM sensors. The dotted lines indicate for reference the
shape of the incident proton spectra, modeled as x-distributions with the parameters listed in Table 1 and « =2. The magnitude of the reference incident spectrum is

normalized to 5 times the ENA model for easier comparison.

10®
-- = Model, H: 20% - - = Model, H: 20% - == Model, H: 20% i --—— Model, H: 20%
WP CUP Model, Ha: 0.6% | | PYAUTORA T yodel, Ha: 8 | | ©) Nose - Model, H4: 29 | | 9) Direct - Model, H+: 0.1%
------ Incident H+ o Incident H+ - Incident H+ e s Incident H+
w108 F 1
10° 1 1

=
o
K
\
'
1

-
o
)

[
Qo
N
\
\
i
’

Differential flux [cm'2 srts ev'l]
o
o

=
(=]
[=]

-

o
—
S

10° 10* 10! 10° 10°

(=3
o
)
[y
o
™|

10% 10t 10° 10° 10%10T 10°
Energy [eV]

10
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the ENA model from Futaana et al. (2012).

Because we are investigating the directional differential flux, we
must choose a scattering direction. Here, we choose a direction
close to zenith (azimuth: 10°, elevation 80°). This is an arbitrary
choice but the results are not very sensitive to the chosen direc-
tion because the scattering function is close to isotropic for small
PZAs or large plasma temperatures. Similarly, we must also select
the incidence angle (PZA) (of the bulk plasma flow) for the models.
We follow assumption that the magnetosphere of Mercury directs
the plasma into small incidence angles (chosen PZA: 10°), except
for the nose precipitation case, where the ions are suggested to be
gyrating in the equatorial magnetic field of Mercury on trajectories
that barely intersect the surface (chosen PZA: 80°).

Fig. 3a shows the energy spectra of scattered hydrogen ENAs
and protons expected from the cusp region (or ‘cusp proper’, as
denoted in Section 2.3.1); the footprint of the open-field line re-
gion of the dayside magnetosphere. As seen in Table 1 and Fig. 1,
the plasma density (n=10cm~3), bulk speed (v, =200 km/s), and
flux, are within the ranges of the nominal solar wind, but the ex-
pected temperature is high (kgT=1000eV). The low bulk speed is
compensated by the high temperature, giving a proton reflection
rate of ~0.6%.

Fig. 3b shows the predicted energy spectra of ENAs and pro-
tons from the auroral precipitation regions. The precipitating pro-
tons, arriving from the plasma sheet, have a very high temper-
ature (kgT=7keV). As a result, many protons impact with very

high speed, increasing the expected proton reflection rate up
to ~8%.

Fig. 3c shows the energy spectra of ENAs and protons ex-
pected in the subsolar region, due to nose precipitation, at the
footprint of the dayside closed magnetic field line region of the
magnetosphere. These precipitating protons have a high bulk speed
(vg =600 kmy/s), and we get the proton scattering rate to be ~2%.

Fig. 3d shows the predicted energy spectra of ENAs and protons
for the case of direct precipitation, when the solar wind pressure
is sufficient to suppress the Hermean magnetopause below the sur-
face. Because of the high flux (approximately 10 times more than
the nominal solar wind at Mercury, and 100 times more than the
typical precipitation onto the surface when the magnetosphere is
not compressed), we also get a high flux of scattered particles. The
low impact speed used for this example gives a proton scattering
rate of 0.1%. The choice of high density or high velocity to repre-
sent this high dynamic pressure case is arbitrary, but we chose the
high-density case for a clearer distinction to the other cases.

5. Discussion and implications

Comparing the expected proton precipitation in the Hermean
environment with that in the lunar environment, the Hermean
protons tend to have higher impact speeds due to the higher
plasma temperature. The high plasma temperature also necessi-
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tates the use of models that account for the plasma velocity dis-
tribution, to derive the characteristics of the scattered particles.

In Fig. 4, we illustrate the geographical distribution of the ex-
pected scattering of hydrogen ENAs and protons, based on the se-
lected precipitation values from Fig. 1 listed in Table 1, together
with precipitation maps by Kallio and Janhunen (2003), and the re-
flection rates from Fig. 3. In Fig. 4, the ENA scattering peaks at the
cusps, while protons are scattered at higher fluxes in the auroral
regions due to the high impact speeds. Note that these results only
apply to the specific precipitation parameters chosen herein, which
in reality vary within wide parameter ranges, not necessarily main-
taining the proportional relationships between different regions. In
this section, we first discuss the model estimates, and then the im-
plications of this scattering for the Hermean ENA- and plasma en-
vironments, and the capacity to observe these phenomena.

5.1. Applicability of the lunar empirical models

In the proton scattering (see Cases I and II; the signal in Case
Il is below the noise level), we note disagreements between the
modeled and observed proton scattering rates and spectra. While
Case II shows a good qualitative agreement in the spectral shape,
there is a quantitative difference of a factor ~2-3. In Case I,
there is a quantitative and qualitative disagreement. These dis-
agreements are present despite the fact that the proton scatter-
ing models were developed from a data set that included those
cases (Lue et al., 2014). This reflects the uncertainty of the obser-
vations and the empirical models. In Fig. 4 from Lue et al. (2014),
we see that the data scatters with a factor of ~10 in the low so-
lar wind speed observations, and a factor of ~3 in the better con-
strained high solar wind speed observations. There is likely also a
systematic effect that makes the model underestimate the proton
backscattering: Lue et al. (2014) excluded the energy bins above
the solar wind bulk energy, to avoid an instrumental solar wind
cross-talk signal. Although it is unreasonable for backscattered par-
ticles to have a higher energy than the incident solar wind, the fi-
nite energy bin width as well as the thermal spread of the solar
wind distribution means that a significant fraction of the backscat-
tered proton distribution is excluded with the earlier method. From
Fig. 2, this underestimation appears to be a factor 3. Thus, although
we maintain the use of this model, we note that the proton scatter-
ing rate may have uncertainties of a factor of <10. Recent observa-
tions by ARTEMIS (Lue et al., 2016b) have also suggested a weaker
impact speed-dependence than the model by Lue et al. (2014).
However, further study is required to refine the proton scattering
models.

It should further be noted that the energy ranges of SWIM
and CENA on Chandrayaan-1 are up to ~3 keV/q, and the empir-

ical models have not been validated for higher energies (> 3 keV).
The results of the aurora-type precipitation (Fig. 3b), with a very
high proton scattering rate (11%), illustrate that the used scatter-
ing models may need to be adjusted in the case of very high im-
pact speeds. If the scattered protons and hydrogen atoms are from
the same parent distribution, one may expect that the ENA scat-
tering rate should decrease according to the increase of the proton
scattering rate at high impact speeds. Such a trend could explain
the dependence of the ENA scattering rate with an increased so-
lar wind speed observed by Funsten et al. (2013). The scattering
at high impact speeds and the high energy range in the scattered
spectra should be addressed by future studies.

In addition to the statistical uncertainties discussed above, it is
natural to consider that the difference in regolith properties be-
tween the Moon and Mercury may affect the scattering character-
istics (the scattering function, energy spectrum, and charge states
of the scattered particles). Hermean regolith grains are expected
to be similar to the lunar grains regarding the composition (they
consist of feldspar and olivine, with nano-phase iron). However,
the Hermean regolith also has properties that are different to the
lunar regolith. For example, the average grain size is thought to
be about half that of the lunar grains (Warell and Blewett, 2004),
and the Hermean regolith may be smoother than the lunar regolith
(e.g., Warell, 2004). In the present study, we assume no significant
change of the scattering characteristics due to these differences.
This assumption is supported by lunar observations: no correla-
tions with surface properties have been identified at the Moon, for
example between Mare and Highland regions (e.g., Allegrini et al.,
2013; Vorburger et al., 2013; 2015; Lue et al., 2016a).

5.2. Scattered hydrogen as a component of Mercury’s radiance of
energetic neutral atoms

The directional fluxes of scattered hydrogen ENAs predicted
herein (~107-10° cm~2s~!sr~1) are large in comparison to other
ENA sources at Mercury. We will briefly review estimates of other
ENA sources below, but we also note that this initial statement
is reasonable considering that lunar observations showed solar
wind scattering rates of ~10%-20% (McComas et al., 2009; Wieser
et al., 2009) and sputtering yields of ~5% (Vorburger et al., 2014)
(note that the quantitative comparison depends on the defini-
tion of ENAs because of the generally lower energies of sput-
tered particles). Estimates of sputtered and exospheric charge-
exchange ENA populations at Mercury were made by e.g., Lukyanov
et al. (2004) and Mura et al. (2005). See also reviews by
Orsini et al. (2010) and Saito et al. (2010). Ip (1993) discussed
sodium ions (Na*t), photoionized from the Hermean exosphere,
which reach high energies in the tail and return to impact the sur-
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face, causing sputtering of surface materials. They modeled Na*
ions from <1keV to >10keV. These ions have undergone simi-
lar processes as the ‘auroral’ H* that we have discussed herein.
Lukyanov et al. (2004) compared the expected sputtered ENA
fluxes for three different incident ion populations: cusp Ht at
1keV, auroral HT at >10keV, and 1keV Na* ions. The result-
ing fluxes of sputtered Na ENAs at >100eV were 9.10°, 3-103,
and 9-103cm=2s~1sr! for the three different sputtering agents
respectively. They also discussed ENAs from exospheric charge-
exchange, finding values of ~103-10° cm~2sr~1 s~ keV-! for 10-
50 keV ENAs. Mura et al. (2005) focused on sputtering from cusp-
precipitating H™ and charge-exchange of the same H™ popula-
tion with exospheric neutrals. They discussed sputtered O and
Na. They found O ENA fluxes up to 108cm=2s-!, and Na ENA
fluxes up to 106 cm=2s~1, sputtered from the surface at the cusp.
H ENAs generated by charge-exchange were modeled at fluxes of
up to 10°-106 cm~2 s~ ! sr~1, radiating tailward from the cusp ex-
osphere at 1-10keV, and 10%-10° cm=2s~1sr-! at 100 eV-1 keV.
These fluxes could also be seen from the sub-solar region at up
to 10° cm=2s~ 1 sr1,

Scattered hydrogen ENA remote-sensing will enable imaging
of the proton precipitation onto Mercury. The population can be
distinguished from other ENA populations using the characteris-
tic shape of the energy spectrum, or mass discrimination (e.g.,
Vorburger et al., 2014), and the energy spectrum will contain infor-
mation on both the speed and temperature of the impinging ions
(Futaana et al., 2012; 2013; Lue et al., 2016a). Combined investiga-
tions of the sputtered and scattered ENAs will add significant value
to the study of the Hermean plasma environment. Future ENA ob-
servations at Mercury, together with in-situ, simultaneous plasma
measurements will provide excellent data for validation of mag-
netospheric models, and the observations will allow us to follow
the dynamics of the Hermean magnetosphere in the variable solar
wind environment (Milillo et al., 2010).

5.3. Scattered protons as a component of the Hermean plasma
environment

The scattered protons can attain a different pitch-angle distri-
bution compared to the mirroring protons in the Hermean mag-
netic field. The scattering angle of each scattered particle follows a
stochastic process. This is in contrast to mirroring protons, which
have a velocity completely perpendicular to the magnetic field at
the mirror point. In other words, the surface acts as a strong pitch-
angle “scatterer” . An observer at high altitudes will be able to
observe upgoing protons within the loss cone, coming on trajec-
tories intersecting the Hermean surface. Raines et al., (2014) and
Winslow et al. (2014) observed protons at the Hermean cusp. They
observed a clear signature of the loss cone (a decrease in the pro-
ton flux in the direction away from the surface, along the magnetic
field). Inside the cone, for upgoing directions, the measured fluxes
were at ~3.10° cm~2 sr~!s~1 (Raines et al,, 2014, fig. 6a), which
indeed is comparable to the simulated H* flux emitted from the
cusp surface (integrating Fig. 3a gives ~2.10° cm—2sr—!s~1). The
scattered protons could be one explanation for these upgoing pro-
tons in the loss cone.

Protons emitted on closed field lines will likely return to the
surface on the other hemisphere, while protons on open field lines
can escape through the cusp and mantle, possibly following simi-
lar dynamics as O ions in the terrestrial cusp (e.g., Slapak et al.,
2013). Travnicek et al. (2007) simulated the dynamics of a pro-
ton population emitted isotropically and uniformly from the Her-
mean surface, though at low energies. These protons either be-
came trapped on closed field lines or escaped both downstream via
the cusp, mantle, and tail, and upstream into the foreshock region.
More energetic protons from the scattering process would be more

capable to escape Mercury but trapping in closed field line regions
would also occur, and they may be a significant part of the ob-
served quasi-trapped particle belt around Mercury (Schriver et al.,
2011).

Future proton-kinetic computer simulations of the Hermean
magnetosphere may shed further light on the dynamics and in-
fluence of scattered protons on the Hermean environment. Such
simulations could use lunar scattering models to inject scattered
protons from the surface into the magnetosphere. Proton circula-
tion, waves, and current systems would be interesting targets for
such simulations.

5.4. ENA measurements on Bepicolombo

ENA sensors capable of measuring in the 10s of eV to a few
keV energy range will be carried to Mercury with BepiColombo, a
European-Japanese joint mission to Mercury. BepiColombo will be
launched in early 2017. BepiColombo is composed of two satellites:
Mercury Planetary Orbiter (MPO) and Mercury Magnetospheric Or-
biter (MMO). Each spacecraft is equipped with an ENA sensor: The
Energetic Neutrals Analyzer, of the Mercury Plasma Particle Ex-
periment (MPPE/ENA) on MMO (Saito et al., 2010a) and the SER-
ENA/ELENA on MPO (Orsini et al., 2010). In particular, MPPE/ENA
is an updated version of the CENA sensor used herein and it
has equivalent capabilities as CENA, and can therefore address the
plasma-surface interaction at Mercury in a similar way as CENA
has done at the Moon. The extrapolated predictions made in the
present study will be used for interpreting the data obtained by
MPPE/ENA. The expected differential fluxes of ENAs at Mercury are
very similar to those observed at the Moon.

6. Concluding remarks

The Moon is a natural laboratory for the study of particle in-
teractions with regolith. The lessons learned at the Moon can be
applied to better understand ongoing and future measurements at
other airless planetary objects. The variable plasma environment
at the Moon, and the variation in its surface properties allow us
to span a large parameter space for scattering models. Neverthe-
less, future comparative studies between different airless bodies, in
different plasma environments, are likely to reveal further details
which will add to our understanding of the scattering process, its
role in planetary environments, and its applications as a remote-
sensing tool.
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