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Abstract

Jupiter’s largest moon Ganymede has its own intrinsic magnetic field, which forms a magnetosphere that is
embedded within Jupiter’s corotating magnetospheric plasma. This scenario has been shown to lead to complex ion
precipitation patterns that have been connected to heterogeneous space weathering across Ganymede’s surface. We
present the first simulations of energetic neutral atoms (ENAs) from backscattered H, O, and S ions, accounting for
magnetospheric plasma precipitation and Ganymede’s heterogeneous surface composition. Our model shows that
backscattering introduces significant atomic H and O populations to Ganymede’s ENA environment, which will
allow remote observation of ion—surface interactions at Ganymede. There are distinct differences between H ENA
emissions at Ganymede and the Moon, with orders of magnitude lower fluxes below 1 keV but a significant tail
above 1 keV. Backscattered H ENAs will also dominate over sputtered H contributions above energies of around
1 keV, while O ENAs are less likely to be distinguished from sputtered ENAs. The backscattered H ENAs thus
represent a promising candidate for studying the plasma—surface interaction on Ganymede with future observations
of ESA’s JUICE mission.

Unified Astronomy Thesaurus concepts: Ganymede (2188); Planetary magnetospheres (997); Space plasmas

(1544); Planetary surfaces (2113)

1. Introduction

Ganymede is the solar system’s largest moon and the only
known moon with its own intrinsic magnetic field (Gurnett
et al. 1996; Kivelson et al. 1996), forming a small magneto-
sphere within the magnetospheric plasma of its parent body
Jupiter (Kivelson et al. 1997). This leads to a significant
decrease of surface precipitation by the Jovian magnetospheric
plasma near Ganymede’s equatorial region, while much higher
fluxes reach the polar regions along open field lines. This
scenario has been suggested by several modeling efforts (e.g.,
Fatemi et al. 2016; Poppe et al. 2018; Liuzzo et al. 2020;
Plainaki et al. 2020) and has been connected to the distinct
color differences between low- and high-latitude regions
(Johnson 1997; Cooper et al. 2001; Khurana et al. 2007), as
well as recent hydrogen peroxide observations above the poles
(Trumbo et al. 2023). Further plasma-induced radiolysis and
erosion of the water-ice-rich surface of Ganymede are expected
(e.g., Johnson et al. 2004; Teolis et al. 2017), contributing to
the formation of an atmosphere, which has been studied both in
observations (e.g., Barth et al. 1997; Roth et al. 2021; Leblanc
et al. 2023a) and modeling (e.g., Marconi 2007; Turc et al.
2014; Leblanc et al. 2017; Vorburger et al. 2022, 2023).

The magnetosphere—surface interaction will be further
studied with ESA’s Jupiter Icy Moons Explorer (JUICE)
mission (Grasset et al. 2013), which will orbit Ganymede as its
main target at altitudes down to about 500 km. In this context,
JUICE’s key scientific goals will include the investigation of
plasma and neutral particle environments near Ganymede.
However, since the magnetospheric properties can strongly
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affect ion dynamics over these scales, in-situ ion measurements
at JUICE’s altitude will only allow limited conclusions on the
actual surface precipitation of the Jovian H, O, and S ion
populations (Plainaki et al. 2022). Probing the environment of
energetic neutral atoms (ENAs), which are produced from ion
impacts on the surface due to backscattering and sputtering,
will therefore provide additional insights into the magneto-
sphere—surface interaction. Pontoni et al. (2022) have recently
performed modeling of sputtered ENA fluxes from Ganymede
to quantify them for different precipitation conditions. How-
ever, sputtered ENAs are mostly sensitive to high-energy heavy
ions (Poppe et al. 2018; Pontoni et al. 2022) and are a more
indirect signature of the ion impacts. In contrast, backscattered
ENAs allow for a more direct measurement of the incident
particle populations. While sputter yields are mostly higher
than backscattering probabilities, observation opportunities
arise due to the different energy and velocity distributions of
backscattered and sputtered particle populations (Milillo et al.
2013).

Backscattering from planetary surfaces has so far only been
observed at Earth’s Moon. There, backscattered H ENAs are a
prominent feature of the lunar ion—surface interaction (McCo-
mas et al. 2009; Wieser et al. 2009), dominating over sputtered
ENA signatures with a backscattering probability of 0.1-0.2
(Funsten et al. 2013; Vorburger et al. 2013). The scattering has
been found to depend on properties of both the incident plasma
and the lunar regolith (Futaana et al. 2012; Allegrini et al.
2013; Funsten et al. 2013; Szabo et al. 2022c, 2023), allowing a
remote observation of the ion fluxes that impinge on the surface
(Vorburger et al. 2012; Futaana et al. 2013). Similar ENA
observations are expected for ESA’s BepiColombo mission,
which will image the magnetosphere—surface interaction at
Mercury (Lue et al. 2017; Leblanc et al. 2023b; Szabo et al.
2023). Recent progress in modeling ENA emission from
backscattering at the Moon (Szabo et al. 2022c, 2023; Leblanc
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Table 1
Backscattering Probabilities from SDTrimSP at Normal Incidence for Different Ion Species and Energies
1keV H 1keV O 100 keV H 100 keV O 100 keV S
ice 6.2 x 1072 24 x107° 2.0 x 107* 4.6 x 1077 <2x 1077
silicate 1.6 x 107" 2.8 x 1072 54 %107 22x107° 7.1x107*

Note. Backscattering probabilities for 100 keV S on ice are given as an upper limit, as no backscattering event occurred in a simulation with 5 x 10° simulated

incident ions.

et al. 2023b; Verkercke et al. 2023) now allows for an
extension to achieve a better description of this effect at other
objects, such as Ganymede.

So far, backscattering at the Jovian moons has only been
modeled for Europa (Plainaki et al. 2010, 2012). Back-
scattering was only considered for monoenergetic 10keV
protons while assuming the same backscattering probability as
for the Moon. For Ganymede, quantitative modeling of
backscattering from the surface has not yet been performed at
all. We now simulate the ENA emission from backscattering
with the established SDTrimSP code (Mutzke et al. 2019). In
doing so, we fully account for surface precipitation fluxes from
hybrid plasma simulations and estimates of Ganymede’s
surface composition from telescopic observations. This model
approach is described in the following Section 2, after which
the simulation results are presented and compared to the ENA
contribution from sputtering in Section 3. Finally, the predicted
backscattering features and observation opportunities for
JUICE, as well as outlines for further studies are discussed in
Section 4.

2. SDTrimSP Simulations of ENAs from Backscattering at
Ganymede

H backscattering simulations are performed with SDTrimSP
version 7.0 (Mutzke et al. 2019; see Appendix A for more
details), using the graphical user interface from Szabo et al.
(2022a). With a regolith-grain implementation in SDTrimSP-
3D (Von Toussaint et al. 2017), we previously modeled ENA
emission due to backscattering of solar wind protons from the
lunar surface in agreement with Chandrayaan-1 and IBEX
ENA measurements (Szabo et al. 2022¢c, 2023). These studies
showed that the main regolith-related effects are reduced
backscattering probabilities under oblique incidence and back-
wards-dominated scattering angle distributions, while energies
of backscattered ENAs are similar to a flat surface. Therefore,
we consider backscattering from a flat surface under normal
incidence as a reasonable approximation for the first studies of
ion impacts on Ganymede, as we mainly aim to provide an
estimate of backscattered fluxes and their energy spectra in the
present work.

For the present study, we assume the surface composition of
Ganymede as a mixture of H,O ice and hydrated silicate
minerals to account for Ganymede’s partial coverage with
water ice (Kieffer & Smythe 1974; Calvin et al. 1995; Hansen
& McCord 2004; Ligier et al. 2019; King & Fletcher 2022;
Bockelee-Morvan et al. 2024). Serpentines have been proposed
as dark surface material on the Galilean moons (Calvin &
Clark 1991) and we choose (Mg,Fe);(Si,05)(OH)4 with an Mg:
Fe ratio of 2:1 for the nonice surface component. Table 1 gives
an overview of backscattering probabilities for 1 keV H and O,
as well as 100 keV H, O, and S ions at normal incidence using
both an ice and a serpentine surface. Modeled backscattering
probabilities from ice are consistently significantly lower than

those from silicates or those observed at the Moon (Funsten
et al. 2013; Vorburger et al. 2013). Wieser et al. (2016)
experimentally found higher backscattering probabilities of
0.28 for 1keV H from ice, but their experiments were
performed at a grazing incidence angle of 83° to the surface
normal. This represents a highly favorable irradiation geometry
for backscattering and at this angle, SDTrimSP even gives a
backscattering probability of 0.63 for 1 keV H from a flat ice
surface, compared to 6.2 x 10~* for normal incidence (see
Table 1). Due to the incidence and emission angles of 83° in
the experiments by Wieser et al. (2016), it is reasonable to
expect a strong scattering in the forward direction into the
instrument. However, the significant roughness of the ice
sample reduces the backscattering probability for oblique
incidence compared to a flat surface (Szabo et al. 2022c;
Verkercke et al. 2023), likely explaining the discrepancy in
backscattering probabilities between simulation and laboratory
experiment.

3. Results

3.1. Backscattered H ENA from Different Regions on
Ganymede’s Surface

To study backscattered ENA fluxes at Ganymede, we use the
energy spectra of precipitating ions from previously published
hybrid plasma simulations and energetic particle tracing for
H", O, 0>, and S*" ions (Fatemi et al. 2016; Poppe et al.
2018). A clear shielding of the trailing hemisphere equatorial
region was found, while precipitation onto the surface is much
more favorable along the open field lines over the polar regions
and Ganymede’s magnetic cusps. Trailing hemisphere cusp
regions especially favor lower energy (about 1 keV) thermal H
and O fluxes.

Following this behavior, we separate Ganymede’s surface
into three regions of interest for modeling backscattered ENAs:
(1) high-latitude regions, (2) cusp regions, and (3) low-latitude
regions. The cusp regions correspond to the location of the
open-closed-field line boundary (Duling et al. 2022) and follow
the main precipitation of thermal H ions (see Appendix B). For
each of the regions, we determine the average ice and silicate
abundances from the composition maps by Ligier et al. (2019):
59% ice for the high-latitude regions, 39% for the cusp regions,
and 24% for the low-latitude region.

Dashed lines in Figure 1 show the differential fluxes for H
precipitation as a function of energy for the three regions.
Thermal H fluxes in the cusps are about 1 order of magnitude
higher than over the high-latitude regions (at least for energies
below a few keV), while the precipitation onto the low-latitude
part of Ganymede’s surface decreases by 2 to 3 orders of
magnitude across all energies. Figure 1 also depicts our
SDTrimSP simulation results of H backscattering as solid lines.
Furthermore, a typical lunar ENA spectrum in the form of the
Maxwell-Boltzmann fit from Futaana et al. (2012) is included
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Figure 1. Backscattered H ENA fluxes from the three regions of Ganymede’s

surface (solid lines) are compared to the respective precipitation fluxes (dashed

lines) and a typical spectrum of lunar backscattered ENAs from Futaana et al.
(2012; dotted line).

as the black dotted line. The characteristic decrease of the ENA
flux above a few 100 eV that is observed in lunar ENA energy
spectra is similarly seen for Ganymede, while the flux below
this energy is predicted to be several orders of magnitude lower
than at the Moon. However, an extended high-energy tail
occurs for backscattering from Ganymede due to the energetic
H" ions in the precipitating spectrum. Details of the back-
scattered H ENA spectra greatly vary for the three different
regions: the lower energy component of the cusp ENA flux is
more than 1 order of magnitude higher than for the high-
latitude region corresponding to the increased peak precipita-
tion flux there. Energy spectra of backscattered ENAs from the
equatorial regions are similar in shape to those from the poles,
but almost 2 orders of magnitude lower in flux. All these
variations are similar in both precipitating and backscattered
fluxes, showing how properties of the former are reproduced in
the latter populations.

3.2. ENA Contribution from Backscattering Compared to
Sputtering

In order to assess the contribution of H backscattering to
Ganymede’s ENA environment, we compare our simulation
results to the sputtered ENA fluxes modeled by Pontoni et al.
(2022). In their study, Pontoni et al. (2022) consider sputtered
ENAs in the form of H,O, H,, and O,. JUICE’s ENA
instruments have mass-resolving capabilities, but atomic H
ENAs can also be formed in the likely dissociation of H,O and
H, molecules in the instrument (Wieser et al. 2016). These H
ENAs would have less energy than the original molecules, as
each H only transports energy corresponding to its mass
fraction of the molecular mass (1/18 for H,O and 1/2 for Hy;
see Appendix C for more details).

We compare fluxes of backscattered H ENAs to those from
dissociated sputtered species, respectively, averaged over
Ganymede’s entire surface in Figure 2(a). We include back-
scattered spectra for three different ice/silicate abundances
with ice concentrations of 10%, 35%, and 65%, which
encompass the whole range of ice abundances reported by

Szabo et al.

Ligier et al. (2019). The sputtering contributions are included
as the dashed lines for the same surface compositions. In this
context, we neglect any sputtering from silicates due to
significantly lower yields than for ice (see, e.g., Fama et al.
2008; Johnson et al. 2009; Szabo et al. 2018, 2020a). Thus, we
account for surface composition by multiplying the H ENA
fluxes from sputtering by the fraction of ice at the surface.
Figure 2(b) further gives the relative contribution to the total
ENA flux from backscattering at different energies for the three
surface compositions. Generally, H ENAs from backscattering
contribute significantly to the total H ENA signal above
energies of 100 eV, especially for low ice abundances. For the
high-energy tail in the keV region and above, backscattering
then becomes the dominant H ENA contribution irrespective of
surface composition.

Most of the contribution to the sputtered fluxes shown with
the dashed line comes from H,. However, H, emission at
energies of tens of eV or higher will be unlikely if H, is
preferentially removed from the surface thermally as suggested
by Teolis et al. (2009, 2017). This could lead to an energy
distribution of emitted H, that is dominated by a thermal
component with much lower energies than 10eV, the lower
bound of the energy range of JUICE’s Jovian Neutral Atoms
Analyzer instrument. In contrast, the Thompson—Sigmund
collisional sputtering distribution assumed by Pontoni et al.
(2022) favors higher emission energies. Thus, we also include
the sputtering contribution without H, as the dotted line, which
causes it to be significantly reduced. In this case, the
backscattered ENAs dominate over the sputtered ENA signal
above 100 eV for all compositions.

3.3. Backscattered O and S ENAs

Given the high precipitation fluxes of thermal O™ ions, we
also model the formation of O ENAs from the backscattering of
thermal and energetic O populations. Figure 3(a) gives an
overview of the results in the same manner as was done for H
in Figure 2(a). Backscattered O ENAs are compared to O from
the dissociation of sputtered H,O and O,, with the H,O
contribution being dominant. Overall, the results are similar to
those for H as backscattered O ENAs contribute noticeably to
the total predicted ENA signal above around 100 eV. However,
our simulated O backscattering fluxes are much more similar to
the sputtered fluxes over the whole energy range than was the
case for H. This is due to O ions having a smaller
backscattering probability than H as well as only small changes
in the sputtered energy spectra from dissociation.

For the globally averaged flux at an ice concentration of
35%, Figure 3(b) compares the differential backscattered fluxes
for H, O, and S. The higher precipitating flux of thermal O ions
compensates for the lower backscattering probability, causing
the O differential flux spectrum to be very similar to the H
spectrum when plotted over energy. Backscattered S fluxes
from the purely energetic ion population are significantly lower
than those of H and O. Even at ENA energies of several keV or
tens of keV, their contribution to the ENA environment will be
minor.

4. Discussion
4.1. Comparison to Backscattered ENAs at the Moon

Previous observations and modeling of solar wind back-
scattering from the lunar surface have shown that the ENA
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Figure 2. (a) Globally averaged backscattered H ENA fluxes (solid lines) are compared to the sputtered atomic ENA fluxes (from dissociation in an ENA instrument,
dashed lines, based on the calculations by Pontoni et al. 2022) at three different ice abundances. Given uncertainties in the emission of high-energy H,, the dotted line
depicts sputtered fluxes with the H, component excluded. (b) The relative contribution of backscattered H ENAs to the total H ENA environment (backscattered +

sputtered, including the H, component) is plotted based on the data shown in (a).

emission depends on the properties of both the precipitating
ions and the surface (e.g., Futaana et al. 2012; Funsten et al.
2013; Vorburger et al. 2013; Szabo et al. 2022¢, 2023; Leblanc
et al. 2023b; Verkercke et al. 2023). With the above-described
simulations, we have extended the SDTrimSP modeling of
backscattering from the Moon to Ganymede accounting for
magnetospheric ion precipitation and an ice/silicate mixture
composition of the surface. This leads to key differences
compared to lunar ENA spectra.

Our simulation results suggest that reflection probabilities
from Ganymede for H are significantly smaller than for the
Moon, where 0.1-0.2 have been reported (Funsten et al. 2013;
Vorburger et al. 2013; Szabo et al. 2023). This is related to both
the ice-rich surface composition and the higher ion impact
energies at Ganymede. With the reported ice abundances for
Ganymede from Ligier et al. (2019), this gives proton
backscattering probabilities of 7.5 x 10~ for the high-latitude
regions, 5.1 x 1072 for the cusps, and 7.9 x 10> for the low-
latitude region. These lower values together with lower
precipitation fluxes compared to the Moon, ultimately give
backscattered ENA spectra in the 10'-10° eV range (corresp-
onding to the ENAs that can be measured by instruments such
as Chandrayaan-1’s CENA and JUICE’s JNA) that are at least
about 2 orders of magnitude lower than observed at the Moon
(Wieser et al. 2009; Futaana et al. 2012). The general trend of
the H ENA differential flux of almost constant values at low
energies and a decrease above a few 100eV is observed for
Ganymede as well. This can be related to the thermal H ions,
whose differential flux is predicted to peak at energies similar
to solar wind protons. However, the backscattered H ENA
energy spectrum at Ganymede possesses a high-energy tail
beyond 1keV corresponding to the backscattering of the
energetic H ion population. This high-energy tail represents a
distinct difference from backscattered ENAs at the Moon and
provides an observation opportunity for backscattering with
JUICE’s Jovian Energetic Neutrals and Ions (JENI) instrument.

In contrast to the Moon, Ganymede’s surface is also exposed
to significant fluxes of O™ and O*" ions over a broad energy

range (Plainaki et al. 2015; Clark et al. 2016; Poppe et al.
2018), with backscattering probabilities between 9.3 x 107>
and 2.1 x 102 for the global average. High precipitation fluxes
of the thermal O ions also lead to our model results suggesting
similar O ENA fluxes and H ENA fluxes. It can thus be
expected that both backscattered H and O provide significant
contributions to Ganymede’s ENA environment. For energetic
S ions, precipitating fluxes and especially backscattering
probabilities are much lower (2.7 x 107*-6.9 x 10™* for the
Ganymede-relevant range of ice abundances, with backscatter-
ing essentially only occurring from the silicate component of
the surface).

4.2. Backscattering Contributions to the ENA Environment of
Ganymede

Our comparison with the sputtering model from Pontoni
et al. (2022) shows that the JNA instrument (energy range
10eV-3.3 keV) should mainly observe backscattered ENAs
above energies of around 1 keV and over regions of lower ice
abundances. For the JENI instrument that is capable of
measuring H at energies above about 0.5-1keV (Mitchell
et al. 2016), backscattering will give a larger ENA contribution
than sputtering. This will likely not hold for backscattered O
because of higher fluxes of sputtered H,O. Distinct observation
of backscattered H will thus be easier to achieve than that of
backscattered O.

However, the comparison between ENA contributions from
backscattering and sputtering is significantly affected by
uncertainties in the assumptions for the energies of sputtered
species. Sputtering as a result of a collision cascade can typically
be well described with a Thompson—Sigmund distribution that
decreases with 1/E2 for large energies E (Behrisch &
Eckstein 2007; Jdggi et al. 2023). Pontoni et al. (2022) use
this assumption for all of their sputtered fluxes irrespective of
sputtered species and impactor energies. This becomes increas-
ingly uncertain for electronic sputtering at high impact energies
(several keV and above for H; about 10keV and above for O
and S; Baragiola et al. 2013; Johnson et al. 2013), representing
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Figure 3. (a) In the same manner as in Figure 2(a), backscattered O fluxes are compared to the ENA contribution from sputtered H,O. (b) For a globally averaged
precipitation flux and an ice surface concentration of 35%, backscattered ENA fluxes for H, O, and S are shown.

the major contributor to sputtering of icy surfaces on Ganymede
(Pontoni et al. 2022). In this regime, sputtering is not the result
of direct nuclear collisions, but of ion-induced excitations that
are converted into kinetic energy (Behrisch & Eckstein 2007).
Laboratory experiments suggest a combination of a thermal
distribution and a 1/E” tail (Brown et al. 1984; Haring et al.
1984; Pedrys et al. 2000; Johnson et al. 2013; Vorburger et al.
2022). However, the sputtered energies have only been reported
up to about 10eV and it remains to be studied how effective
electronic sputtering is at producing ENAs of 100-1000s of eV.
This holds especially for H,, which likely thermally diffuses out
of the surface before it can be sputtered (Teolis et al. 2009).
Furthermore, the energies relevant to JUICE’s ENA measure-
ments are mostly significantly higher than the dissociation
energy of H,O (O-H bond energy of about 5 eV; Maksyutenko
et al. 2006), so that interatomic collision energy transfer on the
order of 100-1000s of eV should be very efficient in releasing
dissociated atomic products from the surface rather than
molecular H,O. Thus, the total composition of sputtered
products at low energies could be different than that at high
energies.

Wieser et al. (2016) do observe significant ENA signals from
sputtering up to keV energies, but this could also be affected by
the grazing-incidence irradiation geometry used in that study.
Under such oblique incidence, direct knock-on sputtering is
much more likely to occur than in geometries closer to normal
incidence. Taking these knowledge gaps into account, there is
significant potential for further studies on the sputtering
behavior of water ice, specifically focusing on the energy
distributions of different sputtered species and the effect of
varying incidence angles on these distributions, to better
understand the ENA populations that will be observed by
JUICE.

Another potential ENA source that could contribute at keV
energies and above is the charge exchange of gyrating ions
with Ganymede’s atmosphere. Haynes et al. (2023) have
recently discussed this effect for Callisto and Europa, showing
fluxes on the order of 10°cm %s 'sr'eV™' for energy
ranges of 1-100keV. These fluxes are higher than those of
backscattered ENAs at the same energies, but significant

differences in these moons’ local magnetic topologies indicate
that future studies should focus specifically on Ganymede
before a quantitative comparison is made.

5. Conclusions

We present the first modeling of backscattered ENA
emission from the surface of Ganymede, showing how this
process will contribute to the neutral atom environment there.
Our simulations show that Ganymede’s H ENA spectra from
backscattering are similar in shape but orders of magnitude
lower in flux than ENA emission from the Moon up to about
1 keV. For Ganymede, there also exists a high-energy H ENA
tail due to the backscattering of energetic ions, which will
likely dominate over any sputtered H ENAs independent of
surface composition. Due to the high O precipitation,
similar fluxes of backscattered H ENAs and O ENAs can be
expected to occur. However, it will be difficult to distinguish
backscattered O from sputtered H,O in future JUICE
measurements. Thus, atomic H represents the most promising
ENA species for studying Ganymede’s magnetosphere—surface
interaction.

Until JUICE reaches the Jovian system and starts orbiting
Ganymede in close proximity, several further studies to better
understand ENA formation as a result of the plasma—surface
interaction should be aimed for. On one hand, extended
backscattering measurements using icy surfaces and
Ganymede-relevant energies would provide additional
validation for the SDTrimSP simulation approach. Future
sputtering experiments for characterizing high-energy ENA
emission at hundreds of eV and above would help distinguish
different ENA-forming processes at the Galilean moons and
any other icy bodies. On the other hand, global plasma
simulations that take into account recent Juno observations of
the ion environment near Ganymede will also be helpful to
establish improved local precipitation of Ganymede’s surface
(Paranicas et al. 2021; Allegrini et al. 2022; Clark et al. 2022;
Hansen et al. 2022).
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Appendix A
SDTrimSP Simulations

A.l. Model Parameters

Similar to previous ENA studies (Szabo et al. 2022c, 2023),
we use a KrC screened Coulomb interaction potential in our
SDTrimSP simulations. We also employ default stopping
power settings (stopping power model inel0 =4 for H and
inel0 =7 for O and S). Several other interatomic potentials and
stopping power models were tested, with none having a
significant effect on the simulation outcomes.

Past publications have also discussed the use of different surface
binding energies in SDTrimSP (see, e.g., Szabo et al. 2020b;
Morrissey et al. 2022; Jaggi et al. 2023; Morrissey et al. 2023), but
the surface binding energy is a more important parameter for
sputtering rather than backscattering due to the lower emission
energies of sputtered atoms. We apply the surface binding energy
model isbv =2 (weighted average) with default surface binding
energies for water ice, and with an increased O binding for the
silicate minerals, as described in Szabo et al. (2020b).

Figures A1-A3 present examples for parameter tests, which
demonstrate the limited sensitivity of the simulation results to
different inputs. This especially holds when uncertainties in the
precipitation flux inputs are taken into account.
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Figure Al. Different SDTrimSP simulations of H scattering from water ice for

cusp region precipitation fluxes. The default simulation is done with the
stopping model parameter inel0 = 4.
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Figure A2. Same as Figure Al, but focused on interatomic potentials and
surface binding energy models. The default simulation is done with a KrC
potential and the averaged surface binding model isbv = 2, resulting in a

surface binding energy Ej, = 1.59 eV for the H projectile in the simulation.
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Figure A3. Different SDTrimSP simulations of O scattering from water ice for
precipitation conditions that are averaged over the whole surface of Ganymede.
The default simulations use a KrC potential and isbv = 2, giving E, = 1.59 for
the O projectile in ice.

A.2. Neutralization of Backscattered Particles

SDTrimSP is not able to account for the charge states of
impinging ions and model the neutralization process. As was
also done for previous lunar studies (Szabo et al. 2022c, 2023),
we therefore assume that all backscattered particles are
reflected from the surface as ENAs, based on the generally
very low observed fraction of backscattered protons at the
Moon (Lue et al. 2018).

Appendix B
Regions of Ganymede’s Surface

We empirically define the cusp regions as 25° latitude wide
stripes along the following lines of |01y| = sin (¢,,, — 180°) -
15° 4 47°, with latitudes 6, and W longitudes ¢;q,.

The cusp regions correspond to the location of the open-
closed-field line boundary (Duling et al. 2022) and follow the
location of the main precipitation of thermal H ions (see
Figure B1(a)). For each of the regions, we determine the ice and
silicate abundances from the composition maps from the study
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Figure B1. (a) Following the different regimes of thermal H precipitation flux from Poppe et al. (2018), we separate Ganymede’s surface into three regions of interest:
(1) high-latitude regions, (2) cusp regions, and (3) low-latitude regions. (b) The different regions are largely associated with different ice abundances on the surface.
Ice abundance maps are from Ligier et al. (2019) with estimates for the edges from Vorburger et al. (2022).

by Ligier et al. (2019; addended with filled-in average values in
Vorburger et al. 2022, see Figure B1(b)). We derive average
surface compositions of 59% ice for the high-latitude regions,
39% for the cusp regions, and 24% for the low-latitude region.

Appendix C
H ENAs from Dissociation of H, and H,O in an ENA
Instrument

Pontoni et al. (2022) modeled the sputtering of H,O, H,, and
0O,, showing that ENAs in the high-energy tail of the sputtered
distributions could be used to observe surface precipitation
with JUICE. Thus, sputtering from water ice mostly provides
molecular ENAs, while backscattering produces atomic ENAs.
However, the JNA and JENI ENA instruments onboard JUICE
require scattering from a charge conversion surface or passing
through a foil for their measurements. Both of these interaction
processes are likely to cause dissociation of the molecule in the
instrument, making it harder to distinguish molecular from
atomic species. The prediction of JNA count rates due to
sputtered ENAs by Pontoni et al. (2022) did not explicitly
include this, but dissociation was stated as “most likely” to
occur. Wieser et al. (2016) reported a H signal following
oxygen ion bombardment in their JNA calibration that was
attributed to an energy-dependent dissociation efficiency of
sputtered H,O in the instrument.

For comparing backscattered and sputtered ENA contribu-
tions, we assume that every sputtered H,O and H, dissociates
in the instrument to give an upper limit for sputtered ENAs that
would be registered in the same mass channels as back-
scattered, atomic ENAs. The dissociation would also cause a
change in registered energy as each atom only carries a part of
the energy of the molecule corresponding to the ratio of the
atom’s mass to the molecule’s mass (1/18 for H from H,0O and
1/2 for H from H,). At the same time, both H,O and H, break
up into two atomic H, ultimately causing an increase of the
measured signal as well as a shift to lower energies.

The measured H ENA flux from sputtering f;*** thus
becomes a sum of contributions from dissociation of H,O and
H2:

fres (E)dE = 365 (18E)dE + 4f;F"" (2E)dE.

i (C1)

The factors 36 and 4 stem from both a factor 2 due to the
number of H atoms in each molecule and factors 18 and 2,
respectively, that have to be applied to conserve the total
integral ff (E)dE. As the energy decreases, the flux per energy
interval increases. Due to the significant energy shift for H from
H,O dissociation and the steep decrease of 1/E* of the

Thompson—-Sigmund energy distribution assumed by Pontoni
et al. (2022) for all sputtered molecules, f;*** still becomes
dominated by the H, contribution.
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