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The co-rotating plasma around Jupiter precipitates on the surfaces of the jovian moons, where it is not
hindered by a local magnetic field. Precipitating ions lead to the emission of energetic neutral atoms,
which are produced via backscattering and sputtering processes, from the surface. The European Space
Agency’s JUICE mission to Jupiter carries as part of the Particle Environment Package experiment an
imaging energetic neutral atom spectrometer called the jovian Neutrals Analyzer (JNA). When it is in
orbit around Ganymede, JNA will measure the energetic neutral atom flux emitted from the surface of
Ganymede in the energy range from 10 eV to 3300 eV. The surface of Ganymede consists of a large frac-
tion of water ice. To characterize the expected energetic neutral atom fluxes from water ice due to pre-
cipitating jovian plasma, we impacted protons and singly charged oxygen ions with energies up to 33 keV
on a salty water ice target kept at Ganymede surface conditions. Emitted energetic atoms were measured
energy- and mass-resolved using the JNA prototype instrument. The data show high yields for energetic
neutral atoms per incident ion in the JNA energy range. For incident protons, energetic neutral atom
yields between 0.28 at 1 keV and ~40 at 33 keV were observed. For incident singly charged oxygen ions,

the observed energetic neutral atom yield ranged from 0.8 for at 3 keV to ~170 at 23 keV.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Jupiter possesses a large magnetosphere that extends far be-
yond the orbits of the Galilean moons. These moons are constantly
exposed to the co-rotating flow of jovian magnetospheric plasma
(Khurana, 1997). In the absence of an atmosphere and when it
is not hindered by an intrinsic local magnetic field, this plasma
reaches the surface and interacts directly with surface materials.
The sputtering of surface materials by incident ions results in
a flux of energetic neutral atoms (ENA) leaving the surface (Shi
et al, 1995; Ip et al, 1997; Johnson, 1998; Cooper et al., 2001;
Baragiola et al., 2003; Fama et al., 2008) that contribute to the
formation of extended exospheres (Wurz et al., 2010). The energy
distribution of these ENAs is dominated by energies below 10s of
eV (Sigmund, 1969; Betz and Wien, 1994) and, in the context of
planetary science, has a cutoff at approximately 100 eV (Wurz and
Lammer, 2003; Wurz et al., 2007). A fraction of the impinging ion
flux is expected to backscatter to space as ENAs, despite the large
expected surface roughness. For comparison, from the regolith
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covered rocky surface of the Moon, up to 20% of the impinging
solar wind protons are backscattered as hydrogen ENAs (Wieser et
al., 2009). These backscattered ENAs have substantial energies far
above those of the ENAs produced by electronic sputtering, with
up to 50% of the impinging solar wind protons (Wieser et al., 2009;
Futaana et al., 2012). It is expected that in the jovian system, a sim-
ilarly large fraction of the impinging co-rotating plasma ions are
backscattered from the icy moons’ surfaces as ENAs. On Ganymede,
the surface is partially shielded from the magnetospheric plasma
inflow by Ganymede’s intrinsic magnetic field (Cooper et al., 2001;
Khurana et al., 2007). Imaging the ENA flux from the surface will
make visible the boundaries of the regions, where plasma is able to
reach the surface nevertheless, i.e., at the polar caps. This method
is similar to how magnetic anomalies on the Moon were imaged
(Wieser et al., 2010).

Experimental data for the emission of ENAs from ices as found,
e.g., on Ganymede’s surface (Showman and Malhotra, 1999) when
it is bombarded with ions in the keV to 10s of keV energy range,
usually focus on the total sputter yield; thus, little data exist re-
garding the energy spectra of the emitted ENAs (Shi et al., 1995;
Ip et al, 1997; Johnson, 1998; Baragiola et al., 2003; Fama et al,,
2008). This is due to the difficulty in measuring ENAs in the en-
ergy range from 10s of eV up to a few keV.
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We present mass resolved measurements of the emitted ENA
energy spectrum from 10s of eV up to a few keV that were ob-
tained from an icy surface bombarded with positive ions. We esti-
mate energetic neutral atom yields for emitted ENAs with energies
above 15 eV. The experiment was performed in the MEFISTO test
facility at the University of Bern (Marti et al., 2001). A prototype
model of the jovian Neutrals Analyzer (JNA) was used as the en-
ergy and mass resolving ENA detector. The JNA instrument is based
on the Energetic Neutral Atom instrument (Kazama et al., 2007),
which is part of the payload of the Mercury Magnetospheric Or-
biter of the BepiColombo mission to Mercury. A similar instrument,
the Chandrayaan Energetic Neutral Atom analyzer, was successfully
flown on the Indian Chandrayaan-1 mission to the Moon (Barabash
et al., 2009). JNA was selected to fly as part of the Particle Envi-
ronment Package (PEP) (Barabash et al., 2013) on ESA’s Jupiter Icy
moons Explorer (JUICE) (Grasset et al.,, 2013). The science objec-
tives of JNA are closely tied to the interaction of ions with ices.
While it is in orbit around Ganymede, JNA will map the precipi-
tation pattern of ions on the surface via sputtered and backscat-
tered ENAs. JNA measurements will constrain the magnetic field
topology on the surface of Ganymede, analogous to CENA measure-
ments on the Moon (Wieser et al., 2010). JNA will also observe the
dynamics of the lo plasma torus remotely via ENAs that are gen-
erated through charge exchange with the neutral gas background
(Futaana et al., 2015).

2. Experimental setup

The experimental setup (Fig. 1) consisted of an ice disk exposed
to an incident ion beam. Energetic neutral atoms emitted from the
ice disk were measured using a prototype of the JNA instrument.
The JNA prototype was mounted such that it measured energetic
neutral atoms emitted at angles centered on the specular reflec-
tion direction from the ice disk. The pencil ion beam provided by
the MEFISTO test facility was 5 mm in diameter and directed at a
grazing incidence angle ® of 83° to the surface normal to the ice
disk (Fig. 1). Monoenergetic beams of H* and O* ions were used,
with energies between 1keV and 33 keV. The ion beam intensity
was periodically measured with a Faraday cup. Typical ion beam
currents were on the order of 1 nA.

The ice disk was prepared from a mixture of 11 g NaCl and
150 ml H,0, frozen in a plastic dish placed on dry ice. The salt
concentration corresponded to approximately twice the salt con-
centration found in typical terrestrial seawater. Ice from such a
solution contains two distinct phases: H,O (water ice) and
NaCl-2H,0 (hydrohalite), with the water ice phase dominating
(e.g., McCarthy et al., 2007). NaCl was added to simulate impurities
in the ice block and to provide some electrical conductivity. The
latter prevented the buildup of charges on the scattering surface
during ion bombardment. The ice block was then roughly shaped
using very coarsely grained glass sand paper to a flat disk of ap-
proximately 10 cm in diameter and a few mm in thickness. The
surface roughness R, after polishing was estimated to be 0.2 mm.
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Fig. 1. Experiment geometry: an ion beam from the left hits the ice disk at a
grazing incidence of ® = 83° to the surface normal. The JNA prototype instrument
records energetic neutral atoms emitted around the specular reflection direction
6 =83°.

Fig. 2. View into vacuum system during the measurements, with ice block (bottom
center) and JNA prototype instrument (top center). The ion beam hits the ice block
from the lower edge of the image (lower arrow) and ENAs are scattered toward the
JNA instrument (upper arrows). Below the ice disk, the cooled support with liquid
nitrogen feeding lines is visible.

The resulting ice disk was white in color due to small-scale ice
grain boundaries and additional frozen CO, bubbles originating
from the dry ice. Fig. 2 shows the ice disk installed in the vacuum
system. Vacuum conditions near the ice surface were determined
by the vapor pressure of the ice. The conditions on the surface of
Ganymede correspond well to a point on the vapor pressure curve
for water at 107 mbar and a temperature of 150K (—123 °C)
(Murphy and Koop, 2005). A dedicated liquid nitrogen cooling sys-
tem, keeping the temperature of the ice within a few degrees of
150 K, supported the ice disk. This temperature and the resulting
vacuum pressure of approximately 10~7 mbar were maintained
throughout the scattering experiment. At 150 K, the CO, enclosed
in bubbles in the ice should freeze out. It is unlikely, however, that
pure CO, ice was exposed to the ion beam. The vapor pressure of
pure CO, ice at 150 K is approximately 13 mbar (James et al., 1992),
and exposed CO, ice would have already sublimated quickly dur-
ing the pump down process of the vacuum system. Indeed, CO,
pressure spikes were observed during the early phases of the vac-
uum pump down process. However, a small amount of CO, was
likely present in the ice as a mixed phase ice. CO, bound in sur-
face ices was observed on Ganymede using infrared spectroscopy
(McCord et al., 1997, 1998). However, we estimate that the exposed
part of our ice disk contained less than 1 CO, molecule per 100
H,0 molecules, based on the monitored residual gas composition.
A similar small amount of air may have been included in bubbles
in the ice.

The JNA prototype measures energetic neutral atoms enter-
ing its aperture by reflecting them at grazing incidence on a
charge conversion surface and thereby positively ionizing them.
The newly generated positive ions are then energy analyzed and
post-accelerated to keV energy and are finally detected in a time-
of-flight section. Ions are prevented from entering the aperture
by a charged particle deflection system. A detailed description of
the ion optics can be found in Kazama et al. (2007). For this ex-
periment, the JNA energy analyzer was programmed with 8 log-
arithmically spaced nominal center energies (20 eV, 40 eV, 80 eV,
160 eV, 320 eV, 640 eV, 1280 eV and 2560 eV). Combined with an
energy resolution AEJE of approximately 100%, this resulted in
dense coverage of an energy range from 15 eV to 3300 eV. Actual
center energies are slightly species dependent due to the species
dependent energy loss at the charge conversion surface of JNA.
The angular resolution of the JNA prototype was 25° times 7° full
width at half maximum; however, given the experimental setup
used, the ENA emitting spot on the ice sample, as seen from JNA,
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was always much smaller than this and was completely contained
within one angular pixel. The mass resolution of JNA allowed the
separation of mass groups centered on m=1amu (“H”), 4 amu,
16 amu (“O-group”) and >32amu (“heavy”). The O-group may
also contain a H,O component that cannot be distinguished from
atomic oxygen due to a mass difference that is too small. In this
paper, we generally use the term ‘oxygen group ENAs’ when refer-
ring to this oxygen/water mass group.

Calibration of ENA sensors at energies below 1 keV is a chal-
lenge, and the JNA instrument is no exception. For the mea-
surements shown, we combined the instrument performance data
obtained from flight units of the ENA sensors flown on
Chandrayaan-1 and on BepiColombo. Both instruments are repre-
sentative with respect to the performance of the JNA prototype
used in this experiment. Energetic neutral beams of hydrogen and
oxygen, produced by the MEFISTO system ion beam neutralizer
(Wieser and Wurz, 2005), were used to confirm the sensitivity of
the JNA prototype. The MEFISTO system is able to produce an en-
ergetic neutral hydrogen or oxygen beam in the energy range from
10eV to 3 keV, with an energy width of approximately 15% for
neutral hydrogen and approximately twice that value for neutral
oxygen. This energy width is still small compared with the energy
resolution of the JNA sensor.

3. Results

A total of 6 different ENA production channels were investi-
gated: H" and O* incident ions producing H, O and ‘heavy’ ENAs,
with ‘heavy’ indicating ENAs with a mass significantly larger than
that of atomic oxygen and a resulting time-of-flight much longer
than that of oxygen. Whereas mainly H- and O-group ENAs are
released from the surface for incident protons up to 33 keV, the
heavier O* projectiles also efficiently sputter Na and Cl atoms, wa-
ter molecules, O,, H,0, or complexes of several water molecules
from the ice block with significant efficiency. All of these are can-
didates for the observed ‘heavy’ ENA component with very long
time-of-flight, but not all of them are equally well detected by JNA:
water complexes are very likely sputtered from the ice (Lancaster
et al., 1979) but have a rather low probability to remain intact dur-
ing the interaction with the charge conversion surface in the JNA
prototype sensor. H,0, produced by ion irradiation of the target
(Loeffler et al., 2006) is also a candidate for the heavy ENA com-
ponent, but the expected concentrations are small, and again, it is
unlikely that this molecule survives the charge conversion surface
interaction in the JNA sensor intact. The JNA detection efficiency
for chlorine is low due to its large electro-negativity; it would
need to form a positive chlorine ion during interaction with the
JNA charge conversion surface. It is thus unlikely that the heavy
signal is due to the detection of chlorine. The most likely candi-
date for the measured signal is Na. Sodium is likely ionized on the
instrument’s charge conversion surface due to its low ionization
energy, and it should thus be easily detected by the JNA prototype.
Unfortunately, the detection efficiency of the JNA prototype for en-
ergetic neutral Na or Cl or possible water clusters and the shape of
the corresponding time-of-flight spectra are not known at present;
they will be determined during JNA flight model calibrations. For
the analysis shown here, it was assumed that the water molecules
and the heavy component have the same detection efficiency as
energetic oxygen, and the shape of the time-of-flight spectrum of
the ‘heavy’ component was empirically determined.

Signal strength in each of the ENA mass groups was determined
by fitting H, O-group and residual ‘heavy’ components to the mea-
sured time-of-flight spectra for each energy band separately. The
resulting count rates for each mass group were then converted
using the JNA geometric factor to differential number flux j in

units (cm~2sr~1eV-1s-1). To compensate for a varying incident
ion beam intensity, this differential flux was then normalized us-
ing the incident ion beam flux, which resulted in a normalized ENA
flux F in units (sr—!eV-1):

J(Es)
I(p)

where [ is the integrated flux of the impinging ion beam in units
(cm=2 s71), p is the incident ion species and s is the measured
ENA species. The value of F depends on the experiment geome-
try; the values presented here are specific for the geometry shown
in Fig. 1. Fig. 3 shows a summary of the measured energy spec-
tra of the normalized flux for different combinations of primary
beam and secondary particle species. For the data shown, the error
bar includes the uncertainty of the geometric factor and the uncer-
tainty due to counting statistics. As a general trend, the observed
ENA intensities are higher for a larger ratio of projectile mass to
emitted ENA mass, e.g., protons are rather inefficient for producing
‘heavy’ ENAs (Fig. 3e), whereas incident oxygen ions produce more
than an order of magnitude larger ENA fluxes (Fig. 3f).

F(E,p,s) =

4. Discussion
4.1. Energy spectra

The recorded energy spectra can be divided into four types (or
a combination of these): (1) spectra where the incoming particles
are directly reflected as ENAs (Fig. 3a and d), (2) spectra where re-
coil particles are generated from the ice surface (collisional sput-
tering, Fig. 3b), (3) energy spectra where the incident species has
too high energy to be directly recorded as reflected ENAs and
where products from electronic sputtering dominate in the energy
range where measurements are made (Fig. 3, all panels for ion en-
ergies >3 keV), and (4) H ENA spectra obtained from incident oxy-
gen ions with sufficiently high energy. In this case, the incident ion
is heavy enough to produce a significant molecular H,O ENA flux
that likely dissociates at the instruments charge conversion surface,
thus creating an artificial H ENA signal (Fig. 3b, for incident ion en-
ergies of 18 keV and above). Examples of these four types are dis-
cussed in detail below.

Fig. 4 shows an example of the first type of energy spectrum
of reflected hydrogen ENAs generated from incident low energy
(1 keV) protons, along with a fitted Maxwell distribution, as de-
rived by Futaana et al. (2012). The observed energy spectrum is
well reproduced by the fit, which suggests that the particles are
scattered from the ice surface similar to particles scattered from
the regolith on the lunar surface. For incident 1 keV protons, the
characteristic energy of hydrogen backscattered from the lunar re-
golith is kpT =117 eV (Futaana et al, 2012). For the ice scatter-
ing case kgT = 165eV was found. This value is somewhat sensi-
tive to the shape of the JNA instrument energy acceptance func-
tion. Variations of this function within its confidence limits re-
sulted in characteristic energies ranging from 146 eV to 191 eV for
the same data. These characteristic energies are 1.5-2 times higher
than the typical case of scattering from the lunar regolith. This may
be due to being much closer to the normal angle of incidence in
the lunar regolith case shown in Futaana et al. (2012) compared
with the grazing angle of 83° used in this study. The obtained re-
flection fraction from ice of 0.28 for incident protons at 1keV is,
however, almost the same as the hydrogen reflection coefficient of
0.19 reported for the lunar regolith, as measured using an almost
identically built instrument on Chandrayaan-1 (Wieser et al., 2009;
Futaana et al., 2012; Vorburger et al., 2013).

An example of the second type of energy spectrum is shown
in Fig. 5: incident oxygen ions with 3 keV energy create recoil



94 M. Wieser et al./Icarus 269 (2016) 91-97

(a) H* — HO

IR}

<
[0
‘I_i_
D, 1073 ¢ ,
s s
= _ Q.
- 10} E
(5] B3
N
T 107°F E
£
S 10°L 1
10—7 L L I
10° 10? 10° 10*
ENA energy [eV]

(c) H" — O°%group

o [ BEIRE |
1072 | ]
1073} 1 i
107 | % ]

10751 i E

100 [ . ]

Normalized flux [sr™! eV™"]

1077 ‘ ‘ s

10° 102 108 10*
ENA energy [eV]

(e) H" — Heavy’

R L

1072} E

1073 |

Normalized flux [sr™' eV™"]
3

1076}

1077
10° 102 108 10*
ENA energy [eV]

(b) O* — HO

VoW

1072 ¢

103 |

1074 L
1075 L g

1076 L d

Normalized flux [sr™! eV™"]

107 ‘ NT s
10° 102 108 104
ENA energy [eV]

(d) O* — O°-group

oW

107"k
1072 |

1073 ¢

1074 L
1075 ¢ E

1076 L E

Normalized flux [sr'eV™"]

1077 . . .
10° 102 108 104
ENA energy [eV]

(f) O* — Heavy®

VoW

107" L
1072 |
1078 |
107 |

1075

Normalized flux [sr™" eV™"]

1078 |

1077
10° 102 108 104
ENA energy [eV]

Fig. 3. ENAs spectra measured for incident protons (panels a, ¢ and e) and incident oxygen ions (panels b, d and f) and different emitted ENA mass groups (H, O-group
and, Heavy). The energy spectra are normalized with the incident flux onto the ice target. The colored arrows represent the incident ion beam energy, which belongs to an
energy spectrum of the same color. The gray dashed line represents an average one-count limit for the measurements shown. The ENA energy range not accessible by the

JNA sensor is denoted with a gray background.

hydrogen ENAs. Their upper energy limit is well modeled by a sin-
gle elastic collision of the O* projectile with a hydrogen atom on
the surface (Niehus et al., 1993). In general, collisional sputtering
dominates at low energies, with total yields that are fairly inde-
pendent of incident energy (Johnson, 1998). The energy Eg of a
target recoil particle from a single elastic collision is given by

4Acos28
(1+A)%

for § <90

with M; being the mass of the projectile, M, being the mass of
the recoil particle and the mass ratio A defined as A= M,/M;. E
denotes the incident ion energy and § = 180°-0-¢ is the total de-
flection angle for this experiment (Fig. 1).

An example of the third type of energy spectra is shown in
Fig. 6, i.e., the energy spectrum of neutral oxygen produced from
an incident 33 keV hydrogen ion beam. Fitting with a Maxwell dis-
tribution does not reproduce the shape of the measured spectrum.
This indicates that the observed ENAs are not due to a single colli-
sion scattering process or collisional sputtering. A reasonable fit for
the energy spectrum F(E) is obtained using a Thompson-Sigmund
formula that models electronic sputtering (Sigmund, 1969), mod-
ified to account for the masses of the projectile and the emitted
ENA (Betz and Wien, 1994):

E E
FE) o (E+E) (1 -y EHE{)
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Fig. 4. Measured energy spectra of the hydrogen ENA differential flux from the ice
surface, normalized to the incident flux prior to deconvolution of the instrument
energy response function (circles) for an incident 1keV proton beam (arrow). A
fit to the measured energy spectra consisting of a Maxwell distribution convoluted
with the instrument energy response is shown as a dashed line. The Maxwell com-
ponent only is shown as a solid line and has a characteristic energy of kzT = 165 eV.
Error bars on the x-axis indicate the energy bin width of the instrument; error bars
on the y-axis represent measurement uncertainties.

O —»H

l

1073

=)
IS
T
< Er
< O+
"

£
® E_I_‘ fﬁ o
T .
5 10 43 E
3 ﬂ*
= 1076} E
°
8
= -7
= 107"k E
£
S 10-8f ]
> 10

107} L4 E

10 102 108 104

Energy [eV]

Fig. 5. The energy spectrum of the hydrogen ENA differential flux from the ice (cir-
cles) for incident O* ions with EO* =3 keV (right arrow). An upper energy limit for
the recoil energy is at Er = 625 eV (left arrow). Error bars have the same meaning
as in Fig. 4.

MM,
:
(M; + My)?

where E is the energy of the emitted ENA, E; is the surface bind-
ing energy of 2-4 eV (Wurz and Lammer, 2003), and M; and M,
are the mass of the projectile and the emitted ENA, respectively.
The spectrum has a characteristic cut-off energy of Eco = E;/ — Ep,
which, for this example, is above the energy range covered by the
experiment.

A fourth type of observed energy spectra is related to H ENA
spectra only; Fig. 7 shows such a H ENA spectrum, along with
the corresponding O-group ENA spectrum, both of which are pro-
duced from the same incident 23 keV oxygen ion beam. The H
ENA component is well modeled by assuming that the O-group
signal consists entirely of energetic HyO molecules and that some
of these molecules dissociate at the instruments charge conver-
sion surface, thus creating an artificial H ENA signal. Energy depen-
dent dissociation fractions for incident H,O ENAs at the JNA charge
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Fig. 6. Energy spectrum of oxygen group ENAs sputtered by the 33 keV proton
beam (circles). The right arrow indicates the energy of the impinging ions. A fit us-
ing the Thompson-Sigmund spectra (solid line) and its cutoff energy Ec, of 5100 eV
(left arrow) are also shown. Error bars have the same meaning as in Fig. 5.
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Fig. 7. Energy spectrum of oxygen-group ENAs sputtered by the 23 keV oxygen ion
beam (open circles) and the corresponding H ENA signal (open diamonds). The H-
ENA signal is compatible with all of the oxygen-group ENA signal being produced by
energetic H,O dissociating at the ]NA charge conversion surface, at least for energies
above 200 eV. The modeled H ENA background, originating from the dissociation of
energetic neutral H,0, is shown with filled diamonds.

conversion surface are, unfortunately, not yet known. A simple
model for this artificial H ENA signal reproduces at least the
low-energy part of the H ENA spectrum. In this model, com-
plete dissociation for 1280 eV H,0 molecules at the charge con-
version surface and an energy proportional dissociation fraction
(van Slooten et al., 1991) below 1280eV are assumed. Because
the dissociation occurs prior to energy analysis, the hydrogen frag-
ments appear downshifted in the energy spectrum, with an energy
Ey = Eppo/mypo * my if no energy losses on the charge conversion
surface are considered (Fig. 7, H-model). This model can explain all
of the H ENA flux below 100 eV. However, the same model applied
to lower energy incident oxygen ions (E < 18 keV) predicts more
than an order of magnitude larger H ENA fluxes than were ob-
served. Thus, in these cases, the O-group ENAs likely consist mostly
of atomic oxygen and not water molecules.

4.2. ENA yield

From Fig. 3, the energetic neutral particle yield Ygna, Which is
the ratio between the total number of emitted energetic neutral
particles above an energy threshold E,;, and the total number of
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incident ions, is calculated as the angular integral of the normal-
ized ENA flux, F. Assuming a non-isotropic angular distribution of
the emitted particles proportional to cos#30, where 6 is the angle
to the surface normal (Vidal et al., 2005), the integral ENA yields
Y for the three mass groups m = H, O-group or ‘Heavy’ in the en-
ergy range covered by JNA are estimated by using

Emﬂx
Yy = k/ Fy (E)dE
E,

‘min

YENA = YH + YO—group + YHeavy

with E, = 15 eV and Emax = 3.3 keV. The factor k ensures proper
normalization to the assumed cos#36 angular distribution of the
emitted ENA flux and the actual observation direction of 83° to
the surface normal. A summary of yields is shown in Fig. 8. When

H* — ENA
102 | i
10! -
2
S ow00fp T T~ ,
5 ~
[} - ~
£ S~
< ~
g 107} 4
NS
1072 | E
108 10* 10°
lon energy [eV]
0" — ENA
10°
= 10
2
o
o
s 10
Q
£
2
= 10°}F E
107 b E

| | |
108 10* 10°
lon energy [eV]

Fig. 8. Energetic neutral particle yields, Ygna, for incident protons (top panel) and
oxygen ions (bottom panel). Different symbols represent mass groups of emitted
neutrals: H (open diamonds), O-group (open circles), Heavy-group (open squares),
and their sum (filled circles). The data points for the oxygen-group and the ‘heavy’
ENAs are slightly shifted to the right on the energy axis for easier reading. For
incident oxygen ions of 18 keV and 23 keV, the O-group likely consists of H,O
molecules and the corresponding H ENA signal may result from their dissociation
in the JNA instrument. The expected total molecular sputtering yield Y, modeled
after Fama et al. (2008) for an angle of incidence of 60° (see text), is shown as a
solid line for comparison, along with its collisional component Y, (dashed line) and
electronic component Y, (dotted line).

adding the yields for the different mass groups, the total energetic
neutral particle yield Ygna is obtained. An empirical model of sput-
tering yields from pure water ice surfaces is described by Fama
et al. (2008) and shown for comparison. Data for this model were
mostly derived from relatively flat thin ice films (e.g., Baragiola et
al., 2003). Sputter yields for rough surfaces are similar to the sput-
ter yields of flat surfaces at smaller incidence angles (Kiistner et al.,
1998). This is because for a rough surface and a given fixed macro-
scopic incidence angle, on the microscopic level, which is seen by
the impinging particles, a broad range of incidence angles occur
at the same time. Furthermore, on a rough surface, the sputtering
yield is lower than that of a flat surface due to the re-deposition
of sputtered products (Kiistner et al., 1999; Loeffler et al., 2009).
We estimate that the sputtering yields at an 83° macroscopic an-
gle of incidence, as used in our setup, correspond approximately
to the sputtering yields from a flat surface at an ~60° angle of
incidence (Kiistner et al., 1999). Including this correction for the
incident angle, our measurements are compatible with the model
of Fama et al. (2008), as discussed below, despite the ice tem-
perature of 150 K being outside the parameter range this model
was made for (T < 140 K). The model expresses the total sputtering
yield Y as

Y~Y,+Y,

with Y, being the contribution from collisional sputtering propor-
tional to the nuclear-stopping cross section and Y, the contribu-
tion from electronic sputtering proportional to the square of the
electronic stopping cross section. The former dominates at lower
energies, and the latter does so at higher energies. The two com-
ponents are reflected in the energy spectra of the emitted ener-
getic neutrals, with collisional processes generating more peaked
energy spectra (e.g., Fig. 4) and electronic sputtering generating an
E~2 dependence (e.g., Fig. 6). In the collisional domain, it is likely
that the emitted energetic neutrals originate from the incident pri-
mary ion, whereas in the electronic domain, the emitted energetic
neutrals originate from the ice itself. This results in Ygya ~ Yy for
incident protons at lower energies and Ygna ~ Yo at higher inci-
dent energies (Fig. 8, top panel). Ygna is always smaller than the
total sputtering yield because Ygya only includes the energetic neu-
tral particle fraction emitted from the surface with energies above
Emin- The relative difference between Ygya and the total sputter-
ing yield is larger for impinging ion energies below a few keV
because fewer energetic neutrals with energies above E,,;, are gen-
erated (Wurz and Lammer, 2003; Wurz et al., 2007). Additionally,
at low impinging ion energy, the obtained Ygys is more uncertain
due to the assumption of the energetic neutral flux being emit-
ted according to a cos*3@ angular distribution; e.g., for protons
impinging on lunar regolith, a tri-modal angular energetic neutral
atom flux distribution with an enhancement in both the specu-
lar reflection and impinging direction is observed (Schaufelberger
et al., 2011). In our data, Ygna exceeds the model predicted total
sputtering yield slightly for impinging hydrogen ions above 20 keV,
which reflects the uncertainty in the scaling of the model to our
application. Impurities in our ice sample (CO,, hydrohalite, air)
may also affect the observed energetic neutral particle yield. Impu-
rities can increase the sputtering yield via the formation of more
volatile species. The most volatile species in the surface are sput-
tered most efficiently; however, after sufficient exposure to the im-
pinging ions, the composition of the sputtered material approaches
bulk composition (Johnson, 1998). The concentration of impurities
in our water ice was a few percent, with the dominant impurity
component being the hydrohalite. Although this concentration may
affect the observed sputtering yield, a comparative measurement
in the same setup with pure water ice or pure hydrohalite would
be needed to quantify it.
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5. Conclusions

We measured energy spectra of sputtered energetic particles
from salty water ice under Ganymede-like conditions under ion
bombardment. The energy spectrum of the neutral atom flux emit-
ted from the ice could, in some cases, be fitted with Maxwellian
distributions, which is indicative of particle reflection on the sur-
face. For higher incident energies, where electronic sputtering
becomes dominant, the energy spectrum changed to a Sigmund-
Thompson shape. A very high hydrogen ENA yield of 0.20 for 1 keV
incident protons was observed. Hydrogen ENA yields of ~7 were
measured for 33 keV incident protons. Oxygen and other heavier
ENAs produced by incident protons generally exhibited a Sigmund-
Thompson spectrum, although the intensities were rather low due
to mass mismatch between the incident and sputtered particles.
The total energetic neutral particle yield for incident protons, with
all measured ENA species combined, ranged from 0.28 at 1 keV to
~40 at 33 keV incident ion energy.

Incident oxygen ions, which favored electronic sputtering in the
energy range used, resulted in a yield for oxygen or water ENAs
up to ~100 for 23 keV incident ion energy. For oxygen ions with
an incident energy of 3 keV, the observed oxygen ENA yield was
0.5. Additionally, at the same incident energy, a recoil process was
observed, producing a distinct hydrogen ENA signal with a yield of
0.10. Total energetic neutral particle yield for incident oxygen ions
ranged from 0.8 at 3 keV to ~170 at 23 keV incident ion energy.
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