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Abstract

We present new experimental results relative to 144 keV S%F or Ar+
ion implantation in targets made of oxygen rich frozen gases (O, CO;) and
mixtures with water ice. Spectra in the UV (200-400 nm) range have been
obtained before and after implantation. The targets have been selected be-
cause they can be representative of the parent molecules from which SO and
O3, observed to be present on the surfaces of Jupiter’s icy moons, could be
formed due to radiolysis induced by the abundant magnetospheric ions.
The results indicate that sulfur dioxide is not detectable after sulfur implan-
tation in oxygen bearing species. Ozone is formed after argon and sulfur
ion implantation. Sulfur implantation in Oy and CO4 targets also induces
the formation of a band centered at about 255 nm (that we tentatively
attribute to SO3~ radicals). In the mixtures with water the band appears

initially at the same wavelength and shifts to about 247 nm at higher ion
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fluences possibly indicating the formation of sulfite (HSO3 ™) ions. An absorp-
tion band observed on Ganymede is well fitted by using three components:
ozone, sulfite ions and a not identified component having an absorption band
centered at 298 nm.

In all of the studied cases ion implantation produces a spectral reddening
over the investigated spectral range (200-400 nm) that well mimics the ob-

served spectral slopes of Jupiter’s icy satellites.
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1. Introduction

The surfaces of the icy satellites of the giant planets in the outer So-
lar System are dominated by water ice as deduced from many observations
conducted in the visible and near IR spectral range that also evidence the
presence of abundant hydrated materials (particularly sulfuric acid) and mi-
nor amounts of some volatile molecules such as HyOq, SO, and CO, (Carlson
et al., 1997, 1999a; Carlson, 2001; Noll et al., 1995a, 1997a; Dalton et al.,
2013).

Of relevance here are also observations in the UV range (200-320 nm) from
which it was possible to reveal the presence of three distinct features on the
surface of some of the icy satellites. These features are attributed to ozone
(O3) through the observation of its absorption band at 260 nm (Noll et al.,
1996, 1997b), sulfur dioxide (SO3) from the 280 nm band (Lane et al., 1981;
Noll et al., 1997a) and a spectral reddening (relative lowering of albedo at

lower wavelengths) in the observed UV range, which was attributed to poly-



meric sulfur (Carlson et al., 1999b).

Since the first detections a debate is still open on the origin and evolution
of the detected species. In particular COs and/or SOy could be formed on
icy surfaces via implantation of carbon or sulfur ions present in the Jovian
magnetosphere (for a review see Strazzulla, 2011). Consequently, several im-
plantation experiments have been conducted using multiply charged carbon
and sulfur ions. Results on C"" (n=1, 2, 3) implantation into water ice have
shown that carbon dioxide is efficiently formed by carbon ion implantation
into water ice on the Galilean moons, but this is not the dominant formation
mechanism (Lv et al., 2012; Strazzulla et al., 2003). It has then been sug-
gested that the dominant mechanism is the efficient formation of CO, after
irradiation of water ice deposited on top of carbonaceous materials. The lat-
ter is continuously delivered by impact of cometary debris on the icy moons
(Mennella et al., 2004; Gomis and Strazzulla, 2005; Raut et al., 2012). By
using the fluxes given by Madey et al. (2002) it has also been noticed
that the lifetime of a carbon grain (or a layer) having a thickness of about
10 micrometers is 7=2.2x10% years for a grain on the surface of Europa and
7=0.7 years on Dione. The calculated lifetimes demonstrate that the solid
carbon can easily dissipate by conversion into COy and CO and become fi-
nally available for further radiolysis-induced processing (Sabri et al., 2015).
In addition there is a general consensus that the surface bombardment by
the abundant energetic or plasma ions and electrons from the planetary mag-
netospheres drives the evolution of many surface properties. Among these
properties there are the structure of the ice (amorphous vs crystalline), the

ejection (sputtering) of molecular, atomic and ionized species into the ex-



osphere, and the chemical composition of the surface. As an example, on
the basis of many laboratory experiments (Carlson et al., 1999a; Moore and
Hudson, 2000; Gomis et al., 2004; Loeffler et al., 2006; Zheng et al., 2006),
the formation mechanism of H,O, is believed to be radiolysis of water ice.
Implantation of sulfur ions in oxygen bearing species has been invoked to be
responsible for the formation of sulfur dioxide (Lane et al., 1981; Noll et al.,
1997a) although implantation experiments and the use of IR spectroscopy
have not confirmed such an hypothesis (Strazzulla et al., 2007; Ding et al.,
2013).

Unfortunately, there is a scarce number of previous laboratory experiments
that use UV-Vis spectroscopy to investigate the effects of energetic processing
of frozen gases. In fact, most of the previous experiments have been analyzed
by spectroscopy in the 1-20 pm spectral region. It has to be pointed out that
many observations on planetary ices have been collected within the UV spec-
tral region and therefore it is obvious the need for more laboratory data in
that spectral region (Hendrix et al., 2013). Among the few existing exper-
imental studies in the UV spectral region there are those in which different
ions were implanted in thick water ice layers (Sack et al., 1992). These exper-
iments led to the suggestion that the lower reflectivity of Europa’s trailing
hemisphere at around 280 nm can be attributed to the effect of any pen-
etrating ion and not to SOy produced by either the implantation of sulfur
ions from Jupiter’s magnetosphere or by the preferential condensation of SO,
from cryovolcanism (Sack et al., 1992). The UV-Vis reflectance spectrum of
polymer-like sulfur residues obtained after photolysis and radiolysis of sulfur-

bearing species (Strazzulla et al., 1993) well reproduces Europa’s observed



reflectance spectrum (Carlson et al., 1999b). More recently new experiments
have been performed on the production of ozone after 100 keV proton (Teolis
et al., 2006) or 5 keV electron bombardment (Jones et al., 2014). Ozone was
efficiently produced but the comparison with an UV spectrum of Ganymede
(Noll et al., 1996) indicates that although ozone is present, it cannot explain
the whole feature observed on that moon as an additional peak is clearly
observed in the shoulder of the ozone absorption.

This paper gives a contribution to the field presenting new experimental re-
sults relative to UV (200-400 nm) spectroscopy of selected targets (the list
of the experiments is given in Table 1) whose spectra have been studied
before and after implantation of 144 keV S°T and Ar®" ions. The present
targets can be representative of the parent molecules from which the observed
species (namely SO and Og) could be formed after ion-induced radiolysis by

the bombarding ions.

2. Experiments

Ion beams have been produced in a 14.5 GHz electron cyclotron reso-
nance (ECR) ion source at the low energy facility ARIBE of GANIL in Caen
(France). For the present experiments we used St and Ar®" ion beams with

2 s71. Tons have been accelerated by a 16 kV /q

fluxes of 101 —10'? ions ecm™~
voltage thus acquiring an energy of 144 keV. lon beams were scanned to as-
sure a uniform irradiation of the target. The flux of impinging projectile ions
was measured and controlled during the irradiation by means of a collimator

current. Before and after irradiation, a Faraday cup was inserted along the



beam line in order to measure the beam current of projectiles arriving at the
target and the ratio of Faraday cup to collimator current. For more details
see Lv et al. (2012).

The ice layers were prepared by condensing pure gases or their mixtures
on a quartz window at 16 or 80 K. Given quantities of each molecule were
introduced in a pre-chamber to obtain a gas mixture in the chosen ratio.
The deposition rate was controlled by a fine valve and a nozzle was used to
transmit the gas in the high vacuum chamber whose base pressure was below
10~7 mbar. The quartz window was installed in the center of the chamber on
a cold finger connected to a closed cycle helium cryostat. The temperature
of the substrate was controlled by a carbon resistance and a compound linear
thermal sensor (CLTS) situated on the holder, providing a precision of 0.1 K.
The cold head with the quartz window could be rotated from 0° to 180° and
fixed in three positions allowing ion irradiation (0°), UV-Vis analysis (90°)
and gas deposition (180°).

A Varian-Cary300 UV-Vis Spectrometer (200-800 nm) was used to ana-
lyze the sample with a spectral resolution of 0.2 nm. The spectra were taken
in transmittance at normal incidence and were corrected by a background
recorded before deposition.

The thickness of the sample estimated by previous calibration experi-
ments was always in the range 1-2 pm, i.e. much larger than the penetration
depth of 144 keV sulfur or argon ions in the used targets (about 0.3 um).

Ions were then implanted in the target.
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Figure 1: The left panels show the UV absorbance spectra (200-400 nm) measured before
and after implantation of 144 keV S or Ar?T ions in frozen O,, and Hy0:05 (1:1)
gases deposited at 16 K. In the left middle panel a spectrum of pure water ice (80 K)
after sulfur ion implantation is also shown for comparison. The same spectra after the
continuum subtraction are shown in the right panels. The vertical line gives the position

of the band of O3 formed after photolysis of frozen oxygen.
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Figure 2: The top panel shows the UV absorbance spectra (200-400 nm) of H20:09 (1:1)
frozen mixture implanted with 144 keV S?* ions at 16 K and during the warm-up of the
mixture. The spectra at T=50 K, 160 K 3§1d 200 K are scaled by a factor of 10 for a

better comparison.



Table 1: List of the performed experiments. The energy of incoming ions was 144 keV.

Target T (K) Projectile
H20 80 SO+
02 16 S+
H20:02 (1:1) 16 s+
H20:02 (1:1) 16 Ardt
CO2 16 So+
H20:CO2(1: 1) 16 S+
SO2 80 not irradiated

3. Results

The left panels of Fig. 1 show the UV absorbance spectra (200-400 nm)
measured before and after implantation of 144 keV St or Ar?* in frozen
O,, Hy0O, and H50:0, (1:1) gases deposited at 16 or 80 K. The projectile
ion fluences range from 10 to 10'® ions/cm?. The absorbance of all samples
presented in Fig. 1 (except pure water) exhibits an initial slope due to
the continuum absorption of the oxygen molecule, in particular due to the so
called Rydberg continuum (Cooper et al., 2003) and to a possible contribution
due to scattering because of surface roughness. In all of the considered cases,
except H,O, an absorption band appears when the sample is irradiated.
When the continuum is subtracted (right panels of Fig. 1), it comes evident
that the peak position is significantly different for the two different projectiles
(see the detailed discussion in Section 4). The vertical lines in the panels
indicate the position of the ozone band (260 nm) as measured after UV
photolysis of solid molecular oxygen (our unpublished data). We can see that
the band produced after Ar implantation is peaked at the same wavelength
and can easily be attributed to ozone formation. The band formed after

sulfur implantation exhibits a position that ranges from 255 to 247 nm as
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the number of implanted ions increases (see also Fig. 5). As also discussed in
Section 4, we tentatively interpret this as due to the formation of (SO37)
radical and sulfite (HSO3~) ions that exhibit significant absorptions in that
spectral region when soluted in water (Hayon et al., 1972).

In the middle panel on the left side of Fig. 1 a spectrum of pure water
ice after sulfur ion implantation is shown: no ozone is detectable. This
is in agreement with the finding from previous experiments (Teolis et al.,
2006; Strazzulla, 2011). Also evident is a general increase of the slope of
the spectrum (except in the case of pure oxygen that as deposited shows a
strong continuum absorption that decreases upon irradiation). Slopes and
band area variations will be discussed in detail later (Section 4).

After irradiation the samples were heated. The spectra for the HyO:0,
sample irradiated with 1.4 x 10'® ST ions/cm? acquired at increasing tem-
peratures as shown in Fig. 2. The band formed after the subtraction of the
continuum is shown in the bottom panel. From the top panel we see that
after warming up the spectrum is not flat. This is due to presence of a thin
layer (1-10 monolayers) made of a left over refractory sulfur residue exhibit-
ing two bands at 220 and 249 nm. The band at 249 nm is quite similar in
peak position and shape to the one formed at low temperature.

As listed in Table 1, further experiments have been done on CO, bearing
frozen gases. The left panels in Fig. 3 show the UV absorbance spectra
(200-400 nm) measured before and after implantation of 144 keV ST in
frozen COq, and Hp0O:CO, (1:1) gases deposited at 16 K. Also for these
experiments projectile fluences range from 10! to 10'¢ ions/cm?. We can see

that an absorption band appears that is even more evident, after continuum
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Figure 3: The left panels show the UV absorbance spectra (200-400 nm) measured before
and after implantation of 144 keV S%F ions in frozen CO,, and Hy0:COy (1:1) gases
deposited at 16 K. The same spectra after the continuum subtraction are shown in the

right panels.
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Figure 4: The left panels show the UV absorbance spectra (200-400 nm) measured during
the warm up of in frozen COg, and Ho0:CO4 (1:1) gases implanted with 144 keV S°* ions

at 16 K. The same spectra after the continuum subtraction are shown in the right panels.
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removal, in the right panels of Fig. 3. The vertical lines in the right panels
indicate the position of the ozone band (260 nm): in the case of pure COq
the peak position remains constant (255 nm). We tentatively attribute
this to the formation of SO3~ radicals; in the case of the mixture it varies
with the increasing projectile fluence probably due to the formation of sulfite
ions. Also evident is the slope increase with ion fluence, particularly in the
case of the mixture.

After irradiation the samples were heated and the spectra acquired at
increasing temperatures are shown in Fig. 4, compared with the spectra
obtained after the last irradiation at low temperature. We can see that the
peak position does not change during the warm up for the H,O:CO, sample
irradiated with 1.4 x 10'® S%* ions/cm?. In the left panel the spectra are
the ”as acquired” ones, in the right panel the band formed is shown after
the subtraction of the continuum. Also in this case a thin layer made of a
refractory sulfur residue is left over at room temperature. The increase of
the intensity of the band in the mixture upon warm up (50 K) is not
uncommon and is due to an increase in the relative band strength.
At higher temperatures the intensity of the band decreases because
CO; begins to segregate (75 K) and then to sublimate (90 K) and

left over the thin residue.

4. Discussion

The experimental results reported in this paper are summarized in Fig.
5 where the band areas (top panels; nm), the band slopes (middle panels,

nm~ ') and the peak position (bottom panels; nm) are reported as a function
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of the ion fluence. "Band area” refers to the area of the band in the 200-
300 nm region formed upon ion implantation in oxygen or carbon dioxide
rich ices. In the middle panels the horizontal lines represent the interval of
the band slopes measured in some regions of Europa (Hendrix and Johnson,
2009). Also Ganymede and Callisto exhibit "red spectra” in that spectral
range (Hendrix and Johnson, 2008a) which in some cases are larger than
those of Europa.

The band slopes have been quantified by:

o AbS)\Q — Abs,\1

Al and A2 being the limits of the band (the exact value changes by few

BS

nm), Absy, and Absy; the absorption values at A\l and A2 and AN\ is the
difference A2-Al1.

Although it is not straightforward to compare the absolute values of the
slopes measured in the laboratory with those measured on the icy moons, we
can safely say that the laboratory measurements indicate a general increase
in the absolute value of the spectral slope and a decrease in the albedo with
increasing ion fluences comparable to what is observed in the remote sensing
observations of Europa.

The results relative to the band peak position (bottom panels in Fig. 5) give
important clues on the origin of the band. There is no question that the
band formed after Ar implantation in oxygen bearing targets is peaked at
about 260 nm and it is attributable to ozone (see also Teolis et al., 2006).
Sulfur implantation in the same targets produces a band with a peak posi-

tion at about 255 nm that in the case of the mixture with water decreases
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to 247 nm as the number of implanted ions increases. The same behavior is
observed when COs replaces Os. The peak positions in the region around
250 nm are typical of the SO3~ radical and sulfite (HSO3™) ions diluted in
water (Hayon et al., 1972). Consequently we interpret our results as due to
the initial formation of SO3~ radicals. The availability of hydrogen in mix-
tures with water allows the formation of sulfite ions at higher S-implantation
fluences. Such attributions are however only tentative and it would
be necessary to study the spectra of the radical and ionic species
in ice rather than in liquid water. At present we have not been
able to do that. In addition, it would be interesting to evaluate the
relative contributions to the observed band of ozone and that of
the sulfur bearing species. At present this is however not possible
mainly because the band strengths of the two components that de-
pend, as known, on many parameters (e.g. temperature, mixture,
structure of the ice) are not known.

It is important to note that the time scales corresponding to the ion
fluences reported in Fig. 5 are short. In fact the fluxes of sulfur (keV-MeV)
ions in selected regions of the surface of Europa have been evaluated to vary
between about 2x10% to 10® ions em™2 s~ (Dalton et al., 2013). Thus the
time necessary to accumulate a fluence of 10'® S-ions cm~2 is of the order of
3-150 years.

One of the purposes of this paper was to investigate the formation of SO,
present on icy satellites for which several mechanisms have been proposed.
As said the presence of sulfur dioxide has been proved via the observation of

the band at 280 nm as shown in Fig. 6 where the band observed on a region
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Figure 5: Top panels: area (nm); middle panels: band slopes (see eq. 1); bottom panels:
peak position of the band formed upon ion implantation in oxygen or carbon dioxide rich
ices. In the middle panels the band slope interval measured in two representative regions

of Europa are also reported.
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of Europa (Hendrix and Johnson, 2009) is compared with a spectrum of solid
sulfur dioxide measured in the laboratory at 80 K (see Table 1). Please note
that the scaling is quite arbitrary and it only implies that the observed feature
is coincident with laboratory spectra of frozen sulfur dioxide. The suggested
formation mechanisms include S implantation (Lane et al., 1981; Sack et al.,
1992), volcanism (Sack et al., 1992), an endogenic source (Noll et al., 1995b),
and synthesis from a radiolytic cycling of sulfur (Carlson et al., 1999b). In
the case of Callisto, SO, being detected on the leading hemisphere
which is less exposed to ion bombardment, an endogenic source
seems to be favored (Noll et al., 1997a). Such a conclusion has
been disputed (Hendrix and Johnson, 2008b) and, in addition, an
exogenic source by sulfur ion implantation has also been suggested
(Lane and Domingue, 1997).

Recently, the full set of high-resolution observations from the Galileo Ul-
traviolet Spectrometer (UVS) was analyzed to look for spectral trends across
the surface of Europa: Hendrix et al. (2011) provided the first disk-resolved
map of the 280 nm SO, absorption feature. They also investigated its re-
lationship with sulfur and electron flux distributions and with other surface
features, namely UV albedo (300-310 nm). The large-scale pattern of sulfur
dioxide absorption band is similar to the pattern of sulfur ion implanta-
tion, but with strong variations in band depth depending on the terrain. In
particular, the young chaos units show stronger SO, absorption bands than
expected from the average pattern of sulfur ion flux. Hendrix et al. (2011)
suggested this is due to a local source of SO,, or diapiric heating that leads

to a sulfur-rich lag deposit. The relation with the UV albedo is even more
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Figure 6: Comparison of a UV spectrum observed on a region of Europa (Hendrix and

Johnson, 2009) with a spectrum of solid sulfur dioxide measured in the laboratory.
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Figure 7: The absorption band observed on Ganymede (Noll et al., 1996) is fitted by using

three components as indicated in the figure (see details in the text).

complex: the SO, feature is confined to the trailing hemisphere, the near
UV albedo has a global pattern with a minimum at the center of the trailing
hemisphere and a maximum at the center of the leading hemisphere. Hen-
drix et al. (2011) suggested that the global nature of the albedo pattern is
indicative of an exogenic source while, as said, the SO, absorption also has
local variations that depend on terrain type and age.

The results presented in this paper confirm those conclusions: there are

no spectral evidences of the appearance of UV features attributable to sul-
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fur dioxide after sulfur implantation. In fact some SO, was expected to be
formed after S-implantation in pure carbon dioxide as evidenced by a pre-
vious study conducted by IR spectroscopy (Lv et al., 2014). However, the
formation yield was measured to be about 0.38 SO, molecules formed per im-
pinging ion. The maximum fluence in the present experiments was 1.4x10'6
S-ions cm~2 that would produce about 5x10' SO, molecules cm~2 that is
below the detection limit of the present experiments. Moreover it overlaps
with the very intense band related to the formation of SO3~ or HSO3~. Ex-
periments have been also performed with water ice layers deposited on top
of sulfurous solid materials to see if sulfur dioxide molecules can be formed
at the interface, similarly to what was observed for CO, formed at the in-
terface ice/carbonaceous solids (Gomis and Strazzulla, 2005). The results
were negative: sulfur dioxide is not formed in detectable quantity (Gomis
and Strazzulla, 2008). We therefore support the hypothesis that sulfur diox-
ide observed at the surface of Europa, and possibly the other icy moons, is
the result of endogenic processes. However, once exposed at the surface it is
progressively destroyed by ion bombardment that mostly produces SO3 poly-
mers as demonstrated by many previous experiments (see e.g. Moore et al.,
2007; Gomis and Strazzulla, 2008). At the same time ion bombardment pro-
duces an increase of the absorbance (albedo decrease) in the whole UV region
with a spectral reddening as demonstrated by the present experiments.

It seems more simple to explain the surface distribution of sulfuric acid.
There is in fact a clear correlation between sulfur ion flux and the concentra-
tion of sulfuric acid hydrates (Dalton et al., 2013). This finding coupled with

the high formation yields of hydrated sulfuric acid measured in the labora-
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tory after sulfur ion implantation (Strazzulla et al., 2007; Ding et al., 2013)
strongly supports an exogenic origin of sulfur.

As already mentioned a band centered at about 260 nm has been observed
to be present on the surface of some icy moons, in particular Ganymede
(Noll et al., 1996). Noll et al. (1996) ratioed the disk-integrated
trailing hemisphere albedo to the disk-integrated leading hemi-
sphere albedo and attributed the observed feature to the pres-
ence of ozone. Hendrix et al. (1999) presented observations of
disk-resolved albedos of Ganymede that because of the procedure
followed, results in a different band shape that the authors define
as "ozone-like”. The feature observed by Noll et al. (1996) is re-
ported in Fig. 7. We have attempted to fit the data points by using
the spectra obtained in the experiments reported here. The obtained best
fit is shown in the same Fig. 7. To fit the observed feature we had to use
three components: the first is ozone obtained by photolysis of solid molecular
oxygen (our unpublished spectrum) which is quite similar to that obtained
after implantation of Ar ions (such a component accounts for 37% of the
observed feature), the second is the spectrum obtained after implantation of
sulfur ions in oxygen rich mixtures that we attribute to SO3~ radicals and
sulfite (HSO3™) ions (accounts for 40%), and a third band that is a gaussian
centered at 298 nm (accounts for 23%). Of course, these relative contribu-
tions of the three components to the observed band area do not imply that
they correspond to the abundance of the relative species. We are not able
to do any quantitative estimation because it would be necessary to know the

optical constants of the components and use an appropriate model. Our fit
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only implies the need of, at least, three components.

The need for an additional component longward the ozone band was already
outlined by Teolis et al. (2006) and Jones et al. (2014). Here, we suggest that
an additional component is present at the shorter wavelengths and we sug-
gest this is probably due to the presence of sulfur bearing species. We have
searched for plausible compounds having absorption close to the wavelength
of the 298 nm component. Among the candidates there are AlySi,O5(OH),
kaolinite (Babin and Stramski, 2004) and NO3~ nitrate ions (Maria et al.,
1973; Karlsson et al., 1995). The latter, however, has a much stronger band
at 190 nm.

5. Conclusion

It is well known that ion implantation of magnetospheric ion populations
into the surfaces of icy moons in the outer Solar System is a relevant, of-
ten dominant, mechanism to drive the physico-chemical properties of the
irradiated ices. This statement is supported by a plethora of laboratory
experiments that, however, have mostly investigated the induced effects by
using Vis-IR spectroscopy. Nevertheless very relevant astronomical observa-
tions have been obtained in the UV range (200-320 nm) for which there are
only few laboratory experiments. This paper contributes to fill the gap by
presenting new experimental results relative to UV spectroscopy of selected
targets made of oxygen rich frozen ices (Oy, CO2) and mixtures with water
ice (see Table 1) irradiated with 144 keV S°F or Ar* ions.

The present results confirm that sulfur dioxide is not detectable after sulfur
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implantation in oxygen bearing species. As demonstrated by the detection
of an absorption band at 260 nm, ozone is easily formed after argon and
sulfur ion implantation. Sulfur implantation also induces the formation of a
band centered at about 255 nm in Oy and CO, targets. In the mixtures with
water, the band appears initially at the same wavelength and shifts to about
247 nm at higher ion fluences. This band is tentatively attributed to the
formation of SOz~ radicals for the single ice targets and to sulfite (HSO37)
ions for the mixtures. We have also shown that the absorption band observed
on Ganymede is well fitted by using three components: ozone, sulfite ions
and a not identified component having an absorption band centered at 298
nm.

In all of the studied cases ion implantation produces a spectral reddening
over the investigated spectral range (200-400 nm) that well mimics the ob-

served spectral slopes of Jupiter’s icy satellites.
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