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Abstract

An essential requisite for the appearance and permanence of life on Earth is the onset of
a continuous “cycling” of some key atoms and molecules. Cycling of elements probably
also occurs on other objects and is driven by biological or a-biological processing. Here
we investigate the cycling of some species in the icy Galilean satellites that are exposed
to the intense fluxes of energetic particles coming from the Jupiter magnetosphere. Among
the most studied effects of particle bombardment, there is the production of molecules not
originally present in the sample. These newly synthesized species are irradiated as well
and in some circumstances can re-form the original species, giving rise to a “cycle”. Here
we discuss the cycling of some atoms (C, N, O, S) incorporated in molecules observed
on the surface of the icy Galilean satellites.

The results indicate that cycling of carbon atoms starts with solid elemental carbon.
Irradiated in the presence of water ice, carbon dioxide is produced and forms carbonic
acid and other organics whose irradiation re-produces carbon dioxide and solid carbon.
The effect on nitrogen atoms is limited to a continuous cycle among nitrogen oxides (e.g.
NO, produces NO, and N,0).

Oxygen is mostly incorporated in water ice. When irradiated, the large majority of the
water molecular fragments recombine to re-form water molecules.

The sulfur cycle occurs among SO, (that cannot be produced by ion irradiation only),
sulfuric acid and elemental sulfur.

The results are discussed in view of their relevance to the expected space observations
of the JWST telescope (NASA, ESA, CSA) and the JUICE (ESA) spacecraft.
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1 Introduction

An essential requisite for the appearance, evolution and permanence of life on Earth is the
onset of a continuous “cycling” of some key atoms and molecules, in particular carbon and
water. On Earth such “cycles” imply a continuous conversion of e.g. carbon atoms from a
molecule to another (e.g. CO, that is transformed in sugars by photosynthesis) or by a con-
tinuous conversion of e.g. water molecules from solid to liquid to gaseous phases. Cycling
of elements is also believed to occur on other planetary objects and merits to be investigated
in order to understand the ecosystems in other worlds that in some instances could bring up
biological evolution.

The recycling of atoms and molecules is driven by biological and/or physical and/or
chemical processing.

In this paper we discuss the cycling of some atoms (C, N, O, S) incorporated in molecules
observed on the surface of the icy satellites of Jupiter driven by the processing of the sur-
faces by irradiation of energetic ions accelerated in the giant magnetosphere of the planet.

It is well known that ices on the surfaces of the satellites of planets in the outer Solar
System are exposed to the intense fluxes of energetic ions and electrons mostly coming from
the magnetospheres of their planets. The most spectacular is Jupiter’s giant magnetosphere
in which the icy Galilean satellites are embedded and subjected to intense bombardment by
ions such as H*, S"* and O"*, and by energetic electrons (e.g. Cooper et al. 2001).

By depositing energy to target species, ions and electrons are able to release momentum
to nuclei or to break chemical bonds and cause ionizations and excitations. Thus species can
be expelled (sputtered), the structure of the ice (crystalline/amorphous, porous/compact)
can be changed and new chemical species can be formed by the recombination of fragments.
The detailed qualitative and often quantitative knowledge of some of those effects has been
possible on the basis of detailed specific laboratory experiments performed in many labora-
tories in the world. For a specific review on the effects induced on the icy satellites of outer
planets see Strazzulla (2011) and Baragiola et al. (2013); for a more general review on the
space weathering of Solar System bodies that includes the icy satellites see Bennett et al.
(2013) and Brunetto et al. (2015). These experiments are still in progress and represent a
mandatory need to understand what is observed and/or to program new observations.

This is particularly relevant in view of the present and upcoming space missions. The
James Webb Space Telescope (JWST) carries four instruments of unprecedented sensitiv-
ity and spectral resolution that cover a wide spectral range from the optical to the infrared
(0.6—28.3 um; see e.g. McElwain et al. 2020). The JWST has been successfully launched
on 25 December 2021 and has already performed many exciting observations in several
fields of astronomy. Just as an example, interstellar ices have been observed and spectra
of unprecedented quality have been obtained (e.g. McClure et al. 2023). Enceladus, an icy
satellite of Saturn has been observed and the results have been submitted for publication
(Villanueva et al. 2023a). Also spectra of some of the icy satellites of Jupiter have been
obtained. The data are presently under analysis and those obtained for Europa in the near IR
(NIRSpec) have already been submitted for publication (Villanueva et al. 2023b).

In addition the ESA space mission JUpiter ICy moons Explorer (JUICE) will make
detailed observations of Jupiter and of Ganymede, Callisto, and Europa (Banks 2012).
On board JUICE two instruments will perform spectroscopic observations: the UV imag-
ing Spectrograph (UVS, 55—-210 nm), and the Moons And Jupiter Imaging Spectrometer
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(MAIJIS, 400—-5400 nm). The spacecraft was launched on 14 April 2023 and will reach
Jupiter after a journey of 8 years. Also relevant is to mention the forthcoming NASA’s
Europa Clipper spacecraft that will be launched in October 2024 and arrive at Jupiter in
April 2030. Also in this case the scientific instruments include UV and Vis-IR spectrometers
(https://europa.nasa.gov/).

2 lon Irradiation Effects

Experimental results have shown that ion irradiation of ices causes the erosion of the target
(sputtering; e.g. Johnson et al. 2008). This is a well-studied phenomenon and data concern-
ing sputtering yields exist for a wide range of combinations of projectile energy and target
composition. One of the important findings having been confirmed over five orders of mag-
nitude of projectile energy (Seperuelo Duarte et al. 2010), is that when the energy deposi-
tion is dominated by ionizations and excitation (electronic energy loss) the sputtering yields
scale as the square of the electronic energy loss. This is a very well known quantity easily
calculated by available codes for all of the target composition-projectile combinations (e.g.
Ziegler et al. 2008). Sputtered species include mostly neutral atoms and molecules but also
ionized species (these latter include clusters and still deserve further studies; see e.g. Mar-
tinez et al. 2019). The released species can be lost to space or can populate the exospheres
of the icy satellites (e.g. Plainaki et al. 2015). In the next years it will be important to have
further data on the nature of the species released by ion irradiation of realistic ice mixtures,
as well as their yields and energy and angular distribution. These results could in fact drive
the interpretation of data that will be obtained by space missions (e.g. JUICE).

Energetic processing by ions as well as electrons also produces a number of non-thermal
chemical reactions that drive the formation of molecules initially not present in the target. If
the initial targets contain C-bearing species the chemical inventory of the newly produced
species is extremely variegated and complex molecules as well as organic refractory residues
are produced as evidenced by several laboratory experiments using different techniques. For
reviews see e.g. Hudson et al. (2008), and Allodi et al. (2013). Numerous experiments have
been performed on icy mixtures made of O, C, and N bearing species. They are particularly
relevant to understand the chemical and physical phenomena that drive the evolution of ices
in the interstellar medium (e.g. Palumbo et al. 2000; Modica and Palumbo 2010) as well as
the formation of an organic crust on comets and trans-Neptunian objects (Strazzulla et al.
2003a), and the color of TNOs (Brunetto et al. 2006; Kanuchova et al. 2012).

The surfaces of icy satellites in the outer Solar System are dominated by water ice and
hydrated materials (e.g. sulfuric acid on Europa, Dalton et al. 2013). Minor amounts of
other species such as H,O, (e.g. on Europa, Carlson et al. 1999b; Ganymede and Callisto,
Hendrix et al. 1999), SO, (e.g. on Ganymede and Callisto, McCord et al. 1997) and CO,
(e.g. on Ganymede and Callisto, McCord et al. 1997) and organic compounds (e.g. on Cal-
listo, McCord et al. 1997) are also observed. However, it is probable that the number of
compounds present at the surface (and below) is much greater than observable at the surface
by spectroscopic techniques from remote observations. Irradiation by the abundant fluxes
of energetic ions and electrons (see e.g. Bennett et al. 2013 and references therein) drive a
chemical evolution (radiolysis) that could have produced some of the observed species and
others that have not yet been observed in the solid and/or in the gas phase.
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An example of the radiolysis effects is the synthesis of hydrogen peroxide that has been
found on the surface of Europa (Carlson et al. 1999b), Ganymede, and Callisto (Hendrix et
al. 1999). Several groups have studied the formation of hydrogen peroxide by ion bombard-
ment of water ice (Moore and Hudson 2000; Gomis et al. 2004; Loeffler et al. 2006): the
results support the idea that ion irradiation is the primary mechanism responsible for the
formation of hydrogen peroxide on the surface of icy Galilean satellites.

Ion irradiation has also been suggested to be responsible for the formation of O, and O,
observed on Ganymede (Johnson and Jesser 1997), via the dissociation of water molecules
and diffusive loss of hydrogen with retention of oxygen. Laboratory experiments on ion
(Teolis et al. 2006; Boduch et al. 2016) and electron (Jones et al. 2014) irradiation of ices
made of mixtures of water with O, or CO, confirmed the synthesis of ozone and evidenced
that the shape of the UV absorption band does not reproduce the observed feature on Gany-
mede for which an additional component, unknown at present, is requested.

Finally, the projectile itself can be included in the new species formed (this effects is
often referred to as ion implantation). Several experimental investigations have indeed
focused on implantation of reactive ions in thick ice samples (thicker than the penetration
depth of impinging ions). As an example, carbon dioxide (CO,) is formed after implantation
of C ions in H,O ice (e.g. Strazzulla et al. 2003b; Lv et al. 2012) and sulfur dioxide (SO,)
is formed after S ion implantation in CO and CO, ice samples (Lv et al. 2014). It is impor-
tant to note that in the latter case the implantation experiments have been conducted at low
temperatures (10-20 K) that are appropriate to interstellar ices. Additional experiments by
Mifsud et al. (2022) confirmed that SO, is formed after S implantation into CO, ice at 20 K,
but not at 70 K. They conclude that this process is likely not a reasonable mechanism for
SO, formation on the icy Galilean satellites.

3 Molecular Cycles

Here we present some recent experimental results obtained at the Laboratorio di Astro-
fisica Sperimentale (LASp), INAF-Osservatorio Astrofisico di Catania (Italy) and at Grand
Accélérateur National d’lons Lourds (GANIL), Caen (France). The experiments have been
performed following the experimental procedures already described elsewhere. In Table 1
we summarize the experiments presented in this manuscript and the reference where the
experimental procedure is described in details.

3.1 C-bearing Species

The carbon bearing species identified on the surfaces of the icy satellites of Jupiter include
elemental carbon, carbon dioxide (CO,), carbonates and an organic refractory dark material.

Several experiments have addressed the possibility of formation of carbon dioxide by
energetic processing. Two types of experiments have been conducted. The first concerns the
implantation of 30 keV carbon ions (C"*, n=1-3) in water ice deposited at low temperatures
(Strazzulla et al. 2003b; Lv et al. 2012).

By using FTIR spectroscopy, it has been demonstrated that CO, is efficiently produced.
As an example, Fig. 1 shows the spectrum (2300—2050 cm™ ') of water ice as deposited at
80 K and after implantation of 30 keV '*C3* at different ion fluences (ions/cm?). The spectra
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Table 1 Ligt of the experin.nents sample Ton (energy) Laboratory  reference
condupted in the laboratories of (temperature)
Catania and/or Caen, whose re- — FP &l gy 1BC3* (30 keV) GANIL Lv et al.
sults are here used to prepare the 2012)
figures and discussed to support )
the idea of molecular cycles on Asphaltite (80 K)  He* (30keV) LASp Strazzulla and
the icy Galilean satellites Moroz (2005)
H,O on asphaltite  He* (30keV) LASp Strazzulla and
(16 K) Moroz (2005)
H,0:CO, (16 K)  He" (200 keV) LASp Strazzulla et
al. (2005)
CO, (16 K) H* (50 keV) LASp Brucato et al.
(1997)
H,0:N,:0, (15K) BC* (30keV) GANIL Boduch et al.
(2012)
H,0 (80 K) S™ (105keV) GANIL Ding ct al.
(2013)
H,0:S0, (80 K) He'* 30keV) LASp Katuchova et
al. (2017)

Fig.1 FTIR spectrum : T g T g T T T
(2300—2050 cm’!) of water ice 018 |- et ] .
as deposited at 80 K and after g as deposited

—— 1.5x10"*/cm’
: : 133+
1I_nplantat‘10n of 30 keY C azt ohia 210" e
different ion fluences (ions/cm?) —— 3x10"*/cm®

(Lv etal. 2012)

g_ 0.12 4
3 e
— e
8 0.10 /1 ’ -
2 #
O / 13COZ
0.08 -
30 keV °C*" Implantation in H,0 L T
0.06 |- M ]
T=80K .
n 1 1 " 1 \T\ b
2300 2250 2200 2150 2100 2050

Wavenumbers (cm™)

evidence the presence of a band centered at about 2200 cm™!. This is attributed to the com-
bination mode of water ice and the formation of a band at 2277 cm™! due to a fundamental
vibration mode of '3CO, (see e.g. Gerakines et al. 1995, Strazzulla et al. 2005, Seperuelo
Duarte et al. 2010) formed because of implantation of energetic carbon ions. The measured
implantation yields are in the range of 0.32-0.57 CO, molecules per ion. The measured
yield is independent of the temperature (15-80 K) of the ice. The flux of (keV-MeV) C-ions
at the surface of Europa has been estimated to be about 1.8 x10° C ions cm~2 s~ ! (Cooper et
al. 2001). Using the experimental values for the production yield (0.4-0.5 CO, molecules/
ion) it is possible to calculate the time necessary to produce a column density of 3x10'7
molecules cm™2 that is the CO, column density estimated at Europa (e.g. McCord et al.
1997). This time scale results to be of the order of 1.0-1.3x 10 years. This time is much
larger than the estimated time scale for the production of carbon dioxide by ion bombard-
ment of water ice on top of carbonaceous materials (see below).
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Consequently, the conclusion is that although a relevant quantity of CO, is produced by
carbon ion implantation, this cannot be the dominant formation mechanism at Europa.

The second type of experiment has been devoted to the investigation of the formation of
CO, and other C-bearing molecules by ion bombardment of water ice deposited on top of
solid carbonaceous targets. Several different carbonaceous substrates have been used among
which organic residues obtained after ion irradiation of frozen hydrocarbon rich ices (Gomis
and Strazzulla 2005), amorphous carbon with different amount of hydrogen content (Men-
nella et al. 2004) and bitumens such as asphaltite (Strazzulla and Moroz 2005). A schematic
view of the experimental concept is shown in the inset of Fig. 2. Figure 2 refers, as an
example, to a water ice layer formed by vapor deposition on an asphaltite substrate. The ice
thickness ¢ 1000 A) is lower than the penetration depth of the used ions so that an induced
mixing can occur at the ice-solid interface.

Asphaltite, a natural complex hydrocarbon, exhibits both aliphatic and aromatic struc-
tures considered representative of complex organic materials present in astrophysical
objects (Moroz et al. 2004). FTIR spectra (in the 2600—1975 cm™ ' region) of three samples
are presented in Fig. 2. In detail: a not irradiated asphaltite substrate (16 K, full line), an
irradiated (1.5x 10'¢ He* ions/cm?) asphaltite substrate (80 K, dashed line) and an irradiated
(1.5x10'® He™ ions/cm?) sample of a water ice layer (1.8x10'7 molecules/cm?) deposited
on top of an asphaltite substrate (16 K, connected dots). Upon irradiation the formation
of new bands is evident. The one at 2341 cm™ ' is easily attributed to the C=0 stretching
mode in CO,, the one at 2135 cm™! is due to C=0 stretching mode in CO, and the one at
2110 cm™! has been attributed to C=C in carbynoids (Strazzulla and Moroz 2005). When
water ice is not deposited only the latter feature at 2110 cm™! appears after irradiation of
pure asphaltite.

It has been demonstrated that magnetospheric ion bombardment of carbonaceous grains
embedded in water ice dominated porous regolith that characterize the surface of icy Gali-
lean satellites shaped by interplanetary meteoroid impacts (Johnson et al. 2004) is able to
produce the quantity of CO, detected on the surfaces of the icy Galilean satellites (Gomis
and Strazzulla 2005).

Thus whatever is the nature of the carbonaceous material (from amorphous carbon to
complex hydrocarbons) and its origin (native or delivered by comets and micrometeor-

Fig.2 FTIR spectra r T T T T T T

(26001975 cm™") of three Q00 rasti Tous . 15x10" 30 keV He'lem’ .
samples: a not irradiated r .

asphaltite substrate (16 K, full 0.025 ~=a0n asphiaititc :

line), an irradiated (1.5 10'° L ot imaciated saphaitit
He™" ions/cm?) asphaltite sub- 530} ? i
strate (80 K, dashed line) and £

an irradiated (1.5x10'® He* 2 —wx .

ions/cm?) sample of a water ice T 0015 - o T t i
layer (1.8x 10'7 molecules/cm?) S i i

deposited on top of an asphaltite "é_ 0.010 ‘ il

substrate (16 K, connected dots)

(Strazzulla and Moroz 2005)
0.005

0.000

2600 2500 2400 2300 2200 2100 2000

wavenumbers (cm™)
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ites) on the surface of the icy Galilean satellites, magnetospheric ion bombardment is able
to produce enough quantity of carbon dioxide to explain the observations. CO, in turn is
subjected to ion irradiation whose effects have been studied in the laboratory (Moore and
Khanna 1991; Brucato et al. 1997; DelloRusso et al. 1993; Gerakines et al. 2000; Strazzulla
et al. 2005; Zheng and Kaiser 2007; Peeters et al. 2010; Pilling et al. 2010; Boduch et al.
2011; Jones et al. 2014) either for pure CO, as it could occur by segregation in spotted areas
of the satellite’s surface or mixed with other ices, mainly water ice. The results indicate
that in presence of H-bearing species (e.g. water) mixed with carbon dioxide or of H atoms
implanted in pure CO,, carbonic acid (H,CO;) is easily produced along with many other
organic molecules. Examples are shown in the two panels of Fig. 3. The top panel exhibits
FTIR spectra of a mixture (H,0:CO,=1:1) as deposited and after irradiation with 3x10'*
He* ions/cm?. The synthesis of carbonic acid is easily recognized; the bottom panel exhib-
its FTIR spectra of a thick layer (several micrometers) of pure CO, as deposited and after
implantation with 3x 10'> H* ions/cm? from which the formation of CO;, HCO and H,CO,
is evident.

The formation of carbonic acid is particularly relevant because it has been many times
suggested to be present at the surfaces of the Jovian moons (McCord et al. 1997; Carlson et
al. 2002, 2005; Johnson et al. 2004; Peeters et al. 2010). In addition carbonic acid is a pre-
cursor of other organic molecules (e.g. formaldehyde) and of carbonates when in presence
of Ca or Na bearing species.

Carbonic acid itself has been irradiated in the laboratory with energetic electrons (5 keV)
at a temperature of 80 K (Jones et al. 2014). The results indicate that energetic processing of
carbonic acid mainly produces CO, and H,O 1i.e. the same species used to form it. It is worth
mentioning that the re-produced carbon dioxide exhibits an IR band that very well matches
with that observed on Callisto (Jones et al. 2014).

Thus the “carbon cycle” is closed as schematically shown in Fig. 4: solid elemental car-
bon, in presence of water ice and subjected to energetic processing, produces carbon dioxide
that forms carbonic acid and other organics (and possibly carbonates) whose irradiation re-
produces carbon dioxide and solid carbon.

Fig. 3 Top panel: FTIR spectra
(1860—1250 cm™") of a mixture
H,0:CO, (1:1) as deposited and
after irradiation with 3x 10
He™" ions/cm?. Bottom panel:

—H,0:CO, 1:1 as depdsited (16 K)
- - - -after 3x10" 200 keV He'

006

FTIR spectra (in two spectral %_

regions) of a thick layer (several 9

micrometers) of pure CO, as © . L .
deposited and after implantation 2 Bl L ¢ 1e0
with 3x10'S H* fons/em? (Straz- Gy o, [CO: CO, as deposited 16 K

zulla et al. 2005)

3x10" 50 keV H'/cm’

_h.co,

L " 1 L 1 £ 1 - 1 " 1

2000
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Wavenumbers (cm™)
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Fig. 4 Schematic view of the “carbon cycle” as discussed in the text

3.2 N-bearing Species

At present, nitrogen bearing molecules have not been firmly detected in the solid phase
on the surface of icy Galilean satellites although the presence of CN bearing species on
Ganymede and Callisto has been suggested by McCord et al. (1997). This is probably due
to observational difficulties, however, their presence is highly probable. The presence in the
solid state is supported by the observation of a number of gaseous species in the exospheres
and in particular in the plumes of Enceladus (Waite et al. 2009) that include NH;, N,, and
HCN. It should be noted that the signal at mass 28u detected by the Cassini INMS assigned
to N, could be due also to CO. Based on these findings Teolis et al. (2017) suggested that
a Europa plume source, if present, might produce a global exosphere whose composition
would be similar to that of Enceladus. Let us assume that the nitrogen bearing species NH;,
N,, and HCN are present in the exosphere and, as a consequence, on the surface of Europa
and/or Ganymede and/or Callisto. Then the question relevant to this paper is if NH;, N,
and HCN can be “cycled” under the action of energetic processing. It is important to note
that N, is so volatile that cannot survive as a pure solid species on the icy surface of Jovian
satellites. It could however be formed “in situ” by ion (see e.g. the results obtained after
irradiation of ammonia ice by Parent et al. 2009) or electron (see e.g. the results obtained
after irradiation of NO, and mixtures NO:N,O by loppolo et al. 2020) bombardment and
remain trapped in a more refractory species.
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Experimental results have demonstrated that after ion irradiation of icy mixtures contain-
ing NHj; or N, mixed with oxygen bearing molecules (e.g. H,O and/or O,) and carbon bear-
ing species (e.g. CH,) a plethora of new species are formed that include CO, CO,, OCN™,
HCN and nitrogen oxides (N,0, NO, NO,) (e.g. Fedoseev et al. 2018).

It has been demonstrated in dedicated experiments (see Fig. 5 after Boduch et al. 2012)
that nitrogen oxides and carbon bearing molecules are also formed when the source of car-
bon is exogenous e.g. energetic carbon ions coming from the magnetosphere are implanted
in the icy surfaces. On the other hand, implantation of energetic nitrogen ions in pure water
ice does not produce detectable quantity of nitrogen oxides (Strazzulla et al. 2003b).

Nitrogen oxides and other N-bearing species are in turn processed by the same projectiles
but this does not induce a “cycle”. The original ammonia is not re-formed and the majority
of the most volatile species (hydrogen, N, and O,) are not retained in the ice at the tem-
peratures appropriate for the icy Galilean satellites (70—140 K). The only possibility for a
nitrogen cycle may be the case of nitrogen oxides: proton irradiation of NO, produces the
formation of NO (Fulvio et al. 2019); on the other hand, NO, is formed in irradiated NO ice
(Ioppolo et al. 2020). Similarly, irradiation of N,O produces NO (Fulvio et al. 2019), and
irradiation of NO induces the formation of N,O (Ioppolo et al. 2020).

The ESA JUICE mission will certainly provide a great step forward to the investigation
of the presence of nitrogen bearing species. Nitrogen oxides should be searched for because,
as said, they are easily formed after radiolysis of appropriate ice mixtures.

3.3 0-bearing Species (the H,0 case)

The cycles of many O-bearing species are discussed in the sections dedicated to C- N- and
S-bearing molecules (e.g. N-oxides, CO,, SO,). Thus in this section we discuss the case of
water ice.

Water ice is the dominant species on the surfaces of icy Galilean satellites. Each incom-
ing ion having energies between 10 and 1000 keV, breaks 10°~10° bonds along its track and
a number of new molecules can be formed per single incoming ion by recombination of
fragments of the irradiated species (e.g. H,0, in the case of water irradiation). In the case of

Flg. 5 FTIR spectra of a mixture éo ke\l’ 13C2" 'in H20:N2:0|2 T=15K L
H,0:N,:0,=1:1:1 at 15 K before |
and after implantation of 30 keV
13C2* jons. The continuum is due
to the interference pattern of the = 000 as deposited
‘IR beam that passes through the = after ion implantation i
icy film. (Note: the appearance 3 co,
of 12CO is due to the presence of £ il NO
12C0, contaminant) < ot ™~
2 = |1 !

a2l

S | N,O

® £ e

°Q ! /1 O

) I\ J Y~—<_ co

B [ ) / |
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water the large majority of the molecular fragments recombine to re-form water molecules.
The production of hydrogen peroxide increases exponentially and reaches an equilibrium at
about 1-2% into respect to water ice (Gomis et al. 2004). We can then consider the case of
water ice as instantaneous re-cycling that allows water ice to survive as such over energetic
processing. This is one of the (many) peculiar properties of water. In contrast, the same does
not occur for ammonia or methane: ammonia irradiation produces N, and loss of hydrogen
(e.g. Parent et al. 2009); methane irradiation produces polymerization and species of pro-
gressively higher molecular weight (e.g. Foti et al. 1984).

3.4 S-bearing Species

The sulfur bearing species that have been identified or suggested to be present on the sur-
faces of the icy satellites of Jupiter include sulfur dioxide (SO,), sulfuric acid (H,SO,),
sulfates such as MgSO,.6(H,0) and Na,Mg(SO,),.4(H,0), and elemental sulfur (e.g. Ligier
et al. 2019; Carlson et al. 1999a).

A large number of experiments have been performed to study energetic processing of
S-bearing frozen species. Similarly to what was done with CO,, also the potential formation
of SO, has been investigated with two kinds of experiments that have been conducted: (i)
irradiation of water ice on top of sulfurous solid materials and (ii) implantation of energetic
sulfur ions in water ice.

Ion irradiation of thin water ice layers deposited on top of a solid sulfurous material has
not given evidence of an efficient formation of SO, (Gomis and Strazzulla 2008). Only an
upper limit has been obtained that lead those authors to conclude that radiolysis of mixtures
of water ice and refractory sulfurous materials is not the primary formation mechanism
responsible for the SO, presence on the surfaces of the icy Galilean satellites.

Experiments of sulfur ion implantation in water ice have been performed by using
200 keV singly ionized ions (Strazzulla et al. 2007) and 35-176 keV S (q=7, 9, 11) multi-
charged ions (Ding et al. 2013).

Figure 6 shows the spectra of water ice deposited at 80 K before and after implantation
of 105 keV S”* ions. The experimental results indicate that implantation produces hydrated
sulfuric acid with high efficiency (for the bands assignment see Table 2). The yields (mol-

Fig.6 FTIR spectra T i ) " : ' J
(1250—1000 cm™ ) of water - 105 keV 8™ in H,0 T=80 K
ice as deposited at 80 K and 0.06 |- 4
after implantation of 105 keV N
S7* at two different ion fluences [ y
(ions/cm?) 005 - i ——— e 7
£
[7] R
T 004 | - 4
o 4
2
O o003} as deposited g
~~~~~~~~~ 4.8x10'*/cm’ ,
0.02 |- 9.6x10'%cm’ R
1 1 Il 1
1200 1150 1100 1050

Wavenumbers (cm™)
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ecules produced/ion) range from 0.12 for 35 keV ions to 0.64 for 200 keV ions. No evidence
for the formation of SO, and H,S has been found.

The results indicate also that sulfur ion implantation cannot explain the presence of SO,
as it was proposed before (Lane et al. 1981; Noll et al. 1995, 1997; McCord et al. 1997).
Nevertheless, it is the dominant formation mechanism of hydrated sulfuric acid at Europa as
suggested before (Carlson et al. 1999a, 2002).

Further experiments have been conducted by irradiating either pure SO, or SO, mixed
with other species such as water ice (Moore et al. 2007; Kafiuchova et al. 2017). An example
of the obtained results is given in Fig. 7 that shows the FTIR spectra (1300—850 cm™!) of
a H,0:S0, (1:1) mixture at 80 K before and after irradiation (3.5x 10'* He* ions/cm?). For
comparison the sulfuric acid band observed after S implantation in water ice is also shown
(arbitrary units).

From Fig. 7 we see that the intensity of the two SO, bands (at 1325 and 1150 cm™")
decreases after irradiation and a number of species are produced as testified by the appear-
ance of new bands in the spectrum. The identified species are listed in Table 2. It is also
relevant to note that the experiments conducted by different laboratories evidenced the for-
mation of a sulfurous residue (often called elemental sulfur) after irradiation of SO, bearing
ices (Moore et al. 2007; Kanuchova et al. 2017).

It is interesting to note that the IR signatures in the 1150—1000 cm™ ! region due to sulfur
implantation are different from those observed after irradiation of H,0:SO, mixtures (see
Fig. 7; Table 2) and thus the two processes are potentially distinguishable by astronomical
observations with e.g. James Webb Space Telescope.

The idea of the radiolytic sulfur cycle isn’t new (see e.g. Figure 1 in Carlson et al. 2002).
The results discussed in this paper confirm and extend the possibility of the cycle. A signifi-
cant difference is the role of implanted sulfur that prevalently forms sulfuric acid and not
SO, as previously thought.

In summary the “sulfur cycle” is schematically shown in Fig. 8. The cycle needs, how-
ever, a source of SO, at the surface of the icy satellites that could be endogenic (e.g. cryo
volcanism) or exogenic (e.g. SO, coming from o). Sulfur ion implantation produces abun-
dant sulfuric acid and possibly other sulfates that are also produced by ion irradiation of

Fig.7 FTIR spectra e d " L
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Table 2 Peak position and as-
signment of the bands identi-
fied in the spectra of various
S-bearing samples discussed in
the text

Fig. 8 Schematic view of the so
called “sulfur cycle” as discussed

in the text

Peak Assignment  Process/Ice Ref.
position
cm™!
982 SO,*" H* — H,0:80,  Moore et al. (2007)
1044 HSO;7, He'* — H,0:S0, Kaiiuchova et al.
HSO,~ (2017)
1052 HSO,~ H* > H,0:50,  Moore et al. (2007)
1070 S0, implantation, S’ Ding et al. (2013)
— H,0
1105 HSO,~ implantation, S’ Ding et al. (2013)
— H,0
1110 S0, H* > H,0:50, Moore et al. (2007)
1120 SO,2? He* — H,0:S0, Kafiuchova et al.
(2017)
1135 H,S0, implantation, S’*  Ding et al. (2013)
— H,0
1200 poly SO; He" — H,0:S0, Kafuchova et al.
(2017)
1235 HSO;™, H*— H,0:80,  Moore et al. (2007)
HSO,~

Sulfuric

acid and
sulfates

SO,. Solid elemental sulfur is in turn a residue of the irradiation processes of the other sulfur

species.

4 Conclusions

In this paper we have re-analyzed several experiments performed in the laboratories of
Catania (Italy) and Caen (France) concerning the chemical and physical effects induced by
bombardment of energetic ions on frozen gases relevant to the surface of icy Galilean satel-
lites. In particular the discussed results give a comprehensive picture of elemental cycles

driven by those processes.
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We believe that the results will be useful in the immediate to interpret the observations
that are presently coming from JWST and to prepare at best the observational plan of the
instrument MAJIS on board of the European mission JUICE.

One of the objective of the present and future observations will be the study of the abun-
dance and distribution of frozen CO, on the surfaces of the icy satellites and the results
presented here would significantly contribute to understand its origin (endogenous vs. exog-
enous) and drive the search for the other species of the here proposed carbon cycle.

In the case of Europa a fundamental observational effort would be the spectral search
for the sulfuric acid features. If detected the experimental results described here would give
clues on its formation mechanism (e.g. sulfur implantation vs. SO, precursor).

At the time of the preparation of this manuscript, only the NIRSpec (0.6-5 pm) instrument
on board JWST has already observed Europa and Callisto (and Enceladus in the Saturnian
system). The spectra relative to Europa have been processed and the first results submitted
for publication (Villanueva et al. 2023b).
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