
1.  Introduction
Sulfur is a ubiquitous element in the cosmos and is an important participant in many biochemical, atmospheric, 
and geochemical processes (Mifsud, Kaňuchová, et al., 2021). Within our own Solar System, sulfur astrochemis-
try is perhaps best associated with the Galilean moon system of Jupiter. The innermost of the Galilean moons, Io, 
is the most volcanically active celestial body in the Solar System; emitting approximately one tonne of sulfurous 
molecules per second (Thomas et al., 2004). Some of these molecules are subsequently stripped from the Ionian 
exosphere and dissociated and ionized within the Jovian magnetosphere, whereupon the resultant sulfur ions may 
interact with the surfaces of the other, icy Galilean moons (Cooper et al., 2001). The detection of SO2 ice on the 
trailing hemisphere of Europa by the International Ultraviolet Explorer spacecraft (Lane et al., 1981) led many 
researchers to suggest that an influx of magnetospheric sulfur ions could contribute to its formation there as part 
of a wider radiolytic sulfur cycle (Carlson et al., 1999), in which sulfur is chemically transformed to various 
molecular forms as a result of its interaction with ionising radiation.

Indeed, the distribution of SO2 on the Europan trailing hemisphere is such that it adopts a so-called bulls-eye 
pattern (Becker et al., 2022; Carlson et al., 2005; Hendrix et al., 2011). This is suggestive of an exogenic sulfur 
source in which magnetospheric sulfur ions implanting into the surface ices yield SO2 as a primary product. 
However, laboratory experiments considering the implantation of such ions into H2O ices, which represent the 
dominant icy species at the surface of Europa, have thus far failed to detect any SO2 among the radiolytic prod-
ucts. Instead, H2SO4 and its hydrates are efficiently formed (Ding et al., 2013; Strazzulla et al., 2007, 2009). 
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Plain Language Summary  SO2 ice is known to exist at the surface of one of Jupiter's moons; 
Europa. However, the method by which this ice forms is still uncertain. Due to the orbit of Europa being 
within the giant magnetosphere of Jupiter, it has been proposed that sulfur ions within the magnetosphere 
could implant into the cold surface ices on Europa and subsequently react to form SO2. However, laboratory 
experiments looking into the implantation of such ions into H2O ice (the dominant ice on Europa's surface) and 
CO2 ice have either failed to yield SO2 or have provided inconclusive results. We have therefore performed an 
experiment in which we have implanted high-energy sulfur ions into CO2 ice at two temperatures. Our results 
indicate that such implantations are unlikely to be the mechanism by which the SO2 on Europa is formed, and 
that other chemical processes should be considered instead.
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Computational simulations have also been unsuccessful in demonstrating a reasonable reaction pathway by which 
sulfur ion implantations yield SO2 as a primary product (Anders & Urbassek, 2019a, 2019b).

Sulfur ion implantations into other oxygen-bearing ices known to be present on the surface of Europa have also 
been considered more recently. Lv et al. (2014) performed experiments that demonstrated that such implantations 
into pure CO and CO2 ices at 15 K did indeed yield SO2, and proposed that a geologically reasonable time-scale 
of 2 × 10 4 years is sufficient to produce the abundance of SO2 observed on Europa. However, this estimation 
relied on the assumption that sulfur ion implantation experiments carried out at 15 K are representative of anal-
ogous processes occurring on the surface of Europa, which is characterized by significantly higher temperatures 
(Ashkenazy, 2019). Follow-up studies by Boduch et al. (2016) did not detect SO2 after the implantation of sulfur 
ions into pure CO2 ice at 16 K, clearly contrasting with the previous results of Lv et al. (2014). It should be noted, 
however, that Boduch et al. (2016) made use of ultraviolet absorption spectroscopy as their product detection 
method, and it is therefore possible that the formation of any SO2 was masked by the stronger absorptions of 
sulfur oxyanions which were detected after implantation. Nonetheless, it is apparent that the question of a possi-
ble exogenic sulfur source for SO2 on the surface of Europa remains an open one.

We have therefore made an experimental attempt to address the possibility of SO2 formation as a result of sulfur 
ion implantation into a carbon oxide ice. In this letter, we present the results of high-fluence (>10 16 ions cm −2) 
implantations of 290 keV S + ions into pure CO2 ices at 20 and 70 K. By performing our experiment at two 
different temperatures (one that is similar to previous experimental work conducted in this field, and one that is 
relevant to some of the colder Europan surface ices at the mid- to high-latitudes), we have been able to determine 
the influence of temperature on the radiation chemistry taking place within our ices and thus extend the results 
described by previous studies. Our results and their implications are discussed in light of the radiolytic chemistry 
present on the Europan surface.

2.  Materials and Methods
Our experiments were carried out using the Ice Chamber for Astrophysics-Astrochemistry (ICA) located at the 
Institute for Nuclear Research (Atomki) in Debrecen, Hungary. The technical details of this set-up have been 
extensively described in previous publications (Herczku et al., 2021; Mifsud, Juhász, et al., 2021), and so only 
a short overview is provided here. The ICA is an ultra-high vacuum compatible steel chamber containing a 
gold-coated oxygen-free copper sample holder at its center. This sample holder is able to host a maximum of 
four ZnSe substrates on which astrophysical ice analogs may be prepared. The substrates may be cooled to 20 K 
using a closed-cycle helium cryostat, although an operational temperature range of 20–300 K is available. The 
base pressure of the chamber is maintained in the region of a few 10 −9 mbar by the combined use of a dry rough 
vacuum pump and a turbomolecular pump. The chamber is also connected to a 2 MV Tandetron accelerator (Biri 
et al., 2021; Rajta et al., 2018) which allows ion beams to be delivered to the prepared astrophysical ice analogs at 
a nominal incidence angle of 36° to the normal. A simplified schematic diagram of the ICA is given in Figure 1.

CO2 ices were prepared on the ZnSe substrates at 20 and 70 K via background deposition of the gas (Linde, 
99.995% purity), which was dosed into the main chamber through an all-metal needle valve at a chamber pres-
sure of a few 10 −6 mbar. Ice growth and processing were monitored in situ using Fourier-transform mid-infrared 
(FTIR) transmission absorption spectroscopy over a spectral range of 4,000–650 cm −1 using a nominal resolution 
of 1 cm −1. Acquired FTIR spectra of the CO2 ices allowed for quantitative measurements of their molecular 
column densities N (molecules cm −2) to be made by using Equation 1:

𝑁𝑁 =
∫ 𝜏𝜏(𝜈𝜈) d𝜈𝜈

𝐴𝐴𝑣𝑣

=
𝑃𝑃 ln(10)

𝐴𝐴𝑣𝑣

� (1)

where τ (ν) is the optical depth of the molecular ice at a given wavenumber (cm −1), Aν is the integrated band 
strength constant for the infrared absorption band over which Equation 1 is integrated (cm molecule −1), and P is 
the measured area of this absorption band (cm −1). The molecular column density of a deposited ice may be related 
to its thickness d (μm) through Equation 2:

𝑑𝑑 = 10
4 𝑁𝑁𝑁𝑁

𝑁𝑁A𝜌𝜌
� (2)
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where Z and ρ are respectively the molar mass (44  g  mol −1) and density 
(ρ20 K = 0.98 g cm −3; ρ70 K = 1.48 g cm −3) of the deposited CO2 ice (Satorre 
et al., 2008), and NA is the Avogadro number (6.02 × 10 23 molecules mol −1).

The most prominent infrared absorption feature of condensed CO2 is the 
asymmetric stretching mode at around 2,343  cm −1 (Isokoski et  al.,  2013; 
Mifsud et al., 2022a). However, this band saturates fairly quickly during ice 
deposition; indeed, saturation occurs before the ice reaches a suitable thick-
ness for ion implantation to be performed. Therefore, we have made use of 
the less intense absorption band related to the asymmetric stretching mode 
of the  13CO2 isotopologue at around 2,283  cm −1 to quantify the column 
densities and thicknesses of the deposited ices. To do this, a FTIR spectrum 
of the depositing ice was acquired just prior to the saturation of the  12CO2 
asymmetric stretching mode and the column density ratio of the  12CO2 
and  13CO2 isotopologues was measured using Equation 1 assuming Aν for 
the  asymmetric stretching modes of these isotopologues to be 7.6 × 10 −17 and 
7.8 × 10 −17 cm molecule −1, respectively (Gerakines et al., 1995). Continued 
deposition then resulted in the saturation of the  12CO2 asymmetric stretching 
mode, after which the measured  13CO2 column densities were used in combi-
nation with the experimental isotopologue abundance ratio to determine the 
total molecular column densities of the deposited ices as well as their thick-
nesses (Equation 2). A similar approach had been previously adopted by Lv 
et al. (2014).

Pure CO2 ices were deposited to thicknesses of about 3 μm. This thickness is greater than the penetration depths of 
the projectile 290 keV S + ions supplied by the Tandetron accelerator as calculated using the Stopping and Range 
of Ions in Matter (SRIM) program (0.8–1.1 μm; Ziegler et al., 2010), thus ensuring implantation of the ions into 
the ices. Once an ice was deposited to this desired thickness, a pre-irradiation FTIR spectrum was acquired after 
which the ice was exposed to the ion beam with further spectra acquired at pre-defined fluence steps until a total 
fluence of >10 16 ions cm −2 was implanted. During implantation, however, it was noted that sputtering resulted 
in a gradual thinning of the ice. To compensate for this sputtering, a simultaneous deposition-irradiation method 
was used. In this method, after initial deposition of the ice to a thickness of 3 μm, the ices were irradiated by 
the S + ion beam with concurrent background deposition of more CO2 occurring at a chamber pressure of about 
10 −5 mbar. Both irradiation and deposition were halted during FTIR spectral acquisition. We do not anticipate 
the use of this simultaneous deposition-irradiation method to impact the chemical evolution of our ices any 
differently to what would be expected under standard ion implantation conditions, and have provided evidence 
supporting this claim in the Appendix A section of this letter.

3.  Results and Discussion
In this study, the implantation of 290 keV S + ions into CO2 ices at 20 and 70 K was investigated with the aim of 
determining whether such a mechanism could account for the formation of SO2 on the cold surface of Europa. 
CO2 ice is a minor component of the Europan surface (Hansen & McCord, 2008), having an estimated abundance 
of 0.036% by number relative to H2O (Hand et al., 2007). As such, it is likely to interact to at least some extent 
with incident magnetospheric sulfur ions. The fluxes of keV-MeV S n+ ions vary between 2 × 10 6 and 10 8 ions 
cm −2 s −1, depending on the location on the surface of Europa (Dalton et al., 2013). Therefore, a fluence of 10 16 
ions cm −2 as was supplied in this study could be expected to be delivered to the Europan surface within 160 years.

The implantation of 290 keV S + ions into CO2 ice at 20 K resulted in the appearance of several new absorption 
features in the FTIR spectrum (Figure 2). In particular, two new bands were observed at 1,336 and 1,150 cm −1 
which we have respectively attributed to the asymmetric and symmetric stretching modes of SO2 (Gomis & 
Strazzulla, 2008; Sandford et al., 1991). These absorption bands are, however, fairly small and are located in 
a region of the spectrum where several other, more intense absorption bands are also present. In light of this, 
we have performed two control experiments so as to be confident in our detection of SO2. First, we compared 
the wavenumber peak positions of these bands with those of SO2 in an unirradiated CO2:SO2 (6:1) ice mixture 
(Figure  2), and found a very good agreement (within 1  cm −1) with the suspected SO2 band positions in the 

Figure 1.  Simplified top-view schematic diagram of the Ice Chamber for 
Astrophysics-Astrochemistry set-up. Implantations of S + ions were performed 
using the arrangement shown here, with ions impacting the ice targets at 
angles of 36° to the normal. The Fourier-transform mid-infrared spectroscopic 
beam, detected by an external mercury-cadmium-telluride detector, remained 
orthogonal to the substrates and ices. Other attachments to the side of the 
chamber (e.g., Faraday cups, pressure gauges, etc.) are omitted for clarity.
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irradiated ice. Second, we implanted a similar fluence of 300 keV He + ions into pure CO2 ice at 20 K under simi-
lar experimental conditions. After such implantations, absorption bands due to the sulfur chemistry initiated by 
the implantation of S + ions would be absent while all other bands produced as a result of the energetic processing 
of the ice would still be present. This outcome was indeed observed, with the bands at 1,336 and 1,150 cm −1 not 
being observed at any point during the implantation of the He + ions.

The mechanistic chemistry leading to the formation of SO2 is presumed to proceed after the neutralization of the 
implanted sulfur ion. As the ion traverses the ice it dissipates energy into its surroundings resulting in the dissoci-
ation of CO2 to CO and an oxygen atom (Pilling et al., 2022). The neutralized sulfur ion may then react with one 
such oxygen atom to produce SO (Tevault & Smardzewski, 1978); alternatively, SO may result from the abstrac-
tion of an oxygen atom from a surviving CO2 molecule by the neutralized sulfur ion (Froese & Goddard, 1993). 
SO is a very reactive species, and so will rapidly oxidize to yield SO2 (Herron & Huie, 1980; Rolfes et al., 1965).

Interestingly, when the implantation of 290 keV S + ions was performed at 70 K, no SO2 was detected in the FTIR 
spectrum (Figure 3). Indeed, this spectrum shows significantly fewer absorption bands than does its 20 K coun-
terpart. One striking difference is the size of the absorption band due to the asymmetric stretching mode of O3 
located at about 1,041 cm −1 (Chaabouni et al., 2000). In the 20 K spectrum (Figure 2), this band is very intense 
and is indicative of the efficient formation of O3 in the irradiated CO2 ice (Mifsud et al., 2022a, 2022b). In the 
70 K spectrum (Figure 3), however, this band is significantly smaller, suggesting an inefficient O3 formation path-
way. It is this observation that gives us an insight into why the formation of SO2 as a result of S + ion implantation 
into condensed CO2 is favorable at 20 K, but not at 70 K.

The energetic processing of CO2 ice by ions, electrons, and ultraviolet photons is known to yield several 
oxygen-bearing products, including O3 (Martín-Doménech et  al.,  2015; Mifsud et  al.,  2022a; Sivaraman 
et  al.,  2013). The formation of this radiolytic product is, however, dependent upon the prior synthesis of O2 
within the ice which then furnishes O3 upon the barrierless addition of a supra-thermal oxygen atom. In our 
20 K experiment, the O2 is stable within the ice as the experimental temperature is lower than its sublimation 

Figure 2.  Fourier-transform mid-infrared (FTIR) spectra of condensed CO2 before (black trace) and after (red trace) the 
implantation of 290 keV S + ions at 20 K. Also shown are the FTIR spectra acquired during control experiments, including an 
unirradiated CO2:SO2 (6:1) ice mixture at 20 K (blue trace) and a CO2 ice after the implantation of 300 keV He + ions at 20 K 
(green trace). The stopping powers of the S + and He + ions in the CO2 ice are respectively 4.33 and 9.74 eV Å −1, while the 
radiation doses supplied after delivering 10 16 ions cm −2 are 325 and 730 eV per CO2 molecule. Note that the spectra of the 
irradiated ices are difference spectra yielded after the subtraction of the “as deposited” spectra.
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temperature, and so O3 formation may occur efficiently. Indeed, O3 is one of the major products of this implan-
tation process (Figure 2). In the 70 K experiment, however, it is evident that O2 sublimation from the ice is fairly 
efficient (Jones et al., 2014), thus effectively depleting the ice of its oxygen content. The result of this is that 
there are fewer oxygen atoms available within the bulk ice that may react with the implanted sulfur to yield SO2, 
thus explaining the absence of this latter species at 70 K. Previous studies have suggested that otherwise volatile 
molecules such as O2 may be stabilized at temperatures beyond their sublimation point via their encapsulation 
within clathrate-like structures (Hand et al., 2006). We speculate that, in our experiments, any such CO2-based 
clathrate-like structures may not have been sufficiently stable to retain O2 due to the fact that CO2 is itself a 
volatile species. The presence of a radiolytically-derived tenuous O2 exosphere on Europa (Milillo et al., 2016) is 
consistent with this interpretation.

Our results build upon and extend the previous findings of Lv et al. (2014) and Boduch et al. (2016). In their 
study, Lv et al. (2014) implanted multiply charged sulfur ions into condensed CO and CO2 at 15 K, and recorded 
the formation of SO2 in each ice. Based on their reported SO2 formation efficiency of 0.38 molecules ion −1 for 
the implantation of 90 keV S 9+ ions into CO2 ice, Lv et al. (2014) suggested that the observed abundances of 
SO2 on Europa could be formed within a geologically reasonable time-scale of 2 × 10 4 years. This result was not 
reproduced in the later study by Boduch et al. (2016), who did not observe any SO2 in the ultraviolet absorption 
spectra of CO2 ice into which 144 keV S 9+ ions had been implanted at 16 K. This non-detection was ascribed 
to one of two reasons: either the accumulated column density of SO2 formed as a result of ion implantation was 
below the spectroscopic detection limits of their instrument, or else the absorption bands attributable to SO2 were 
masked by the intense absorptions of sulfur oxyanions such as SO3 −.

The results of this present study suggest that, although the formation of SO2 as a result of sulfur ion implanta-
tion into CO2 ice is indeed possible at low temperatures (15–20 K), this is not true for higher temperatures more 
representative of the surface of Europa, such as the 70 K temperature considered here. This is actually a some-
what unexpected result, as other ion implantation processes in which the implanted ion is incorporated into an 
oxygen-bearing product molecule have been shown to be unaffected by changes in the experimental temperature 
(Ding et al., 2013; Lv et al., 2012). We conclude, therefore, that sulfur ion implantation into CO2 ices at the surface 

Figure 3.  Fourier-transform mid-infrared (FTIR) spectra of condensed CO2 before (black trace) and after (red trace) the 
implantation of 290 keV S + ions at 70 K. Also shown is the FTIR spectrum of an unirradiated CO2:SO2 (6:1) ice mixture at 
20 K (blue trace). Note that the spectrum of the irradiated ice is a difference spectrum yielded after the subtraction of the “as 
deposited” spectrum.
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of Europa is not an efficient mechanism by which the SO2 observed on the surface may form. This is consistent 
with the lack of association in the spatial distributions of SO2 and CO2 ices on Europa (Hansen & McCord, 2008). 
Other formation mechanisms must therefore be considered instead. The correlation in the distribution of SO2 and 
H2SO4 hydrates on the surface of Europa, as well as their bulls-eye patterns, hints at a related synthetic chemistry. 
Indeed, an early study by Hochanadel et al. (1955) demonstrated that the irradiation of concentrated H2SO4 solu-
tion yielded SO2, and a similar result was more recently observed by Loeffler et al. (2011) for condensed H2SO4 
and its hydrates at low temperatures. Therefore, it is reasonable to suggest that the implantation of sulfur ions into 
the Europan H2O surface ices yields H2SO4 hydrates (Ding et al., 2013; Strazzulla et al., 2007, 2009), which are 
then dissociated to yield SO2 upon further irradiation. It is also possible that alternative formation mechanisms, 
such as the radiolytic decomposition of sulfate minerals (McCord et  al.,  2001) and the implantation of cold 
(sub-keV) magnetospheric sulfur ions into the Europan surface ice (Becker et al., 2022), may further contribute 
to the presence of SO2.

4.  Conclusions
In this letter, we present the results of a study considering the implantation of 290 keV S + ions into condensed 
CO2 at 20 and 70 K as a possible mechanism by which the SO2 ice on the surface of Europa may form. We have 
found that, although SO2 is observed amongst the radiolytic products after implantation of the ions into CO2 ice 
at 20 K, it is not observed after implantation at 70 K; a temperature more relevant to the Europan surface. We 
have attributed this to the fact that, at this higher temperature, any O2 formed as a result of the combination of 
radiolytically-derived oxygen atoms will efficiently sublime from the bulk ice, thus depleting it of the oxygen 
necessary for SO2 synthesis. Based on the results of previous studies that have demonstrated the efficient synthe-
sis of H2SO4 and its hydrates after sulfur ion implantation into H2O ice, as well as the observed spatial correlation 
between these hydrates and SO2 on the surface of Europa, we suggest that a possible major source of SO2 may 
be the radiolytic dissociation of H2SO4 hydrates, themselves formed as a result of the implantation of sulfur ions 
into the Europan surface.

Appendix A:  Justification of the Experimental Methodology
The above experiment made use of a simultaneous deposition-irradiation system in which pure CO2 ices were 
first deposited to a thickness of about 3 μm, after which the ices were irradiated with a 290 keV S + ion beam 
with concurrent background deposition of further CO2 ice at a chamber pressure of 10 −5 mbar. It is possible that 
the interaction of the ion beam with gas-phase CO2 molecules may result in the formation of fragment species 
that may then deposit onto the growing ice and potentially influence any solid-phase radiation chemistry occur-
ring there. However, under the experimental conditions described above, we consider the incorporation of such 
fragments into the depositing ice to be a negligible process and we provide calculations to support this statement 
herein.

The expected number ne of CO2 molecules undergoing fragmentation as a result of their collision with S + ions 
(molecules ion −1) is given as:

𝑛𝑛e = 𝜎𝜎𝜎𝜎𝜎𝜎mol� (A1)

where σ is the fragmentation cross-section of the molecule (cm 2 ion −1), L is the pathlength of the ion in the cham-
ber before it collides with the ice layer (cm), and ρmol is the molecular gas density (molecules cm −3). A value for 
this latter term may be calculated by first considering the Ideal Gas Law, which gives the ratio of the amount of 
gas present n (mol) to its volume V (cm 3) to be:

𝑛𝑛

𝑉𝑉
=

𝑃𝑃

𝑅𝑅𝑅𝑅
= 4 × 10

−7
molm

−3� (A2)

where P is the gas pressure (Pa; 10 −5 mbar = 10 −3 Pa), R is the molar gas constant (8.314 J K −1 mol −1) and T 
is the temperature of the gas which we have taken to be 298 K (i.e., room temperature). Converting this value 
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to the molecular gas density ρmol (molecules cm −3) may be achieved by multiplying by the Avogadro number 
(6.02 × 10 23 molecules mol −1):

𝜌𝜌mol = 𝑁𝑁A

𝑛𝑛

𝑉𝑉
= 2.4 × 10

17
moleculesm

−3
= 2.4 × 10

11
molecules cm

−3� (A3)

Assuming that σ  =  10 −15  cm 2 ion −1 (Mejía et  al.,  2015) and taking L  =  20  cm (known from the geometry 
of the chamber) and substituting into Equation A1, a value of 4.8 × 10 −3 molecules ion −1 may be calculated 
for ne. Consider now the rate of ion delivery to the ICA chamber, rion (ions  s −1): this may be determined by 
taking the ratio of the nominal S + beam current (I = 100 nA) to the Coulombic charge of the projectile S + ions 
(q = 1.602 × 10 −19 C). This yields a value of 6.2 × 10 11 ions s −1 for rion. The rate of molecular dissociation to yield 
fragments, rdiss (molecules s −1) is therefore given as:

𝑟𝑟diss = 𝑛𝑛e𝑟𝑟ion = 3 × 10
9

molecules s
−1� (A4)

The pumping speed of the turbomolecular pump maintaining the vacuum in the ICA is 400 L s −1 (equivalent to 
0.4 m 3 s −1). Such a value is valid for N2; however, the pumping speed of CO2 gas S is estimated to be 90% of 
this value and is thus 0.36 m 3 s −1. By once again making use of the Ideal Gas Law, the partial pressure of those 
molecules undergoing dissociation due to interaction with the S + beam, Pp, may be given as:

𝑃𝑃𝑝𝑝 =
𝑟𝑟diss𝑅𝑅𝑅𝑅

𝑆𝑆𝑆𝑆A

= 3.4 × 10
−11

Pa = 3.4 × 10
−13

mbar� (A5)

Following Dalton's Law of Partial Pressures, the ratio of the total number of gas-phase CO2 molecules in the 
chamber at any one time to the number of dissociated CO2 molecules is in excess of 3 × 10 7. As such, it is highly 
unlikely that the fragments formed by molecular interaction with the S + ion beam could contribute in any signif-
icant way to the radiation chemistry and physics occurring within the irradiated bulk ice (for which the column 
density is in excess of 4 × 10 18 molecules cm −2), even if all the fragments formed were to deposit and be incorpo-
rated into the ice (a scenario which in of itself is unlikely, since at least some of the fragments should be pumped 
out of the chamber by the turbomolecular and dry rough vacuum pumps before they can condense). Therefore, we 
conclude that the simultaneous deposition-irradiation method used in this study was appropriate.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
The raw spectroscopic data collected during experimentation is available on the Mendeley Data online reposi-
tory: https://doi.org/10.17632/zr2mdbk5dt.1 (Mifsud et al., 2022c). Data analysis was performed using the Orig-
inPro 2018 software: https://www.originlab.com/.

References
Anders, C., & Urbassek, H. M. (2019a). Energetic sulphur ion impacts into cometary ice surfaces: A molecular dynamics study. Monthly Notices 

of the Royal Astronomical Society, 482(2), 2374–2388. https://doi.org/10.1093/mnras/sty2770
Anders, C., & Urbassek, H. M. (2019b). High-energy ion impacts into the sulphur-bearing ice surface of Europa: An atomistic study of chemical 

transformations. Astronomy and Astrophysics, 625, 140. https://doi.org/10.1051/0004-6361/201935367
Ashkenazy, Y. (2019). The surface temperature of Europa. Heliyon, 5(6), e01908. https://doi.org/10.1016/j.heliyon.2019.e01908
Becker, T. M., Trumbo, S. K., Molyneux, P. M., Retherford, K. D., Hendrix, A. R., Roth, L., et al. (2022). Mid-ultraviolet hubble observations of 

Europa and the global surface distribution of SO2. Planetary Science Journal, 3(6), 129. https://doi.org/10.3847/PSJ/ac69eb
Biri, S., Vajda, I. K., Hajdu, P., Rácz, R., Csík, A., Kormány, Z., et al. (2021). The atomki accelerator centre. European Physical Journal Plus, 

136(2), 247. https://doi.org/10.1140/epjp/s13360-021-01219-z
Boduch, P., Brunetto, R., Ding, J. J., Domaracka, A., Kaňuchová, Z., Palumbo, M. E., et al. (2016). Ion processing of ices and the origin of SO2 

and O3 on the icy surfaces of the icy Jovian satellites. Icarus, 277, 424–432. https://doi.org/10.1016/j.icarus.2016.05.026
Carlson, R. W., Anderson, M. S., Mehlman, R., & Johnson, R. E. (2005). Distribution of hydrate on Europa: Further evidence for sulphuric acid 

hydrate. Icarus, 177(2), 461–471. https://doi.org/10.1016/j.icarus.2005.03.026
Carlson, R. W., Johnson, R. E., & Anderson, M. S. (1999). Sulphuric acid on Europa and the radiolytic sulphur cycle. Science, 286(5437), 97–99. 

https://doi.org/10.1126/science.286.5437.97
Chaabouni, H., Schriver-Mazzuoli, L., & Schriver, A. (2000). Infrared spectroscopy of neat solid ozone and that of ozone in interaction with 

amorphous and crystalline water ice. Journal of Physical Chemistry A, 104(30), 6962–6969. https://doi.org/10.1021/jp0008290

Acknowledgments
The authors acknowledge support from 
the Europlanet 2024 RI which has 
received funding from the European 
Union's Horizon 2020 Research Innova-
tion Programme under grant agreement 
No. 871149. The main components of 
the ICA set-up were purchased using 
funds from the Royal Society obtained 
through Grants UF130409, RGF/
EA/180306, and URF/R/191018. Further 
developments of the installation were 
supported in part by the Eötvös Loránd 
Research Network through Grants ELKH 
IF-2/2019 and ELKH IF-5/2020. This 
work has also received support from 
the European Union and the State of 
Hungary; co-financed by the European 

 19448007, 2022, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100698 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [28/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.17632/zr2mdbk5dt.1
https://www.originlab.com/
https://doi.org/10.1093/mnras/sty2770
https://doi.org/10.1051/0004-6361/201935367
https://doi.org/10.1016/j.heliyon.2019.e01908
https://doi.org/10.3847/PSJ/ac69eb
https://doi.org/10.1140/epjp/s13360-021-01219-z
https://doi.org/10.1016/j.icarus.2016.05.026
https://doi.org/10.1016/j.icarus.2005.03.026
https://doi.org/10.1126/science.286.5437.97
https://doi.org/10.1021/jp0008290


Geophysical Research Letters

MIFSUD ET AL.

10.1029/2022GL100698

8 of 9

Cooper, J. F., Johnson, R. E., Mauk, B. H., Garrett, H. B., & Gehrels, N. (2001). Energetic ion and electron irradiation of the icy galilean satellites. 
Icarus, 149(1), 133–159. https://doi.org/10.1006/icar.2000.6498

Dalton, J. B., Cassidy, T., Paranicas, C., Shirley, J. H., Prockter, L. M., & Kamp, L. W. (2013). Exogenic controls on sulphuric acid hydrate 
production at the surface of Europa. Planetary and Space Science, 77, 45–63. https://doi.org/10.1016/j.pss.2012.05.013

Ding, J. J., Boduch, P., Domaracka, A., Guillous, S., Langlinay, T., Lv, X. Y., et al. (2013). Implantation of multiply charged sulphur ions in water 
ice. Icarus, 226(1), 860–864. https://doi.org/10.1016/j.icarus.2013.07.002

Froese, R. D. J., & Goddard, J. D. (1993). Ab initio studies of the lowest singlet and triplet potential energy surfaces of CO2S. Molecular Physics, 
79(4), 685–697. https://doi.org/10.1080/00268979300101541

Gerakines, P. A., Schutte, W. A., Greenberg, J. M., & van Dishoeck, E. F. (1995). The infrared band strengths of H2O, CO, and CO2 in laboratory 
simulations of astrophysical ice mixtures. Astronomy and Astrophysics, 296, 810.

Gomis, O., & Strazzulla, G. (2008). Ion irradiation of H2O ice on top of sulphurous solid residues and its relevance to the galilean satellites. 
Icarus, 194(1), 146–152. https://doi.org/10.1016/j.icarus.2007.09.015

Hand, K. P., Carlson, R. W., & Chyba, C. F. (2007). Energy, chemical disequilibrium, and geological constraints on Europa. Astrobiology, 7(6), 
1006–1022. https://doi.org/10.1089/ast.2007.0156

Hand, K. P., Chyba, C. F., Carlson, R. W., & Cooper, J. F. (2006). Clathrate hydrates of oxidants in the ice shell of Europa. Astrobiology, 6(3), 
463–482. https://doi.org/10.1089/ast.2006.6.463

Hansen, G. B., & McCord, T. B. (2008). Widespread CO2 and other non-ice compounds on the anti-Jovian and trailing sides of Europa from 
galileo/NIMS observations. Geophysical Research Letters, 35(1), L01202. https://doi.org/10.1029/2007GL031748

Hendrix, A. R., Cassidy, T. A., Johnson, R. E., Paranicas, C., & Carlson, R. W. (2011). Europa’s disc-resolved ultraviolet spectra: Relationships 
with plasma flux and surface terrains. Icarus, 212(2), 736–743. https://doi.org/10.1016/j.icarus.2011.01.023

Herczku, P., Mifsud, D. V., Ioppolo, S., Juhász, Z., Kaňuchová, Z., Kovács, S. T. S., et al. (2021). The ice chamber for astrophysics-astrochemistry 
(ICA): A new experimental facility for ion impact studies of astrophysical ice analogues. Review of Scientific Instruments, 92(8), 084501. 
https://doi.org/10.1063/5.0050930

Herron, J. T., & Huie, R. E. (1980). Rate constants at 298 K for the reactions SO + SO + M → (SO)2 + M and SO + (SO)2 → SO2 + S2O. Chem-
ical Physics Letters, 76(2), 322–324. https://doi.org/10.1016/0009-2614(80)87032-1

Hochanadel, C. J., Ghormley, J. A., & Sworski, T. J. (1955). The decomposition of sulphuric acid by cobalt γ-rays. Journal of the American 
Chemical Society, 77(12), 3215. https://doi.org/10.1021/ja01617a017

Isokoski, K., Poteet, C. A., & Linnartz, H. (2013). Highly resolved infrared spectra of pure CO2 ice (15-75 K). Astronomy and Astrophysics, 555, 
85. https://doi.org/10.1051/0004-6361/201321517

Jones, B. M., Kaiser, R. I., & Strazzulla, G. (2014). UV-vis, infrared, and mass spectroscopy of electron irradiated frozen oxygen and carbon 
dioxide mixtures with water. The Astrophysical Journal, 781(2), 85. https://doi.org/10.1088/0004-637X/781/2/85

Lane, A. L., Nelson, R. M., & Matson, D. L. (1981). Evidence for sulphur implantation in Europa’s UV absorption band. Nature, 292(5818), 
38–39. https://doi.org/10.1038/292038a0

Loeffler, M. J., Hudson, R. L., Moore, M. H., & Carlson, R. W. (2011). Radiolysis of sulphuric acid, sulphuric acid monohydrate, and sulphuric 
acid tetrahydrate and its relevance to Europa. Icarus, 215(1), 370–380. https://doi.org/10.1016/j.icarus.2011.06.008

Lv, X. Y., Boduch, P., Ding, J. J., Domaracka, A., Langlinay, T., Palumbo, M. E., et al. (2014). Sulphur implantation in CO and CO2 ices. Monthly 
Notices of the Royal Astronomical Society, 438(2), 922–929. https://doi.org/10.1093/mnras/stt2004

Lv, X. Y., de Barros, A. L. F., Boduch, P., Bordalo, V., da Silveira, E. F., Domaracka, A., et al. (2012). Implantation of multiply charged carbon 
ions in water ice. Astronomy and Astrophysics, 546, 81. https://doi.org/10.1051/0004-6361/201219886

Martín-Doménech, R., Manzano-Santamaría, J., Muñoz-Caro, G. M., Cruz-Díaz, G. A., Chen, Y.-J., Herrero, V. J., & Tanarro, I. (2015). UV 
photoprocessing of CO2 ice: A complete quantification of photochemistry and photon-induced desorption processes. Astronomy and Astro-
physics, 584, 14. https://doi.org/10.1051/0004-6361/201526003

McCord, T. B., Orlando, T. M., Teeter, G., Hansen, G. B., Sieger, M. T., Petrik, N. G., & van Keulen, L. (2001). Thermal and radiation stability of 
the hydrated salt minerals epsomite, mirabilite, and natron under Europa environmental conditions. Journal of Geophysical Research, 106(E2), 
3311–3319. https://doi.org/10.1029/2000JE001282

Mejía, C., Bender, M., Severin, D., Trautmann, C., Boduch, P., Bordalo, V., et al. (2015). Radiolysis and sputtering of carbon dioxide ice induced 
by swift Ti, Ni, and Xe ions. Nuclear Instruments and Methods in Physics Research B: Beam Interactions with Materials and Atoms, 365, 
477–481. https://doi.org/10.1016/j.nimb.2015.09.039

Mifsud, D. V., Juhász, Z., Herczku, P., Kovács, S. T. S., Ioppolo, S., Kaňuchová, Z., et al. (2021). Electron-irradiation and thermal chemistry stud-
ies of interstellar and planetary ice analogues at the ICA astrochemistry facility. European Physical Journal D: Atomic, Molecular, Optical, 
and Plasma Physics, 75(6), 182. https://doi.org/10.1140/epjd/s10053-021-00192-7

Mifsud, D. V., Kaňuchová, Z., Herczku, P., Ioppolo, S., Juhász, Z., Kovács, S. T. S., et al. (2021). Sulphur ice astrochemistry: A review of labo-
ratory studies. Space Science Reviews, 217(1), 14. https://doi.org/10.1007/s.11214-021-00792-0

Mifsud, D. V., Kaňuchová, Z., Herczku, P., Juhász, Z., Kovács, S. T. S., Lakatos, G., et al. (2022c). Raw data for “sulphur ion implantations into 
condensed CO2: Implications for Europa”. Mendeley Data, V1. https://doi.org/10.17632/zr2mdbk5dt.1

Mifsud, D. V., Kaňuchová, Z., Ioppolo, S., Herczku, P., Traspas Muiña, A., Field, T. A., et al. (2022a). Mid-IR and VUV spectroscopy charac-
terisation of thermally processed and electron irradiated CO2 astrophysical ice analogues. Journal of Molecular Spectroscopy, 385, 111599. 
https://doi.org/10.1016/j.jms.2022.111599

Mifsud, D. V., Kaňuchová, Z., Ioppolo, S., Herczku, P., Traspas Muiña, A., Sulik, B., et al. (2022b). Ozone production in CO2:O2 ices. Physical 
Chemistry Chemical Physics, 24(30), 18169–18178. https://doi.org/10.1039/D2CP01535H

Milillo, A., Plainaki, C., De Angelis, E., Mangano, V., Massetti, S., Mura, A., et al. (2016). Analytical model of Europa’s O2 exosphere. Planetary 
and Space Science, 130, 3–13. https://doi.org/10.1016/j.pss.2015.10.011

Pilling, S., Carvalho, G. A., & Rocha, W. R. M. (2022). Chemical evolution of CO2 ices under processing by ionising radiation: Characterisation 
of nonobserved species and chemical equilibrium phase with the employment of PROCODA code. The Astrophysical Journal, 925(2), 147. 
https://doi.org/10.3847/1538-4357/ac3d8a

Rajta, I., Vajda, I., Gyürky, G., Csedreki, L., Kiss, Á. Z., Biri, S., et al. (2018). Accelerator characterisation of the new ion beam facility at MTA 
atomki in debrecen, Hungary. Nuclear Instruments and Methods in Physics Research: Accelerators, Spectrometers, Detectors, and Associated 
Equipment, 880, 125–130. https://doi.org/10.1016/j.nima.2017.10.073

Rolfes, T. R., Reeves, R. R., & Harteck, P. (1965). The chemiluminescent reaction of oxygen atoms with sulphur monoxide at low pressures. 
Journal of Physical Chemistry, 69(3), 849–853. https://doi.org/10.1021/j100887a024

Regional Development Fund through 
Grant GINOP-2.3.3-15-2016-00005. 
Support has also been received from the 
Research, Development, and Innova-
tion Fund of Hungary through Grant 
K128621. DVM is the recipient of a 
University of Kent Vice-Chancellor's 
Research Scholarship. The research of ZK 
is supported by the Slovak Grant Agency 
for Science (Grant 2/0059/22) and the 
Slovak Research and Development 
Agency (contract No. APVV-19-0072). 
ZJ is grateful for the support of the 
Hungarian Academy of Sciences through 
the János Bolyai Research Scholarship. SI 
acknowledges the Royal Society for 
financial support.

 19448007, 2022, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100698 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [28/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1006/icar.2000.6498
https://doi.org/10.1016/j.pss.2012.05.013
https://doi.org/10.1016/j.icarus.2013.07.002
https://doi.org/10.1080/00268979300101541
https://doi.org/10.1016/j.icarus.2007.09.015
https://doi.org/10.1089/ast.2007.0156
https://doi.org/10.1089/ast.2006.6.463
https://doi.org/10.1029/2007GL031748
https://doi.org/10.1016/j.icarus.2011.01.023
https://doi.org/10.1063/5.0050930
https://doi.org/10.1016/0009-2614(80)87032-1
https://doi.org/10.1021/ja01617a017
https://doi.org/10.1051/0004-6361/201321517
https://doi.org/10.1088/0004-637X/781/2/85
https://doi.org/10.1038/292038a0
https://doi.org/10.1016/j.icarus.2011.06.008
https://doi.org/10.1093/mnras/stt2004
https://doi.org/10.1051/0004-6361/201219886
https://doi.org/10.1051/0004-6361/201526003
https://doi.org/10.1029/2000JE001282
https://doi.org/10.1016/j.nimb.2015.09.039
https://doi.org/10.1140/epjd/s10053-021-00192-7
https://doi.org/10.1007/s.11214-021-00792-0
https://doi.org/10.17632/zr2mdbk5dt.1
https://doi.org/10.1016/j.jms.2022.111599
https://doi.org/10.1039/D2CP01535H
https://doi.org/10.1016/j.pss.2015.10.011
https://doi.org/10.3847/1538-4357/ac3d8a
https://doi.org/10.1016/j.nima.2017.10.073
https://doi.org/10.1021/j100887a024


Geophysical Research Letters

MIFSUD ET AL.

10.1029/2022GL100698

9 of 9

Sandford, S. A., Salama, F., Allamandola, L. J., Trafton, L. M., Lester, D. F., & Ramseyer, T. F. (1991). Laboratory studies of the newly discov-
ered infrared band at 4705.2 cm –1 (2.1253 μm) in the spectrum of Io: The tentative identification of CO2. Icarus, 91(1), 125–144. https://doi.
org/10.1016/0019-1035(91)90132-D

Satorre, M. Á., Domingo, M., Millán, C., Luna, R., Vilaplana, R., & Santonja, C. (2008). Density of CH4, N2, and CO2 ices at different tempera-
tures of deposition. Planetary and Space Science, 56(13), 1748–1752. https://doi.org/10.1016/j.pss.2008.07.015

Sivaraman, B., Rajasekhar, B. N., Fulvio, D., Hunniford, A., McCullough, R. W., Palumbo, M. E., & Mason, N. J. (2013). Ozone and carbon 
trioxide synthesis by low energy ion implantation onto solid carbon dioxide and implications to astrochemistry. Journal of Chemical Physics, 
139(7), 074706. https://doi.org/10.1063/1.4818166

Strazzulla, G., Baratta, G. A., Leto, G., & Gomis, O. (2007). Hydrate sulphuric acid after sulphur implantation in water ice. Icarus, 192(2), 
623–628. https://doi.org/10.1016/j.icarus.2007.08.004

Strazzulla, G., Garozzo, M., & Gomis, O. (2009). The origin of sulphur-bearing species on the surfaces of icy satellites. Advances in Space 
Research, 43(9), 1442–1445. https://doi.org/10.1016/j.asr.2009.01.007

Tevault, D. E., & Smardzewski, R. R. (1978). Chemiluminescent reactions of sulphur atoms and oxygen atoms in solid argon matrices. SO chemi-
luminescence. Journal of Chemical Physics, 69(7), 3182–3189. https://doi.org/10.1063/1.436967

Thomas, N., Bagenal, F., Hill, T. W., & Wilson, J. K. (2004). The Io neutral clouds and plasma torus. In F. Bagenal, T. Dowling, & W. McKinnon. 
(Eds.), Jupiter: The planet, satellites and magnetosphere, (pp. 561–592). Cambridge University Press.

Ziegler, J. F., Ziegler, M., & Biersack, J. (2010). SRIM – The stopping and range of ions in matter. Nuclear Instruments and Methods in Physics 
Research B, 268(11–12), 1818–1823. https://doi.org/10.1016/j.nimb.2010.02.091

 19448007, 2022, 24, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
100698 by U

niversity O
f D

ebrecen, W
iley O

nline L
ibrary on [28/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/0019-1035(91)90132-D
https://doi.org/10.1016/0019-1035(91)90132-D
https://doi.org/10.1016/j.pss.2008.07.015
https://doi.org/10.1063/1.4818166
https://doi.org/10.1016/j.icarus.2007.08.004
https://doi.org/10.1016/j.asr.2009.01.007
https://doi.org/10.1063/1.436967
https://doi.org/10.1016/j.nimb.2010.02.091

	Sulfur Ion Implantations Into Condensed CO2: Implications for Europa
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	3. Results and Discussion
	4. Conclusions
	Appendix A: Justification of the Experimental Methodology
	Conflict of Interest
	Data Availability Statement
	References


