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The detection of ozone (Oz) in the surface ices of Ganymede, Jupiter's largest moon, and of the
Saturnian moons Rhea and Dione, has motivated several studies on the route of formation of this
species. Previous studies have successfully quantified trends in the production of Oz as a result of the
irradiation of pure molecular ices using ultraviolet photons and charged particles (ie., ions and
electrons), such as the abundances of Oz formed after irradiation at different temperatures or using
different charged particles. In this study, we extend such results by quantifying the abundance of Oz as a
result of the 1 keV electron irradiation of a series of 14 stoichiometrically distinct CO,:0, astrophysical
ice analogues at 20 K. By using mid-infrared spectroscopy as our primary analytical tool, we have also
been able to perform a spectral analysis of the asymmetric stretching mode of solid Oz and the variation
in its observed shape and profile among the investigated ice mixtures. Our results are important in the
context of better understanding the surface composition and chemistry of icy outer Solar System
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DOI: 10.1039/d2cp01535h objects, and may thus be of use to future interplanetary space missions such as the ESA Jupiter Icy

Moons Explorer and the NASA Europa Clipper missions, as well as the recently launched NASA James
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1 Introduction

Ozone (0;) plays an important role in planetary chemistry. On
Earth, gaseous Oj is located in the stratosphere and serves as
an excellent absorber of short-wavelength (1 = 200-315 nm)
ultraviolet photons known to cause damage to biomolecules,
and thus has important implications for the development and
sustenance of life on the planet." In the solid phase, icy O; has
been detected on the surfaces of several outer Solar System
moons such as Ganymede in the Jovian system and Rhea and
Dione in the Saturnian system,>” where it is thought to be an
active participant in surface chemistry by virtue of its potent
oxidising nature.* Conversely, O; has not been detected in

“Centre for Astrophysics and Planetary Science, School of Physical Sciences,
University of Kent, Canterbury CT2 7NH, UK. E-mail: dm618@kent.ac.uk,
n.j.mason@kent.ac.uk

b Institute for Nuclear Research (Atomki), Debrecen H-4026, Hungary.

E-mail: herczku@atomki.hu, zjuhasz@atomki. hu

¢ Astronomical Institute, Slovak Academy of Sciences, Tatranskd Lomnica SK-059 60,
Slovakia. E-mail: zkanuch@ta3.sk

4 School of Electronic Engineering and Computer Science, Queen Mary University of
London, London E1 4NS, UK. E-mail: s.ioppolo@qmul.ac.uk

¢ Department of Physics and Astronomy, School of Mathematics and Physics,
Queen’s University Belfast, Belfast BT7 1NN, UK

This journal is © the Owner Societies 2022

some of the most well-studied comets, such as 1P/Halley and
67P/Churyumov-Gerasimenko, despite relatively high abun-
dances of O, having been detected in their comae.>®

A good understanding of the astrochemical reactions leading
to the production of O; is thus integral to better constraining
the chemistry of planetary, lunar, and other Solar System bodies.
Accordingly, several laboratory experiments have been per-
formed to explore the formation of O; as a result of the
irradiation of astrophysical molecular ice analogues using ultra-
violet photons and charged particles (i.e., ions and electrons).
Perhaps the best studied of these ices is O,, whose irradiation by
ultraviolet photons, ions, and electrons has been studied exten-
sively and has been shown to produce high yields of 0;.”**

Such experiments have demonstrated the dependence of O3
formation in irradiated O, ices on a number of experimental
parameters. For instance, Sivaraman et al.® demonstrated that
lower temperatures are more conducive to the formation of O;
due to higher recombination rates of radiolytically derived
oxygen atoms to reform O, at higher temperatures, thus leaving
fewer atoms available to react with O, and produce O;. Inter-
estingly, there appears to be no dependence of the O; yield on
the dose supplied or the mass of the incident irradiating
particle, with irradiations of solid O, using mono-energetic
electrons, protons, and helium, carbon, nitrogen, and oxygen
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ions all showing that a similar abundance of O; is produced
after a given fluence in each case.”*'" This has been attributed to
inelastic stopping interactions being the dominant mechanism of
energy transfer in the O, ice, as all these charged projectiles
possess linear energy transfer values which are on the same order
of magnitude.

Attention has also been paid to the radiation-induced
formation of O; from molecular ices other than O,, such as
C0,.2%2! Here, O; is produced as a result of a three-step
process which requires that sufficient O, is first accumulated
within the structure of the ice. Temperature has been noted to
play a role in this radiolytic chemistry, with increased yields of
O; being recorded on increasing the reaction temperature from
20 to 40 K.?* On raising the temperature further, however, the
total yield of O; was noted to decline due to increased
sublimation-induced losses of the necessary O, precursor
molecules.'>?!

In this paper, we present the results of a systematic study of
the 1 keV electron irradiation of a series of 14 stoichiometrically
distinct CO,:0, molecular ices at 20 K, including the two pure
end-members. The composition of these ices is particularly
relevant to studies of different icy outer Solar System bodies.>>
For example, these species are known to be constituents of the
icy nuclei of comets.>®** Furthermore, the detection of a
tenuous exosphere on the Saturnian moon Rhea composed
primarily of CO, and O, has led to the suggestion that it is
sourced from sputtered or de-gassed surface ices.””> Such icy
outer Solar System bodies are exposed to ionising radiation in
the form of the solar wind and giant planetary magnetospheric
plasmas. As such, laboratory irradiations of CO,:0, astrophy-
sical ice analogues are well suited to understanding the chem-
istry of such celestial bodies.

In this study, we have used mid-infrared spectroscopy to
quantify the production efficiency of O; from the electron
irradiated CO,:0, ices; as well as to determine how the appearance
of its mid-infrared asymmetric stretching (v;) band varies according
to the initial stoichiometric composition of the ice. Understanding
such variations is particularly important in light of the fact that O,
is often used as a marker molecule for the presence of O,, which is
more difficult to confirm via direct spectroscopic observations.
Such spectroscopic work could thus greatly aid in the interpretation
of data collected by forthcoming interplanetary missions, such as
the ESA Jupiter Icy Moons Explorer and the NASA Europa Clipper
missions.”*”” The recently launched NASA jJames Webb Space
Telescope is also anticipated to generate large data-sets of mid-
infrared spectroscopic measurements of icy outer Solar System
bodies,?® and so could also aid in the detection of Os in the surface
ices of those bodies.

2 Experimental methodology

Experimental work was performed using the Ice Chamber for
Astrophysics-Astrochemistry (ICA) located at the Institute for
Nuclear Research (Atomki) in Debrecen, Hungary. This set-up
has been described in great detail in previous publications,>**°
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and so only the most salient features will be presented here.
The ICA is an ultra-high vacuum compatible chamber containing
a gold-coated sample holder hosting a series of ZnSe deposition
substrates which may be cooled to 20 K by a closed-cycle helium
cryostat. The temperature of the substrates may be regulated
within the 20-300 K range and is measured using two silicon
diodes. The pressure in the chamber is typically maintained at a
few 10~° mbar via the combined use of a dry rough vacuum
pump and a turbomolecular pump.

The preparation of CO,:0, astrophysical ice analogues onto
the ZnSe substrates was performed via background deposition
of dosed gases at 20 K. First, CO, and O, (both Linde Minican;
99.995%) were introduced into a pre-mixing chamber in the
desired stoichiometric ratio, which was determined through
standard manometric practices. After being left to equilibrate
within the pre-mixing chamber for a few minutes, the gas
mixture was dosed into the main chamber vig an all-metal
needle valve at a pressure of a few 10~ ® mbar. Deposition could
be followed in situ using Fourier-transform mid-infrared trans-
mission absorption spectroscopy (spectral range = 4000-
650 cm ™ '; spectral resolution = 1 cm ™).

In principle, the thickness d (um) of a deposited astrophy-
sical ice analogue may be determined spectroscopically by first
calculating its molecular column density N (molecules cm™?)
via a modified version of the Beer-Lambert Equation (eqn (1)),
and subsequently using this value for N in eqn (2):*°

N = ALVJT(u)dV (1)
NZ

d=—""x10* 2
A (2)

where 4, is the integrated band strength constant (cm molecule ")
of the mid-infrared absorption band over which eqn (1) is
integrated, t (v) is the optical depth of the ice (cm ™), Z is the
mass of the molecular constituent whose absorption band was
integrated over (g mol™"), p is the density of the ice (g ecm™?),
and N, is the Avogadro constant (6.02 x 10> molecule mol ™).
Eqn (1) and (2) are valid for pure ices, although their extrapola-
tion to mixed ices is straightforward.***° However, this
assumes that all ices in the mixture are infrared active and
present absorption bands which may be integrated over.

However, being a homonuclear diatomic molecule, O, is
infrared inactive. Its weak spectral absorption features related
to the O-O stretching mode cannot be used to reliably and
quantitatively determine the thickness of an ice due to the
rather extreme variations in the value of 4, reported in the
literature (for a more complete discussion, see the work of
Bennett and Kaiser”). Therefore, eqn (1) and (2) cannot be used
to determine the stoichiometric compositions and thicknesses
of our CO,:0, astrophysical ice analogues. Nevertheless, we are
able to provide a reasonable estimate of these parameters for our
deposited ices based on the known mixing ratio of the gases in
the pre-mixing chamber, as well as quadrupole mass spectro-
metric measurements of the CO, and O, integrated signal curves
for the gas mixtures dosed into the main chamber.

This journal is © the Owner Societies 2022
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Table 1 Estimated stoichiometric compositions and thicknesses of the
studied ices irradiated by 1 keV electrons

Estimated molecular
column density

(10" molecules cm™*) % content . .
Estimated ice

Ice CO,:0, ratio CO, 0, CO, O, thickness (um)
1 1:0 6.38 — 100 0 0.48
2 73:5 7.25 0.50 94 6 0.56
3 53:10 7.36 1.39 84 16 0.60
4 14:5 6.90 2.47 74 26 0.60
5 2:1 7.21 3.61 67 33 0.66
6 7:5 6.03 4.31 58 42 0.60
7 1:1 4.10 4.09 50 50 0.45
8 5:6 3.17 3.81 45 55 0.37
9 2:5 1.92 4.80 29 71 0.31
10 5:14 1.23 3.46 26 74 0.21
11 1:5 1.02 5.08 17 83 0.25
12 1:6 1.12 6.71 14 86 0.31
13 1:50 0.41 20.69 2 98 0.75
14 0:1 — 15.90 0 100 0.55

We have been able to determine the thickness of the CO,
component of our deposited mixed ices by integrating eqn (1) over
the asymmetric stretching mode (v5) at 2344 cm™ " and taking 4,
to be 7.6 x 107" em molecule ,*"*" before using eqn (2) and
taking p to be 0.98 g cm>.>? By taking p to be 1.54 g cm* for O,
ice,® and in combination with our spectrometric estimates of the
compositions of the deposited ices, we have estimated the total
thicknesses of our ices to be in the range 0.20-0.75 pm.

In total, a series of 14 stoichiometrically distinct CO,:0, ices
were deposited onto the ZnSe substrates (Table 1). Once
deposited, a mid-infrared absorption spectrum of the ice was
collected after which the ice was irradiated using 1 keV electrons
at an incidence angle of 36° to the normal. Prior to commencing
the experiment, the electron beam current and profile were
quantified using the method described previously by Mifsud
et al.*® Our use of a 1 keV electron beam is not only representa-
tive of irradiation processes occurring in astrophysical environ-
ments such as icy outer Solar System moons, but is also similar
to electron beam energies used in previous studies of radiation
ice astrochemistry hence allowing for more meaningful compar-
isons to be made.

The electron beam was scanned over an area of 0.9 cm?,
which represents >80% of the area scanned by the mid-infrared
spectroscopic beam.>® Each ice was irradiated for a total of
50 minutes using beam fluxes of 2.0-2.4 x 10" e~ ecm 2 s,
corresponding to total delivered fluences of 6.0-7.2 X
10'® e~ em 2. The penetration depths of a 1 keV electron in
pure CO, and O, ices was calculated using the CASINO
software** and were found to be 65 and 44 nm, respectively
(Fig. 1). Given our estimates for the thicknesses of our ices, it
may be stated that the incident electrons were effectively
implanted into the ice.

3 Results and discussion

Mid-infrared spectra of the pure CO, and O, molecular ices, as
well as of the 1:1 binary ice, both before and after 1 keVv

This journal is © the Owner Societies 2022
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Fig. 1 CASINO simulations of the maximum penetration depths of 1 keV
electrons in pure CO, (black trace; 65 nm) and pure O, (blue trace; 44 nm)
ices. Maximum penetration depths for the mixed CO,:0, ices lie within this
range at a value that depends on the stoichiometric composition of the ice.
Simulations were performed using an incidence angle of 36° to the normal and
using density values of 0.98 and 1.54 g cm ™ for CO, and O, respectively.3*3*

electron irradiation, are presented in Fig. 2. The onset of
irradiation results in the development of new absorption bands
due to the formation of new molecules driven by a cascade of
tens of thousands of low-energy (<20 eV) secondary
electrons.®>*® The presence of O; as a radiolytic product was
confirmed in each of the investigated ices via the detection of
its characteristic asymmetric stretching mode (v;) at about
1040 cm " In the mid-infrared region, O; presents one combi-
nation and three fundamental absorption bands:>*"° a bending
mode (u,) at about 700 cm ™, the asymmetric stretching mode (v;)
at 1040 cm ™', a symmetric stretching mode (v4) at 1125 em™", and
a combination mode (v; + v3) at 2100 cm ™.

The radiation chemistry leading to the formation of O; from
irradiated O, and CO, ices is straightforward and begins with
their electron impact dissociation to yield a supra-thermal
oxygen atom (eqn (3) and (4)).*>*! In pure O, ices, this oxygen
atom then combines with a O, molecule to directly yield O3
(eqn (5)). In the case of pure CO, ices, the production of Oj is the
result of a three-step process which first requires that a sufficient
number of oxygen atoms combine to give O, (eqn (6)), after which
the addition of another oxygen atom furnishes the O; product
(eqn (5)). The addition of atomic oxygen to O, has traditionally
been considered to be energetically barrierless,”® although Ioppolo
et al. have proposed a small activation energy barrier of <0.05 eV.*

0, — 20 (3)
CO, > CO+0 4)
O+0, - O3 (5)
20 - O, (6)

The shape and profile of the O; asymmetric stretching mode
(v3) used for its spectroscopic identification offers a chemical
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Fig. 2 Mid-infrared spectra of pristine and electron irradiated CO,, O,
and 1:1 mixed CO,: O, astrophysical ice analogues. Products of radiation
chemistry are indicated. Spectra are vertically offset for clarity. Oscillations
in the baseline of the spectra are the result of interference effects,
although these are not anticipated to influence our analyses.

insight into its formation. This absorption band is actually a
composite structure of three features: the main absorption
band due to monomeric O; centred at 1038 cm ™ * is sandwiched
between two satellite peaks at around 1042 and 1032 cm *
attributed to the ozone dimer [O;---O3] and the ozone-oxygen
[0;- - -O] complexes, respectively®”*® (Fig. 3). Previous studies
have suggested that the positions and profiles of the mid-
infrared absorption bands of those species produced via the
irradiation of mixed molecular ices may depend upon the
initial stoichiometric composition of the ice,**™*° and our
results suggest that this is also true with regards to the
appearance of the asymmetric stretching mode (v3) of O3
produced from electron irradiated CO,:0, ices.

Examination of our post-irradiative mid-infrared spectra
revealed that the three CO,: 0O, mixed ices which were richest
in O, (ie., the 0:1, 1:50, and 1:6 mixtures) resulted in a O3
asymmetric stretching (v3;) band which could be deconvoluted
into three Gaussian sub-structures, indicating the presence of
monomeric Oz and of the [Os---O3] and [O3---O] complexes
(Fig. 4 and 5). All irradiated ices with a lower O, content (or,
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Fig. 3 Deconvolution of the Oz asymmetric stretching (vz) mode as
observed in an electron irradiated pure O, ice into its constituent Gaussian
sub-structures. Similar deconvolutions were performed for all other ana-
lysed ices.

conversely, a higher CO, content) exhibited O; asymmetric
stretching (v;) bands composed of only two Gaussian sub-
structures, with that attributable to the [O;- - -O] complex being
absent in the spectra of these ices. This is in line with the
results of previous studies, which have reported the presence of
the [O;- - -O] complex in an electron irradiated pure O, ice® but
not in an electron irradiated pure CO, ice.?*

These observations may be directly related to the molecular
environment in each irradiated ice, as free oxygen atoms are far
more likely to be in the vicinity of (and thus, be able to complex
with) a O; molecule in an irradiated O, ice than in an irradiated
CO, ice. This is due to two reasons: firstly, the yield of free
supra-thermal oxygen atoms from a dissociated O, molecule is

T T T
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® 007 N
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Fig. 4 Variation in the shape of the Oz asymmetric stretching (vs) mode as
observed in 1 keV electron irradiated (1.3 x 10 e~ cm™?) CO,: O, mixed
ices of different stoichiometric compositions. Note that the scale on the
y-axis is set to the 1: 0 mixed ice, and that all other spectra are vertically
offset for clarity.
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Fig. 5 Plot of the peak positions of the Gaussian sub-components of the
Oz asymmetric stretching (vz) mode in 1 keV electron irradiated CO,:0,
ices of different stoichiometries. Note that a peak for the [Os---O] sub-
component was only detected in the three ices with the highest O,
content.

twice that from a dissociated CO, molecule leading to a greater
abundance of such atoms in a O, ice. Secondly, the formation of O3
via the electron irradiation of O, ice only suffers from one compet-
ing reaction (the reformation of O,) compared to its formation via
the electron irradiation of CO, ice, for which many other competing
reaction pathways are available which reduce the general abun-
dance of O; available for co-ordination or complexation.**

The positions of the peaks of these band sub-structures were
noted to vary from ice to ice, however a pattern is apparent in
the case of the monomeric O; and [Os- - -O3] peak positions. In
the irradiated pure O, ices, these peaks are respectively located
at 1035.5 and 1041.3 cm ™, as shown in Fig. 5. On increasing
the CO, content of the ice, these peaks appear to undergo a red-
shift to lower wavenumbers, reaching 1034.6 and 1040.5 cm ™"
in the 1:6 CO,:0, mixed ice, although we note that this
observation may be a consequence of the comparatively higher
uncertainties in the peak positions of the two ices richest in O,
(Fig. 5). Further increases in the CO, content up to a stoichio-
metric ratio of CO,:0, = 7:5 do not result in any noticeable
changes in the position of these peaks (except for a slight blue-
shift of the monomeric O; peak position in the 2:5 CO,: O, ice).

On moving to the next CO,: O, ice in the series (i.e., the 2:1
mixture), however, it is possible to note that although the peak
of the Gaussian sub-structure for the [O;---O;] complex does
not shift, that for the monomeric Oz sub-structure experiences
a blue-shift back to 1035.7 cm ™ '; similar to the position of this
peak in the irradiated pure O, ice. Increasing the CO, content
of the ice even further results in a blue-shift in the position of
both peaks, which are located at 1039.9 and 1044.9 cm ™" in the
53:10 CO,: 0O, ice mixture. Finally, further increasing the CO,
content of the ice results in these peaks undergoing another
red-shift, where they are located at 1037.2 and 1043.4 cm ™' in
the irradiated pure CO, ice (Fig. 5).

We note that, taken as a whole, the peak position of the O;
asymmetric stretching mode (v;) blue-shifts from lower to

This journal is © the Owner Societies 2022
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higher wavenumbers on increasing the CO, content of the
electron irradiated binary CO,:O, ices, with the exception of
the three ices which were richest in CO, (i.e., the 53:10, 73:5,
and the 1:0 mixtures) for which a ‘change of direction’ in the
band peak position shifting is observed (Fig. 4 and 5). It is
difficult to provide an exact explanation for these trends,
although we note that experimental parameters such as optical
thickness and molecular environments have been suggested to
influence the O; asymmetric stretching (v;) band peak position.

Lastly, we review the O; productivity of each of the irradiated
ices considered in this study. It is evident from eqn (3)-(6) that
the successful electron-induced dissociation of a O, molecule is
more efficient at yielding O; than is the dissociation of a CO,
molecule due to the greater number of reaction pathways
available to an irradiated CO, ice. Indeed, this has been borne
out by the results of this study, as the molecular column density
of O3 (measured from the peak area of its asymmetric stretching
(v3) band and taking A, to be 1.4 x 10™"7 cm molecule *?")
observed in the irradiated pure O, ice was consistently higher
than that observed in the pure CO, ice throughout irradiation
(Fig. 6). This trend was also observed in the electron irradiated
mixed CO,:0, ices.

To better quantify the yield of O; as a result of the 1 keV
electron irradiation of the ices considered in this study, we have
defined a percentage formation efficiency based on a series of
mass balance calculations which take into account the for-
mation of radiolytic product molecules. Considering first the
pure O, ice: the dissociation of one O, molecule results in the
production of two oxygen atoms which may yield two O; product
molecules as a result of their addition to (or insertion into) two
neighbouring O, molecules. As such, the consumption of three
O, molecules should yield two O; molecules (eqn (7)). Using a
similar logic, the electron-induced dissociation of five CO,
molecules should yield four CO, one COj3, and one Oz molecules
(eqn (8)). In the case of the CO,:0, mixed ices, both mass
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Fig. 6 Evolution of Oz column density in electron irradiated pure O, pure
CO,, and 1:1 mixed CO,: O, ices plotted as a function of electron fluence.
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balance equations are applicable and so eqn (7) and (8) may be
added together.

30, — 20; )
5C0, — 4CO + CO; + O, (8)

The mass balance relations given in eqn (7) and (8), and that
used for the mixed ices, are thus indicative of the O; formation
pathways at their most efficient. Hence, by deriving O; as the
subject of the formula in these equations and measuring the
initial column densities of CO, and O, (in this particular case
scaled to the maximum penetration depth of the incident
electrons) before irradiation and the column densities of CO
and CO; after a given fluence, the expected Oz column density yield
may be computed. By comparing this expected yield to the actual
O; column density measured at that fluence, the percentage
formation efficiency of the ice may be calculated fairly simply.

Fig. 7 depicts the O; formation efficiency of each ice con-
sidered in this study at a fluence of 10'® e~ cm™ > At this
fluence, the column density of O; is approximately at its
maximum in all but three ices: in the pure O, ice, the O;
column density peaks at a later fluence (Fig. 6) while in the 2: 1
and 2:5 mixed CO, : O, ices, the peak O; column density occurs
at a slightly earlier fluence. Nevertheless, the selected fluence
arguably represents the best choice for our analysis of the O3
production efficiency of each irradiated ice. As depicted by the
hollow blue circles in Fig. 7, the pure O, ice was found to have

0, ratio (%) in CO,:0, Mixtures

100 80 60 40 20 0
100 : T T T T T
Definitions:
__ 8ot m electron fluence yield i
& o mass balance relations
>
2
S 60F 4
o
S
L
©
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32
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Fig. 7 Formation yield of Oz (as a percentage) as a result of the 1 keV
electron irradiation of the CO,:0, ices considered in this study as calculated
using the mass balance relations (hollow blue circles) and electron fluence
yield (black squares) definitions. Error bars have been omitted, since the
uncertainties are anticipated to be significantly lower than the systematic
errors arising due to uncertainties associated with the band strength constant
A, used to calculate molecular column densities which, for mixed ices, could
be as high as 50%. Each line represents the conjunction of two exponential fits
joined at a percentage CO, content of 45%. Note that, in the case of the
electron fluence yield definition, the fit does not include the 1:50 mixture.
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the highest O; formation efficiency at about 35%. This efficiency
then progressively declines as the CO, content of the ice is
raised, falling to about 15% when 25% of the ice is composed
of CO,. Interestingly, further increases in the CO, content of the
ice do not noticeably reduce the O; formation efficiency of the
mixed ices as a result of their 1 keV electron irradiation until a
CO, content of about 80% is reached, after which it declines
steadily. The pure CO, ice has a O; formation efficiency of
about 2%.

In order to ensure that the trend described above is robust
and not dependent upon a particular selected definition of O;
formation efficiency, we have re-analysed our data using a
different definition for the latter; one based on the electron
fluence yield of O;. As a reference, we have considered the case
where one primary 1 keV electron dissociates one molecule in
the target ice. We acknowledge that such a reference point is
not representative of the actual physico-chemical mechanisms
by which molecular dissociation in irradiated ices takes place
which, as mentioned previously, is the result of the release of
tens of thousands of low-energy (<20 eV) electrons.®>3%4¢
However, this reference point is convenient for assessing the
O; formation efficiency of our irradiated ices as a function of
primary electron fluence. Using this reference, a maximum of
two O3 molecules may be formed per incident electron during
irradiation of the pure O, ice. Conversely, since three electron-
induced molecular dissociations are required to generate the
necessary number of free oxygen atoms to yield a single O;
molecule during irradiation of a pure CO, ice, a maximum of
one-third O; molecules per incident electron may be formed.
The extension of this definition to the mixed ices is based on
their stoichiometric composition.

Hence, using this definition, the reference column density
of O; yielded as a result of electron irradiation is given as the
mathematical product of the molecular formation rate per
incident electron and the fluence at the maximum O; abundance
in the ice. By comparing this reference column density with the
column density of Oz actually measured at this fluence, the
percentage formation efficiency of each ice may be computed. As
depicted by the black squares in Fig. 7, the O; formation
efficiency trend across ice stoichiometric compositions calcu-
lated using the electron fluence yield definition is very similar to
that calculated using the mass balance relations definition
(depicted by blue hollow circles in Fig. 7). Indeed, most data
point pairs are within about 10% of each other, thus indicating
the robustness of this trend.

One noticeable discrepancy between the two trends is the O3
formation efficiency of the electron irradiated pure O, ice,
which is calculated to be about 35% when using the mass
balance relations and about 90% when using the electron
fluence yield definition. It should be noted, however, that
the former percentage formation efficiency is very likely
underestimated due to it having been calculated using
molecular column densities measured when the O; abundance
in the ice had not yet peaked (as explained previously), while
the latter most likely indicates a possible upper bound
efficiency.

This journal is © the Owner Societies 2022
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4 Implications for Solar System chemistry

The work presented in this paper is directly applicable to the
study of the chemistry of outer Solar System ices, particularly as
it relates to the formation of O;. As has been previously noted,
O; has been detected on a number of outer Solar System
moons, including several of those of Jupiter and Saturn.>”?
We note that, on average, the surface temperatures of these
moons are higher than the 20 K temperature at which irradiations
were performed in this present study. However, temperature
gradients across the lunar latitudes are well known, with polar
regions being significantly colder than equatorial ones.”” For
example, temperatures as low as 23 K have been reported in the
polar regions of Rhea during its long winter.*®

Moreover, several bodies in the Solar System (both inner and
outer) with low axial tilts are known to possess permanently
shadowed crater regions towards higher latitudes. The tem-
peratures within these regions are significantly lower than the
average surface temperature of the planet or moon, and thus
allow for the condensation and accumulation of several otherwise
volatile molecular species. In the furthest reaches of the Solar
System, average surface temperatures are lower still, with volatile
molecules such as N, or CH, being known to exist as solid ices on
the surfaces of Pluto, Charon, and Triton.***° Thus, although our
selected irradiation temperature of 20 K is representative of the
lowest temperatures in the Solar System, it is still applicable to a
wide variety of surface environments and the possible chemistry
leading to O; formation occurring there.

The irradiation conditions presented in this study are also
suitable for studying such chemistry, since the 1 keV electron
irradiations described simulate the processing that such ices
undergo as a result of their interaction with the solar wind or
giant planetary magnetospheric plasmas. Indeed, the physico-
chemical effects of magnetospheric ion and electron irradiation
on the surfaces of the Jovian and Saturnian satellites have been
well documented in the literature, and are thought to give rise
to the formation of several new and potentially prebiotic
molecules.?***> As such, our experimental conditions allow
us to interpret our results in terms of potential magnetospheric
plasma-driven O; synthesis occurring on the surfaces of several
of the moons of Jupiter, Saturn, and Uranus.

4.1 The icy moons of Jupiter

Of the four major (Galilean) moons of Jupiter, the presence of
0; has only been confirmed on Ganymede,” where the highest
molecular abundance is located on the moon’s trailing side
consistent with observations of icy O, and with the preferential
irradiation by magnetospheric charged particles.’®>* As such, it
is expected that the bulk of the O; present on Ganymede is
sourced from the irradiation of the surface O, ices.f However,
CO, has also been detected at the surface,> and so it is possible

+ It should be noted that, unlike the other Galilean satellites, Ganymede
possesses its own magnetosphere, and so the flux of incoming charged particles
is expected to be significantly attenuated in equatorial regions. Nevertheless,
radiation chemistry is still expected to play a key role in the chemical alteration of
the lunar surface in these regions.
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that O; could also be sourced via the irradiation of this
molecule, although the results of this study combined with
the relative distributions of O, and CO, at the surface of Gany-
mede suggest that this contribution is likely to be a minor one.

No O; has yet been detected on Europa or Callisto, despite
the known presence of O, on both of these moons.>® The results
of this study (as well as those of previous works) demonstrate
that the formation of Oz from irradiated O, ices is rather
efficient, and so the non-detection of O; on these icy moons
is somewhat surprising. Loeffler and Hudson" have suggested
that this lack of O; may be due to its consumption during the
oxidation of other molecular species, such as SO,. Similar
arguments have been suggested to explain the non-detection
of Oz in cometary and interstellar ices. Forthcoming interpla-
netary missions to the Jovian moon system, such as the ESA
Jupiter Icy Moons Explorer and NASA Europa Clipper
missions®*” may detect O; in observed surface patches of
isolated O, or CO, exposed to incident magnetospheric plasma,
and our spectroscopic results may therefore prove useful in
confirming its presence there.

4.2 The icy moons of Saturn and Uranus

All the major moons of Saturn (with the notable exceptions of
Titan and Iapetus) are characterised by surfaces dominated by
H,O0 ices. The detections of O; on the surfaces of Rhea and
Dione? therefore provide a challenge, as laboratory studies have
thus far been largely unsuccessful in documenting any appreciable
yield of O; as a result of the irradiation of H,O ices, mainly due to
the known catalytic role of OH radicals in the destruction of 03.%
However, CO, is known to be present on the surfaces of both of
these moons,*®**® and so its irradiation is a more likely source for
the observed O;. This radiation chemistry, driven by the interaction
of the lunar surfaces with the Saturnian magnetosphere, is also
thought to sustain a tenuous exosphere composed of CO, and O,
on Rhea.”® Our irradiations of CO,-rich ices in this present study
therefore provide a good analogue of the surface processes occur-
ring on Rhea and Dione.

The synthesis of O; from electron irradiated CO,-rich
CO,:0, ice mixtures as demonstrated in this study is also
applicable to several of the major satellites of Uranus. The
surfaces of these moons are composed of a mixture of H,O ice
and dark, carbon-rich refractory material.®® Laboratory experi-
ments have already demonstrated that the irradiation of such
materials gives rise to the formation of CO and CO,
molecules.®™** Indeed, CO, ice has been been firmly detected
at the surfaces of Umbriel and Ariel, and tentatively detected at
the surfaces of Titania and Oberon.®*”®> CO, ices there may also
be intermixed with smaller quantities of non-native O, ice sourced
from the charged particle and ultraviolet photon irradiation of the
surface.®® As such, our experimental results suggest that there
should be some O; formed at the surfaces of these moons as a
result of their interaction with the Uranian magnetosphere.

4.3 Ozone on the moon

Generally speaking, the surface of the Earth’s moon is depleted
in volatiles.®” Nevertheless, ices are known to exist there
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especially within the permanently shadowed regions at the
lunar poles. Data collected by the Chandra Altitudinal Compo-
sition Explorer (CHACE) instrument on the ISRO Moon Impact
Probe has shown that oxygen-rich species are prevalent in the
lunar exosphere,®® while data from the NASA Lunar Crater
Observation and Sensing Satellite (LCROSS) has revealed that
the same is true for the surface ices.®® The presence of such
species in a radiation environment mediated by the solar wind
means that the presence of Oj; is also likely (as demonstrated by
this and previous studies), although this has yet to be
confirmed.”® As such, our experiments are also representative
of possible O; formation processes in these permanently sha-
dowed regions at the lunar poles.

5 Conclusions

In this study, the 1 keV electron irradiation of a series of
stoichiometrically distinct CO,:0, astrophysical ice analogues,
including the two pure end-members and 12 binary mixtures,
has been studied in detail. Such irradiations are representative
of the radiation chemistry occurring in various icy outer Solar
System environments. We have been able to successfully
quantify the Oz productivity of these ice mixtures as a result
of their irradiation, and have determined that the formation
efficiency of this species decreases upon the introduction of
CO, to a pure O, ice. Once the CO, content of the ice reaches
25%, further additions of CO, do not noticeably decrease the O;
formation efficiency until a CO, content of about 70-80% is
reached, after which this efficiency declines further.

Using mid-infrared spectroscopy, we have also been able to
perform a characterisation of the O; asymmetric stretching
mode (v3) in each of the electron irradiated ices. In the three
ices richest in O,, this absorption mode may be deconvoluted
into three Gaussian sub-structures, indicating the presence of
monomeric O3, as well as the [O;- - -O;] and [O3- - -O] complexes.
In ices containing a higher CO, content, no spectroscopic
evidence for the latter complex was observed. Such results
may prove useful in the interpretation of data collected by
forthcoming interplanetary missions, and may provide an
insight into the formation mechanism of the O; already
observed on several outer Solar System bodies.
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