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ARTICLE INFO ABSTRACT

Keywords: Detailed observations of Enceladus by the Cassini spacecraft revealed its astrobiological potential and
Astrobiology transformed our perception of ocean worlds in the Solar System. Beneath Enceladus’ icy crust lies a warm
AStrOlC};emlstrY ocean sustained by tidal heating. This ocean expels subsurface material through fissures at the south pole
Enceladus

region into space as plumes. The particles in these plumes reaccrete on Enceladus’ surface, while some of the
volatiles present in the sub-surface ocean diffuse through the ice shell to reach the surface. In this study, we
irradiated thin Enceladus ice analogues in an ultra-high vacuum chamber optimised for ice chemistry at a
surface temperature of 70 + 2 K and compared the resulting composition with ices typical to the ISM (15 K).
We studied the irradiation of ices composed of H,0, CO,, and NH; mixtures as a function of wavelength by
using two different radiation sources that cover high and low photon energy ranges: The microwave-discharge
hydrogen-flow lamp (MDHL) generating vacuum-ultraviolet (VUV) light, that is, between 115 - 180 nm, and
the solar radiation Xe-arc lamp (SRL), simulating the solar broadband radiation from 200 nm - 1800 nm. Upon
irradiation, solid-state photoproducts were identified using a Fourier-transform infrared (FTIR) spectrometer
in the mid-infrared range (4000 - 700 cm~! or 2.5 - 14.3 pm). Sublimating gas-phase species were tracked
using a quadrupole mass spectrometer (QMS). At 70 K, energetic photons from the MDHL formed new species
such as O; and CO; in an H,0:CO,:NH; ice matrix due to the clustering of CO, at elevated temperatures.
Hereby, dissociation of segregated CO, provides the necessary oxygen atoms to form O; via the enhanced
mobility and addition reaction of O-atoms. At 15 K, CO, OCN™, H,CO, CH;0H, HCOOH and possibly NH,OH
were induced by VUV-photons. Similarly, these species were detected at 70 K with a tentative assignment for
HCOOH and NH,OH. The SRL caused no chemical evolution of the ice due to insufficient photon energies.
In conclusion, we predict the formation of ozone by gardening of CO,-rich or mixed CO,:H,O0 ice, found, for
example, in-between the tiger stripes on Enceladus or on other icy bodies in our Solar System with surface
temperatures cooler than 88 K.

Experimental techniques
Ices, IR spectroscopy
Photochemistry
Satellites, Composition
Satellites, Surfaces
Saturn, Satellites

Solar radiation

1. Introduction (CHNOPS) and fulfilling the requirements for habitability as we know

it (Postberg et al., 2023).
With the Cosmic Dust Analyser (CDA) Cassini measured the plumes’
material in-situ during close moon flybys, linking its origin to a global

In the last decades numerous ocean-bearing moons, or “ocean
worlds”, have been discovered in our Solar System. To date, Enceladus

is the best studied ocean world, owing to the wealth of observational
data provided by the instrument suite on-board the Cassini spacecraft
(Schenk et al., 2018). Re-analysis of Cassini data showed that the ocean
of Enceladus is the only known ocean besides that of Earth contain-
ing phosphorus, hereby completing the list of bio-critical elements

ocean of appreciable size (Hsu et al., 2015). Cassini’s magnetometer
revealed a diffuse atmosphere driven by water plumes that emanate
from the South Polar Terrain (SPT) on Enceladus (Dougherty et al.,
2006). This region is characterised by four distinct fractures, labelled
tiger stripes, from which plumes expel a mixture of icy grains and
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vapour (Porco et al., 2006) with an estimated solid ice fraction between
0.07-0.2 (Kieffer et al., 2009; Gao et al., 2016).

Cassini INMS measurements of the E14, E17, E18, and E21 flybys
revealed the plumes vapour mixing ratio by means of the major frag-
mented mass of a molecule (Waite et al., 2017): H,O (96%-99%), CO,
(0.3-0.8%), CH, (0.1-0.3%), NH; (0.4-1.3%), and H, (0.4-1.4%). In
addition, Postberg et al. (2018) found traces of macromolecular organic
species using CDA data. The Visual and Infrared Mapping Spectrometer
(VIMS) mapped the surface of Enceladus and detected simple and
unassigned organics at the SPT (Brown et al., 2006), while none were
found elsewhere on the moon with VIMS or ground-based telescopes
(Cruikshank et al., 2005; Emery et al., 2005).

In contrast, pure CO, was observed in higher concentrations at
the SPT (Combe et al., 2019). Matson et al. (2018) hypothesised an
endogenic mechanism behind this finding in which CO, exsolves in the
form of bubbles at the oceanic table and accumulates within gas pockets
embedded in the ice sheet. These gas pockets can rupture, allowing the
CO, gas to escape through small fissures and cracks appearing in the
icy crust due to flexing from tidal forces. The gas gradually cools while
seeping to the surface and freezes in deposits, given sufficiently cold
surface temperatures (Matson et al., 2018).

The different molecules on the surface of Enceladus are relentlessly
exposed to radiation such as charged particles from Saturn’s mag-
netosphere, solar wind, galactic cosmic rays, and UV photons (Sect.
11.2.2 in Dougherty et al. (2009)). These types of radiation trigger
various physico-chemical processes of the ice. Molecular ice can be
dissociated upon irradiation with UV photons or energetic particles
(Cassidy et al., 2010; Oberg, 2016; Cuppen et al., 2017). Radicals, free
atoms, and molecules can form new species when they meet with each
other (Linnartz et al., 2015; Cuppen et al., 2024). Several experimental
studies have shown that complex organic species can form in the
solid phase either by photodissociation and subsequent reactions of
photofragments (Mufioz Caro et al., 2002; Bernstein et al., 2002; Oberg
et al., 2009a), by ion irradiation (Modica and Palumbo, 2010), electron
bombardment (Maity et al., 2015), or via atom and radical addition
reactions at low temperatures (Fedoseev, 2014; Linnartz et al., 2015).
For photon irradiation, fragments resulting from the photodissociated
parent species may diffuse across the ice surface and recombine to form
new photoproducts. With regards to the composition of Enceladean
ices, the photon- and ion-induced ice chemistry of water, ammonia,
and carbon dioxide ice mixtures have been studied extensively at cold
temperatures (below 20 K) in the laboratory (Chen et al., 2011; Lv
et al., 2014; Potapov et al., 2022).

Several research groups have conducted laboratory investigations of
ices at warmer temperatures relevant to those of ocean world surfaces
(Mastrapa et al., 2008; Hudson and Gerakines, 2023; Bramble and
Hand, 2024; Chandra et al., 2025), whereby irradiation experiments
have mainly focussed on the radiolysis of planetary ices. Nolle et al.
(2024) proposes that degradation of the organic component found in
Type 2 (organic-rich) icy grains is driven predominantly by radiation
from photons rather than plasma sputtering on their radially outward
journey from Enceladus to the E-ring. To that end, we selected solar
photons as a radiation source to study the temperature-dependent
photolysis of ices at temperatures near those found on average at
Enceladus of 70 K (Spencer et al.,, 2006). In short, the aim of this
research is to study the effect of photons from different solar radiation
sources (Vacuum-Ultraviolet/UV-Vis) on the processing of Enceladus
ice analogues and to investigate the chemical complexity induced by
such processes.

This paper investigates the photon-induced chemistry of the surface
ice (H,0:CO,:NHj;) at Enceladus-representative temperatures of 70 K.
Specifically, we analysed the chemical complexity upon irradiation
with different radiation sources. In this paper, we first describe the
experimental setup and data analysis (Section 2). Section 3 presents
our experimental results, while Section 4 on the discussion applies
our findings to Enceladus and other icy moons in our Solar System.
Section 5 provides a summary and conclusion of our research. Finally,
the Appendices A-D comprise supporting material such as results from
control experiments.
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Fig. 1. Simplified CryoPAD2 setup showing a top view of the chamber’s
outline and the cryogenically cooled substrate in its centre. Attached to the
chamber are the QMS, FTIR, interchangeable radiation source, that is, MDHL
or SRL, as well as the capillary deposition array through which the molecules
enter the chamber for deposition.

2. Experimental setup and data analysis
2.1. CryoPAD2

Analogues of Enceladus-like ices were grown and irradiated using
the Cryogenic Photoproduct Analysis Device 2 (CryoPAD2) housed
within the Laboratory of Astrophysics at Leiden Observatory in the
Netherlands. In brief, the setup operates at ultra-high vacuum (UHV)
conditions with a base pressure below 10~' mbar and facilitates cryo-
genic cooling and heating of a gold-plated copper cold-finger between
14-300 K with a relative and absolute accuracy of +1 K and +2 K,
respectively. In essence, a two-stage closed-cycle helium-cryostat cools
a cold-finger to 14 K, while a heating foil provides a counteracting heat
input through an auto-tuned PID cycle, managed by a LakeShore 350
controller and enabling a temperature stability of the substrate within
0.2 K. Fig. 1 illustrates besides other components a high precision leak
valve attached to a capillary deposition array. This creates a directional
beam of gas-phase molecules to flow to and adsorb on a 1 cm? large
substrate, located at the bottom of the copper cold-finger within a
~4 cm distance from the deposition array.

A microwave-discharge hydrogen-flow lamp (MDHL), operating at
an H, flow pressure of 0.4 + 0.01 mbar, irradiates the deposited ice
analogues through a MgF, window at a distance of 31 cm from and a
45° angle to the substrate. This allows for simultaneous observations
of the studied ice in the infrared regime. The VUV light emitted by
the MDHL is composed mostly of Lyman-a at 121.6 nm, as well as
H, emission lines between 140-170 nm as shown in Fig. 2(a). This
spectrum is acquired in-situ by a VUV spectrometer. Specifically, a
McPherson Model 234 is mounted on the opposite side of the MDHL.

The wavelength-specific photon flux, ¢(4), is determined from
Eq. (1), where the total VUV current is measured by a NIST calibrated
SXUV-100 photodiode (EQ Photonics). The quantum efficiency, #,
attributed to each wavelength, 5(1) is provided by the same supplier.
By integrating Eq. (1) and using the known electron charge, C, a VUV
photon flux of (2.26 + 0.02) x 10'* photons cm~ s~! and energy flux
of (2.09+0.02) x 10 eV cm™2 s~! is calculated. Further specifics of
CryoPAD?2 are available in the literature (i.e., most recently in chapter
2.2 of Terwisscha van Scheltinga (2021) and Ligterink et al. (2018)).

i(4)
(4 = m 1)

In this study, the MDHL is replaced with another radiation source
for certain experiments. In specific, a Xe-arc lamp (MKS Instruments),
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Fig. 2. (a) VUV spectrum of the MDHL lamp recorded between 110 and 180 nm with the Lyman-a at 121.6 nm and the H, emission lines between 140 and
170 nm. The VUV spectrum is normalised to the H, emission peak at ~160 nm. (b) Xe-arc spectrum (solar radiation lamp) showing strong xenon emission lines
(800-1100 nm) which have been reduced with a customised airmass filter AMO for outer space (MKS Instruments).

Table 1

A summary of radiation sources in the laboratory and at Enceladus with their respective photon and energy fluxes as well as the

energy flux ratios.

Radiation source Photon flux (photons cm=2 s71)

Energy flux (eV ecm=2 s71) Energy flux ratio

Enceladus® Laboratory Enceladus® Laboratory (Lab./Enceladus)
Lyman-« 33 x 10° 33 x 10
2.3 x 10" 2.1 x 109 ~44P
UV-C/H, emissions 11 x 101 x 47 x 107 x
SRL 22 x 105¢ 2 x 108 44 x 10 2.6 x 10 ~0.17
Magnetospheric plasma 1.1 x 10104 - 33 x 10'0d - ~1400°

Note. — 2Flux values taken from Madey et al. (2002) at Earth and scaled to the Sun-Enceladus distance (9.5 AU). "The energy flux at Enceladus
is composed of Ly-a and H, emission/UV-C contributions. “The solar radiation photons are assumed to mainly originate from the IR range.
dThis value is taken from Madey et al. (2002) for Dione, assuming Enceladus receives a comparable flux for the magnetospheric plasma. ¢The
ratio corresponds to the energy flux value for the incident UV at Enceladus/magnetospheric plasma.

hereafter referred to as solar radiation lamp (SRL), has a different
spectral energy distribution (SED) compared to the MDHL and emits the
majority of its light at longer wavelengths between 200-1800 nm (Fig.
2(b)) with a photon flux of ~2 x 105 photons cm~?s~! and energy flux
of ~2.6 x10'6 eV cm™2 s~!. Further, an airmass filter is placed between
the lamp and the MgF, window to considerably reduce the intensity
of unfavourable xenon emission lines from the Xe-arc lamp, providing
a closer spectral match to the Sun’s extraterrestrial solar spectrum.
The flux scaling between the VUV/SRL and at Enceladus is essential
to extrapolate laboratory processes to geologically relevant timescales
and is shown in Table 1.

In order to deduce the chemical reactions occurring in the ice
during photon irradiation CryoPAD2 offers two diagnostic tools. A
Fourier-transform infrared (FTIR) spectrometer (Agilent 660) collects
infrared spectra by means of Reflective Absorption Infrared spec-
troscopy (RAIRS) as illustrated in Table 2, whereby a focused infrared
beam enters the vacuum chamber at a grazing angle, is reflected
by the substrate, and redirected into a mercury-cadmium-telluride
(MCT) detector. The infrared optical path outside the vacuum chamber
is purged with dry air, that is, air where both H,0 and CO, are
removed, to prevent absorption of infrared light by these species. The
FTIR-captured infrared spectra allow for the identification and quantifi-
cation of solid-state species during photon irradiation at sub-monolayer
sensitivity.

Simultaneously, in our experiments gas-phase species desorbing
from the surface of the ice are identified qualitatively by a quadrupole
mass spectrometer (Hiden HAL series 1000 PIC), in short QMS. The
electrons emitted from the filament ionises the species in the chamber
at ~70 eV and causes the intact species to fragment into its constituents,
giving a distinct fragmentation pattern. Not only are newly formed
species detected during the irradiation process at constant tempera-
tures, but furthermore the temperature programmed desorption (TPD)

method can reveal trapped molecules and atoms. Hereby, the substrate
is heated with a ramping rate of 5 K min~!, causing a release of species
from the ice at their characteristic desorption temperatures. During the
TPD, the rise of mass signals can be associated with the disappearance
of an IR features at the corresponding temperatures. By subtracting
the spectrum before irradiation from the spectrum after irradiation,
positive and negative absorbance values indicate the formation and
destruction of molecular species, or change of IR bands due to ice
restructuring. These difference spectra are complementary to the TPD
measurements as they reveal subtle changes in the IR spectrum.

2.2. Experimental procedure

To prepare the pure and multi-ice mixtures the following gases are
used and listed with their provider and purity: H,O (Sigma-Aldrich
Milli-Q®, 97%), CO, (Linde, 99.999%), NH, (Praxair, 99.96%). H,
(Linde, 99.999%) is required to operate the MDHL.

The gas mixtures are prepared in the mixing line with a base
pressure below 10~* mbar. The mixing line connects to an all-metal
leak valve that controls the flow of gas-phase molecules into the main
chamber through a capillary array consisting of a multitude of glass
capillaries. Hence, a directional beam of gas can be deposited at a
45° angle to the surface normal and an average deposition pressure
of ~10™° mbar in the main chamber. The movable capillary array
is positioned 40 mm from the substrate which allows for continuous
infrared measurements in order to precisely control the ice thickness
in real time. The thin ice film is deposited and irradiated at the same
temperature.

A list of performed experiments containing their operational param-
eters is shown in Table 2. All tertiary ices (H,O0:CO,:NH;) measured a
2:1:1 ratio in the solid state following the preparation of the gas-phase



T.-M. Briindl et al.

Table 2
An overview of all performed experiments and their operational properties on
the CryoPAD2 setup.

Radiation Species Temperature(K)  Mixing ratios Ice thickness
source in the (monolayers)
gas-phase

MDHL H,0 15 1 25

H,0 70 1 40

Co, 15 1 31

Co,? 70 1 31

NH; 15 1 32

NH, 70 1 32

H,0:C0,? 70 9:1 56

H,0:NH;? 70 9:1 115

H,0:CO, :NH; 15 50:4:1 51

H,0:CO,:NH, 70 28:3:1 75

SRL H,0:CO, :NH; 70 52:6:1 83

Note. — 2Control experiment.

mixture in the mixing line at empirically determined partial pressures.
The ice mixing ratios are determined in situ by converting the IR
absorption area into absolute column density (molecules per area;
Eq. (2)) with IR absorption strength values available in the literature

(Table 3), where 1 monolayer is defined as 10'> molecules per cm?.

2.3. Data analysis for photoproduct identification

During VUV irradiation, dipole-active photoproducts can be iden-
tified in the ice matrix by tracing their characteristic spectral bands
in the mid-infrared range. As the photoproducts are located mainly
in the bulk of the ice, albeit sparsely, the molecule’s signature from
photodesorption is too low to be detected in the QMS and will not be
used further for the data analysis. Instead, the QMS is used primarily to
trace species during the TPD phase at the end of the experiment, where
species are released at their characteristic desorption temperature when
the substrate is heated. The infrared spectra are used to correlate the
disappearance of infrared absorption bands with the species detected
with the QMS at given time, and confirming the detection of a pho-
toproduct. These two complementary tools secure the identification of
overlapping mass fragments of different species or convoluted IR spec-
tral bands of photoproducts and parent species. The following sections
describe concretely the data analysis of vibrational spectroscopy and
mass spectrometry for photoproduct identification.

2.3.1. Vibrational spectroscopy by means of RAIRS

All mid-infrared spectra are baseline subtracted, whereby a baseline
is fit to segments devoid of spectral bands and subtracted from the
entire spectrum. The known spectral positions and associated transmis-
sion band strengths shown in Table 3 are used to assign and quantify
(the parent) chemical species at lower and higher temperatures in
Section 3. The band strengths of pure ices are used to determine the
ratio of parent species in the ice mixture.

The FTIR in RAIRS configuration collects mid-infrared spectra from
4000 to 700 cm~! (2.5-14.3 pm) with a 1 cm™' resolution. This is
followed by data processing whereby the column density, Nyyecie, fOr
the species in question is determined from the following equation:

Abs dv

=In(10) x £Pand )

N species A’ XR

where Abs dv is the integrated absorbance band area and A’
is the appslnrent band strength for transmission infrared spectroscopy
in cm molecule™! taken from the literature (listed in the last column
of Table 3). For the current RAIRS setting, a correction factor, R,
must be applied to account for the conversion from transmission to

reflection spectroscopy. This setup-dependent value is experimentally
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derived from isothermal desorption of CO and has previously been
determined for CryoPAD2 to be 4.5 (Ligterink et al., 2018; Terwisscha
van Scheltinga et al., 2022).

2.3.2. Mass spectrometry

Every QMS device measures different mass-to-charge (m/z) signals
due to its intrinsic mass sensitivity. Therefore, the measured m/z values
have to be corrected accordingly. By measuring the abundance of
noble gases from a known gas mixture the mass sensitivity function
can be determined. Table 4 shows the characteristic peak desorption
temperatures for relevant parent species and photoproducts with their
primary and secondary mass fragments, if available.

3. Results

This section comprises the findings from the experiments presented
in Table 2, whereby two main themes are covered. First, the effect of
temperature (15 K vs. 70 K) on the parent species is explored for pure
ices and a tertiary ice mixture as an analogue of ices on the surface of
Enceladus. Secondly, we present the effect of VUV vs. solar fluence on
ice mixtures of the same ratio.

3.1. Temperature effect on ice IR features

3.1.1. Pure ices: H,0, CO, and N H;

Ice deposition at different temperatures results in distinct solid-
state structures, that is amorphous, compact, or crystalline forms, as
observed by their IR vibrational transitions. The characterisation of
IR features resulting from pure ices, including H,0, CO,, and NHj, is
shown in Fig. 4 and summarised in Table 5.

For H,O0 in Fig. 4, the modes for the dominant stretching (v,), weak
bending (v,) and moderate libration (vg) of the molecules can be seen
from left to right. At 15 K compared to 70 K, the v, band redshifts
by ~10 cm™! from 3411 to 3400 cm~! with a shoulder appearing at
~3300 cm™!, while the vy spectral position blueshifts by ~20 cm™!
from 861 to 883 cm~!. While both v, and v appear sharper, v, (mid-
dle) becomes smoother and does not change its position significantly.
Furthermore, the disappearance of the weak OH dangling mode at 70 K
(~3697 cm~! seen at 15 K) may be owed to ice compaction or smaller
pores coalescing into larger pores during heating and the subsequent
decrease of surface area inferring a reduction in OH molecules pro-
truding from the surface (Cazaux et al., 2015). The shift in spectral
positions, sharpening of the v, and vz mode, and the disappearance of
the OH-dangling mode hint at a global restructuring of the ice at 70 K
compared to 15 K. In relation to literature values, the bending modes
are in good agreement with Gerakines et al. (1995) and Mastrapa et al.
(2009), whereas the stretching and libration modes differ significantly
from the values given in Table 3. Baratta and Palumbo (1998) suggest
that differences in spectral features can arise between transmission
spectroscopy and RAIRS. A full comparison of absorption bands to
literature values is missing at 70 K due to a general lack of information
at this temperature.

In the case of CO,, the strongest band in the mid-IR range is
the asymmetric stretching mode (v;) which is split into three peaks.
Hereby, the interplay of phonon vibrations with the E-field of the UV-
radiation results in two modes at 2387 cm~! (LO) and 2342 cm™!
(TO), collectively termed as LO-TO splitting. This coupling effect occurs
at a grazing angle of the incident UV-light and manifests itself in
unique IR band profiles for polarisation sensitive species, explained in
more detail by Baratta and Palumbo (1998) and Baratta et al. (2000).
Evidently, laboratory experiments employing a normal incidence angle
do not observe the LO mode near 2387 cm™! for CO, (Gerakines et al.,
1995; Ehrenfreund et al., 1997; van Broekhuizen et al., 2006). Further,
this band characterises CO, clusters (Edridge et al., 2013) and can be
seen both at 15 and 70 K due to a sufficiently high surface coverage
required to form these clusters, proposed by He et al. (2017). In this
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Table 3
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Characteristic spectral bands and band strengths of solid-state parent species and photoproducts in various ice matrices at low
and high temperatures.

Species Peak position (cm™!) Ice Matrix Temp. (K) A’ (ecm™) Reference
Parent species
Co, 3708 Co, 14 2.1 x 10718 Gerakines et al. (1995)
3708 Co, 25 1.8 x 10718 Bouilloud et al. (2015)
NH; 1071 NH; 18 20 x 1077 Hudson et al. (2022)
1057 NH, 100 22 x 1077 Hudson et al. (2022)
3370 NH, 18 26 x 1077 Hudson et al. (2022)
3376 NH,4 100 31 x 1077 Hudson et al. (2022)
H,0 760 H,0 14 33 x 10717 Gerakines et al. (1995)
763 H,0 25 32 x 1077 Mastrapa et al. (2009)
3280 H,0 14 22 x 10716 Gerakines et al. (1995)
3297 H,0 25 1.5 x 10716 Bouilloud et al. (2015)
Photoproducts
13co, 2283 Co, 14 - Gerakines et al. (1995)
13C02 2283 CO, 25 - Bouilloud et al. (2015)
CcO 2139 CcO 14 - Gerakines et al. (1995)
2139 cOo 25 - Bouilloud et al. (2015)
CO; 1879 CO, 10 - Bennett et al. (2004)
2044 CO, 10 - Bennett et al. (2004)
H,CO 1496 H,0:H,CO 10 - Schutte et al. (1993)
1500 H,CO 25 - Bouilloud et al. (2015)
1719 H,0:H,CO 10 - Schutte et al. (1993)
1725 H,CO 25 - Bouilloud et al. (2015)
HCOOH 1229 HCOOH:H,0:C'%0, 15 - Bisschop et al. (2007)
1224 HCOOH:H,0 75 - Bisschop et al. (2007)
1383 HCOOH:H,0 10 - Schutte et al. (1999)
1383 HCOOH:H,0 80 - Schutte et al. (1999)
1695 HCOOH:H,0:C'*0, 15 - Bisschop et al. (2007)
1709 HCOOH:H,0 75 - Bisschop et al. (2007)
O; 1045 CO, 20 - Brewer and Wang (1972)
OCN™ 2166 H,0:HNCO:NH; 120 - van Broekhuizen et al. (2005)
Wavelengths (um)
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Fig. 3. (a) IR spectra of H,0:CO,:NH; (2:1:1 ratio) ice at 15 K (blue) and 70 K (orange). (b) In the magnified region between 3500-3800 cm™!, covering both
CO, combination modes, the O-H dangling bond at ~3655 cm™! is only visible at 15 K. An offset has been introduced between the spectra for clarity.

work, the peak at 2342 cm™! is assigned to physisorbed CO, onto the
water surface with its position remaining unchanged independent of
the temperature. However, the full width at half maximum (FWHM) of
the absorption band decreases at 70 K, resulting in a sharper IR feature.
The third peak redshifts by 3 cm™! from 2376 cm™! to 2373 cm™! at
15 K and forms a shoulder near 2366 cm~' at 70 K. While this peak
is widely unknown in the literature, Edridge et al. (2013) assigns it
to the weakly polarised LO phonon mode based on the change of the
phonon vibrations in the ice. The authors report a similar shift during a
temperature increase of the ice from 28 to 55 K. The two combination
modes at ~3597 and 3705 cm~!' do not change significantly with
temperature and are thus only presented in Table 3. Additionally, the
isotopologue '3CO, is observed at 2281 cm~! for higher and lower
temperatures without notable band shifts or shape changes.

The change of NH; mid-IR features with temperature is more promi-
nent: The peaks for the stronger N-H asymmetric stretching mode
(v;) at ~3380 cm™!' and weaker symmetric stretching mode (v;) at
~3210 cm™! become more distinct at higher temperatures, with the
smaller peak decreasing in absorbance and slightly shifting from 3212

to 3207 cm~!. The plateau separating the peaks disappears and trans-
forms into a slope. This profile change agrees with the experimental
results for solid NH; by Hudson et al. (2022). The N-H bending mode
(v4) at ~1630 cm~! becomes narrower with the peak shifting by ~20
cm~! to higher wavenumbers, while the umbrella mode (v,) at ~1101
cm~! splits into 3 peaks: The smallest at ~1440 cm~!, the highest
near 1123 cm~!, and intermediate at ~1072 cm~!, which indicates the
transition from an amorphous to a crystalline ice structure (Giuliano
et al., 2014). The v,/v; and v, band positions are in good agreement
with literature (see Table 3). For v,, Hudson et al. (2022) report values
differing by ~30 and 15 cm~! for low (18 K) and high temperatures
(100 K), respectively. Thus, our experiments infer that the position and
profile shape of absorption bands may inform the thermal history of the
ice. With increasing temperature, we observe a change in porosity and
increase of crystallisation in the absence of irradiation.

3.1.2. Tertiary ices: H,0:CO,:NH; (2:1:1)
IR spectra obtained from the H,0:CO,:NH; (2:1:1) ice mixtures
at 70 K and 15 K are shown in Fig. 3. Several IR features overlap,
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Fig. 4. IR spectra of pure ices (from left to right: H,0, CO,, NH;) were measured at 15 (blue) and 70 K (orange). In the H,O and NH; plots a small feature at
~2340 cm™! is attributed to the CO, purging instability in the IR-beam path, which becomes negligible for pure CO,.

Table 4

List of parent and potential photoproduct species with their fragmented masses
upon electron impact ionisation. The molecules are listed in order of increasing
peak temperature per category.

Primary m/z Secondary m/z Temp."* (K) Ice matrix

Species peck

Parent species

Cco, 44 28 80 Pure CO, on ASW
NH; 17 16 1052 Pure NH; on ASW
H,0 18 17 1552 Pure H,0 on ASW

Photoproducts

0, 32 16 352 Pure O, on ASW

co 28 12 352 Pure CO on ASW

Co, 60 - - -

0, 48 - 55-90° 0/0, on N,
H,CO 29 30 110 & 147¢ H,0:H,CO (6:1)
HNCO 43 42 1304 HNCO:'2CH, (1:1)
CH;0H 31 32 ~155¢ H,0:CH;0H (7:1)

HCOOH 29 46 160f H,0:HCOOH (10:1)
Note. — Characteristic peak temperatures obtained from: ®Minissale et al. (2022) for

pure ices deposited on compact Amorphous Solid Water (ASW). PMinissale and Dulieu
(2014). <Noble et al. (2012). dLigterink et al. (2018). Wolff et al. (2007). floppolo
et al. (2010). When multiple species have a mutual mass component, the secondary
mass can be used to verify the assignment of a species for a given temperature peak.

Table 5

Measured IR bands at 15 K and 70 K for pure and mixed ices. Dashes
indicate convoluted peaks for the ice mixture. The literature values for similar
temperatures are listed in Table 3.

Species Peak position (cm™!) at 15 K Peak position (cm™) at 70 K
Pure Mixed Pure Mixed
H,0 861 849 883 871
1671 - 1671 -
3411 - 3400 -
Cco, 2342 2357 2342 2342, 2377
2376 - 2373, 2366* -
2387 - 2387 -
3597 3588 3596 3596
3705 3699 3705 3704
NH; 1101 1116 1072, 1123, 1140 1113
1631 - 1652 -
32122, 3381 - 32072, 3381 -
Note. — ?Denotes a shoulder feature.

such as the H,O (v,) with NH; (v, /v;) between ~3100-3600 cm~! and
H,0 (v,) with NH; (v,) between ~1580-1720 cm™!. Because of these
overlaps we utilised water’s vz and ammonia’s v, bands to calculate

their column densities, unambiguously. The peak positions of the IR
features are presented in Table 5.

We find that diluted CO, in an ice mixture at 15 K exhibits dis-
tinct differences compared to pure CO, ice (Fig. 4). In particular, the
strongest IR feature of CO, at ~2340 cm™! (Fig. 3(a)) is composed of a
single peak at 2357 cm™! at 15 K, whereas at 70 K the peak splits into
one smaller peak near 2342 and a second, sharper feature at 2377 cm™'.
Additionally, both combination modes of CO,, at ~3590 cm~! and
~3700 cm™!, become more distinct at higher temperatures (Fig. 3(b)).
This observation corroborates prior experimental findings of mixed CO,
(Blake et al., 1991; Ehrenfreund et al., 1999; Bernstein et al., 2005;
Hodyss et al.,, 2008). The change of the bands’ shape is explained
by segregation, a process in which CO, molecules become sufficiently
mobile to arrange themselves into groups of pure CO,. In a study by
He et al. (2017) for CO, on non-porous amorphous solid water ice, the
required temperature was found to be 65 K, below which the diluted
CO, molecules are trapped and cannot form clusters.

Another tool to assess segregation is through the shift of the peak
position of an infrared absorption feature. In the tertiary ice mixture,
the CO, combination modes for a tertiary ice at 15 K are redshifted
by 6 to 9 cm™!, compared to pure CO, ice at 15 K (see Table 5). At
70 K, no significant difference is observed between CO,’s combination
modes in the pure and tertiary ice. However, the asymmetric stretching
band exhibits a blueshift from 2373 cm~! in the pure ice to 2377 cm™!
in the tertiary ice mixture. These results are consistent with the work
from Bernstein et al. (2005) who report a similar wavelength blueshift
and the local CO, concentration.

Lastly, we do not observe the OH-dangling mode observed near
3655 cm™! at 70 K (Fig. 3(b)). Given that the dangling mode is an
indicator for pore surface area, this discrepancy suggests a different
ice structure possibly due to the gradual annealing of ice (Bernstein
et al., 2005), opposed to our approach of depositing the ice at the same
temperature as recording the IR spectrum. Thus, the formation history
of ice mixtures could affect the ice structure and related IR features.
Our findings on morphological changes in a mixed ice confirm that
deposition at higher temperatures leads to CO, segregation.

3.2. Photon energy effect on H,O:CO,: N H (2:1:1) ice mixture

3.2.1. Microwave-discharge hydrogen-flow lamp (6.9-10.8 eV; 115-180
nm)

Comparison of mid-infrared spectra during irradiation at 15 K vs. 70 K
IR spectra of H,0:CO,:NH; ice mixture obtained before and after
MDHL photon irradiation for a fluence of 2.45 x 10'® photons cm=2
at 15 and 70 K are shown in Fig. 5(a). For 15 K (marked in blue),
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Fig. 5. (a) Mid-IR spectra after deposition (no fluence) and a maximum fluence of 2.45x 10'® photons cm™? and (b) difference spectra composed of spectra before
and after VUV-irradiation of a H,0:CO, :NH; (2:1:1 ratio) at 15 K (blue) and 70 K (orange). Photoproducts are assigned with arrows and an offset between the
plots is introduced for better visibility. To interpret the references to the colour references in this figure legend, the reader is directed to the web version of this

article.

a substantial decrease of the peak absorbance values of the parent
species due to photodissociation is also visible in Fig. 5(b) at certain
wavelengths. Beyond this, increases are observed in other places. These
new absorption features correspond to new species that are formed
during irradiation. New peaks are assigned to corresponding vibrational
transitions of cyanate ion (OCN™) at 2168 cm~!, carbon monoxide (CO)
at 2138 cm~!, formaldehyde (H,CO) at 1495 cm~!, and formic acid
(HCOOH) at 1384 cm~!. The vibration of the C = O stretching mode
of H,CO and/or HCOOH is ambiguous owing to the broad H,O feature
near 1670 cm~'. However, in the difference spectrum in Fig. 5(b) the
peaks at 1717 cm~!' and 1495 cm~!' become visible, confirming the
detection of H,CO and HCOOH, respectively. Further, we observed
the formation of OCN™ becoming visible in the IR after a 15-min
irradiation (fluence = 2.1 x 10'7 photons cm~2). The late onset of its
formation suggests it is a second-generation species that is formed in
these experiments (van Broekhuizen et al., 2005; Fedoseev et al., 2016).
It is likely that HNCO is formed first, which has been proposed through

an acid-base reaction with NH; (Raunier et al., 2004; van Broekhuizen
et al., 2004). All observed values are in close agreement with the peak
positions reported in the literature (see Table 6).

The negative blue peaks in Fig. 5(b) for NH; (1180 cm™!, 1630
cm™!), CO, (2360 cm~!, 3700 cm™!), and H,0 (762 cm™!) imply a
destruction of the parent species. This leads to the formation of radicals
that diffuse and react in the ice, forming new species, appearing as
positive IR peaks. In the overlapping H,O/NH; region near ~3300 cm™!
a distinct dip is observed which is either owed to the change in physical
structure of the ice, a decrease in column densities or a combination
of both, thus altering the spectral shape of water and ammonia’s
stretching modes or lowering the absorbance of the absorption features,
respectively. A structural reorganisation of the ice is possible: Leto and
Baratta (2003) proposes the amorphisation of crystalline water ice due
to Ly-a photon irradiation for ices below 70 K which applies to our
experiment and may explain the changed spectral shape. Moreover,
the CH;O0H band which is obscured by the water bending mode for
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Table 6

Icarus 444 (2026) 116751

Potential photoproducts after VUV-irradiation of a H,0:CO,:NH; tri-mixture according to the expected IR peak positions and
TPD detection in the QMS. An ambiguous detection, denoted (v'), is explained further in the results section. Crosses imply that
no photoproduct has been detected above the detection threshold. Question marks indicate unidentified species.

Potential photoproducts 15K 70 K Literature™"
Meas. peak position (cm™') QMS-TPD Meas. peak position (cm~') TPD (em™)
CO; - X 971 X 9722
0, - x 1043 v 1045°
CH;0H 1019 v - v 1026¢
Unidentified 1345 - - - -
HCOOH 1384 v 1386 X 13844
CH,0H - v 1456 v 14594
H,CO 1495 v 1491 v 1496°
Unidentified 1596 - 1606 - -
HCOOH 1694 v 1694 X 1695°
H,CO 1717 v 1716 4 1719¢
CO; - X 1878 X 18792
CO, - X 2043 X 20442
CO 2138 ) 2138 V) 21394, 21408
OCN~ 2168 v 2166 v 2166", 21642

Note. — 2Bennett et al. (2004). PBrewer and Wang (1972). “Hudgins et al. (1993). 9Bouilloud et al. (2015). ¢Schutte et al. (1993). fBisschop

et al. (2007). 8Bossa et al. (2008). ®van Broekhuizen et al. (2005).

15 K in Fig. 5(a) appears at 1019 cm™! in the blue difference spectrum
(Fig. 5(b)), in good agreement with the literature value at 1026 cm™!
(Hudgins et al., 1993).

For characteristic temperatures at Enceladus’ surface near 70 K,
we present the infrared spectra in orange for tertiary ices before and
after irradiating the ice with the MDHL in Fig. 5(a). The new species
compared to those also detected in the irradiation experiment at 15 K
are ozone, O; (1043 cm™!), and carbon trioxide, CO; (971, 1878,
2043 cm™!). The spectral positions of the previously detected photo-
products at 70 K are 2138 cm~! for CO, 2166 cm~! for OCN~, 1491
and 1716 cm~! for H,CO, 1386 and 1694 cm~! for HCOOH, and
1456 cm™! for CH;OH. A peak for O; appears at 1043 cm™! in good
agreement with the literature value at 1045 cm~! (Brewer and Wang,
1972). CO; is also clearly identified in the infrared spectrum: While the
infrared spectrum for 70 K in Fig. 5(a) displays two of the characteristic
bands at 1878 and 2043 cm™!, a third peak becomes visible peaks in
the corresponding difference spectrum (Fig. 5(b)) at 971 cm~!. These
values agree very well with the literature values within 1 cm™! (see
Table 6).

The detection is further verified by a control experiment of irradi-
ated pure CO, ice. The mid-IR spectrum before and after irradiation
(Fig. A.1 in Appendix A) shows the same bands as well as the C-
O stretch. band of CO; at 972 cm~! (Bennett et al., 2004), which is
obscured by the water libration mode for 70 K in the tertiary mixture
(Fig. 5(a) while visible in Fig. 5(b)) or in a H,0:CO, ice mixture
(Fig. B.1 in Appendix B). In this control experiment ozone was also
detected, implying that the formation of CO; and O; relies on the
photodissociation of CO, into CO + O and subsequent diffusion reaction
of those photofragments or, alternatively, through O-atom addition
reactions to CO,.

Fig. 6 displays the evolution of the abundance of CO, and NH;
with fluence, based on the measured column densities of the re-
spective IR bands at 3704 cm~! and at 1113 cm~'. Assuming zero-
order kinetics, an exponential decay fit (Eq. (4)) allows determining
the photodestruction cross-sections for CO, and NHj, resulting in
oco, = (143+0.01)x 10~1? cm? and onp, = (299 £0.1)x 10719 cm?.
The obtained photodestruction cross-sections agree, within a factor of
a few, with literature values of oy, = (7.1 £ 1.2) x 107!% cm? (Chuang
et al,, 2024) and o, = 3.8x 107! cm?. Due to the scarcity of available
data for the CO, photodestruction cross-sections, we estimated oo,
using the following equation, assuming complete absorption of incident
photons by the ice:

3

where o, = 6.7 x 107! cm? is the known CO, photoabsorption cross-
section (Cruz-Diaz et al., 2014) and Gyy = 0.56 + 0.09 is the CO,

6co, = 04 X Gyy,

1.0

o
o

o
o

o
>

® CO,(3704cm™})
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Exponential decay fit
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Fig. 6. The normalised molecular abundance, or fraction of remaining parent
molecules, in a tertiary ice mixture at 70 K with fluence.

photodestruction yield reported by Gerakines et al. (2000). Further,
it is well known that the photodissociation efficiency (quantum yield)
and differences in the ice temperature or photon energy can affect the
photolysis cross-section values (Schmidt et al., 2013; Cruz-Diaz et al.,
2014).

Nt
Fo
where t is the time since the irradiation start in seconds, N, is the
molecular abundance at a certain irradiation time in molecules cm~2,
N, is the initial molecular abundance at t = 0 s, ¢ is the photodestruc-
tion cross-section in cm?, and ¢ is the VUV flux in photons cm~2 s71.
For water ice, due to the low detector sensitivity near the wavelength
range cut-off, the uncertainty for the water libration mode is deemed
insufficient to derive a meaningful photodestruction cross-sections.
The determined photodestruction cross-section values are then used to
calculate the molecular survival times in seconds, or half-life, with Eq.
(5). Therefrom, a molecular half-life for CO, and NH; of t;, = 59 h
and t;, = 2.8 h under laboratory conditions is found, respectively.

n(2)
oX¢pXt

:e—axdzxt

4

= (5)
Comparison of TPD for tertiary ices irradiated at 15 and 70 K

We report the QMS signal of photoproducts during the TPD exper-
iment for irradiated tertiary ices at 15 and 70 K, as shown in Fig.
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Fig. 7. lon mass fragment (m/z) of photoproducts during TPD of a H,0:CO, :NH; ice mixture irradiated at (a) 15 K and (b) 70 K. TPD profiles are offset and in

some cases scaled for clarity.

7. The dashed lines indicate several desorption peaks of the detected
species. The photoproducts are identified according to their character-
istic desorption peaks and m/z values, which were carefully selected to
represent the primary or secondary fragmented mass as summarised in
Table 4.

The QMS-TPD data of tertiary ice irradiated at 15 K (Fig. 7(a))
shows the volcano desorption of entrapped HCOOH, OCN~, CH;0H,
H,CO, CO/CO, and NH,OH in water ice at ~155 K and 161 K, consis-
tent with the expected temperatures for the structural changes (shoul-
der of QMS signal) and peak desorption of water ice, respectively. The
peak at ~160 K also correlates well with the predicted disappearance
of the IR peaks of HCOOH, although volcano desorption with water
at this temperature or a combination of both desorption mechanisms
cannot be ruled out. While a signal for m/z = 33 (NH,OH") appears
near 160 K, it is weaker than for 70 K with no signal detected near 80 K,
unlike a small bump seen in Fig. 7(a) for m/z = 33. To this end, the
assignment of NH,OH is only tentative. The small quantity may explain
why it is not seen in the IR difference spectrum in Fig. 5(b) for 15 K.
Note that the QMS-TPD data at temperatures above 150 K may contain
signal bleeding, and thus, adds some uncertainty to the measurements
above these temperatures. Carbon monoxide’s signature in the QMS-
TPD data of CO* (m/z = 28) is either attributed to newly formed CO
or a fragment of CO,. However, the detection of CO is corroborated as a
result of its matching IR band. OCN™ (m/z = 42) is not included in Fig.
7, albeit being detected the QMS-TPD data, as it is a well-known prod-
uct from H,0 — NH; photochemistry and its identification is already
confirmed by its characteristic IR signature (Fig. 5). Fig. 7(b) presents
the QMS-TPD data obtained for the tertiary ice irradiated at 70 K, and
subsequently being warmed to 200 K. Similarly to the 15 K experiment,
the detected species are OCN~, CH;O0H, H,CO and CO/CO,, albeit no
QMS signal for HCOOH is observed near its characteristic desorption
temperature. Most notably, new QMS traces appear for ozone, O; and
hydroxylamine, NH,OH*. A clear peak is visible for OF (m/z = 48)
at 88 K, which falls within the expected desorption range of 50-90 K
(Minissale and Dulieu, 2014). For H,CO, the desorption peak shifts
from a higher to a lower desorption temperature compared to the TPD
for the 15 K (Fig. 7(a)). This may be due to a higher abundance of H,CO
in the ice mixture irradiated at 70 K. Thus, the molecules can find each
other and collectively desorb closer to the characteristic desorption
temperature (~147 K) instead of volcano-desorbing with water. For
hydroxylamine (m/z = 33), one peak appears near ~160 K, most likely
due to H,O volcano desorption at this temperature. A second, stronger
signal increase is recorded from ~170 K to ~200 K, the highest recorded
TPD temperature.
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Fig. 8. Difference IR spectrum between 77-93 K showing the disappearance of
the O; (1043 cm™!) and CO; band (972 cm™') in a H,0:CO, :NH; ice mixture
irradiated at 70 K.

Difference IR spectra during the TPD

Lastly, TPD tailored difference spectra can be used to further iden-
tify photoproducts by comparing the disappearance of IR bands during
TPD to the simultaneous increase of mass signatures associated with a
species in the QMS data. Hereby, the difference IR spectrum is created
using two spectra corresponding to the upper and lower limit of a
temperature range seen in the QMS-TPD data, opposed to spectra taken
before and after irradiation.

For the irradiated H,0:CO, :NHj; ice mixture at 70 K, the negatives
peaks in Fig. 8 give additional evidence for thermal desorption of ozone
and carbon trioxide by showing the disappearance of the expected IR
band at 1043 cm™! from 77-93 K during TPD.

The desorption temperature range of CO; is precised to 82-93 K,
as shown by two other characteristic bands at 1878 and 2043 cm™!
simultaneously disappearing in Fig. D.1 (Appendix D). While the spec-
tral positions for all the peaks are in close agreement with the literature
values for CO; given by Bennett et al. (2004) (see Table 6). In contrast,
no peak appears in the QMS-TPD data for the expected m/z of 60
in this temperature range. CO; may have fragmented during impact
ionisation before a possible detection in the QMS. However, the frag-
mentation pattern of CO; is not available. Nonetheless, due to the
observed simultaneous formation, photodestruction and disappearance
for both aforementioned peaks, we suggest the presence of CO; in our
tri-mixture.
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Fig. 9. The infrared spectra of H,0:CO, :NH; (2:1:1 ratio) ice after deposition and a 3 h long irradiation with the SRL.

Further, we tentatively assign NH,OH as a photoproduct in the
ice mixture. The mass signal m/z = 33 characteristic for NH,OH*
was recorded as shown in Fig. 7(b). This peak correlates with the
disappearance of four characteristic peaks at 928, 1201, 1375, and
3315 cm™! in the difference IR spectrum during TPD in Fig. D.2
(Appendix D), in close agreement with the spectral positions reported
in the literature (Table D.1). Additionally, a control experiment of the
VUV-photolysis of a H,O : NH; mixture was performed (Table C.1, Fig.
C.1 in Appendix C). The majority of the IR bands are in agreement with
respect to the H,0:CO, :NH; results. Hydroxylamine’s mass signature
of m/z = 33 peaks within a similar temperature range of 172 to
221 K to that found in other experiments (~165-225 K in Fedoseev
et al. (2016)), although the TPD for the tri-mixture was not recorded
above ~200 K. The detection of H,CO is further confirmed by the
characteristic spectral peaks seen in the difference spectrum for the TPD
range from 110-142 K (Table D.1). The aforementioned photoproducts
are summarised in Table 6 based on the QMS-TPD results as well as IR
data collected during VUV-irradiation.

3.2.2. Solar radiation lamp (0.7-6.2 eV; 200-1800 nm)

We performed an irradiation experiment with the SRL to com-
pare our results to the above VUV-irradiation experiment in order to
understand the photon energy effect on ice chemistry. The mid-IR
spectra of H,0:CO, :NH; mixed ice obtained before and after the SRL-
photon irradiation for a fluence of ~2 x 10!° photons cm™2 at 70 K are
presented in Fig. 9. As can be seen, no new IR features corresponding
to photoproducts were detected due to the SED of the SRL. Although
the radiation source covers the higher end of the photon energy range,
its SED displayed in Fig. 2(b) is such that the majority of photons
are emitted within the visible and near-infrared wavelength range
above ~380 nm or below 3.3 eV. These energies are below the bond
dissociation energies required to break the chemical bonds of all three
parent species. For example, the covalent C = O bond of CO, requires
photons with energies >5.5 eV. Therefore, we do not expect photons
with energies characteristic for the SRL to induce photodissociation
processes nor ice chemistry in similar ice mixtures. The same behaviour
is observed at 15 K (i.e., the infrared spectra from Fig. 3 remains
unchanged) and is not discussed here further. The slight increase in IR
features of the parent species (i.e., ~10% increase in absorbance area)
can be attributed to residual background deposition over the duration
of the experiment. In summary, no photoproducts were detected with
the SRL. Therefore, the rest of the photochemistry experiments in this
work were performed using solely the MDHL lamp.

3.3. Discussion

Our experiments show that the photochemistry of irradiated
H,0:CO,:NH; ice mixtures differs between low (15 K) and high

10

temperatures (70 K). At 15 K, we found evidence for the formation
of carbon monoxide, cyanate ion, formaldehyde, formic acid, and
methanol. The most striking result is the detection of CO; and O,
at 70 K, corroborated by the aforementioned IR and QMS signals in
addition to the above photoproducts at 15 K. Further, we tentatively
identified NH,OH.

Egs. (6)—(8) describe the widely accepted photodissociation path-
ways of the parent species H,O (Tanaka et al., 1961; Stief et al., 1975),
CO, (Okabe et al., 1978; Oberg et al., 2009b; Martin-Doménech et al.,
2015) and NH; (Gerakines et al., 1996; Loeffler and Baragiola, 2010):

H,0 + hv > OH+H 6)
COy +hv—-CO+0 )
NH; + hv — NH, +H (8)

The detected photoproducts described in Section 3 can be explained
by reactions between radicals, ions and the molecules in the ice,
facilitated by photodissociation of the parent species. Thus, H,CO can
form through hydrogenation of CO from dissociated CO, (Eq. (7)) with
subsequent hydrogenation forming CH;O0H (Watanabe and Kouchi,
2002). Furthermore, the intermediate HCO radicals can react with OH
radicals forming HCOOH. CO acts as another precursor when reacting
with the NH, radical, resulting in HNCO + H. Consequently, HNCO
reacts with surrounding NH; molecules through an acid-base reaction,
leading to the formation of OCN™ and NH;r (Demyk et al., 1998; van
Broekhuizen et al., 2004).

The formation of hydroxylamine may be due to the photodissocia-
tion of NH; (Eq. (8)) and recombination with OH as proposed by Zheng
and Kaiser (2010) for an electron irradiated water-ammonia ice.

NH, + OH — NH,OH ©

Ozone is likely formed from photodissociation of CO, (Eq. (7)) and
consecutive O atom addition (Egs. (10), (11)):

0+0-0, (10$)

0,+0 - 0, (an

For carbon trioxide, the formation mechanism is expected to occur
through O atom addition to the readily available CO, (Eq. (12)).

CO, +0 — CO4 (12)

In our control experiment of irradiated pure CO, ice we observed the
formation of CO, O3 and CO; (Appendix A), confirming the proposed
reaction pathway based on the sole precursor CO, (Egs. (7)-(12)).
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One reason why oxygen-bearing photoproducts such as CO; and
O; dominate over hydrogen-bearing photoproducts at elevated tem-
peratures is the desorption of atomic/molecular hydrogen at lower
temperatures (~15 K) w.r.t. atomic oxygen (~50 K). Thus, hydrogena-
tion dominates at lower temperatures, while the enhanced mobility
of species at elevated temperatures leads to a higher collision rate of
reactants on the surface and in the bulk of the ice (Cuppen et al., 2017).

4. Application to Enceladus and other icy moons

The main result of our experimental work suggests that
UV-photolysis of Enceladus’ ice analogues enriched in CO, leads to the
formation of solid-state ozone and carbon trioxide at 70 K compared
to ISM-like temperatures at 15 K. We experimentally observe the UV-
induced formation of ozone in a water-carbon dioxide ice matrix based
on its asymmetric stretching mode at 1043 cm™!. Ozone remains in
the solid state below 88 K, whereafter it sublimates as revealed by
our QMS-TPD data peak for the ozone ion (m/z = 48) at typical peak
desorption temperatures.

Therefore, our results give evidence that solid-state ozone should
be present on Enceladus’ surface at temperatures below 88 K. At
higher daytime temperatures such as those found on other icy sat-
urnian satellites (e.g., ~130-140 K for Hyperion, >100 K for Mimas
(Filacchione et al., 2016)), ozone is expected to be released into the
atmosphere. A non-detection of ozone on Enceladus to date does not
discard its presence, considering Cassini’s instruments were unable to
detect the most prominent O; bands (i.e., the 240-300 nm Hartley
band, 1043 cm~!' mid-IR band) due to not covering the required wave-
length range or low SNR of the spectrometers. Moreover, the ozone
cation (O;r) was not detected by the Ion and Neutral Mass Spectrometer
(INMS) aboard Cassini (Magee and Waite, 2017; Khawaja et al., 2019),
possibly attributed to the insufficient mass resolution and sensitivity of
the mass spectrometer to disentangle fragmented molecules produced
from the high particle impact speeds.

On Enceladus, pure CO, has been detected by Cassini’s VIMS instru-
ment between the tiger stripes (Combe et al., 2019) with temperatures
remaining below 80 K (CIRS, Abramov and Spencer (2009)). Matson
et al. (2018) postulates that CO, originates from the ocean, whereby
CO, seeping through the crust and freezing out on the cold surface is
responsible for its pure concentration. Thus, the regions between the
tiger stripes offer suitable conditions for the formation of ozone in the
surface ice, after gardening (e.g., photolysis, radiolysis) of concentrated
CO, ice. Our study suggests the presence of endogenic ozone trapped
in the surface ice at the characteristic temperatures between the tiger
stripes.

On the other hand, at Ganymede, a study by Noll et al. (1996) linked
the broadening and slight red-shifting of the Hartley band to gas-phase
ozone being trapped in cracks and voids within the surface ice. Re-
cently, JWST observations revealed that solid state CO, is spread across
the entire surface of Ganymede with lower abundances at the poles,
where CO, is mixed with water ice. At lower latitudes, CO, could be
trapped in non-icy material such as minerals and salts, which were seen
as darker regions (Bockelee-Morvan et al., 2024). Our study suggests
that the ozone formed at the poles due to energetic processes would
not be stable at these temperatures (~140 K). The observed trapped
ozone from Noll et al. (1996) could then be attributed to CO, processed
at lower latitudes, where ozone probably desorbs into gas pockets and
remains trapped in the surface material. On Rhea and Dione, Oj is also
found in the surface (Noll et al., 1997), where average temperatures
remain below those of the Galilaen satellites (<80 K; Teolis and Waite
(2016)). This agrees with our experimental finding of trapped ozone in
a water-rich CO, ice at temperatures <88 K. Furthermore, the detection
of an 0,-CO, exosphere (Teolis et al., 2010; Teolis and Waite, 2016)
from radiolysis, photolysis or impact sublimation suggests the presence
of solid-state O, and CO,, confirmed by VIMS observations of Rhea and
Dione (Stephan et al., 2010, 2012).
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We showed that CO, gardening is a key building block for O;
formation which appears to be a common process on several icy moons
across the Solar System, supported by the aforementioned observations
and laboratory results. Although past experimental studies have demon-
strated the formation of ozone through 5 keV electron bombardment
of pure oxygen ice at 11 - 30 K (Bennett and Kaiser, 2005; Sivaraman
et al., 2007) or proton radiolysis of oxygen mixed with water ice at
80 K (Moore and Hudson, 2000), our study is the first to examine
the UV-photolysis of Enceladus-like ices enriched in CO, at the same
deposition and irradiation temperature of 70 K. Future spaceborne
instrumentation exploring the surfaces of icy moons must be fine-tuned
to confirm the presence and physico-chemical state of ozone and other
O-bearing species such as CO;. Thereby, high-resolution spectrometers
searching for trapped ozone in the ice matrix must be able to measure
broadly spaced absorption bands in the UV (240-300 nm) and mid-
IR regions (1043 cm™!), as well as those for solid carbon trioxide
(971, 1878, 2043 cm™!). For in-situ detection of ozone, the impact
velocity of molecules governed by the in-situ sampling speed must be
sufficiently low to avoid excessive fragmentation of molecules in mass
spectrometers and false positives from artificial synthesis of new species
(Martins et al., 2013; New et al.,, 2021). Furthermore, a high mass
resolution compared to that of Cassini’s INMS (4m = 1 amu) is required
to disentangle ambiguous mass peaks (Magee and Waite, 2017).

Building on our findings of the new photoproducts, questions con-
cerning their survivability and implicit detectability naturally arise.
The reported photodestruction cross-sections of CO, and NH; in Sec-
tion 3.2.1 are extrapolated to geologically relevant timescales at Ence-
ladus, given the known laboratory-to-Enceladus energy flux scaling
(Table 1). Therefrom, we derive half-lives for CO, and NH; ice on Ence-
ladus of ~11 and ~5 days, respectively. Hereby, possible replenishing
processes such as gas seeping through the icy crust (Combe et al., 2019)
may be responsible for the survivability not only of these parent species
but also the detected photoproducts, whereby the replenishing rate
must be equal or greater than the destruction rate. Vice versa, future
observations of these photoproducts such as ozone, carbon trioxide or
cyanate ion may hint at ongoing replenishing processes, considering
the building blocks for the photoproducts formation are required from
a separate source.

5. Summary and conclusions

We experimentally studied the photochemistry of irradiated ice mix-
tures (H,0, CO,, and NH3) under ultra-high vacuum conditions using
vacuum-ultraviolet (VUV) radiation and solar radiation to determine
chemical reactions and their products. To our knowledge, this is the
first systematic study investigating the effect of VUV/Vis radiation on
the chemical composition of Enceladean ice analogues at temperatures
relevant for Enceladus (70 K), with a comparison to ISM conditions
(15 K). Our findings are the following:

+ Photon Energy Effects: VUV photons (MDHL) induce significant
chemical changes, leading to the formation of various organic
and inorganic compounds. SRL photons, with lower energies, did
not induce chemical evolution above the detection threshold,
suggesting that VUV photons (6.9-10.8 eV in this work) are most
responsible for ice chemistry.

Temperature Effects: At 15 K, photoproducts such as carbon
monoxide (CO), cyanate ion (OCN-), formaldehyde (H,CO),
methanol (CH;OH) and formic acid (HCOOH) were observed. At
70 K, additional products were detected, including ozone (0;) and
carbon trioxide (COs), due to a higher mobility of oxygen atoms
and CO, segregation.

Ozone is likely formed through O atom addition reactions in
CO,-rich ice regions and is potentially trapped on Enceladus’
surface below 88 K.
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+ The estimated half-life of solid-state CO, and NH; on the surface
of Enceladus is ~11 and ~5 days, respectively, suggesting an
ongoing replenishing process.

The study demonstrates that photochemistry involving CO,, H,O,
and NH; at different temperatures plays a central role in forming O-
bearing molecules on icy bodies such as Enceladus. Understanding this
photochemical process not only enhances our knowledge of icy moons’
surface chemistry, but also of extraterrestrial environments and the
potential habitability of ocean worlds in our Solar System.
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Appendix A. Control experiment: Pure CO, ice (70 K)
See Fig. A.1.

Appendix B. Control experiment: H,O : CO, ice mixture (70 K)
See Fig. B.1.

Appendix C. Control experiment: H,O : NH; ice mixture (70 K)

The irradiation of a H,O : NH; (8:2) bi-mixture was performed to
facilitate the identification of photoproducts in a more complex ice
mixture, described in Section 3.2.1. In particular, measurements of
the QMS and infrared spectra were compared during TPD to unam-
biguously identify species due to the thermal desorption of species
that would otherwise overlap with other species’ IR bands or QMS
desorption peaks. Table C.1 lists the assigned photoproduct, according
to characteristic IR bands disappearing within a temperature range.
Fig. C.1(a) evidences the disappearance of those IR bands in a differ-
ence spectrum, while C.1(b) displays the characteristic mass fragment
peaking during the same temperature range in the QMS.

Appendix D. H,0 : CO,:NHj; ice mixture (70 K)

See Figs. D.1, D.2 and Table D.1.
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Fig. A.1. The mid-IR spectrum of pure CO, ice at 70 K before and after a
maximum fluence of VUV-photolysis. The specifications of the ice can be found
in Table 2.
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Fig. B.1. The mid-IR spectrum of a H,0 : CO, ice mixture before irradiation
and a total fluence of 2.45 x 10'® photons cm™2. It is noted that the CO; band
at 972 cm™! is obscured by water’s broad libration mode peaking at 894 cm™'.
The specifications of the ice can be found in Table 2.

Table C.1

Characteristic parameters for NH,OH forming during photolysis of a H,O:NH;
(8:2) ice mixture at 70 K. The observed and expected infrared bands are
compared. Secondly, the mass fragments (m/z) that clearly correlate with the
disappearance of the infrared band for a given temperature range are also
given.

Photoproduct m/z Temp. g0y, (K) Measured Expected
spectral spectral
range (cm™") rangereferences

(em™)

NH,OH 33 172-221 892 895P

919 9192
1206 1203
1367 13592
2898 28992
3264 32612
3312 33172

Note. — 2Congiu et al. (2012). PYeo and Ford (1990).
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Fig. C.1. (a) The baseline corrected difference spectrum of the H,O : NH; ice mixture detailed in Table 2 represents the absorbance difference between spectra
taken at 172 and 221 K during TPD, whereby the spectral position for NH,OH are marked and listed in Table C.1. (b) The QMS data for m/z = 33, showing an
increased intensity between 172 and 221 K highlighted in the grey area, corresponds to NH,OH*. The sharp peak at ~170 K is due to the desorption of NH;,

which traps NH,OH molecules in the ice matrix and releases them from the ice during desorption.
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Fig. D.1. Two mid-IR peaks, assigned to CO;, disappear simultaneously between 82 K and 93 K, confirming the desorption of the same species from the VUV-

irradiated tertiary ice mixture.

Table D.1

TPD: Assignment of potential photoproducts according to disappearing IR absorp-
tion bands within a given temperature range during TPD.

Photoproduct m/z Temp.gesor, (K) Measured Expected
spectral spectral
range (cm™') range'eferences

(em™)

H,CO 30 110-142 1240 1245?

1498 14967
1721 17192
NH,OH 33 170-196 928 919°
1201 1203°
1375 1359°
3315 3317°

Note.— 3Schutte et al. (1993). bCongiu et al. (2012).
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Fig. D.2. (a) The baseline corrected difference spectrum of the H,0:CO,:NH; ice mixture detailed in Table 2 represents the absorbance difference between
spectra taken between 170 and 196 K during TPD. (b) The QMS data for m/z = 33, showing an increased intensity between 170 and 196 K highlighted in the
grey area, corresponds to NH,OH*. The smaller peak at ~161 K is due to volcano desorption of trapped NH,OH molecules in the H,O ice matrix.

Data availability

Data will be made available on request.
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