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ABSTRACT

Aims. With this article, we aim to provide the sputtering yields for molecular species of potential astrophysical interest and in the
electronic regime of interaction characteristic of cosmic rays. We specifically target molecules that are constitutive of interstellar ice
mantles.

Methods. We used a compendium of existing data on electronic sputtering to calculate the prefactors leading to the generalisation of
the stopping-power-dependent sputtering yield for many species condensing at low temperature. In addition, we present new experi-
mental results to constrain the yield for solid CH4, C¢Hg, and CH3CN.

Results. Electronic sputtering is constrained using literature data for H,, HD, D,, Ne, N,, CO, Ar, O,, Kr, Xe, CO,, SO,, NH3, S,
H,0, D,0, CH3;0H, Leucine, CygH;,, C24H),, and Ce. A first-order relation with the sublimation enthalpy is derived, which allows us
to predict the sputtering yield within an order of magnitude for most species. The fluctuations around the mean are partly assignable
to the differences in resilience towards radiolysis for individual species, and partly to the micro-physics details of the energy transfer

to the lattice.

Key words. astrochemistry — cosmic rays — ISM: lines and bands — molecular processes — solid state: volatile

1. Introduction

In dense phase regions, where the solid phase is of increasing
importance in the chemical evolution of the medium, observa-
tions show that efficient mechanisms are at work to replenish
the gas phase with species otherwise condensed on more refrac-
tory dust particles. The presence of high-energy radiation fields
(e.g. UV, X) and cosmic-ray particles interacting with the gas
and dust particles influences their physical and chemical evo-
lution. The desorption of many observed species from the solid
phase, which is induced by photons and/or high-energy particles,
needs to be quantified in order to account for their contribution to
the enrichment of the gas phase. The interaction of high-energy
particles with solids in the electronic regime of interaction
leads to sputtering, both because of the resulting heating of
the entire grain (e.g. Leger et al. 1985) over long timescales
after deposited energy is relaxed for small grains, and because
of more local heating at early times in the energy cascade of
the solid lattice. This latter induces a so-called thermal spike
effect (e.g. Dufour & Toulemonde 2016; Johnson et al. 2013;
Sigmund 1987, and references therein), in which a temperature
rise occurs typically within less than 100 ps in the bulk close to
the ion trajectory. The goal of the present article is to provide
the sputtering yields in the electronic regime of the interaction
of ions with solids, which is the regime adapted to describing

Galactic cosmic rays (GCR) and is therefore of potential astro-
physical interest. We used a compendium of existing data on
electronic sputtering to calculate the prefactors leading to the
generalisation of the stopping-power-dependent sputtering yield
for many species condensing at low temperature. In addition, we
present new experiments to constrain the yields of CHy, C¢Hg,
and CH3CN. A first-order relation relating the sputtering rates
with the sublimation enthalpy of the condensed species is shown,
with variations partly assignable to the differences in resilience
towards radiolysis for individual species.

2. Sputtering law

At low temperature and normal incidence, a functional (empiri-
cal law) describing the sputtering yield for a majority of molecu-
lar solids normal to the surface can be approximated to first order
by the simple equation

Y~ YOS, + YOS2, 6))

where Y™ is the total number of molecules (or rare gas atoms)
ejected per incident ion, and S, and S. are the ion stop-
ping power in the so-called nuclear and electronic regimes. We
make use of the stopping power expressed in this article in
units of eV/(10"> molecules cm™2) for molecular solids and of
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Fig. 1. Influences of the different elements in processes associated with cosmic rays represented as fractional proportions on a log scale. Left:
Galactic cosmic-ray abundance. Middle: relevance of the cosmic-ray elements in processes proportional to Z, i.e. typically the radiolytic destruc-
tion of ices constituents. Right: relevance of the cosmic-ray elements in processes proportional to Z*, i.e. typically associated with the electronic

sputtering mechanisms discussed in this article.

eV/(10" atoms cm™?) for rare gases and atomic solids, as widely
used in the literature (e.g. Dartois et al. 2015; Raut & Baragiola
2013; Johnson et al. 2013; Schou & Pedrys 2001; Brown et al.
1984, and references in the abundant literature in the following).
This stopping power unit allows us to compare the results on
a scale that becomes independent of the target density. It also
provides a yield per entity considered (i.e. molecule, or atoms
for rare gases), which simplifies the interpretation. Y? and Y?
are the nuclear and electronic sputtering prefactor, respectively.
A more general empirical fit for water ice is given in Johnson
et al. (2013), including angular dependence and thermal acti-
vation at high temperatures'. Here, we only use data where
Se/Sy > 10 (with the corollary that S2 > S ), and so Eq. (1)
can be simplified as
Y~ Y0S2, )
and is therefore clearly dominated by the electronic stopping
power of ion particles.

3. Relative importance of cosmic-ray elements

The sputtering yields, once determined as a function of the stop-
ping power, can be used in models to simulate the sputtering
process in interstellar space, taking into account the composition
and flux of cosmic rays. The Galactic cosmic-ray abundances of
elements from hydrogen to nickel are represented as fractional
proportions on a log scale in the left panel of Fig. 1. Adopted
Galactic cosmic-ray abundances of H and He are from Wang
et al. (2002), those of Li and Be are from de Nolfo et al. (2006),
and those above Be are from George et al. (2009). Hydrogen
and helium abundances dominate in cosmic rays. The electronic
stopping power, that is, the energy deposition, of a projectile in
a given material scales with the projectile atomic number (Z) to
the power of two (e.g. Chabot 2016; Ziegler et al. 2010; Bringa &
Johnson 2003; Sigmund 1995). For astrophysical processes with
ices involving an energy dependence proportional to S (or close
to that), such as radiolysis processes, heavier elements such as
C, O, Ne, Mg, Si, and Fe play a significant role despite their
lower abundance. This is what is shown in the middle panel of

Lyl (YOS, + YOS 2)(1 + Aexp(~En/KT))/cos(6) .
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Fig. 1. In the case of the ice sputtering explored here, the rel-
ative contributions of the various cosmic-ray species evolve as
the square of S, therefore the dependency is in Z*. The heavier
elements are then dominant in the effectiveness of the sputter-
ing process, and iron becomes the most important cosmic-ray
element, as shown in the right panel of Fig. 1. This is why it is
important to perform measurements experimentally over a broad
range of stopping powers, and to model the effect of the complete
cosmic-ray distribution of elements, and not only H and He, in
the case of sputtering.

4. Literature data and experiments

Literature data were explored for all the species presented in this
article, and are scaled to a common electronic stopping power
unit for comparison (eV/(10'> molecules cm~2)). If not provided
in the original articles, we recalculate the stopping power in the
electronic regime (as well as the nuclear stopping power in order
to ensure we only consider experiments where the electronic
stopping power dominates) using the SRIM (Ziegler et al. 2010)
package.

The ice sputtering yields that we selected in this article were
measured in the semi-infinite limit, i.e. with thick ice targets with
respect to the number of sputtered molecules, unless stated oth-
erwise. The origins of the sets of data that we use are explained
in the following subsections. Many more irradiation experiments
exist in the literature. However, the ones presented are selected
because they provide absolute sputtering yield values.

Has, HD, D». Sputtering of solid hydrogen molecules and iso-
topologues (Hp, HD, D) irradiated by keV H* were reported
by Schou et al. (2002). D, sputtering was explored with H" in
the keV range by Stenum et al. (1991a) and with 2 keV electrons
by Bgrgesen & Sgrensen (1982).

N>. Published yields for molecular nitrogen show marked
variations. Its electronic sputtering yield has been found to be
much less than that of dioxygen in measurements by Johnson
et al. (1991) and Gibbs et al. (1988). The magnitude of the sput-
tering yield measured by other authors (Pirronello et al. 1981;
Stenum et al. 1991b) is higher than expected when compared to
the extrapolation of the other set of data and using a quadratic
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behaviour for the sputtering yield; these data sets seem not to
reconcile with each other. In May 2019, >N, was available on
an injection line to be used for an upcoming experiment on
the simulation of isotopic anomalies in extraterrestrial organic
matter produced by cosmic-ray irradiation of Solar System ices.
In order to provide additional constraints on previous data sets,
we measured the solid !N, sputtering yield at higher stopping
power in order to add an additional point in the sputtering yield
dependence on this latter parameter. The details of this yield
determination are given in Dartois et al. (2020). When reported
as a function of the electronic stopping power, this sputtering
yield is in better agreement with the quadratic behaviour extrap-
olation from the data of Pirronello et al. (1981) and Stenum et al.
(1991b) than with the Johnson et al. (1991) data alone.

CO. Carbon monoxide has been studied in many experi-
ments. The data used in the compendium presented here were
retrieved from reviews of CO data, such as in Brown et al.
(1984), Johnson et al. (2013), and references therein. Data from
Schou & Pedrys (2001) with 6-9 keV H*, HJ, and HY projectiles
were added. Additional high-energy measurements with 50 MeV
and 537MeV Ni ions (Seperuelo Duarte et al. 2010) as well
as 38MeV Ca and 33 MeV Ni (Dartois et al. 2021) complete
the already large data set. The data therefore span three orders
of magnitude in stopping power. This is one of the best con-
strained quadratic dependencies on stopping power for electronic
sputtering.

CH,. The CH4 ice sputtering yield was measured at
the heavy-ion accelerator Grand Accélérateur National d’Ions
Lourds (GANIL) during a swift ion irradiation experimental
campaign with *Fe!%* projectiles in June 2022. Details on the
yield determination are given in Appendix A.

Os. MeV proton and helium ions were used to monitor the
electronic sputtering of dioxygen by Johnson et al. (1991) and
Gibbs et al. (1988). The proton experiments with the lowest
stopping power show a linear dependency, whereas the nuclear
stopping power does not contribute significantly to the total stop-
ping power. This behaviour is attributed by Fama et al. (2007)
to repulsion of ions in the ionisation track of the projectile,
which, at low velocities, is augmented near the surface due to
the additional ionisation resulting from electron captures. Other
yield measurements performed earlier by Fama et al. (2002)
with 100 keV protons using a quartz cell and mass spectrome-
ter (that we corrected by the cosine of the 45° irradiation angle)
show a higher sputtering efficiency than for the Johnson et al.
(1991) and Gibbs et al. (1988) previous H* measurements, with
stopping power in the same range. These add to the dispersion
in the evaluation of the prefactor for oxygen. Ellegaard et al.
(1986a) showed that for O,, thekeV electron sputtering yield
is more linear than proportional to the square of the stopping
power, and we do not include these measurements. In the elec-
tron irradiation case, these latter authors favour a sputtering yield
driven by low-energy collision cascades initiated by dissociative
recombination.

Ne, Ar, K, Xe. Yields for neon electronic sputtering by keV
protons were extracted from measurements presented by Schou
(1988) and Ellegaard et al. (1986b). Argon sputtering mea-
surements were retrieved fromMeV proton, di and trihydro-
gen cation, and helium ion experiments (Besenbacher et al.
1981; Reimann et al. 1984b; Schou 1987; O’Shaughnessy et al.
1986). Krypton sputtering measurements were retrieved from

severalkeV di and trihydrogen cations, and 30keV helium ion
experiments (Schou 1987; O’Shaughnessy et al. 1986). Xenon
yields are obtained from MeV ion experiments (Bgttiger et al.
1980; Schou 1987) and 30keV helium ions (O’Shaughnessy
et al. 1986).

As seen in Fig. 2, rare gases seem to display a particular
behaviour, which is closer to a linear dependency of the yield
on the stopping power, even for measurements where the elec-
tronic stopping power clearly dominates. Only Xe seems to show
a pseudo quadratic behaviour. This should be further investigated
with additional measurements.

CO,. Carbon dioxide sputtering yield measurements were
taken from Raut & Baragiola (2013), who used 100keV protons
irradiations, and Brown et al. (1982), who used H*, He, C*, and
O ions, the results of which are also discussed in Brown et al.
(1984). Recent sputtering yields with heavy ions in the MeV/u
range were also added (Ni, Xe, Ti; Seperuelo Duarte et al. 2009;
Mejia et al. 2015; Rothard et al. 2017; Dartois et al. 2021); these
give rise to the points at high stopping power.

S, SO.. Elemental sulfur (S8) sputtering yields using sev-
eral keV ion irradiations were measured by Chrisey et al. (1987).
We selected the proton and helium ions, which are the only ones
for which the electronic energy stopping power dominates in
these experiments. MeV helium ion experiments by Torrisi et al.
(1986) were also retrieved. Sulfur dioxide irradiations were con-
ducted using 1.5MeV He to 25MeV F ions by Melcher et al.
(1982) and Lepoire et al. (1983), and with 50 and 750 keV hydro-
gen ions, and 1.5 MeV hydrogen molecules, helium, oxygen, and
argon ions by Lanzerotti et al. (1982).

NHj3. The absolute sputtering yield for ammonia ice was
measured with 1.5 MeV proton and neon ions by Lanzerotti et al.
(1984). The error bars for this species appear moderate simply
because of the lack of additional measurements, which would
probably provide a larger scatter.

CH3OH. The sputtering yield for methanol was measured
using 95 MeV swift xenon ion projectiles (Dartois et al. 2019).
Additional measurements are required to better constrain the
prefactor.

CHsCN. The sputtering yield for acetonitrile was measured
experimentally using 33MeV swift 3°Fe!®* ion projectiles at
GANIL in June 2022. The details of the determination of the
CH3CN sputtering yield are given in Appendix C.

H>O, D,O. Water ice sputtering has been the subject of
numerous investigations, as it represents a major ice matrix
for most cold astrophysical objects from natural satellites and
comets to interstellar dust grains in dense cloud regions. Many
articles have been dedicated to the nuclear stopping power in
view of its importance for planetary cold satellite surfaces. In the
following, we refer to specific experiments when the electronic
sputtering largely dominates the energy deposition and, when the
information is available, the ice thickness is sufficient to have
reached a plateau (i.e. the semi-infinite sputtering yield). Irradi-
ations of water ice were performed using, as projectiles, 1 MeV
helium and nitrogen ions by Bgttiger et al. (1980); 1.6-25 MeV
fluor ions (Seiberling et al. 1982; Cooper & Tombrello 1984);
keV toMeV protons, helium, carbon, and oxygen ions (Brown
et al. 1980, 1982, 1984); 15-50keV proton, H, and H] (Rocard
et al. 1986); 15-50 keV helium and hydrogen (Bénit et al. 1987);
10-90keV proton, deuteron, and helium ions (Shi et al. 1995);
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Fig. 2. Left: compendium of the sputtering yields Y obtained from the literature as a function of the electronic stopping power Se, to which
are added our recent N, measurement. The upper left dashed and dotted lines show the expected behaviour if the sputtering evolves linearly or
quadratically, respectively, with the stopping power. The quadratic fit to each set of data for molecular systems and rare gases is over-plotted with
dotted lines for comparison. Right: same data, assuming a quadratic dependency of the electronic sputtering yield on the stopping power, i.e.
dividing the yield by Se?. Under this representation, a quadratic behaviour appears as a flat line, represented with dotted lines, and allows us to
derive the sputtering yield prefactor ¥2. The error bars on the calculated prefactor for each species are shown. The lower left dashed line indicates
the expected behaviour in the case where the sputtering dependency on the stopping power is linear.

1 MeV helium and 1.6-25 MeV fluor ions (Cooper & Tombrello
1984); 5-90keV u~! protons and helium ions (Baragiola et al.
2003); 46 MeV nickel, 81 MeV tantalum (Dartois et al. 2015),
and 95.2MeV xenon (Dartois et al. 2018). The scatter in the
results is higher than for example CO, leading to a higher uncer-
tainty in the sputtering prefactor calculation. The heavy water
sputtering yield was also measured with 30 and 50keV helium
by Chrisey et al. (1986), as well as 1.5MeV helium and neon
ions by Reimann et al. (1984a).

Leucine. The sputtering of large molecules of biological
interest has been thoroughly explored experimentally, mainly
as a way to put such molecules in the gas phase for analyt-
ical purposes. If many experiments with swift ions do exist,
only a handful of them have been sufficiently quantitative to
allow an estimate of the absolute sputtering efficiency yield.
Hakansson et al. (1988) used 78.2MeV iodine, 48.7 MeV
brome, 35.7 MeV nickel, and 19.7 MeV sulfur ions to irradiate
leucine (C¢H3NO,) and measured the absolute sputtering yield
using a collector method. By comparing the measured absolute
values to positive ions, these authors also confirm that the
neutral sputtering yields are many orders of magnitude higher
than those of secondary ions.

A156, page 4 of 13

CsHs. The sputtering yield for benzene was measured
experimentally using 33MeV swift *°Fe!%* ion projectiles at
GANIL in June 2022. Details of the determination of CgHg
sputtering yield are given in Appendix B.

CooHi2 and CoyHiz. The sputtering yield for pery-
lene and coronene was measured experimentally by
Dartois et al. (2019).

Cso. One experiment reports the electronic sputtering yields
of the buckminsterfullerene Cgy for 130MeV Ag and 80—
200 MeV Au projectiles (Ghosh et al. 2004). A yield of 500+
75 Cgpfion is given for the 200 MeV Au experiment, and we
extract yields from published 130MeV Ag and 80MeV Au
experiments by Ghosh et al. (2003). These experiments would
require additional constraints, as it is assumed that most of the
ejected systems remain intact. The absolute values are difficult to
measure, but experiments on polyaromatic-molecule systems for
swift heavy ions seem to show that even if fragmentation occurs,
a large fraction of the molecules ejected are intact and they also
confirm that the sputtering yields of neutral species are many
orders of magnitude higher than for ion species (Breuer et al.
2016).
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Fig. 3. Sputtering prefactor from Eq. (1) obtained from the fitting to
the data presented in Fig. 2, reported as a function of the sublimation
enthalpy of the considered species. A sputtering yield evolving quadrat-
ically with the stopping power has been adopted. There is a first-order
correlation of YS with a power law of AH,, fitted and indicated by the
dashed line and framed by the dotted lines at 2 . We note that for most
rare gases, the quadratic behaviour is not constrained by the present
data, and only upper limits are therefore obtained.

5. Results
5.1. Compendium

The compendium of stopping-power-dependent yields for rare
gases and molecular solids at low temperature is shown in
Fig. 2 (left panel). The expected slopes representing a linear
(Y o S.) or quadratic (Y o S2) behaviour on stopping power
are plotted with dashed lines in the upper left for comparison.
One common stopping power S. unit as calculated using the
SRIM code (Ziegler et al. 2010) is given per atom in the tar-
get (1071 eV cm? atom™) as to first order the stopping power
scales with the atomic density for equivalent atoms. We decided
to represent yields in terms of stopping power unit per molecule
or species for evident consideration of the molecular solid enti-
ties in astrophysics. Following Eq. (2), the data are divided by
S2 and fitted to provide prefactors YO and show their disper-
sion with respect to the quadratic dependency on stopping power
when large sets of data are available (Fig. 2, right panel). The
corresponding fits are also over-plotted with dashed lines to
the data from the literature in the left panel. The constrained
prefactors are summarised in Table 1. When the nuclear con-
tribution to the sputtering yield remains important (i.e. if the
crossing point between the nuclear and electronic range sputter-
ing slopes is high because Y? is high), or if the behaviour does
not follow a quadratic power law within the existing measure-
ment range, then the calculated Y? constant will be overestimated
by the fitting procedure, and we therefore give this value as an
upper limit (e.g. for Ne). Sputtering data clearly showing a Y/Se
behaviour include the neon case. In the absence of further con-
straints on their behaviour, we provide upper limits to Y? for the
rare gases.

5.2. Relation to the sublimation enthalpy

The electronic sputtering prefactor (Y0) in Eq. (1) is reported as
a function of the sublimation enthalpy of the molecular solids in
Fig. 3. There is a first-order correlation of Y0 with a power law of
AHygyp, which is indicated by the dashed line and framed by the

Table 1. Sputtering yield prefactors and adopted low-temperature sub-
limation enthalpies for the considered species.

Species Sputtering yield Sublimation  Ref.
prefactor Y2 enthalpy
(10 eV~2cm™ molecule®)  (kJmol™!)
H, 1561124 0.85 ¢
HD 8.74+73 L15 ¢
D, 3.10+140 14 ¢
Ne <15.61 1.90 £0.29 d
N, 1.80+32x1072 734+048 ¢
co 3.824228x102 76 ¢
CH,4 3124785 x1072 9.7 ¢
Ar <1.49x1072 7.79+0.24 d
0, 2.07+317 x1072 9264042 ¢
Kr <4.68x1072 11.54+040 ¢
Xe <1.16x1073 15.79+£0.29 d
o, 7402530 x1073 2884+105 ¢
SO, 4.96+1%1 x1073 29+3 f
NH;, 41241981072 29506 ¢
S 121163 %103 46720@ b
H,0 5.93+380x1073 7783
D,0 7382115%1073 487®
CH3;0H 7.05£543x 1074 45703 ¢
CH3CN 8.53+778 x 10+ B4x17
Leucine 2.36+13x107° 148.7+6.5 !
CeHs 301428 5 1074 50+1 m
CaoHin 7.902712 x 107 1326436 "
CogHpp 1.65+130 5 1076 133.1£51 "
Ceo 3.624336 x 1078 186312 ©
Notes. @Sum of the fusion and vaporisation enthalpies in the

given reference. ”Estimated from the difference with normal water
from the referenced articles. “Souers et al. (1977). “Shakeel et al.
(2018). ©Stephenson & Malanowski (1987). ”Schriver-Mazzuoli et al.
(2003) @Cervinka & Fulem (2017). ®Haynes et al. (2016). ©Feistel
& Wagner (2007). “”Smirnova et al. (2006). “Lahde et al. (2009).
(®MRuehl et al. (2021). ™RGzicka et al. (2014). Oja & Suuberg (1998).
©Martinez-Herrera et al. (2015).

dotted lines. The fitting to the complete set of data allows us to
define that Yg o« AH;’ub, where n = —2.9 + 0.8 at 3 0. Excluding
the four highest-molecular-weight species would provide a slope
that is slightly less steep, with n = —=2.2 + 0.6.

This first-order correlation might reflect the fact that the
highest criterion for the magnitude of the electronic sputtering
for such solids is the sublimation energy that must be overcome
after the energy is deposited over a short timescale in the molec-
ular lattice within the so-called thermal spike effect (e.g. Dufour
& Toulemonde 2016, and references therein), in which the tem-
perature rise occurs typically within less than 100 ps in the bulk.
We note that this is only a very first-order correlation, as rel-
atively large variations are observed at a given AHy,, because
of the influence of many other parameters, among which the
degree of electron phonon coupling and specific heat of the solid,
which are taken into account in thermal spike models, and also
the radiolysis efficiency for the considered species. If the radi-
olytic efficiency becomes too high, for larger species, the yield

A156, page 5 of 13
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will decrease more rapidly than the correlation observed with
the sublimation enthalpy, as suggested by the apparent change
in the slope of the prefactor in Fig. 3 for the larger species, or
mainly ejected fragments will be produced. The case of mixtures
will also modify the yields and these will rely on the details of
the energy transfer among species and newly opened radiolyt-
ical/chemical routes. In astrophysical media, if the species are
embedded in a dominant matrix, the sputtering yield of the host
is expected to be close to the pure species, but must be recorded
to take into account the difference in stopping power and pos-
sible new routes for radiolytic processes occurring during the
energy deposition (e.g. Dartois et al. 2020, 2019). When dealing
with ice mixtures not dominated by one species, and especially
if these species have very different enthalpies of sublimation,
the sputtering yield evolution we deduce from pure species will
serve as a guideline, but dedicated experiments must be con-
ducted with the expected relative proportions in order to take
into account both the lattice change and also possible new routes
for radiolysis.

5.3. Comparison with photodesorption

In interstellar space, cosmic rays directly contribute to sput-
tering. They also participate in the generation of a secondary
vacuum Ultraviolet (VUV) photon field by interaction with the
gas, which leads to ionisation and recombination, mainly of
hydrogen. These secondary VUV photons also induce a pho-
todesorption process after absorption of these photons in the
electronic states of the species constitutive of the molecular
or atomic solid. The photodesorption yields can be measured
experimentally (e.g. Dupuy et al. 2017a; Carrascosa et al. 2020;
Martin-Doménech et al. 2018; Westley et al. 1995; DeSimone
et al. 2013; Cruz-Diaz et al. 2018, 2016; C)berg et al. 2007, 2009;
Arakawa et al. 2000; Fayolle et al. 2011, 2013; Bertin et al.
2012, 2016; Chen et al. 2014; Mufioz Caro et al. 2010; Dupuy
et al. 2017b; Féraud et al. 2019; Zhen & Linnartz 2014; Bahr
& Baragiola 2012; Yuan & Yates 2013; Martin-Doménech et al.
2015; Basalgete et al. 2021). A relation between the measured
cosmic ray ionisation rate { and the generated secondary VUV
photon flux was estimated by Prasad & Tarafdar (1983) of 1350
VUV photons cm~2 for an ionisation rate of 1.7 x 10717 s!, and
about 3130 photons cm™ for an ionisation rate of 3 x 10717 5!
by Shen et al. (2004). For comparison of the relative impor-
tance of photodesorption versus cosmic-ray-induced desorption,
we summarise photodesorption rates retrieved from the literature
in Table 2 and Fig. 4. As the VUV flux in the dense regions of
the ISM is thus linked to the cosmic-ray-induced ionisation rate,
we report in Fig. 4 the equivalent rate assuming a mean value
of about 920 photonscm™2 for an ionisation rate of 1077 s7!.
Although neon is clearly above the other photodesorption rates,
there is no longer any clear trend with the sublimation enthalpy.
The nature of the photon interaction with the individual species
is very different from the thermal spike model for cosmic-ray
sputtering, and is very specific not only to the electronic struc-
ture of the solids but also to the possible energy transfer after
absorption of the VUV photons. Large variations in the mea-
sured rates are observed. Part of the variations may still be
due to the distribution of VUV photons used in the different
experiments.

5.4. Astrophysical sputtering rate

Converting the derived prefactors into an effective sputtering
rate for astrochemical networks requires that the sputtering rates
be integrated over the cosmic-ray fluxes. The sputtering rate by
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Table 2. Photodesorption rates from the literature.

Species Rate Photon Ref.
(molecules photon‘l) source?
CH, 2.2+1.1%x1073 Dense core b
<2x1073 H, lamp
NH; 2.1x1073 H; lamp
H,0 7.5+0.6x1073 at 100K H; lamp
3.5+0.25x1073 at 10K H, lamp
1.8x107* 157 nm
1.3+0.5x1073 at 8K H; lamp
D,O 1.94+0.75%1073 at 20K H; lamp
4.5+0.75x1073 at 100K H, lamp
Ne 2+1.5x1073 at 6K 25-60nm

CO 9.4x1073 at ISK Pre-stellar core

1.0x1072 at 18 K Pre-stellar core

wavelength dep.

wavelength dep.
6.4+0.5x1072 at 7K H, lamp
5.4+0.5x1072 at 8K H; lamp
3.5+0.5x1072 at 15K H; lamp
3.0+0.75x1073 at 15K H, lamp
2.7+1.3x1073 at 15K H, lamp
N, <2x10~*at 15K H; lamp

22x1073 at 14K Pre-stellar core

I~ S B T R T T T B i~ T S U N ~ U o

NO 1.3+0.5x1072at 10K Pre-stellar core
H,CO 4-10x10~* at 10K Pre-stellar core
0, 2.6x1073 at 14K Pre-stellar core
6+2x10* at 14K H, lamp

CH;OH 1.5+0.6x107 at 9K Pre-stellar core $

<3x107% at 8K H, lamp !

CO, 1.240.7x1073 at 15K H; lamp h

1.4x1072 at 6K H; lamp u

5.6+0.3x1072 at 75K H; lamp v

L.Ix10™* at 8K H, lamp w

CH;CN 2.0+1.0x107° at 15K Dense cloud *

Notes. @Mean yield over an H, discharge lamp spectrum repre-

sentative of dense cloud emission spectra; the pre-stellar core is the
result of the convolution of the wavelength-dependent yield with the
expected pre-stellar core (secondary UV induced by cosmic rays)
astronomical spectrum. ®Dupuy et al. (2017a). ©Carrascosa et al.
(2020). “@Martin-Doménech et al. (2018). ©Westley et al. (1995).
(DeSimone et al. (2013). @Cruz-Diaz et al. (2018). ®@Oberg et al.
(2009). ® Arakawa et al. (2000). “’Fayolle et al. (2011). ®Fayolle et al.
(2013). DBertin et al. (2012). ™Chen et al. (2014). ®Muiioz Caro et al.
(2010). @ Oberg et al. (2007). P Dupuy et al. (2017b). @Féraud et al.
(2019). WZhen & Linnartz (2014). ®Bertin et al. (2016). ¥Cruz-Diaz
et al. (2016). WBahr & Baragiola (2012). ®Yuan & Yates (2013).
@Martin-Doménech et al. (2015). @Basalgete et al. (2021).

cosmic rays can be calculated by:

‘min

o dN
RateR(cm™2 s_1)=47rz f YRE,2)—(E,Z)dE, (3)
4 i dE

where RateS“R(cm=2s7!) is the resulting sputtering rate, and
X (E, Z)[particles em™? s7! sr!/(MeV/u)] is the differential
flux of the cosmic-ray element of atomic number Z, with a cut-
off in energy Ey,, set at 100 eV. Moving the cutoff from 10 eV
to 1 keV does not change the results significantly. The differ-
ential flux for different Z follows the observed relative GCR
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Fig. 4. Photodesorption rates from the literature reported as a function
of enthalpy of sublimation. The variations in the absolute determination
of the rate for various experiments are reported in Table 2. The right
ordinate axis translates the rates into effective rates for a given ionisation

rate £, assuming about 920 VUV photons cm™2 s™! for an ionisation rate
of £ = 10717 s7!. See text for details.

abundances from Wang et al. (2002) (H, He), de Nolfo et al.
(2006) (Li, Be), and George et al. (2009) (>Be), as explained
in more detail in Dartois et al. (2013). The integration is per-
formed up to Z = 28, corresponding to Ni, and a significant drop
in the cosmic abundance and therefore contribution is observed
above that. The sputtering rate Y’ CR(E, Z) follows from Eq. (2)
and the prefactor derived from the present literature analysis and
the calculated electronic stopping power S . using the SRIM code
(Ziegler et al. 2010) as a function of atomic number Z and spe-
cific energy E (in MeV per nucleon). For the differential Galactic
cosmic-ray flux, we adopt the functional form given by Webber
& Yushak (1983) for primary cosmic-ray spectra using the leaky
box model, also described in Shen et al. (2004),

C E%

d—N(E,Z) =—,
dE (E + Eo)?

particles cm2 g7 sr! (MeV/nucl)_],
4)

where C is a normalisation constant (= 9.42 x 10*, Shen et al.
2004). Under such parametrisation, the high-energy differen-
tial flux dependence asymptotically approaches a slope of —2.7.
Unless close to a strong emitting source (like a supernova),
the propagation of cosmic rays in the diffuse ISM (GALPROP
model, e.g. J6hannesson et al. 2016), the local ISM (e.g.
Cummings et al. 2016; Bisschoff & Potgieter 2016), and in dense
molecular clouds (e.g. Chabot 2016) flattens the distribution in
the low energy range. To first order, the E form parameter allows
us to adjust with a simple parameter the less understood low-
energy cosmic-ray contribution, and thus influences the resulting
ionisation rate; but a full propagation model can also be used
(e.g. Chabot 2016), providing a better approximation of the rela-
tive ratio of contributions to sputtering for heavier cosmic rays,
particularly in very dense regions of the cloud. Typical adopted
conservative values for Ey to explore different propagated dis-
tributions are taken between 200 and 600 MeV u~! (e.g. Shen
et al. 2004). The ionisation rate ({) corresponding to the same
distribution can also be calculated (Sect. 4.4.2 in Dartois et al.
2013), and gives an observable that can be compared with astro-
physical observations obtained in various environments (e.g.
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Fig. 5. Sputtering rate as a function of ionisation rate for H,O (blue),
CO, (red), and CO (green). The upper abscissa axis represents the
approximate relation established between observed ionisation rate and
the inverse of the visual extinction (e.g. Neufeld & Wolfire 2017). The
arrow is shown to stress the fact that ices only appear above a visual
extinction threshold (dependent on the particular dense cloud). This sets
an upper limit to the maximum ionisation rate for dense cloud regions
where they reside. The ionisation rate cannot be set arbitrarily high, even
close to a strong source, as the cosmic rays spectrum is propagated (and
therefore low energies attenuated) at least within a column density of
matter corresponding to this minimum threshold Ay.

MccCall et al. 2003; Geballe & Oka 2010; Indriolo & McCall
2012; Neufeld & Wolfire 2017; Oka et al. 2019). The sputter-
ing rates for the main interstellar ice constituents, namely H,O,
CO,, and CO, has been evaluated in such models using the esti-
mated prefactors, and the corresponding ionisation rates derived.
The results are presented in Fig. 5. In this plot, we put a (loose)
upper limit on the range of validity of these calculations. Indeed,
interstellar ice mantles appear above a visual extinction threshold
(dependent on the considered dense cloud), and this sets an upper
limit to the maximum ionisation rate for dense cloud regions
where they reside. The ionisation rate cannot be set arbitrarily
high, even close to a strong source, because of the minimum
propagation through a few Ay of matter.

5.5. Cosmic-ray versus secondary VUV photon rates

The ratio of cosmic rays to photodesorption rates calculated
for a cosmic ray distribution leading to an ionisation rate of
3 x 107757 is presented in Fig. 6, corresponding to about
2760 cosmic-ray-induced secondary VUV photons s~ cm™ (see
above); that is, the visual extinction is high, the external VUV
field is attenuated by dust grains, ice mantles are developed, and
the VUV photons to cosmic rays ratio is almost constant. As can
be seen in Fig. 6, there is sometimes a large dispersion in the
reported photodesorption yield. It is clear from this plot that for
small species, cosmic rays and secondary VUV photons show
comparable rates, but that cosmic rays dominate when species
are bigger.

6. Conclusions

We report a compendium of absolute sputtering yield values
derived by fitting data retrieved from the literature resulting from
experiments involving the interaction of high-energy ions repre-
sentative of the energy deposition in the electronic regime, such
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Fig. 6. Ratio of cosmic rays to photodesorption rates calculated for a
cosmic ray distribution leading to an ionisation rate of 3 x 10™'7 s™!, and
corresponding to about 2760 UV photons s~ cm™2. See text for details.

as is the case for cosmic rays. We focus on molecular solids
of potential astrophysical interest, some constitutive of interstel-
lar ice mantles. In addition, we add new experimental data to
constrain the yield for solid CHy4, CH3CN, CgHg at high energy.

We fitted a quadratic model, allowing us to extract the
sputtering yield prefactors for a simple description of the energy-
dependent sputtering yield for 24 solids, with only upper limits
for 4 of them.

Our most remarkable finding is that we show a tendency
of the sputtering prefactor to correlate, to first order, with the
enthalpy of sublimation of the considered solids. This can be
used to predict the range in which the sputtering yield of other
species should lie. This relation with the sublimation enthalpy
supports the fact that the thermal spike model is a good descrip-
tion of the process, in which the energy is rapidly transferred
to the lattice prior to sublimation of essentially neutral species.
The fluctuations around the trend found may be imputable to
many other competitive mechanisms at work, such as the radi-
olysis efficiency and details in the energy transfer to the lattice,
which is strongly species dependent. The sputtering-yield pref-
actors for the species considered can be used in astrochemical
models. The trend with the sublimation enthalpy can be used
to derive yields for new species, providing first-order sputtering
rates that can be implemented in models in the absence of ded-
icated experimental results. These will also help in predictions
of experimental parameters that can be used to better constrain
yields using designed astrophysics experiments in the laboratory.
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Fig. A.1. Infrared spectra of the v, vibrational mode for the CH, ice
experiment with 39.25MeV °Fe!®* ions. The inserted colour code
gives the corresponding irradiation fluence.

Appendix A: CH, sputtering yield determination

The CH, ice sputtering yield was measured at the heavy-
ion accelerator Grand Accélérateur National d’lons Lourds
(GANIL) during the June 2022 swift ion irradiation experimen-
tal campaign. °Fe'%* projectiles were accelerated at 39.25 MeV
on the IRRSUD beam line. This beam was coupled to an
ultrahigh vacuum chamber, the IGLIAS (Irradiation de GLaces
d’Intérét AStrophysique) setup, operating in the 10~ mbar range
for the considered experiment, holding an infrared transmitting
ZnSe substrate window cryocooled at 10 K, on top of which the
ice films are condensed (for details, see Augé et al. 2018). The ice
films are produced by placing the cold window substrate in front
of a deposition line where gas mixtures are injected. The tar-
geted film thickness is in the micron range. At such thicknesses,
the ion beam passes through the film with an almost constant
energy deposition. At the considered ion energy, the stopping
power is dominated by the electronic regime and amounts to
Se = 1791 x 1075eV cm?/CH, molecule. In the following, we
refer to ‘electronic stopping power’ for brevity. A Bruker Vertex
70v FTIR spectrometer with a spectral resolution of 1 cm™' was
used. The evolution of the infrared spectra was recorded at sev-
eral fluences; the infrared transmittance spectra are recorded at
12° of incidence (a correction factor of 0.978 is therefore applied
to determine the normal column densities).

As discussed in previous articles on the modelling of the evolu-
tion of ice mantles (Dartois et al. 2021, 2020, 2015), the column
density of the ice films can be described —when exposed to ion
irradiation— as a function of ion fluence (F) by a differential
equation:

dN/dF = —o-deSN—Yf’(l —e*%)xf , (A1)
where N is the CHy column density, oqes is the ice effec-
tive radiolysis destruction cross-section (cm?), and Y is the
semi-infinite (thick film) sputtering contribution in the elec-
tronic regime to the evolution of the ice column density. This
is multiplied, to first order, by the relative fraction (f) of the con-
sidered species (here named x) with respect to the total number
of molecules and radicals in the ice film, which are estimated
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from their measured column densities, as follows

f=Niy/ Z N (A2)
i=1

The first term —ogesN in the right hand side of the equation is a
bulk process affecting all depths in the film, whereas the second

term Y (1 - e_’%) x f affects the surface up to a depth corre-

sponding to a column density of * Ng. When the ice film is thin
(column density N < Ng; Ny being the semi-infinite ‘sputtering
depth’), the removal of molecules by sputtering follows a direct
impact model, that is, all the molecules within the sputtering area
defined by a sputtering ‘effective’ cylinder are removed from the
surface. The apparent sputtering yield, as a function of thickness,
is modelled to first order to estimate the corresponding sputter-
ing depth by an exponential decay, leading to the 1 — e=N/No)
correcting factor applied to Yg'. A schematic view of such a
simplified cylinder approximation is shown in Fig.l of Dartois
et al. (2018). The sputtering cylinder is defined by a radius r;
(defining an effective sputtering cross section o) and a height d
(related to the measured sputtering depth). These parameters are
calculated from the measurement of Ng and Y°. The column
densities of the molecules are followed experimentally in the
infrared via the integral of the optical depth (7;) of a vibrational
mode, taken over the band frequency range. The band strength
value (A, in cm/molecule) for a vibrational mode has to be con-
sidered. The evolution of the methane column density is followed
using the v, band around 1300 cm™! integrated band strength of
A ~ 8x107'8c¢cm/CH, (Bouilloud et al. 2015). This band is more
suitable here than the 3000 cm™! v4 band because of the absence
of strong overlap with the contribution from the radiolysis prod-
ucts of the irradiation. The results are anchored to the adopted
A values and should be modified if another reference value is
favoured.

The evolution of the infrared spectra upon ion irradiation
shows three stages that are much better understood when the
data are plotted showing dN/dF as a function of column density,
rather than column density as a function of fluence, evolving
over several decades. We clearly see in Fig. A.2 that the evo-
lution of dN/dF departs from the ideal model of Equation A.1,
in particular at low fluence. At the beginning of irradiation,
the ice film evolves towards the compact amorphous structure
with the first ions impinging the freshly deposited ice film.
Therefore, the molecular environment and phase is modified
and/or compacted. The oscillator strength of the measured
transitions in the infrared and/or the refractive index of the ice
are slightly changing. As a consequence, the apparent dN/dF
evolution is rapid. At the considered stopping powers for the
ions, this is stabilised after a fluence of a few 10'! ions/cm?, and
the observed behaviour of dN/dF better follows the expectation
of the model. This early phase of the irradiation cannot be
safely used to monitor the column-density variations as both the
molecule column density and the infrared band strength vary,
leading to unpredictable changes, and they are discarded from
the fits used to extract the model parameters (in the figures they
are represented by light colours in the dN/dF plots). Including
these points in the fit leads to misestimation of the radiolysis
destruction cross-section. In the second evolution stage, the film
can be considered semi-infinite with respect to the sputtering
and dN/dF evolves as a slope combining the radiolysis of the
bulk and semi-infinite sputtering. In the later phase, the film
becomes thin with respect to the semi-infinite sputtering depth
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Fig. A.2. CH, sputtering yield determination. Left panel: CHs column-density evolution measured with the v4 mode spectra as a function of
3Fe!%* jon fluence for a CHy ice film deposited and measured at 10 K. Middle panel: Experimentally measured differential evolution of -dN/dF as
a function of column density, to be compared to equation A.1. A fit of the equation to the data is shown as a black long-dashed line, and a fit not
taking into account the finite depth of sputtering is shown with a short-dashed line. Right panel: Sputtering yield evolution as a function of column
density; over-plotted are the infinite thickness yield (dashed lines) and adjusted exponential decay (long-dashed lines). See text for details.

(Ng) of individual ions. dN/dF decreases accordingly with a
linear and exponentially convolved behaviour.

Fits of Equation A.l are shown in the middle panels of
Fig. A.2. Best parameters were retrieved with an amoeba method
minimisation to find the minimum chi-square estimate on the
model function. The fitted output parameters, namely o ges, Y‘S“f,
and Ng, are 7.0 + 0.8 x 1074 ¢cm?, 1.2 + 0.08 x 10> CHy/ion,
2.0 £ 0.2 x 107 cm™2, respectively, with the uncertainties being
estimated at two times the reduced chi-square value obtained in
the minimisation.

Appendix B: C¢H¢ sputtering yield determination

The application of the column density of the ice films described
by Equation A.1 recorded directly by infrared integrated absorp-
tion bands monitoring works well for relatively volatile molecu-
lar species for which the considered molecule is always dominant
and even better if the radiolytic products are volatile enough that
they can also be sputtered. This translates into a high f, eventu-
ally staying close to 1, during the irradiations. In addition, for
most small species Y =~ 04esN occurs at relatively high col-
umn densities. There is therefore a good constraint on the fitted
parameters. Overestimating f because some species are missing
in the evaluation of equation A.2, or assuming f~1 in the fitting,
leads to a slight underestimate of the true sputtering yield.

In some experiments, measurable interference fringes due to the
film thickness can be used alternatively, combined to an optical
model. These have been applied to the sputtering of infrared-
inactive species such as N, (Dartois et al. 2020). In such a model,
these fringes represent the ice-film thinning evolution upon ion
irradiation due to the sputtering that is measured. We apply this
method to the benzene ice film experiment, as, because of the
high radiolytic cross section for such large species, f X Y° /0 ges N
is low and equation A.l is dominated at almost all fluences by the
first term. The sputtering yield determination via the absorption
band integration method therefore requires a very high stability
in the measurements, with the consequence that the sputtering
yield can be highly underestimated. In addition, contrary to small
species, the radiolytic products of benzene are not necessarily
easy to identify, and many of them lack known band strengths
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Fig. B.1. Benzene infrared spectra and modelling. Upper panel: Infrared
transmittance spectra of a C¢Hg ice film evolution as a function of
39.25MeV *°Fe!%* ion fluence. Lower Panel: Model spectra fitted to the
data as a function of fluence. See text for model details.
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with which to quantify and address the f fraction. The thin-
film interference fringe evolution tracing the film thickness can
be still more easily measured and provides information on the
thinning of the film because of sputtering. An optical model
was fitted to the data to extract the film thicknesses and deduce
the corresponding loss to the gas phase. The model is calcu-
lated using the rigorous expression for the transmission of a thin
absorbing film, of thickness d, on a thick transparent substrate,
as presented in (Swanepoel 1983):

A
T= X ) (B.1)
B — C x cos(¢) + D x2
where
¢ =4nnd/A
a =4nk/A
x = exp(—ad)

A = 16s(n® + k?)

B =[(n+ 1) +Kk}[(+ D(®n +s?) +k]

C =[(0® - 1 +k*)(n® — s%k?) — 2K>(s> — 1)]2cos(¢)
—k[2(n® - s + K?) + (s + D(0? — 1 + k»)]2sin()

D =[(n-1)*+k*)((n - n-s*)+Kk].

The wavelength(1)-dependent refractive index s of ZnSe, used as
substrate in the experiment, is taken from Querry et al. (1987).
The complex refractive index {n,k} for benzene ice films was
adopted from Hudson & Yarnall (2022). A least squares fit
procedure is used to fit the model to the measurements and
retrieve the thickness values. Due to the lack of thermalisation
of the experience hall, progressive albeit limited variations in
the gain of the overall signal (of less than about two percent) are
observed during the measurements. This slowly varying instru-
mental effect is compensated for in the minimisation by applying
an equivalent global gain correction to the spectra. The mea-
sured spectra, and the best-fitted model spectra calculated during
the minimisation are shown in the upper and lower panels of
Fig. B.1, respectively.

The expected column density of benzene ice can be estimated
from the measured thickness using
Ncghg = Na X p X d/Mcghg, (B.2)
where Ny, p, d, and Mc,p, are the Avogadro number, the CsHg
ice density, the film thickness, and the molar mass of benzene,
respectively. The C¢Hy ice density adopted is p = 0.77 g/cm?
from Hudson & Yarnall (2022). We note that ion irradiations
of ice films can induce an amorphous compaction of ice struc-
tures when starting from amorphous and porous ice films that
can affect the density and thus column-density estimates. Com-
paction, given the cross-sections for other ices at such dE/dx,
occurs for fluences of a few 10!! ions/cm?. With the fluences pre-
sented in this study, in the present experiments, we are analysing
an amorphous compact C¢Hg ice phase. The very first fluence
points can be affected by a compaction phase change and we
therefore do not include the first fluence points in the analy-
sis. If another density is adopted, the extracted yield can be
adjusted proportionally to the inverse of the newly adopted value.
The column-density evolution as estimated from equation B.2 is
shown in Fig. B.3.

From the slope of the column density evolution with thickness,
the derived sputtering yield is Y, ~ 1.1 + 0.3 x 10* C¢Hg/ion.
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Fig. B.2. Column-density evolution as estimated from equation B.2 as a
function of 39.25MeV *°Fe!%* jon fluence, with the thickness retrieved
from the models presented in Fig. B.1.
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Fig. B.3. Column-density evolution as estimated from the integrated
absorption of the 680 cm™' benzene CH out of plane bond.

From the integration of the evolution of the CH band centered at
about 680 cm™!, and using the integrated absorption strength of
1.62 + 0.1 x 1077 cm/molecule from Hudson & Yarnall (2022),
the column density evolution as estimated from this band is
shown in Fig. B.3. This evolution is driven by the bulk benzene
radiolysis, and the destruction cross section can be evaluated to
Oges = 2.4 +0.2 x 10713 c¢cm?. This confirms a posteriori that
Y:O/O'desNo << 1.

Appendix C: CH;CN sputtering yield determination

We proceed for the acetonitrile measurements analysis as for
benzene, adopting an ice density of p = 0.78 g/cm® from Hud-
son (2020) and optical constants {n,k} from Moore et al. (2010).
This experiment was performed on a previously used ZnSe win-
dow coated with a thin carbon film and the refractive index of
the substrate interface is higher than ZnSe, as can be seen from
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Fig. C.1. Acetonitrile infrared spectra and modelling. Upper panel:
Infrared transmittance spectra of a CH3CN ice-film evolution as a func-
tion of 39.25MeV *°Fe!%* jon fluence. Lower Panel: Model spectra fitted
to the data as a function of fluence. See text for model details.

the increased amplitude of the interference fringes (Fig. C.1).
We therefore constrained this index by minimisation with a con-
stant that turns out to be close to n~3.4. From the slope of the
column density evolution with thickness (Fig. C.2), the derived
sputtering yield is Y ~ 8.3 + 3.4 x 10° molecules/ion. From
the integration of the evolution of the C=N band centred at
about 2250 cm™!, and using the integrated absorption strength
of 2.3 + 0.1 x 10~'® cm/molecule from D’Hendecourt & Alla-
mandola (1986), the column density evolution as estimated from
this band is shown in Fig. C.3. This evolution is driven by the
bulk acetonitrile radiolysis, and the destruction cross section can
be evaluated to oges = 1.6 0.2 X 10713 cm?. This also confirms
that for CH3CN, a posteriori, Yy /04esNo << 1.
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Fig. C.2. CH;CN column-density evolution as estimated from equa-
tion B.2 as a function of 39.25MeV °Fe!%* jon fluence, with the
thickness retrieved from the models presented in Fig. B.1.
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