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ABSTRACT

Aims. Cosmic-ray-induced sputtering is one of the important desorption mechanisms at work in astrophysical environments. The
chemical evolution observed in high-density regions, from dense clouds to protoplanetary disks, and the release of species condensed
on dust grains, is one key parameter to be taken into account in interpretations of both observations and models.

Methods. This study is part of an ongoing systematic experimental determination of the parameters to consider in astrophysical cosmic
ray sputtering. As was already done for water ice, we investigated the sputtering yield as a function of ice mantle thickness for the two
next most abundant species of ice mantles, carbon monoxide and carbon dioxide, which were exposed to several ion beams to explore
the dependence with deposited energy.

Results. These ice sputtering yields are constant for thick films. It decreases rapidly for thin ice films when reaching the impinging
ion sputtering desorption depth. An ice mantle thickness dependence constraint can be implemented in the astrophysical modelling of

the sputtering process, in particular close to the onset of ice mantle formation at low visual extinctions.

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

1. Introduction

In the dense and cold zones of the interstellar medium, dust
grains are covered with volatile solids (the ice mantles), which
are relatively protected from ambient radiation fields outside the
cloud. However, cosmic radiation consisting of high-energy par-
ticles penetrates deeply into these clouds and induces complex
chemistry through its direct interaction (radiolysis), or indirect
interaction (production of a secondary vacuum ultraviolet-VUV-
background radiation field by interaction with the gas, mainly
molecular hydrogen) with dust grains. These cold and dense
regions should in theory be considered as gas phase chemical
‘dead zones’ on time scales above the condensation (freeze-out)
time of the whole gas phase on cold dust grains. The observation
of a great diversity of species in the gas phase in these dense
clouds thus implies the presence of mechanisms, not only of
physico-chemical evolution, but also of desorption of the con-
densed species. Among these mechanisms are invoked chemical
desorption (e. g. Yamamoto et al. 2019; Oba et al. 2018; Wakelam
et al. 2017; Minissale et al. 2016a,b; Garrod et al. 2007), pho-
todesorption by secondary VUV photons or X-rays (Westley
et al. 1995; Oberg et al. 2009, 2011; Fayolle et al. 2011, 2013;
Munoz Caro et al. 2016, 2010; Cruz-Diaz et al. 2016, 2018;
Fillion et al. 2014; Dupuy et al. 2017, 2018; Bertin et al. 2012,
2016), excursions in grain temperature (e.g. Bron et al. 2014),

*Part of the equipment used in this work has been financed by
the French INSU-CNRS programme ‘Physique et Chimie du Milieu
Interstellaire’ (PCMI).

and sputtering in the electronic interaction regime by cosmic
radiation (e.g. Seperuelo Duarte et al. 2009; Dartois et al. 2013,
2015; Boduch et al. 2015; Mejia et al. 2015; Rothard et al. 2017,
and references therein). Once the efficiencies of these different
processes have been quantitatively evaluated in the laboratory
for a large number of systems, it is then possible to understand,
through modelling, their absolute and relative impact on the
chemistry of the interstellar medium.

The work presented in this paper is a continuation of a
systematic study of the interstellar ice sputtering by cosmic radi-
ation simulated in the laboratory. Of particular interest is the
effect of the finite size of the interstellar ice mantle on the sput-
tering efficiency, which has been studied for H,O (Dartois et al.
2018), in the context here of two of the other major ice man-
tle components, CO and CO,. In Sect. 2, the experiments of
irradiation by accelerated heavy ions is described. The model
of evolution of the ices under the effect of this bombardment is
described in Sect. 3. The fitting of the obtained data for CO and
CO; ices is presented in Sect. 4, leading to the determination
of the finite sputtering depth for the considered ions. We then
discuss the dependence of the sputtering depth on the stopping
power and provide constraints for astrophysical models on the
sputtering effective yield including finite size effects.

2. Experiments

Swift ion irradiation experiments were performed at the heavy-
ion accelerator Grand Accélérateur National d’Ions Lourds
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(GANIL; Caen, France). Heavy ion projectiles were delivered
on the IRRSUD beam line'. The IGLIAS (Irradiation de GLaces
d’Intérét AStrophysique) facility, a vacuum chamber (10~ mbar
under our experimental conditions) holding an infrared trans-
mitting substrate that was cryocooled down to about 9 K, is
coupled to the beam line. The ice films were produced by plac-
ing a cold window substrate in front of a deposition line. Carbon
monoxide or carbon dioxide films were condensed at 9 K on
the window, from the vapour phase, and kept at this tempera-
ture during the irradiations. Details of the experimental setup
are given in Augé et al. (2018). The ion flux, set between 107 and
10% ions cm™2 s~! is monitored online using the current measured
on the beam entrance slits defining the aperture. The irradiation
is performed at normal incidence, whereas the infrared transmit-
tance spectra are recorded simultaneously at 12° of incidence. A
sweeping device allows for uniform and homogeneous ion irra-
diation over the target surface. The relation between the current
at different slit apertures and the flux is calibrated before the
experiments using a Faraday cup inserted in front of the sample
chamber. The thin ice films deposited allow the ion beam to pass
through the film with an almost constant energy loss per unit path
length. A Bruker FTIR spectrometer (Vertex 70v) with a spectral
resolution of 1 cm™! was used to monitor the infrared film trans-
mittance. The evolution of the infrared spectra was recorded as
a function of the ion fluence. The projectiles used were 4°Ca’*
at 38.4 MeV and *Ni’* at 33 MeV with an electronic stop-
ping power, calculated using the SRIM package (Ziegler et al.
2010) for CO; ice of S = 1919.1 eV/10" CO, molecules cm™
and S = 2487.8 eV/10'> CO, molecules cm™2, respectively. We
also made use of additional experiments already presented in
Seperuelo Duarte et al. (2009) for C'30, using a 46 MeV
BNi''* projectile, a measurement on a CO, very thin film
irradiated with a 630 MeV '32Xe?'* presented in Mejia et al.
(2015), and a low-energy 100 keV proton irradiation experi-
ment on CO, from Raut & Baragiola (2013). For CO ice with
projectiles of 4°Ca’* at 38.4 MeV, the S, = 1245.2 eV/10"
CO moleculescm™2, and for ’Ni®* at 33 MeV, the S. =
1613.2 eV/10" CO molecules cm™2. We also made use of addi-
tional experiments already presented in Seperuelo Duarte et al.
(2010) for CO using a 50 MeV Ni'3* projectile, and a low-
energy 9 keV proton irradiation experiment from Schou &
Pedrys (2001).

3. Model

As discussed previously when modelling the evolution of water
ice mantles (Dartois et al. 2015) and in the modelling of a sputter-
ing crater in the N, ice case of Dartois et al. (2020), the column
density evolution of the ice molecules submitted to ion irradi-
ation can be described, to first order and as a function of ion
fluence (F) by a differential equation:

AN/dF = —a'desN—Y;"’(l —ef%)xf. )

N is the CO or CO, column density. o is the ice effective radi-
olysis destruction cross-section (cm?). Y2 is the semi-infinite
(thick film) sputtering contribution in the electronic regime to
the evolution of the ice column density, multiplied, to first order,
by the relative concentration (f) of carbon monoxide or carbon
dioxide molecules with respect to the total number of molecules

and radicals in the ice film. f can be evaluated to first order

I http://www.ganil-spiral2.eu

A177, page 2 of 13

by fx = Nx/(Nco, + Nco) with X=CO; or CO, neglecting the
presence of radicals, carbon suboxides, and O,. In the case of
CO;,, one of the main products formed by irradiation is CO,
and reaches about 20% of the ice at the top of its concen-
tration. 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 sputtering depth by an expo-
nential decay, leading to the 1 —e""/N9) correcting factor applied
to Yg°. A schematic view of such a simplified cylinder approxi-
mation is shown in Fig. 1 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 sputter-
ing depth). These parameters, reported in Table. 1, are calculated
from the measurement of Ny and Y;°. These parameters also give
access to the more or less prominent elongation of the sputter-
ing cylinder, which is species- and deposited-energy-dependent.
To monitor this elongation within the cylinder approximation
one can calculate the so-called aspect-ratio parameter (height-
to-diameter ratio of the cylinder in the semi-infinite ice film
case). This model is a simplification. The reformation of the
main species via the destruction of the daughter species is, for
example, neglected as a second-order effect. The shape of the
sputtering crater also influences the exact parametrisation, as
shown in Dartois et al. (2020). An evolved model may be built
when more precise data is acquired. Nevertheless, Ny is an effi-
cient single parameter useful in estimating the sputtering depth
in a column density equivalent.

The column densities of the molecules are followed exper-
imentally in the infrared via the integral of the optical depth
(ty) of a vibrational mode, taken over the band frequency range.
The band strength value (A, in cmmolecule™!) for a vibra-
tional mode has to be considered. In the case of the '2CO; v;3
mode near 2342cm™!, we adopted 7.6 x 10~!7 cm molecule™
(Bouilloud et al. 2015; Gerakines et al. 1995; D’Hendecourt &
Allamandola 1986), although some measurements tend towards a
higher value (~1.1 x 1076 cm molecule™!; Gerakines & Hudson
2015). For the '2CO v, mode near 2342cm™', we adopted
1.1 x 1077 cm molecule™ (Bouilloud et al. 2015; Gerakines et al.
1995). The results are anchored to these adopted values and
should be modified, if another reference value is favoured. Fits
of Eq. (1) are shown in the middle panels of Figs. 1-6. Best
parameters were retrieved with an amoeba method minimisation
to find the minimum chi-square estimate on the model func-
tion. Only the experiments thick enough to sample the infinite
thickness sputtering yield can be used. The fitted output param-
eters, namely 0 ges, Y. é“f, and Ny, are reported in Table 1, with the
uncertainties being estimated at two times the reduced chi-square
value obtained in the minimisation.

4. Results and discussion
4.1. Radiolysis, sputtering yield, and depth determination

The evolution of the infrared spectra (given in Appendix A) upon
ion irradiation shows three stages that are much better under-
stood when the data are plotted showing dN/dF as a function
of the column density, rather than the column density as a func-
tion of the fluence, evolving over several decades. We clearly see
in Figs. 1-6 that the evolution of dN/dF departs from the ideal
model of Eq. (1), in particular at low fluence. At the beginning
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Table 1. Experiments and results.

Species T Ny p@ Thickness 0 ges Yo Ny Depthl; o rs/rd
(K) (10"cm™2) (gem™) (um) (nm?) (x10%) (10" cm™2)  layers (nm?)

H* at 100 keV; S. = 46 eV / 10" CO, molecules cm™2 (Raut & Baragiola 2013)

CO, 25 50 1.1 0.33 - 1.5+0.5%x 1072 0. 15”’8 (7)8 1-15 - -

0C® at 38.4 MeV: S = 1919.1 eV / 10" CO, molecules cm™? (this work)

CO, 9 110 1.0 0.80 63+06 155+3.6 6.7+4.6 101 + 69 26. 8?32 2.12

CO, 9 58 1.0 0.42 6.8+0.5 13.7+8.0 12.8+6.2 224 + 108 10.7%.260 1.26
9 15.4 1.0 0.11 - - - - -

SNt ar 33 MeV: S = 2487.8 eV / 10" CO, molecules cm™2 (this work)

CO, 9 228 1.0 1.67 10719 48.2+170 12.9+6.8 225+119  37. 4%% 1.87

CO, 9 70 1.0 0.51 92+47 37.6+238 15672 272+ 126 24. 1‘1‘3 f 1.47
9 38 1.0 0.28 - -

CO, 9 12.5 1.0 0.09 - - - -

BN at 46 MeV: S. = 2601.9 eV / 10 C'80, molecules cm™ (Seperuelo Duarte et al 2009)

cB0, 9 148 1.0 1.08 1.7+3.1 78+31 157+10.8 290+200 50. 0551 2.07

132Xe2* at 630 MeV: S. = 5680 eV / 10> CO, molecules cm™ (Mejia et al. 2015)

co, 30 638 117 0.042 yhin/ye & 25010 ¢ 65432 102355 - -

0Ca® ar 38.4 MeV: S = 1245.2 ¢V / 10" CO molecules cm™ (this work)

CO 9 110 0.8 0.80 44+04 323+10.9 17.8+5.3 267 +79 18.21:3 2.03

CO 9 45.5 0.8 0.33 - - - - -
9 19.5 0.8 0.14 - - - - - -

CO 9 16.7 0.8 0.12 - - - - -

BNPT at 33 MeV: S = 1613.2 eV / 10" CO molecules cm™ (this w0rk)

CO 9 179 0.8 1.04 8.9+2.1 75+22 151+£9.9 226+ 149  49. 9;2847 2.36

CO 9 59 0.8 0.34 - - - -

SN+ at 50 MeV: S. = 1702.0 eV / 10" CO molecules cm™ (Seperuelo Duarte et al. 20]0)

CO 9 158 0.8 0.92 87x15 83+13 19.8+3.9 297 +58 42. O};? 2.20

CO 9 112 0.8 0.65 - - - -

Notes. Ny, p, and thickness are the ice film initial column density, density, and thickness, respectively. o is the radiolysis destruction cross section.
Y;* and Ny are the semi-infinite sputtering yield and sputtering depth origin of the species within the model used in this work, in a column density
equivalent. /; is the depth in monolayers converted from Ny. o is the effective sputtering cross-section. r,/rq is the ratio of the effective sputtering
radius over the radiolysis destruction radius (deduced from the radiolysis destruction cross-section). “The density (gcm™) considered for the ice
thickness and the determination of the number of molecular layers are given for CO, for the different temperatures following Satorre et al. (2008),
and taken as 0.8 gcm™ for CO (e.g. Loeffler et al. 2005; Bouilloud et al. 2015). ®Ratio of thin-to-thick yields. The yield value for infinite thickness
for the considered stopping power is obtained from the fit of the other data presented in Mejia et al with a power law. See text for details.

of irradiation, the ice film is restructuring with the first ions
impinging the freshly deposited ice film. Therefore the molecular
environment and phase is modified and/or compacted. The oscil-
lator strength of the measured transitions in the infrared and/or
the refractive index of the ice are slightly changing. As a conse-
quence, 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! jons cm2, and the observed behaviour of dN/dF bet-
ter 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 a 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 radioly-
sis of the bulk and semi-infinite sputtering. In the later phase, the
film becomes thin with respect to the sputtering’s semi-infinite
sputtering depth (Ng) of individual ions. dN/dF decreases
accordingly with a linear and exponentially convolved behaviour.

In each experimental session, CO and CO, films with sev-
eral starting thicknesses (summarised in Table 1) were irradiated.
This was done to estimate the reproducibility of the results, and
also to check that the behaviour of the experimental results, par-
ticularly when reaching the thin film conditions, does not depend
on the initial thickness. This can be seen in the middle panels of
Figs. 1-6, in which the dN/dF evolution is the same regardless
of the initial film thickness within experimental uncertainties. It
is important to state that it means that in these experiments the
radiolysis (e.g. production of CO for CO, films) does not accu-
mulate enough to significantly affect the thin film’s behavioural
evolution.

4.2. Experiments from the literature
4.21.CO;

We reanalysed the data from Seperuelo Duarte et al. (2009) on
a C'%0, ice film exposed to *®Ni''* ions at 46 MeV. This is
shown in Fig. 3. The right panel shows —dN/dF as a function
of the column density, with the previous fit with the param-
eters from Seperuelo Duarte et al. (2009) shown via a green
dashed line, and the reanalysis with our current model via orange
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Fig. 1. Left panel: CO, column density evolution measured with the anti-symmetric stretching mode (v3) spectra as a function of **Ca®* ion fluence
for CO, ice films deposited with different initial thicknesses (shown with different colours) measured at 9 K. The radiolytically produced CO is
also shown. Middle panel: experimentally measured differential evolution —dN/dF as a function of column density, to be compared to Eq. (1).
Fits of the equation to the data are shown as long-dashed lines (in black for the thickest film and orange for the intermediate thickness one) for
the two thickest films, as well as fits not taking into account the finite depth of sputtering (dashed lines). No fit is attempted for the thinnest film.
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. The experiments are summarised in Table 1.
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Fig. 2. Left panel: CO, column density evolution measured with the anti-symmetric stretching mode (v3) spectra as a function of 3¥Ni®* ion fluence
for CO, ice films deposited with different initial thicknesses (shown with different colours) measured at 9 K. The radiolytically produced CO is
also shown. Middle panel: experimentally measured differential evolution —dN/dF as a function of column density, to be compared to Eq. (1). Fits
of the equation to the data are shown as dashed lines for the two thickest films, as well as fits not taking into account the finite depth of sputtering
(straight lines). 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. The experiments are summarised in Table 1.

dashed lines. Our model includes an exponential decay at low
column densities (long dashed orange lines). The dashed orange
(straight) line shows what would be expected from thick film
sputtering. As discussed above, the first points at low fluence,
below about 10! ions cm~2 were discarded from our fit, as they
do not follow the theoretical expected —dN/dF behaviour.
Mejia et al. (2015) reported a strong decrease of the sput-
tering yield for thin CO, films exposed to '32Xe?!'* ions at
630 MeV. Using the adjusted expected experimental yields for
semi-infinite thick films, extrapolated to the stopping power of

of Y® ~ 2.5x10°. From Yin = y®x(1 — ¢~Nuin/Na) one can
estimate Ng ~ —Ngpin/In(1 = Y,/ Y3%) = 6.5%32 x 10" cm™2.

To provide another point at low stopping power (S. =
46eV/10'5 CO, molecules cm™2), we also include the sputter-
ing of CO; films induced by 100keV H* at 25K from Raut &
Baragiola (2013). In this experiment, the authors measured a
yield Y° = 15 +5. They did not measure the depth Ng. We can
fix a range of variation by assuming upper and lower bounds
limiting cases. For the lower bound, all sputtered molecules are
assumed to come from the first layer. For the upper bound, they

this experiment (S, = 5680 eV/10'"> CO, moleculescm™2), a
crude estimate of the sputtering depth can be made. The thin
film had a column density of Ny, = 6.8 X 10'°cm™2, and they
report a measured sputtering yield of Y" ~ 2.5%> x 10*. The
sputtering yield at the same value of electronic stopping power
for a semi-infinite thick ice film can be estimated from the thick
film quadratic dependence, and we estimate it to be of the order
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come from a depth thick as the yield. The mean value is taken as
the cube root of the yield in monolayers, that is, a homogeneous
3D sputtering volume with no preferential extension along any
axis. Assuming a density of 1.1 gcm™ at 25K (Satorre et al.
2008) for the ice thickness and number of molecular layers, this
leads to Ny = 1.56’_79'6 x 10" em~2, providing an anchor point at
low stopping power.
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Fig. 3. Left panel: C'30, ice experimental column densities for ion irradiation experiment (beam of *¥Ni!!'* at 46 MeV) discussed in Seperuelo
Duarte et al. (2009). Middle panel: —dN/dF calculated from the recorded data. The blue circles represent the data used in the fit, whereas the sky
blue points are discarded as they represent the phase transition of the ice observed at the early irradiation stage (low fluence). The long, dashed
orange line corresponds to the best-fit models using Eq. (1), and the dashed orange line to what would be expected from thick film behaviour. The
dotted green line represents the fit using previously determined values from Seperuelo Duarte et al. (2009). Right panel: sputtering yield evolution

and fitted contribution as a function of column density.
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Fig. 4. Left panel: CO column density evolution at 9K as a function of at 33 MeV **Ni®* ion fluence for CO ice films deposited with different initial
thickness (different colours). The radiolytically produced CO, is shown. Middle panel: experimentally measured differential evolution —dN/dF as
a function of column density. The fit of Eq. (1) to the data for the thickest film is shown (long black dashed line), as well as a fit not taking into
account the finite depth of sputtering (straight dashed line). Right panel: sputtering yield evolution and fitted contribution as a function of column

density.

4.2.2.CO

To provide another point at low stopping power (S = 14 eV/10'
CO molecules cm~2), we also included the sputtering of CO film
induced by 9 keV H* at 25K from Schou & Pedrys (2001). In
this experiment, the authors measured a yield Y;° ~ 38.4. We
again fixed its range of variation by assuming that all sputtered
molecules come from the first layer for the lower bound, from a
depth as thick as the yield for the upper bound, and the mean as
the cube root of the yield in monolayers. Assuming a density of
0.8 gcm’3 at 10K (Loeffler et al. 2005; Bouilloud et al. 2015)
for the ice thickness and the determination of the number of
molecular layers, this leads to Ny ~ 2.2:%! x 10" cm™, provid-
ing an anchor point at low stopping power.

In this reanalysis of these previous literature data, CO and
CO; ice film temperatures are slightly higher than the one used
in our experiments. The sputtering yield has been shown to be
temperature-dependent, in particular in the case of H,O ice (e.g.

Baragiola et al. 2003), with a higher yield when the temperature
increases, Y = Y, + Y;expE¥*D) with an activation energy
Ea that is related to the binding energy of the ice under consid-
eration. For water ice it becomes significant above around 90 K.
We thus expect that for CO, ice, in the 9-30 K range considered
here, the sputtering yield should be fairly constant. In the case
of CO, the measured sputtering yield might be slightly higher
than expected at the same temperature as the one we used in our
measurements. However, as discussed above, the error bar set by
our lack of knowledge on the corresponding sputtering depth for
CO covers more than one order of magnitude, and we consider it
most probably includes this uncertainty.

4.3. Relationship between sputtering depth and stopping
power

The depth of sputtering obtained from the fit with the model
of Eq. (1), along with the parameters of the fit, are reported in
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Table 1. Only the sufficiently thick films are fitted, as a suffi-
cient number of points in the linear part of the curve is needed
to retrieve the cross-section and the depth of sputtering simul-
taneously. The corresponding equivalent column density depth

electronic stopping power (Y2 o« S2, Rothard et al. 2017; Dartois
et al. 2015; Mejia et al. 2015; Boduch et al. 2015). In the elec-
tronic sputtering regime considered in the present experiments,
and as expected from the above cited dependences, it makes

Ny is reported in Fig. 7 for CO,, and Fig. 8 for CO as a func-
tion of the stopping power. The best fit to the data as a function
of the stopping power is 18019 and §995*017 for CO, and
CO, respectively, that is, close to linear with the stopping power.
Experiments and thermal spike models of the ion-track-induced
phase transformation in insulators predict a dependence of the
radius r of the phase change cross-section evolving as r ~ /S,
where S. = dE/dx is the deposited energy per unit path length
(e.g. Lang et al. 2015; Toulemonde et al. 2000; Szenes 1997),
with a threshold in S® to be determined. The measured semi-
infinite (thick film) sputtering yield for ices (i.e. corresponding
to the total volume) generally scales as the square of the ion
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sense that the sputtering depth approximatively scales linearly
with the stopping power and the aspect ratio scales with the
square root of the stopping power.

An estimate of a sputtering cross-section can be inferred
from our measurements with oy ~ V/d, where V is the vol-
ume occupied by Y¢° molecules and d the depth of sputtering.
os = Y /lg/ml, where ml is the number of CO or CO,
moleculescm™ in a monolayer (about 6.7 x 10'*cm™ and
5.7 x 10" cm™2, respectively, with the adopted ice densities). As
is shown in Table 1, the sputtering radius ry would therefore
be about 1.26 to 2.12 times larger than the radiolysis destruc-
tion radius r4 in the case of the CO, ice, and 2.03 to 2.36 for
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CO in the considered energy range (~0.5-1 MeV/u). The net
radiolysis is the combined effect of the direct primary excita-
tions and ionisations, the core of the energy deposition by the
ion, and the so-called delta rays (energetic secondary electrons)
travelling at much larger distances from the core; that is, sev-
eral hundreds of nanometres at the considered energies in this
work (e.g. Mozunder et al. 1968; Magee & Chatterjee 1980; Katz
et al. 1990; Moribayashi 2014; Awad & Abu-Shady 2020). The
effective radiolysis track radius that we calculate is lower than
the sputtering one, which points towards a large fraction of the
energy deposited in the core of the track. The scatter on the ratio
of these radii is due to the lack of more precise data. It neverthe-
less allows to put a rough constraint on the estimate of Ny in the

absence of additional depth measurements, with Ny < Y /0g.
If the rg/rq ratio is high, a large amount of species come from
the thermal sublimation of an ice spot less affected by radiolysis,
and the fraction of ejected intact molecules is higher. The aspect
ratio corresponding to these experiments evolves between about
ten and twenty for CO, and CO, whereas for water ice at a stop-
ping power of S. ~ 3.6 x 10°¢V/10'> H,0 molecules cm~2, we
show that it is closer to one (Dartois et al. 2018). The depth of
sputtering is much larger for CO and CO, than for H,O at the
same energy deposition, not only because their sublimation rate
is higher, but also because they do not form OH bonds. For com-
plex organic molecules embedded in ice mantles dominated by
a CO or CO; ice matrix, with the lack of OH bonding and the
sputtering for trace species being driven by that of the matrix (in
the astrophysical context), the co-desorption of complex organic
molecules present in low proportions with respect to CO/CO,
cannot only be more efficient, but will thus arise from deeper
layers.

4.4. Astrophysical modelling with finite size

If we integrate the sputtering yield over the distribution of galac-
tic cosmic rays (GCR), the depth dependence of the yield can
be parametrised in astrophysical models to provide an effective
yield. Assuming the quadratic behaviour observed for many ices
(e.g. Rothard et al. 2017; Dartois et al. 2015; Mejia et al. 2015;
Boduch et al. 2015),

YO(Se) = YOS2, )

where Y? is a pre-factor. S, = (dE/dx), is the stopping power in
the electronic regime. For Se in units of eV /10" molecules cm 2,
we used YS = 3.87x 1072 for CO, 8.65x 1073 for CO,, and
5.93x 1072 for H,0. The thickness-dependent sputtering yield
in the electronic regime can be parametrised with the following

prescription:
YS(NiceaSe) = Ygng(l —e_ﬁ)_ (3)

Nice 1s the ice column density, and Ny(S) is the sputtering depth
in column density equivalent, as determined in the previous
section. The effective sputtering rate by cosmic rays can be cal-
culated by integrating over their distribution in abundance and
energies:

dNcr
dE

Yeeff(Nice) = 2><477wa Ys[Nice’Se(EsZ)] (E’Z)dE’ (4)
7 E

min

where YeeE(Nice) is the effective sputtering rate for a
given ice mantle thickness corresponding to a column den-
sity of Nj (or equivalently a number of monolayers),
dgl%(E, Z)[particles em~2s7'sr 1/ (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 differential
flux for different Z follows the GCR observed relative abun-
dances from Wang et al. (2002; H, He), de Nolfo et al. (2006;
Li, Be), George et al. (2009; >Be), as explained in more detail in
Dartois et al. (2013). The integration is performed up to Z =28
corresponding to Ni; a significant drop in the cosmic abundance
and thus also in contribution is observed above. The electronic
stopping power S, is calculated using the SRIM code (Ziegler
et al. 2010) as a function of atomic number Z and specific energy
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Fig. 9. Thickness-dependent effective sputtering rates (circles) in the
electronic regime calculated for CO and CO,, for £, = 3x 1077571,
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article. The water ice behaviour is included for comparison, calculated
using the single anchor point from Dartois et al. (2018). The functional
Eq. (6) fitted to the data is shown in dashed lines for each species. The
typical absolute scale error bars are over-plotted.

E (in MeV per nucleon). For the differential Galactic cosmic ray
flux, we adopted 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 E0.3
%(E,Z) =——, )
(E + Ep)

where C is a normalisation constant (=9.42 x 10*, Shen et al.
2004) and E a parameter influencing the low-energy component
of the distribution. Under such parametrisation, the high-energy
differential flux dependence goes asymptotically to a —2.7 slope.
The ionisation rate ({;) corresponding to the same distribution
can be calculated, and it gives an observable comparison with
astrophysical observations in various environments. The ion-
isation rates for E; =200, 400, and 600 Mevu™! correspond
to & =3.34x 10771, 5.89x 1077571, and 2.12x 107" 57!,
respectively. To show the dependence as a function of the num-
ber of layers, we set the value of C (Eg = 520 Mevu™!) so that
the ionisation rate corresponds to £, = 3x 107"7s™!, a typical
value for the ionisation measured in dense clouds (Geballe &
Oka 2010; Indriolo & McCall 2012; Neufeld, & Wolfire 2017;
Oka et al. 2019).

The best fit to the thickness-dependent effective sputtering
rates (molecules cm™2 s71), integrated over the GCR distribu-
tion corresponding to /> = 3x 107"s™!, can be adjusted with
the following functional:

Mayers \¥
Y:ﬁ(nlayers) X ax (1 - 67(%) )’ (6)

with @ ~40.1, ~75.8, y~0.69 for CO, a~219, B~563,
v~0.60 for CO,, and a~3.63, 8~3.25, y~0.57 for H,O
(plotted in brown, red, and blue in Fig. 9, respectively).

The typical thickness of ice mantles estimated from astro-
nomical observations varies from a few to several hundreds
of monolayers in dense clouds (Boogert et al. 2015 and refer-
ences therein). In the dust particle size distribution, there might
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be signs of unusually large grain sizes or aggregates forming
bigger particles, which is supported by the observations of scat-
tering excess in spectral features or core shine effect (e.g. Jones
et al. 2016; Steinacker et al. 2015; Dartois 2006). The ice man-
tle growth, and thus thickness, is, to first order, independent of
the grain radius, but dependent on the temperature and density.
In gas and grain astrochemical models, ice mantle thicknesses
evolve with local conditions and time (e.g. Ruaud et al. 2016;
Pauly & Garrod 2016). As the semi-infinite sputtering yield limit
is reached rapidly with water ice, its effective sputtering, except
at the border of clouds, should not vary significantly from the
bulk, whereas for carbon dioxide and carbon monoxide, sputter-
ing yield variations are expected when looking at the sputtering
rate evolution displayed in Fig. 9.

To calculate the sputtering rates for different ionisation rates,
we varied the Ey parameter in Eq. (5). It leads to a proportional-
ity between the ionisation and sputtering rates (as in, e.g. Dartois
et al. 2015; Faure et al. 2019). By doing so, one assumes that
the energy spectra of all CR species are identical. For a CR
spectrum with low energy particles impacting thick clouds con-
taining the ice mantles, the stopping powers (different for each
species) are differentially shaping the spectra during the propa-
gation within the cloud (see Fig. 3 in Chabot 2016). To derive
an estimate of the expected variations with respect to the simple
proportionality between sputtering and ionisation rates, we prop-
agated different initial CR spectra through clouds, as explained
in Chabot (2016). We then calculated the ionisation rates and cor-
responding sputtering rates. In the worst case, the proportionality
approximation overestimates the complete calculation by a factor
2. It occurs in the very dense parts of clouds (Av > 20) for initial
CR spectra giving rise to high ionisation rates in the (unattenu-
ated) external part of the cloud (£, > 5x 1071%s71). It is worth
mentioning that magnetic fields may also affect such a propor-
tionality between ionisation and sputtering rates. Indeed, proton
and heavy particles do not have the same magnetic rigidity nor
Larmor radius.

5. Conclusions

We measured the swift, heavy ion-induced CO and CO, ice sput-
tering yield at ~10 K, and its dependence on the ice thickness.
These measurements allow us to constrain the sputtering depth
probed by the incident ion. Within the context of an ‘effective’
sputtering cylindrical shape to describe the sputtered molecule
volume, the aspect ratio (height-to-diameter ratio of the cylinder
in the semi-infinite ice film case) is higher than one, for the ion
stopping powers considered in this study. The ejected molecules
are arising from deeper layers than would be the case for a pure
water ice mantle at the same deposited energies. The measured
depth of desorption Ny scales with the ion electronic stop-
ping power as oS 18019 (§ deposited energy per unit path
length) and S 2% *%17_for CO, and CO, respectively. We thus
experimentally measured a behaviour in agreement with what is
expected from studies with swift heavy ions on insulators, as the
phase transformations show a dependence of the radius r of the
cross-sections evolving as r ~ /S, and the ice’s total sputtering
yields are generally proportional to the square of S..

Following the trend measured, the depth of desorption
evolves almost linearly with S., and the aspect ratio depen-
dence will thus scale as S, with @ ~0.5. Astrophysical models
should take into account this ice mantle’s thickness depen-
dence constraints, in particular at the interface regions and onset
of ice formation, that is, when ice is close to the measured
extinction threshold. We provide a parametrisation based on our
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experiments, which can be used to describe the sputtering yield
taking into account the finite nature of interstellar grains, ready
for implementation in astrochemical models.
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Appendix A: Infrared spectra from the R e o BRI
experiments e CO, v, |
The baseline-corrected infrared optical depth spectra in the CO, 0.8} %? E
v3 antisymmetric stretching mode and CO v; stretching mode L N;
region for the experiments reported in this work are displayed L g 1.00
here for the different initial films’ thicknesses considered. L S
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1 _ — Fig. A.3. Infrared spectra for third CO, ice experiment with “°Ca’* at
L 13 - 38.4 MeV ions.
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Fig. A.2. Infrared spectra for second CO, ice experiment with “°Ca®* at
38.4 MeV ions.
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Fig. A.6. Infrared spectra for third CO; ice experiment with **Ni’* at  Fig, A.8. Infrared spectra for C'30, ice experiments with ¥Ni''* at
33 MeV ions. 46 MeV ions.
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http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039535&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039535&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039535&pdf_id=0
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202039535&pdf_id=0

E. Dartois et al.: Cosmic ray sputtering yield of interstellar ice mantles

2 COv E I ]
5 E o~ 1.50 ! 1 [~ 120 co Vi 1
= ] 2 1.00 ]
E ] 1.5F « .
[ S 1.00 ] | o 0.80 ]
4F o ] 2
[ L ] &£ 060 1
E g ] L 3 |
£ :%0.50 ] < %0.40
] 1 L 3 |
_@'3:—E e §1.0_&o.20 _
= 0.00 ] — L 0.00 |
© ] ©
L ] 1S4 3 .
2 5f 3 =3 L |
o 2f 1 O | _
F ] 0.5 .
E | 1
1F CO,v, ‘ 3 _ CO, v, .
OfF — 4‘\ T 0.0 - .
PEEETETSN BERT SRR SR S S N S S SR S S S N A A A PRI U BTSN T U N U N T U N U U W U0 T U U W U N W 0 WA U WO S 0 W M O B A1
2400 2300 2200 2100 2400 2300 2200 2100
Wavenumber (cm™) Wavenumber (cm™)

Fig. A.13. Infrared spectra for first CO ice experiment with ¥Ni’* at  Fig. A.14. Infrared spectra for second CO ice experiment with 3¥Ni** at
33 MeV ions. We note that the spectra are saturated at the beginning of 33 MeV ions.
the experiment. These spectra were discarded from the analysis.
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