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In the relatively shielded environments provided by interstellar dense clouds in our Galaxy, infrared
astronomical observations have early revealed the presence of low temperature (10–100 K) ice mantles
covering tiny grain ‘‘cores” composed of more refractory material. These ices are of specific interest
because they constitute an interface between a solid phase under complex evolution triggered by ener-
getic processes and surface reactions, with a rich chemistry taking place in the gas phase. The interstellar
ice mantles present in these environments are immersed, in addition to other existing radiations fields, in
a flux of cosmic ray particles that can produce new species via radiolysis processes, but first affects their
structure, which may change and also induces desorption of molecules and radicals from these grains.
Theses cosmic rays are simulated by swift ions in the laboratory for a better understanding of astrophys-
ical processes.

� 2015 Published by Elsevier B.V.
1. Introduction

The evolution of matter in our Galaxy follows schematically a
cycle. Stars at the end of their life inject matter in the Galaxy under
the form of atoms, molecules and small dust grains, in a tenuous
environment. In some cases this matter forms higher density
molecular clouds, which are precursors of protostellar cores, in
which some will eventually give birth to protostars, stars and plan-
etary systems. Whereas in the low density phase the physico-
chemical evolution is often dominated by ion/molecule chemistry,
in dense cloud and after, gas–grain chemistry becomes important
for the evolution of matter. The young nascent protostellar objects
progressively evolve from a large cloud of dust to eventually form a
protoplanetary disk. The access to the composition of dust grains in
these environments comes entirely from the emission and absorp-
tion of light of such astrophysical sources, mostly spanning the
infrared to millimeter wavelength range. So, the content of the sur-
rounding solid matter is probed and driven by their spectral energy
distribution, i.e. the observed solids infrared absorption/emission
bands. This is what motivates, in experiments aiming at reproduc-
ing the astrophysical matter and environments, the use of classical
spectroscopy (here infrared spectroscopy) in addition to any other
experimental techniques that can be used for the characterization
of the laboratory sample (e.g. neutron scattering, quartz microbal-
ance. . .), to provide as much as possible comparisons with astro-
nomical observations. In these environments cosmic rays pervade
through most of the regions and affect the physical and chemical
composition of dust. The objective here is not treating the radioly-
sis effect of heavy ions but focus on the evolution, in an astrophys-
ical context and based on laboratory experiments, of the ice’s
physical state (porous amorphous, amorphous and crystalline),
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including sputtering, resulting from the interactions with swift
heavy ions (SHI).
2. Astrophysical contexts

2.1. Interstellar ice mantles

When a molecular cloud, composed of tiny dust grains and gas,
is sufficiently shielded from the diffuse interstellar medium radia-
tion field of stars paving the interstellar space, the more refractory
grains made of silicates and carbonaceous material are coated with
ice mantles. There is a threshold in visual extinction to observe ices
[1,2], which is a proxy for the amount of matter along the lines of
sight. This threshold varies from source to source, betraying differ-
ent spatial distribution of matter. At a galactic scale, the dense
phase where ices are present represent a small volume fraction,
but contains a large fraction of the mass. These typical environ-
ments are at temperatures as low as 10–100 K, meaning that
almost all gases at ambient temperature, except He and H2, are
potentially condensable under the form of ice mantles.

The astrophysical objects displaying ice absorptions bands are
diverse [3,4]. An example is the envelope of so-called OH-IR stars,
where the observed ice is crystalline. The water is formed by high
temperature gas phase chemistry and condenses at rather high
temperature on refractory dust grains in the star ejected envelope.
However the places where ices dominate are molecular clouds,
protostars and disks. In the former case, when stars are by chance
located behind a molecular cloud, they can be used as background
light sources to probe the cloud composition. For protostars and
disks, the probing sources are inside the parental cloud that gave
birth to them, and sometimes interact strongly with the circum-
stellar environment. In these cases, the nascent source emitted
light is absorbed by the surrounding inner and closer dust grains,
which reemit strongly in the infrared. This infrared continuum
allows probing the cold surrounding cloud or disk ice mantles.
The ice composition observed is largely dominated by water ice,
and other ices abundances are therefore always normalized to
the H2O one [5].
Fig. 1. Abundances for Galactic cosmic rays (circles) and solar system elements
(squares) normalized to 103 carbon atoms. Galactic cosmic ray abundances are a
composite from [46–48] articles. The solar system abundances are from [49].
2.2. Cosmic-rays

The dense regions of the Galaxy, shielded from external UV
radiation, are immersed in a high-energy cosmic ray (CR) particles
field. This can be evidenced by the galactic sky observed in Gamma,
resulting from the interaction of CR with the gas, as seen e.g. by the
EGRET satellite in gamma rays [6]. The CR energies extend from
�keV up to 1021 eV. If very high energy CR can trace very distant
or exotic CR sources, for what matters for the physico-chemical
evolution of ices, the lower part of the CR differential flux distribu-
tion is the most relevant [7]. If one balances the CR stopping power
in interstellar dust grains by the CR energy distribution, the typical
weighted energy for the interaction will be peaking around
�100 MeV/u, whereas in the high energy plasma it will go to a frac-
tion of MeV/u, and stellar winds will be in the keV/u range [8].

The high-energy heavy cosmic ray component (below or above
about 100 MeV/u) was so far only scarcely simulated experimen-
tally. Nevertheless, there is a clear need to extend the study of
the interaction of high energy heavy cosmic rays with ices, since
the energy deposited on dust grains and ice mantles is expected
to be important compared to protons, in addition to other pro-
cesses such as dust stochastic heating and CR-induced UV photons.
In particular, the physical state (amorphous porous, compact
amorphous, crystalline) of the ice is extremely important in many
respects for astrophysicists, to allow surface physicist to perform
Please cite this article in press as: E. Dartois et al., Swift heavy ion modification
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experiments on realistic surfaces [e.g. [9–13]] for a better under-
standing of interstellar chemistry.
3. Ion-induced ice structural modifications

To interpret observations and give input to astrophysical
physico-chemical models requires constraining the evolution of
ice under such CR, not only to evaluate their radiolysis chemistry,
but also the influence on the structure. At the low temperature
(�10 K) encountered around some sources, water ice may form
an amorphous solid water (ASW) phase, including porosity in the
hydrogen-bonded network. It influences the surface chemistry in
space, as the available surface is different and larger in this case
with respect to more compact ice. In the infrared this porous struc-
ture is first seen by the appearance of non hydrogen-bonded OH
water ice molecules signatures, giving rise to OH dangling bonds
(OH-dB), with 2 or 3 molecules coordination [14,15] at 3720 and
3695 cm�1. Following the evolution of this OH-dB under ion irradi-
ation thus gives information on the degree of pore compaction.

Thus CRs induce ice modification, and there have been many
works since about 30 years at low energy and mainly light ions
to follow the evolution [9,16–24]. A fresh water ice film is con-
densed out from the gas phase on a cold window at low tempera-
ture under vacuum, and the IR spectrum of the OH-dB is followed
as a function of ion fluence. The analysis gives a low energy com-
paction cross-section. Other techniques using optical measure-
ments can also be performed, but with respect to astrophysics,
the infrared can be compared to observations.

When looking at the CRs abundance as a function of atomic
number (Fig. 1), the high-energy constituents are quite abundant,
and higher than the solar system natural abundance ratio with
respect to the light H and He. This means heavy CR may contribute
significantly to induce the water ice compact amorphous phase.
With this idea we extended previous ASW (and crystalline ice) irra-
diation works to heavier swift ions, in order to complement the ice
compaction cross-sections up to higher stopping powers. In the
ASW case, controlled water ice film were grown from gas phase
water deposited at low temperature on an infrared transmitting
substrate (ZnSe). The OH-dB spectral evolution was regularly mon-
itored with an FTIR spectrometer (in situ, at the same sample posi-
tion with the CASIMIR setup) while the ice was irradiated with
swift heavy ions. Details of the experimental setup are given in
[25]. This was performed for various projectiles on the different
beam lines available at the GANIL facility. The progressive
s of astrophysical water ice, Nucl. Instr. Meth. B (2015), http://dx.doi.org/
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disappearance of the OH-dB bonds monitored by infrared indicates
the ice compaction, within a phase remaining amorphous. The ice
compaction cross-section was reported for several swift heavy ions
[26] and shown to vary linearly with the stopping power, up to a
stopping power of about 10 keV/nm.

Once the correspondence between the absolute measured
cross-section (r [Å2]) and the calculated (electronic) deposited
energy (Se [eV/Å]) is established experimentally, it can be imple-
mented in a first order astrophysical model by calculating the
deposited energy Se(Z,E) for any given ion of atomic number Z
and energy E, thus giving access to r(Z,E) . The next step is to apply
the relation to the known cosmic rays abundance distribution f(Z)
in our Galaxy, and to the differential flux as a function of energy /
(Z,E), for each ion. On one hand the amorphous solid water to
amorphous compact ice cross-section is determined. On the other
hand the astrophysical weighting scheme is built. Combining this,
one can calculate the astrophysical amorphisation compaction rate
s�1(s�1) for ice mantles immersed in the Galactic CR field, as
shown and summarized in the scheme of Fig. 2.

The inverse of the compaction rate gives directly the astrophys-
ical timescale for ASW ice compaction. Depending on various mod-
els accounting for different propagation for the lower energy part
of CR fluxes [26], the typical compaction timescale is around a mil-
lion year, whereas the lifetime of a molecular cloud spans a few ten
million years. The ASW compaction is thus effective, and swift ions
(Z > 3) contribute to a large fraction to this compaction.

This result is also this compatible with astronomical observa-
tions, for which the scarce accessible data (the region of the spec-
trum is inaccessible from the ground and requires a satellite to
escape from the atmospheric attenuation) show the OH-dB bands
expected for a porous amorphous water ice are absent, toward
massive young stellar objects, whereas other ice constituent bands
such as CO2 ice overtones seem present.

Other observational constrain may come from the main water
ice OH stretching mode band. Experimentally, the disappearance
of the OH-dB bonds in ASW is accompanied by a change in the pro-
file of the main OH band at about 3300 cm�1 (k � 3 lm), as well as
an increase in its associated integrated band strength due to the
restructuration and pore collapse. This was monitored for SHI with
the same kind of experiments [27]. The deduced cross-section is
similar to the one measured via the OH-dB evolution. The central
position of the stretching mode band can be reported as a function
of fluence for different ice initial mixtures, and compared to astro-
nomical observations. The result is compatible with what is
observed, but is less constraining than OH-dBs, as other factors
may influence the band centre, such as e.g. compositional changes
or optical effects due to grain shapes that may slightly displace the
centroid of this intense band.

The stretching mode profile change can also be monitored,
starting the irradiation with a crystalline water ice filmmaintained
at the same low temperature as the ASW. In the crystalline ice evo-
lution case (shown in Fig. 3), a strong profile change and a decrease
of the integrated band strength of the ice is observed due to the
SHI-induced amorphisation. From the infrared spectra, the same
final amorphous compact state is reached starting from ASW
[26,27] or crystalline ice (Fig. 3), but the ion-induced phase change
cross-section is lower for crystalline ice, by about a factor of three
[35], being intrinsically more resistant to the transformation.
4. Sputtering in molecular clouds

The gas phase accretion time scale on cold dust grains in a
molecular cloud scales approximately as 109/nH years, where nH

stands for the hydrogen number density, which is well above
103 cm�3 in dense clouds and circumstellar disks. As a
Please cite this article in press as: E. Dartois et al., Swift heavy ion modification
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consequence, almost every molecule except H2 or He should stick
and condense at 10 K within time much shorter than molecular
clouds lifetime, whereas astronomical observations show plenty
of gas phase molecules are still present, coexisting together with
the ice mantles. Thus, some processes must be at work to (re-)
inject species in the gas phase. Sputtering is one of such mecha-
nisms (as well as stochastic heating and CR-induced secondary
photons photodesorption). The release of ice mantles molecules
via sputtering has to be constrained to estimate its potential
impact on the gas phase. An outcome of experiments on porous
amorphous ice compaction or compact amorphisation of crys-
talline ice with swift heavy ions is that, due to their high stopping
power, the ejection of molecule from the target ice film can be
monitored directly from the decrease of the infrared signal at large
fluence (Fig. 3). At this stage of irradiation, whatever the initial ice
structure (crystalline or amorphous) the fluence is high enough
that the sputtering is globally measured on the resulting compact
amorphous phase, which is the one expected in interstellar space.

Again, previous measurements had been performed at lower
energies many years ago with other techniques and various ices
[e.g. [28–34]], mainly in a planetary ice context. Our measure-
ments extended the sputtering yield for water ice to larger stop-
ping power using SHI [35]. Using the simple Galactic cosmic ray
model discussed in the previous section and in Fig. 2, the expected
distribution of ion abundances, and the measured water–ice-
molecule sputtering yield dependence with the stopping power
[35], the calculated H2O sputtering rate in a molecular cloud is
around 10 H2O molecule/cm2/s. The significance of this sputtering
mechanism providing sputtered H2O-ice molecules in the gas
phase is discussed in the following.
5. Summary and influence of other astrophysical mechanisms

Swift heavy ions in cosmic rays, even with their lower abun-
dance, have an important role to play in the overall CR distribution.
They participate to design the water ice phase in interstellar space,
evolving toward a compact amorphous phase, starting either from
a crystalline or a porous amorphous ice phase.

Regarding the ice structure, the experimentally determined
porous amorphous to amorphous compact or crystalline to amor-
phous compact ice cross-sections, when implemented in an astro-
physical model, show that the interstellar medium ice mantle
porosity or OH dangling bonds are restructured efficiently by
CRs, including SHI, which is sufficient by itself to expect in inter-
stellar phase the compact amorphous phase to be dominant. More-
over, the formation of water molecules also proceeds on dust
grains, and the energy liberated from the chemical surface reaction
can reorganise the ice structure toward a more compact one [36].
In addition, energetic secondary photons induced by CRs imping-
ing on H2 molecules, followed by recombination, or X-rays also
amorphise the ice [15,19,37–39]. These processes added all tend
toward the formation of a compact ice structure. It reduces the
specific surface area available for surface chemical reactions, and
may thus drastically reduce the reactivity in interstellar dense
clouds regions estimated from experiments using ASW as a tem-
plate surface.

When dealing with the sputtering of interstellar ice mantles
covering dust grains, CRs participate to the replenishing of dense
clouds gas phase with a rate calculated in the previous section.
Additional mechanisms are at work. In particular, energetic sec-
ondary UV photons induced by CRs interacting with ice mantles
will contribute to the ejection of molecules via a photodesorption
effect. With the estimate of the CR sputtering cross-section, based
on the experimental measurements, the sputtering mechanism
will be as effective as the UV photons if the yield of the photo-
s of astrophysical water ice, Nucl. Instr. Meth. B (2015), http://dx.doi.org/
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Fig. 2. Principle of the implementation of the compaction cross-section measured in the laboratory in an astrophysical model (see the text for more details). The measured
ion dependent compaction cross-section for a given ice phase, r(Se), is linked to the stopping power for an ion of atomic number Z and energy E, Se(Z,E), using SRIM [50]
calculations. The relation r(Z,E) is therefore established. The astrophysical CR distribution of abundance, f(Z), is multiplied by the energy dependent flux distribution, /(Z,E),
for each ion, and then integrated over the energy. Combined with the energy dependent cross-section, r(Z,E), the amorphous solid water effective compaction rate s�1(s�1) is
calculated.

Fig. 3. Upper frame: Infrared spectral evolution at low temperature (13.6 K) of a
crystalline ice film irradiated with Ni ions at 46 MeV. The OH stretching mode
absorption band of the ice, presented in optical depth (s) as a function of
wavenumber, is well structured at the beginning and evolves toward a compact
amorphous ice broader profile during the first phase, up to about a few 1012 ions/
cm2, and decreases rapidly above, when sputtering dominates. Lower frame: The
amorphisation process is betrayed by the decrease in integrated intensity (blue
region). In a second step, the second decrease in intensity is linked to the increasing
importance of ice sputtering (orange region). The dotted and dashed lines represent
the sputtering and crystalline to compact amorphous contributions to the observed
integrated intensity, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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desorption is about 10�3 or higher [35]. The water ice photodes-
orption yield measured with broadband UV irradiations or calcu-
lated [40–42] seems to fall in this range or below for intact H2O
molecules desorption, and thus would be of similar importance.
The wavelength dependent photodesorption rates, and associated
desorption induced by direct electronic transition excitation, or
mediated by the photoproducts produced in the ice are still under
debate in the astrophysical community, awaiting for additional
measurements for water ice to better constrain the yield in an
astrophysical context. Ejection of surface molecules due to the
internal energy released during surface reactions is another pro-
cess activating the desorption of newly formed molecules [43–
45], the yield being very specific to the considered chemical reac-
tion route.

Many processes occurring in space are concomitant and the
above measured cross-sections and their implementation in an
astrophysical model must be put in a broader perspective. If swift
heavy ions are very useful to understand cosmic ray effects in the
laboratory, they participate as one component of the radiation
field, and additional processes influence the ice compaction or
release of molecules in the gas phase. When such mechanisms
are going in the same direction, their respective impact must be
estimated and the net additive effect implemented in models. A
non-exhaustive list comprises surface chemistry, thermal heating
wave, stochastic heating for small grains, energetic photons and
shocks.
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