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Abstract

Water ice exists on many objects in space. The most abundant icy species, among them water,
are present in the icy satellites of the outer Solar System giant planets. The nucleus of comets,
which is mainly composed of water ice, is another example of its abundance. In the interstellar
medium (ISM), ice mantles, formed by molecular species sticking on dust grains, consist mainly of
water ice. All these objects are exposed to ionizing radiation like ions, UV photons and electrons.
Sputtering of atoms, molecules, ions and radicals from icy surfaces may populate and maintain
exospheres of icy objects in the Solar System. In other respect, ionized hydrides such as OH', H,O"
and H30" have been detected in the gas-phase in star forming regions. Interactions with cosmic rays
could be an additional explanation to the current models for the formation of those species. In fact,
laboratory simulations showed that the main components of the sputtered ionic species from water
ice are oxygen hydrides. In this work, water ice targets were irradiated at several temperatures (10-
200 K) by 90 keV O°" ions, yielding an electronic stopping power of about 12 eV/A, when the
nuclear stopping power is comparable to the electronic stopping power. Sputtering of secondary
ions after bombardment of the ice target was analyzed by time-of-flight mass spectrometry (TOF-
SIMS). Besides hydrogen ions (H", H,", H3"), also O, O*", OH", (H,0)" and clusters of (H,O),H"
with n = 1-8 are emitted. Our results show a progressive yield decrease with increasing temperature
of all of the detected species. This is related to the structure of the ice: the ionic sputtering yield for
crystalline ice is much lower than for an amorphous ice. For instance, amorphous ice at 10 K

exhibits a yield of the order of 2x10° secondary (H,0),H" hydride ions/projectile (with n=1-8).



When increasing the temperature towards the phase transition to crystalline ice, the yields decrease

by about one order of magnitude.
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1. Introduction

Hydrides are molecules containing only one heavy element atom (C, N, O etc.) with one or more
hydrogen atoms. They are among the simplest molecules that are firstly formed and then are at the
basis of the chemical evolution in the interstellar medium of our and other galaxies (for a review see
Gerin et al. 2016). Hydrides are also present and widely observed in the solid and/or in the gas
phase in almost all of the objects in the Solar System (Lis et al. 2009, Bockelée-Morvan et al.
1998).

The oxygen containing (OH, H,O, OH", H,O", H;0") are among the most abundant hydrides and
play a fundamental role in the chemical composition and evolution of the tenuous atmospheres
(exospheres) of many objects that are dominated by water ice such as the icy satellites of the giant
planets in the outer Solar System (see e.g. Cassidy et al. 2007). The surfaces of those objects are
bombarded by intense fluxes of magnetospheric ions, mostly H, and multicharged O and S and
electrons that are believed to be among the most important agents driving the chemical evolution of
those surfaces. In addition Hydrogen, helium and oxygen ions are the most abundant in the Solar
Wind. In particular ion bombardment sputters atoms, molecules, ions and radicals (mostly oxygen
hydrides) from the surface so populating and maintaining their exospheres (Strazzulla 2011;
Plainaki et al. 2015). Obviously the above hypothesis is based on laboratory experiments that have,
so far, mostly concentrated on the measurements of the sputtering yields, energy distributions and
angular dependence of the neutrals (H,O, OH, O,H etc) which are the most abundant species
sputtered by particle and electron bombardment of ice (e.g. Johnson et al. 2004).

Much less laboratory results are available on the production of secondary ions following the
interaction between energetic particles and ice (see Collado et al. 2004; Farenzena et al. 2006; de
Barros et al. 2011). These papers focus on the effects of fast ions losing their energy within the
irradiated ice in the electronic regime, i.e. when the electronic stopping power (S.) is significantly
higher than the nuclear one (S,). In the current paper we wish to give a further contribution to the
field by reporting the results of a series of experiments on the production of secondary ions after 90
keV O°" bombardment of water ice. In such conditions, the nuclear stopping power is comparable
to the electronic stopping power. The projectiles energy loss is either due to inelastic collisions
(excitation or ionization, S) or elastic collisions (S,). Sputtering yields, to name an example, were
found to scale with a certain power of S.. The scaling law of the latter with S, may be different. The
experiments were performed in the wide range ice temperature (10-200 K), which are of
astrophysical interest.

The results of the present work demonstrate the production of several ions and in particular, the

hydronium ion (H3;O)" and protonated water clusters (H,O),H". The production yields show a



dependence on the structure of the ice. Crystalline ices exhibit yields about one order of magnitude
lower than amorphous ices.

The experiments are discussed in view of their relevance in some astrophysical scenarios like
planetary ices and interstellar grains. In the former, the presence of water ice is abundant, e. g. on
the surface of the icy moons in the outer Solar System. This is the case of the main satellites of
Jupiter, Saturn, Uranus and Neptune (e.g. Schmitt et al. 1998), where water ice can exhibit several
structures (Grundy et al. 1999). For instance, according to Hansen and McCord (2004), the three
Jovian icy satellites Europa, Callisto, and Ganymede may exhibit amorphous, crystalline or both
structures. Likewise important is the presence of the hydronium ion in the coma of comets
dominated by water in their icy phase (Balsiger et al. 1995; Nordholt et al. 2003). Furthermore, in
dense clouds of the ISM, ice mantles formed on dust grains also suffer intense low-energy cosmic
rays and UV photons bombardment, undergoing physical and chemical changes. In addition to these
processes the structure of ice mantles can be transformed, for instance, from amorphous to
crystalline when protostellar objects heat their circumstellar envelopes (e.g. Dartois and

D’Hendecourt, 2001; Schegerer and Wolf, 2010).

2. Experimental procedures

The experiments were performed at the low energy ion beam facility ARIBE of GANIL (Grand
Accélérateur National d’Tons Lourds) in Caen, France, with 90 keV O°" ions impacting on water
ices of various thicknesses deposited and irradiated at temperatures ranging from 10 to 200 K. The
temperature of the Cu substrate was controlled using a Lake Shore Model 336 Cryogenic
Temperature Controller. The experimental set-up (AODO) contains a cryo-cooled Cu substrate in
an ultrahigh vacuum chamber (base pressure <10 mbar). The water ice targets were deposited on
this substrate in sifu and irradiated with a pulsed (~10 ns) ion beam (90 keV 0"). The secondary
ions emitted from the targets were analyzed by using a Recoil Ion Momentum Spectrometer. A
schematic view of the XY-TOF-SIMS setup is shown in Figure 1. The details of the set-up have
been described elsewhere (Hijazi et al. 2012, Allodi et al. 2013).

The water sample was stored in a glass tube connected to a pre-chamber. The glass tube was
evacuated several times after the water sample was frozen using a liquid nitrogen bath. The pre-
chamber was purged with water vapor several times to remove any residual gas. To prepare the ice
targets, water vapor was introduced into the experimental chamber using a fine valve to obtain a
stable flow in the chamber. The thickness of the ice targets were calculated using the pressure in the

chamber and the time duration of the deposition; such a technique was calibrated many times during



the large number of experiments conducted by using the same technique of deposition by
measuring, a posteriori, the column density of the deposited water ice layers by IR spectroscopy
(see e.g. Ding et al. 2013) or, recently, directly with a quartz micro-balance during deposition. The
thickness of the irradiated samples was always larger than the penetration depth of the incoming
ions (from 2 um to ~10 pm).

The ion beam defined with a set of three collimators was pulsed using a parallel plate deflector
with a small aperture in front. The pulse also provides a START signal for data acquisition. The
applied electrostatic field extracts the secondary ions, sputtered from the targets. After passing the
field free drift region, the ions are detected by a position-sensitive Micro-Channel-Plate (MCP)
detector. The MCP signal provides the STOP signal. Using these START and STOP signals, a time
of flight spectrum is obtained which, after calibration, provides the mass spectrum for secondary
ion sputtering from the ice targets.

Each pulse lasts 10 ns and is repeated every 100 microseconds. Usually, the data acquisition time
needed for each sample is of the order of one hour. The flux of the ion beam has been estimated to
be about 10° jons cm™ s™'. This corresponds to an ion fluence (after 1 hour) of about 3.6x10° ions
cm™, low enough to not significantly alter the structure and/or the chemical composition of the

irradiated layers (Allodi et al 2013).



3. Results

A first set of experiments has been performed by depositing water ice samples on the cooled Cu
substrate at 10 K. After deposition, secondary ion mass spectra were collected with the pulsed
beam. The results are shown in the upper panel of Figure 2. A large variety of different secondary
ions are emitted. Those that are detectable are labeled in the figure: evident are hydrogen ions (H',
H,", H;"), 0", 0*", OH", (H,0)" and clusters of (H,0),H" with n=1-8 (in Figure 2 only those with n
up to 4 are shown).

The same sample has then been warmed up to 50 K, the cycle of measurement repeated and the
sample further warmed up to 100 K for a new measurement. The results are shown in the medium
and bottom panels of Figure 2. A progressive decrease with increasing temperature of all of the
detected peaks is quite evident as will be quantified later in this paper.

To verify if the observed effect (i.e. the decrease of the production efficiency with temperature)
is simply due to the “aging” of the surface that, as said, has not been refreshed, we performed
experiments with fresh ice layers at different temperatures. In all of the cases the thickness of the
fresh layer is larger than the penetration depth of the incoming ions. The results are shown in Figure
3. The top panel presents the case of a layer deposited at 10 K then, from top to the bottom, the
spectra obtained for the ice deposited at increasing temperatures (up to 120 K) are shown. We can
see that the trend observed in Figure 2 is confirmed: the efficiency clearly decreases with increasing
temperature. The second spectrum from the bottom refers to a temperature of 200 K at which all of
the water molecules are sublimated and the spectrum can then be considered as a background. The
last spectrum (at 10 K) has been obtained with a fresh water layer for a further confirmation of the
effect.

It still remains to clarify if the decrease of the production efficiency with the temperature is
connected with the structure of the ice (amorphous vs. crystalline). It is in fact very well known that
the structure of water (and other ices, too) strongly depends on the temperature at which it is
formed. Water ice is amorphous if deposited at low temperature (10-30 K), or crystalline if the
deposition temperature is higher (140-150 K) (Palumbo 2006, Bossa et al. 2012). If deposited at
intermediate temperatures the structure can be regarded as a combination of amorphous and
crystalline ice with the amorphous fraction increasing with decreasing T. The crystalline structure is
stable against temperature cycling, i.e. an ice target formed at 150 K and cooled down to 10 K
preserves its crystalline structure. On the other hand, an amorphous ice layer formed at low
temperature and heated to 150 K rapidly (in a few seconds) is transformed into a crystal (Schmitt et
al. 1988, Baragiola 2003). Thus, we have prepared crystalline ice samples by depositing H,O at 10

K (amorphous), heating them to 150 K (transition amorphous to crystal) and cooling them down to



10 K. The target has been irradiated with the oxygen beam as done in the already described
experiments yielding the secondary ion mass spectra shown in Figure 4. It is quite evident that the
production efficiency for crystalline ice is much lower than for an amorphous ice. Spectra acquired
at increasing temperatures confirm the result.

As discussed in Dartois et al. (2015) and Rothard et al. (2017) (and references therein), ion
bombardment of crystalline ice at low temperature causes a progressive damage in the crystalline
structure, eventually up to complete amorphisation. However, as said above, the ion fluences used
in the experiments described here are very low and the damage is negligible.

To quantify the results we have calculated the yields (secondary ions produced per impinging
projectile ion) from the knowledge of the fluence of incoming projectile ions (ions/cm?) and the
measured counts of emitted secondary ions. The results are shown in Figure 5, where we report the
data for the most abundant secondary ion (H3;O)" and for the total amount of clusters (H,0),H"
(n=1-8). Amorphous ice at 10 K exhibits a yield of the order of 2x10° secondary hydride
ions/projectile. We note that about 50% of them correspond to n=1. With increasing temperature the
yields decrease by about one order of magnitude. It is also clear that in the case of crystalline ice the
yields are lower at any temperature.

In the same figure we have also reported the results for the total amount of hydrogen ions (only
for the experiments when fresh ice layers where deposited before the measurement at a given
temperature). The sum of emitted hydrogen ions (H", H,", H3") amounts to a value of about 10* and
does not depend on T. This has, however, to be taken with care since hydrogen is always emitted
from the walls of the chamber being present as an unavoidable contaminant. This is also clearly
seen in Fig. 3 (T=200 K), where the signal of H" and H," is still evident, even if not that strong.

To verify that the yields measured for hydronium ions are not influenced by residual impurities
adsorbed on the walls of the chamber where incoming energetic ions could hit, we have performed
selected experiments with deuterated water at 10 K. The results are shown in Figure 6 where it is
clearly demonstrated that the production yields are, within the error, the same as for the two

isotopologues, thus excluding significant chamber contamination.



4. Discussion

The results described in this work add a piece of information to what was already known: the
production yields of oxygen hydride secondary ions depend on the structure of the ice. Crystalline
ice exhibits yields one order of magnitude lower than amorphous ice at the same temperature.

As said, there are only a few experimental data available on the measurements of the production
yields of secondary ions from ion bombarded ice (Collado et al. 2004, Farenzena et al. 2006; de
Barros et al. 2011). De Barros et al. (2011) presented data obtained by using N," ions at energies
between 0.5 and 1.7 MeV and temperatures between 15 and 200 K. Their absolute values of the
production yields of secondary ions have been obtained by scaling the measured ion counts to the
absolute yields given by Collado et al. (2004) for 0.81 MeV N ions colliding with water ice at 80
K. The results obtained by de Barros et al. (2011) are qualitatively similar to those here presented:
the yields decrease with increasing T and most of the emitted secondary ions are (H,O),H" clusters.

A direct comparison between the results presented in this work and previous results is not
straightforward. In fact previous experiments (i.e. Collado et al. 2004, Farenzena et al. 2006; de
Barros et al. 2011) investigated the effects of ion bombardment in the electronic regime that is when
the electronic stopping power is significantly higher than the nuclear stopping power. Here we have
studied the effects induced by 90 keV O°" ions. In this case the electronic stopping power is
comparable to the nuclear stopping power (as estimated by SRIM code, Ziegler et al. 2013). We
notice that the absolute secondary yields reported in previous papers are about two or three orders
of magnitude higher than the ones found in the present study. Such a big difference could be related
to the different stopping powers of the used projectiles (often given in eV/A). Indeed, de Barros et
al. (2011) suggest that the secondary ion production yields scale with the third power of the
electronic energy loss of the projectiles (kinetic energy lost by electronic excitations and
ionizations) stopping, Sc. They used projectiles with electronic stopping powers in the range of 40-
90 eV/A, whereas the ions we used 90 keV O°" have an electronic stopping power in water ice of
about 12 eV/A. This would correspond to a production yield 40-400 times lower, not enough to
reconcile the two sets of experiments. Furthermore, Collado et al. (2004) noticed that there are
indications that emission of the (H,O),H" disappears for an electronic energy loss lower than 20 eV/
A. Here, we have been able to measure the yields also for electronic energy loss as low as 12 eV/ A
when the nuclear stopping power is comparable to the electronic stopping power.

For insulators like water ice, inelastic (electronic) sputtering is several orders of magnitude more
efficient than expected for elastic sputtering at comparable energy loss. Total sputtering yields also
include contributions related to nuclear stopping power. With multiply charged ions at relatively

low velocities, as in our case, also potential sputtering may occur. This sputtering process is



characterized by a strong dependence of the observed sputtering yields on the charge state of the
impinging ion. The contribution of all these interactions may make the sputtering process more
complex than previously thought. Precisely, in this regard, the ion/neutral sputtering ratio may also
present some variations, mainly at relative low projectile velocities. Consequently our opinion is
that the dependence of the secondary ion production yields on the total stopping power and, in
particular, the contribution of the nuclear stopping power is more complex than suggested so far
and needs further experiments to be fully understood.

Furthermore, sputtered particles are mostly emitted as neutrals, in the form of molecules and
clusters. The dependence of Y with Se depends on the excitation processes that are needed for
electronic sputtering (Brown, et al. 1982, Johnson, et al. 1982). Concerning ion sputtering, in some
cases, the cluster yields Y(n) follow a power law Y(n) ~ n°, in other cases, an exponential law Y(n)
~ exp(n) is observed. Possible mechanisms for cluster emission include the emission of preformed
species as single entities after impact following a collective phenomenon such as a shock wave. The
observed power law dependence is a hint for such a collective mechanism. Exponential laws in
contrast reflect "statistical processes" like (in-flight) fragmentation or agglomeration after strong
electronic excitation leading to the formation of a local plasma (Prudence, et al. 2019).

The results obtained so far might be of interest in many astrophysical scenarios. As a general
remark we believe that an important parameter to know in view of astrophysical applications is the
ratio between the amount of sputtered secondary ions and the sputtering yield of neutrals (this
parameter in our case of water ice scales with a very well known parameter on S/, see e.g.
Baragiola et al. 2003). The above findings imply that such a ratio varies of several orders of
magnitude depending on the mass and energy of the projectile. As an example Collado et al. find
that the ratio is about 5x10™ for 0.81 MeV N' at 80 K and we estimate that it is on the order of
2x10°® for 90 keV O°" at 80 K.

4.1 Planetary ices

The experiments here presented explore the production of the hydronium ion (H;0)" and clusters
(H,0),H " after energetic ion bombardment of water ice at different temperatures, able to cover the
range of temperatures spanned by ice surfaces when moving outward the Solar System until the
interstellar medium. The results of the present work are therefore of interest for the outer Solar
System, where water ice represents the most abundant icy species, such as in the case of the main
satellites of Jupiter, Saturn, Uranus and Neptune (e.g. Schmitt et al. 1998) and the so called trans-

Neptunian objects (see for instance Barucci et al. 2008). Moreover, interestingly enough, the



hydronium ion has been observed in the coma of comets dominated by water in their icy phase
(Balsiger et al. 1995; Nordholt et al. 2003). In other words, the effects here reported on the yields of
ion emission depending on the structure of the ice (crystalline vs amorphous) are relevant in the
outer Solar System. In this context, we point out that the phase changes are those induced by
thermal (e.g. Mastrapa et al. 2013) and non-thermal processes as discussed above.

Besides comets, another interesting example of the applicability of our results is represented by
the icy satellites in the outer Solar System, where surficial water ice can exhibit a variety of
structures (Grundy et al. 1999). This is for instance the case of the three Jovian icy satellites Europa,
Callisto, and Ganymede which exhibit different structures: ice is mostly amorphous on the surficial
layers of Europa (where the temperature is lower) and crystalline on Callisto (which has higher
temperature), while both structures are found on Ganymede (Hansen and McCord 2004). This
means that the results presented in the current work will be of great interest for the analysis and
characterization of the constituents of the tenuous atmospheres of such satellites (Coustenis et al.
2010), generated by the energetic ions (O™, S" and H") and electrons coming from the Jovian
magnetosphere and colliding with the ice present on the surface of the satellites (e.g., Johnson 1990;
Strazzulla and Johnson 1991; Cooper et al. 2001). In fact, even though to date these atmospheres
are not so well characterized, one of the main goals of the upcoming JUpiter ICy moons Explorer
(JUICE) mission by ESA is to provide a detailed investigation of Ganymede, Europa, and Callisto
(Grasset et al. 2013). In this view, their atmospheres will be extensively studied and characterized
mainly by the Particle Environment Package (PEP), the Sub-millimeter Wave Instrument (SWI),
and the Gravity & Geophysics of Jupiter and Galilean Moons (3GM) instrument onboard JUICE.
We think that the results presented in the current work will strongly contribute in the interpretation

and understanding of these data.

4.2 Interstellar grains

Ice mantles form on dust grains in dense clouds because of the sticking of atomic and molecular
species from the gas phase that may also react on the grain itself. The major observed constituent of
ices in the interstellar medium is water, making up 60-70% of the ices (Tielens et al. 1982; Boogert
et al. 2015). In quiescent clouds water ice is amorphous and it is formed at low temperature by
surface reaction of O (and/or O, and/or O3;) and H (or OH) or even of H, with OH on the cold
refractory dust as experimentally evidenced (Ioppolo et al. 2008, Oba et al. 2009, Mokrane et al.
2009, Dulieu et al. 2010, Oba et al. 2012). Dense clouds are the site of star formation and during
this process ice mantles and grains undergo physical and chemical changes driven by energetic

processing (i.e. bombardment by low-energy cosmic rays and UV photons) and thermal annealing.



Thus, for example, the structure of ice mantles can be transformed from amorphous to crystalline
when protostellar objects heat their circumstellar envelopes (e.g. Dartois and D’Hendecourt, 2001;
Schegerer and Wolf, 2010). On the other hand, energetic processing of crystalline ice at temperature
lower than 70 K causes the ice amorphization (e.g. Kouchi and Kuroda 1990; Baratta et al. 1991;
Strazzulla et al. 1992; Moore et al. 1992; Leto and Baratta 2003; Dartois et al. 2015).

Ionized hydrides such as OH', H,O" and H3O" have been detected in the gas-phase in star
forming regions (e.g. Wootten et al. 1991; van der Tak et al. 2006; Hollenbach et al. 2012; Benz et
al. 2010, 2016). According to current models, OH", H;O" and H;O" form in the gas phase after ion-
neutral reactions via ionization of atomic H and molecular H, induced by cosmic rays (e.g.
Hollenbach et al. 2012). The experimental results here discussed show that the interaction of cosmic
rays with ice grain mantles could be an additional process which contributes to the formation of
ionized species. At present it is not possible to quantify the contribution of the interaction of cosmic
rays with icy mantles to the production of ionized hydrides in dense clouds. To this end more

experimental results are necessary.



5. Conclusion

Water ice films of various thicknesses were bombarded by 90 keV O°" ions at several
temperatures, ranging from 10 to 200 K. The sputtered particles were analyzed by TOF-SIMS,
which mainly detected the hydronium ion (H3;0)  and (H,0),H" clusters. Oxygen hydrides are
important in the Solar System since they form e.g. the exospheres of icy moons of the giant planets.
In addition, they are of particular interest for astrochemistry, as they are the basic building blocks of
the chemical networks in both diffuse and dense clouds (Lis et al. 2009).

Our results confirmed the dependence of sputtering yields of ionic species with the water ice
structure: on the whole, amorphous ice, deposited at low temperature (10-30 K), exhibits high
sputtering yields. On the other hand, crystalline ice, deposited at high temperature (140-150 K) or
deposited at low temperature and heated up to 150 K, shows low sputtering yields. Such an effect
was not noticed before nor has been investigated for the sputtering yields of the neutrals that, as
said, are order of magnitudes higher than those of the ionized species.

As a final remark we notice that both cationic and anionic species are emitted after ion
bombardment. From the astrochemical point of view, both are important. Unfortunately our

experimental set-up in its present configuration did not allow us to detect anionic species.
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Schematic view of the experimental apparatus.
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Figure 2. Mass spectra of secondary ions emitted from a water ice sample irradiated with 90 keV

O°" ions. The sample has been deposited at 10 K and then warmed up to 50 and 100 K.
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Figure 3. Mass spectra of secondary ions emitted from water ice samples irradiated with 90
keV O° ions. The sample has been initially deposited at 10 K; then fresh layers (always
thicker than the penetration depth of the incoming ions) have been grown at each of the

chosen temperatures.
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Figure 4. Mass spectra of secondary ions emitted from a water ice layer irradiated with 90 keV O
ions. The sample has been deposited at 10 K, then warmed up to 150 K and cooled down again to

obtain a crystalline ice at low T.
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Figure 5. Secondary Total Ion Yields calculated for the most abundant secondary ion

(H;0)", for the total amount of clusters (H,O),H" (n=1-8) and for the hydrogen ions (H",

H,", H;"); emitted from: a) amorphous ice water, b) fresh ice and c) crystalline ice water.
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Figure 6. Secondary Total Ion Yields of (HZO)nH+ and (DzO)nDJr clusters (with n=1-8)

emitted from water and deuterated water respectively. Both samples have been deposited and

irradiated at 10 K.
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