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Abstract. Experimental results on fast ion collision with icy surfaces having astrophysical interest are

presented. 252Cf fission fragments projectiles were used to induce ejection of ionized material from H2O,

CO2, CO, NH3, N2, O2 and Ar ices; the secondary ions were identified by time-of-flight mass spectrometry.

It is observed that all the bombarded frozen gas targets emit cluster ions which have the structure XnR
±,

where X is the neutral ice molecule and R± is either an atomic or a molecular ion. The shape of the

positive or negative ion mass spectra is characterized by a decreasing yield as the emitted ion mass

increases and is generally described by the sum of two exponential functions. The positive ion water ice

spectrum is dominated by the series (H2O)nH3O
+ and the negative ion spectrum by the series (H2O)nOH)

and (H2O)nO
). The positive ion CO2 ice spectrum is characterized by R+ = C+, O+, CO+, O2

+ or

CO2
+ and the negative one by R) = CO3

). The dominant series for ammonia ice correspond to

R+ = NH4
+ and to R) = NH2

). The oxygen series are better described by (O3)nOm
+ secondary ions

where m = 1, 2 or 3. Two positive ion series exist for N2 ice: (N2)nN2
+ and (N2)nN

+. For argon positive

secondary ions, only the (Ar)nAr+ series was observed. Most of the detected molecular ions were formed

by one-step reactions. Ice temperature was varied from ~20 K to complete sublimation.

Keywords: Cometary ice, condensed gas (H2O, CO2, CO, NH3, N2, O2, Ar), ion cluster, TOF SIMS,

temperature dependence

1. Introduction

For millions or even billions of years, the Sun and other cosmic sources have
bombarded with photons and fast particles the icy surface of comets,
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asteroids and interplanetary grains. The most important effects of this
bombardment are heating, sputtering, momentum transfer, chemical reac-
tions and ion implantation. The heating generates mechanical stress, induces
material phase changes (sublimation in particular) and speeds up chemical
reactions. The sputtering by solar wind or by cosmic rays produces nano-
metric craters on the body surface and the ejection of atoms and molecules
with velocities often greater than the local escape velocity. The momentum
transfer of the radiation or of the solar wind is especially relevant for light
target objects such as the particles constituting the cometary coma. Chemical
reactions are triggered by UV Sun light and by fast particles (electrons,
protons and heavier ions), which are very efficient ionizing agents. Ion
implantation – besides contributing to chemical reactions – changes the
structural and elemental profile of icy surfaces, modifying physical properties
such as crystallinity, color or reflectance of electromagnetic waves. The
knowledge of photoionization cross sections and sputtering yields is essential
for the modeling of the processes occurring on the surface of comets and of
other bodies not protected by a dense atmosphere. Such fundamental data
base can be obtained in laboratory by simulating the impact of solar photons
and particles on ice targets.

The effects of energetic (keV to GeV) particle bombardment on cosmic ice
or grains have been studied for a long time (Johnson, 1990; Johnson, 1998;
Strazzula and Palumbo, 1998; Cottin et al., 1999; Hudson and Moore, 2001;
Madey et al., 2002; Johnson et al., 1983; Strazzulla et al., 1991; Moore et al.,
1991; Brucato et al., 1997; Kobayashi et al., 1995; Johnson, 1999; Baragiola
et al., 2003; Collado et al., 2004; Farenzena et al., 2005; Ponciano et al.,
2005; Farenzena et al., 2006; Martinez et al., 2006, in press; Ponciano et al.,
2006; Baba et al., 2005; Gomis and Strazzulla, 2005; Wagner et al., 1993;
Tonuma et al., 1994; Matsuo et al., 1994). Survey on the subject can be
found in the reviews of Johnson (1990, 1998), Strazzulla and Palumbo (1998),
Cottin et al. (1999), Hudson and Moore (2001) and Madey et al. (2002).
Erosion yields for several frost gases are reported by Johnson et al. for
1.5 MeV He+ beam (Johnson et al., 1983) and by Japanese researchers using
1.5 MeV/u Ar13+ projectiles (Tonuma et al., 1994; Matsuo et al., 1994;
Tawara et al., 1991). For water ice sputtering in particular, Baragiola et al.
(2003) have updated the knowledge on this abundant cometary substance.

A project to study the secondary ion emission from several condensed
gases is underway at the Van de Graaff Accelerator of the Pontifical Catholic
University (PUC, Rio de Janeiro) (Collado et al., 2004; Farenzena et al.,
2005; Ponciano et al., 2005) and at the Laboratório Nacional de Luz Sı́n-
crotron (LNLS, Campinas) (Farenzena et al., 2006; Ponciano et al., 2006).
The project covers the analysis of the prompt secondary ion emission induced
by 0.2–2 MeV nitrogen beam, ~65 MeV fission fragments and by 10–100 eV
photons (UV radiation), at different ice temperatures. Furthermore, it is in
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progress the analysis of the residue at room temperature of ice mixtures
bombarded by UV light for a long period of time. In the first stage of this
project, the focus is set on three points: (i) the determination of total sec-
ondary ion yields (i.e., the total number of ions emitted from the ice per
projectile impact), (ii) the analysis of ion cluster emission of pure ices (mass
distribution of the ionized clusters) and (iii) identification of new chemical
species produced by the irradiation on a mixture of ices. Some findings on
H2O, CO2 and CO have been published recently (Collado et al., 2004; Fa-
renzena et al., 2005; Ponciano et al., 2005; Farenzena et al., accepted).
Complementing the analysis of MeV nitrogen ion impact on frozen
H2O + CO2, the present article reports new experimental results on elec-
tronic sputtering of ions produced by the impact of 252Cf fission fragments on
frozen H2O, CO, CO2, NH3, N2, O2, and Ar. It is reminded that Ba15+ is a
typical 252Cf fission fragment and that 65 MeV is its average energy after
traversing the sealing foil of the radioactive source.

2. Fundamental Background

One of the crucial physical quantities that rule the sputtering process (and
therefore the amount of target material ejected in the bombardment) is the
rate of the projectile kinetic energy deposited in the target. This quantity,
called stopping power (S), is defined as the energy withdrawn from the
projectile per length unit of its trajectory inside the target. For projectile
velocities below ~200 km/s (for protons) to ~1000 km/s (for heavy ions), the
projectile interacts mainly with target atomic nuclei, so that S is called nu-
clear stopping power (Sn). Above these velocities, the predominant interac-
tion occurs with target electrons and the transferred energy rate is given the
electronic stopping power, Se. Figure 1 presents the total stopping power
(S=Sn+Se) for H, He and Ba ions on water ice, as a function of the pro-
jectile velocity. Protons and a particles, having a typical solar wind velocity of
400 km/s (~1 keV/u), as well as cosmic rays (100 keV–1 GeV), interact with
water ice mainly via target electrons and their energy loss is essentially de-
scribed by Se. In general, experiments with Van de Graaff accelerators are
performed with ~MeV particles; Plasma Desorption Mass Spectrometry
(PDMS) technique measurements (Collado et al., 2004) employ 252Cf fission
fragments (FF) as projectiles, whose representative energies (on target) are
~65 MeV of barium ions. Therefore, electronic sputtering results obtained
with these two experimental methods can be used to analyze the solar wind
and cosmic rays effects.

Figure 1 shows another important point. The stopping power of fission
fragments is about two orders of magnitude higher than that of H or He at
solar wind velocities. Induced ion desorption yields (which roughly behaves
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as Se
n, n varying from 1 to 3) and chemical reaction rates are then strongly

enhanced, increasing sensitivity of experimental methods and drastically
reducing time of measurements. In order to scale down FF sputtering yields
into solar winds velocities and for light projectiles (H or He), the following
results are useful. The H2O sputtering yield of He+ is one order of magnitude
higher than H+ at the same velocity (Baragiola et al., 2003) and their
stopping power ratio is 2–3 at solar wind velocities, suggesting n ~ 2–2.5. As
SFF ~ 100 SHe and YHe ~ 2 molec/ion, the total sputtering yield produced by
FF impact are expected to be ~ 105–106 molec./ion. Both the higher projectile
flux and the higher desorption yield of the FF projectiles make it possible to
study in laboratory time what nature needs thousands or million of years to
achieve.

Electronic stopping powers are calculated through codes such as SRIM
(1996) or CasP (Grande and Schiwietz, 1998). Important characteristics of Se

are its dependence on q2 and its maximum value at ~ Zp
3/2 VBohr (where q and

Zp are the projectile charge and atomic number, VBohr=2200 km/s). Many
works have succeeded in connecting ion desorption yields, Y, with Se for
specific cases; see review by Le Beyec (1992) and references therein. In

Figure 1. The total stopping power of protons, a particles and barium projectiles on water ice.

For protons, the dot and dash lines represent the nuclear and the electronic stopping power,
respectively. Ba is a common fission fragment (FF) of the 252Cf; its velocity (energy of
~65 MeV) after leaving the radioactive source employed is indicated by the arrow. Velocities
of 1 MeV a particles and of a typical solar wind are also indicated. Note that the electronic

stopping power values of the solar wind and cosmic rays are much greater than the corre-
sponding nuclear stopping power values.
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particular, it has been found that Y a q3 for positive hydrogen secondary
ions, Y a q2 for negative secondary ions, Y a q3.5 for N2 adsorbed on carbon
(Caron et al., 2001) and projectile velocity corrections of Y (Pereira and da
Silveira, 2000).

3. Mass Spectra and Electronic Sputtering Yields

3.1. EXPERIMENTAL SETUP

The sample preparation, experimental setup and data acquisition treatment
are described in references (Collado et al., 2004; Farenzena et al., 2005, ac-
cepted). Briefly, secondary ions were analyzed by time-of-flight (TOF) mass
spectrometry. 252Cf fission fragments with energies of about 65 MeV were
used to induce positive and negative ion desorption (see, for instance, Wien,
1997). A quadrupole mass spectrometer was included to monitor the residual
gas simultaneously. The base pressure of the chamber was about 2·
10)8 mbar, which increased by one or two orders of magnitude when the gas
was introduced in the chamber for condensation. The target temperature was
determined by a thermocouple having a reference at 0 �C, so that the yield of
the secondary ions could be followed during the warming up period. The
typical condensation temperature is around 25–30 K, and maximum ice
thickness was in the lm range. The obtained 252Cf-PDMS-TOF mass spectra
and the total yields of the most abundant astrophysical ices are reported
below.

3.2. H2O ICE

Water, carbon monoxide, ammonia and methane are usually the most
common molecules present on comets. Water ice is in general the most
abundant component in astrophysical ices, the other components being
frozen or trapped inside a porous water ice structure. When a comet is closer
than 7 AU to the Sun, the ices start to sublimate according to their subli-
mation temperature (Capria 2002), the CO molecules appearing first (see
Figure 2). Closer than 4 AU, phase transformations of the ice matrix occur
and the flux of the volatiles increases due to the release of the trapped gases.
During this process, other molecules (e.g., H2O) can be dragged with the
volatile gases. We could monitor the sublimation of the H2O, CO and NH3

ice mixture by measuring the residual gas pressure in the chamber with a
quadrupole mass spectrometer. It was observed first the sublimation of the
gases according to their sublimation temperature with the dragging of other
molecules and, after, the release of trapped gases during structural changes in
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the ice matrix. Unfortunately, this kind of measurement cannot be used (in
our experiment) to determine the sputtering yield of neutrals because the flux
of the fission fragment beam is extremely low. A more complete discussion of
quadrupole mass spectrometry data is presented elsewhere (Martinez et al.,
accepted) for NH3/H2O ice.

Typical PDMS mass spectra of water ice are shown in Figure 3a and b, for
positive and negative ions, respectively. Note in particular that the series of
ion clusters (H2O)nH3O

+ and (H2O)nOH) have the highest yields. It has
been observed that, as the cluster mass increases, the yields of both series
decrease and can be fitted by the sum of two exponentials (Collado et al.
2004; Martinez et al., accepted), one decaying fast (F) and the other decaying
slowly (S):

YðmnÞ ¼ YF
0 expð�kFmmnÞ þ YS

0expð�kSmmnÞ (1)

where mn is the mass of the cluster n, km
F=0.045 u)1 is the fast-decay constant

and km
S ~ km

F/5=0.008 u)1 is the slow-decay constant for the positive ion
series. We also measured that km

F=0.035 u)1 and km
S=0.009 u)1 for the

negative ion series, which are about the same as the positive ion constants.
Except for close to the sublimation temperature, the total yield of the series,
YT (~ Y0

F/km
F+Y0

S/km
S), and the shape of the distribution Y(mn) depend

moderately on ice temperature. This fact is illustrated in Figure 4a where a 3-
dimentional plot shows a sequence of mass spectra corresponding to the
water ice warming up (from region A to region B). The mass spectrum in
Figure 4b is the sum of the last 10 spectra of Figure 4a, acquired just before
the fast ice sublimation (region B represents the spectra obtained when the ice

Figure 2. Sublimation temperature of ices for different gas pressures.
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temperature varied from 140 to 150 K). Figure 4c corresponds to the first 10
spectra of the Figure 4a, at ice temperatures from 30 to 35 K. Approaching
the sublimation temperature at ~150 K and before the ice layer becomes too
thin, the yields of the large clusters decrease while that of the light ones
increase. Since the cluster binding energy decreases when n increases, large
ion clusters are more fragile and dissociate into smaller ones, as shown in
Figure 5. Such behavior also allows us to interpret the steeper exponential,
labeled as ‘‘F’’, as representing the fragmentation of large clusters into small

Figure 3. 252Cf FF – TOF mass spectra of (a) positive and (b) negative secondary ions of
water ice.

317ELECTRONIC SPUTTERING ANALYSIS OF ASTROPHYSICAL ICES



Figure 4. PDMS mass spectra of H2O positive ions for several ice temperatures. (a) 3-
dimensional plot, where abscissa is the ion cluster mass and ordinate is ice temperature; (b)
sum of 10 mass spectra of the high (‘‘hot’’) temperature region; (c) idem for low (‘‘cold’’)

temperature region. Note that peaks of large clusters are less defined in the ‘‘hot’’ sample
spectrum, indicating instability.

Figure 5. Comparison of the yield distributions of H2O secondary ions at low and high
temperatures. Data are the same as Figure 4b. The yields of small clusters increase at high
temperatures due to fragmentation of large clusters.
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ones (see Eq. 1). Another argument in this direction is the absence of the fast-
decay exponential for the impact of light projectiles (Collado et al., 2004).

Another characteristic of the water ice ion desorption is the behavior of
peaks relative to masses 18 u (H2O

+) and 19 u (H3O
+): their yield ratio

changes dramatically above and below the sublimation temperature. Pro-
tonation seems to be very efficient on the bombarded ice surface, in contrast
to the situation of a lower density of water molecules adsorbed on the sub-
strate at temperatures higher than the sublimation temperature. The
desorption yields of the H+, H2

+ and H) ions are relatively high, while those
of H3

+, O+, OH+, O2
+, O) and OH) are moderate (Collado et al., 2004).

Water ice sputtering by H+, He+, O+, Ar+ ions for incident energies
lower than 100 keV/atom and for 20–150 K ice temperatures has been re-
viewed recently by Baragiola et al. (2003). They report total sputtering yield
(i.e., ion plus neutral yields) in the range 3–80 water molecules/projectile; the
total yield of ~100 water molecules/projectile was quoted by Johnson for
240 keV N+ ion impact on ice (Johnson, 1990). These results may be com-
pared with the ionic total electronic sputtering yield of about 10 molecules/
projectile, exclusively for ion desorption induced by FF (see Section 2 and
Table I), i.e., a total neutral molecular yield of ~ 105, remembering that the
neutral molecular yield can be 2–5 orders of magnitude higher than the ion
yield. Johnson et al. reported the yield of 8 neutral water molecules for
1.5 MeV He+ beam for ice at 10 K and suggested that such low value was
related to the relatively high molecular binding energy (0.52 eV) of water
(Johnson et al., 1983).

3.3. CO ICE

CO has the lowest sublimation temperature, after the diatomic molecules H2,
N2, O2 and after the noble gases He, Ne and Kr. When comets approach the
Sun at distances ~7 AU, CO is the first abundant substance to sublimate and
it becomes the main constituent of their coma (Caron et al., 2001). When
approaching the Sun (<4 AU), the abundance of CO is enhanced by release
of trapped gases in the water ice structure. At distances shorter than ~2 AU,
since small grains and other compounds have already been released from the
nucleus, CO starts to be produced directly in the coma by thermal destruction
of some of these materials (Capria, 2002). As a consequence, the CO abun-
dance may reach up to 20% of water abundance (Greenberg, 2002).

Positive and negative ion PDMS spectra of CO ice are presented in Fig-
ure 6a and b, respectively. The positive and negative ion cluster series were
identified and are represented by the chemical expressions Cn

+, (CO)mCn
+,

Cn
) and (CO)nO

). The dominant series in the positive ion spectrum is
(CO)2Cn

+, whose decay constant is km
S=0.011, close to the water ice low
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decay constant. The total positive ion yield of CO secondary ions is two
orders of magnitude higher than that of the negative ion (Table I). Tonuma
et al. have analyzed the ion sputtering of CO ice by 1.5 MeV/u Ar13+ and
reported similar results: (i) the observed dominant negative ion cluster series
is the Cn

) and (ii) the positive ion series have the (CO)nR
+ structure, where

R+ = Cm
+, O+, CO+ and O2

+ (Tonuma et al., 1994).

3.4. CO2 ICE

Oxygen and carbon are, respectively the third and the fourth most abundant
elements in the Universe, just after hydrogen and helium. Both atoms are
very reactive and the CO2 molecule is expected to be formed. In interstellar
ices, CO2 may be more abundant than CO. For the Hyakutake and

Figure 6. (a) Positive and (b) negative PDMS spectra of CO ice.
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Hale-Bopp comets, measurements of gaseous compounds have indeed shown
that CO is more abundant than CO2 (Cottin et al., 1999).

Figure 7a and b show the mass spectra of positive and negative secondary
ions of a CO2 ice target. It should be noted in Figure 7a that the dominant
peak is O2

+, which means that the bombardment of CO2 is releasing oxygen
from the fragmentation into CO + O. The positive ion CO2 ice spectrum is
complex, and the chemical stoichiometry of the main emitted products may
be classified into two series: the (CO2)nR

+, with the radical R+ = C+, O+,
CO+, O2

+ or CO2
+, and the (CO)n

+.
The negative ion spectrum of CO2 is dominated by O) and by the series

(CO2)nCO3
), as seen inFigure 7b.Note that the reactionCO2 + O) fi CO3

)

will consume the available oxygen anion. When mixing CO2 and H2O mole-
cules in the ice, the most intense positive hybrid cluster ions are COH+,
(CO2)mH

+, (CO2)m(H2O)nH
+, while the most intense negative hybrids are

Figure 7. (a) Positive and (b) negative PDMS spectra of CO2 ice.
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(CO2)OH), CO4Hm
) and the cluster series. By far, most of the measured

molecular ions have been formed by one-step reactions (except CO4Hm
))

(Ponciano et al., 2005).
A comparative 252Cf-PDMS-TOF analysis between ion sputtering from

CO and CO2 ices is described in Ponciano et al. (2006). It should also be
mentioned that Tawara et al., using 1.5 MeV/u Ar13+ projectiles and a
double-focusing sector magnet, obtained positive and negative mass spectra
of cluster ions emitted by CO2 ice: the reported series have also the (CO2)nR

±

structure, where R± are the same radicals found in the current measure-
ments, the O2

) included (Tawara et al., 1991).

3.5. NH3 ICE

Ammonia ice has been suggested to be present in interstellar clouds (1–10%/
water), in cold satellites such as Charon and in several cometary comae
(0.1–0.55%/water) (Cottin et al., 1999; Hudson and Moore, 2001). Since N2

is low reactive, ammonia is expected to play an important role in the syn-
thesis of cosmic amines. Excited by UV photons or by fast particles, NH3 has
the tendency to protonate into NH4

+ or to produce anions such as NH2
),

NH) and N), enhancing chemical reactions. The positive and negative sec-
ondary ion spectra shown in Figure 8a and b, respectively, illustrate these
characteristics: NH3 molecules aggregate around the NH4

+ anion, generat-
ing the positive ion (NH3)nNH4

+ cluster series and around the de-protonated
NH2

) cation, generating the negative ion (NH3)nNH2
) cluster series.

Illustrating a desorbed cluster structure, Figure 9 shows the species
(NH3)16NH4

+. The ion NH4
+ is placed at the center of the system and holds

the ion charge. N neighbor atoms are linked to each of its four H atoms by
the so called hydrogen bridge. By the same process, four other ammonia
molecules are linked to these, yielding a total of 16 molecules attached to the
central NH4

+ ion. A detailed structural characterization of the positive,
neutral and negative ammonia cluster series (ranging from n = 1–8) using
density functional theory (DFT) can be found in (F.A. Fernandez-Lima
et al., submitted).

3.6. N2 ICE

N2 is virtually absent in comets although the element N is relatively common
in the Universe, about one order of magnitude less abundant than O and few
times less than C. Its low sublimation temperature (34 K at 10)8 mbar) could
be an explanation for its low occurrence as ice, although CO sublimates at a
lower temperature. Nitrogen appears more often in other compounds such as
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NH3, HCN or OCN. As ice, N2 has been identified in very cold bodies,
namely Triton, Pluto and Charon (Hudson and Moore, 2001).

Figure 10 shows a PDMS spectrum of positive secondary ions emitted
from N2 ice. Two features characterize the ion desorbed yield distribution of
Nn

+ clusters: the fast and slow decay regime, for low and high masses,
respectively, and the odd/even periodicity. In fact, the latter property sug-
gests the occurrence of two series: (N2)nN

+ and (N2)nN2
+, in which the seeds

N+ and N2
+ appear explicitly. Carbon contamination in nitrogenated

compounds gives rise very easily to CN) secondary emission in negative ion
spectra.

Figure 8. (a) Positive and (b) negative PDMS spectra of NH3 ice.
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3.7. O2 ICE

Oxygen is the third most common element in the solar nebula, placed just
below hydrogen and helium. However, the O2 molecule is relatively rare, due
to the high reactivity of oxygen with other elements, especially with carbon

Figure 9. Structure of the (NH3)16NH4
+ ion cluster. Note the central NH4 ion is linked by

hydrogen bonds to four NH3 molecules. The ratio of the distances of the H to the two N
atoms is about 1.2/1.6.

Figure 10. (a) Positive PDMS spectra of N2 ice and (b) Nn as a function of the cluster size.
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(producing CO and CO2), hydrogen (H2O) and nitrogen (NO). The forma-
tion of the O2 or the O3 molecules usually requires an endoergic process, such
as photosynthesis. So far, O2 has not been observed in the cometary comae
(Cottin et al., 1999), but its presence has been reported in some satellites such
as Ganymede or Rhea (Hudson and Moore, 2001). Analyses concerning
astrophysical aspects of frozen O2 were discussed by Bahr (2001).

Figure 11a and b present the secondary ion yield of O2 ice for positive and
negative ions, respectively. The ratio of total yields for positive/negative ions
is about 4, compared with ~25 for water and ~90 for CO, a consequence of
the high electron affinity of oxygen. Note also that there is a 3n periodicity in
the On positive and negative ion cluster yield distributions, indicating that the
ozone subgroup O3 is occurring in the structure of both distributions. Such
high production of ozone is not a surprise if one bears in mind that UV from
the Sun is very efficient in forming this molecule in the higher atmosphere of
the Earth. Simultaneously with the formation of the (O3)nOm

+ series, where
m = 1, 2 or 3, the presence of (O3)nN2

+ and (O3)nNO+ series, attributed to
adsorbed N2 molecules (from small air leakages in the system) on the O2 ice
layer is also observed. The fast and slow decay constants for positive (or
negative) ion series are km

F=0.05 and km
S ~ km

F/10=0.005, respectively.

3.8. Ar ICE

Noble gases are supposed to be rare in comets. He and Ne are very abundant
in the Universe but have a sublimation temperature too low to condense in

Figure 11. Positive and negative PDMS spectra of O2 ice. Mass peaks correspond to On
+ and

On
), respectively.
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active comets: this constrains their presence as trapped molecules (Notesco
et al., 2003). Xe and Kr are very low abundant in general. Ar is the noble gas
most likely to exist as ice in comets, since it lies in a compromising situation:
its occurrence is as important as that of Si or Fe and it condenses in the range
of 30–40 K.

Figure 12 shows the positive mass spectrum of Ar ice. Although it is a
noble gas, the yield distribution of its desorbed ion clusters is very similar to
the other ices analyzed: km

F=0.02 and km
S=0.002, corresponding to the ratio

km
F/km

S=10.

4. Conclusions

In this work, the bombardment of condensed gases of astrophysical relevance
by fast projectiles (above Bohr velocity) was analyzed: the goal is to simulate
the interaction of the solar wind or cosmic rays with the cold surface of
interplanetary grains, comets or satellites having low pressure atmosphere or
haze. In the experiments, the total mass removed as ionized material, the
total number of the sputtered ions (yield) and the number of each ionized
species emitted per projectile impact were determined. Measurements were
done for seven ices and the desorbed ions were identified by PDMS-TOF
mass spectrometry. In this technique, acquisition is performed in an event-
by-event basis, i.e., by counting single ions that are emitted in each projectile
impact.

Figure 12. Positive PDMS spectra of Ar ice.
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The results are summarized in Table I. Typically, 2 to 3 ions are emitted
on average by impact of a Ba projectile on ice. Due to the high velocity of the
projectile, secondary electrons are produced and emitted from its nuclear
track. The impact site becomes positively charged and therefore the yield of
positive secondary ions is higher than that of the negative ones. We have
found that this ratio varies strongly according to the ice species: it is about 90
for CO and 25 for water, while it is only 4 for oxygen and 2 for CO2 and
NH3. This is possibly related with the high electron affinity of the CO3

) and
NH2

) molecules.
Another finding concerns the mass distributions of the emitted ions: they

are very similar for all the ices measured. Typically, the secondary ions are
emitted as clusters with the structure as Xn R±, where R± is a positive or
negative charged central core and Xn symbolizes n neutral ice molecules, X,
surrounding the core. This structure is illustrated for the ammonia cluster
(NH3)16NH4

+. We also found that the mass distribution decreases expo-
nentially and very fast up to n ~ 5 and keeps decreasing exponentially – but
slowly – for n>5. Since the absolute yield of large clusters changes with ice
temperature, we propose that: (i) the fast-decay (F) regime is associated to
the molecular sputtering which occurs at the extremity of the infratrack
(where the local high temperature does not depend on the ice temperature),
followed by recondensation forming (small) clusters and (ii) the slow-decay
(S) regime is associated to the sputtering produced around the infratrack,
from where (small or large) cold pre-formed clusters are emitted. Theoretical
models are needed to describe these processes.
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