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Abstract

We present results of a range of experiments of sputtering of water ice together with a guide to the literature. We
studied how sputtering depends on the projectile energy and fluence, ice growth temperature, irradiation temperature
and external electric fields. We observed luminescence from the decay of H(2p) atoms sputtered by heavy ion impact,
but not bulk ice luminescence. Radiolyzed ice does not sputter under 3.7 eV laser irradiation.
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1. Introduction

Irradiation of solids by energetic particles can
produce sputtering (ejection) of molecules that
leads to the erosion of the surface. The process is
characterized by the sputtering yield, Y, the num-
ber of molecules (or atoms) ejected per incident
projectile. Sputtering may occur in any material as
a result of the momentum imparted by the pro-
jectile in collisions with target atoms. For this
process, termed elastic, or knock-on, sputtering, ¥
is found to be proportional to the energy deposited
by the projectile near the surface when Y < 10, and
inversely proportional to the binding energy of the
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molecules to the surface [1,2]. Sputtering is fairly
well understood for simple metals but not for
molecular insulators, like water ice. Experimental
studies of sputtering [3-31] and secondary ion
emission [32-36] from ice started more than two
decades ago when Brown et al. [3] discovered that
MeV protons sputtered thin ice films several orders
of magnitude faster than expected for elastic
sputtering. This meant that sputtering is an im-
portant phenomenon on icy satellites and grains
subject to irradiation by energetic ions from solar
flares and by magnetospheric ions [37]. Brown et al.
[5,6] found that Y for fast ions is proportional to
the square of the electronic energy deposition near
the surface. Evidence of this electronic sputtering
of ice was also present in the observations of
emission of ionized water clusters from ice by
80 eV electrons [38].
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The conversion of electronic energy into mo-
lecular motion in water is still not understood, in
spite of many studies. A summary of experimental
finding at energies above 10 keV is the following.
For ice temperatures lower than about 60-100 K,
the total sputtering yield stays essentially constant
and increases rapidly at higher temperatures. The
main species desorbed at low temperatures are
intact water molecules, with near thermal ener-
gies. Unlike sputtering of metals, where the most
probable energies (E,,) are ~1/2 the surface bind-
ing energies U, for ice E, is much smaller than
U =045¢V[39]:itis <1 meV for H,O ejected at
12 K by MeV Het and Ar™ and <20 meV for 50
keV Ar* on ice at 25 K [8,11,14].

Mass analysis of the sputtered flux reveals the
emission not only of water molecules but also H,
and O, radiation products. Ciavola et al. [7], using
20-100 keV He" and Art impact, found that
emission of H,O and O, appears when the ion
beam hits the target, but emission of H, is delayed
and correlates with the square of the electronic
energy deposited. For MeV Ne* projectiles, H,
and O, was seen to evolve from the ice at a rate
that increases with fluence up to a saturation value
which depends roughly exponentially on ice tem-
perature [14,26]. The fact that H, and O, emissions
increase also with film thickness at a temperature
as low as 7 K but stop when irradiation is inter-
rupted suggests that these molecules are produced
at these low temperatures but move significantly
only by radiation-enhanced diffusion [26].

The situation is different below 10 keV. Bar-
Nun et al. [18] did not detect a fluence dependence
in the partial sputtering yields at fluences >10'*
ions/cm?. Also using keV ions, de Vries et al.
[10,15,16] showed that, at 15-20 K, emission of
water predominated over that of fragments and
that the energy distribution of O, molecules
emitted at 20 K by 3 keV Ar™ peaks at <10 meV.
The contrasting report that water may not be the
most abundant species for keV ion impact [18]
may result from not considering the much smaller
pumping speed for H, and O, than for water at the
cold shield surrounding the target [7,26].

A few studies report that stoichiometry is
maintained during ion irradiation, as deduced
from Rutherford backscattering (RBS) [3,5,6,12],

or from ejection of H, and O, molecules in the
proportion 2:1 [18]. Still, substantial alterations
might occur in the surface layers and not be de-
tectable by RBS, since Auger spectroscopy, which
is much more sensitive to the surface, shows
changes in the oxygen-KLL Auger spectrum
(likely due to oxygen enrichment) after irradiation
with large fluences of keV electrons [40].

A recent compilation of sputtering yields by
light ions [29] show that, for proton energies below
and around the maximum in the electronic stop-
ping cross-section S.E = (dE/Ndx), the yield
could be approximated by Y o S!°. Here dE is the
differential of electronic energy loss per unit path
length dx and N the atomic number density of the
target. Analysis of the yield induced by 5 keV/amu
H to Ne ions, using theoretical S, [41], showed
Y o< 82 [28]. At lower energies electronic sputtering
decreases in importance as elastic sputtering be-
comes appreciable as evident in the “plateau’ that
appears in the energy dependence of the yields
[18,28]. The quadratic dependence with S, seen for
low temperature ice at high ion energies suggests
that two events are needed for electronic sputter-
ing. Mechanisms that have been considered by
Brown et al. [8,9] are thermal spikes due to over-
lapping events along the ionization track of the
projectile (which were now shown not to give the
quadratic dependence [42]) and Coulomb repul-
sion between holes.

Fast electrons in electron microscopes, that
produce even lower ionization densities than MeV
protons, are also able to erode ice [43-46]. The
sputtering yield for 100-200 keV electrons appears
to be linear with the ionization rate [44,45], al-
though this is based only on two data points. That
erosion can occur by single excitation events is best
evidenced in the photon impact studies of Westley
et al. [47] using 10.2 eV photons, which can only
produce single excitations or ionizations. They saw
a fluence dependence below 80 K for ice grown on
polished substrate but the fluence dependence does
not appear for ice grown on rough substrates [48],
implying photosputtering in single photon events
from defect sites.

In this article we show results of several exper-
iments with emphasis on two important questions:
the effect of the accumulation of radicals on
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sputtering and the relative contribution of inelastic
and elastic collisions. We studied the energy de-
pendence of the sputtering yields for a variety of
ions at low velocities, the dependence of the yields
on fluence and temperature, and the effect of UV
laser pulses on ice irradiated with ions.

2. Experimental details

We used a cryogenic target assembly in an ul-
trahigh vacuum chamber, connected to a mass-
analyzed ion accelerator with a base pressure of
~107'° Torr [28]. Ice films were grown on a 6-MHz
gold-coated quartz-crystal microbalance [39] with
a sensitivity of ~0.1 monolayer. Luminescence
emitted from the ice at 90° to the ion beam (Fig. 1)
was analyzed with a vacuum UV-spectrometer
using either a photomultiplier or a CCD detector,
both with UV-visible conversion coatings. The
angle of incidence of the ions was normal for
sputtering and 45° for most luminescence studies.
We grew amorphous ice films, 150-250 nm thick,
by dosing water vapor onto the cooled target
crystal. To determine the sputtering yields, we
converted the mass loss given by the microbalance
to number of water molecules and divided it by the
number of incident particles (a small correction is
made for the mass of the ions implanted in the ice).

ion beam
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Fig. 1. Experimental setup.

Results were reproducible to ~20% (sample to
sample variations), as also noticed by others [3,15].
Yields were insensitive to ion beam current and to
the ice growth temperature which gives different
crystalline/amorphous content [39]. A related in-
sensitivity to ice properties was found -earlier
[18,47].

Light from a nitrogen laser operating at the
base wavelength 337.1 nm was partly focused to a
spot of 0.025 cm? on the target through a quartz
window. Typically, the laser operated with a ~10
Hz repetition rate at an average power of 1.95
mW, which was monitored by the thermal shift of
the resonance frequency of the crystal hit in its
center by the laser beam. Typically, an 11 Hz shift
was seen corresponding to a temperature increase
of ~0.3 K. We also used a dye cell mounted on the
laser to produce visible light with an average
power on the target of 0.1 mW at 625 nm. Ice films
irradiated for several hours by the laser alone
showed no detectable erosion, which is expected in
the absence of multi-photon excitations in ice,
since the 3.7 eV photon energy is below the ab-
sorption threshold of undamaged water, ~7.8 eV
[49]. In other experiments, films previously irradi-
ated by 0.5-2 keV electrons, 20 keV H* or 50 keV
Ar" ions were subsequently irradiated with the
laser to search for effects due to light absorption by
radicals or defects.

3. Results and discussion

Temperature dependence: Fig. 2 shows that
sputtering yields for 30 keV H*, He™, O" and Ar™
are independent of ice temperature up to 60-100
K, where they increase with temperature, similarly
to reports for other ions and energies [12,13,21,30].
Brown et al. [6] fitted 0.9 MeV HT and 1.5 MeV
He™ data versus temperature 7 with an expression
Y =Y, + Ve /¥ where k is Boltzmann’s con-
stant. They reached the conclusion that the two
components Y, and Y; have different S, depen-
dence: Y, being nearly quadratic and Y| nearly
linear. Using all the data available today, the
conclusion is different. Fig. 3 shows that Y; is
proportional to ¥, over five orders of magnitude,
from the case where Y, xx S, (electron impact) to
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Fig. 2. Sputtering yield of ice for 30 keV ions at normal inci-
dence versus temperature.

the case of MeV ion impact, where ¥, x Sg. This
suggests that ¥, and Y; are related; a possibility is
that the effect of temperature is to increase the
depth from which molecules are sputtered.

The temperature-dependent component has
been attributed to processes involving radicals for
which trapping, diffusion and reaction rates de-
pend strongly on temperature [11,13,14,18,44].
The large number of processes involving electrons
and multiple neutral, excited and ionized species of
H, H,, O, O,, H,O, HO, and H,0O, makes this
problem presently intractable until more infor-
mation is provided by additional experimental
techniques.

Fluence dependence: We studied the effect of ion
irradiation fluence on sputtering at 60 K, where Y
is independent of temperature and at 110 K, where
Y increases rapidly with temperature. Total sput-
tering yields by protons are independent of fluence
up to 10'® H*/cm? at all temperatures tested in the
range 20-120 K, consistent with results for zotal
yields by MeV Het and Ne* at similar fluences
[3,14,26]. Fig. 4 shows results for 110 and 120 K in
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Fig. 3. The difference in the sputtering yield at 120 K and at
<90 K: Y(120)-Y(0), versus Y(0). Data for 30 keV H, He, O
and Ar ions: this work; 30 keV Kr [21]. Electron data from [45].
MeV data from [8]. The line is a linear fit, ¥(120 K) =
0.85Y(0).
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the region where the temperature dependence in
the yields might suggest a fluence-dependent effect
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due to accumulation of radicals. We note that
partial yields of H, and O, do depend on fluence at
low temperatures, but at 10 K they are an order of
magnitude lower than those of H,O water; mean-
ing that Y is dominated by emission of water
molecules [5,30]. Fig. 4 shows that at 110-120 K,
where O, and H, emission are important, if there is
a fluence dependence, it must be at fluences below
~3 x 10" H*/cm?, the lowest value we could use.
In the case of incident O" we see a different be-
havior, a slight increase in ¥ with fluence at 60 K
(Fig. 4). Due to the large sputtering yield, insuffi-
cient amount of implanted oxygen can be trapped
in the ice to alter the energy deposition pro-
cess sufficiently to explain the fluence dependence.
Rather, it is possible that the implanted oxygen
atoms act as scavengers of electrons or of H and
H,, forming OH, HO, and H,O. Kinetic energy
liberated in these and subsequent exothermic re-
actions involving OH and HO, can produce an
enhancement in the sputtering yield.

In the MeV experiments by Reimann et al. [14]
at 15 K, the fluence dependence of O, emission can
be understood by assuming that single collisions
produce O, but not O,. To form O, by recombi-
nation of O, a sufficient O concentration needs to
be built up by many projectiles. However, O will
most likely react with a water molecule to form
H,0, before finding another O atom. An alterna-
tive explanation for the fluence dependence of O,
emission is that O, originate from the dissociation
of HO, and H,0, that accumulate in the ice [50].
We have shown that O, buildup in the ice by 80—
100 keV protons is small [50], which helped to
constrain the source of oxygen in Ganymede, an
icy Jovian satellite [S1].

Energy dependence: Fig. 5 shows our new values
of Y at 60 K versus ion energy, together with our
previous results [29]. Art results of Chrisey et al.
[21], not shown in the figure, are much lower than
the present values, as noticed previously [28].
Anomalous low yields may result from very rough
surfaces [52] caused by the large fluences required
by Chrisey’s technique. This effect was also noted
by Evatt [4] and by Rocard et al. [19], who re-
ported a significant decrease in Y after about 200
nm of their ice samples were sputtered with 15-30
keV ions. Evidence for unusual roughening of ice
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Fig. 5. Sputtering yield of ice at 60 K versus projectile energy.
This work: open symbols. Brown et al. [5S]: @: H; H: He.
Christiansen et al. [23]: A: He. Rocard et al. [19]: ¥, H, He.

by ion bombardment comes from electron mi-
croscopy [17] and RBS [26,53] studies.

Molecular effect in sputtering: We also measured
Y for molecular O; at 30 and 60 keV and found
them to be 2 and 4.3 times that for O* incident at
the same velocity. Although Y for this projectile
pair is additive at 15 keV/atom, it is not at 30 keV/
atom. This indicates that yields are not additive at
higher energies and do not scale like the square of
the energy deposited near the surface as it does for
sputtering with H* and HJ ions [8,19].

Effect of electric fields on sputtering: When an
ice film is bombarded by ions, electron—hole pairs
are created along the projectile ionization track. If
the electrons are extracted, unbalanced holes re-
main. We asked if the repulsion force between
unbalanced holes would be sufficient to cause
sputtering or if, alternatively, electron removal
might lead to a reduced sputtering yield, as for Ar
[54], by inhibiting recombination into excited
states. We measured Y using 30 keV He't changing
the bias of an anode surrounding the target from
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-300 to +300 V, where electrons are extracted
from the ice, and found no change in Y within
+10%.

Tonoluminescence: Strong light emission peaking
at ~121.6 nm, the hydrogen Lyman-o wavelength,
was seen from the surface during bombardment by
30 keV Ar, Kr and Xe ions at 45° incidence. We
observed Lyman-a; the width of the line was ~8
nm (with a 2 nm resolution) and a weak signal due
to sputtered excited OH at 306 nm. Lyman-o lu-
minescence does not depend on film thickness over
a wide range, suggesting a surface collision pro-
cess, since the escape depth of Lyman-o photons in
ice is 39 nm (26 um~! absorption coefficient [49]).
Thus, the strong light emission that we observe
comes from sputtered excited H(2p) decaying in
vacuum close to the surface (the lifetime is a few
ns). As a test, we deposited a 10" mol/cm? of solid
CO, on top of the water ice which was then
bombarded by 50 keV Ar* ions. This layer was
thin enough to allow the ions to deposit a signifi-
cant fraction of their energy in the ice, and to allow
bulk luminescence to partially escape, but thick
enough to prevent significant sputtering of water
molecules. We detected no Lyman-o until the
overlayer was sputtered away, showing again that
the H(2p) comes from surface collision processes.

Heavy projectiles can transfer momentum to
H(2p) and eject it from the solid, or to an excited
water molecule that is ejected and breaks up out-
side the surface producing H(2p). In both cases,
the excited atom can be ejected and survive
quenching by radiationless transitions in the solid.
The Lyman-a line is significantly broader than
expected from the Doppler effect due to a distri-
bution of H(2p) velocities; the additional broad-
ening mechanism may be an Auger deexcitation
process involving the surface [55]. A much weaker
H(2p) ejection by H™ impact may result from
purely electronic processes involving repulsive ex-
cited states, as seen in the ejection of H(2s) atoms
with energies of a few eV by incident 17-50 eV
electrons which cannot break bonds by direct
momentum transfer [56,57].

The luminescence signal is constant with tem-
perature, in strong contrast to the variation of ¥ in
the same region. This behavior is expected if lu-
minescence comes from excitations accompanying

knock-on sputtering, which should not depend on
temperature in the conditions of our experiment.
The temperature independence also indicates that
thermally activated processes, such as diffusion of
excitations, are not significant for luminescence.
Fig. 6 shows that the energy dependence of the
luminescence signal is stronger than that of Y. This
is expected from a knock-on process that also in-
volves an electronic excitation as occurs, e.g. in
inner shell excitation by slow ions [55].

We searched extensively for but did not observe
bulk luminescence, with incidence angles from 0 to
70°, even when using large 5 pA/cm? 100 keV H*
beams, two to three orders of magnitude more
intense than used in sputtering measurements. The
negative result contrasts with multiple reports of
bulk ice luminescence by Quickenden et al. [S8—60]
which may be caused by impurities co-deposited at
107¢ Torr since these authors also observed lumi-
nescence with 260 nm photons, which fall in the
band gap of ice.

Ar* on ice at 30 K
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Fig. 6. Energy dependence of the Lyman-o luminescence effi-
ciency and the sputtering yield of ice bombarded by Ar* ions at
30 K.
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Laser irradiation of radiolyzed ice: We per-
formed experiments aimed at studying the con-
centration of species produced by irradiation with
ions and electrons. The storage of radiation
products in ice has been demonstrated by the
emission of HO,, H,O, and O, in thermal de-
sorption experiments on previously irradiated ice
[47,50]. Recent photochemistry studies [61] using
Lyman-o at 10 K show that the concentration of
OH first increases with photon fluence but then
declines above a fluence of ~ 107 photons/cm?
where the formation of HO, and H,O, increases in
importance. Virgin ice starts absorbing light at
~7.3 eV [49] and therefore it is transparent to the
3.7 eV photons from the laser. Hence, no sput-
tering can result at the photon intensities used in
our experiments, where multiphoton absorption is
insignificant. The experiments tested if desorption
could be triggered by light absorption by species
such as OH and HO, or trapped electrons pro-
duced by prior ion irradiation. Fig. 7 depicts the
effect of laser irradiation on 100 nm water ice.
First, it shows the thermal effect on the quartz
crystal during an hour. In this particular run, the
ice was bombarded to a fluence of 4.8 x 10%
photons/cm?. No sputtering appears above the
sensitivity of 0.5 monolayers. Laser irradiation of
ice pre-bombarded with 1.6 x 10'® ions/cm? HT at
20 keV also did not lead to detectable sputtering
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Fig. 7. Frequency change of the quartz crystal with a 100 nm
ice film at 35 K versus time showing the effect of irradiation
with a 140 nA beam of 20 keV H*, and with 337.1 nm laser
light.

(sputtering by H™ is seen in the slope of the crystal
frequency versus time in Fig. 7). The effect of laser
irradiation on the ion-irradiated sample is similar
to that seen before ion irradiation and explained
again by laser heating. This means that ion irra-
diation did not produce a sufficient number of
long-lived radicals, other species or defects that
would produce photosputtering from the nitrogen
laser above the detection limit. Other combina-
tions of pre-bombardment by ions, electrons or
10.2 eV photons also did not lead to measurable
photosputtering with the laser.

In other experiments, we irradiated ice with
light ions at 7-8 K and high fluences to enhance
the accumulation of radicals. We did not observe
the oscillations in desorption reported by Hudson
and Moore [62], for a range of experimental con-
ditions (ice thickness between 0.5 and 10 um, 50
keV H, Hj or He", and fluences up to 10'° ions/
cm?). Further irradiation of these irradiated ices
with the nitrogen laser did not result in sputtering
above 6 x 1077 H,O/photon. We note that Leto et
al. [63] also could not observe pressure oscillations
for 3 keV He™ bombardment of ice films, several
tens of nm thick, at 10 K.

Stopping power dependence: As expected from
previous measurements [28,64], we find that Y is
non-linear on S.. Fig. 8 shows a summary of Y
versus S, derived from measurements [65] for H*
and from theory [41] for heavy ions. An estimate
of the linear yield in ice is obtained using Y pro-
duced by 100-200 keV electrons [45] and tabulated
Se [66], taking into account the enhanced energy
deposition near the surface by backscattered elec-
trons [67]. The derived yield is

Y) = (S./440) (molecule/eV Az),

Y1 is plotted in Fig. 8 as a line labeled “electron’:
(the experimental values are too small to appear in
the graph). It lies above the highest energy data
point of the MeV proton experiments probably
due to experimental uncertainties since there is no
apparent reason why electrons would sputter more
efficiently than fast protons at the same value of
deposited energy. We note that further evidence
for sputtering caused by single events comes
from experiments with incident 5-120 eV electrons
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(e.g. [38,56,57]). Since electrons with these energies
are generated in the ice by fast ions at a rate that is
linear with S, electron-induced processes should
give a linear contribution to the sputtering yield
for ions.

For MeV protons, Y oc $? which, as mentioned
above, is not yet understood but is likely con-
nected with the overlap of two excitation events
[22]. This quadratic yield can be expressed, based
on the MeV H* data as

Y, = (S./183 molecule/eVAz)z.

Deviations from the quadratic dependence at
low velocities may result from a number of effects:
the incident charge of the ion is not equal to the
equilibrium value, target ionization can be caused
by electron capture collisions, and there may be
synergism between electronic and elastic collision
processes. A further effect is the occurrence of
collision spikes [2,42], a dense collision cascade
where most species are in motion and where the
usual concept of surface binding energy of a single
molecule may not be applicable.

The contribution to sputtering due to elastic
collisions, Y,, is usually assumed to be additive to
inelastic sputtering: ¥ = Y, + Y} + Y. Christiansen
et al. [23] analyzed it by comparing measurements
with results from Sigmund’s theory [1] for the
sputtering of monoatomic solids:

Y, = (3/47*)asS,/(CoU),

where S, is the elastic (“nuclear’’) stopping cross-
section; o a tabulated function of the mass ratioin a
collision; Cy an effective cross-section for low en-
ergy recoils; and U = 0.45 eV. Christiansen et al.
[23] did not specify the value of C, they used for the
calculation but concluded from the agreement be-
tween the measured and calculated sputtering yields
that elastic collisions are the major contribution to
sputtering by low keV ions. Chrisey et al. [21] noted
that the straightforward application of Sigmund’s
theory was not appropriate for molecular targets
and used a factor of 1/3 to convert the molecular
stopping cross-section to an atomic value:

Y, = 0.014 A4S, /U,

where S, is the stopping cross-section per water
molecule computed as the sum of atomic stopping
cross-sections. We obtain the proportionality fac-
tor between Y; and S, from experiments using
compiled values of S, [68]. We have used results of
[18] by adjusting the Y measured at oblique inci-
dence to normal incidence by calculating the an-
gular dependence of the energy deposited near the
surface by the incident ions [68]. Table 1 shows
that Y, /(«S,/U) agrees with the estimate of Chri-
sey et al. [21], to better than a factor of two, which
is reasonable given the approximations in the an-
alytical sputtering theory. At high values of S,
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Table 1

Sputtering yields due to nuclear collisions and nuclear stopping cross-section for low energy ions in ice

Ton Energy (keV) S, (eV A2/mol) S, (eV A2/mol) Y, Yo/ (@S, U) (A72)
H 0.25 16 11-16 0.26 0.011
Ne 2-6 600 147 7.9 0.024
Ar 10 1200 240 10 0.019
other factors occur [30]. Other aspects that may Acknowledgements

still be considered are the mass mismatch between
O and H, dissociation events, and the fraction of
the elastic deposited energy that goes into vibra-
tions.

4. Conclusions

We can summarize what is known about sput-
tering of ice from these and previous experiments
as follows:

(1) The total sputtering yield is constant below
60-100 K and then rises strongly due to the
temperature-dependent H, and O, emission.
(The yield of sputtered water molecules is con-
stant up to 140 K.)

(2) The total sputtering yield is independent of
thickness above 2 nm but the partial H, and
O, yields increase with thickness for ion im-
pact.

(3) No fluence dependence of the total sputtering
yield appears except a weak one for keV oxy-
gen ion bombardment. The yield of H, and
O, depends on fluence at low temperatures.

(4) Sputtering can occur by elastic or inelastic
(electronic) processes. Electronic sputtering
can occur by single events as seen in photon
and electron impact at low and very high ener-
gies. For fast ions, the sputtering yield is
roughly proportional to S2.

(5) Luminescence from ion-bombarded water ice
occurs only for heavy projectiles and origi-
nates from decay of sputtered excited H(2p)
atoms. Bulk luminescence is insignificant.

(6) No laser sputtering was observed with sub-
bandgap light on ice that was radiolyzed by
different combinations of keV ions, electrons
and Lyman-a photons.
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