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The erosion of water ice films by fast H and He ions has been found to depend on the
electronic energy loss of the ion. At low temperatures the erosion yield is temperature
independent and varies quadratically with the electronic stopping power, consistent with
a Coulomb repulsion model of ejection. At temperatures above -100 K the erosion is
found to be temperature dependent and linear with the electronic stopping power. The
erosion in this regime can be associated with defect formation and migration in the ice.

PACS numbers: 68.45.Da, 61.80.Jh, 79.20.Nc

The sputtering coefficients or erosion yields of
frozen gases and other nonconducting materials
due to irradiation by fast ions have been shown to
be considerably larger' ' than predicted based on
the "standard" sputtering theory, which has been
applied so successfully to metals. ' Whereas sput-
tering in metals is determined by the energy de-
posited in elastic nuclear collisions, it has been
shown conclusively that the erosion of frozen
gases, "' alkali halides, ' and certain insula-
tors' by fast ions is determined by energy de-
posited in the material through electronic proc-
esses.

Because of the relatively high diffusivity of elec-
trons (for metals) and electrons and holes (for
semiconductors), electronic excitation rapidly
diffuses from its origin around the track of a fast
ion and, by the time it is transformed into atomic
motion, it is too dilute to displace atoms of a
solid. For insulators this is not the case. The
electronic excitation is produced and retained in
sufficiently localized states to result in produc-
tion of point defects in the alkali halides' and

ejection of ions from insulating surfaces as ob-
served by electron- and photon-stimulated de-
sorption. '" The excitations can also lead to
even more massive atomic displacements as in
track formation by energetic ions in insulators"
and erosion of ice films as in the current experi-
ments.

We have studied the temperature dependence of
the erosion of H,O ice below 160'K to determine
the mechanisms of erosion produced by electron-
ic processes. A clear temperature dependence
has been reported for the ion induced erosion of
solid Xe and attributed to a thermal evaporation
process. ' A temperature dependence was also
observed in the sputtering of alkali halides by
both ions" and electrons. "'" The erosion yield,
which increased exponentially with temperature,
was interpreted as due to the diffusion of radia-
tion produced color centers to the surface. '" In
the present experiments on the erosion of H,O ice
we find two distinct temperature regions. These
depend quite differently on dE/dx, the electronic
energy loss of the fast ions per unit path length,
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and are associated with two distinct erosion mech-
anisms.

The erosion of H,O ice films was measured
using Rutherford backscattering of 1.5-MeV he-
lium ions and an apparatus described elsewhere. '
The films are formed by condensation of water
vapor at low temperatures (7—80'K} on a berylli-
um substrate covered with a 50-A gold maker
layer. Ice formed at these temperatures is amor-
phous. " Scattering from the oxygen atoms of the
H,O ice film and from the gold marker are clear-
ly observed in the energy spectrum of backscat-
tered helium ions. The total scattering from the
oxygen atoms and the shift in the energy of scat-
tering from the gold provide independent meas-
urements of the molecular thickness of the film
and hence the erosion yield S, the number of
molecules lost from the film per incident ion.
Comparison of the two measurements also pro-
vides a measure of the change in the average
stoichiometry of the film, which appears to re-
main close to a 2:1 ratio of hydrogen to oxygen
atoms. "

Measurements of the erosion yield were made
for film temperatures between 7 and 155 K.
The temperature of the beryllium substrate was
controlled by a Cryotip" helium transfer tube
within +0.5 K during a data run. The experiments
were carried out for films between 400 and 2000
A in thickness; no dependence of the erosion
yield on thickness was observed. There was also
no beam current dependence for currents less
than 10 ' A/cm'.

At temperatures above -130'K sublimation
competes with erosion at the ion fluxes used in
this experiment. The effect due to sublimation,
also measured by Rutherford backscattering, "
has been subtracted from the results for the thick-
ness change under the assumption that sublima-
tion and erosion processes are independent. Ion-
eroded and adjacent noneroded regions of the
same film were measured sequentially to make
this correction. These sublimation contributions
never exceeded 30%%u&

Erosion yields for 1.5-MeV He' and 900-keV
H' are shown in Fig. 1. A definite temperature-
independent region is seen in both sets of data,
below -100 K. Such a region has not been re-
ported in the sputtering of condensed xenon' or
alka. li halides. ' '"'" The erpsipn yields fpr bpth
ions increase sharply at higher temperatures.

The results of an extensive study of the low-
temperature region is shown in Fig. 2. The
erosion yield varies approximately as (dE/Ch}'.
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FIG. 1. Temperature dependence of ice erosion yield
(S) for 1.5-MeV He and 900-keV H ions. The lines
are drawn to guide the eye.

The stopping powers used in Fig. 2 are the tabu-
lated equilibrium-charge-state stopping powers. "
The line in Fig. 2 is drawn through the hydrogen
points. The deviations observed for the helium
data with respect to this line arise from the non-
equilibrium charge state of helium in the thin lay-
er contributing to erosion. '" Calculated correc-
tions are shown for the helium data points" which
bring them into quite satisfactory agreement with
the hydrogen line.

A square-law dependence of erosion on energy
deposition implies the sputtering is a cooperative
phenomenon which reflects the cylindrical geom-
etry of the ion track. The mechanism could be a
cylindrical thermal spike" or direct ejection due
to Coulomb repulsion, "' both of which yield a
quadratic dependence on dE/dx. We favor the
later explanation. The thermal spike requires
immediate availability of the deposited energy as
heat and a 5 function in radial width if the model
is to yield a (dE/dx}' dependence. 'O' Neither of
these conditions applies. On the other hand, the
present results are consistent with the conjecture
of Haff" and Brown et al."on the existence of
a sputtering mechanism based on Coulomb repul-
sion of ionized species in the track of the incident
ion. The (dE/dx}' dependence comes directly
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FIG. 3. The temperature dependent part of the erosion
yield I,'~-~(}) divided by 1.0 times the stopping power
dE/dx The curv. e has a slope varying from 0.05 eV at
low temperatures to 0.30 eV at high temperatures.

FIG. 2. Erosion yield (~) vs electronic energy loss
dEldx for H and He ions at liquid-nitrogen temperature.
The line is drawn through the H ion data (see text). The
open He points are from Ref. 3. The horizontal bars on
the low dE/dx He points mark the range of possible
charge- state cor rec tions, with the triangle s indicating
the best estimates.

from this mechanism (cf. Refs. 5 and 19) and the
magnitude of S is obtained with a one-parameter
fit of a reasonable mean free path for the re-
pelled ions. Such a model is related to the forma-
tion of etchable tracks in insulators. " Track
formation has been attributed to radial Coulomb
repulsion. At a surface, Coulomb repulsion will
result in direct molecular ejection and hence
film erosion. The molecular charge may be pro-
duced by Auger ionization following inner-shell
electronic excitation, a process which has been
identified in desorption from insulating materials
due to incident electrons or uv radiation, "or by
dynamic charge separation due to passage of the
fast ion. "

Subtracting the temperature independent portion,
S„ from each set of data in Fig. 1, the remain-
ing erosion yield scales with dE/dx and not (dE/
dx)'. This is indicated in Fig. 3 were the ra-
tios, (S —S,}/(dE/dx), for hydrogen and helium
are seen to overlap. The dependence on dE/dx
indicates that electronic energy deposition is still

the source of the erosion, but a different mech-
anism is operative. The dependence on 1/T is
clearly not a simple exponential. The slope of
the curve in Fig. 3 corresponds to an activation
energy of about 0.05 eV at low temperatures and
about 0.30 eV at high temperatures.

The erosion process in the temperature depen-
dent regime is suggestive of radiation chemistry
results that show the inactivation of frozen en-
zymes and the production of radicals in organic
compounds by ionizing radiation are temperature
dependent above -100 'K." This temperature de-
pendence is related to the diffusion of trapped
radical species (e.g. , H, OH, solvated electrons)
produced by the radiation. In most species stud-
ied two activation energies are found, -1 kcal
per mole (0.04 eV) and 4—6 kcal per mole (0.16-
0.24 eV}." The low activation energy is thought
to be associated with migrating H and/or OH, but
the source of the high activation energies is not
clear. The higher activation energies are, how-
ever, of the order of magnitude of those found in
the temperature dependence of sputtering in alkali
halides. ""'"As noted, this sputtering has
been attributed to the formation and diffusion to
the surface of color centers with the subsequent
ejection of halides. ' " Color centers also occur
in irradiated samples of ice" and the activation
energy for decay of these species is -6—9 kcal/
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mole (0.24 —0.36 eV).22 It is also noteworthy that
the change in slope in Fig. 3 occurs close in
temperature to the onset of the amorphous to
crystalline transition in ice." Ordering of the
lattice may enhance diffusion of dislocated spec-
ies to the surface, leading to the rapid increase
in the erosion yi;eld observed.

The depth in the ice film contributing to the high-
temperature erosion can be estimated. With use
of a radiation yield of three H, O molecules disso-
ciated for 100 eV of energy deposited" and asso-
ciating the erosion yield with dissociation, depths
as great as 40 A may be contributing. Such
depths are much larger than those associated
with elastic collision sputtering (-5 A).

The temperature dependence reported for the
erosion of Xe films was attributed to a simple
thermal spike mechanism. ' It is, however, possi-
ble that those results could alternatively be at-
tributed to diffusion and/or chemical kinetics of,
for example, negative molecular ions in a Xe ma-
trix. In any case, a thermal-spike model in H,O
ice is not very attractive for describing the pres-
ent results. Such a model cannot describe both
the observed temperature dependence and the de-
pendence on dE/dx.

The measurements reported herein of the de-
pendence of the erosion yields of water ice on
temperature demonstrate that at least two erosion
mechanisms are operative which have very dif-
ferent dependences on the ion energy deposition.
The temperature-independent yield, which has
not been found in other systems, is proportional
to the square of the electronic energy deposited,
and the temperature-dependent yield is propor-
tional to the first power of this quantity. We
attribute erosion in the former region to the di-
rect ejection of water molecules through Cou-
lomb repulsion and in the latter region to acti-
vated processes controlled by the chemical kine-
tics of the damaged material in an ice matrix. In
addition to the importance of these results for
general understanding of the deposition and dis-
persal of energy in solids following penetration
of ion beams, as well as the connections with ra-
diation biology and ion microscopy, these results
are of particular significance in astrophysics for
studies of the moons and rings of the outer solar-
system planets, ' comets, "and interstellar grain
surface formation and destruction. "
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