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"Sputtering" of Ice by MeV Light Ions

W. L. Brown, I. J. I anzerotti, J. M. Poate, and W. M. Augustyniak
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(Received 11 January 1978)

Vfe have measured the rate of erosion of thin films of water ice at low temperatures by
bombardment with MeV hydrogen, helium, carbon, and oxygen ions, The effective "sput-
tering coefficients" are orders of magnitude higher than those anticipated from conven-
tional sputtering theories. For example, for helium at 1.5 MeV, - 10 H20 molecules are
removed for each incident ion. %'e believe that the erosion process is closely associated
with atomic ejection following ionization in the region near the surface.

Sputtering of metallic or covalent bonded solids
is now a rather well understood phenomenon'
with material being ejected from the surface as
a result of the nuclear collision cascades set up
in the solid. The situation is very different for
ionic solids, such as alkali halides, "' where the
amount of sputtered material does not appear to
depend on the nuclear stopping processes. There
is a paucity of experimental information on the
sputtering of condensed gases~—a subject of con-
siderable astronomical importance. Radiation
damage and channeling in ice crystals have pre-
viously been studied, ' but without observation of
the erosion phenomena reported in this paper.
Erosion effects have apparently been observed in
studies of the energy loss of MeV light ions
through thin frozen films of Ar, N„and 0„' but
have not been quantitatively determined. In this
paper we present the first measurements on the
sputtering or erosion coefficients of water ice by
energetic particles.

We have used Rutherford backscattering and
thin-film techniques in our experiments. A vit-
reous carbon surface is cooled with a Cryotip'
helium transfer tube to controlled temperatures
between 15 and 110'K. Ice is grown on this sur-
face by admitting H,O vapor as a broad stream
from a tube which the cold surface faces. The
inset to Fig. 1 shows the geometry of the experi-
ment. A typical growth rate is -600 A jmin.
Films have been prepared between 250 A and 1.5
pm in thickness in this way. Under these condi-
tions of deposition the ice film should be amor-
phous' and our visual observations are consistent
with this expectation. The films are also stable.

Even at 110 K the sublimation rate of ice is less
than a monolayer a day. The erosion of the films
has generally been carried out with the eroding
beam electrostatically swept over a 4-mm-diam
aperature to produce a uniform eroded region.
For backscattering analysis, the beam is col-
limated to 1 mm diam, and can be located to ex-
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FIG. 1. Spectra of backscattered 1.5-Me V He ions
from an ice fGm on carbon at three different stages in
the erosion of the film by 1.5-MeV He ions. Erosion
is carried out with a beam scanned to fill a 4-mm-diam
aperture. Backscattering spectra are taken with a
1-mm detector aperture. Note that the backscatter
peak from oxygen decreases with erosion and the back-
scattered edge for C moves to higher energy. The C
and 0 marks indicate the energies of backseattering
from C and 0 is they were at the surface. The energy
scale is in channels of a multichanne1. analyzer.
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FIG. 2, The thickness of the H&O film of Fig. 1 as a
function of the fluence of 1.5-Me V He ions. The num-
ber of oxygen atoms in the film is determined from the
area of the oxygen peak. The number of water mole-
cules in the film is determined from the shift of the C
e+e in the backscatter spectrum. The absolute mag-
nitude of the two quantities depends only on the stopping
powers of He ions in water and carbon. Values from
Northcliffe and Schilling (Ref. 9) have been used. The
erosion coefficients, S, deduced from the slopes of
the two fata sets are very similar.

amine different regions of the crater. The crat-
er bottom is uniform and no pileup effects around
the edge have been observed.

Energy spectra of backscattered MeV helium
ions reveal the film thickness in two ways as
shown in Fig. 1. The oxygen of the film is direct-
ly observed. The presence of the water film is
also evident in the shift of the high-energy edge
of the spectrum of ions backscattered from the
carbon substrate, since such ions lose energy on
passing through the film on entry and exit. Fig-
ure 1 shows spectra for a freshly grown film on
carbon and from the same film after two differ-
ent doses of 1.5-MeV He+ ions have eroded the
film.

Figure 2 shows the ice film "thickness" as a
function of dose for the film of Fig. 1. The thick-
ness has been expressed as the number of oxygen
atoms per square centimeter (deduced from the
oxygen peak) and as the number of water mole-
cules per square centimeter (deduced from the C
edge shift). This later calculation contains the
assumption that the film is composed of H,O. The

good agreement between the two measures sup-
ports this assumption. The nearly linear decrease
of film thickness with dose allows extraction of
a "sputtering" or erosion coefficient defined as
the number of ejected H, O molecules per incident
ion.

Eroding currents have generally been 0.5 to 5
nA/mm' for which the erosion coefficent is found
to be independent of current. Most of the beam
power is deposited directly in the substrate be-
cause the range of the eroding ions is much larg-
er than typical film thicknesses. At significantly
higher currents the erosion coefficient increases
sharply, indicating the onset of film heating and
sublimation. No differences in erosion coeffi-
cients have been found for different initial film
thickness from 250 A to 1.5 pm, indicating that
the erosion process is occurring near the film-
vacuum interface and is not governed by the film-
substrate boundary.

Table I summarizes the erosion coefficients
we have measured. An upper limit is indicated
for 5-keV electrons. The erosion values for he-
lium at 1.5 MeV are found to be insensitive to
substrate temperature over a wide range (unlike
the published results for alkali halides}. ' A mod-
est energy dependence has been measured for hy-
drogen between 0.5 and 1.5 MeV. The measure-
ment accuracy is approximately + 5% but the re-
producibility of the erosion coefficients is about
+20%. The source of this variability is not
known.

We believe that H,O is being lost stoichiomet-
rically from the film. We do not know the nature
of the erosion products, however. It is quite pos-
sible that water molecules are coming off in
clusters. Clusters are found in sputtering of
metals, though they usually do not constitute a
major fraction of the sputtering yield. "

Table I includes a column "calculated sputter-
ing coefficient. " These values are deduced using
conventional Sigmund sputtering theory for met-
als':

S(E) = [0.04o.S„(E)/U,] A ',

where n is a quantity - l, S„ is the nuclear stop-
ping power, and V, is the surface binding energy,
in this case chosen to be equal to the sublima-
tion energy of water molecules, -0.3 eV. The
nuclear stopping power of the sputtering ions is
used in this calculation, since such stopping proc-
esses set atoms of a solid directly into motion.
The calculated yields are far below our mea-
sured values.
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TABLE I. Measured and calculated erosion or sputtering coefficients, S, and elec-
tronic and nuclear stopping powers for the projectiles of the experiment.

Ion
Energy
(MeV)

Stopping power
S (10 '5 eV cm2/molecule)

(molecules//ion) Electronic Nuclear

C alculated
sputtering coeff.
(molecule s/ion)

H

'He

C
16C

1.5
0.5
1.5
1,5
1.5
1.5
1.5
0.005

30
30
15
30

100
30
30
30

0.2 + 0.04
0.4+ 0.08
10+ 2
10+ 2
10~ 2

520+ 100
640+ 130

& 0.2

6.8
17.1

71

189
201
0.4

0.0026
0.007
0.036

1.08
2.6

0.0035
0.0092
0.048

1.4
3.5

From Northcliffe and Schilling, Ref. 9.
Scaled from stopping power in carbon as given by Gibbons, Johnson, and Mylroie

Qef. 11).

Figure 3 is a plot of the erosion coefficients of
Table I for 1.5-MeV ions and the calculated Sig-
mund sputtering values which are several hun-
dred times too small. Also plotted are the elec-
tronic stopping powers of the four ions in ice. In
molecular solids electronic energy loss process-
es leading to the excitation of electrons and the
breaking of covalent or hydrogen bonds may be
very effective at promoting dissociation and frag-
mentation of the solid. The mass dependence of
the electronic stopping power is not steep enough
to account linearly for the experimental results.
Nonlinear electronic processes must be involved.
The nonlinearities are on a particle-by-particle
basis, since the results do not depend on beam
current.

Ke believe that the erosion mechanism is akin
to the mechanism involved in track registration
phenomena"" in which heavily ionizing particles
produce a highly ionized core region from which
the atoms or molecules are ejected. The effec-
tiveness of the process increases rapidly with the
ionization track density. The insensitivity of our
erosion coefficients to film thickness indicates
that the erosion mechanism is not due to the es-
cape of excited species over the entire track
length (the ions penetrate through to the substrate
in all cases). It seems likely that a roughly con-
ical region, centered axially on the particle track
and with dimensions 10-100A, is contributing to
the erosion, the size of the region being con-
trolled by the ionizing track density. In track
registration, cylindrical regions with radii of
this order are found to be of controlling impor-
tance.
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FIG. 3. The "sputtering yield" of ice bombarded by
1.5-MeV 'H, He, ~ C, and 60 ions is shown as a func-
tion of mass. The solid and dashed lines are the nu-
clear and electronic stopping power of 1.5-MeV ions
in ice.

During progressive erosion of the ice films,
we have sometimes observed a substantial change
in the film thickness uniformity. Not only does
the film grow thinner than average in some re-
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gions but it grows thicker than even its original
thickness in others. This effect is evident in the
low-energy shape of the 0 peak in Fig. 1. After
the 1.5&& 10"/cm' helium ion fluence, although

the peak area has decreased, there are contribu-
tions to the peak at lower energies than in the as-
grown film. These contributions come from thick
regions in the film. Visual inspection of the films
shows they change from being invisibly transpar-
ent to highly reflecting as though snowf lakes were
forming in the region of bombardment. We be-
lieve we are observing the transformation of

amorphous to polycrystalline ice at temperatures
well below the - 140'K normal transformation
temperature. The details of the changes in film
thickness are not reproducible, perhaps because
of differences in nucleation at the substrate sur-
face or because of embryonic crystallites in the
amorphous films. '

In summary, we have observed very large ero-
sion coefficients for ice from thin films subject-
ed to MeV ion bombardment. Even for the light-
est ions the coefficients are far larger than that
expected from a sputtering process. It appears
that electronic processes must be involved in a
nonlinear way, analogous to the formation of
etchable tracks in molecular materials. I arge
erosion coefficients for molecular frosts may
have important consequences in the balance of

planetary atmospheres, in determining the size
distribution of ice particles in interplanetary
space, and in the dynamics of comets in the out-
er solar system. Various aspects of these as-
tronomical implications will be presented else-

where. ' Such large erosion coefficients may al-
so be important in desorption of frosts formed
on the cryopanels of neutral beam injectors for
fusion systems and subjected to bombardment by
stray components of the injecting beams.
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Deuteron magnetic resonance splittings and their temperature dependence from deuter-
ated 11quid-crystal compounds are analyzed in. terms of molecular conformation and orien-
tational order. Three order parameters are found to be necessary to explain the smectic-
C (S&) spectra whereas only two are required for the nematic (N), Sz and SB phases. The
data are consistent with the concept that the preferred conformation of the molecule re-
mains unchanged at the N-Sz, N-Sz, and S~-S~ phase transitions as well as throughout the
temperature range of these phases.

During the past several years there has ap-
peared in the literature a substantial amount of
deuteron magnetic resonance data from several

of the thermotropic liquid-crystal phases. ' '
These data were obtained from a variety of dif-
ferent compounds in which one or both of the end-
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