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The signature of condensed molecular oxygen has been reported
in recent optical-reflectance measurements of the jovian moon
Ganymede', and a tenuous oxygen atmosphere has been observed
on Europa’. The surfaces of these moons contain large amounts of
water ice, and it is thought that O, is formed by the sputtering
of ice by energetic particles from the jovian magnetosphere®~®.
Understanding how O, might be formed from low-temperature
ice is crucial for theoretical and experimental simulations of the
surfaces and atmospheres of icy bodies in the Solar System. Here
we report laboratory measurements of the threshold energy,
cross-section and temperature dependence of O, production by
electronic excitation of ice in vacuum, following electron-beam
irradiation. Molecular oxygen is formed by direct excitation and
dissociation of a stable precursor molecule, rather than (as has
been previously thought) by diffusion and chemical recombina-
tion of precursor fragments. The large cross-section for O,
production suggests that electronic excitation plays an important
part in the formation of O, on Ganymede and Europa.

Lanzerotti et al.” were the first to use data from space-probe
measurements of the jovian magnetosphere to examine energetic
ion sputtering of the galilean satellites; their work was subsequently
extended by Johnson et al.'®"". More recently, Ip et al.® used data
from the Galileo spacecraft to assess ion sputtering of Ganymede.
The reported heavy-ion and proton bombardment flux is between
10% and 10" particles per cm” per s; the vacuum ultraviolet photon
and electron flux ranges are expected to be similar. All of these
studies concluded that the sputtering of water ice plays a central role
in the evolution of the icy moons, their atmospheres, and the
plasma composition of the jovian magnetosphere.

It is well known that the sputtering of low-temperature ice by fast,
light ions is determined by the electronic excitations produced in
the ice, rather than direct momentum transfer via collisions of the
ions with water molecules®". This phenomenon, termed ‘electronic
sputtering), includes all loss of material from the ice as a result of
electronic excitation by photons, electrons or fast ions. Fast-ion
bombardment of ice is important on Ganymede and Europa, and
most of the ion energy is deposited into direct excitations and
secondary electron production®'?. Secondary electrons can then
cause further excitations, forming an ‘electronic cascade’ by which a
single incident ion produces thousands of electronic excitations.
Excited water molecules may then break apart™!, ejecting mole-
cular fragments from the surface or trapping them in the ice. To
assess the role of electronic excitations in the production of
molecular oxygen, we have studied low-energy (<100 eV) electron
bombardment of thin ice films. Thin water-ice films are relevant to
conditions present on icy outer Solar System bodies, because the
surfaces of these bodies are ice-enriched. The production and
redistribution of gas-phase water molecules by meteorite impacts,
sputtering and thermal desorption would suggest that even exposed
rocks are coated with thin layers of water ice or frost. The use of
electron bombardment as an excitation source has many advantages
over high-energy ions, because the low excitation density, absence of
direct momentum-transfer processes, and negligible local heating
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allow us to examine the purely electronic processes involved in O,
formation. Once the mechanism of O, formation in ice is under-
stood, it can then be applied to a diverse range of excitation sources
(for example, photons, electrons and ions) and to diverse environ-
ments, such as the jovian moons, comets, icy grains, and other outer
Solar System bodies.

The experiments were performed in an ultra-high vacuum system
(~107"torr) equipped with a pulsed low-energy electron gun
and a quadrupole mass spectrometer. The 5-100eV mono-
energetic electron beam supplied a time-averaged electron flux
of ~6 X 10" electrons per cm” pers. Amorphous ice samples were
prepared by vapour-depositing thin (~150A) films of D,O on a
clean Pt(111) substrate at 110K, at a rate of 4—8 monolayers per
min. D,0 was used instead of H,O to help distinguish ejected D,O
from background gases. Other than an isotope shift in the tem-
perature scale, it has been shown in sputtering experiments'® that
D,0 and H,O ice behave similarly. The desorption products were
detected with the quadrupole mass spectrometer in an ‘electron
beam on—beam off” mode which allowed for background subtrac-
tion. Other details of the apparatus and sample preparation have
been published elsewhere'*.

Large amounts of O, (typically one molecule per 1,000 incident
electrons) were generated from our ice samples during electron
bombardment. The electron energy threshold was 10 * 2 eV, cor-
responding to valence electronic excitation of ice, and the yield
generally increased with ice temperature. Oxygen is not produced
immediately on bombardment; an ‘incubation dose’ is required
before the yield becomes appreciable. A similar incubation dose has
been observed in ion- and vacuum ultraviolet photon-induced
sputtering of ice'®", and implies a two-step (precursor-mediated)
sputtering mechanism. To demonstrate that a precursor is needed to
form O,, and to investigate its lifetime, we exposed regions of a fresh
ice sample, selected to write out “O,” using the electron beam
steering optics, to a ~10'> cm™ dose of 50 eV (significantly above
threshold) electrons. The O, yield was then measured as the electron
beam was rastered quickly over the entire sample, forming an image
of the O,-producing regions (Fig. 1). The contrast between the
irradiated and non-irradiated regions shows that O, is produced via

Figure 1 Image of the O yield as a function of electron-beam spot position on an
ice thin-film sample. Regions selected to spell out “O," were exposed to a
~10" cm= dose of 50-eV electrons, at a sample temperature of 120K. The sample
is 1cm in diameter, and the electron beam has a spot size of ~0.4 mm?. After the
initial exposure, the electron beam was rastered over the sample, and the O, yield
was measured as a function of the beam spot position. Bright and dark areas
correspond to high and low O, yields, respectively. The circular profile of the
sample is evident, as are the symbols marking the pre-bombarded areas. The
contrast between the irradiated and non-irradiated regions demonstrates that O,
is produced by a stable precursor. The elapsed time between ‘writing’ and
‘reading’ was ~1 h; the precursor species must therefore be stable on at least this
timescale.
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a precursor which is stable on the timescale of at least an hour at
120K, suggestive of a stable molecular species, instead of a short-
lived reactive species (such as atomic O).

By observing how the incubation dose depends on electron
energy and ice temperature, we can extract detailed information
about the O, formation mechanism. Measurements of the O, yield
as a function of electron dose are shown in Fig. 2 for selected
electron energies and ice temperatures. The yield is initially zero,
rises with increasing dose, and eventually reaches a steady-state
value. There are only a limited number of kinetic models which are
consistent with our data. In all cases, the steady-state yield is limited
by the precursor formation rate, whereas the dose needed to reach
steady state is determined by the rate at which precursors form O,.

The data in Fig. 2 show that the steady-state O, yield increases
with both electron energy and ice temperature. The dose needed to
reach steady state depends on electron energy (Fig. 2a), but is
independent of temperature (Fig. 2b, ¢). The data from Fig. 2b have
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Figure 2 O, yield versus electron dose. a, O, quantum vyield (molecules per
incident electron) as a function of total electron dose for selected electron
energies, at an ice temperature of 110K. Open circles, 100eV; open triangles,
50eV; open squares, 30eV. The O yield increases with electron energy, and the
dose needed to reach steady state decreases with increasing energy. b, O,
quantum yield as function of total electron dose, for selected ice temperatures
and electron energies (the 100 eV data has been offset by +4 x 102 for clarity).
Filled diamonds, 100 eV at 90K; filled triangles, 50 eV at 150 K; other symbols as in
a. The yield increases with temperature, but the dose needed to reach steady
state does not. ¢, The data from normalized at their steady-state values and
plotted together, to show more clearly the independence of the rise to steady
state on temperature. The 100-eV data are offset for clarity. All data were acquired
at a fixed electron flux (6 X 10" cm~2s~") and measured as a function of time.
Oncetheyield has saturated, itis linear in the instantaneous electron flux, and the
energy threshold is 10 = 2 eV (referenced to the vacuum level). Plotted with the
data are best-fit curves generated with the precursor dissociation model (solid
lines).
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been normalized at their steady-state values and plotted together in
Fig. 2¢ to show more clearly the independence of the incubation dose
on temperature. From these observations we can draw two conclu-
sions: the precursor formation mechanism depends on temperature,
while the process by which precursors are converted to O, does not
depend on temperature in the temperature range studied.

The increase in the sputter yield with dose and temperature has
traditionally been interpreted as arising from the build-up and
thermal diffusion of radical precursors which chemically react to
form O,. This hypothesis, however, cannot explain our results, as
the process by which precursors form O, is temperature indepen-
dent. The observed incubation-dose behaviour is also inconsistent
with thermal diffusion in the precursor formation step, as diffusion
models predict a quadratic rise in the yield near zero dose, while the
data is clearly linear.

A two-step ‘precursor dissociation’ mechanism reproduces all the
salient features of the data, and suggests to us a new interpretation of
thermal effects in electronic sputtering of ice. A water molecule is
first excited by an electron, photon or ion impact. Small changes in
the structure or dynamic relaxation of ice can cause the excited state
lifetime, and therefore the dissociation probability, to increase with
temperature. We propose that the temperature dependence of O,
production is in the lifetime of the electronic excited states leading
to dissociation of water molecules. There is recent evidence that
excited-state lifetimes in ice do increase with temperature'', in a
manner suggestive of changes in the local hydrogen bonding. The
dissociation fragments (O, OH) then reactively scatter to form a
stable precursor molecule, possibly HO, or H,0,, which are known
to be produced in irradiated ice®'>*. A second electronic excitation
then directly dissociates the precursor molecule to form O,.

Estimates of the precursor creation and dissociation cross-sec-
tions obtained by fitting the data to our model (Fig. 2, solid lines)
are listed in Table 1, along with the measured cross-section for the
stimulated desorption of D,0. We estimate that the steady-state O,
production rate at Ganymede from secondary electrons alone
should exceed 10”cm™s™. The total (secondaries plus direct
excitation) production rate is likely to be at least an order of
magnitude higher. The measured threshold of ~10 eV is accessible
to Lyman-a photons (10.2 eV), and so O, may also be produced by
direct solar illumination. The measured cross-sections imply that
the concentration of precursors in the near-surface region of ice is
<1%, and so may elude all but the most sensitive spectroscopic
detection®'. However, O, may accumulate in the ice or become
trapped at mineral/ice interfaces, giving rise to the observed
absorption spectra”. Subsequent reactive interactions of water
fragments with trapped O, can then form ozone (O3), which has
been observed on Ganymede®?.

The source of the temperature dependence implies that changes
in the local electronic structure are more important than thermal
diffusion for chemical processes in the electronic sputtering of ice. A
prediction of our model is that the precursor concentration at
steady state is a function only of temperature, and not electron/ion/
photon flux, suggesting that the precursor concentration should be
directly proportional to surface temperature; this is in agreement
with recent observations showing that on Ganymede, more con-

Table 1 O, precursor creation and dissociation

Cross-section (cm?)

Desorption product E, =100eV E, =50eV E, =30eV
D,0 1% 107

0, precursor creation 2x 1078 8x 107" 5x 107"
0, precursor dissociation 3x 107 1x 107 8x 107"

Shown are estimated cross-sections (to within an order of magnitude) for D,O-stimulated
desorption, and O, precursor formation and dissociation for selected electron energies £;, at
a sample temperature of 110K. The O, precursor creation and precursor dissociation cross-
sections are obtained from a fit of the precursor dissociation model to the data of Fig. 2. The
total O, production cross-section at steady state is essentially the O, precursor creation
cross-section, as the rate-limiting step in O, formation is the precursor formation rate.
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densed O, is present at the equatorial latitudes than at the colder
poles*. The mechanism proposed here is applicable to electronic
excitations caused by essentially any radiation source (electrons,
ions or photons), provides a quantitative understanding of O,
formation in ice, and indicates that oxygen is probably also
produced on other icy outer Solar System bodies.
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The formation of complex patterns in many non-equilibrium
systems, ranging from solidifying alloys to multiphase flow',
nonlinear chemical reactions’ and the growth of bacterial
colonies™, involves the propagation of an interface that is
unstable to diffusive motion. Most existing theoretical treatments
of diffusive instabilities are based on mean-field approaches, such
as the use of reaction—diffusion equations, that neglect the role of
fluctuations. Here we show that finite fluctuations in particle
number can be essential for such an instability to occur. We study,
both analytically and with computer simulations, the planar
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interface separating different species in the simple two-compo-
nent reaction A + B — 2A (which can also serve as a simple model
of bacterial growth in the presence of a nutrient). The interface
displays markedly different dynamics within the reaction—diffu-
sion treatment from that when fluctuations are taken into
account. Our findings suggest that fluctuations can provide a
new and general pattern-forming mechanism in non-equilibrium
growth.

We consider a slightly modified version® of an “infection” model
due to Blumen et al.*’. There are two types of particles, infectious
(A) and non-infected but susceptible (B). Both particle types move
diffusively on a lattice, with no constraint on multiple occupancy,
with differing rates D, and Dg. A B particle which is co-located with
an A particle has some probability per unit time of becoming
infected, that is, changing to an A. At the mean-field level in
which we ignore particle number fluctuations, the dynamics
of this system is describable via the coupled reaction—diffusion
equations:
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Here we have scaled out the reaction rate and furthermore scaled
space so as to eliminate D, in the first equation; D is defined as the
ratio Dy/D,. Formally, this equation can be obtained as the limit of
the underlying Markov process when the average number of
particles per site, N, goes to infinity. In the special case D =1,
this system reduces to the Fisher equation®.

Our interest here is in interface propagation, namely the process
whereby introduction of some number of A particles at the left edge
of a finite region filled with B particles at some initial concentration
¢} leads to the development of a moving front. The velocity of such a
front in the reaction—diffusion approximation follows from the
marginal stability principle’™":
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Figure 1 Results of stability analysis. Top, dependence of the critical value ¢, of the

cut-off as a function of the diffusion-constant ratio D. Bottom, spectrum atD = 10,
e = 0.0014. See Methods for details.
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