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A B S T R A C T   

Charged particle bombardment alters the physical and chemical properties of extraterrestrial icy surfaces by 
simultaneously producing radiolytic products and sputtered material. To better understand these phenomena, we 
measure the total sputtering yield of H2O-ice induced by 0.5–5 keV Ar+ at temperatures between 40 and 120 K, 
using microbalance gravimetry as our analytical tool. In addition, we also estimate the sputtered flux of 
radiolytic products formed during irradiation and in both cases find good agreement with comparable laboratory 
studies. At 120 K, we find that the O2/H2O sputtered ratio increases nearly linearly with the ion range suggesting 
that the ions are stopping at depths where O2 is still efficiently being produced below the surface. Furthermore, 
we find that although theoretical models appear to over predict our O2 sputtering yields by about a factor of 
three, we can make a small adjustment to this model, which improves the agreement between the model and the 
laboratory data significantly. This empirical adjustment may have implications for models of energetic pro-
cessing that occurs on extraterrestrial icy surfaces, such as Europa, where low-energy ions are thought to be the 
primary source producing O2 from sputtering of the surface H2O-ice.   

1. Introduction 

Planetary surfaces with absent or tenuous atmospheres are irradiated 
with charged particles. These particles can significantly alter the 
composition of the surface, as well as erode the surface through pro-
cesses including sputtering. Sputtering occurs when incoming particles 
collisionally remove material (nuclear or elastic sputtering), electroni-
cally excite and eject material (electronic sputtering), or produce and 
consequently release radiolytic products [1–3]. Sputtering by magne-
tospheric charged particles is responsible for the production of extended 
atmospheres around the Jovian and Saturnian icy satellites [4–6]. For 
this reason, the sputtering of H2O-ice via energetic ions has been 
extensively studied, particularly for hydrogen, helium, and argon ions 
[2,7–15]. Additionally, electrons have been shown to erode surfaces 
through sputtering [16–19]. However, few have quantified the sput-
tering yields of lower energy heavy ions [7,8,10,14,15,20], which are a 
substantial population of the charged particles within the Jovian 
magnetospheric plasma [21]. 

Sputtering is quantified by a term known as the sputtering yield (Y) 
or the number of ejected molecules, atoms, or ions per incident particle. 
Nuclear sputtering occurs through billiard ball style collisions resulting 
in the removal of material [1]. Electronic sputtering occurs through 

repulsive interactions between atoms when collisional energy is trans-
ferred to electronic energy promoting electrons to anti-bonding orbitals 
[22]. Y is dependent on the projectiles’s nuclear (SN) and electronic 
stopping cross section (Se); S = 1

N
dE
dx, where dE/dx  is the differential loss 

in energy per unit path length, and N is the number density of the target. 
Early studies found that Y varied approximately linearly with SN for 
solids, and when SN is dominant the sputtering yield followed pre-
dictions by linear cascade theory [1]. However for insulating ices like 
H2O, it was later shown that Y ∝  S2e , and consideration of exclusively 
nuclear stopping cross sections results in drastic underestimations of Y 
[23]. Moreover, in H2O electronic sputtering dominates at larger ion 
energies (>10 keV) [9]. Lower ion energies (<10 keV) are dominated by 
nuclear sputtering, or some combination of nuclear and electronic 
sputtering. Few studies have focused on this transitional region between 
nuclear and electronic dominated sputtering [7,10,14,20]. 

Sputtering yields of H2O-ice induced by low energy (0.5–6 keV) H+

and Ne+ at a wide range of temperatures (30–140 K) were first quanti-
fied employing a calibrated quadrupole mass filter by Bar-Nun et al. 
[14]. Their study confirmed a nuclear sputtering mechanism for Ne+ and 
demonstrated a transition from a nuclear to electronic mechanism for 
H+ within the energy range studied. Additionally, temperature depen-
dent fluxes of ejected O2 and H2 were identified. Furthermore, Y was 
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observed to be constant at temperatures less than 80 K but increased 
above 80 K, which is consistent with trends seen for higher (MeV) energy 
ions and believed to be a result of the increased production of radiolytic 
O2 and H2 [24,25]. Soon after, Christensen et al. 1986 quantified sput-
tering yields for 2–6 keV Ar+, Ne+, N+, He+, and e−, at 78 K. These yields 
were calculated based on resulting impact crater diameter [7]. They 
found that sputtering yields of H2O-ice at these lower energies agree 
fairly well with Sigmund’s linear cascade theory for collisional sput-
tering. Famá et al. 2008 confirmed a sputtering yield enhancement at 
temperatures greater than 80 K for low energy Ar+, which they also 
attributed to the increased production of O2 [10]. Additionally, Famá 
et al. developed a theoretical model to predict sputtering yields of 
H2O-ice. This semi-analytical model has been validated using a compi-
lation of data from references [7,10,15,23,26]. More recently, Teolis 
et al. 2017 generalized Famá’s model for total sputtering yield, to pre-
dict sputtering yields of different ejected species including H2, O2, and 
H2O [27]. 

Interestingly, laboratory studies have also shown that the concen-
tration of radiolytic O2 is not constant with depth below the surface ice 
but reaches a maximum somewhere within the first 100 ML (~300 Å) 
below the surface [11,28]. Examining this surface region in more detail 
using low energy ions will give direct insight into the concentration 
profile of radiolytic O2. In addition, it will also test how well theoretical 
models predict values for O2 sputtered from H2O-ice in this energy 
range, which is of particular interest to the astronomical community, as 
ions in this energy range are thought to be the main producer of exo-
spheres around icy satellites [20,21]. Thus, here we investigate the 
sputtering yield of H2O-ice induced by 0.5–5 keV Ar+ at temperatures 
between 40 K and 120 K, using microbalance gravimetry as our 
analytical technique. We compare our H2O sputtering yields to previous 
work, as well as to predictions made by the Famá et al. 2008 sputtering 
model. Additionally, we estimate the sputtered flux of radiolytically 
produced O2 and compare those estimates to the values predicted by the 
Teolis et al. 2017 model, giving possible explanations for any observed 
deviations between the laboratory data and theoretical predictions. 

2. Experimental methods 

2.1. Experimental setup 

All sputtering yield measurements were performed in a stainless steel 
ultra-high vacuum chamber with a base pressure of 2.5 × 10−9  Torr 
(Fig. 1); we estimate that the pressure at the sample is significantly lower 
given that it is protected by a thermal-radiation shield. To prepare our 
samples, we vapor deposited H2O-ice at 100 K at normal incidence onto 
an optically flat gold mirror electrode of an Inficon IC6 quartz-crystal 

microbalance (QCM) as in our previous studies [29]. Under these con-
ditions, the sample is amorphous and lacks significant microporosity 
[30,31]. Ice films were grown at a rate of 2× 1015  H2O cm−2 s−1 to a 
column density of 2.9 ± 0.1× 1018  molecules cm−2 (∼ 0.87 μm), unless 
otherwise stated. Film thicknesses given in this paper were estimated 
from our QCM-derived column densities, assuming a density of 1 g cm−3 

for H2O-ice. We chose this value for the density, so that parameters 
derived from our modeling efforts (see Section 3.4) would be directly 
comparable to previous work [27]. The QCM stability enabled us to be 
sensitive to changes of 0.1 Hz (∼ 5× 1013  molecules cm−2). 

After growth, the H2O-ice was cooled to the desired temperature and 
irradiated with Ar+ (0.5–5 keV) at normal incidence using a 
differentially-pumped Non Sequitur electron impact ionization gun 
(Model 1401). To ensure uniform irradiation of the sample, the ion beam 
was externally rastered with a BK Precision 4050 Series Function/ 
Arbitrary Waveform Generator. Optimal peak to peak function voltages 
and the raster frequency were determined based on the uniformity of the 
full width half maximum (FWHM) of the ion beam for each ion energy 
used in this study. Typical fluxes, measured by a Faraday Cup, were ∼
1× 1013  ions cm−2 s−1. Secondary electrons produced by ion impacts 
within the Faraday cup were prevented from leaving the cup by biasing 
it in series with the electrometer with +9 V. During the experiment, the 
ion flux was monitored with a thin wire placed in the beam path and 
biased at -9 V. The current typically varied by less than 10% during the 
experiment. 

2.2. Calculating the total sputtering yield 

Sputtering yields were calculated based on the changes in output 
frequency of the QCM during irradiation (df/dt), as described in Meier 
and Loeffler 2020 [16]. The change in areal mass is related the change in 
QCM frequency by: 
dQ

dt
=

−k
df

dt

f 2
(1)  

where Q  is the areal mass of the ice film, f is the frequency at which the 
derivative is evaluated, and k  is a constant (4.417 × 105 Hz g cm−2) 
[32]. Assuming the impactor flux (Φ) is constant and the total mass loss 
is due to H2O, YH2O  can be calculated by: 

YH2O =
dQ

dt

Φ

(

NA

MH2O

)

(2)  

where NA  is Avogadro’s number, and MH2O  is the molar mass of water 
(18 g/mol). The measured value of df/dt was determined after a fluence 
of ∼ 2 × 1015 ions cm−2 to ensure that sputtered flux from our sample 
had reached equilibrium. As was most easily seen in our higher tem-
perature experiments (data not shown here), this chosen fluence is well 
past the point where df/dt has stopped increasing with fluence. This 
increase at low fluences has previously been attributed to the production 
of radiolytic H2 and O2 [11]. We note that while we present the total 
yield in terms of H2O both for simplicity and for ease of comparison with 
previous experiments [10], we also consider the contribution from the 
main radiolytically produced species (Section 2.3 for more details). 

2.3. Calculating the total O2 sputtering yield 

The sputtered flux of stable radiolytic species from from H2O-ice 
mainly consists of H2O, O2, and H2 [14,24,25,28,33]. Below 80 K, the 
flux consists primarily of H2O and the sputtering yield is relatively 
constant [34]. Between 80 K and 130 K, the yield increases as a result of 
the radiolytic production of O2 and H2. Thus, as we are determining the 
sputtering yield via mass loss on our QCM, the changes we observe are 
predominantly due to the ejection of H2O, O2, and H2. To provide esti-
mates for the absolute O2 sputtering yield, we used a two-tiered Fig. 1. Experimental setup along the sample holder axis.  
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approach. First, to estimate the amount of O2 in the sputtered flux where 
the total yield has been shown to be independent of temperature (≤ 80 
K), we use the model prediction given in [27] (see Fig. 6 in [27]) for S+
ions, which are expected to sputter in a similar manner to Ar+ ions [27]. 
We used this model to estimate the O2 component, after taking into 
account contribution from H2. We utilized this approach rather than a 
fixed ratio for all energies, because differences in previous laboratory 
studies suggest that the O2/H2O ratio in the sputtered flux depends on 
energy and ion type [11,14,34]. The model-derived O2/H2O ratio at 
each energy studied here is given in Table 1. At irradiation temperatures 
higher than 80 K, we assume that any increase in the mass loss at a given 
energy compared with the average mass loss of our 40 and 80 K ex-
periments (which were within ∼ 5 % of one another) is exclusively due 
to O2 and H2, and that these products are produced and sputtered stoi-
chiometrically [11,14,34]. This “enhanced” O2 is then added to the 
average O2 sputtered at 40 and 80 K (“intrinsic” O2) to produce the total 
O2 sputtering yield. For reference, we also give the O2/H2O ratios 
derived at 100 and 120 K for each energy in Table 1. Based on stoichi-
ometry, the values for the H2/H2O are assumed to be twice that of those 
given for O2 in Table 1. 

2.4. Theoretical models 

Experimental results of this study and several references herein are 
compiled and compared to the total sputtering yield model derived in 
[10]. Specifically, theoretical sputtering yields are computed using: 

YH2O(E,m1,Z1, θ, T) =
1

U0

(

3

4π2C0

αSN + ηS2
e

)

×

(

1+
Y1

Y0

e−Ea/kbT

)

cos−f (θ)

(3)  

where Z1  is the atomic number of the projectile, m1  is the mass of the 
projectile, U0  is the surface binding energy of water, C0 describes elastic 
scattering in a binary collision approximation, kb  is Boltzmann’s con-
stant, f  is the empirically derived angular dependence, and Ea  is a fitted 
temperature dependence constant. A detailed description of α and η can 
be found in [10]. 

We also compared our estimated experimental O2 yields to pre-
dictions given by Teolis et al. 2017, who developed a general relation 
that predicts O2 yields from the sputtering of H2O-ice for a given energy 
(E), temperature (T) and incident angle (β). The derived expression is: 

YO2
(E, T, β) = ϵg0

O2
x0

(

1 − exp

(

−
r0cosβ

x0

))(

1 + q0exp

(

−
Q

kbT

))

(r0cosβ)−1 (4)  

where ϵ  is the effective particle energy, which excludes energy 
contributing to lattice vibrations, g0

O2  is the surface radiolysis yield of 
O2, x0  is the approximate thickness of a surface layer that efficiently 
produces O2, r0  is the projectile range at a given incidence angle, q0 
describes the exponential temperature dependence, Q  is the related to 
the effective activation energy, and kb  is Boltzmann’s constant [27]. 

We initially adopt values within the uncertainties of those used in 
[27] for g0O2 = 0.005 O2 eV−1 x0 = 29 Å, q0 = 103 and Q = 0.06 eV. As 
ϵ = H × E, where H is the fraction of projectile energy available for 
radiolysis, we estimated ϵ by calculating H using SRIM [35]. We found 
that H ranged between 0.83 and 0.98 for projectile energies between 0.5 
keV and 5 keV. 

3. Results 

3.1. Flux and thickness dependence of the total mass loss 

A key goal of our study is to determine the effect of sputtering due to 
low energy ion bombardment at temperatures and energies relevant to 
extraterrestrial icy surfaces. Thus, we first needed to verify that our 
results were independent of the ion flux and sample thickness. 

To investigate whether we were in a range where the Ar+ flux 
effected the sputtering yield of H2O-ice, we irradiated a 2.9× 1018  H2O 
cm−2 sample with 3 keV Ar+ at 80 K with ion fluxes between 0.085 and 
2× 1013  ions cm−2 s−1. As can be seen in Fig. 2, YH2O is essentially 
constant over this range of fluxes. 

There is also the potential that the sample thickness could effect the 
sputtering yield. For instance, it has been shown that YH2O induced by 
energetic electrons increases when the penetration depth of the pro-
jectile is much greater than the film thickness [16]. We note that this 
effect will likely not be important in our studies, as the penetration 
depth of the Ar+ is always significantly less than the film thickness 
(Table 2). However, previous studies have also demonstrated that ions 
can induce electrostatic charging of ice [36], which could potentially 
alter the sputtering yield. Thus, we irradiated samples of thicknesses 
between 60 nm and 1.2 μm with 3 keV Ar+ at 80 K and measured YH2O. 
As is shown in Fig. 3, there are no measurable variations in YH2O over the 
range of thicknesses studied, suggesting that electrostatic charging ef-
fects are not significant enough in our experiments to alter the total 
sputtering yield, in agreement with previous work [10]. 

3.2. Energy and temperature dependence of the total mass loss 

After determining that the total mass loss is independent of our 
chosen sample thickness and incident ion flux, we measured YH2O for 
fresh samples of H2O-ice (2.9× 1018  H2O cm−2) as a function of Ar+
energy at temperatures between 40 and 120 K (Fig. 4). We find that 
generally the total sputtering yield increases with temperature and en-
ergy, although this dependence in temperature is much more evident at 
the higher irradiation energies. For instance, at 5 keV, YH2O is 1.14 times 
higher at 100 K and 1.41 times higher at 120 K than it is at 40 K. 

To verify that our experimental sputtering yields were not system-
atically offset from an absolute sputtering yield, we compared our values 

Table 1 
O2/H2O ratios; a From Fig. 6 in [27]. b This work. c We note that this ratio is 
anomalously lower than the ratio at 40 and 80 K due to a larger uncertainty in 
the total mass loss.  

Ion Energy O2/H2O O2/H2O O2/H2O 
(keV) 40 and 80 Ka 100 Kb 120 Kc 

0.5 0.082 0.070c 0.143 
0.75 0.107 0.114 0.169 
1.0 0.121 0.204 0.200 
2.0 0.164 0.239 0.331 
3.0 0.184 0.241 0.384 
4.0 0.215 0.233 0.414 
5.0 0.223 0.311 0.512  Fig. 2. Total sputtering yield for 2.9× 1018  H2O cm−2 samples irradiated with 

3 keV Ar+ at 80 K as a function of ion flux. 
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to those within the literature. Fig. 5 shows our total sputtering yields as a 
function of energy at an irradiation temperature of 80 K, along with 
others compiled in [10]. All yields were acquired at irradiation tem-
peratures between 60 and 80 K and corrected for angular dependence by 
multiplying by a factor of cos(θ)1.78, where θ  is the angle of incidence for 
the ions [10]. Our experimental yields are consistent with previous 
studies and for the most part are transected by the theoretical values 
predicted by [10] (i.e. Eq. (3), Fig. 5 solid black line). 

3.3. Energy and temperature dependence of the sputtered O2 component 

While the model comparison shown in Fig. 5 assumes the total yield 
is in the form of H2O, we can also estimate the portion of the yield that is 
due to sputtered O2 using the approach described in Section 2.3. In 
Fig. 6, we show the O2 sputtering yield as a function of energy for 40, 80, 
100 and 120 K. The observation that the O2 yield increases as a function 
of energy is expected from the modeling predictions. We remind the 
reader that the values at 40 and 80 K are derived from our total mass loss 
(Fig. 4) and the O2/H2O ratios given in Table 1. Interestingly, even at 
100 K the O2 is still primarily driven by this intrinsic O2, as the enhanced 
O2 is on average 20 % of the total O2 yield. As expected, the contribution 
from enhanced O2 at 120 K is more important, as on average it is about 
half of the total O2 yield. Additionally, we also find that the YO2 (120 K)/

YO2 (40 K) at each energy studied is within about 20% of the average 
value, supporting previous conclusions that the temperature depen-
dence in the O2 yield is independent of the particle energy [27]. 

An additional way to look at the data in Fig. 6 is to evaluate how the 
O2/H2O ratio in the sputtered flux changes with ion range. While this is 
somewhat uninformative at low temperatures, as those ratios were taken 
directly from the model (Table 1), we plot this for 120 K in the inset of 
Fig. 6. The ratio increases nearly linearly from ∼ 0.15 at 0.5 keV to ∼ 0.5 
at 5 keV. This increase of the ratio with increasing ion range (and hence 
energy) is a consequence of the O2 concentration profile, as previous 
depth profiling studies have convincingly shown that radiolytic O2 is 
most efficiently produced within the first few hundred angstroms below 

Table 2 
Nuclear and electronic stopping powers, and projected ranges for argon ions 
used in this study calculated using SRIM assuming a density of 1 g cm−3 for H2O 
[35].  

Ion 
Energy 

Nuclear Stopping 
Power 

Electronic Stopping 
Power 

Projected 
Range 

(keV) eV/Å eV/Å Å 
0.5 17.86 1.30 40 
0.75 20.89 1.59 50 
1.0 23.15 1.83 58 
2.0 28.79 2.59 87 
3.0 32.02 3.17 112 
4.0 34.17 3.66 135 
5.0 35.71 4.10 156  

Fig. 3. Total sputtering yield for a H2O-ice irradiated with 3 keV Ar+ at 80 K as 
a function of column density. Film thickness was calculated assuming a film 
density of 1 g cm−3. The solid black vertical line on the left of the figure in-
dicates the range of a 3 keV Ar+. 

Fig. 4. Total sputtering yield for 2.9× 1018  H2O cm−2 samples as a function of 
incident ion energy for 120 K(▵), 100 K(▴), 80 K(∘), and 40 K(•). 

Fig. 5. Comparison of our experimental total sputtering yields with those found 
in literature and compiled in [10]. The symbols correspond to: this study Ar+ 80 
K (•), [7] Ar+ 78 K (▴), [9] Ar+ 60 K (▵), and [10] Ar+ 80 K (∘). 

Fig. 6. Calculated O2 sputtering yields for 2.9× 1018  H2O cm−2 samples as a 
function of incident projectile energy for 40 (▵), 80 (▴), 100 (∘) and 120 K (•). 
Additionally, data from Teolis et al. [20] is shown for T ≤ 20 K (★). Inset: 
Derived O2/H2O ratio at 120 K as a function of ion range. 

P.D. Tribbett and M.J. Loeffler                                                                                                                                                                                                              



Surface Science 707 (2021) 121797

5

the surface ice and the concentration falls exponentially as one moves 
into the bulk [11,28]. Generally, this profile appears to be related to the 
production and out diffusion of H2 as hydrogen loss makes the altered 
region more oxidizing, leading to the more efficient formation of O2 [11, 
28,37]. Furthermore, the observation that our measured ratios with 3–5 
keV Ar+ are similar to what has been seen previously using more highly 
penetrating Ar+ at similar temperatures [11,38], suggests that our 
observed trend with energy would quickly level out or possibly drop 
slightly above 5 keV. This prediction seems reasonable considering that 
5 keV Ar+ has a range of ∼150 Å in H2O-ice (Table 2) and thus is likely 
probing to a depth where the radiolytic O2 is most efficiently produced. 

Finally, we can also compare these derived O2 yields to the only 
previous laboratory study that estimates the O2 yield for Ar+ in our 
energy range [20]. Although these experiments were only performed at 
T ≤ 20 K, these values should be comparable to our low irradiation 
temperatures (≤ 80 K), where the yield has been estimated to be nearly 
independent of temperature [34]. These values are overlayed with our 
data in Fig. 6 after accounting for the dependence of the sputtering yield 
on ion incidence angle [10]. The overall agreement with our data is 
excellent, as the values are no worse than within 10-15% of one another. 

3.4. Comparison to theoretical predictions of the sputtered O2 component 

Besides comparing our work to previous laboratory results, we were 
interested in determining whether the most recent theoretical model 
predicting O2 sputtering yields from H2O-ice would agree with our 
newly derived data. In Fig. 7, we compare the model predictions with 
our O2 sputtering yields at 40 and 120 K, as well as those given for ≤ 20 
K [20]. The two tunable parameter values used were g0

O2 = 0.005 O2 
eV−1 and x0 = 29 Å, where the estimates of x0 (as well as r0) assume the 
H2O-ice density is 1 g cm−3 [27]. While the previous laboratory results 
are well fit by the model, our data does not yield satisfactory results. 

Specifically, our measurements at 40 K are systematically lower than the 
predicted values by a factor of three, while our 120 K experiments are 
lower by about a factor of five to eight. The latter can be improved 
substantially if we adjust the effective activation energy (Q) in the 
temperature term from 0.06 eV to 0.07 eV, which is within the uncer-
tainty given previously [27], although the fit still is poor (see Fig. 7 top). 
Superficially, the difference between our laboratory results and the 
model is somewhat surprising, as our Ar+ O2 experimental yields 
compare well with those derived in [20] after correcting for the inci-
dence angle (see above). However, this appears to be due to the differ-
ence in projectile range in the two experiments, as even at our lower 
irradiation energies ions penetrate to depths that fall into the “high--
range” limit producing errors by as much as 50% [27] or in our case 
slightly higher. 

As the propensity of the model to overestimate the O2 sputtering 
yield when the r0cosβ >> x0 is likely related to the approximation that 
the energy is deposited uniformly over the ion range [27], we investi-
gated whether a simple modification to Eq. (4) and its best fit parameters 
could improve the fits shown in Fig. 7 (top). Efforts to do this by only 
modifying g0

O2 and x0 were, as expected, unsuccessful. Additionally, 
adjusting these two parameters along with replacing the term repre-
sentative of the average deposited energy (ϵ/r0cosβ) with a simple 
piecewise function that introduces an additional term of x0/(r0(cosβ))

when x0 ≥ 1, in an attempt to account for the predicted relation between 
the predicted sputtering yield of O2 at high ion ranges, were only 
marginally better considering the quality of the fits for both datasets. 
Interestingly, we found that optimizing the model with g0

O2= 0.001 O2 
eV−1 and x0 = 90 Å after changing the average deposited energy term 
from ϵ/(r0cosβ) to ϵ/(r0(cosβ)2.5) for all ion ranges improved the fit for 
our low temperature and high temperature data sets substantially, while 
only marginally changing the low temperature results where irradiation 
was performed at a high angle of incidence (Fig. 7 bottom). More 
quantitatively, we found the difference between the model prediction 
and three laboratory datasets to be typically within ∼ 10% and no worse 
than within 30%. While the significant downward adjustment in g0

O2 
cannot be reconciled with laboratory estimates [27], the larger value for 
x0, which is an approximation of the depth over which O2 is produced, is 
reasonable considering our results on the variation of the O2/H2O 
sputtered ratio as a function of ion energy as well as those from previous 
depth profiling studies [11,28]. Although this empirical fit may prove to 
be fortuitous, it suggests that careful consideration of how the energy is 
deposited over the region where O2 is formed could substantially extend 
the accuracy of the existing model at large ion ranges. Until then, it is of 
interest to determine whether this empirical adjustment would generally 
work when other parameters are varied (incidence angles, ions, en-
ergies, etc.), something that could be tested with additional laboratory 
studies. 

3.5. Astrophysical implications 

Icy moons in the outer Solar System are bombarded with charged 
particles of varying energies that can erode and alter the composition of 
the surface ice. For Europa, an icy moon of Jupiter, Cassidy et al. [21] 
used results from previous laboratory studies to estimate the sputtering 
rate of the surface H2O, as well as the sputtering rate of 
radiolytically-produced H2 and O2. They found that while the majority 
of the sputtered H2O is caused by fast Sn+ ions, the sputtered O2 and H2 
are primarily caused by slower On+ and Sn+ ions, which not only deposit 
substantial energy near the surface where these products are primarily 
formed, but also bombard the surface at a significantly higher rate than 
do the fast ions [21]. Our new data here, which suggests that the sput-
tered O2 produced by low-energy ions at the higher temperatures rele-
vant to Europa [39] is about a factor of five lower than current 
theoretical predictions (assuming the use of Q = 0.06 eV), suggests that 
contributions from these low-energy ions may have been significantly 

Fig. 7. Comparison of our derived O2 total sputtering yields at 40 K (•) and 120 
K (∘), as well as those given in Teolis et al. 2010 (▴) with the yields predicted 
from Eq. (4). Top: solid lines (a-d) correspond to using Eq. (4) along with the 
best fit parameters (g0, x0, Q, T, β): a) 0.005 O2 eV−1 29 Å, 0.06 eV, 120 K, 0◦; 
b) 0.005 O2 eV−1 29 Å, 0.07 eV, 120 K, 0◦; c) 0.005 O2 eV−1 29 Å, 0.07 eV, 12 K, 
60◦; d) 0.005 O2 eV−1 29 Å, 0.07 eV, 40 K, 0◦. Bottom: solid lines (e-g) 
correspond to fits after modifying Eq. (4) (see text) along with the best fit pa-
rameters: (g0, x0, Q, T, β): e) 0.001 O2 eV−1 90 Å, 0.07 eV, 12 K, 60◦; f) 0.001 O2 
eV−1 90 Å, 0.07 eV, 120 K, 0◦; g) 0.001 O2 eV−1 90 Å, 0.07 eV, 40 K, 0◦. 
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overestimated. For the time being, our new empirical fit may allow for 
more accurate predictions of sputtering yields. However, we point out 
that accurate modeling of the sputtering of extraterrestrial icy surfaces 
needs to take into account other factors (e.g., presence of a regolith, 
possibility of redeposition, and temperature variations), besides the 
sputtering yield. Thus, a more quantitative assessment on the degree to 
which our new laboratory data, as well as our new empirical estimate 
would alter previous estimates of O2 erosion rates will require future 
modeling efforts. 

4. Conclusions 

We report sputtering yields for 0.5–5 keV Ar+ at irradiation tem-
peratures between 40 and 120 K. Below 80 K, our total sputtering yields 
cluster around the theoretical sputtering yields predicted by the Famá 
et al. 2008 model and are generally consistent with previous laboratory 
studies. In addition, we also estimate the sputtering yield of radiolyti-
cally produced O2 as a function of energy for temperatures between 40 
and 120 K. At 120 K, we find that the O2/H2O sputtered ratio increases 
nearly linearly with the ion range from about 0.15 to 0.5, which we 
attribute to the ions stopping at depths where O2 is still efficiently being 
produced below the surface, consistent with previous depth profiling 
studies. Although our O2 sputtering results agree well with the only 
comparable laboratory study, we find that theoretical models over 
predict the values by a factor of three or more, which is likely a conse-
quence of the assumption that our more highly penetrating ions deposit 
energy uniformly throughout the sample. However, we find that making 
a small adjustment to this model allows us to fit the experimental data to 
within ∼ 10% in most cases and no worse than 30% in any case. 
Although the adjustment is primarily empirical, it could be useful to 
refine models predicting the sputtering of O2 in icy extraterrestrial en-
vironments. This may be particularly important for Europa, where low- 
energy ions are predicted to be the primary ion producing O2 from 
sputtering of the surface H2O-ice. 
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