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A B S T R A C T

We present new laboratory experiments investigating various water ice samples, ranging from thin ice films to
porous thick ice layers, that are irradiated with electrons. The molecules leaving the ice are monitored with a
pressure gauge and a mass spectrometer. Most particles released from the ice are H2 and O2, the observed ratio of
2:1 is consistent with H2O being radiolysed into H2 þ 1/2 O2 upon irradiation. H2O2 is likely a minor contribution
of radiolysis, amounting to 0:001±0:001 of the total gas release from the ice sample. Neither the physical
properties of the ice, nor the energy, nor the electron impact angle have any obvious effect on the relative
abundances of the radiolysis products. The absolute sputtering yield (i.e., the ratio of produced O2 or destroyed
H2O per impacting electron) increases with energy until a few 100 eV. For higher energies up to 10 keV the yield
remains roughly constant, once the saturation dose of the ice is reached. This indicates that ongoing irradiation
eventually releases the radiolysis products from the water ice even for penetration depths of several micrometers.
1. Introduction

Electrons are part of every space plasma and of every ionosphere.
Electron irradiation of icy surfaces therefore is an ubiquitous process in
the outer Solar System for satellites and comets with tenuous atmo-
spheres (for an overview of radiation effects on the surfaces of the
Galilean moons see for instance Johnson et al. (2004)).

Whereas ion sputtering ofwater ice has often been studied in laboratory
experiments (Haring et al. (1984); Reimann et al. (1984); Fam�a et al.
(2008);Baragiola et al. (2008); Cassidy et al. (2013);Munteanet al. (2016);
Galli et al. (2017) among others), the release processes of water ice irra-
diated with electrons has attracted less attention (Baragiola et al. (2002);
Orlando and Sieger (2003), see Teolis et al. (2017) for a recent overview).
To our knowledge, no experimental sputtering yields exist for electron
energies above 100 eV except the few experiments described in Galli et al.
(2017). There we found, for energies below 1 keV, the observed yield
agreed with previous experiments (Orlando and Sieger, 2003) and theo-
retical expectations (Teolis et al., 2017). For 1 and 3 keV, however, the
sputtering yield seemed to remain higher than expected. The major prob-
lem for interpretation was the penetration depth of energetic electrons.
Because the experiments of Galli et al. (2017) had been performed only
with thin ice films on a microbalance, the ice film was not thick enough to
capture all electrons before they hit the metal underneath the ice.
ember 2017; Accepted 22 November
We therefore expanded the latter experiments to a more compre-
hensive study of the interaction of electrons with water ice samples,
ranging from 100 nm thin ice films to centimeter-thick porous or dense
ice samples. We concentrated on the particles leaving the ice, measuring
the quantity and the chemical composition of ejecta for the electron
energy range between 200 eV and 10 keV. The laboratory experiments
were performed at conditions typical for the icy moons of Jupiter since
we wanted to verify the importance of electron precipitation relative to
ion precipitation on icy moons: Galileo measurements of energetic
electrons and ions upstream of Europa (Paranicas et al., 2001, 2002)
showed that the energy flux of ions peaks between 100 and 1000 keV
(Johnson et al., 2004), whereas the electron energy spectrum decreases
with an almost constant power law from 10 keV to 10 MeV. The energy
flux of electrons (4� 1010 keV cm�2 s�1) integrated from 10 keV to
200MeV exceeds the one of the most common ion species Hþ, Oþ, and Sþ

by factors of 5, 20, and 10, respectively. However, the sputtering yields of
these ions in water ice reach their maxima between 100 keV and 10 MeV
and are many orders of magnitude higher (Fam�a et al., 2008; Cassidy
et al., 2013) than the sputtering yield predicted for electrons even at their
most efficient energy of 0.4 keV (see next Section 2). As a result, we
expected ion precipitation on Europa (and other icy moons inside the
Jovian and Cronian magnetosphere) to dominate over electrons in terms
of sputtering and atmospheric release processes. On the other hand,
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electron precipitation dominates the energy deposition rate in the deeper
ice layers (because of the different penetration depth) and likely de-
termines the IR-absorption features of the surface (Paranicas et al.,
2001). We plan to study the alteration of icy surfaces as a result of irra-
diation in future laboratory experiments. Here, we restrict ourselves to
the study of released particles as a result of electron irradiation.

We will briefly summarize the expectations for water ice sputtering
resulting from electrons (Section 2) and describe our ice sample prepa-
ration (Section 3.1) and our measurement methods (Section 3.2). The
results will be presented in Section 4, followed by the conclusions in
Section 5.
Table 1
Properties of the five different ice samples prepared for this study.

Type Thickness Sample
density

Structure Composition Experiments

Film ≃0:1μm 0.9 g cm�3 amorphous H2O 29
Fine 0.9 cm 0.23 g cm�3 Ih, 4.5-μm

grains
H2O 24

coarse 0.9 cm 0.5 g cm�3 Ih, 67-μm
grains

H2O & NaCl 20

slab 1.0 cm 0.97 g cm�3 Ih H2O & NaCl 8
frost ≃0:1 mm N/A Ih,

irregular
H2O 6
2. Theory

As energetic electrons impact in water ice, they deposit their kinetic
energy in the form of electronic excitation of the water ice molecules.
This triggers a chain of chemical reactions leading predominantly to the
destruction of H2O and the formation of H2 and O2. These radiolysis
products diffuse from the ice directly or can be released by ongoing
irradiation and destruction of the surface layers. Contrary to ion sput-
tering, H2O molecules constitute only a minor fraction of the ejecta. This
basic concept of water ice irradiation with electrons is based on previous
experiments at low energies (see Johnson et al. (2013) and Teolis et al.
(2017) for reviews). The ratio of the main radiolysis species H2 and O2
should be 2:1 once an equilibrium of production and release is reached
(Teolis et al., 2009). A minor fraction of H2O2 was observed in previous
irradiation experiments with ions and electrons (Hand and Carlson,
2011), and a spectroscopic feature of Europa's surface (Carlson et al.,
1999) indicates a H2O2 concentration of 0.13% on Europa's surface
(Loeffler et al., 2006). Johnson and Quickenden (1997) discussed in a
more theoretical approach the production of the species H, H2, O, OH,
H2O, H3O, O2, HO2, H2O2, and their ions due to photolysis and radiolysis
in water ice. For this study, we discuss only neutral species because we
cannot detect positive or negative ions released from the ice.

Teolis et al. (2010, 2017) predicted the sputtering yield in terms of
produced O2 per impacting electron based on experiments (Baragiola
et al., 2002; Boring et al., 1983; Orlando and Sieger, 2003) at
low energies:

YO2ðE; T ; θÞ ¼ E
UO2

x0
d cos θ

�
�
1� exp

�
� d cos θ
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���
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��Ea

kBT
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with d cos θ the penetration depth, x0 ¼ 2:8 nm the thickness of the
surface layer where O2 production is efficient, UO2 ¼ 200 eV at low
temperatures, kB the Boltzmann constant, and qO2 ¼ 1000±100 the fit
variable for the thermal dependence. This formula also fits the O2 pro-
duction caused by ions irradiating ice films at temperatures below 120 K
(Teolis et al., 2010). The yield YO2 in Equation (1) increases linearly with
energy but then turns over around 400 eV because the penetration depth
becomes larger than the surface layer thickness x0.

The penetration depth d of electrons in water ice can be approximated
(Johnson, 1990; Hand and Carlson, 2011) by

d � R0Eα (2)

with E the electron energy in units of keV, α ¼ 1:76, and the depth
R0 ¼ 46 nm for targets with density ρ ¼ 1 g cm�3 at 1 keV. This density is
realistic for compact ice films (see Section 3.1); we will discuss in the
results if porosity influences the outcome.

Two issues that can complicate ice irradiation studies are surface
charging (see for instance Shi et al. (2012) and Galli et al. (2016) for the
case of ions) and surface heating effects. For experiments, irradiating ice
with electrons has the benefit that fast electrons eject secondary electrons
from the water ice. This secondary electron yield exceeds unity for
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energies between 0.05 and 10 keV (Jurac et al., 1995). This has the
counter-intuitive effect that the ice surface is charged to a positive po-
tential upon electron irradiation. The surface potential reaches values on
the order of an eV (Jurac et al., 1995) and therefore is negligible
compared to the electron energies of 0.2–10 keV we used.

Heating effects, on the other hand, can occur for thick ice samples and
will lead to sublimation. For experiments at a given partial pressure of
water, the water ice must be kept at a temperature below the sublimation
temperature Tc (Andreas, 2007). If the electron flux on the ice surface is
too strong the surface may heat up to a local temperature above Tc. If heat
conduction between the regolith grains is neglected and only radiation
applies, the final equilibrium temperature Te relates to the initial tem-
perature Ti according to (Hulman et al., 2009):

Te ¼ Ti

�
1þ Q=A

��
2εσT4

i

	
1=4 (3)

with the emissivity ε ¼ 1:0 for the ideal case of black-body radiation and
Q=A ¼ jE=A the energy of the electron beam per surface area in W m�2.
Equation (3) shows that the electron flux should not exceed a critical
electron flux jc if we require Te <Tc. We will test this simple assumption
in the results section.

3. Experiment set-up

We performed the experiments in the MEFISTO test facility at the
University of Bern (see previous studies by Galli et al. (2016, 2017)). The
facility consists of a 1.6 m3-sized vacuum chamber, the ice samples to be
irradiated were mounted on a hollow steel plate cooled with liquid ni-
trogen. The total pressure achieved inside the chamber during the ex-
periments was typically 10�8 mbar. We used an electron gun (nominal
energy range 100 eV to 10 keV, manufacturer: Kimball Physics) to irra-
diate the ice samples. The ion source of the MEFISTO facility was used
only for a test with the ice slab sample (see next section).

3.1. Sample preparation

For this study, we prepared five different types of water ice samples: a
compact ice film on a microbalance (“film”), a thick porous ice sample of
fine-grained ice (“fine”), a thick porous ice samples of coarse grains
(“coarse”), a thick ice slab (“slab”), and irregular frost on cold metal
surfaces (“frost”). The properties of these samples are summarized in
Table 1. The column titled “Experiments” indicates the number of suc-
cessful results with each sample.

The ice film was created by depositing de-ionized water vapour on a
microbalance (gold-coated 15 MHz quartz crystal, manufacturer: QCM
Research) cooled to 90 K (for a detailed description see Galli et al.
(2017)). We controlled the thickness of the layer by recording the fre-
quency of the microbalance and assumed that the ice density is
0.9 g cm�3 as in Galli et al. (2017). In said study, we also observed that
the ice film thickness must be thicker than the penetration depth of im-
pactors to ensure trustworthy results. Otherwise, the derived sputtering
yield can deviate from the actual value by more than a factor of two (cf.
Fig. 1 in Galli et al. (2017)).



Fig. 1. CCD camera image of the fine-grained ice sample after two days of electron
irradiation experiments. The diameter of the circular ice sample is 4 cm. The dark circles
in the frost and the depressions inside the ice sample (pointed out by black arrows)
indicate ice sublimation caused by intense electron beams.
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The fine-grained ice was producedwith the samemethod as described
by Galli et al. (2016) and by Jost et al. (2016) using the Setup for the
Production of Icy Planetary Analogs: we used an ultrasonic nebulizer to
produce micrometer sized droplets (average size ¼ 4.5 μm, macroscopic
density ¼ 0.23 g cm�3) of pure de-ionized H2O. The porous ice was then
inserted in the pre-cooled aluminum sample holder (4 cm inner diameter
and 0.9 cm depth). A CCD image of the fine-grained ice inside the sample
holder during irradiation experiments is shown in Fig. 1. The same
sample holder was used for the other series with coarse-grained ice and
the ice slab.

The coarse-grained ice was produced with the method described by
Yoldi et al. (2015); Poch et al. (2016). A mixture of 99 wt% de-ionized
H2O and 1 wt% NaCl was sprayed into microdroplets by an ultrasonic
unit equipped with a sonotrode. The droplets were frozen in liquid
nitrogen to form coarse-grained ice particles with an average
size ¼ 67±31 μm and a sample density of 0.5 g cm�3. We added NaCl to
see if this would be ejected from the sample and to have a more realistic
analogue for the surface of Europa. However, we never detected Na or
Cl in the mass spectrum of released particles during irradiation, and we
could not detect any influence of the salt on electric or thermal prop-
erties or on sputtering yield.

At the end of one week of experiments, the surface of the coarse-
grained ice sample exhibited a yellowish hue. Hand and Carlson
(2011) observed a similar change of colour after having irradiated pure
NaCl crystals with 10 keV electrons. The colour change did, however, not
appear in the other two weeks of experiments with the coarse-grained ice
(nor for any other ice sample). We plan to examine such surface alter-
ations more quantitatively in future studies.

For one measurement week we experimented with a slab of ice. As for
the coarse-grained ice, we mixed 99 wt% de-ionized H2O and 1 wt%
NaCl, then let it freeze within a few minutes inside the sample holder at
T ¼ �40�C. The density was 0:97±0:1 g cm�3.

The irregular frost was a side-effect of our experiment procedure: The
thick ice samples had to be created at ambient pressure and cooling must
proceed pumping of the chamber to avoid sublimation. As a result, water
vapour from the ambient air formed a frost layer on all cool metal sur-
faces (Galli et al., 2016). For comparison's sake we also irradiated this
irregular frost layer with electrons. Moreover, we once removed the frost
from the ice slab by sputtering with a 30 keV Heþ ion beam and then
checked if the electron sputtering yields had changed.
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3.2. Experiment procedure and measurement method

For the microbalance set-up, the measurement procedure was iden-
tical to the one described in Galli et al. (2017): after vapour-depositing a
water ice film on the microbalance, we chose an electron beam and
centered it on the surface of the microbalance by minimizing the fre-
quency of the microbalance. This indicated that the loss rate of water ice
was maximized.

Both for the microbalance and the deep ice samples, a copper plate
served as Faraday cup to measure the electron flux and the size of the
beam. The Faraday cup was operated at a positive potential of 18 V (Galli
et al., 2016) and was 2� 2 cm2 in size, thus covering the entire electron
beam of 0.5–1 cm diameter. Since the active surface area of the micro-
balance (0.316 cm2) was smaller or comparable to the electron beam
size, we used copper wires (diameter¼ 0.14 cm) attached to the Faraday
cup to measure the electron beam profile at a finer resolution. The ice
sample holder of 4 cm diameter, on the other hand, was much larger than
the electron beam.

We repeated the ice film irradiations for pristine and previously
irradiated ice to assess saturation effects. For this experiment set-up, the
sputtering yield can easily be derived from the mass loss rate indicated by
the frequency of the microbalance. Nevertheless, we also monitored the
pressure in the vacuum chamber with a Stabil-Ion pressure gauge
(manufacturer: Granville-Phillips) at intervals of 1 s. This allowed us to
relate the sputtering yield to an observed pressure rise. This is necessary
to derive sputtering yields from experiments with thick ice samples: ice
layers thicker than micrometers cannot be attached on a microbalance
and the deposited mass could not be weighed.

The method of deducing sputtering yields from pressure measure-
ments was tested in Galli et al. (2017): The pressure rise Δp appeared
with the onset of irradiation and disappeared again when the electron
gun was shut down. Δp can be interpreted as the result of a surplus of
thermalized sputtering products created by electrons irradiating the ice
at a current j (qe is the elementary charge):

Y ¼ c
ΔpSqe
kBTj

(4)

The effective pumping speed of the vacuum chamber S ¼ 0:25 m3 s�1

can be deduced from the timescale with which the pressure returns to
background levels, the conversion factor c is less than 1 because many of
the ejected molecules will not remain in the gas phase but rather stick to
the inner surfaces of the vacuum chamber instead. The actual value de-
pends on the geometry of the vacuum chamber and on the vacuum pump
(see Galli et al. (2017) for details). We verified the conversion factor
again for the new microbalance experiments (see Section 4.1); the ac-
curacy of Equation (4) is roughly 30%.

The experiment set-up for thick ice samples followed the study by
(Galli et al., 2016): we inserted the ice samples in the sample holder on
the cooling plate and evacuated the vacuum chamber. After pumping is
initiated, the pressure takes roughly one day to reach the same level of
≃10�8 mbar achieved for the microbalance set-up. The ice sample was
normally kept at a constant temperature of roughly 100 K throughout a
series of experiments lasting 4 days. We invested 2, 2, 3, and 1 weeks for
the ice films, fine-grained ice, coarse-grained ice, and the ice slab. A
single irradiation lasted between 2 and 30 min. A copper wire wrapped
around the sample holder allowed us to heat the ice to some degree via
Ohmic heating (visible in Fig. 1). We made use of that heater once to
study temperature effects. Electron irradiation experiments were per-
formed at various impact angles, energies, and electron fluxes. After 4
days, the ice sample was retrieved and discarded. We did not yet analyze
the remaining ice in a quantitative way, we monitored only the particles
leaving the ice. We plan to use this set-up in the future also to charac-
terize how ice surfaces are altered by long-term irradiation.

A mass spectrometer (HAL quadrupole gas analyser, manufacturer:
Hiden Analytical) was mounted to the ceiling of the vacuum chamber,
80 cm above the ice sample. It ran continuously like the pressure gauge. It
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was used to analyze the relative chemical composition of released neu-
trals as its absolute sensitivity was inferior to the Stabil-Ion pressure
gauge. Charged ejecta could not be detected with the mass spectrometer.

4. Results and discussion

In total, our measurement series provided us with 40, 24, 20, 8, and 6
useful irradiation experiments for ice films, fine-grained ice, coarse-
grained ice, ice slab, and frost, respectively (see Table 1). Useful exper-
iments imply no sublimation effects and derived sputtering yields with a
relative accuracy of 50% or better. We first discuss the ice film results as
they are required to evaluate the experiments with thick ice samples.

4.1. Microbalance experiments

The temperature of the ice film on the microbalance was 90:0±2:0 K,
i.e., similar to the 91–93 K in Galli et al. (2017).

The sputtering yield was found to be constant with time after the very
first irradiation of a pristine ice film. For the case of a 0.2 keV electron
beam, the water loss from the surface continually increased until it
reached a stable rate after 60 s, corresponding to a fluence of roughly 4�
1014 e� cm�2. Other experiments with 1, 3, and 5 keV electrons showed a
similar time dependence with saturation doses between 1014 and 1015 e�

cm�2. These values are of the same order of magnitude as the saturation
dose of 2� 1015 e� cm�2 found by Orlando and Sieger (2003) for the
release of O2 due to 100 eV electrons irradiating water ice films at 120 K.

Table 2 summarizes the sputtering yields YH2O (in terms of water lost
from the microbalance) measured at various electron energies for satu-
rated water ice films. The yield corresponds to the total loss of water
molecules from the microbalance. The uncertainty of sputtering yield of
1/3 is introduced by the fluctuating current of the electron gun at the
required low intensities and by other factors such as saturation effects
and varying ice film thickness. This uncertainty is comparable to the
uncertainty of previous sputtering experiments at low electron energies
(±50% according to Teolis et al. (2010)). For energies from 0.2 to
1.0 keV, all sputtering yields cluster around Y ¼ 2:0±0:5 and the
dependence on impact angle θ is small; the only exception to this rule is
the case of 0.5 keV. We multiplied YO2 ðE;T; θÞ by a factor of two to
compare the results with predictions in Table 2. The underlying
assumption was that two water molecules in the ice film underwent
radiolysis to create one O2 molecule.

The predicted yield 2YO2 ðE;T; θÞ from Equation (1) agrees well with
the observed yield of 2.0 in the energy range from 0.2 to 1 keV. On the
other hand, the measured yield does not significantly decrease above
1 keV; it remains constant within error bars between 0.7 and 3 keV for
45∘ impact angle (see Table 2). We tried to expand the energy range by
irradiating the microbalance with 5 keV electrons. The reproducibility of
Table 2
Measured (Y) and predicted ðYpÞ electron sputtering yields for water equivalent mass loss
per incident electron. θ denotes the impact angle relative to the surface normal, d is the ice
film thickness, dpcosðθÞ is the expected penetration depth according to Equation (2).

Energy (keV) θ (�) Y±σY d (nm) Yp dpcosðθÞ (nm)

0.2 30∘ 2:0±0:6 28 1.95 2.3
0.2 45∘ 2:0±0:6 30 2.09 1.9
0.4 30∘ 2:3±0:7 28 1.91 7.8
0.4 45∘ 2:4±0:8 30 2.24 6.4
0.5 30∘ 2:4±0:8 77 1.69 12
0.5 45∘ 3:3±1:0 85 2.03 9.9
0.7 30∘ 1:8±0:6 72 1.33 22
0.7 45∘ 1:9±0:6 110 1.62 18
1.0 45∘ 1:9±0:6 117 1.24 33
2.0 30∘ 0:8±0:2 174 0.60 135
2.0 45∘ 1:4±0:3 196 0.73 110
2.0 60∘ 2:2±0:7 183 1.03 78
3.0 45∘

1:6þ0:2
�0:6

162 0.54 225
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these data, however, turned out to be not better than a factor of 3 when
we repeated these measurements several times for varying electron beam
intensities and ice film thicknesses. Our conjecture is that the ice film
thickness is no longer sufficiently thick compared to the penetration
depth of electrons at 5 keV (550 nm for θ ¼ 45∘). The maximum thickness
for which a linear behaviour of frequency with mass deposition rate can
be assumed corresponds to a few 100 nm only. The yield of energetic
electrons will have to be addressed again in the section on thick ice
samples (Section 4.2).

The pressure in the vacuum chamber (measured with the Stabil-Ion
pressure gauge) increased at the onset of irradiation to a higher
plateau and returned to the background level with an exponential decay
time of 6:5±1:5 s when the electron gun was shut down. The same decay
time was found when we irradiated thick ice films with electrons. The
mass spectrometer detected only H2 and minor contributions of O and O2
to rise and fall with the start and stop of electron irradiation. The partial
pressure of H2O did not notably increase during the experiments so long
as the ice film was much thicker than the penetration depth of electrons.
We thus assume, as in Galli et al. (2017) that every H2O molecule lost
from the microbalance is converted into H2 þ 1/2 O2.

With this information, we can predict the pressure rise caused by
sputtering (Equation (4)) and compare it with the measurement of the
Stabil-Ion pressure gauge. We rely on this pressure gauge for changes in
total pressure because it is more sensitive and accurate than the mass
spectrometer. From the previous sputtering study (Galli et al., 2017) we
expect a constant ratio between predicted and measured total pressure.

Fig. 2 shows the measured versus the predicted total pressure from
Equation (4) with S ¼ 0:25 m3 s�1 for all microbalance experiments with
electron energies from 0.2 to 2.0 keV, i.e., excluding those for which the
ice film certainly was not thick enough. The conversion factor c is
0:11±0:025, the error bar being dominated by the uncertainty of the
pumping speed. For this specific experiment set-up and pressure range, c
does not notably change if the major gas species is H2O or a non-watery
species (see Fig. 5 in Galli et al. (2017).

Having derived the conversion factor between predicted and actually
measured pressure rise, we can convert the measured pressure rises from
irradiation of thick ice layers into absolute sputtering yields. The height
of the pressure rise (few 10�10 to few 10�9 mbar) is comparable for both
experiment set-ups.

4.2. Experiments with thick ice samples

The results in terms of total sputtering yield and chemical composi-
tion are similar for all four different thick ice targets (ice slab, fine-
grained regolith, coarse-grained regolith, and frost). Therefore, we
Fig. 2. Measured versus predicted pressure rise for irradiation experiments of water
ice films.
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collect all these results in one common section. The temperatures of the
ice samples varied slightly between different irradiation experiments
around T ¼ 98±2K.

Contrary to the microbalance experiments, the ice thickness of 0.9 cm
always exceeds the electron penetration depth by orders of magnitude.
On the other hand, the surface of a thick ice sample is electrically and
thermically discoupled from the cooling plate. This can, in principle, lead
to two experimental problems when the ice surface is irradiated with
charged particles. The surface can charge up to a potential that disturbs
the electron beam and the surface can heat up to such a degree that the
surface ice starts sublimating. The first problem never occurred, the
second did.

The assumption that the secondary electron yield exceeds unity (see
Section 2) for our electron energies agrees with observations: the
observed pressure and thus the release rate from the ice remained stable
throughout electron irradiation of any duration (2–30 min). If the surface
had charged up to a negative potential, the sputtering yield would have
decreased with time while the current measured with the ring-shaped
Faraday cup around the ice sample would have increased. This was not
observed during electron irradiation, but both effects were observed
when we irradiated similar ice samples with energetic ion beams (Galli
et al., 2016).

The most obvious indication for sublimation is the occurrence of
holes and depressions in the ice sample upon electron irradiation. This is
demonstrated in Fig. 1. This CCD camera image shows the sample of fine-
grained ice on the cooling plate at the end of electron irradiation. The two
dark circles on the cooling plate of 4.2 mm diameter were created by
2 keV electron beams at 12 μA. The electron beam sublimated the upper
frost layers resulting in the dark circles. The same electron beam pro-
duced the two depressions inside the ice sample (see arrows in Fig. 1).

We wished to quantify sputtering yields of radiolysis products at a
given temperature without sublimation or any other thermal processes.
When electron irradiation warmed up the surface to a temperature much
higher than the nominal 98 K, the yield of O2 and H2 was found to in-
crease. A further increase of the beam intensity then resulted in a clear
H2O signal in the chamber, i.e., ice started sublimating. The pressure rise
resulted in a sputtering yield 1–4 times higher than for experiments
without sublimation and the abundance of H2O dominated over H2. The
sublimation limit is expected for 145 K at a saturation pressure of 10�8

mbar (Andreas, 2007). To derive sputter yields at a given ice temperature
we must not only exclude these sublimation cases but also the interme-
diate cases of enhanced O2 and H2 without sublimation.

We categorized experiments as affected by thermal effects if we
recognized a rise of H2O in the spectrum, if the beam created a depression
in the ice surface, if the pressure decreased slowly (≫ 10 s) after electron
irradiation had been stopped, or if the drop of partial pressure of H2 at the
end of irradiation exceeded its rise at the onset of irradiation. As a result
of this categorization, we found the threshold beam intensities for ther-
mal effects jc in Table 3. The difference in jc for fine-grained versus
coarse-grained ice was nowhere larger than a factor of two. For energies
below 1 keV, sublimation never occurred for any beam intensity up to
several μA (at a beam diameter of 6 mm). According to Equation (3) the
final temperature of the ice surface irradiated with jc reached 237 K both
for 3 and 10 keV. Equation (3) probably overestimates the temperature.
The reason for this overestimation is that beside radiation, heat con-
duction still lowers the temperature even on short timescales of seconds
to minutes.
Table 3
Threshold beam intensity jc above which ice starts sub-
limating. The surface ice temperature before irradiation
was 98±2 K and the electron impact angle was θ ¼ 45∘.

Energy (keV) jc (μA)

3.0 2:5±0:5
10.0 0:8±0:2
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Unless otherwise stated, only experiments without thermal contri-
butions are discussed in this section. We verified that for this subset of
data the derived sputter yield does not depend on electron intensity. For
instance, two experiments with 10 keV electrons irradiating coarse
grained ice resulted in Y ¼ 8:1±2:7; 8:5±2:7 for j ¼ 0:14 and 0.86 μA.
For 0.7 keV, a constant yield was observed for electron currents from 0.4
to 5 μA.

When a pristine part of the ice sample was irradiated with 1–10 keV
electrons, H2 (mass 2 u) partial pressures in the chamber rose immedi-
ately. O2 (mass 32 u), on the other hand, increased from background
levels to a stable level within several minutes of irradiation. The abun-
dance of mass 34 u (H2O2 and 18O16O) followed in most cases the tem-
poral evolution of O2; a deviation with time between masses 34 and 32
was observed once when the ice sample was heated after irradiation. In 5
different cases with 1, 2, 5, and 10 keV of an irradiation of fine-grained
ice that was either pristine or had not been irradiated for several hours,
the saturation times corresponded to an electron deposition of 1� 1016

e� cm�2 for 1 and 2 keV and 2±1� 1016 e� cm�2 for 5 and 10 keV. For a
low electron energy of 0.2 keV, the saturation dose was 1014 to 1015 e�

cm�2 as for the microbalance experiments, which had shown a similar
increase of mass loss rate during the first few minutes of irradiation (see
Section 4.1). The experiments with other ice targets featured insufficient
pressure rises to properly discern saturation timescales. Hand and Carl-
son (2011) reached equilibrium concentrations only at a fluence of 1019

eV cm�2 when they studied absorption features of the H2O2 building up
in ice films irradiated with 10 keV electrons.

Fig. 3 illustrates saturation and sublimation effects. It tracks the
temporal evolution of the partial pressures of H2O (blue), O2 (green),
H2 (orange), and mass 34 (black, lower panel) for a sequence of four
irradiations on the same spot of fine-grained ice. The onset of electron
irradiation is indicated with red dotted lines, shutdown is indicated
with dashed-dotted lines. The sequence of irradiation for the example in
Fig. 3 was 1 keV electrons with 5� 1013 e� cm�2 s�1, a stronger 1 keV
beam with 9� 1013 e� cm�2 s�1, followed by a weak (2� 1013 e� cm�2

s�1) and an intense (9� 1013 e� cm�2 s�1) 10 keV beam. The latter was
so intense as to trigger sublimation; the H2O partial pressure kept
increasing during several minutes after irradiation had begun. Such
experiments were excluded from further analysis. During the first
irradiation experiment in Fig. 3, O2 reached a similar level above
background as the H2 increase after 3±2 minutes, corresponding to the
saturation fluence of 1016 e� cm�2. The temporal resolution of the mass
spectrometer was 8 s.
Fig. 3. Timeseries of H2O (blue), O2 (green), H2 (orange), and H2O2 & 18O16O (black,
lower panel) for a sequence of four irradiations on the same spot of fine-grained ice. Y-axes
indicate the partial pressures in mbar, x-axis is the experiment time in minutes, the red
dotted and dashed-dotted lines indicate the onset and end of electron irradiations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)



Table 5
Electron sputtering yields once an ice target reached saturation: Y is the ratio of removed
H2O molecules (most of them as H2 and O2) per impacting electron.

Y Energy (keV) Ice type Impact angle θ

3.0 0.5 coarse 45
3.7 1.0 coarse 45
4.3 3.0 coarse 30
4.1 3.0 coarse 45
3.1 3.0 coarse 60
4–8 10 coarse 30
4–11 10 coarse 45
4.5 0.2 fine 45
4.9 0.4 fine 45
5.3 0.5 fine 32
4.4 0.5 fine 45
5.0 0.5 fine 58
4.0 0.7 fine 45
2.0–4.4 1.0 fine 45
2.8 2.0 fine 32
3.2 2.0 fine 45
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H2 and O2 were the only species consistently showing a higher partial
pressure during irradiation compared to the background before and after
irradiation. Taking into account all saturated mass spectra with a sufficient
signal-to-noise ratio and without thermal effects, the average ratio of H2/
O2 was found to vary within 2±1. This average includes 16 different
irradiation experiments with fine-grained ice and frost and electron en-
ergies ranging from 0.4 to 10 keV. The relative mass abundances (Table 4)
did not vary with electron energy, impact angle ðθ ¼ 30∘…60∘Þ, or ice
properties (frost or fine-grained ice). Even for high energies with pene-
tration depths of micrometers, it was only a matter of fewminutes until all
radiolysis products started leaving the ice. This means, on the other hand,
that after an irradiation stop of several hours, O2 had to be built up anew
when irradiation recommenced. No H2O above the detection limit (10% of
total pressure rise) was released for any energy and electron flux so long as
the latter remained below jc. Recently, Abdulgalil et al. (2017) also
observed that H2 and O2 were the major gas-phase products from
desorption, rather than intact H2O, when they irradiated amorphous water
ice films of 100 K with 200–300 eV electrons.

H2O2 was probably detected when the total pressure rise was suffi-
ciently large: The observed H2O2 signal must be corrected because the
resolution of the mass spectrometer at 34 u is insufficient to discriminate
between 18O16O and H2O2. Assuming a relative abundance of 0.00205
for the 18O isotope (Rosman and Taylor, 1999), 12 of the 16 experiments
show an H2O2 signal above the detection limit; the average and standard
deviation over all 16 experiments calculate to an H2O2 abundance of
0:001±0:001 of the total pressure rise. The abundance of the presumed
H2O2 did not depend on energy or impact angle either. Table 4 sum-
marizes these findings.

The temporal dependence and the H2/O2 ratio are consistent with the
expectation that water molecules are radiolysed into H2 and O2 and to a
small fraction of H2O2 (see Section 2). The H2 leaves the ice sample
immediately (within the few seconds of temporal resolution provided by
the mass spectrometer), whereas the produced O2 and H2O2 must reach a
certain concentration before they are released as well.

The range of 0:1±0:1% H2O2 abundance agrees well with the
observed molar concentration on Europa's surface of 0.13% (Carlson
et al., 1999). Loeffler et al. (2006) measured equilibrium concentrations
of 0.14% and 0.1% for irradiation with 100 keV Hþ at 80 K and 120 K;
Hand and Carlson (2011) found an equilibrium molar H2O2 concentra-
tion of 0.029% relative to water inside the ice films they had irradiated
with 10 keV electrons. Teolis et al. (2017) predicted that the bulk
abundance of H2O2 created by electron radiolysis should exceed the
abundance near the ice surface; we could not test this prediction because
we could not measure bulk abundances of our ice samples after irradia-
tion. But our results imply that electrons with energies on the order of
1 keV can also produce the observed fraction of H2O2 in Europa's surface.
The H2O2 can then trigger further chemical reactions in the ice.

Other species like H, O, OH, H3O may be produced in water ice, too
(Johnson and Quickenden, 1997). But in our experiments their abun-
dances mostly varied with the abundance of H2O in the chamber, inde-
pendent of electron irradiation. H2O can fragment into OH and H when it
is ionized in the mass spectrometer. For irradiation experiments without
H2O increase, no clear rise in OH and H3O was ever observed. This
translates into an upper limit of 5% volume ratio each for OH and H3O
during our experiments.
Table 4
Relative abundances of released gas species during electron
irradiation, averaged over 16 different irradiation experi-
ments with fine-grained-ice and frost for electron energies
between 0.4 and 10 keV.

Species relative abundance

H2 0:66±0:16
O2 0:33±0:17
H2O2 0:001±0:001
H2O <0:10
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From the energy-independent chemical composition of the ejecta it
should come as no surprise that the absolute sputtering yield does not
vary significantly with electron energies once radiolysis in the ice has
reached saturation. Table 5 shows all available sputtering yields, i.e.,
number of water molecules lost from the ice per impacting electron. The
error bar of a single Y value in that table amounts to 33%: the uncertainty
of the conversion factor (Fig. 2) is 25% and the uncertainty of the elec-
tron flux hitting the ice surface is 10–20%. No universal effect of the
impact angle on sputtering yields can be seen. In the following we will
therefore concentrate on the observations at θ ¼ 45∘ and compare them
to the prediction in Equation (1) and to the sputtering yields caused
by ions.

Fig. 4 shows the sputtering yield YH2OðEÞ in ratio of water molecules
destroyed or lost from the ice per impactor. The other Fig. 5 shows
YO2 ðEÞ. For the observations, this is just half of the YH2OðEÞ (see the
chemical composition in Table 4). The data points in Figs. 4 and 5 are
those values in Tables 2 and 5 measured at θ ¼ 45∘. The microbalance
results from Table 2 and from the previous publication (Galli et al., 2017)
were scaled to 98 K as well, assuming the temperature dependence in
Equation (1). The theoretical curves in Fig. 4 for ion (green solid) and
electron (red dashed) sputtering were calculated for θ ¼ 45∘ and T ¼ 98
K. The magenta curve in Fig. 5 shows the O2 yield for oxygen ions of the
same energy impacting ice regolith (Teolis et al., 2010). We assumed that
the angular average the authors calculated for their YO2 ðEÞ should be
representative to the θ ¼ 45∘ impact angle in our experiments.

We warmed up the fine-grained ice sample at the end of a measure-
ment week to check for temperature effects. Heating the wire around the
sample holder sublimated a lot of frost, which led to a large transient
pressure rise in H2O. After waiting 2 h while keeping the heat current
stable, we managed to repeat irradiation experiments with 1 and 10 keV
electrons at an acceptable background pressure and T ¼ 108 K instead of
the usual 98 K. Neither the timescales for saturation, nor the chemical
composition of ejecta, nor the absolute yield changed in a noticeable
manner compared to the cooler case. Equation (1) predicts a relative
increase of 1.46 in sputtering yield at this higher temperature. The
measured YH2O for 1 keV was 3.5, thus within the range of sputtering
4.1 2.0 fine 58
5.6 5.0 fine 32
5.0 5.0 fine 45
3.6 0.5 frost 45
3.4 0.7 frost 45
4.0 1.0 frost 30
5.6 3.0 frost 60
5.6 10 frost 45
2.0 1.0 slab 30
3.4 1.0 slab 45
2.5 3.0 slab 60
4.0 10 slab 30
5–11 10 slab 45



Fig. 4. Theoretical and observed sputtering yields in equivalent water molecules lost per
impactor for an impact angle of 45∘ and an ice temperature of 98 K. The solid curves are
semi-empirical formulae based on previously existing experiments, the red dashed curve is
a theoretical extrapolation (Teolis et al., 2017). The symbols show all experiment results
obtained at θ ¼ 45∘ in the present study and from Galli et al. (2017). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 5. Theoretical and observed sputtering yields in equivalents of produced O2 mole-
cules per impactor. Same format as Fig. 4.
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yields at lower temperatures. For 10 keV, YH2O ¼ 11 was higher, but not
significantly higher, than for irradiation experiments with other ice
samples at colder temperature. Probably, the achievable temperature rise
was insufficient to see a significant increase of yields as their relative
uncertainty of 1/3 is comparable to the expected increase.

The physical properties of the ice sample have no significant effect
on sputtering yields. For energies where sufficient ice film thicknesses
are possible, the microbalance results agree with the thick samples.
Comparing Y (scaled to 98 K) from ice films to fine-grained ice
at the same energies and impact angles, we observe a ratio of
Yfilm=Yfine ¼ 0:71±0:2. The yield from deep, porous targets is larger or as
large as the one from ice films. Apparently, Equation (1) can be applied
both to compact and porous ice targets provided the scale of porosity (5
or 70 μm in our case) is much larger than the 2.8 nm surface layer
relevant for O2 production (Teolis et al., 2017). The removal of the frost
layer on the ice slab with a 30 keV Heþ beam did not change the
sputtering yield measured with 10 keV electrons before and after ion
irradiation.

For energies up to 1 keV, the predictions match the measurements.
The yields then seem to reach a local minimum at 1–2 keV, but this drop
is not significant given the error bars. On the other hand, the yields
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clearly do not decrease with energy from 3 to 10 keV, contrary to
Equation (1) (compare red curve with data points in Fig. 4). In terms of
water loss the yield caused by electrons is still much smaller than the
erosion caused by oxygen ions of comparable energy (green curve in
Fig. 4). On the other hand, we note in Fig. 5 that electrons between 3 and
10 keV release a similar amount of O2 as Oþ ions do.

Two explanations for the discrepancy between predictions and mea-
surements above 2 keV are possible. Equation (1) may be correct, but the
ice is damaged by electron irradiation in such a way that eventually all
products are released no matter at which depth in the ice radiolysis
occurred. Since an energetic electron will proceed in the ice until it has
deposited its entire energy, one could integrate Equation (1) from the
initial electron energy to the lower limit of radiolysis (10 eV (Orlando
and Sieger, 2003; Teolis et al., 2010)). Alternatively, we would have to
postulate an additional loss process becoming relevant for energies above
a few keV, such as secondary electrons being released inside the ice while
the primary electrons are losing their energy.

5. Conclusions

� We have presented the first experimental sputtering yields for ener-
getic electrons between 0.2 and 10 keV irradiating water ice. We used
two different measurement methods, eroding ice films from a mi-
crobalance or measuring the pressure rise caused by the release of
particles into the vacuum chamber.

� The results do not depend on physical properties (grain-size and
porosity) of the ice within the 33% uncertainty of measured sput-
tering yields.

� As found in previous irradiation experiments, most H2Omolecules are
radiolysed into H2 þ 1/2 O2. H2O2 was probably detected, too, at a
relative abundance of 0:001±0:001. This fraction agrees well with
derived H2O2 concentrations on Europa's surface.

� The predictions for the absolute yield of O2 production and H2O
destruction based on previous experiments at energies below
0.1 keV have been confirmed for electron energies up to 1 keV. On
the other hand, the measured yield at energies from 3 to 10 keV does
not decrease compared to the yield around 0.5 keV. The O2 yield
thus is considerably higher than expected for these energies and is of
similar importance for the O2 production as Oþ ions of the same
energy.

� It was clear before this study that electron irradiation is important for
energy deposition in deeper layers and chemical alterations of the
surfaces of icy moons. Now it seems that electrons are relevant as well
for the creation of oxygen-rich atmospheres around icy moons such as
Europa and Ganymede.
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