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Abstract

We present infrared absorption studies on the effects of 50–100 keV Ar+ and 100 keV H+ ion irradiation of water ice films at 20–120 K. Th
results support the view that energetic ions can produce hydrogen peroxide on the surface of icy satellites and rings in the outer So
and on ice mantles on interstellar grains. The ion energies are characteristic of magnetospheric ions at Jupiter, and therefore the res
the idea that radiolysis by ion impact is the source of the H2O2 detected on Europa by the Galileo infrared spectrometer. We found that Ar+ ions,
used to mimic S+ impacts, are roughly as efficient as H+ ions in producing H2O2, and that 100 keV H+ ions can produce hydrogen peroxide
120 K. The synthesized hydrogen peroxide remained stable while warming the ice film after irradiation; the column density of the form2O2
is constant until the ice film begins to desorb, but the concentration of H2O2 increases with time during desorption because the water sublim
a faster rate. Comparing the shape of the 3.5-µm absorption feature of H2O2 to the one measured on Europa shows excellent agreement in
shape and position, further indicating that the H2O2 detected on Europa is likely caused by radiolysis of water ice.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Most icy bodies in the outer Solar System and interste
space have very thin atmospheres that cannot shield impa
energetic particles and photons. Radiolytic products from th
impacts, in particular those produced on typical water ice
faces, can be detected from Earth and spacecraft by compa
of features in their optical reflectance spectra with those
tained in the laboratory. Our previous experimental studies h
addressed the production mechanisms responsible for the o
vations of solid O2 on the Galilean satellites(Vidal et al., 1997;
Baragiola and Bahr, 1998; Baragiola et al., 1999a; Bahr e
2001)and O3 on Ganymede, Rhea, and Dione(Baragiola et al.,
1999b; Famá et al., 2002).

Here we report studies of the production of hydrogen pe
ide by ion irradiation in vapor-deposited water ice at 20–120
which have been motivated by the detection of H2O2 on Europa
(Carlson et al., 1999)using the Galileo NIMS infrared spec
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trometer. These observations, compared with infrared mea
ments of a solid solution of H2O2 in water, indicated a peroxid
concentration of 0.13% on Europa’s surface. The significa
of those observations is that the presence of photolytically
stable H2O2 on Europa is considered to be an unambigu
indicator of radiation processing of the surface ice.

There have been a few previous laboratory studies to
the hypothesis that H2O2 on Europa is produced by ion irra
diation of water ice, but the results appear to be contradic
Moore and Hudson (2000)observed the 3.5-µm infrared ba
of H2O2 after irradiation of water at 16 K with 800 keV pro
tons. However, they saw no evidence for H2O2 when irradiating
at 80 K, a temperature typical of cold regions on Europa, un
the ice also contained other molecules like O2 or CO2. Support-
ing those observations were experiments ofBahr et al. (2001)
that detected only minute amounts of H2O2 by mass spectrom
etry when desorbing a pure ice film that had been irradia
by 200 keV protons at 80 and 120 K. The concentration
tected,∼0.001–0.02%, was below the detection limit of the
absorption experiments. However, we now know that those
ues were greatly underestimated, perhaps by as much a
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orders of magnitude, because the extremely reactive H2O2 is
destroyed in collisions with the vacuum chamber walls be
detection and is strongly fractioned in the mass spectrom
Gomis et al. (2004a)performed infrared experiments simil
to those ofMoore and Hudson (2000), but using lower en-
ergy (30 keV) protons and heavy ions. In contrast to the res
of Moore and Hudson, they found that protons could prod
H2O2 at 77 K in pure water ice, and even more abunda
than at 16 K whereas there was no temperature depend
in H2O2 production by Ar irradiation. Recently,Gomis et al.
(2004b)published more studies on the formation of hydrog
peroxide with 200 keV H+ and He+ and 400 keV Ar++ ions,
finding that the H2O2 saturation concentration is higher at low
temperatures for all three ions (saturation for 400 keV Ar++
at 16 K was an estimate (O. Gomis, private communicatio
The higher value found in the 400 keV Ar++ experiments was
associated to a hypothesized higher efficiency for radiation
thesis in elastic ion–water collisions that are important for
projectiles. However, the fact that H2O2 was produced in thei
200 keV proton experiment at 77 K, but not by the 800 k
protons in Moore and Hudson’s experiment at 80 K, could
be explained since, in both cases, electronic excitations v
dominate energy deposition. Adding to this picture is the re
finding that low energy electrons, which only produce el
tronic excitations, can synthesize H2O2 at 87 K (Pan et al.,
2004). These authors, using a mass spectrometry method
lar to that ofBahr et al. (2001), found desorption of H2O2 and
HO2 from irradiated ice estimating that 19 eV electrons p
duced a surface concentration of�0.4%. These experimen
are relevant to the discussion because such low energy
trons are produced abundantly during keV and MeV ion i
diation. One must note that in thermal desorption experim
the observed molecules might not exist in the as-irradiated
but could result from the recombination of radicals induced
heating.

To contribute to the solution of this problem, we conduc
infrared reflection absorption (IRRAS) studies of H2O2 synthe-
sis by two different ions, H+ and Ar+, at two different energies
50 and 100 keV, over a wider temperature range, 20–120 K
used Ar+ ions in addition to H+ ions, because even though H+
is the dominant magnetospheric ion on Europa, both sulfur
oxygen ions are also abundant(Paranicas et al., 2002). Further-
more, we used the 50–100 keV energies to simulate ion fl
on Europa, which show broad distributions with maxima occ
ring at about 100 keV(Paranicas et al., 2002).

Our infrared studies included the dependence of the H2O2
column density on irradiation fluence at 20 and 80 K, on
radiation temperature between 20 and 120 K and on the
desorption of the ice films. We present a method that ena
us to quantify absolute concentrations of molecules grown
mixture, and an analysis of baseline subtraction on the 3.5
infrared absorption band, a difficult problem due to the prox
ity of the much stronger water OH stretch band. Furtherm
we show that the non-linear baseline subtraction enables
characterize the shape of the 3.5-µm absorption feature, a
ing the comparison of our results to the reflectance spectru
Europa.
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2. Experimental setup

All experiments were performed in a stainless steel v
uum chamber (Fig. 1) on a radiation-shielded cryostat. Th
base pressure of the chamber was 1× 10−9 Torr and 1–2 or-
ders of magnitude lower inside the shield. Water ice films w
grown by vapor deposition on the gold mirror electrode o
quartz-crystal microbalance (QCM) that measures accura
the mass deposited per unit area, which can be converted to
column density (molecules cm−2 or thickness if the density i
known) (Sack and Baragiola, 1993). Water vapor transporte
through a microcapillary array gas doser was incident at 5
grees to the surface normal. All ice films were grown at a
of ∼45 nm min−1. The growth temperature was 80 K except
the irradiations at 120 K where the films were grown at 120
In both conditions the ice was amorphous, as confirmed by
frared spectroscopy. The film thickness (1–1.9 µm) was ch
to be larger than the maximum ion ranges(Ziegler, 2003)to
avoid altering the Au mirror with the ion beam. Thus, exc
for a negligible backscattered fraction, the ions deposit all t
energy in the film. In terms of column densityη, we used films
with η ≈ 2.8×1018 H2O cm−2 for the 50 keV and 100 keV Ar+
irradiations andη ≈ 5.2× 1018 H2O cm−2 for the 100 keV H+
irradiations. The ion beams were produced by an ion acce
tor, mass analyzed and scanned uniformly over the target, w
the beam current density was monitored in real time by a c
brated thin wire collector, placed in the ion beam path.

The specular infrared reflectance of the films on the g
mirror was measured at an incident angle of 45◦ with a Thermo-
Nicolet Nexus 670 Fourier Transform infrared spectromete
2-cm−1 resolution. The spectra were divided by the spectr
of the gold mirror substrate taken before ice deposition. The
tios R were then converted to optical depth units:− ln(R), and
the band area was quantified by subtracting a non-linear b
line (background) under the 3.5-µm H2O2 band and dividing by
the path length of the infrared beam (2.28, usingn = 1.45). The
subtraction is made difficult because the baseline, which is

Fig. 1. The experimental setup.
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Fig. 2. An example of the baseline fit for the H2O2 region for the irradiation
of 5.2 × 1018 H2O molecules cm−2 at 80 K with 100 keV H+ at a fluence of
2.7× 1015 ions cm−2.

to absorption by the O–H stretch in water, is very strong
curved. Thus, it is important to go beyond the straight-line
proximation used in previous studies, to avoid underestima
the band area. We used a polynomial fit with a shape sim
to that of the spectrum of virgin ice, to ensure that the ba
line is physically reasonable, besides giving a mathematic
without introducing additional structures (Fig. 2). Also, in some
cases we compared the derivatives of the unirradiated spe
irradiated spectra and the baseline to ensure the shape o
fit was adequate and that no spurious structures were adde
low irradiation fluence,F (ions cm−2), where the H2O2 con-
centrations are very small, the mathematical fit is ambigu
and was not used. Since at these fluences the change of th
ter OH band with irradiation is very small, we subtracted,
optical depth units, the irradiated spectrum from the virgin
This method enabled us to quantify small H2O2 band areas nec
essary to study the initial dependence on irradiation fluence

To convert band areas to column densities we need to d
them by the band absorption strength. However, we need t
count also for interference effects that affect all thin film exp
ments in IRRAS. We do this by using aneffective band strength
At , for films of the same thickness. This quantity was measu
by co-depositing, with two gas dosers, H2O2 and water at 110
K into a sandwich of an H2O2:H2O mixture surrounded by pur
water. This calibration was done for the two thicknesses use
these experiments (we use the thickness after irradiation, w
is slightly different to that of the as-deposited films due to sp
tering and compaction). The H2O2 used for the deposition wa
of >97% purity prepared by vacuum distillation of a 50% so
tion of H2O2; more details will be given in a future paper. T
two gases were controlled independently by separate gas d
with a deposition rate for each one determined separately
the microbalance to produce mixed ice films with the des
H2O2 concentration (<5%). The relatively high growth tempe
ature was chosen so that impurities, formed when H2O2 reacts
d
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with the chamber walls, would not stick on the substrate.
measured the infrared reflectance of the films and calculate
area of the 3.5-µm absorption band in optical depth units. A
accounting for the temperature dependence of the band str
and dividing by the path length of the infrared beam, we fi
e.g., at 20 K,At = 6.5×10−17 cmmolecule−1 for a 1.9-µm film
and 8.7× 10−17 cmmolecule−1 for a 1-µm film. The thicknes
dependence ofAt observed in these mixtures is a conseque
of optical interference effects in thin films, described by
Fresnel equations in terms of the optical constants of the
strate and the film. We note that these interference effects
the same for irradiated films, since the thickness is the sa
and since roughness effects are insignificant at the fluence

To compare our results to previous infrared transmiss
studies, we need to obtain the absolute band strengthA. We
do this iteratively using the Fresnel equations with a Krame
Kronig analysis of the spectra to optimize the optical const
for our mixtures. The only parameter we estimate in our exp
ments is the density of the films to obtain the thickness from
areal mass given by the QCM; this is quite accurate since
concentration of H2O2 is very low. We apply the rule of mix
tures, with the known column densities of water and hydro
peroxide in the films; the density of water and hydrogen pe
ide (1.6 g cm−3) were measured by the technique ofWestley et
al. (1998). We arrive at a density of (0.94±0.02) g cm−3, which
yields A = (5.7 ± 0.6) × 10−17 cmmolecule−1 for H2O2 dis-
persed in a water environment at 20 K. We noted a slight t
perature dependence:A = (5.2 ± 0.6) × 10−17 cmmolecule−1

at 80 K and(4.9 ± 0.5) × 10−17 cm molecule−1 at 110 K. We
note that the values forA are about twice as large as that us
by Gomis et al. (2004a, 2004b).

3. Results

3.1. Fluence dependence of H2O2 production

We irradiated water ice at normal incidence with 100 k
H+ at 20 and 80 K, obtaining the fluence dependences of H2O2
column density,η(F ), shown inFig. 3. At 80 K the initial pro-
duction rate is clearly linear whereas for 20 K the uncerta
is such that we cannot rule out a quadratic component.1 In any
event, the initial production rate is lower at higher temperatu
suggesting that a key mechanism involved in H2O2 production
at 20 K is suppressed at 80 K. At large fluences,η(F ) saturates
to a value that we denote byη∞, which is∼5 times larger at
20 than at 80 K. To compare with observations on Europa
obtain averaged H2O2 concentrations by dividing the colum
densities of H2O2 by that of water over the penetration ran
of the ions, calculated with the Monte Carlo code SRIM 20
(Ziegler, 2003). We find that the concentration at 80 K, 0.14
(Table 1), is quite close to the value observed on Europa.

1 In the lower temperature experiments, the H2O2 band appeared at longe
wavelengths, slightly overlapping the 4.5-µm band of water ice. This incre
the uncertainty in the fit to the tail of the absorption; this uncertainty may
plain the slight increase in the width measured at 20 verses 80 K (seeFigs. 8
and 9).
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Fig. 3. Fluence dependence of the H2O2 column density at 20 and 80 K fo
100 keV H+ irradiation of amorphous water ice. The dotted and solid line
gether show the fit to the data, using Eq.(15); the dotted part indicates the initia
rise. The right axis shows average concentration over the penetration ran
the ion, and the average on Europa fromCarlson et al. (1999).

Table 1
Parameters from fits of Eq.(15) to fluence dependence for a film of waterη =
5.2× 1018 H2O cm−2 thick irradiated with 100 keV H+ ions

σc

(10−16 cm2)
σd

(10−14 cm2)
C∞ × 100 G

20 K 1.4± 0.2 2.0± 0.3 0.75± 0.15 0.72*

80 K 0.69± 0.03 5.9± 0.6 0.14± 0.03 0.36± 0.03

C∞ is the H2O2 concentration measured at saturation for the 100 keV H+ ions.
* Upper bound due to uncertainty in the existence of a quadratic compo

Fig. 4. Saturation values of the H2O2 column density produced by 100 ke
H+ incident on 5.2×1018 H2O molecules cm−2 films, and by 50 and 100 keV
Ar+ incident on 2.8× 1018 H2O molecules cm−2 films.

We show in Fig. 4 the values ofη∞ for Ar+ and H+
ions in the range 20–120 K, where one can see that m
H2O2 is produced at lower temperatures, in agreement
the data ofMoore and Hudson (2000)for 800 keV protons,
of

t.

re
h

Fig. 5. H2O2 column density as a function of annealing temperature fo
2.8×1018 H2O molecules cm−2 water ice film irradiated by 100 keV Ar+ ions
at 40 K. The large error bars at the higher temperatures are due to uncert
in the change of band strength with film thickness as the film evaporates.

except that we can observe H2O2 at 120 K for higher flu-
ence values (∼1014 ions cm−2), which was undetectable i
their case at 80 K. The temperature dependence of ou
sult is in general agreement with that reported by Gomis e
for 200 keV protons and He+, but not with that reported fo
30 keV protons. We find for 100 keV Ar+ that more perox-
ide is formed at the lower temperatures; this agrees with
results for 400 keV Ar++ estimated byGomis et al. (2004b
but not with their 30 keV Ar+ data(Gomis et al., 2004a)that
showed no temperature dependence. Also noteworthy inFig. 4
is that, at 80 K,η∞ for Ar+ is more than double at 100 tha
at 50 keV. It can be seen that 100 keV Ar+ produce simi-
lar η∞ as 100 keV protons at 40 K, but∼50% less at 80 K
We note that, if instead of using the total amount of radia
products, as is standard procedure in radiation chemistry
considerconcentrations, we obtain that this quantity is muc
higher for Ar+ than for H+, due to the shorter penetratio
depth.

3.2. Position and stability of the H2O2 absorption feature

After reaching saturation at various temperatures we war
the irradiated films to see whether the H2O2 absorption band
changed with temperature. We found thatη remained rela-
tively constant until the film began to desorb from the g
substrate (Fig. 5). The slight variation with temperature ma
be caused by reactions with radicals trapped in the ice. S
during desorption water ice sublimes faster than the perox
the concentration of H2O2 is enhanced (Fig. 6). Furthermore,
after background subtraction the H2O2 band position increase
slightly in frequency while increasing the temperature to 120
We observed a similar behavior for an H2O2:H2O mixture
grown at 16 K. A new finding is that this annealing proc
creates an irreversible change in the amorphous film and th
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Fig. 6. Relative band areas for the 3.5-µm H2O2 band and the 3.1-µm
OH-stretch band of water and H2O2 as the film sublimes at 165 K.

Fig. 7. The peak frequency of the 3.5-µm H2O2 absorption band vs temperatu
for a water ice film irradiated with 100 keV H+ ions at 20 K. For compari-
son, the position of the band on Europa has been reported to be at 2857−1

(Carlson et al., 1999).

after, the band position follows a different, and reversib
temperature curve (Fig. 7), increasing when cooling. This re
versible behavior was also seen in crystalline mixtures gr
at∼150 K.

Finally, we found an interesting change in the band sh
as we cool irradiated films that have been annealed to 12
a shoulder appears in the low frequency side of the b
(Fig. 8). This behavior is reversible, that is, the shoulder d
appears when heating and reappears when cooling. The s
der might indicate the presence of two absorptions in
3.5-µm band (multiple overtones and/or a combination mo
or may signal the presence of a doublet, known to oc
in H2O2 due to symmetry(Hougen, 1984; Pettersson et a
1997).
,

n

e
:

d

ul-
e
)
r

Fig. 8. Changes in the hydrogen peroxide band as the temperature of fi
varied for an initially 5.2 × 1018 H2O molecules cm−2 water ice film, irradi-
ated with 100 keV H+ ions until saturation. The shoulder appearing at sh
frequencies is only seen at low temperatures after the film has been anne
120 K.

4. Discussion

4.1. Comparison to other experiments

An evaluation of the general concepts learned from irra
tion of water by fast particles may be useful for gaining insi
into radiation experiments performed on ices. We can ca
late the initial (low-fluence limit) radiation yieldG, defined as
the number of molecules produced per 100 eV of deposited
ergy. In our case, where the ions deposit all their energyE0
in the film, the radiation yield is an average over the pene
tion depth:G = d(η(F ))/dF ×100 eV/E0. We can calculateG
more accurately for the 80 K data where an initial linear sl
is clear in theη(F ) curve. The derived values are shown inTa-
ble 1.

We now turn our attention to the fact that, among the
periments that have investigated in situ H2O2 production in
water ice at∼80 K, peroxide was not detected for 800 ke
protons. This can be explained by the fact that those pro
tiles cause a low density of excitations/ionizations due to t
low linear energy transfer (LET or energy deposited per
path length dx). The LET can be approximated by the stopp
power of the projectile, dE/dx, since the fraction of energy tha
escapes with ejected electrons, photons, and atomic par
is negligible. It is known that the relative yield of molecul
species (such as O2 and H2O2) increases with LET in liquid
water and water solutions(Hochanadel, 1960; Anbar, 196
Spinks and Woods, 1990)and in ices(Hart and Platzman
1961), but is in general independent of the type of incid
particle, though exceptions have been found between light
heavy ions of the same LET(Wasselin-Trupin et al., 2002.
We next discuss saturation concentrations, which appear
higher for the projectile with highest LET.
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We start by considering individual mechanisms in a s
plified manner, since there are dozens of reactions invol
different ion species and the neutral radicals H, O, OH,
HO2. Although the reaction chemistry of water is well know
in the gas phase, the lack of reaction rates in ice at low temp
tures makes modeling unadvisable. A specific mechanism i
condensed state is the cage effect, where separating frag
of a dissociation collision bounce from adjacent molecules
“cage”), slow down by momentum transfer and recombine w
high probability. Because of momentum conservation, the li
est dissociation fragment (say H in a H–OH) carries mos
the repulsive energy and is more likely to escape the c
The cage opens transiently at the higher temperatures d
lattice vibrations causing escape to increase with tempera
Another condensed state effect are the much higher likelih
of three-body collisions compared with the gas phase, al
ing reactions that would be forbidden in two-body collisio
A further concept needed to understand radiolysis of ice is
strong hydrogen bonds hinder diffusion of radicals, and res
in their strong bonding at vacancies and other defects.

We now discuss the radiation effects on ice, limiting
discussion to representative processes involving the most a
dant species. Radiolysis starts with excitations and ionizat
described as follows, where X denotes an incident particl
photon:

X + H2O → H2O*, (1)

→ H2O+ + e−. (2)

Almost nothing is known about the fate of the excited w
ter molecule H2O*, besides that it will eventually relax to th
ground state or dissociate, most likely to

H2O* → OH + H. (3)

The ionized water molecule is thought to associate into hy
nium in the reaction:

H2O+ + H2O → H3O+ + OH. (4)

An unbound electron may recombine with the hydronium
to form H+ H2O

e− + H3O+ → H2O + H (5)

attach to an OH to form OH−:

e− + OH → OH− (6)

or to a water molecule by dissociative electron attachm
(DEA):

e− + H2O → OH− + H. (7)

The hydronium can also recombine with the negative hydro
radical to reform water molecules but releasing kinetic ene

H3O+ + OH− → 2H2O. (8)

The OH that is not consumed in those reactions may rea
form peroxide:

2OH→ H2O2. (9)
g
d

a-
e
nts
e

-
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We first consider the case of temperatures below 80 K, w
OH diffusion is negligible(Siegel et al., 1961; Bednarek an
Plonka, 1987). The two hydroxyl radicals in reaction(9) can
be produced in an ion track of high LET caused by an ion,
this explains the apparent linear fluence dependence of the
duction rate we observe in the case of ion irradiation. On
other hand, low LET radiation such as photons produces
lated OH and, in the absence of diffusion, leads to a sq
dependence of H2O2 production on irradiation fluence, as o
served for Lyman-α photons(Gerakines et al., 1996).

When temperature increases, the OH produced in the
track can diffuse out before reaction(9) takes place. The re
sulting effect will be a decrease in the initial production ra
as seen at 80 K (Fig. 3). The ability of OH to diffuse out of
the track before reacting with another radical will be large
the initial OH concentration in the track is lower. This can
plain why H2O2 was undetectable in the low LET experimen
of Moore and Hudson (2000).

Another pathway for the formation of H2O2 starts with the
formation of O:

X + H2O → H2O* → H2 + O. (10)

This process accounts for 10% of the dissociations in the
phase(Slanger and Black, 1982)but may be less likely in the
solid due to the cage effect (for H2 it should be more difficult to
escape the cage than for H from(3)). Subsequent reactions
the ion track between two O atoms may lead to O2:

O + O → O2. (11)

Alternatively, the O atom may be trapped at a defect site:

H2O + O → H2O–O. (12)

Experimental evidence for reaction 12 in rare gas matrices
been reported byKhriachtchev et al. (2000), who showed tha
after forming a complex of H2O–O by UV photolysis (193 nm
of H2O2, by photolysis at a different wavelength (λ > 300 nm)
can then reform H2O2 by

X + H2O–O→ H2O+ + O− → H2O2. (13)

However, this mechanism for H2O2 formation implies a quad
ratic dependence on irradiation fluence, since one collisio
needed in(10) and another in(13). This is not seen for ions
at least at 80 K, suggesting that process(9) in the ion track is
more important for the formation of H2O2. The reason may b
that the H2O–O complex seen embedded in an inert rare
solid matrix does not exist in a hydrogen-bonded medium s
as water or H2O2.

A simple model for the fluence dependence assumes
processes, one to create H2O2 and one to destroy it, with effec
tive cross sectionsσc andσd , respectively. Neglecting chang
in the concentration of water, [H2O], we can write the rate equa
tion:

(14)d[H2O2]/dF = σc[H2O] − σd [H2O2],
which integrates to

(15)C = (σc/σd)
(
1− exp(−σdF )

)
,
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where C = [H2O2]/[H2O]. The saturation concentration
given by

(16)C∞ = σc/σd.

The values ofσc and σd obtained by fitting the proton dat
to Eq. (15) are given inTable 1. We see that the values o
the destruction cross sectionσd at 20 and 80 K are large
σd ∼ 2.0–5.9 × 10−14 cm2, respectively, significantly highe
than previously assumed(Carlson et al., 1999). Both values are
much larger than geometric cross sections, implying that, in
dition to direct processes, the molecules can be destroye
secondary processes involving other particles, such as elec
or radicals. Electrons can destroy H2O2 either by direct disso
ciation or by dissociative electron attachment:

e− + H2O2 → OH− + OH, (17)

e− + H2O2 → O− + H2O. (18)

DEA is expected to be in the 10−16 cm2 range in the gas phas
(Nandi et al., 2003)but the reactions(17) and (18)are hindered
in the solid by the cage effect. Since the number of ionizati
are smaller than dissociations, because of the larger energ
volved, it seems unlikely that electrons can account for
high effective cross section. To appreciate this more qua
tatively, we include the cascade of all secondary electron
the standard way by writing the effective cross section asσd =
S/J , whereS is the stopping power andJ the mean energ
to destroy H2O2. SinceS = 2.6 × 10−14 eV cm2 molecule−1

(Ziegler, 2003), using our measuredσd we obtainJ ∼ 1 eV,
but this value is much too small, smaller than the 2.1 eV
sociation energy of H2O2 into 2OH(Okabe, 1978). Thus, even
though H2O2 production increases in water ice when elect
scavengers are added(Moore and Hudson, 2000), another more
dominant mechanism appears responsible for the large des
tion cross section measured.

Another secondary process is afforded by reactions with
icals. In particular, other OH radicals produced in the wa
from reactions:(3), (4), and (7)can also destroy H2O2:

OH + H2O2 → H2O + HO2 (19)

and in turn, the HO2 molecule formed can be destroyed by a
other OH producing water and molecular oxygen

OH + HO2 → H2O + O2. (20)

Many other reactions with radicals can also destroy hydro
peroxide(Luñák and Sedlák, 1992; Pastina and LaVerne, 20
Alam et al., 2004), of which the most important are thought
be those involving H, an abundant radiolytic product:

H + H2O2 → OH + H2O, (21)

H + H2O2 → H2 + HO2. (22)

To explain the increase in the effective destruction cross
tion with temperature we need to consider the behavior of
main radicals H and OH. Even at low temperatures, mos
the OH will recombine with atomic hydrogen, which can d
fuse even at the lowest temperatures used in these experim
and reform water. Some H will recombine with another H
-
by
ns

s
in-
e
i-
n

-

c-

-
r

n
;

c-
e
f

nts

form H2 that diffuses out of the solid. Defects, intrinsic or pr
duced by radiolysis will trap H and some H2. At temperatures
near or above 100 K, OH will diffuse and H may be relea
from traps, leading to additional OH–H recombination, wh
causes the well-known decrease of OH concentration with
perature(Plonka et al., 1984). Some of the diffusing H and OH
will destroy hydrogen peroxide by reactions(19), (21) and (22),
explaining the largerσd at the higher temperatures.

4.2. Comparison to Europa observations

Galileo infrared and ultraviolet spectra show the presenc
hydrogen peroxide on Europa’s leading hemisphere(Carlson
et al., 1999). The H2O2 density varies over the surface a
appears to correlate with surficial CO2; however there are ar
eas with relatively high concentrations of H2O2 and little CO2
(Carlson, 2001). Hydrogen peroxide is not evident on the tra
ing hemisphere, but this lack of detection may be due to
high radiation noise associated with most Galileo NIMS E
ropa measurements. A related radiolytic species, O2, is found
at all longitudes on Europa(Spencer and Calvin, 2002), and if
this O2 is derived from H2O2 precursor(Sieger et al., 1998
Cooper et al., 2003; Johnson et al., 2003), then peroxide is ex
pected to be on the trailing side as well.

Energetic particles striking Europa’s surface include e
trons, protons, iogenic sulfur and oxygen ions, and other
in minor quantities. Electrons are thought to strike mainly
trailing side(Paranicas et al., 2001)while energetic ions, with
their large gyroradii, bombard leading and trailing hemisphe
with nearly equal intensity. The dominant ion species, in b
number flux and energy flux, is protons and the peak in t
flux distribution occurs at∼100 keV(Paranicas et al., 2001.
Europa’s sulfur and oxygen ion fluxes are∼20 and 10% of
the proton flux at 100 keV(Paranicas et al., 2002). Thus, Eu-
ropa’s leading side H2O2 probably arises mainly from proto
irradiation with energies of order 100 keV. There will also b
contribution from heavy ions but in the following we consid
only protons and use the H+ impact data described above f
comparison.

The observed molar concentration on Europa is 0.1
which agrees well with the measured equilibrium concen
tions of 0.14 and 0.1% for H+ irradiation at 80 K and 120 K
(cf. Figs. 3 and 4). The experimental temperatures are r
evant to Europa, for which average night and day temp
tures at mid-latitudes are∼90 and 120 K, respectively, est
mated from(Spencer et al., 1999). The depth of penetratio
of 100 keV protons is just on the order of a 1–2 µm wher
the depth sampled by infrared remote sensing is probably
of microns. Ions lose much of their energy at the ends
the tracks; thus higher energy ions can produce H2O2 as in
the 100 keV case studied here, but deeper in the ice, w
could be on the order of millimeters(Cooper et al., 2001
Paranicas et al., 2002). In addition, gardening by micromete
oroid impact will bury surficial peroxide molecules and m
destroy some through vaporization. The average burial ra
about 1.2 µm year−1 (Cooper et al., 2001)but the rate will be
greater on the leading side due to the enhanced flux from or
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motion(Zahnle et al., 1998). Assuming that the sampling dep
is 30 µm, and with an enhancement of 2.5 in the gardening
at the leading apex (relative to the global average(Zahnle et
al., 1998)), the observed layer has a gardening age of abou
years.

Using the destruction cross section for 80 K (Table 1),
the destruction rate per H2O2 molecule in the top few µm i
σdF = 8.9 × 10−7 s−1 for the proton flux at EuropaF =
1.5×107 cm−2 s−1 (Cooper et al., 2001). This rate correspond
to a characteristic time ofτ ∼ 13 days. The diurnally average
photo-destruction rate for H2O2 at 5.2 AU is 2.5 × 10−6 s−1

(Huebner et al., 1992)in the gas phase but it is unknown a
difficult to estimate in the solid phase. The absorption cr
section for aqueous solutions of H2O2 is a factor of two greate
than for gaseous H2O2 in the relevant spectral region(Lin et
al., 1978)but the cage effect (see above) can reduce the
photo-destruction rate. For instance, in water, the radiolytic
struction rate of H2O is one order of magnitude lower at 77
than for the vapor(Spinks and Woods, 1990). In dilute mix-
tures in water, H2O2 may be even harder to dissociate th
H2O, because the two OH, which are the main products w
H2O2 photodissociates, will not as likely escape the cage
the H from water in reaction(3), due to a stronger interactio
with water molecules. Furthermore, the near equality of the
served and experimental concentration values also imply
the solid phase photo-destruction rate is comparable or sm
than destruction by the ions, and thus we consider only the c
acteristic lifetime calculated for ions. Newly exposed µm-lay
of pristine ice would develop equilibrium concentrations in
characteristic time of 13 days estimated above and, bec
the equilibrium is of continual production and destruction,
mean life of surficial H2O2 molecules is the same. Note th
changes in the magnetospheric flux willnot change the surfac
concentration providing that the photodestruction rate is m
smaller than the ion impact destruction rate.

We now compare the position and shape of Europa’s 3.5
feature with laboratory absorbance spectra of irradiated s
ples. We used a low-noise NIMS reflectance spectrumR spa-
tially averaged over Europa’s leading side together with a c
polynomial,Rc, fit to the “continuum” adjacent to the pero
ide feature. The computed spectrum[− ln(R/Rc)] is propor-
tional to the spectral absorptivity of H2O2 and is compared to
laboratory spectra inFig. 9. The position of Europa’s featur
agrees with the 80 K spectrum to within 0.01 µm and wit
the 0.015-µm instrumental uncertainty. The width and shap
the bands are also in good agreement. The spectral fit, cou
with consistency in the equilibrium concentrations, provide
ther evidence for extensive radiolytic processing on Europa

5. Conclusions

Ion irradiation of pure ice with 50–100 keV protons and A+
produces hydrogen peroxide in the explored temperature ra
20–120 K, which extends from close to the values for i
coated interstellar grains to temperatures typical of icy satel
in the outer Solar System. Quantitative analysis of the 3.5
infrared absorption band, after non-linear background sub
te
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Fig. 9. A comparison of the 3.5-µm H2O2 absorption feature on Europa (circle
and that produced by 100 keV H+ ion irradiation of water ice at 80 K (solid
line).

tion, shows that the concentration of H2O2 rises with irradiation
fluence to a saturation level which, at 80 K, is very close
that found on Europa. Furthermore, the shape and positio
the 3.5-µm band produced by ion irradiation also agrees
with that reported for Europa. The fact thatMoore and Hud-
son (2000)could not detect hydrogen peroxide from pure
radiolysed with 800 keV protons is explained by the kno
dependence of molecular synthesis on the density of energ
position, which is much lower for 800 keV protons than in o
experiments.

Annealing of water ice irradiated at low temperatures
120 K shows a slight irreversible upward shift in the tran
tion frequency of the 3.5-µm band. After annealing to 120
the band has a different temperature dependence, this tim
versible, and a shoulder appears at the low frequency side i
absorption band at lower temperatures. Annealing to temp
tures where sublimation is important reveals that the produ
H2O2 is relatively stable until the film desorbs from the su
strate, and that it desorbs at a slower rate than water.
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