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We present the first in situ laboratory detection of H2O2 in H+ ir-
radiated ices at temperatures relevant to the icy Galilean satellites.
These experiments were motivated by the recent Galileo NIMS de-
tection on Europa of a 3.5-µm band identified with H2O2 (R. W.
Carlson et al. 1999, Science 283, 2062–2064). In our laboratory
experiments, the IR signature of H2O2 was easily observed after
irradiation of pure H2O at 16 K, but it was not seen after irradi-
ation at 80 K. Radiolysis of mixtures of H2O with O2 or CO2 at
80 K did produce H2O2. These results show that ices more com-
plex than pure H2O are involved in the radiolysis pathway to form
H2O2 on Europa. We also report the intrinsic band strength and
radiation yield of H2O2 in ice mixtures, along with possible for-
mation and destruction mechanisms. Sufficient concentrations of
H2O2 can be formed in H2O ices containing O2 to explain the NIMS
observation. c© 2000 Academic Press

Key Words: radiation chemistry; ices; Europa; infrared observa-
tions; satellites of Jupiter.
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Hydrogen peroxide has been identified on Europa base
a 3.50-µm absorption feature in Galileo NIMS spectra, alo
with corroborating evidence from profiles at shorter wavelen
in Galileo UVS spectra (Carlsonet al. 1999). The position
and width of the IR feature were matched with a laborat
reflectance spectrum of H2O+H2O2 ice; the intensity of the
NIMS feature suggested an H2O2 concentration of 0.13% b
number relative to H2O. Europa has a constant flux of energe
ions bombarding its surface, therefore H2O2 is thought to be
a radiation product. Based on the reported radiation yield
H2O2 in H2O ice, Carlsonet al. (1999) concluded that the su
face abundance of H2O2 on Europa, after factoring in productio
and loss rates thought to be relevant, would be 0.013 to 0
relative to H2O, a number consistent with the observations.
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Europa, Ganymede, and Callisto. These satellites of Jupiter
H2O ice on their surfaces. Condensed-phase molecular
gen has been detected on Ganymede along with O3; on Europa
a tenuous oxygen atmosphere has been observed (Hallet al.
1998). All of these icy satellites exist in the radiation enviro
ment of Jupiter, and the intensities and energies of particles+,
On+, Sn+, ande−) bombarding their surfaces varies with, e.
the distance of the satellite from Jupiter, and the satellite’s
trinsic magnetic field and atmospheric density. The estima
value of the incident energy flux (Cooperet al. 2000) is in-
cluded in Table I for each satellite. Although Europa recei
the highest flux of energetic particles, the other satellites rec
enough radiation that the formation of products like H2O2 seems
likely.

The influence of ionizing radiation on frozen water has be
studied for many years with most early work focusing on
identities and yields of stable products, namely H2, O2, and
H2O2. In a typical experiment, an ice was irradiated and s
sequently melted for analysis. Since transient, highly reac
species like trapped electrons, OH, H, and HO2, cannot be de-
tected this way, they have been studied at low temperatures
in situ methods such as UV–visible spectroscopy or elect
spin resonance spectroscopy. Pulse radiolysis also has bee
ployed for detection of transients in irradiated ice.

Traditionally the yield of a radiation product has been d
noted by aG value, defined as the number of molecules o
certain type formed per 100 eV of energy absorbed. Num
ous workers have studied H2O2 production in ice and reporte
on howG(H2O2) and the final H2O2 abundance are influence
by temperature, the initial composition of the ice, and the ty
of radiation used. For example, Ghormley and Stewart (19
measured H2O2 production in iceγ -irradiated at several tempe
atures, and found that the final abundance of H2O2 was lowest at
their highest irradiation temperatures. However, they also fo
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TABLE I
Icy Galilean Satellites

Total average
Condensed phase energy flux,

molecules Temperature E> 20 keVa

Satellite identified range (eV cm−2 s−1)

Europa H2O, CO2
b, SO2

c, H2O2
d 85–128 Ke, f 78× 1012

Ganymede H2O, CO2
g, SO2

h, O2
i , O3

j 85–152 Ke, f 5.4× 1012 poles
0.3× 1012 equator

Callisto H2O, CO2
g, SO2

h,k, O3
l 80–150 Kf 0.2× 1012

a Cooperet al. (2000), lower limit of energetic ions and electron flux bas
on EPD experiment on Galileo Orbiter.

b Smytheet al. (1998).
c Laneet al. (1981), Nollet al. (1995).
d Carlsonet al. (1999).
e Ortonet al. (1996).
f Hanelet al. (1979).
g Carlsonet al. (1996), McCordet al. (1997), McCordet al. (1998).
h McCordet al. (1997), McCordet al. (1998).
i Spenceret al. (1995).
j Noll et al. (1996).
k Noll et al. (1997).
l Associated with impact area.

that at the higher irradiation temperatures the amount of H2O2

formed could be increased by adding O2 to the ice before freez
ing and irradiating. Inall cases the irradiated ices had to
melted for H2O2 analysis; noin situH2O2 determinations were
possible.

Althoughγ - and X-ray experiments provide insight into th
radiation chemistry of ice, ion irradiations are more relevan
icy satellites. Unfortunately,in situ measurements ofG(H2O2)
are also lacking for ion irradiations. The Galileo NIMS da
was interpreted (Carlsonet al.1999) withG(H2O2)= 0.4 for α
irradiation of ice; however, the source of this value is surp
ingly elusive. We have traced thisG(H2O2) to Lefort (1955),
a paper which gives few analytical details of the H2O2 anal-
ysis. However, earlier papers (Bonet-Maury and Lefort 19
Bonet-Maury and Frilley 1944, Bonet-Maury 1941, 1944) ma
it clear that the irradiated ices were melted prior to meas
ment of G(H2O2) near room temperature with a colorimetr
method.

In this paper we present laboratory results for prot
irradiated ices, along within situ measurements of H2O2 pro-
duction. By studying these ices in the solid state, we are
to avoid the uncertainties introduced by melting samples
H2O2 analysis. The temperatures chosen for our irradiations
H2O2 analyses were 16 and 80 K, the latter being more rele
for jovian satellites. Although H2O2 was easily observed afte
irradiation of pure H2O ice at 16 K, contrary to our expecta
tions it wasnot seen after irradiation at 80 K. If, however, th
80 K H2O ice contained either O2 or CO2, then H2O2 was de-

tected after irradiation. Overall, the band position and wid
of the H2O2 feature showed some variation with compositio
OF ICES RELEVANT TO EUROPA 283
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concentration, and temperature. We also have measured th
trinsic IR band strength, theA value, of the H2O2 band near
3.5 µm, the same band used to identify H2O2 in the NIMS
data. The H2O2 band strength and our IR spectra after irrad
tion have been combined to give H2O2 yields for different ice
mixtures.

EXPERIMENTAL

Ice films a few microns in thickness were formed in two d
ferent ways on an aluminum mirror attached to the tail sec
of a closed-cycle cryostat. First, for each irradiation experim
an ice film was formed by gas-phase condensation at 1
and the resulting ice thickness was determined by measu
interference fringes during deposition. Second, ices of H2O +
H2O2 were made by using a syringe to inject a solution throu
a vacuum septum onto the precooled mirror (∼16 K). In both
cases, the ice temperature could be maintained between∼16
and 300 K. The results reported in this paper do not depen
the precise value of the minimum temperature.

Infrared absorption spectra of all ices were measured by p
ing an IR beam through the ice film, reflecting it from the ic
aluminum interface, and again passing it through the ice. H
ever, analysis of spectra to calculate column density was b
on the physical thickness of the ice, not the IR thickness.
resolution of the spectrometer for these experiments was 4 c−1.
Reported spectral positions are accurate to±0.5 cm−1.

Protons (0.8 MeV) from a Van de Graaff accelerator were u
to irradiate ices at 16 and 80 K. A nickel beam foil separated
vacuum of the accelerator from the clean vacuum of the c
stat area. Details of this experimental setup are already in
(Moore et al. 1996, Hudson and Moore 1995, and referen
therein).

Quantitative analysis of IR spectra of irradiated ices involv
two steps. First,A(H2O2) for the 3.5-µm band had to be mea
sured. The injection technique was used to form different th
nesses of H2O+H2O2 ice at∼16 K. The area of the H2O2

(3.5µm) band was plotted against the area of the H2O band at
753 cm−1 (13.3µm) for each ice thickness. The slope of a li
connecting these data is proportional toA(H2O2)/A(H2O), the
value of A(H2O) being known at∼16 K from Hudginset al.
(1993). Our data gaveA(H2O2)= 2.7× 10−17 cm molecule−1

at∼16 K. Next, the H2O2 band in each irradiated ice was i
tegrated for every proton dose. Dividing the integrated ban
areas byA(H2O2) gave the column density of H2O2 in each ice
as a function of radiation dose. To compare our results with e
mates of the %H2O2 on Europa, column densities of H2O2 were
converted to %H2O2 by number relative to H2O.

The sources and purities of the reagents used in these
periments are as follows: triply distilled H2O with a resistance
greater than 107 ohm cm; H2O2 (J. T. Baker), 30%; H2O2, stan-
dard pharmaceutical reagent, 3%; O2 (Matheson), 99.6%;18O2
th
n,
(Alfa), 99% 18O; CO2 (Matheson), 99.995%; C18O2 (Isomet),
95%18O; N2O (Airco), 99%.
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RESULTS

(a) IR Spectrum of H2O+H2O2

Figure 1 shows the IR spectrum of H2O+H2O2 at 16 K
from 3.2–4.0µm. The H2O2 concentration was determine
by KMnO4 titration, before injection, to be 2.66% by ma
or 1.4% by number relative to H2O. The band at 2855 cm−1

(3.503µm) in Fig. 1, with a full width at half maximum (FWHM)
of 74 cm−1 (0.09µm), was identified with theν2+ ν6 combi-
nation mode (also possibly 2ν6 and 2ν2) of H2O2 (Lannonet al.
1971, Petterssonet al. 1997). The underlying, sloping contin
uum on which the H2O2 feature sits in Fig. 1 is part of th
3260 cm−1 (3.07 µm) water band. This same H2O2 absorp-
tion was measured at 80 K by diffuse reflection (Carlsonet al.
1999), after cooling a liquid H2O2 solution from room tempera
ture, and found to be at 2854 cm−1 (3.504µm) with a FWHM of
∼49 cm−1 (∼0.06µm). We warmed a 1.4% H2O2 ice from 16 to
160 K and found that the band position changed from 2855 c−1

(3.503µm) to 2845 cm−1 (3.515µm) and the FWHM decrease
as the sample became crystalline. Similar behavior was obse
on warming a more concentrated sample, 14% H2O2, to 160 K.

(b) Irradiated Pure H2O

A 3-µm-thick film of H2O was irradiated at∼16 K to a total
dose of 17 eV molecule−1. After irradiation H2O2 was detected
on the wing of the H2O band, with a peak position at 2856 cm−1

(3.501µm) and a FWHM of 49 cm−1 (0.06µm). The position
and width of this H2O2 band were essentially unchanged fro
∼16 to 120 K. The experiment was then repeated at 80 K,
to our surpriseno H2O2 was detected after irradiation. This r
sult led us to examine the radiolysis of icy mixtures relevan
Europa which might form H2O2.

FIG. 1. IR spectrum of H2O+H2O2 (100 : 1.4) ice at 16 K between 3.

and 4.0µm. The 3.508-µm absorption feature due to H2O2 is on a sloping
continuum due to the long wavelength wing of the 3-µm H2O band.
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FIG. 2. The change in percentage abundance by number of H2O2 as a
function of proton dose is plotted for three different ice mixtures: H2O+O2,
O2/H2O, and H2O+CO2. The slope of each data set is the yield,G(H2O2), for
that mixture irradiated at 80 K.

(c) Irradiated H2O+O2

To investigate the influence of the addition of O2 to H2O
on the formation of H2O2, we condensed a gaseous mixture
H2O+O2 (8 : 1) at∼16 K. The ice was slowly warmed to 80 K
and then irradiated. This 8 : 1 mixture gave a very clear H2O2

feature at 2841 cm−1 (3.520µm) with a FWHM of 121 cm−1

(0.15µm). Figure 2 shows the change in the abundance of H2O2

in this irradiated ice as a function of deposited energy.
Although pure O2 vaporizes in our 10−7 torr vacuum near

30 K, we expected that some O2 would be trapped in the bulk
ice (Ghormley 1967) during warming to 80 K. One indicati
of the presence of trapped O2 was the IR detection of theν3

mode of O3 at 1034 cm−1 (Brewer and Wang 1972) after irrad
ating the 80 K H2O+O2 ice. We estimate that∼60% of the O2

is retained in the H2O ice during warming, which results in a
H2O+O2 (∼100 : 8) at 80 K. This result is based on a compa
son of the areas of the O3 band formed for similar radiation dose
on H2O+O2 (8 : 1) ices at 18 K and that same original ice co
position warmed and irradiated at 80 K. The estimate assu
that the yield of O2→O3 is the same at both temperatures.

(d) Irradiated O2 on Top of H2O (O2/H2O)

In another experiment, H2O2 formed in H2O ice irradiated at
80 K when some O2 was present at or near the surface of the i
This condition was created by first forming a few-micromete
thick layer of H2O ice at∼16 K and then adding an equal thick
ness of O2 ice on top of it (notation for this layered experime
is: O2/H2O). This layered ice was slowly warmed to 80 K befo
irradiation. Although most of the O2 vaporized during warming
some fraction was bound to the water surface or was trappe
the top portion of the porous amorphous water ice (Ghorm

1967). After irradiation, H2O2 was detected in the in-
frared spectrum at 2851 cm−1 (3.508µm) with a FWHM of
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83 cm−1 (0.10µm). A factor of 2–3 less H2O2 was formed in
this experiment compared with the experiment where O2 was
more intimately mixed and trapped in the bulk ice. Results fro
this O2/H2O experiment are also plotted in Figure 2. The smal
amount of trapped O2 probably explains why O3 was not de-
tected in this experiment. Without the formation of detectab
O3 we were unable to estimate the amount of O2 trapped on the
surface at 80 K.

(e) H2O+CO2

Since CO2 has also been identified on the surface of Euro
(Table I), we studied irradiated H2O+CO2 (8 : 1) ice to exam-
ine other possible formation pathways for H2O2. Irradiated H2O
containing CO2 formed H2O2 with a broad band at 2851 cm−1

(3.508µm) and a FWHM of 101 cm−1 (0.12µm). Figure 2
shows the change in percentage abundance of H2O2 in the irra-
diated ice at 80 K as a function of radiation dose.

(f) Other Ice Mixtures

A few supporting experiments were done at∼16 and 80 K
with isotopically labeled molecules. A 10 : 1 mixture of H2O+
C18O2 was irradiated, and H2O2 was seen at the same position a
in the H2O+C16O2 mixture. An 8 : 1 H2O+ 18O2 mixture was
irradiated, and the peak position of H2O2 occurred 10 wave-
numbers less than in the H2O+ 16O2 experiment.

Many other experiments were performed to determine if H2O2

formation was common in irradiated ice mixtures. Ices made
H2O and other molecules, containing carbon, hydrogen, nit
gen, and oxygen, did not produce H2O2 during irradiation with
one exception. When a 10 : 1 mixture of H2O+N2O (nitrous
oxide) was irradiated, at either 16 or 80 K, the 3.50-µm band of
H2O2 band was easily observed. The significance of this exp
iment will be discussed below. We hope to extend our work
sulfur-containing molecules in the near future.

DISCUSSION

(a) Comparison of Laboratory Spectra
with the Europa Spectrum

In our experiments, the 3.5-µm H2O2 band’s position and
width were influenced by several factors. First, the position of
band changed with ice composition. In O2/H2O and H2O+CO2

irradiated ices at 80 K the peak positions were within the limits
the observed H2O2 feature on Europa, 3.50± 0.015µm. How-
ever, the location of the H2O2 band in our H2O+O2 experiment
was outside the limits of the Europa observation by+0.005µm.
Second, we found that the position of H2O2 in H2O mixtures
depended on the H2O2 concentration. In a 1.4% H2O2 solution
frozen at∼16 K the peak was at 2855 cm−1 (3.503µm), but
at 2843 cm−1 (3.517µm) for a similarly frozen 14% solution.
The FWHM of the 3.5-µm band in these icy mixtures varied

from 74 to 96 cm−1 (0.09–0.12µm, respectively). The width of
the H2O2 band in the Europa observation, and the H2O2 80 K
OF ICES RELEVANT TO EUROPA 285
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reference spectrum measured by Carlsonet al.(1999) in diffuse
reflection, was∼49 cm−1 (0.06µm). Finally, we observed tha
the FWHM of the H2O2 band in both the 1.4% and the 14
H2O2 ice decreases∼40% from 18 K (a temperature where th
phase of H2O ice is amorphous) to 160 K (a temperature wh
the phase of H2O ice is crystalline). Table II summarizes th
peak position and FWHM of the 3.5-µm H2O2 band observed
for different conditions.

Carlsonet al. (1999) concluded that their laboratory me
surements indicated a surface concentration of H2O2 on Europa
near 0.13%, by number relative to water ice. This concentra
is at the limit of detectability for transmission IR spectra of sy
thesized H2O2 in laboratory ices, which we estimated to be
the 0.1–0.2% level. Variations in the peak position and wi
depend on the composition and H2O2 concentration of the ice
along with other factors such as grain size, porosity, and the
history. Detectability of weak features may also be affected
the difference between diffuse reflection measurements of
ice compared to absorption in a thin film. The identification a
suggested concentration of H2O2 on Europa given by Carlso
et al. (1999) is consistent with our laboratory experiments. I
the nature of the ices that leads to the H2O2 formation that is
more complex than previously thought.

(b) Yield of H2O2

We have calculatedin situyields of H2O2 for the experiments
done at 80 K. These yields are more relevant for icy satel
than those from previous studies on H2O2, whereG(H2O2) was
measured after the irradiated ice had been melted. OurG val-
ues are calculated during the early part of experiments whe
production of H2O2 increases linearly with dose. The slopes
the curves in Fig. 2 giveG(H2O2) for each ice studied. We use
all of the data points for H2O+O2 and O2/H2O and the first data
point for H2O+CO2 ice to determine the slopes.Gs determined
at higher doses in these experiments are less useful be
product saturation occurs. The averageG(H2O2) for the H2O+
O2 experiment was 0.41, for O2/H2O it was 0.16, and for H2O+
CO2 it was 0.10. For comparison,G(H2O2)= 0.1 in pure H2O
at∼16 K.

From the range of ourG(H2O2)s, 0.1 to 0.4, the estimate
steady-state percentage abundance of H2O2 on Europa is
0.07–0.28% assuming a lifetime of 100 days and an energy
of 50× 1012 eV cm−2 s−1 as discussed by Carlsonet al.(1999).
TheG(H2O2)= 0.4 they used, which was based on analyse
ices melted after irradiation, was the largestG(H2O2) we mea-
suredin situ for our H2O+O2 irradiated ice. Using the abov
assumptions about Europa’s environment, both H2O+O2 and
O2/H2O mixtures on Europa could form a detectable stea
state concentration of H2O2; a mixture of H2O+CO2 would
not, for an assumed lifetime of 100 days. Obviously the pro
choice ofG requires knowledge of the composition of the ice
Europa. If H2O+CO2 is an important contributor to the H2O2
concentration, adjustments to the model will be required. For
example, the steady-state abundance increases by decreasing
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TABLE II
Observed Band Position for H2O2 in the 3.5-µm Region

H2O2 peak position in the
3.5-µm region

FWHM
Observation of H2O2 Conditions cm−1 µm (µm)

Europa spectruma 2857± 12 3.50± 0.015 ∼0.06

Laboratory results

H2O+H2O2 (100 : 13)a Diffuse reflection IR, 2854 3.504 ∼0.06
300 K liquid cooled
to 80 K

H2O, UV photolysisb Transmission IR, 10 K 2860c 3.496 0.08
Warmed to 70 K 2860c 3.496 0.08

Laboratory results,
this paper Transmission IR

H2O+O2, p+ irr. T = 80 K 2841 3.50 0.15
O2/H2O, p+ irr. T = 80 K 2851 3.508 0.10
H2O+CO2, p+ irr. T = 80 K 2851 3.508 0.12
H2O, p+ irr. T = 18 K 2856 3.501 0.06

Warmed to 120 K 2855 3.500 0.05
H2O+H2O2 (100 : 1.4) T = 18 K 2855 3.503 0.09

Warmed to 80 K 2854 3.504 0.08
Warmed to 160 K 2845 3.515 0.05

H2O+H2O2 (100 : 14) T = 18 K 2843 3.517 0.12
Warmed to 80 K 2841 3.520 0.11
Warmed to 160 K 2842 3.519 0.07

a Carlsonet al. (1999).

b Gerakineset al. (1996).
c
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Gerakines (pers. commun.).

the destruction rate, or by assuming smaller ice densities
calculations and those of Carlsonet al. (1999) are based on a
ice density of 1 g cm−3). Alternatively, a model in which more
H2O2 is concentrated in the top few tens of micrometers of
ice, instead of averaged over the range of the most penetr
particle (180µm for electrons), would increase the percenta
abundance detected. The proper value ofG also needs to includ
any contributions from electrons and heavy ions whose en
fluxes are about the same as for protons.

(c) Formation Mechanisms for H2O2

In our experiments, the initial radiation effect is the creat
of ionization and excitation events in an ice along the tra
of the incident protons. Ionization of molecules will produ
electrons which may either enter into chemical reactions
given sufficient energy, form a separate track of radiation eve
In H2O, both H and OH radicals are formed during radioly
and can undergo radical–radical reactions to reform H2O and to
make H2 and H2O2:

H+OH→ H2O (1)

H+ H→ H2 (2)
OH+OH→ H2O2. (3)
(our
n

the
ting
ge

rgy

on
cks
ce
or,
nts.
is

The density of radicals formed in an individual event increas
with the stopping power of the ion. Since radical–radical r
actions are more important as the stopping power of the in
dent radiation rises, we expect our yield of H2O2 to be greater
than inγ - and X-ray experiments, but perhaps lower than
α irradiations. Since HO2 is reported (Swallow 1973) to be
one of the primary products in ion irradiated ices, then w
expect HO2 to be formed in our proton irradiated ices due
the high stopping power of the proton. The reaction norma
invoked to explain HO2 formation involves the destruction o
peroxide:

OH+ H2O2→ H2O+ HO2. (4)

The most striking result in our work is probably the lack o
H2O2 at 80 K in irradiated H2O ice. Most likely, peroxideis
made at 80 K, but its concentration is below our IR detecti
limit, which is about 0.1 mol%. It is difficult to decide upon on
single mechanism to explain why H2O2 is seen in our irradiated
amorphous H2O ices at 16 K but not at 80 K. One possibility i
that reaction (4) may be more efficient at removing H2O2 at 80 K

than at 16 K. A second possibility is that hydrogen molecules
may play a role in limiting reaction (4) at 16 K by reacting with
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OH radicals:

OH+ H2→ H2O+ H. (5)

In other words, reactions (4) and (5) may compete for “free” O
radicals. Because H2 is removed by sublimation at 80 K, the
more OH will be available for reaction (4) at 80 K than at 16
lowering the observed H2O2 abundance.1 A third possibility is
that reaction (1), reformation of H2O, is more efficient at 80 K
than at 16 K, lowering the H2O2 yield at the higher temperature
Evidence for an enhancement of reaction (1) near 80 K relativ
16 K is provided by experiments on the radiation amorphiza
of crystalline H2O ice (Moore and Hudson 1992). Ice at 77
shows a much greater resistance to amorphization than at 1
apparently due to the higher efficiency of the H+OH reaction.
In the absence of additional data, it is difficult to decide which
any, of these mechanisms is the most important. Reactions
(5) may well be simplifications of processes involving sol
state defects in ices, but these reactions are thought to refle
proper stoichiometry.

As an alternative to the above mechanisms, we also have
sidered the reaction of H2O2 with electrons produced by th
incident radiation:

e− + H2O2→ OH+OH−. (6)

At room temperature, destruction of H2O2 by this reaction is
orders of magnitude faster than either reaction (4) or reaction
Since electron trapping in ice is expected to be smaller at 8
than 16 K, moree− will be available at the higher temperatu
for reaction with H2O2 by reaction (6). This is consistent wit
the absence of H2O2 from the spectra of H2O ice irradiated at
80 K. Reaction (6)’s importance in our ices was examined
two separate experiments at 80 K involving efficient elect
“scavengers,” namely CO2 and N2O. Although pure H2O ice
irradiated at 80 K did not show H2O2, when either an H2O+CO2

or H2O+N2O ice was irradiated at 80 K, H2O2 was clearly
seen. Our interpretation is that in the later two cases, CO2 and
N2O consumed some of the available electrons, preventing t
from destroying H2O2 by reaction (6). The result was a grea
yield of H2O2, which was reflected in the increase in the H2O2

band strength. These experiments demonstrate that an ele
scavenger can influence H2O2 abundances in irradiated ices a
may explain changes in H2O2 abundances with temperature.

The formation of H2O2 in H2O ice having O2 either mixed in
or adsorbed on its surface is perhaps easier to understand
have previously shown that H-atom addition reactions result
ing proton irradiation of H2O+C2H2, forming C2H4 and C2H6

(Moore and Hudson 1998), and during irradiation of H2O+CO,
forming H2CO and CH3OH (Hudson and Moore 1999). H-ato
addition to O2 to form H2O2 should proceed with little difficulty.
Radiolysis generates H atoms from H2O which may then add
1 H atoms may react with H2O2 in a reaction similar to (4).
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sequentially to O2 to make peroxide:

H+O2→ HO2 (7)

H+ HO2→ H2O2. (8)

Our experiment with H2O+ 18O2 is consistent with these re
actions since it showed that H2

18O2 was formed (see Result
Section f). This identification was supported by numerous
periments which compared the position of H2O2 in irradiated
H2

16O, H2
18O, H2

16O+ 16O2, and H2
18O+ 18O2 ices. An alter-

native to reaction (7) is that O2 may capture electrons to form O−2
which is then protonated to make HO2, followed by reaction (8)
to peroxide.

We also have observed O3 formation in experiments on ic
samples made from O2 and H2O. The simplest ways that O3 can
be made are probably O-atom addition,

O2→ O+O (9)

O2+O→ O3, (10)

or O-atom transfer from a hydroxyl radical,

OH+O2→ H+O3. (11)

Our experiment with a H216O+ 18O2 mixture confirmed tha
both18O3 and16O18O2 are formed, as predicted by reactions (9
(11). These results concerning O3 will be presented in a futur
paper.

Finally, peroxide was observed at both 16 and 80 K in
radiation experiments with H2O+CO2 ice. It is likely that CO2

scavenges electrons, protecting H2O2 from destruction at 80 K
by reaction (6). This agrees with our H2O+C18O2 experiment:
the H2O2 synthesized was at the same IR position as H2O2

made from the H2O+C16O2 mixture. Additional support fo
this mechanism comes from our experiments at 16 and 8
with N2O, an efficient electron scavenger. Irradiated H2O+N2O
ices always showed a peroxide band, as expected if N2O pro-
tects H2O2 from destruction at the higher temperature. Clea
additional experiments are needed, perhaps with H2

18O or with
other electron scavengers such as SF6.

In conclusion, our work demonstrates that H2O2 is not pro-
duced in proton-irradiated H2O ice at 80 K in sufficient abun
dance for IR detection. However, we have also shown that ad
O2 or CO2 to the ice will raise the abundance of H2O2 to where it
can be observed in the infrared. Our results suggest that the
ence of O2 in H2O ice will produce detectable concentratio
of H2O2 for the radiation environment of Europa discussed
Carlsonet al.(1999). If, however, CO2 is an important ice com
ponent on Europa, then adjustments to some of the modele
rameters will be required. Since Ganymede and Callisto rec
only 7 and 0.2%, respectively, of the energy flux received

Europa, the steady-state concentrations of H2O2 on those satel-
lites will be correspondingly lower than on Europa, placing the
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H2O2 IR band’s intensity below the level of detection. (This a
sumes that the same models and ice mixtures apply to Ganym
and Callisto as to Europa). Finally we note that our results
based on proton radiolysis, protons being a major compon
of the jovian radiation environment. This environment also
cludese−, Sn+, and On+, and additional experiments will be
required to understand the role of each species in forming H2O2.
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