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readily observable O, feature is a marker for O, inclusions.”” The 0,-like
feature in the UV is superimposed on a very broad UV absorption feature
extending from about 0.4 pm to shorter wavelengths, a feature seen on
most of the icy satellites. This broad UV absorption has been attributed to
another radiolytically produced oxidant, H,O,,?** but might also include
absorption by trapped HO, and OH.** Identification of specific radiolytic
products in the UV is difficult because the bands overlap and are broad.
However, the presence of trapped H,O, was confirmed at Europa by the
presence of a band in the infrared observed by the Galileo spacecraft.2346
The amount seen in the infrared is roughly consistent with the amount
suggested by the slope in UV reflectance spectrum.

Although each of the identifications of the products of radiolysis or
photolysis (OH, H,0,, O,, O,) has considerable uncertainty, the reflectance
spectra of the icy satellite surfaces taken as a whole are self-consistent.
Thatis, the irradiated surfaces of these satellites contain trapped molecules
that are expected due to radiolysis or photolysis of ice.!>!%22 Consistent
with this picture, oxygen-rich molecules are formed by irradiation of an
ice containing trace amounts of sulfur (SO, and a sulfate) and carbon
(CO, and a carbonate).'>!**34748 The sulfate is likely a hydrated sulfuric
acid.*" These observations indicate that both volatile and refractory
oxygen-rich molecules are readily formed by radiolysis and photolysis in
these icy surfaces.!>?3 :

It is now generally agreed that the radiolysis by energetic ions and
electrons chemically and physically alters the surface ice and causes
decomposition producing H, and O,. What is particularly exciting is the
more recent realization that these bodies very likely have underground
oceans.”! This is the case as ice is a good thermal insulator and the moons
have internal radiogenic and tidal heat sources. The presence of oceans
has led to speculation on possible geologic transport of radiation-produced
oxidants from the surface to the putative subsurface oceans as a means
of sustaining aerobic processes.>>* Not surprisingly, the trapping and
transport of the products of radiolysis and photolysis of ice is now of
considerable astrophysical interest'® and missions by both NASA and
ESA are planed to visit Jupiter and its satellites with an emphasis on
understanding the implications of the radiolytic processing of the surface
of Europa.
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Fig. 3. Summary of data for crystallization times for ASW ice from Baragiola®?: lines are fits:
JB%® start of transition; SB®” 63% crystallized; DR,®® SC,* SM° end of transformation.

Radiation-induced alteration of ice is also of interest for ices in the

interstellar medium?>%-°

and in the debris discs of young stellar objects and
protostars.®!' Studies of the irradiation of ice have also been suggested as a
model system for radiation-induced decomposition of water in underground
containers of radioactive materials. Below I describe the radiation chemistry
and chemical pathways based on recent reviews.!3!323:62-¢4 The principal
results of the considerable laboratory database are outlined followed by
a description of models for the chemical kinetics induced by ionizing
radiation. The proposed pathways at low doses and their relationship to

those thought to be dominant in liquid water are then examined.

3. Summary of Laboratory Results

The laboratory data on the radiolysis and photolysis of ice is now extensive,
but the chemical pathways occurring in the solid at low doses are not yet
agreed upon. Unlike in the liquid or gas, structure plays a critical role in
the photolysis and radiolysis of ice. Results for incident ions, electrons,
and UV photons are first summarized.
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3.1. Sample structure

Low-temperature ice can have a variety of structures depending on how
it is formed.!®!%64% The emphasis here, as in much of the literature, is
on amorphous solid water (ASW) formed by vapor deposition with some
experiments on thin, relatively defect free samples. With increasing
temperature, an ASW sample passes through a glass transition at ~120 K.
It eventually anneals forming polycrystalline ice with average grain sizes
that increase with the annealing time and temperature. However, the as-
deposited ASW and annealed ASW are typically microporous® although
very thin uniform films can be grown.® Since defects are produced by the
radiation and can be made mobile thermally, the defect density can change
by increasing temperature or by irradiation.?$? Structural changes in
vapor-deposited samples occur in the temperature regime (50-150 K) with
the time for the changes depending strongly on the sample temperature
(e.g., see Fig. 3) and/or radiation dose.

Icy surfaces formed in the very distant regions of the solar system
or the interstellar medium are often assumed to be ASW, but the icy
surfaces of the moons of Jupiter and Saturn, although highly porous have
been annealed over very long periods of time resulting in grains that are
much larger than those in typical laboratory samp_lés. On exposure to a
plasma flux, radiation-induced defects and thin amorphous surface layers
are formed.”’~" In addition, the icy bodies in the outer solar system are
subject to meteoroid impacts, irradiations, sublimation and redeposition,
and, possibly at Europa, the flow of liquid water onto the surface. Because
of the differences between laboratory samples, and their difference from
surfaces in space, there are considerable uncertainties in the application
of laboratory results to observations. For instance, since laboratory ice
samples can have porous pathways to the surface, it has been difficult
to produce the observed oxygen inclusions (bubbles) in ice which led to
incorrect conclusions on O, formation.”” However, Johnson and Jesser!®
have pointed out that gas inclusions are readily formed in solids exposed
to penetrating radiation, which is clearly the case for ices in space.

ASW can have stable defects, inclusions and porous pathways to the
vacuum Interface and the incident radiation alters the defect structure of
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Fig. 4. Suggested radiation products in the liquid phase due to photon and electron impact
and electron attachment. Data from Garret et al.®®

the solid and the porosity. Since surfaces play an important role in the
chemical evolution of irradiated ice,*’® comparisons with liquid water is
only very rough. For instance, molecular reorientation is restricted in the
solid so that a critical species in the liquid, the trapped electron, appears
to play a minor role in the solid. However, a so-called precursor electron,
cooled but not fully trapped and mobile may be important.”’ By contrast,
radical radiation products are trapped and quite stable affecting the dose
dependence of the chemical yield. In spite of these important differences,
the extensive literature on radiolysis and photolysis of water in the liquid
and gas phase can be a guide to understanding the experiments on ice.

3.2. Radiation products and desorption

Incident photons, fast ions, and electrons ionize and/or excite the
molecules in ice with heavy ions producing multiple ionizations.*®
In addition, slow ions deposit a significant fraction of their energy in
momentum transfer collisions. These events produce bond breaking and
hot recoils leading to desorption, as seen in molecular dynamics studies,’
or resulting in solid-state chemistry and the formation of new molecules.
As described above, radiation products have been identified by electron-
spin resonance (ESR), UV-visible luminescence and absorption, and IR
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Table 1. Enthalpy changes (-AH) for exothermic reaction.

Reaction —AH (eV)
H+OH — H,0 5.12
0+0-0, 5.12
O+H,—>HO 5.04
H+H—H, 4.48
O+H — OH 4.40
O0+H0,—0,+H,0 3.68
OH +HO, - 0, +H,0 3.12
O +OH — HO, 2.73
—H+0, 0.72
O +HO, —» O, +OH 2.40
OH +OH — H,0, 2.17
H+ 0O, - HO, 2.00
H+HO, — OH + OH(0.92) 1.67
— H, +0,(0.08) 2.47
— O+ H,0(0.02) 1.75
OH +H 0, - HO,+H,0 1.28

absorption spectroscopy and, when molecules are ejected, by mass
spectrometry. ‘

Incident UV radiation can cause direct dissociation, primarily leading
to H + OH. In the gas phase there is a ~10% branching ratio to O + H,.
Incident electrons with energies less than the band gap can produce H,,”
so the initial products are OH, H, H,, and O. The H and OH are both
seen in ice by ESR and, in the case of OH, by its UV absorption band
at ~0.28 um (blue-shifted from the gas phase)* and, possibly, the UV-
excited luminescence bands at 0.42 and 0.34 um (red-shifted from the
gas phase).®® The presence of O atoms in the ice lattice was suggested by
luminescence bands associated with the formation of excited O,.%! More
recently, it was identified as an irradiation of product due to X-rays®? and
from proton irradiation using isotopically labeled H,O.* H and O atoms
ejected from the surface have also been detected.”®-83:34

When the incident radiation ionizes water molecules, HzO+ and
electrons are the primary products (e.g., see Fig. 4). H", H;, and
H7(H,0), are seen to be desorbed from ice by electron impact with a
threshold ~22 €V consistent with multiple ionizations.®* As in the gas or
liquid, proton transfer from H,O" should rapidly lead to H,O" + OH.
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Fig. 5. Ejected radiation products: (a) Programmed thermal (~1.5° min™") desorption yield
of a 7-um-thick 100 K ice film irradiated by 200-keV H* (1.5 x 10" ions cm™) indicating
irradiation products trapped in ice: from Baragiola.? (b) Electron simulated desorption
(ESD) yield versus thickness in monolayers (ML) for incident 87 €V, 7= 100 K, 9.5 x10"

e cm 2 Af is the change in thickness in ML, O, and D, integrated yields grow with
thickness until the film is thicker than the mean electron penetration depth, this indicates

that the vacuum and substrate interface contribute to the production of O, and D, from
Petrik and Kimmel.?

Other products, such as O, are produced following multiple ionizations
(e.g., HO™ + 2H,0 — 2H,0" + 0).* Although it is essential for
describing the radiation-induced chemistry, the fate of ionized species
in ice at early times is not well understood. Holes and electrons are
seen via mobility experiments,®” but, since thin films of ASW do not
appear to charge significantly, electron or hole transport to the substrate
must be efficient.”’® Neutralization of H/O® or H,O" by dissociative
recombination also leads to the formation of primary products in Fig. 4
(OH, H, H,, O) with the nature of the nitial excitation event determining
the relative amounts of each. Therefore, only these neutral products are
considered in the following, independent of their formation process which
1s an important caveat.

The primary radiation products can react to reform water. This process
is more efficient in the solid due to the so-called cage effect,*":3® which
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results in lower product yields than in the gas or liquid. Transiently
energized species that are just produced or made mobile by warming, can
diffuse and react forming H,, H,0,, HO,, and O, (Table 1). Such products
are seen after irradiation by temperature-programmed desorption (e.g., see
Fig. 5a). Although the principal dissociation products are H and OH, the
dominant gas-phase species ejected from an irradiated ice are those that
have the lowest binding energies to the ice matrix: H, O,,and HO (e.g.,
Figs. 2 and 5b). Since surface binding acts as a filter, the yield of H, from
ice is significant, although the gas-phase production cross section of H, is
only ~10% of the principal dissociation cross section.'® Since this volatile
product preferentially escapes into the vacuum, the stoichiometry of the
irradiated layer changes slightly” affecting the subsequent chemistry.'?

Trapped OH, H,0,, and HO, produced in UV photolysis were suggested
to be observed in the IR,* although those results have been questioned.
Incident fast protons produced H,O, in ice™ as well as HO, and HO, in ice
with 0,%. Also, O, OH, O,, H,0,, and HO, have been seen trapped in ice
irradiated by soft X-rays at 20 K* and HO, and H,, H,0,, and O, were seen
to evolve from irradiated samples on warming.>®' H,O, is suggested by a
broad UV absorption feature (<0.25 um), which leads to its dissociation,??
with absorption by HO, contributing via a broadband at 0.23 um.* The
radical HO, 1s thought to be the dominant ESR signal when ice is warmed
above 77 K*** with the equivalent species at much lower temperatures
suggested to be O,.° The trapped electron absorbs in the visible (~650
nm) and is often referred to as e-vis in irradiated ice. Electrons have also
been suggested to trap as OH®"%° and can initiate reactions by dissociative
attachment: i.e., H,O™— H™ + OH.*1*®

The formation of O, in ice was suggested by luminescence studies
following photolysis,®! by ion scattering experiments,’! and by soft X-ray
experiments.*” Since O, can be trapped in ice,’ O, must certainly form,*
although it has not yet been directly detected in irradiation of a pure
laboratory ice despite its strong absorption bands in the UV at ~0.25 ym
and in the IR at ~10 um. This s likely due to insufficient buildup in the
O, present as inclusions, which can be enhanced in the surface layers by
codeposition of H,0.%!
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Energetic ion and electron bombardment causes ejection of H,O as
well as the formation and ejection of H, and O, (see Fig. 2). Excited H
and O have also been seen in the ejecta but positive ions are, typically, a
very small fraction depending on the incident radiation, with ejected H™,
O~, and OH seen in low-energy electron irradiations.®-97-9

In the radiolysis of liquids and solids the energetic electrons ejected
from an atom or molecule, called secondary electrons, can produce
regions in which there is a high density of excitations often called
spurs. In addition to the secondary electrons, heavy energetic ions
produce a “track” of high excitation density along their path through the
solid forming a roughly cylindrical region of ionized and fragmented
species.”®#¢%1%0 Muyltiple excitations in a track or spur can, in principal,
directly produce secondary species such as H,0,, HO,, and O,. Since
the resulting damage  is considerable and the transient effective track
temperatures are high, the local porosity can be altered and excited
species, radicals, and volatile products can diffuse along the track as
discussed earlier.!%101.102

3.3. Trapping and diffusion

The density of defects, voids, and grain boundaries in laboratory samples
varies with temperature and irradiation time (fluence, dose). In addition,
defect mobility and molecular reordering change the population and
morphology of'the traps, so that the structure, diffusion length, and trapping
probability are interrelated. Major changes to the composition of the ice
appear to occur around 80 K, where OH becomes mobile.*%193-105 Near
100 K, considerable structural reorientation occurs on laboratory time
scales. Therefore, the decay of trapped OH is greatly enhanced at a little
over 100 K and, in the 100-115 K range, OH is effectively detrapped. At
low temperatures the presence of OH limits the population of the trapped
electron (e-vis), presumably due to OH™ formation. But the concentration
of e-vis also drops as the sample is warmed above ~120 K. In contrast
to these species, the production and loss of O, from an ice sample
dramatically increases with temperature in this temperature region.
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At low temperatures, H atoms appear to be mobile and disappear
in ESR spectra above ~50 K. The trapped proton is also thought to
be seen in irradiated ice.'”® The rate of detrapping increases as ice
is warmed above 100 K and falls off again above ~125 K. The nature
of H™ in the ice lattice is not clear and is often assumed to be H,O".

There are a variety of trapping sites for each species.'’” These vary
in depth (activation energy), so that at temperatures greater than 100 K
some H remains trapped. Energy spectra suggest that the H, and O, ejected
from ion tracks are primarily thermally accommodated,!?® consistent with
diffusion out of the irradiated sample, although desorption experiments
produce vibrationally hot H,,'” presumably directly from the surface
layer. In addition, depending on the temperature, a fraction of the O,
and H, can remain trapped,*"-!%>!"% if they do not have pathways to the
vacuum interface.!® Weak trapping is associated with orientation defects,
whereas deep traps are associated with vacancies or substitution defects.

Making defects mobile by annealing or irradiation produces vacancy
clusters or voids. Voids form at grain boundaries and interfaces and can
nucleate in a large grain.'® This reduces the average porosity by reducing
the surface to volume of the pores.®*'®* Voids can act as traps in which
species such as H, and O,, can have, roughly, gas-phase characteristics
or, when full, exhibit solid-state characteristics. What might be more
important, these voids, like the grain and the vacuum interfaces, provide
interior surfaces on which reactions can proceed. That is, products, such as
O, H, or OH, or excited species can migrate to an exterior or interior surface
where they can react, possibly forming H, and O,.* At temperatures above
~40 K, O, readily diffuses through micropores in ASW with irradiation
producing pathways to the surface.!®!! In the absence of a connection
to the vacuum interface, O, inclusions can form with H, accumulating at
lower 7.'% For incident heavy ions with low-penetration depths, O, has
been seen as accumulating in the highly damaged near-surface region.!
An uncontrolled variable in many experiments is the defect concentration
and the porosity of the sample, which determine the amount of interior
void and pore space as well as the ability to retain volatiles.
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3.4. Reactions

Reaction schemes that mimic those in the liquid are typically used even
though solid-state reactions are known to be site specific and often occur
preferentially at defects and interfaces. Other than recombination to
H,0, reactions can be unimolecular, as in the direct production of H,ata
surface. They also can be bimolecular as in the interaction of excited or
dissociated neighbors in an ion track, or by mobile species reacting with
other mobile species or with previously trapped species. Such reactions
are often approximated by rate equations in which it is assumed that the
initially excited species have decayed to radicals and the radicals have
low densities and are, roughly, thermally equilibrated with the lattice. For
high densities of radicals, the exothermic energy release can result in hot-
particle reactions, a process typically ignored when modeling photolysis
and radiolysis data.

Reaction rates are often assumed to have the Arrhenius form: & =
Aexp(=D./kT), where D, is the activation barrier (e.g., inset in Fig. 2a)
and 4 is a proportionality constant determined by the interaction volume
and the lattice vibration frequency. The decay of species with time can be
exponential because many reactions are bimolecular and follow second-
order kinetics. A complication is that reaction rates can depend on the rate
of de-trapping, which is difficult to unravel due to the spatial distribution
of traps, voids, and grain boundaries.

Two principal ranges of activation energies play a role in reaction
schemes (Table 2): D, ~ 0.3-0.5 eV, connected with lattice reordering,
defect mobility, and OH mobility, and D. < 0.1 eV connected with
interstitial H or H" mobility. The decay times of interest for disappearance
of a trapped species in the laboratory are of the order of 107 s (for
fluorescence) to times of the order of seconds or minutes (for chemical
processes or phosphorescence). The much lower irradiation fiuxes in
space imply that on icy satellite surfaces much longer times could be of
interest. Therefore, the temperature at which primary trapped products
“disappear” in laboratory experiments will be higher than on the icy
surfaces in space. For example, species which de-trap in minutes in the
laboratory at 100 K would take about 10° times longer at 80 K if the



312 R. E. Johnson

3
2 ,//__" b.O 12 T T T T
2 ogterete
1 10 oS
—e— 110K 1008V
0 —~ o —=— 90K 1008V
T 3 L a7
@ - /‘ e P
vl e
2 D, =
E 1 1 >Q_—> AM
& ~ 4 . Mm—
0 e L “A‘
3 i 2 st _qw",v'vaw"m
AT —a— 150K 50eV |
2t : A ~v— 110K 508V | |
o, NV = =i -
il ] 0 2 4 6 8 10
o (b) Electron Dose (10'%/cm?)

o 1 2 3 4 5
(a) Fluence (10" ions/cm?)

Fig. 6. Relative yield versus fluence (dose). (a) 1.5-MeV Ne™ in D,0 ice at 20 K: ejected
D,0, D,, and O, from D,O ice (from Reimann er al.'%); and (b) O, yield for incident
electrons: energies and temperatures indicated (from Sieger ef al.!'?).

trap depth were 0.3 eV. Since surfaces in space can be stable over very
long times, the effective disappearance of primary products in the surface
of an icy satellite can occur at much lower temperatures than in the
laboratories. i

3.5. Radiation-induced decomposition

The lack of a good description of decomposition is a key issue in the
radiation-induced chemistry ofice. It was shown early on that the production
and loss of H, from ice was prompt even at very low temperatures, but the
production and loss of O, was found to depend on fluence.!? In addition,
the yield of O, produced from vapor-deposited ice samples at low-
radiation doses depends on the temperature and the radiation dose (not the
dose rate) for temperatures below ~140 K.1%110-112 At very low doses, the
yield is seen to increase roughly linearly with dose until saturation occurs
(Fig. 6). These yields also depend on the sample formation temperature
and, possibly, crystallinity, consistent with the discussion of sample
structure and defect density.
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The observed fluence dependence suggests that a precursor species is
required,''*as is the case for liquid water.'® H,0,, HO,, and trapped O have
been recently examined as possible precursors in ice, as discussed below.
Remarkably, in experiments at both high and low excitation densities, the
O, yield exhibits a nearly linear dependence at low fluences. This led to
a simple two-step model involving a trapped precursor.!!? Recent studies
using 87-eV electrons on high quality, thin samples have shown that the
vacuum and substrate interfaces and the substrate play an important role

in decomposition®*!!3

and the linear dependence of the O, yield appears to
breaks down at low temperatures (below ~80 K) at small fluences.!'!!!
A threshold of ~6.5 €V and a cross section ~1072° cm? was found for O,
production using low-energy electrons with a similar threshold for ejection
from the surface of O(P,'D) and H,.”!%®!14 A higher threshold, ~8.5 eV,
was seen by Petrik and Kimmel.?* In photolysis an O, production threshold
was reported at ~5.3 eV,?! but may be related to the dissociative attachment

threshold at ~5 eV,”! which produces a precursor to O, formation.

4. Models for Decomposition of Ice

Here it is assumed that O, and H, are formed by related processes.
Although it is seen in Fig. 6a that D, is promptly ejected from D,0 ice
and the O, signal rises slowly, after an incubation dose the O, and H,
yields are correlated.”® These yields exhibit effective activation energies
over temperatures ~40-120 K that are relatively small (~0.03 eV) (see
Fig. 2a). The integrated O, electron stimulated desorption (ESD) yields in
Fig. 6b were described by a double exponential with “activation energies”
of ~0.05-0.06 ¢V and ~0.002 eV. Such energies are likely related to
the mobility of protons or hydrogen in ice or to a low energy threshold
structural re-arrangement.

The yield variation with thickness in Fig. 5b indicates the vacuum-
interface and, for thin films, the internal surface at the substrate play a

76,109,113

role in decomposition, as well as percolation from depth for

19! Since the yields also depend on the excitation

energetic ion irradiation.
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density, the comparison of laboratory results for different radiations types,

sample thicknesses, and formation temperatures has been difficult.
Hydrogen peroxide and related species formed by incident radiation are
not readily ejected into the gas phase, but can be detected via absorption
bands as trapped species and are seen on vaporizing the irradiated ice
samples. Hydrogen peroxide forms from the principal dissociation product,
OH, and the production yield appears to also correlate with H, formation.
H,0, and/or HO, have been suggested as potential precursor species for
0,121 consistent with what occurs in liquid water.5 In matrix isolation
studies, trapped O can be converted to hydrogen peroxide and hydrogen
peroxide converted into trapped O by the incident radiation: i.e., H,0-0
+ hy — HzOz, H,O, + hv — H,0-0."" Whether this process occurs in an
ice matrix is not yet clear since mass spectrometry of warmed samples
cannot distinguish between H,0-O and H,0,. Models for decomposition
are described in Appendix A, which can be simplified and related to the

analytic model below.

4.1. Decomposition: Analytic model

The yield of O, from ice at low temperature appears to be independent of
beam flux and increases with fluence at the low ftuencies for both low-
energy electrons, that make a single excitation for each impact, and fast
ions, that make a density of excitations along their path through the solid.
At low temperatures, if the beam is turned off and later turned back on
with T constant, the measured yield returns to the value it had before the
beam was interrupted indicating that a stable alteration occurred. That is,

either the ice is chemically altered forming stable precursors for O, and/or
the observed O, was produced and trapped in the solid and then caused to
escape by the subsequent radiation.!” Whereas the former is most likely
the case when the incident radiation produces a single excitation, both
processes can occur when the excitation density is high.

In describing their low-energy electron experiments, Sieger er al.!2
separated the temperature-dependent precursor formation step from the
temperature-independent O, production step. If N 1s the precursor column
density for O, formation and loss, and O, is formed/lost by electronic
excitation of the precursor or by a subsequent reaction, a pair of simple
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rate equations results. We write these in terms of the fluence, @ = ¢z, the
number of photons, electrons, or ions, incident on the surface per unit
where ¢ is the flux and 7 the irradiation time:

dN
d@ UN (02+0D)Np, (la)
v,
i@ %, Np. (1b)

Here o, is the precursor production cross section, o the precursor
destructlon cross section, and o, is the O, productlon Cross section.
N is that column density of H,0 penetrated by the radiation that can affect
production and escape of Oz. Therefore, AV /dr gives O, escape flux,
which for the shallow penetration depths of the low-energy electrons
(~3 x 10" H,0 cm™) was assumed to equal the net O, production rate.
If thermal- or radiation-enhanced diffusion from depth occurs, as for
penetrating radiation,”"'"' the trapping and subsequent destruction of O,
can be included using an escape depth and a destruction rate. Alternatively
the effective depth, N, from which excitations can contribute to O,
formation and escape can have a temperature dependence or excitation
density dependence. Since the precursor density is small the destruction of
H,O in N can be ignored in Egs. (1). For instance, in X-ray experiments at
low temperatures the number of dissociated H,O in steady state is <10%
of the irradiated column.®

From Egs. (1a) and (1b), the fraction of precursors ¢, in the penetrated
column after time ¢ is c, = N /IN = (0 /o)1 — exp(—afb)] Here 0 =
(o8 +aD) is the net precursor loss Cross sect1on The O, yield ¥ can now be
wrltten as

avg
Y= ( d(DZ ) =0, cpNZ Y_[1—exp(—od)], (2a)
g,
Y, =(N) ( 2) (2b)

The steady-state yield, Y_, is seen to be proportional to the precursor
production efficiency (O’pN) times the ratio of O, production and loss to
precursor destruction. At low dose the destruction cross section drops out
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and Yis linear in @: Y —(o N)(G CD) The yield is determined by precursor
production followed by O, productlon and escape.

The form in Eq. (2a) glves good fits to the low-energy electron data
in Fig. 6b. Since the steady-state yield varies with sample temperature,
at least one of the parameters in ¥_depends on 7, suggesting there is
an activation barrier to a critical reaction or that diffusive transport 1s
important. Experiments also indicate that the sample formation temperature
and the radiation history are important. For instance, a sample irradiated at
an elevated temperature and then cooled, and then again irradiated, initially
exhibits an elevated O, yield which gradually returns to the yield expected
at the lower temperature.?” This is consistent with the precursor formation/
trapping step being temperature dependent. Although Sieger ef al. set

o, = 0 (ie., 0 = g, ) "2 precursor destruction processes other than 0,
formation are certam to be important.

4.2. Decomposition pathways

In Eq. (1a) the precursor is assumed to form in a single excitation event
at low doses. This led to the suggestion of trapped O as a precursor. !>
As suggested for liquid water,? other proposed precursors (e.g., H,0, and
HO,) require two or more events, e.g., direct dissociation: 2H,0 — 2H +
2OH—>H +H,0, and OH + H,0, (or H Oz)—>H O(H)+HO ;82110
electron attachment 2(H,O)” — 2H +20H — 2H™ + H,O, and H,0, —
H™ + HO,. I Rate equations including such precursors are con51dered n
Appendlx A and indicate that the form for the yield in Eq. (2a) is roughly
recovered except atlow fluences and low 7. Near steady state, the difference
from linearity is exhibited as an offset in fluence:

V=¥, [1-expl-o®) - & | @ >> 4. (2¢)

r

As above, 0 is the precursor destruction cross, Y_ is given in Appendix A
and 1/o, is the fluence offset. If peroxide formed by reaction of two OH is
the precursor, then o, is the sum of the cross sections for the loss of OH by
the formation of peroxide and by recombination to water.

Laffon et al. used a multistep model to describe the evolution of
trapped molecules on warming a sample irradiated to saturation at 20 K,
but did not study the fluence dependence.®> However, an offset in the



Photolysis and Radiolysis of Water Ice 317

fluence dependence was seen in recent experiments using 87-eV electrons
on ASW films for 7 below ~50 K.7® On average, ~3 ionization/excitation
events are produced over a mean depth of 10—15 monolayers in these
experiments. The observed offset at 20 K in Ref. 76 Fig. 1, ~5 s (or
@ ~ 10" electrons cm™), implies that ¢ ~ 107 ¢m? in Eq. (2c). This
corresponds to an excitation density in the near-surface region of ~10%' cm™,
or an average distance between excited molecules ~10 A, prior to the
nearly linear increase in O, loss. This offset was interpreted as being due
to the production of a precursor that requires multiple events (Appendix
A). Since it disappears at higher temperatures, it is temperature dependent;
possibly consistent with their observation that diffusive transport to the
surface is involved in the production of O,.

Petrik er al. also showed that adding layers of H,O with the O
isotopically labeled on a 100 K sample suppressed the contribution from
O, formed from the underlying water molecules.''? The e-folding thickness
of ~1.7 ML indicates that for electron irradiation, the near-surface water
molecules primarily contributed to the formation and escape of O, even
though excitations at larger depth contribute to the decomposition. The
e-folding distance for D, desorption was somewhat Jarger.'"” On the other
hand, adding layers of H O, increased the O, yield, consistent with the
suggestion that a change in the stoichiometry of the ice correlates with O,
production.?? They also showed that the observed fluence dependence was
not consistent with H,O, as the final precursor. Similar to other models
for ice® and water,'”” they proposed that HO,, formed from the added
H,0,, was the final precursor. Petrik er al.'' used a set of rate equations
for the decomposition of ice to fit the significant ESD database using
87-eV electrons. They assumed that an H reaction with or excitation of
H,0, produced the final precursor HO,. However, a potential precursor, O,
(H,0-0) discussed below, can in principal also be produced by excitation
of H,0,."'® Their rate equations are given in the appendix and the reaction
rates extracted by fits to their experimental data are given in Table Al.

4.3. Trap density

The role of trapping sites was not explicitly included in the models discussed
above even though it was shown that fransport to the vacuum interface
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and the substrate interface affect the decomposition rate. In addition, a key
observation in all experiments on radiation-induced decomposition of ice
is the following: although the ejection of water molecules is independent
of temperature, the yield of O, from an irradiated ice sample increases with
increasing 7 (below ~140 K) (Figs. 2a and b), while the density of defects,
voids, and grain boundaries produced on formation or by the irradiation
typically decreases with increasing T.

This result could imply that escape of newly formed O, is determined
by its trapping efficiency. That is, if with increasing 7 a newly produced
O, escapes from depth more readily, it is less the likely to be destroyed
by the subsequent radiation. The competition between escape and
destruction was suggested to play a role for incident ions producing high
excitation densities'®'?" and appears to occur for low-energy, heavy ion
irradiation.”' However, it is less likely to apply to the low-energy electron
experiments.

The observed temperature dependence can also result if a diffusion
length critical to O, formation increases with increasing temperature. Since
diffusion to an interface is important,” ! such a temperature dependence
would not be surprising. Diffusion to a trapping site was included in a
model in which trapped oxygen, O, was assumed to be the principal
precursor at low fluence.'>'” Although this model has not been confirmed
experimentally, it is described here as a model system that accounts for
both trapped and mobile species.

In this overly simplified model, O, is formed by the reaction of a new
product, such as O or OH, with O,, or by electronic excitation of O,. The
kinetics of the production of O, by O-atom reactive scattering is similar
to the production of CO, in a CO/H,0 ice mixture!** and the formation of
O, in an O,/H,0 mixture.* In this model, direct or indirect dissociation
to H, + O (following excitation, ionization, or attachment) is given by
the effective cross section ¢, with H, assumed to be primarily lost from
the ice samples at the temperatures above ~40 K. The O produced can
be in the ground state or in an excited state which quenches in the ice
matrix releasing energy. It eventually traps according to the reaction rate
ko, as an oxygen—water molecule complex, O—(H,0), referred to here as
O,. O, 1s then produced on excitation of O, (Oot)’ by the production of OH

(04,) which diffuses to and reacts with O, (kOH,Ot)’ or by the production
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trap o 0 R
- - 2
+ / kO,t E k0,0t
... O \
H20 + radiation ——> H2 +0 OHt

k H(kH,Ol)
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R

Fig. 7. Chemical pathways for a simplified model in which decomposition is initiated by
the production of transiently mobile O which can trap at a defect or interact with previously
trapped species as in Johnson et al.!*'!* Competing reactions involving mobile H and trapped
trace reactive species or other radiation products R are included [see Egs. (A.1)-(A.4)].
Results are given in Egs. (2¢). Reactions leading to H,0, or HO, proceed in parallel.

of a subsequent O which reacts with O, (ko,o)' These processes have
similar rate equations; which is also the case if a newly produced O reacts
with trapped OH to produce O,. However, trapped OH is not a viable final
precursor since its presence decreases at higher temperatures leading to
the formation of H,0O, and HO,,.

The effect of trapping sites in this model is examined by assuming
O, is the final precursor, and a subsequent absorption event produces a
mobile O (0 @) that can find and react with O O + O, — O, described
by k... In this model the principal dissociation channel, H.O —
H + OH (0,,), produces mobile H which can react with and destroy
O, (kH,Ot)' Mobile H and O can also be removed by other reactants R: e.g.,
R+H — RH (kH’RnR); R+0O — RO (kO,RnR)’ where R is a contaminant
or a radiation product such as OH. O, might also be produced and
lost by excitation of H,0,,'"® but such a process, possibly important
at saturation, 1s not included here. The simplified reaction pathways
considered are given in Fig. 7. Assuming that the excitations in a depth,
N, produce H, and O, that can escape, a set of rate equations is obtained
(see Appendix A). These act in parallel with other equations for H, OH
and peroxide. If the interaction of O, with a newly produced OH or direct
excitation of the precursor can lead to O,, then ko,ot would be replaced
by either kOH,Ot or [002 ¢N0t]'
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4.4. Trapped versus mobile species

Since the mobile species produced by the radiation trap in times short
compared to the time scale associated with the incident flux, a background
of mobile O does not accumulate. That is, unless the trap density is
extremely small and the temperature high, only species trapped at defects,
pores, or grain surfaces are present before a subsequent radiation-induced
event. This 1s consistent with the lack of a dependence of the O, yield on
the incident beam flux at fixed 7. Therefore, rate equations for trapped O
and mobile O and H can be solved and give a yield like that in Eq. (2a).131
For O, as the precursor and a significant trap density (n,>>ny)

(dZN) k. .n 1k

HR 'R 0,6,

with g given in Appendix A. Comparing with Y ~(o N) (g, /0) in Eq. (2a),
and assuming O traps efficiently, (o N) 1s replaced by (o dzN) Precursor
destruction is seen to be determmed by the production of H (g,,) which
can quench O, This occurs in competition with the loss of moblle H to
other reactive species, R, which can include OH. Therefore, in Egs. (2)

(3b)
HR'’R

assuming destruction is much more efficient than O, production from the

precursor. Similarly, the effective O, formation cross section, 0., Tequires

that a newly formed mobile species, here O (o )> reacts with O, (&

)
0,0,
prior 1o 1ts being trapped (ko’[):

no ,kq 0,

k. n

O,t 't

002 -

(3¢)

In this model system the steady-state yield, ¥_ in Eq. (3a), depends
inversely on the density of traps, n, which is equivalent to depending
directly on the transport distance. That is, if there are competing
destruction processes for trapped O, then the freshly produced, mobile
O must find a trapped O before it becomes trapped or before mobile H
destroys the precursor, O,. Therefore, in the model system the increase in
the O, yield with increasing T is related to the change in the trap density
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Table 2. Parameters for sample data: 0, is of the order of 10% of 0 ;.
Radiation | E (eV) T (K) c (107 em? | g, (107)em? | E, (eV)

e? 30-100 90-120 0.8-3 ~1 0.02-0.03

eb 87 20-120 (10)° (~0.1)° 0.05-0.06
hyed ~10 ~10 >0.1° 0.09° 0.03¢
He"™¢ 10° 40-140 ~10 0.03
Ne*f 1.5x10% | 10 62 <~35 0.02-0.07

*Sieger et al.,'"? precursor formation (0.5-2.0) x 107"¥ em™ is proportional to (E — E), E, ~ 10 eV,
N~10P%cm?.

*Petrik et al.,''* HO, as a precursor: o destruction of HO, and o, — o, appendix.

“Watanabe et al.,''” saturation of yield of D,O ~ 5 x 107"? cm?

‘Westley et al.,”* E_ based on D,0 yields, o based on lowest fluence.

*Brown ef al.,’ based on lowest fluence.

Reimann er al.,'% , based on (dE/dx)/W =92 x 1075 eV cm?/26 eV.

with temperature, and the small activation energies discussed earlier are
related to the reorientation of the lattice leading to the reduction in trap
density and/or increase in the transport distance. Dissociation, directly
or indirectly, to H, + O is consistent with the production of comparable
amount of O and H, from the surface'® and was confirmed by Cooper
et al.®> by seeding ice with O, and measuring the production of O, (O + O,
— O,). However, other mobile and trapped species would result in imilar
sets of equations. For example, if a newly produced OH can react with O,
to produce O,, then the term in brackets becomes [no, £ OH o /(kOHI n)l and
the yield remains inversely proportional to n.. Finally, & o. O/( o t) can be
replaced by mobile O transport lengths and reactlon efficiencies giving an
equivalent result. Zheng et al.’* suggest that O, formation decreases with
increasing 7, but they primarily measure the O, evolving on warming the

irradiated ice.

4.5. Comparison with data

Estimates of the cross sections in the above models based on laboratory
data are given in Table 2 adapted from Johnson et al.!> They assumed that
0, ~ 0.10, based on the gas-phase cross sections and on the result of
Watanabe ez al.'"? for production of D, at low fluences: ~10%-20% of the
total absorption cross section with significant uncertainties. A lower bound
on the O production in ice using experiments in Cooper et al.* is ~0.004
O per 10nization produced by a 0.8-MeV proton, consistent with the above
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(see also Laffon et al.).®* Since O produced can be in an excited state,
the role of the excess energy in an ice matrix also needs to be evaluated.
For comparison, a result based on the rate constants obtained by Petrik
et al. is also given in Table 2.''° They assume HO, is the precursor. Their
rate equations are given in Appendix A and their reaction rates are given
in Table A.1. For the model in which a single excitation produces a
precursor, the sizes of the cross sections for mobile O production, o 1 are
not unreasonable; nor are the values for the net precursor destruction cross
section, 0. For the model in which HO, is the final precursor, the reaction
rates again suggest a reasonable precursor destruction cross section but
a rather small value for the OH production cross section. Clearly more
detailed analysis is needed.

4.6. Incident ions: Escape from depth

Based on the above it is surprising that the O, yield versus fluence is
also found to vary linearly with fluence at low fluences for fast, heavy
ion irradiation. Even though multiple excitations are produced in the
high excitation density of an ion track and due to its shower of secondary
electrons, the yield can be roughly fit by the expressions in Egs. (2). For
MeV Ne' the linear regime extends over a larger rahge of fluences,!® but
the fit using the simple model is not as good as it is for the low-energy
electrons consistent with a more complex interaction. For instance, ¥
versus T has two “plateaus”: one at very low doses and one at higher
doses, both with activation energies in the range ~0.02-0.07 eV. The
different plateaus suggest that the track structure is important.'® That is,
for a low dose, loss of O, that is formed in an individual track dominates,
while at higher doses the fluence is such that that the track cores overlap.
Therefore, the quantity N in Eq. (1a) can be complex accounting for the
depth from which excitations can cause the production, ejection, and
destruction of O,. This can involve excitation and/or radical transport as
well as radiation-induced percolation of O, to the surface. Ignoring the
differences and fitting the low-dose data for the incident 1.5-MeV Ne*
at 10 K, parameters are also given in Table 2. The effective destruction
cross section, o ~ 60 x 107!¢ cm?, is roughly comparable to the size of the
molecular destruction cross section, ~ 30 x 107'¢ cm? by these ions.
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At saturation (steady state) a single new event leading to an O can in
principal produce an O, from the steady-state density of trapped precursors
in the model system described above. Therefore, allowing for changes
in sample structure, the yield at saturation should be nearly linear in the
excitation cross section.®!? This is the case for the low-energy electrons,
and it was initially assumed to be the case for the fast ions. However,
for a temperature at which decomposition dominates the sputtering of ice,
the steady-state yield, Y _ appears to be proportional to the square of the
electronic energy deposition per unit pathlength in ice.®? If deep excitations
dominate'® the initiation of precursor formation (e.g., H,O™? — O as
discussed in Ref. 86), then the production and destruction cross sections
in ¥_ in Eq. (2) scale nonlinearly with (dE/dx)_. If that is not the case, then
the ratlo (O o, /0) also varies as (dE/dx),. Therefore the quantity Nin ¥
must also Vary with (d£/dx)_ for incident fast heavy ions.!>!> That is, the
depth N from which O, can be mobilized to escape would depend on the
excitation density (d£/dx)_ giving the quadratic dependence observed for
these ions."*!> This is consistent with the observation that, depending on
temperature, the O, yield depends on thickness for samples thinner than
the radiation penetration depth.!%!

Based on the proposed model, a description of the radiation-induced
percolation depth for escape, N, is required to compare the yields for
penetrating radiation with those for nonpenetrating radiation. Since multiple
excitations affect the source term and the defects/damage produced by the
ions can affect both the density of traps and the percolation of O,, the
low-energy electron and UV photon experiments provide better tests of
the chemistry for molecular oxygen production.

5. Summary

The radiation-induced chemistry in ice is of interest as a model system for
understanding the differences between radiation chemistry in the liquid
and in the solid. Possibly more important, it has been studied because
of its relevance to radiation processing of ices in space. Although the
first results from the experiments of Brown, Lanzerotti, and co-workers,
inspired by Voyager’s journey to Jupiter, were presented over 30 years
ago 1t 1s remarkable that there is still considerable disagreement as to the
chemical pathways occurring in ice. In particular, there is little agreement
on radiation-induced decomposition of ice, a process which is critical in
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understanding both the radiation chemistry and irradiation effects seen on
the icy bodies in outer solar system.

The brief description of the model systems given here is intended to
outline the important issues and to provide a framework for quantitatively
comparing results obtained for different incident radiation types and
sample formation temperatures. The experiments of Petrik et al.''* and
Laffon et al.** suggest that HO, plays a role in the production of O, at
saturation, although it seems to this author that decomposition at low
fluences 1s still unresolved. Although the nature of the critical transport
process 1s still uncertain, excitation or mobile radical transport appears
to be occurring® possibly due to the so-called precursor electrons.”” In
addition, the temperature dependence of the yield of O, has been suggested
to be related to a transport length, which was modeled above as inversely
proportional to the density of trapping sites.!> Since the density of defects
is in turn affected by the sample formation process!®® and by the radiation
history,®® unraveling the available laboratory data has been challenging.

Although the radiations used in the experiments discussed are primarily
ionizing, the role of the secondary electron and its transport has not been
considered in any detail. In the low excitation density experiments the
principal precursor has not been clearly identified, but transport to the
surface region is clearly occurring.? In addition, an important caveat in
the modeling described is that the initial ionization-induced reactions have
been ignored except that they eventually contribute the production of a
set of transiently mobile radicals. This omission is likely to be especially
important for the high excitation density radiations for which multiple
pathways for the formation of O, are likely operative in the highly excited
track.'” In addition, when the excitation density is high the depth, N, from
which excitations produced by the incident radiation affects the production
and escape of O,. This depth increases with increasing excitation
density complicating the comparisons with the incident electron and UV
experiments.

In spite of the caveats described above, it is exciting that the recent
history of the study of radiolysis and photolysis in ice has been driven to
a large extent by the observations of icy bodies in space that are exposed
to photon and particle radiation. And although the chemical processes
induced by the incident radiation are not fully understood, the significant
laboratory database has contributed enormously to our understanding of
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the evolution of icy bodies in the outer solar system and ice grains in
the imterstellar medium. This understanding has, to a significant extent,
allowed analysis of the Cassini and Galileo data on the icy moons of
Jupiter and Saturn'*#2%12% and the icy ring particles at Saturn,'?”128 and
has helped motivate the new NASA and ESA missions proposed to go
Europa and Ganymede.
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Appendix A

A.1. Introduction

Proposed rate equations on the radiolysis and photolysis of ice are
discussed in this appendix with emphasis on decomposition of ice, as
it is a key to unraveling the dominant chemical pathways. Integrating
such equations over the excitation depth that contributes to production
and escape of O, gives the results discussed in the text in which number
densities are replaced by column densities and rate constants are replaced
by effective cross sections. A precursor formed in a single event (e.g., O)
is first discussed and equations are considered in which the trapped and
transiently mobile species are treated separately. This is followed by a
discussion of precursors produced by multiple excitation/ionization events
(e.g., H,0, or HO,). These differences bear on the near linearity of the O,
yield versus fluence.

A.2. Trapped and mobile species: O as a model precursor

In the following, all of the radiolytic species in Fig. 4 are not included, so
that important products, such as the charged species (e.g., H,O, multiply
ionized species, trapped electron), are not explicitly described. Starting
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with the pathways given in Fig. 6, a simplified set of rate equations for
mobile O and H and trapped O was used!>!>:

dn
d—lo =0 ,pn - ko NONE ko RPoly — ko,ol nong (A.la)
dn,

T —= ko M~ ko,otnonot - kH,othnot’ (A.1b)
dn
& " %a®.— HO Tyl = Ky g (A.Ic)
dno
Tz = ko,otnonot' (A.1d)

Here ¢ is the radiation flux, » is the molecular number density of ice, n,
1s the density of species i in the irradiated volume, and n_is the density of
trapping sites. The rate constants are defined in the text and within some
critical depth, Ax, excitations can contribute to the formation and escape of
O, and H,. This depth is defined as a column, N = Axn.

Egs. (A.1a)-(A.1d), of course, act in parallel with the equations for
OH and H,0, discussed below, and a newly formed OH might also react
with trapped O to form O, (k, on0, "o O) Since we assume all transient
species have decayed, the pseudo reaction rates above can be related to
an effective interaction volume for each produced species divided by
the time between impacts. As in Egs. (1), O, destruction processes are
ignored for simplicity even though trapped O, that does not escape can
be dissociated by a subsequent excitation event.?!°! In addition, if direct
excitation of the precursor can produce O,, then the term (k5070 O)
is replaced by a term like (o gbno) Integratmg the above equatlons
over the depth of escape of O, “from an irradiated sample, the analytic
precursor model in Eq. (2) can be recovered.'>!> That is, ¢, 0, 0, and
o are determined using the rate constants and primary d1ss0c1at10n Cross
sections in Egs. (A.1). As the density of trapped O, g is likely small
compared with the density of sites at which H can react, then Eq. (A.1d)
gives ny ~ [o4,¢n/ky ;e ], where for a typical ¢ the density of mobile H,

Ny, 18 small The O, yield, Y, » 1s equal to [Ax (dn, /dt)/qb] with Ax the
depth from which an O, can escape Assuming ko, ~ ko g» the yield can
be written in the form in Eq (2a):
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{(@—1~[(g—1) +8g01°%}
49 ’
Ky 01y

q = [ko,t<nt + nR)] Od2n¢ko)o1

k

Y H,0,
= (Eﬂ) [Ko 1, + 7g)] k k n

d2 0,0'"H,R""R

a=0.5(1+ " ) (A.2)

g N7

n,+ng

For large n_and small ¢, g can be large and, since it is likely that n,>> n,
Y can reduce to the expression given in Eq. (3a). Equation (A.2) can
in principal be rewritten in a form more directly related to Egs. (1).
Integrating Eqs. (A.1) over the depth from which excitations cause the
production and escape of O,, Ax, the number densities are replaced by
column densities and rate constants by effective cross sections, [klnj]
— [0, ¢]. Note that N is determined by the distribution and transport of
excitation events and the O, escape (percolation) depth.

A.3. Peroxide as a precursor

As discussed in Johnson ez al.'* a simple set of rate equations can be used
to describe the formation of a H,O, precursor, which are then related to the
rate equations in Egs. (1). The set of reaction used is: H,O + radiation —
H+OH (g, H+H—-H, (ky s H+ OH — H,0(ky oy); and OH + OH
— H,0, (k4 on)- In the first reaction, production of OH can be by direct
excitation or by recombination (H,O" + e — H + OH). Assuming that the
H, produced escapes, the rate equations in the irradiated volume are

dn,

dr ~ CaPn— 2koy onlon”on — Ku o ors (A.32)
dn,
& - Ga®n -2k g — Ky oo (A.3b)
dny,

dtz == Ko onlon”on — destruction processes (A.3¢)
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Fig. A.1. Chemical pathways associated with Egs. (A.4).

with n, and n, the density of the dissociation products. Trapped and
mobile species are not distinguished in Egs. (A.3), although for low density
of excitations, any OH produced by one particle must be trapped prior to
interacting with an OH produced by a subsequent particle. Therefore, the
disappearance of trapped OH at elevated T is not explicitly described.
Equations (A.3) can be related to those in Egs. (1) by integrating over
Ax, the depth from which excitations produced can cause the production
and loss of O,. That is, as above, Axn = N in Eq. (1a) and the precursor
formation rate, [op @N] s replaced by [k NogfoglAx. Prompt loss of H,

OH,OH

in this model implies &, , >> k., ., but in steady state the production of

H,O, becomes equal to H,. Simplifying one obtains

[k WJAY = (9, 0, 1pN (A3d)

OH,OH OH O

Withf = 0.5/[1 + 0. SkH OH/(kHH kOH OH)O'S] Therefore, g, in Eq. (la) is
a fractlon f of the total dissociation cross section, 0, S1nce the H,O,

fraction in an irradiated ice is small,'® then L (kOH oit Ky ) s glving
fp (kOH,OH kHH)O °/ kH,OH]

A.4. Trapped versus mobile OH: peroxide

Trapped OH and freshly produced, transiently mobile OH should be
treated as separate species.®! Therefore, assuming H remains mobile until
it reacts with trapped species, the OH equation above is replaced by one
for trapped OH, Moo and one for mobile OH, n_,,. At the relevant fluxes
and temperatures, the reaction of two mobile OH is unlikely, so
that peroxide is formed from the interaction of a trapped OH with a
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subsequently produced OH: OH + trap — OH, (kOHt); OH + OH, — H,0,
(kOH’OHt); and H + OH, — H,0O (kH’OHt). The reaction pathways are shown
in Fig. A.1. Here n_ is the trap density, which at low temperatures is large.
Assuming dn/df ~ 0 gives:

dnqy
i aPn- Ky o on ~ Kow ou ~ kowon onow (A.da)
dny
t = —_— —
T~ Kows Mou"™ kOH,OHInOHnOHI K on o, (A.4b)
dn,
G = Ca®n — 2k g gy — Ky oy Mgty — kH,OHt Rou My (Ad.c)
dn 4
= ~ destruction processes (A.4d)
dr on,on,or’ o, p ' :

For typical radiation’fluxes, ¢, the diffusion of mobile radicals to traps
is relatively fast. Therefore, in a low-temperature solid at low-dose
rates a significant steady-state background of diffusing OH does not
accumulate. The freshly produced OH rapidly react, so that averaging over
the bombardment rate dn,/df ~ 0 in Eq. (A.4a). Assuming that H also
diffuses rapidly and either reacts or forms H,, then on average dn/dz~ 0
also. Therefore, between impacts only species trapped at defects, pores, or
grain surfaces are present as suggested by the lack of a dependence on the
incident beam flux. Combining Egs. (A.4a) and (A.4c) with Eq. (A.4b),
the rate of change of trapped OH in this limit is

dn

OH,
O = e 2kOH,OthOHnOHt. (A.de)

Therefore, the production of peroxide, the second term, depends on the
loss of H by formation and loss of H,, but in steady state the production
rates are equal.

Due to the cage effect, the recombination of mobile species modifies
the size of (0,,¢n). Integrating Egs. (5b) and (5d) over Ax, the densities
in Egs. (A.4) are replaced by column densities and the rate constants,
k, involving mobile species, can be written as effective cross sections,
[kinj] — [0, ¢]. The values o, give the interaction length for each mobile

radical. Combining Egs. (A.3a) and (A.4b), to eliminate k ; n .7, the
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trapped OH column density, N OH and peroxide production rate are
estimated from:

dn.

OH, _
do ~ Oy = ZOOH,OHt N, ox, ~ YH08, N OH,- (A.5a)
dNHzoz —
i@ =~ Y%omonVon, ~ Ny, (A.5b)

Here the o, are the particular reaction cross sections, and the precursor
destructlon processes, including the formation of O, (0, ) are contained
in 0. The second and third terms on the right in Eq (A 5a) are the loss
of OH due to the production of H,0, and H,O. The interaction length of
mobile H is contained in TR If H,0, is indeed the precursor, then in
Eq. (1b) in the [O N] becomes [0, OH, ] from Eq. (A.5b). The
precursor destructlon process, which gives back two mobile OH, and the
production of H, can both be accounted for via these cross sections.

The O, yleld is obtained by replacing N in Eq. (1b) by the column of
H,0,, N, , . Solving Egs. (A.5a) and (A. Sb) the column density of OH,

22
and the concentratlon of precursors, C,» VEISUS fluence is obtained:

c,=f, (%){ [1-exp-o®)] - () [1 -exp(-0®)]|  (A6a)

with

];:

with 0= (2OOH,OHt + O-H,OHI) and o/o_ < 1. It is seen that the precursor
oncentration with time, > Cp depends on those reaction rates that determine
the interactions with trapped OH, o, and the destruction of H,0,, o.
Similar to Egs. (2) the yield can be ertten as Y=o, ke N.If ¢_and o are
comparable, then Y 1s quadratic in @ at small . However for g >>0
the linear dependence on @ is obtained with a shift in @, as in Eq (2c).

Further, the steady-state yield is now:
' N
Y (1) = 002[/‘p o,)G (A.6¢)

That is, 0 — [/,0,,] and the temperature dependence for the incident

electron data would be contained in [OO2 ]; ] or the ratio | 0o, %20 /0y onl

GOH,OH

(0,-0)

(A.6b)
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Table A.1. Rate constants for reactions in Egs. (A.7) (from Petrik et al.!'?).

TK) kg k /b ko k /o ko
10 Bcem?)? 10 cm? (107" cem?? (107 cm?)
20 0.25 0.75 1.0 0.03 10
40 0.25 0.75 1.0 0.035 10
60 0.25 1.0 1.0 0.06 10
80 0.35 1.0 2.0 0.1 10
90 0.40 1.0 2.0 0.2 10
100 0.45 1.0 2.5 0.5 10
110 0.55 4.0 3.5 1.0 17
120 0.75 5.0 3.5 2.5 25
130 0.77 10 35 3.0 37

-

Based on the above, the lowest fluence at which O, 1s first detected
experimentally also sets a limit on the time scale for mobile—mobile
reactions.

A.5. HO, as a precursor

Laffon et al.® and Petrik et al.!'” considered a set of reactions in which
HO, is the precursor. The incident radiation dissociates water molecules
producing OH (k), dissociates H,O, producing two OH (k,), and
dissociates HO, producing O, (k). In addition, 20H combined to form
H,0, (k,) and OH reacted with H,0, to produce their final precursor, HO,
(k,). No distinction is made between mobile and trapped species, so that
the rate equations for the column densities in the irradiated volume are!!’:

dVoy
u kT 2kNy o, kN — k4NOHNH202, (A.72)
AN o
3 = kN~ N, ~ Ko Ny (A.7b)
dN4o,
T kN oV, = 55V HO,’ (A7)
dn. 0,

Vg =—g;" = ak Ny (A.7d)
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The ESD yield of O, versus fluence for a number of temperatures is
fit giving the k with the production/detection efficiency, @, absorbed
into k,."'° In Table A.1, the k, are divided by the typical flux, ¢ = 2 x
10 e cm™ s7'. Unfortunately, the 2 in Eq. (A.7a) was left out, but the
authors report privately that 1t did not significantly affect the fits at low T.
Based on this model, (k,/¢) = 0, N, so that it is seen that in Table A.1 that
(0,,N) varies from 0.25 to 0.77 with increasing T. As seen in Fig. 5b the
irradiation effect exhibited a characteristic thickness ~ 20 ML related to
the radiation penetration depth.!!® Therefore, N ~ 2 x 10'® cm™2 consistent
with 0, = 0.12 x 107'® cm? at low 7. Surprisingly, this is not at all close
to the expected value for the electron impact cross section leading to OH
via direct dissociation and/or ionization and recombination. Although the
scaling of these quantities is problematic, it suggests that the production
of OH might not be the initiating process. On the other hand, (ky/p) —
o in Eq. (A.5b) gives a reasonable H,O, destruction cross section, o ~
1071 cm?, by 87-eV electrons. The very large value for conversion of
HO, into O, at low T, (k/¢) — 0, ~ 107 cm?, might indicate that O,
can be formed and escape from considerable depths. This is contrary
to their results for capping the samples with isotopically labeled H,0.
Alternatively, the excitations produced at large depths produce and eject
O, in the near surface column of ~2 ML consistent with the results in
their Fig. 3. Comparing (k,/¢) and (k,/¢) and assuming the range over
which OH can migrate and react is the same in each case, the fit for these
parameters are consistent with the formation of H,O, being more efficient
than the formation of HO.,,

A.6. G values: Oxygen and peroxide production

The dependence of the yield on the thickness of an ice sample for highly
penetrating ions suggests that the O, yield is roughly related to the amount
of energy deposited in the sample. Therefore, the amount of O, produced
and lost from ice in steady state is often given as a G value, the number of
molecules produced per 100 eV deposited (Table A.2). In applying these
G values care must be taken, since the yields are temperature, fluence, and
excitation density dependent. They are also modified by the presence of
proton scavengers, R in the above discussion.
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The G values for peroxide in Table A.2 are those for production at low
fluence, but the G values for O, are for the production and escape of gas-
phase oxygen at saturation. Therefore, they depend on the formation and
destruction cross sections in the model above. Such G values can be used to
describe a steady-state source, but are not helpful in determining the ability
to produce or trap O, at depth. Over the time scales of the experiments,
some O, is seen to remain trapped as expected.'® Typically, there are a
number of trapping sites, and recent estimates of the activation

Table A.2. G values for O, and H,O, production.

Radiation? Prod. T(K) E, (eV) Percentat GP
saturation (prod./100 eV)

He™® 0, 0.15

) 0, 77 (300) 0.003 (0)

Ne'y, MeV(S) 0, 300 0.031
e 0, 300 0.008

H62T29 MeV(3) 0, 300 0.0016

H keV(4) 0, 70 0.0002

H™ keV(S) 0O, 120 0.0007

He™ MeV(6) O, 50 (100) 0.03 (0.7-4) x 107

Ne+l.5 MeV

™ 0, 7 10-15¢ 0.03

®) 70-140 0.05-0.07 0.1

A e O, 30-140  <0.01-0.04 0.006-0.08

160 0.01
€50 1000y 0, 40 0.002 0.009
120 0.05-0.06 0.03

o, 0, 50 (100)  0.03 1% 1074(3 x 107

H e H,0, 16(77) 0.1(<0.01)

+10% CO, 77 0.1

+10% O, 77 0.4

H e HO,  20(80) 0.75 (0.14)  0.72 (0.36)
“S0kev HO,  16(77) 1.7(22)  0.23(0.34)
TL30 keV H,0, 16 (77) 1.6 (1.4) 0.21 (0.11)
T30kev HO,  16(77) 1.4(40)  0.26(0.15)

AT ey H,O0, 16(77) 22(2.0)  0.11(0.06)

WL efort'”'; @Ghormley and Stewart'??; Baverstock and Bums'?®; “Baragiola
et al.**; G'Baragiola and Bahr'?’; ©Brown et al’ (ion does not stop in sample);
(MBenit and Brown!®! (ion does not stop in sample); ®Reimann ez al.'%; ®Baragiola®?;
(0Petrik er all'%; MDWestley er al.*®; PMoore and Hudson!?; (3 Lauffler er al%
°G values are for escaping O,. For H,0, and O, formation, both of which require
multiple events, yields after saturation are used. In a few cases yields are obtained
by melting the sample. Values in parentheses are those at another temperature.
“Percent of film eroded as O, molecules for long-term irradiation.
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energy for an O, molecule trapped in a substitutional site suggest that it can
be trapped for times comparable to the time required for the conversion of
amorphous ice into Th.!” This is contrary to an earlier belief.” To understand
the relationship between the G values for O, in Table A.2, we note that fast
light ions and electrons lose their energy predominantly by ionizations
and excitations. The ionization events produce secondary electrons that, in
turn, produce further ionizations and excitations. The number of ionization
events, N, produced by a fast light ion stopping in a water ice s, N=E /W,
where £ is the initial energy and W is the average energy expended per
10n12at10n event, ~27 eV in water ice. Therefore, radiolysis by fast ions is
often described as the net effect of the shower of electrons set in motion by
the incident ion. In this manner, the G values for production of O, from ice
by energetic light ions and electrons can be roughly estimated as the sum
of the effects of all the secondary electrons using the yield (¥,.), obtained
from experiments for ~10-100-¢V electrons.!'? That is, 1gnor12ng initially
the production/escape depth, &, an estimate of the number of O, produced
and ejected can be obtained using (¥, ) G~(NY, /EO) (Y, /W) (0.006
0,/100 eV).

This estimate of G is seen to be an order of magnitude larger than the
keV proton value for O, in Table A.2, but is much smaller than the G value
for energetic Ne™. These differences from the simple estimate are consistent
with the observation that the yield in the saturation segime for penetrating
ions varies nonlinearly with excitation density. The difference from the
keV proton G value indicates that N is much less that the penetration
depth. Therefore, either the excitations at depths can not migrate to the
surface and produce O, or O, formed at depth remains trapped and can be
destroyed by subsequent ions. On the other hand, the larger G value for
MeV Ne™ is clearly due to the high density of excitations. This can result in
more efficient production of O,, increased production of damage sites for
forming O,, and/or increased transport (percolation) along the transiently
heated track. That is, the ability of the O, to percolate to or preferentially
form?! at the surface during ion bombardment can play an essential role in
determining the measured yields as discussed above.

References

1. L.J. Lanzerotti, W. L. Brown and J. M. Poate, Geophys. Res. Lett. 5,155 (1978).
2. W. L. Brown, L. J., Lanzerotti, J. M. Poate and W. M. Augustyniak, Phys. Rev.
Lerts. 40, 1027 (1978).



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.
23.

24.

25.
26.
27.
28.

Photolysis and Radiolysis of Water Ice 335

E.J. Hart and R. L. Platzman, In: M. Erreva and M. A. Forssberg (editors), Physical
Mechanisms in Radiation Biology 1, p. 99, Academic Press, New York (1961).

I. A. Taub and K. Eiben, J. Chem. Phys. 49, 2499 (1968).

J. Bednarek and A. Plonka, J. Chem. Soc. Faraday Trans. 83, 3725 (1987).

W. L. Brown, W. M. Augustyniak, L. J. Lanzerotti, R. E. Johnson and R. Evatt,
Phys. Rev. Lett. 43, 1632 (1980).

W. L. Brown, W. M. Augustyniak, E. Simmons, K. J. Marcantonio, L. J. Lanzerotti,
R. E. Johnson, J. W. Boring, C. T. Reimann, G. Foti and V. Pirronello, Nucl. Instrum.
Meth. 198, 1 (1982).

W. L. Brown, W. M. Augustyniak, K. J. Marcantonio, E. N. Simmons, J. W. Boring,
R. E. Johnson and C. T. Reimann, Nucl. Instrum. Meth. B1, 307 (1984).

R.R. Rye, T. E. Madey, J. E. Houston and P. H. Holloway, J. Chem. Phys. 69, 1504
(1978).

C. T. Reimann, J. W. Boring, R. E. Johnson, J. W. Garrett and K. R. Farmer, Surf.
Sci. 147, 227 (1984).

R. E. Johnson, Charged Particle Interaction with Atmospheres and Surfaces,
Springer-Verlag, Berlin (1990).

R. E. Johnson, In: B. Schmitt and C. deBergh (editors), Solar System Ices, p. 303,
Kluwer, Dordrecht, The Netherlands (1998).

R. E. Johnson, T. I. Quickenden, P. D. Cooper, A. J. McKinley and C. Freeman,
Astrobiology 3, 823 (2003).

R. E. Johnson, R. W. Carlson, J. F. Cooper, C. Paranicas, M. H. Moore and M.
Wong, In: Jupiter: Satellites, Atmosphere, and Magnetosphere, Chap. 20, F.
Bagenal (editor), Cambridge University Press, Cambridge (2004).

R. E. Johnson, P. D. Cooper, T. I. Quickenden, G. A. Grieves and T. M. Orlando, J.
Chem. Phys. 123, 184715 (2005).

R. E. Johnson and W. A. Jesser, Astrophys. J. Lett. 480, L79 (1997).

P. Ayotte, R. S. Smith, K. P. Stevenson, Z. Dohnalek, G. A. Kimmel and B. D. Kay,
J. Geophys. Res. 106, 33387 (2001).

G. A. Kimmel, K. P. Stevenson, Z. Dohnalek, R. S. Smith and B. D. Kay, J. Chem.
Phys. 114, 5284 (2001).

G. A. Kimmel, K. P. Stevenson, Z. Dohnalek, R. S. Smith and B. D. Kay, J. Chem.
Phys. 114, 5295 (2001).

G. A. Grieves and T. M. Orlando, Surf. Sci. 593, 180 (2005).

B. D. Teolis, R. A. Vidal, J. Shiand R. A. Baragiola, Phys. Rev. B72, 245422 (2005);
B. D. Teolis, J. Shi and R. A. Baragiola, J. Chem. Phys. 130, 134704 (2009).

R. E. Johnson and T. I. Quickenden, J. Geophys. Res. 102, 10985 (1997).

R. W. Carlson, W. M. Calvin, J. B. Dalton, G. B. Hansen, R. L. Hudsan, R. E.
Johnson, T. McCord and M. H. Moore, In: R. Pappalardo ez al. (editors), Europa,
Chap. 13, pp. 283-327 (2009).

R. E. Johnson, M. H. Burger, T. A. Cassidy, F. Leblanc, M. Marconi and W. H.
Smyth, In: R. Pappalardo et al. (editors), Europa, Chap. 20, pp. 507-527 (2009).
B. C. Garrett et al., Chem. Rev. 105, 355 (2005).

J. Meesungnoen and J-P. Jay-Gerin, J. Phys. Chem. A109, 6406 (2005).

R. E. Johnson and W. L. Brown, Nucl. Instrum. Meth. 198, 103 (1982).

T. E. Madey, R. E. Johnson and T. M. Orlando, Surf. Sci. 500, 838 (2002).



336

29.
30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

52.
53.

54.
55.

56.

57.

38.

59.

R. E. Johnson

N. G. Petrik and G. A. Kimmel, J. Chem. Phys. 123, 054702 (2005).

M. Fama, J. Shi and R. A. Baragiola, Surf. Sci. 602, 156 (2008).

R. E. Johnson, L. J. Lanzerotti and W. L. Brown, Nucl. Instrum. Meth. 198, 147
(1982).

D.T. Hall, P. D. Feldman, M. A. McGrath and D. F. Strobel, Astrophys. J. 499, 475
(1998).

J-R. Spencer, W. Calvin and J. Person, J. Geophys. Res. 100, 19049 (1995).

W. M. Calvin, R. E. Johnson and J. A. Spencer, Geophys. Res. Lett. 23, 673
(1996).

W. M. Calvin and J. R. Spencer, Jcarus 130, 505 (1997).

J.R. Spencer and A. Klesman, Bull. Am. Astron. Soc. (DPS #33, #47.04.2001).

J. R. Spencer and W. M. Calvin, Astron. J. 124, 3400 (2002).

A. Landau, E. J. Allis and H. L. Welsh, Spectrochim. Acta 18, 1 (1962).

P. D. Cooper, R. E. Johnson and T. I. Quickenden, Planet Space Sci. 51, 183 (2003).
P. D. Cooper et al. J. Phys. Chem. A110, 7985 (2006); Icarus 194, 379 (2008)

A. Engdahl and B. Nelander, Phys. Chem. Chem. Phys. 4, 2140 (2002).

K. S. Noll, R. E. Johnson, A. L. Lane, D. L. Dominigue and H. A. Weaver, Science
273, 341 (1996).

K. S. Noll, T. L. Rousch, D. P. Cruikshank, R. E. Johnson and Y. J. Pendleton,
Nature 388, 45 (1997).

R. E. Johnson, In: R. Dessler (editor), Chemical Dynamics in Extreme Envionments,
p. 390, World Scientific, Singapore (2001).

P.D. Cooper, M. H. Moore and R. L. Hudson, J. Geophys Res (2010) (in press).
R. W. Carlson, M. S. Anderson, R. E. Johnson, W. D. Smythe, A. R. Hendrix, C. A.
Barth, L. A. Soderblom, G. B. Hansen, T. B. McCord, J. B. Dalton, R. N. Clark, J.
H. Shirley, A. C. Ocampo and D. L. Matson, Science 283, 2062 (1999).

W. M. Grundy, L. A. Young, J. R. Spencer, R. E. Johnsgn, E. F. Young and M. W.
Buie, Icarus 184, 543 (2006).

A. R. Hendrix and R. E. Johnson, 4strophys. J. 687, 706 (2008).

R. W. Carlson, R. E. Johnson and M. S. Anderson, Science 286, 97 (1999).

R.W. Carlson, M. S. Anderson, R. E. Johnson, M. B. Schulman and A. H. Yavrouian,
learus 157, 456 (2002).

R.T. Pappalardo, W. B. McKinnon and K. Khurana, Europa, Univeristy of Arizona
Press, Tucson (2009) (in press).

C. F. Chyba, Nature 403, 381 (2000).

J. S. Kargel, J. Z. Kaye, J. W. Head 111, G. M. Marion, R. Sassen, J. K. Crowley, O.
P. Ballesteros, S. A. Grant and D. L. Hogenboom, Jcarus 148, 226 (2000).

C. F. Chyba and K. P. Hand, Science 292, 2026 (2001).

J. F. Cooper, R. E. Johnson, B. H. Mauk, H. B. Garrett and N. Gehrels, Icarus 149,
133 (2001).

M. S. Westley, R. A. Bargiola, R. E. Johnson and G. A. Baratta, Planet. Space Sci.
43, 1311 (1995).

T. L. Williams, N. G. Adams, L. M. Babcock, C. R. Herd and M. Geoghegan,
Monthly Notices R. Soc. 282, 413 (1996).

E. M. Bringa and R. E. Johnson, In: V. Pirronello and J. Krelowaky (editors), Solid
State Astrochemistry, p. 357, Kluwer, Netherlands (2003).

S. Andersson and E. F. van Dishoeck, Astron. Astrophys. 491, 907 (2008).



60.
61.

62.
63.

64.
65.

66.
67.
68.
69.

70.
71.

72.
73.
74.
75
76.
77.
78.
79.
80.

81.

82.

3.

g4.

85.
86.
87.
88.

89.

90.

Photolysis and Radiolysis of Water Ice 337

U. Raut, M. Famé, M. J. Loeffler and R. A. Baragiola, Astrophys. J. 687, 1070 (2008).
A. Grigorieva, Ph. Thébault, P. Artymowicz and A. Brandeker, Astron. Astrophys.
475, 755 (2007).

R. A. Baragiola, Planet. Space Sci. 51, 953 (2003).

R. A. Baragiola, M. Famd, M. J. Loeffler, U. Raut and J. Shi,: Nucl. Instr. Meth.
Phys. Res. B266, 3057 (2008)

W. Kuhs, Physics and Chemistry of Ice, The Royal Society of Chemistry, 2007.

G. A. Kimmel, N. G. Petrik, Z. Dohnalek and D. Kay, J. Chem. Phys. 125, 044713
(2006).

P. Jenniskens and D. F. Blake, Astrophys. J. 473, 1104 (1996).

N. J. Sack and R. A. Baragiola, Phys. Rev. B48, 9973 (1993).

L. G. Dowell and A. P. Rinfret, Nature 158, 1144 (1960).

B. Schmitt, S. Espinasse, R. J. A. Grim, J. M. Greenberg and J. Klinger,
ESA SP-302, 65 (1989).

R. S. Smith, C. Huang, E. K. L. Wong and B. D. Kay, Surf. Sci. 367, L13 (1996).
G. Strazzulla, G. A. Baratta, G. Leto and G. Foti, Europhys. Lett. 18, 517 (1992);
M. Fama, M. J. Loeffler, U. Raut, R.A. Baragiola, /carus 207, 314.

G. Leto and G. A. Baratta, Astron. Astrophys. 397, 7 (2003).

R. M. E. Mastrapa and R. H. Brown, Icarus 183, 207 (2006).

R. A. Vidal, D. Bahr, R. A. Baragiola and M. Peters, Science 276, 1839 (1997).
75.

R. E. Johnson, J. Geophys. Res. 104, 14179 (1999).

N. G. Petrik and G. A. Kimmel, Phys. Rev. Lett. 90, 166102 (2003).

Q.-B Lu and L. Sanche, Phys. Rev. B63, 153403 (2001).

S. Andersson, S. A. Al-Halabi, G-J Kroes and E. F. van Dishoeck, J. Chem. Phys.
124, 064715 (2006).

G. A. Kimmel, T. M. Orlando, C. Vizina and L. Sanche, J. Chem. Phys. 101, 3282
(1994).

T. I. Quickdenen, R. A. J. Litjens, C. G. Freeman and S. M. Trotman, Chem Phys.
Lett., 114, 164 (1985).

A. J. Matich, M. G. Bakker, D. Lennon, T. I. Quickenden and C. G. Freeman, J.
Phys. Chem. 97, 10539 (1993).

B. Laffon, S. Lacombe, F. Boumel and Ph. Parent, J. Chem. Phys. 125, 204714
(2006).

T. I. Quickenden, R. A. J. Litjens, M. G. Bakker, S. M. Trotman and D. F. Sangster,
Radiat.8 Res. 115, 403 (1988).

M. G. Bakker, T. I. Quickenden, C. F. Vernon, C. G. Freeman and D. F. Sangster,
Radiat. Phys. Chem. 32,767 (1988).

J. Herring, A. Aleksandrov and T. M. Orlando, Phys. Rev. Lett. 92, 187602 (2004).
J. Meesungnoen and J.-P. Jay-Gerin, Radiation Res. 171, 379 (2009).

J. M. Warman, M. P. deHass and J. B. Verberme, .J. Phys. Chem. 84, 1240 (1980).
E. I. Tarasova, A. M. Stepanenko, [. Y. Fugol, M. Chergui, R. Schriever and N.
Schwentner, J. Chem. Phys. 98, 7786 (1993).

P. A. Gerakines, W. A. Schutte and P. Ehrenfreund, Astron. Astrophys. 312, 289
(1996).

M. J. Loeffler, U. Raut, R. A. Vidal, R. A. Baragiola and R. W. Carlson, Icarus 180,
265 (2006).



338

91.
92.
93.

94.
95.

96.
97.
98.

99.

100.
101.
102.
103.
104.

105.
106.

107.
108.

109.
110.

111

112.
113.
114.
115.
116.

117.
118.
119.
120.

121.
122.

123.
124.

R. E. Johnson

X. Pan, A. D. Bass, J.-P. Jay-Gerin and L. Sanche, Icarus 172, 521 (2004).

M. Suto and L. C. Lee, Chem. Phys. Lett. 98, 152 (1983).

S. L. Siegel, H. Baum, S. Skolnik and J. M. Flournoy, J. Chem. Phys. 32, 1249
(1960).

J. Kroh, B. C. Green and J. W. T. Spinks, J. Am. Chem. Soc. 83, 2201 (1961).

T. I. Quickenden, A. J. Matich, M. G. Bakker, C. G. Freeman and D. F. Sangster, J.
Chem. Phys. 95, 8843 (1991).

D. Klyachko, P. Rowntree, and L. Sanche, Surf Sci. 346, 149 (1996).

P. Rowntree, P. L. Parenteau and L. Sanche, J. Chem. Phys., 94, 8570 (1991).

X. Pan, H. Abdoul-Carime, P. Cloutier, A. D. Bass and L. Sanche, Radiat. Phys.
Chem. 72, 193 (2005).

K. A. Long and H. G. Paretzke, J. Chem. Phys. 95, 1049 (1991), and references
herein.

J. Meesungnoen and J.-P. Jay-Gerin, J. Phys. Chem. A109, 6406 (2005).

J. Benit and W. L. Brown, Nucl. Instrum. Methods Phys. Res. B46, 448 (1990).

G. A. Grieves and T. M. Orlando, Surf. Sci. 593, 180 (2005).

B. Rowland, M. Fisher and J. P. Devlin, J. Chem. Phys. 95, 1378 (1991).

F. E. Livingston, J. A. Smith and S. M. George, J. Phys. Chem., A106, 6309
(2002).

M. J. Loeffler, B. D. Teolis and R. A. Baragiola, Astrophys. J. 639, L103 (2006).
U. Eckner, D. Helmreich and H. Engelhardt, In: S. J. Jones and L. N. Gold (editors),
Physics and Chemistry of Ice, E. Whalley, R. Soc. of Can., Ottawa (1973).

P.J. Woolridge and J. P. Devlin, J. Chem. Phys. 88, 3086 (1988).

R. A. Haring, R. Pedrys, D. J. Oostra and A. E. DeVries, Nucl. Inst. Meth. BS, 483
(1984).

G. A. Kimmel and T. M. Orlando, Phys. Rev. Lett. 75, 2606 (1995).

N. G. Petrik, A.G. Kavetsky and G. A. Kimmel, J.‘ Phys. Chem. B110, 2723
(20006).

N. G. Petrik, A.G. Kavetsky and G. A. Kimmel, J. Chem. Phys. 125, 124702
(2006).

M. T. Sieger, W. C. Simpson and T. M. Orlando, Nature 394, 554 (1998).

M. C. Akin, N. G. Petrik and G. A. Kimmel, J. Chem. Phys. 130, 104710 (2009).
T. M. Orlando and M. T. Sieger, Surf Sci. 528, 1 (2003).

X. Pan, A. D. Bass, J.-P. Jay-Gerin and L. Sanche, Icarus 172, 521 (2004).

L. Khriachtchev, M. Pettersson, S. Jolkkonen, S. Pehkonen and M. Risinen, J.
Chem. Phys. 112, 2187 (2000).

N. G. Petrik and G. A. Kimmel, J. Chem. Phys., 121, 3736 (2004).

N. Watanabe and A. Kouchi, Astrophys. J. 567, 651 (2002).

N. Watanabe, T. Horii and A. Kouchi, 4strophys. J. 541, 772 (2000).

W. Zheng, D. Jewitt and R. 1. Kaiser, Astrophys. J.639, 534(2006); ibid., 753(2006);
Chem. Phys. Lett. 435, 289 (2007)

M. Lefort, In: M. Haissinsky (editor), Actions Chimiques et Biologiues des
Radiations, Vol. 1, p. 203, Masson, Paris (1955).

I. A. Ghormley and A. C. Stewart, J. Am. Chem. Soc. 78, 2934 (1956).

K. F. Baverstock and W. G. Burns, Nature 260, 316 (1976).

R. A. Baragiola, C. L. Atteberry and D. A. Bahr, J. Geophys. Res. 104, 14183
(1999).



125.
126.
127.

128.

129.

Photolysis and Radiolysis of Water Ice 339

R. A. Baragiola and D. A. Bahr, J. Geophys. Res. 103, 25865 (1998).

M. H. Moore and R. L. Hudson, /carus 145, 282 (2000).

R. E. Johnson., M. Fama, M. Liu, R. A. Baragiola, E. C. Sittler, Jr and H. T. Smith,
Planet. Space Sci. 56, 1238 (2008)

R. E. Johnson, R. E. Johnson, J. G. Luhmann, R. L. Tokar,"M. Bouhram, J. J.
Berthelier, E. C. Siler, J. F. Cooper, T. W. Hill, H. T. Smith, M. Michael, M. Liu, F.
J. Crary and D.T. Young, Icarus 180, 393 (2006).

B. D. Teolis, G. H. Jones, P. F. Miles, R. L. Tokar, B. A. Magee, J. H. Waite, E.
Roussos, D. T. Young, F. J. Crary, A. J. Coates, R. E. Johnson, W.-L. Tseng and R.
A. Baragiola, Science, accepted (2010).





