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Abstract

A 1-D collisional Monte Carlo model of Europa’s atmosphere is described in which the sublimation and sputtering sources2O
molecules and their molecular fragments are accounted for as well as the radiolytically produced O2. Dissociation and ionization of H2O and
O2 by magnetospheric electron, solar UV-photon and photo-electron impact, and collisional ejection from the atmosphere by the lo
plasma are taken into account. Reactions with the surface are discussed, but only adsorption and atomic oxygen recombination a
in this model. The size of the surface-bounded oxygen atmosphere of Europa is primarily determined by a balance between a
sources from irradiation of the satellite’s icy surface by the high-energy magnetospheric charged particles and atmospheric lo
collisional ejection by the low-energy plasma, photo- and electron-impact dissociation, and ionization and pick-up from the surface
atmosphere. A range of sources rates for O2 to H2O are used with a larger oxygen-to-water ratio than suggested by laboratory measur
in order to account for differences in adsorption onto grains in the regolith. These calculations show that the atmospheric comp
determined by both the water and oxygen photochemistry in the near-surface region, escape of suprathermal oxygen and wa
jovian system, and the exchange of radiolytic water products with the porous regolith. For the electron impact ionization rates use
ionization is the dominant oxygen loss process, whereas photo-dissociation and atmospheric sputtering are the dominant source
oxygen for Europa’s neutral torus. Including desorption and loss of water enhances the supply of oxygen species to the neutra
hydrogen produced by radiolysis is the dominant source of neutrals for Europa’s torus in these models.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The very tenuous O2 atmosphere of Europa is an e
ample of a surface-bounded or surface boundary laye
mosphere(Johnson, 2002). It is produced from irradiation
of Europa’s exposed outer surface by solar ultraviolet p
tons and magnetospheric plasma. The O2 atmosphere wa
observed indirectly using HST(Hall et al., 1995, 1998), the
ionosphere was observed by Galileo(Kliore et al., 1997),
and the neutral torus at Europa’s jovicentric orbit was
tected by Galileo(Lagg et al., 2003)and Cassini(Mauk et

* Corresponding author. Fax: +7-095-230-2081.
E-mail address:shematov@inasan.rssi.ru(V.I. Shematovich).
0019-1035/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2004.08.013
al., 2003, 2004; Hansen et al., 2003, 2004). Being able to
model the HST observations allows the unique and ex
ing possibility of being able to determine the rate of s
face chemical modification on Europa from irradiation
fects. This is important as irradiation is a dominant surf
alteration process on outer Solar System bodies(Johnson
et al., 2004)including those in the Kuiper belt and th
Oort cloud(Strazzulla et al., 2003). Oxidant production by
irradiation is a potential astrobiological resource for
within Europa’s putative subsurface ocean(Chyba, 2000;
Cooper et al., 2001), while also acting to limit survival o
recognizable biomolecules at the accessible surface via
structive oxidation from surface and atmospheric spec
Determination of surface chemical composition, both in-

http://www.elsevier.com/locate/icarus
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at the surface and remotely via atmospheric sampling f
Europa orbit, and the search for biochemical signs of life w
be important goals of the planned Jupiter Icy Moons Orb
(JIMO) mission. Development of coupled models for t
magnetospheric environment of Europa, surface chem
driven by irradiation effects, and the structure and com
sition of the atmosphere arising from such effects is nee
for planning future investigations of Europa.

The plasma interaction with the surface is the princi
source of O2 but the plasma interaction with the atmosph
is also a principal loss process, therefore a large atmosp
does not accumulate(Johnson et al., 1982). Ip (1996)mod-
eled the atmosphere using the sputtering rates estimat
Shi et al. (1995)and a simple model for the plasma i
teraction. More recently,Saur et al. (1998)carried out a
more detailed description of the plasma interaction with
ionosphere to account for the change in energy and de
tion of the flowing plasma. They used this along with
range of surface sputtering sources and a simplified, ana
model for an escaping atmosphere in order to determine
column density and surface source rates implied by the H
observations of excited atomic O and to determine the e
tron densities in the ionosphere.Nagy et al. (1998)predicted
that Europa has a corona of hot oxygen, with the escape
to dissociative recombination of ionospheric O+

2 . In these
models the atmosphere was assumed to be globally unif
Although the atmosphere is not likely to be uniform, we d
scribe here a model 1-D atmosphere and discuss the e
of having a nonuniform atmosphere in the summary.

Earlier we presented a collisional Monte Carlo mo
of Europa’s atmosphere(Shematovich and Johnson, 200
accounting for adsorption, thermalization and re-emiss
of condensed O2. We used a 1-D Direct Simulation Mon
Carlo (DSMC) method to model atmospheric thermal str
ture and the production rate of atomic O when the surf
source is purely O2 formed by radiolytic decomposition o
ice. In that paper the oxygen loss was dominated by ion
tion from atmospheric irradiation by plasma electrons
subsequent sweeping away of the new ions by the cor
ing magnetic field of Jupiter’s magnetosphere. However,
supply rate for oxygen to the neutral torus was domina
by photo-dissociation. That is also the case for the pure o
gen model described here, but the surface source rate
in that paper was overestimated and is corrected here. In
paper we further modify this model by including thermal a
nonthermal sources of H2O molecules and the production
water molecule fragments in the atmosphere.

2. Physical model

2.1. Surface source rates

The H2O surface source rates are chosen to exp
the parameter space associated with sublimation and
olytic sources based on measured yields and the ion
e

.

t

n

-

data(Eviatar et al., 1985; Shi et al., 1995; Ip et al., 199
Cooper et al., 2001). Estimates of the H2O sputter source
rates at Europa have varied from∼ 2 × 108 to ∼ 2 ×
1011 H2O cm−2 s−1 (Johnson et al., 2003, 2004). The very
large early estimates were due to large uncertainties in
sputtering yields. Since then a considerable body of lab
tory data has been accumulated(Johnson et al., 1998, 200
2004), and the present uncertainties in the estimates a
from limited knowledge of the energy spectrum of the
cident plasma, particularly at the lower energies, variab
in the plasma ion composition(Paranicas et al., 2002), and
the importance of pick-up ion impact(Ip, 1996). In addi-
tion, local increases of surface temperature (e.g.,Johnson,
1990), thin frost layers deposited on top of the crustal
(Baragiola et al., 2003), and the presence of volatile spec
within the surface ice can all lead to enhanced sputte
rates. Conversely, the presence of hydrated species(McCord
et al., 1999; Carlson et al., 1999)can reduce the effectiv
yields relative to those for pure ice. Regolith porosity c
both reduce yields for direct sputtering but perhaps also
crease yields due to catalytic reactions at gas–solid interf
of high surface area within regolith pores.

Under the assumption that the energetic particles m
sured by Voyager were predominantly oxygen ions,Shi et
al. (1995)summarized the sputtering yields and plasma d
and obtained globally averaged sputtering rates of 1.×
1011 H2O cm−2 s−1 for the energetic particles and 1.4×
109 H2O cm−2 s−1 for the low energy plasma ions.Ip (1996)
andEviatar et al. (1985)give comparable globally average
source rates for the low energy plasma. InShi et al. (1995)
an enhancement for isotropic incidence of about a facto
4 is included (recent modeling suggests a factor of 2.
more appropriate(Jurac et al., 2001)), and an enhanceme
for gyromotion of∼ 1.5 (Pospieszalska and Johnson, 198.
Sticking to neighboring grains in the regolith reduces th
rates. Since H2O sticks with unit efficiency a reduction fac
tor ∼ 4 was shown to be appropriate(Johnson, 1989, 1990.
Therefore, these enhancements and reductions roughly
cel in determining the H2O yields.

Whereas Voyager data indicated that protons were
about 15% of the low energy plasma(Bagenal, 1994),
the Galileo EPD (Energetic Particle Detector) measu
ments showed that the energetic ion flux(> 10 keV) was
dominated by protons. Therefore, theShi et al. (1995)
rates are likely to be high. Initial EPD data sugges
∼ 1.7× 109 H2O cm−2 s−1 with the largest contribution
from oxygen and sulfur ions(Ip et al., 1998; Cooper e
al., 2001), whereasParanicas et al. (2002)found ∼ 8.0×
109 H2O cm−2 s−1 using later EPD data with new corre
tions for cumulative radiation damage to detectors. T
also indicated order of magnitude variations were po
ble due to variations in the ion flux and composition ba
on data from many Europa encounters. Transient energ
tion of magnetospheric heavy ions can substantially incre
sputtering since yields increase by orders of magnitude f
plasma to MeV energies. These estimates did not include
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above-mentioned enhancement or reduction factors du
angular distributions, gyro-motion, and regolith porosity.Ip
et al. (2000)estimated net total globally averaged sputter
rates of∼ 0.56–5.6× 1010 H2O cm−2 s−1 with the upper
limit coming from their assumption of secondary sputt
ing by pickup ions from the atmosphere. Therefore, sou
rates ranging from∼ (0.2 to 20.0)× 1010 H2O cm−2 s−1

have been suggested if the surface is water ice. How
these global averages are heavily weighted by the max
irradiation intensities expected for magnetospheric ions
cident on the trailing hemisphere, where the ice is obse
to be mixed with hydrated compounds (e.g., salts, su
ric acid) having relatively low sputtering yield compared
pure water ice, so the upper limits may be overestima
In addition the potential corrections for surface tempe
ture, gyro-motion effects, and diversion of magnetosph
plasma flow by ionospheric interactions need to be con
ered.

Based on the surface temperatures measured by G
(Spencer et al., 1999), the global average sublimation rate
a disk-averaged temperature of 106 K is small and com
rable to the atmospheric contribution from micrometeor
impact vaporization∼ 107 H2O cm−2 s−1 from Cooper et
al. (2001), if water molecules are present as ice. Ho
ever, areas of the dayside equatorial regions can have
peratures up to 132 K, which gives a sublimation rate
1011 H2O cm−2 s−1. Any localized region sublimating a
this rate would be rapidly depleted of volatiles in the abse
of continually operating sources, so the global averag
probably more representative. Freshly-deposited frosts o
containing volatiles, and any localized sites of cryovolca
activity releasing volatiles to the surface from subsurf
regions, could undergo rapid sublimation, but compari
of Voyager and Galileo images for Europa over a twen
year time span(Phillips et al., 2000)shows no evidence fo
frost or ejecta deposits from such activity at the resolu
of several square kilometers for the entire imaged surf
Far greater spatial and temporal coverage for this se
would be offered by the planned JIMO mission. Long te
monitoring of atmospheric densities from Earth-based t
scopes might also reveal sudden bursts of such activity
is strongly encouraged.

The relative O2/H2O sputtering rate from ice has be
shown to depend on the ice temperature and ion type
energy (e.g.,Johnson, 1990). The ratio used in earlier wor
was based on laboratory measurements at temperature
vant to Europa’s surface temperatures. This suggested a
of the order of∼ 0.1 to 0.2(Johnson, 1990, 1998). At the
average Europa surface temperatures,Bar-Nun et al. (1985
found a larger ratio,∼ 0.5 for slow heavy ions, butBaragiola
et al. (2003)also found∼ 0.2 for incident 100 keV Ar+
ions with larger ratios for incident O+. These ratios appl
to vapor deposited laboratory samples in which the sur
porosities are often not known. When the porosity is la
as in an icy planetary regolith, and the sticking proba
ity is high, the effective sputtering yields are reduced (e
,
l

-

e-
o

Johnson, 2002). Since H2O sticks with unit efficiency bu
O2 does not stick at Europa’s temperatures, the effec
O2/H2O ratio is increased significantly. In addition, O2 pro-
duced at considerable depths by lightly ionizing energ
protons and electrons, the dominant carriers of the pla
energy, can slowly diffuse out, so that a relatively large2
source may be possible(Cooper et al., 2001). Moreover,
the terrestrial measurements of air–snow-pack interac
in Antarctica(Dominé and Shepson, 2002)show that pho-
tolytic production of oxidants can increase by orders of m
nitude due to two-phase (solid–gas) interactions on grain
sunlit snow-pack ice.

As the properties and composition of Europa’s surf
and the plasma flux become better known, and as we
prove our understanding of the sputtering and radiolysi
frozen molecular solids, these uncertainties will be redu
We first re-evaluate the source rate for a pure O2 atmosphere
and obtain an O2 source rate, constrained by the oxygen
mosphere observations, of∼ 2.0× 109 O2 cm−2 s−1. We
use this and consider H2O source rates ranging from (0.2
2.0)× 1010 H2O cm−2 s−1. In a few cases, large O2 source
rates are also considered. Although O and H are also
rectly sputtered from the surface (e.g.,Bar-Nun et al., 1985
Kimmel and Orlando, 1995) the yields are not well measure
but are expected to be small for fast, light ions. Therefore
do not include these in the modeling presented here. We
do not include the trace amounts of SO2 and CO2 that are
trapped in the surface ice and are also carried off(Johnson
et al., 2003). These species will be considered in subsequ
work.

2.2. Energy distributions

There are only a few measurements of the energy sp
for sputtered water molecules (e.g.,Johnson, 1990, 1998).
As the sputtering of frozen molecular solids is dominated
solid state chemistry, referred to as radiolysis (e.g.,Johnson
et al., 2003, 2004), the energy distributions are characteriz
by predominantly low energies, with a high energy, nonth
mal tail.

For sputtering of both H2O and O2 the energy distrib
ution is very sensitive to the incident ion type, energy a
surface temperature. For incident heavy ions, O2 molecules
are ejected from the surface according to a measured en
distribution(Johnson et al., 1983)

(1a)F surface(E) ∼ U

(E + U)2
, U = 0.015 eV.

For an O2 escape energy of 0.67 eV the direct escape is
small. A distribution of the form

(1b)F surface(E) ∼ 2EU

(E + U)3
, U = 0.055 eV,

fits the measurements for heavy keV ion sputtering of H2O
(e.g., Johnson, 1990). This distribution gives a direct es
cape fraction of 0.3. However, the data clearly show
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for fast light incident ions, and for higher surface tempe
tures, the peak shifts to lower energies (e.g.,Johnson, 1990).
If Eq. (1a) was used for H2O, the escape fraction becom
0.05. Recent laboratory measurements for the sputterin
200-eV electrons of Na and K deposited on ice(Johnson
et al., 2002b)give a distribution of the form∼ CEUx/

(E +U)2+x with x andU equal to 0.7 and 0.052 for Na an
0.25 and 0.02 for K, whereC is the normalization constan
(Johnson et al., 2002b). These results are consistent with t
trace species being carried off by sputtering of the ice ma
Therefore, Na, which has a similar mass, also has a sim
ejecta energy distribution to that for H2O. The ejecta energ
distribution for Na appears to be consistent with the m
phology of the extended component of the observed sod
atmosphere(Leblanc et al., 2002).

The UV-photolysis of an icy satellite surface also lea
to the ejection of H2O and O2 molecules. These ejecta e
ergy distributions are closer to Maxwellian distributions
the mean surface temperature corresponding, roughly,
‘thermal’ surface source of H2O and O2 molecules, while
sublimation, subsurface out-gassing, and meteoroid im
vaporization are thermal sources of H2O. Since sputtering
radiolysis, and photolysis occur in a porous regolith,
ejecta energy distributions, such as those in Eq.(1), are par-
tially or fully thermalized by the interaction of the eject
molecules with the volume ice.

For all of the above energy distributions, most of t
sputtered molecules return to the surface. Assuming no
actions with the surface, the returning O2 is immediately
(on the time scale of the simulation) desorbed therma
but we assume that returning H2O, OH, and O stick to the
icy surface with nearly unit efficiency (e.g.,Smith and Kay,
1997). In the present model O atoms undergo recomb
tion on grains in the regolith to produce O2 as discussed
below. Using the energy distributions above, surface s
tering is a nonthermal source of H2O and O2 (Johnson et
al., 1983)and an additional thermalized source of O2 result-
ing from atmosphere—icy surface exchange(Johnson et al.
1982). A mean surface temperature of 100 K is used. In
diolysis H2 is, of course, also produced at about twice
rate of O2 at the temperatures of interest and also acc
panies the production of peroxide (e.g.,Johnson et al., 2003
Cooper et al., 2003). Since diffusion of radiolytic H2 through
ice and escape to space is efficient (e.g.,Johnson, 1990
Johnson et al., 2003), H2 distributions in the atmospher
are not modeled here. However, H2 is clearly an importan
source of neutrals for the Europa torus as discussed a
end of the paper.

2.3. Interactions

The H2O and O2 may be dissociated or ionized by th
solar UV photons and the plasma electrons through the
lowing reactions:

O2 + hν, ep → O
(3P

) + O
(3P,1D,1S

) + es + �Edis
O ,
2

(2)H2O+ hν, ep →
{

OH+ H + es + �Edis
H2O,

H2 + O
(
1D

) + es + �Edis
H2O,

O2 + hν,

ep → O+(4S
) + O

(3P,1D,1S
) + e + es + �Edis−i

O2
,

(3)H2O+ hν, ep →




OH+ H+ + e + es + �Edis−i
H2O ,

H + OH+ + e + es + �Edis−i
H2O ,

H2 + O+ + e + es + �Edis−i
H2O ,

O2 + hν, ep → O+
2 + e + es,

(4)H2O+ hν, ep → H2O+ + e + es.

The dissociation and dissociative ionization proces
lead to the formation of O atoms, OH radicals, and ato
H and molecular H2 hydrogen. These reactions typica
have excess kinetic energy up to a few eV, determined
the energy release in dissociation (�Edis

O2
, �Edis

H2O) and dis-

sociative ionization (�Edis−i
O2

, �Edis−i
H2O ) processes. The en

ergy release of O atoms in the electron impact disso
tion and dissociative ionization of O2 is estimated base
on the measurements ofCosby (1993)and the calcula
tions of Van Zyl and Stephen (1994). Using theBagenal
(1994) model of the magnetospheric plasma, two popu
tions of magnetospheric electrons—thermal (with den
of 38 cm−3 and temperature of 20 eV) and hot (with de
sity of 2 cm−3 and temperature of 250 eV) fractions, a
taken into account. The EUVAC solar flux model(Richards
et al., 1994), scaled from Earth to the heliocentric orbit
Jupiter, and the standard set (references are given in
footnotes toTable 2) of photoabsorption and electron im
pact cross sections are used. The EUVAC solar flux mo
was extended into the Schumann–Runge continuum in
cordance with(Torr et al., 1980)and was calculated at th
mean solar activity level ofF10.7 = 144. Because the a
mosphere is thin, the calculated photo-ionization and
sociation frequencies are found to be nearly constant
height(Shematovich and Johnson, 2001). AlthoughSaur et
al. (1998)showed that the electron density and tempe
ture changed due to the interaction of the plasma with
ionosphere, they found that the net energy flux of the pla
through the atmosphere did not change greatly. Here we
the plasma energy flux through the atmosphere to the su
as a constant and use the rates associated with the p
upstream for comparison to the photo-processes. Any
OH produced by dissociation is tracked and either esc
or sticks to the surface. We assume that O atoms rec
bine on the surface forming O2. The chemistry of O re
combination onto the icy surfaces proceeds via a com
chemical network (e.g.,Johnson et al., 2003) resulting in
the production of O2 and other oxidants. The ions forme
are assumed to be lost immediately by pickup on plane
magnetic field lines moving at speeds∼ 100 km s−1 for full
corotation past Europa and∼ 20 km s−1 for field lines in
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contact with Europa’s ionosphere(Paranicas et al., 1998
Saur et al., 1998). Although some ions produced immed
ately upstream of Europa may reenter the atmosphere
rest move away from Europa, gyrating north and south a
the local field lines, and are swept far downstream during
itudinal bounce motion along these lines.

Finally, we use the data ofBagenal (1994)to estimate
the plasma bombardment rate of the surface-bounde
mosphere. Whereas the energetic ions (measured b
Galileo EPD; e.g.,Cooper et al., 2001) for the most par
pass through this thin atmosphere without collisions, the
energy plasma does not. Therefore, it can remove (spu
the atmosphere(Johnson, 1990, 1994)through the momen
tum transfer, dissociation, ionization, and charge tran
processes

O2 + p,O+,S+, . . .

→




p,O+,S+, . . . + O∗
2 → O∗ + O∗ + �Edis

O2
,

p,O+,S+, . . . + O+
2 + e,

H,O,S, . . . + O+
2 ,

H2O+ p,O+,S+, . . .

(5)→




p,O+,S+, . . . + H∗
2O→ OH∗ + H + �Edis

H2O,

p,O+,S+, . . . + H2O+ + e,

H,O,S, . . . + H2O+.

Momentum transfer and dissociation collisions with
ergetic magnetospheric ions transfer kinetic energy to H2O
and O2 gas and form fresh suprathermal O atoms and
radicals. Hydrogen atoms and molecules formed in H2O
dissociation escape easily from Europa’s gravity and are
mediately lost to space. Energy input to other species in
ropa’s atmosphere causes additional atmospheric loss.Saur
et al. (1998)used a very approximate model of atmosphe
sputtering and found that these energy inputs drive the d
inant loss process. For a convective Maxwellian distribu
of the corotating magnetospheric O+ ions we used para
meters close to those ofBagenal (1994)with characteristic
ion energy 0.75 keV, mean ion energy 1.5 keV, and
∼ 1.0 × 108 ions cm−2 s−1. In these calculations we us
the collisional momentum transfer and collisional disso
tion cross sections fromJohnson et al. (2002a). A molecular
dynamics code was used along with semi-empirical pair
tentials to determine the transfer of energy to the motio
the center of mass in O+ O2 and O+ H2O collisions. In ad-
dition, the internal excitation energy of each molecule w
determined as well as the probability of dissociation. Th
were used to calculate the exit speeds of each molecule
fragments after a collision.

3. Numerical model

The gas flow in the atmospheric near-surface boun
layer of Europa is strongly nonequilibrium due to followi
-
e

)

effects:

• nonthermal surface sources of O2 and H2O molecules;
• O atoms and OH radicals are formed with suprather

kinetic energies in the dissociation processes;
• momentum transfer and dissociation collisions by

low-energy magnetospheric plasma ions cause he
and escape, collectively referred to as atmospheric s
tering(Johnson, 1994).

The 1-D model is valid in regions where the sources r
do not vary significantly over distances of the order of a
scale heights. 2-D or 3-D models are needed to accoun
the horizontal gas flow due to diurnal variation in the d
sociation rate and to nonuniform sources caused by sp
variations in temperature, incident radiation flux, and po
ble cryovolcanism (e.g.,De La Fuente Marcos and Nissa
2000). We also used a 2-D model, with loss primarily fro
the icy leading hemisphere, to confirm that in steady state
molecular oxygen atmosphere would be global, as discu
later in the paper.

Here the gas flow in the Europa’s surface-bounded
mosphere is described by the following set of kinetic Bo
mann equations for all species

(6)




ν ∂
∂r fi + g ∂

∂ν fi = Qi − Li + ∑
j

∑
m Jm(fi, fj ),

ν ∂
∂r fO+ + g ∂

∂ν fO+ = ∑
j

∑
m Jm(fO+ , fj ),

i = O,O2,H2O,OH; j = i,O+.

Here thefi(r,ν) are the distribution functions forj = O,
O2, H2O, OH, O+ by translational and internal degrees
freedom;g—is the gravitational acceleration at Europa;Q

and L are source and loss functions for O, OH, O2, and
H2O in the photolytic and electron impact processes;Jm are
the collision terms for elastic, inelastic, dissociation, io
ization, and charge transfer collisions(Shematovich et al.
1994, 1999). The O2 and H2O source terms due to surfa
sputtering and evaporation are taken into account thro
surface boundary conditions.

This system of kinetic Boltzmann equations is non
ear and the steady-state solutions are computed usin
DSMC method(Bird, 1994). This approach has been pr
viously used by us to study the hot planetary and sa
lite coronas(Shematovich et al., 1994, 2003; Shematov
and Johnson, 2001). Representative atoms and molecu
ejected from the surface, or formed in the atmosphere
tracked between collisions, and a stochastic scheme is
to choose the position, type and outcome of the next c
sion. At the top of the atmosphere those atoms or molec
with sufficient energy to escape are removed and the
ers are computationally reflected. With this numerical mo
we obtain the velocity distribution functions of the atom
and molecular species, and consequently, the altitude
tributions for atmospheric density, temperature, and es
flux.
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Table 1
Calculated models

Modela,b O2 surface source rate (cm−2 s−1) and energy spectrum H2O surface source rate (cm−2 s−1) and energy spectrum

A(a09–phd) 2.0× 109 sputtering Eq.(1a)without photodissociation – no
B(a09+phd) 2.0× 109 sputtering Eq.(1a)with photodissociation – no
C(a10+phd) 2.0× 1010 sputtering Eq.(1a)with photodissociation – no
D(a09b09) 2.0× 109 sputtering Eq.(1a) 2.0× 109 sputtering Eq.(1b)
E(a09e10) 2.0× 109 sputtering Eq.(1a) 2.0× 1010 evaporation with Tsurf = 100 K
F(a09be10) 2.0× 109 sputtering Eq.(1a) 2.0× 1010 50% sputtering Eq.(1b); 50% evaporation with Tsurf = 100 K

a Impact processes by the solar UV radiation with mean level of solar activity and by the magnetospheric plasma with two populations of magn
electrons—thermal (with density of 38 cm−3 and temperature of 20 eV) and hot (with density of 2 cm−3 and temperature of 250 eV) fractions, were tak
into account.

b A convective Maxwellian distribution of the corotating magnetospheric O+ ions with characteristic ion energy 0.75 keV, mean ion energy 1.5 keV,
flux ∼ 1.0× 108 ions cm−2 s−1 was used as a low-energy magnetospheric ion influx into the atmosphere.
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4. Results

4.1. Surface sources

There are clear hemispherical differences in the amo
and nature of the bonding of water molecules on Europa
fecting both sublimation and sputtering of water molecu
and the production of oxygen from ice. A 1-D model ca
not account for these spatial differences, nor can it acc
for the spatial variation in surface temperature or ion fl
Therefore, this is a parametric study in which the sou
rates are varied. Earlier we studied the cases for which2
was the dominant ejecta. Here we repeat those calcula
obtaining a surface source rate of∼ 2 × 109 O2 cm−2 s−1

as discussed below. We also modeled the role of water m
cules in Europa’s atmosphere in a simple way. We are pa
ularly interested here in the relative contributions of therm
versus nonthermal surface processes. In the present stu
use O2 and H2O sublimation plus sputtering rates of eith
one or ten times the O2 flux above. The models considere
in this paper are listed inTable 1.

In these models the following descriptions are used:

– ‘a09’ indicates that O2 molecules are ejected nonthe
mally due to surface radiolysis and sputtering by hi
energy magnetospheric ions. Their kinetic energies
distributed according to the spectrum of Eq.(1a), and
the surface flux is equal to 2× 109 cm−2 s−1;

– ‘b09’ indicates that H2O molecules are ejected nonthe
mally due to surface sputtering by high-energy mag
tospheric ions. The kinetic energies of these molec
are distributed according to the spectrum of Eq.(1b),
and the surface flux is equal to 2× 109 cm−2 s−1;

– ‘e09’ indicates that O2 and/or H2O molecules are ejec
ed thermally due to thermal desorption, photo-deso
tion, and equilibration in the regolith. These ejecta h
a simple Maxwellian distribution for an assumed surfa
temperature of 100 K, and the surface flux is equa
2× 109 cm−2 s−1;

– ‘ae09’ (‘be09’) indicates that O2 (H2O) molecules are
ejected both thermally (50%) and nonthermally (50
with the surface flux equal to 2× 109 cm−2 s−1.
e

Models A–C correspond to the pure oxygen surf
sources, and Models D–F correspond to the mixed o
gen and water surface sources. Models in which the sur
source flux of O2 (H2O) is increased to 2× 1010 cm−2 s−1

with no changes in other parameters for each case were
sidered as sensitivity studies, but could represent case
which the local surface is very volatile due to the ice str
ture or composition. Such large sources of O2 would require
diffusion from depth in the regolith. In addition, the O2 in
the atmosphere is somewhat insensitive to the difference
tween thermal and nonthermal distributions because o
repeated interactions of O2 with the surface. Models D–F
are likely closer to the globally averaged atmosphere.
can roughly scale these results for other surface source
because the coupling between the H2O and O2 products
is weak. However, it is clear from the results given h
that a 3-D atmospheric model, accounting for differen
in source regions, is needed to correctly describe Euro
atmosphere.

In all models the atmospheric sputtering by low-ene
plasma, solar UV and the magnetospheric electron im
dissociation and ionization, were taken into account with
calculated ionization and dissociation frequencies give
theTable 2.

4.2. Pure O2 atmosphere

We first repeated the calculations of the models that w
discussed in our previous paper(Shematovich and John
son, 2001)in order to correct the estimate of surface sou
rate and clarify the effect of photo-dissociation. The ch
acteristics of atmospheric gas flow in the near-surface
gion of Europa’s atmosphere are given inFigs. 1 and 2for
models with a pure O2 surface source—Model A (withou
photo-dissociation), Model B (with photo-dissociation), a
Model C (with surface source 10 times higher). InTable 3a
are also given the column densities and total escape fl
for all pure oxygen models.

In Fig. 1the height profiles of number (top panel) and c
umn (middle panel) densities, and total escape fluxes (
tom panel) of molecular (solid lines) and atomic (dash
lines) oxygen are given for Models A and B. For compa
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lines (triple
Fig. 1. Height profiles of number density (top panel), column density (middle panel), and total escape flux (bottom panel) of O2 (solid lines), and O (dashe
lines) in the pure O2 surface-bounded atmosphere of Europa for Models A (thin lines) and B (thick lines). The number and column densities of m
oxygen calculated for outflowing (coronal) atmosphere (in accordance with formula (3) with the depletion length scale of∼ 150 km from paper bySaur et al.
(1998)) are shown by dot-dashed lines. Column densities in the middle panel were calculated from the upper boundary of atmosphere; vertical
dot-dashed line) in this panel indicate the constraints on the O2 column density inferred from HST observations(Hall et al., 1998).
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son, inFig. 1are also shown by dash-dotted lines the num
and column densities of molecular oxygen calculated
outflowing (coronal) atmosphere (in accordance with
mula (3) with the depletion length scale of∼ 150 km from
paper bySaur et al. (1998)). The density in these examples
affected by a number of processes at different altitudes
 ,

therefore, is not well described by the density vs. altit
profile for a simple outflowing atmosphere assumed inSaur
et al. (1998). In the middle panel, the range of O2 column
densities in Europa’s atmosphere inferred from HST ob
vations(Hall et al., 1998)is shown by the vertical (triple do
dashed) lines. Model column densities were calculated f
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Fig. 2. Flux balance in the pure O2 surface-bounded atmosphere of Europa for Model B. In the top panel the O2 local upward (solid line) and downwar
(dotted line) fluxes, total escape flux (dashed line) and the local “ionization flux” by magnetospheric electrons (dot-dashed line) are given. In the mddle panel
the same fluxes for atomic oxygen are shown. In the bottom panel the upward flux (solid line), and total loss flux (dashed line) of O2 molecules are presente
In all panels the vertical line (triple dot-dashed line) corresponds to the surface O2 source with the flux equal to 2× 109 cm−2 s−1. The local “ionization flux”
is equal to the local O2 column density multiplied by the ionization frequency. Total loss flux is a sum of O2 and O escape fluxes and of local “ionization flux
cu-
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the top of the neutral atmosphere (here∼ 700 km) in order to
illustrate that molecular oxygen is strongly bound and ac
mulates in the very near-surface region.Figure 2illustrates
the detailed flux balance in the neutral surface-bounded
mosphere for Model B. In the top panel the calculated
cal fluxes of upward and downward moving O2 molecules
(solid and dotted lines) and the direct escape flux (das
line) are plotted for the main atmospheric constituen
molecular oxygen. Ionization and sweeping is the domin
loss process and “ionization flux” (dot-dashed line) is giv
for comparison. The latter is calculated as the neutral spe
column density multiplied by the corresponding ionizat
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Table 2
Dissociation and ionization frequencies for solar UV radiation and ma
tospheric electron impact for Europa atmosphere

Process rate (s−1) O2 O H2O Source

Photoionization 2.8(−8)a,b 1.7(−8)b 2.2(−8)b Models A–H
1.9(−8) 7.8(−9) 1.5(−8) Schreier et al. (1993
– – – Saur et al. (1998)

Electron impact 1.8(−6)c 1.8(−7)d 2.7(−6)e Models A–H
ionization 2.4(−7) 1.2(−7) 1.3(−7) Schreier et al. (1993

1.9(−6) – – Saur et al. (1998)
Photodissociation 1.8(−7)b 1.1(−7)b Models A–H

2.4(−9) 4.5(−7) Schreier et al. (1993
– – Saur et al. (1998)

Electron impact 3.4(−7)f 4.1(−6)g Models A–H
dissociation 2.3(−7) 4.5(−7) Schreier et al. (1993

3.8(−7) – Saur et al. (1998)

a a(n) = a × 10n.
b Photoabsorption cross sections (CSs) from(Huebner et al., 1992).
c Electron impact O2 ionization CSs from(Kanik et al., 1993; Van Zyl

and Stephen, 1994; Straub et al., 1996).
d Electron impact O ionization CSs from(Zipf, 1985; Thompson et al.

1995; Kim and Desclaux, 2002).
e Electron impact H2O ionization CSs from(Rao et al., 1995; Straub e

al., 1998).
f Electron impact O2 dissociation CSs from(Cosby, 1993; Kanik et al.

1993).
g Electron impact H2O dissociation CSs from(Harb et al., 2001).

rate from by magnetospheric electrons and solar UV ra
tion (seeTable 2). In the middle panel the same fluxes a
given for the O2 dissociation product—atomic oxygen.
the bottom panel the balance of the total flux of oxyg
molecules is shown. The vertical line in each panel sh
the surface source influx of O2 molecules.

It is seen that the O2 atmosphere of Europa is formed a
supported due to both thermal and nonthermal proce
In the near-surface region(� 10 km) both nonthermal sur
face sputtering and thermal desorption play a role in
formation of the density distribution. O2 molecules ejecte
into this region with kinetic energies higher than the
ergy of gravitational binding escape, therefore, the therm
re-desorbed O2 molecules become the dominant fraction
the near-surface region. The transition region between
and 100 km is mainly populated by the oxygen molecu
with kinetic energies� 0.1 eV. These result from the high
energy tail of the surface sputtering source (Eq.(1a)) and
momentum transfer in collisions with suprathermal oxyg
atoms formed in the dissociation processes. The mom
tum transfer collisions with the magnetospheric ions
the suprathermal atomic oxygen lead to the hot molec
oxygen in the most upper atmospheric layers(� 100 km)

and to additional loss from the atmosphere. Each of th
atmospheric regions is characterized by a different he
scale. Atomic oxygen is formed in the photo-dissociat
process with the mean excess kinetic energy of 0.7–1.0
Therefore, these atoms easily escape from the rarefied
ropa’s atmosphere. The electron impact dissociation o2
molecules is also accompanied by the formation of O at
with excess kinetic energies(Cosby, 1993)causing the ad
.

-

.
-

Table 3a
Characteristics of gas flow in the surface-bounded atmosphere of Eur

Models A(a09–phd) B(a09+phd) C(a10+phd)

O2 column density (cm−2) 9.0(14)a 1.2(15) 1.3(16)
O column density (cm−2) 8.8(10) 2.4(13) 2.6(14)
O2 escape flux (cm−2 s−1) and 4.1(6) 4.0(6) 4.4(7)

MKEb (eV) 3.2 11.4 2.9
O escape flux (cm−2s−1) and 2.2(7) 3.4(8) 2.5(9)

MKEb (eV) 0.3 0.4 0.4
Total O atom supply rate,
Qn (s−1)c

1.0(25) 1.2(26) 9.2(26)

Total numberN of oxygen
neutrals in the torus

4.3(31) 6.0(32) 5.0(33)

a a(n) = a × 10n.
b Mean kinetic energy (MKE) of escaping particles was calculated as

of total energy flux to total particle flux of escaping particles minus
escape energy (0.68, and 0.34 eV for O2, and O, respectively).

c Total oxygen atom supply rate to neutral torus assuming global
through the surface areaSexo≈ 3.5× 1017 cm2—see Section4.5.

ditional heating or escape of atomic oxygen. The downw
moving O atoms formed by dissociation return to the
satellite surface where they either react or recombine to2.
In the models examined here the adsorbed O atoms
with the surface and are presumed to eventually ‘recomb
and desorb as O2.

The height profiles of O2 column densities in Europa
atmosphere calculated from the top of atmosphere, ind
that the HST estimated column of about 1× 1015 O2 cm−2

is predominantly accumulated in the near-surface re
mainly due to the recycling of thermalized molecular o
gen in the atmosphere–icy surface chemical (surface re
bination of atomic oxygen) and physical (O2 adsorption–
desorption) exchange. The recycled fraction is accumul
slowly because the mass flow in the near-surface regio
controlled by the processes having very different time sca
fast surface-sputtering O2 influx with the energy spectrum
of Eq. (1a), slow O2 atmosphere–icy surface recycling d
termined by the surface temperature, and direct escap
O2 molecules with high kinetic energies. The O2 surface
source influx is balanced by the ionization and dissocia
losses due to the magnetospheric electrons and solar U
diation through the whole surface-bounded atmosphere
the minor input of nonthermal escape due to the atmosph
sputtering.

It is seen that O2 atmosphere of Europa is a surfac
bounded (recycling) atmosphere and that a nonthe
surface-sputtering source rate of 2× 109 cm−2 s−1 is suffi-
cient to support the tenuous gas oxygen envelope of Eu
first observed byHall et al. (1995). In our previous pape
(Shematovich and Johnson, 2001)similar atmospheric char
acteristics and dependence on altitude were found. The
mary atmospheric loss mechanism was shown to be ele
impact ionization and pick-up and not atmospheric spu
ing as suggested bySaur et al. (1998). In addition, including
photo-dissociation was shown to be critical for obtaining
neutral loss rates. Whereas atmospheric pick-up ions a
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direct supply of the Europa plasma torus(Schreier et al.,
1993), the smaller neutral ejection rate creates a neutral o
gen torus which provides a distributed source of oxygen
for the jovian magnetosphere at Europa’s orbit.

In the subsequent discussion, oxygen ‘loss’ rate
mean all atmospheric loss processes, including ioniza
and pick-up. Neutral escape will be used in describing
supply of the neutral torus. There still remains a cavea
the pick-up of O+2 followed by recombination or dissoc
ation is a distributed source of energetic neutral O(Nagy
et al., 1998). We repeated the calculations of(Nagy et al.,
1998)with the branching ratios for the different channels
O+

2 ion recombination from(Kella et al., 1997)taking into
account the elastic collisions of hot O atoms with the am
ent O2 molecules. All other parameters were the same:
near-surface number density of O+

2 ions was taken equal t
104 cm−3 decreasing with the height scale of 240 km(Kliore
et al., 1997)and constant electron temperature of 610 K.
obtained the O atom escape flux of 3.7× 107 cm−2 s−1 due
to the O+

2 ion recombination. This value is lower than o
obtained in(Nagy et al., 1998)because in our calculation
the thermalization collisions between primary hot O ato
formed in the dissociative recombination and the amb
O2 atmosphere were taken into account. This value is a
tor of 5 lower than the O atom escape flux for Model B (w
photo-dissociation) and a much smaller fraction of the
tal dissociation rate. This estimate gives an upper bo
since the temperature of ionospheric electrons strongly
creases with altitude(Saur et al., 1998)reducing the O+2 ion
recombination rate. An accurate model of the ionosphe
required to obtain a better estimate of this process.

The fact that, for a pure O2 atmosphere, photo-dissoci
tion is the dominant source of ejected O is initially surpris
as electron impact is the dominant dissociation mechan
and was the means by which the O2 atmosphere was ob
served(Hall et al., 1995). The principal O2 dissociation
process is impact of the thermal fraction of magnetosph
electrons with mean kinetic energy of 20 eV. From the m
surements ofCosby (1993), the dissociation cross sectio
decreases with energy below 20 eV but the measured en
release of dissociation fragments is uncertain. Therefore
used the measurement at 28.5 eV for the energy distribu
of the dissociation fragments and extrapolated it to lo
electron energies. Using such an energy distribution a
atom escape flux of∼ 1.3× 106 cm−2 s −1 due to O2 disso-
ciation by the thermal and hot fractions of magnetosph
electrons was obtained. Therefore, the photo-dissocia
resulting in the O atom escape flux of 2.0× 108 cm−2 s−1,
is the dominant neutral oxygen loss process.

The results in(Shematovich and Johnson, 2001)were all
confirmed here, as indicated inTable 3a. However, there
was an error in that paper. Although the neutral esc
rates reached steady state, in the lowest boxes equ
rium was apparently not achieved as it occurs much m
slowly as discussed above. Since this directly affects
exchange with the surface, our previous estimate of
y

surface source rate required to account of the observa
(i.e., 1.0–2.0× 1010 cm−2 s−1) was too large. Here we fin
that the necessary amount using a pure O2 atmosphere is
∼ 2.0× 109 cm−2 s−1. Although the descriptions are ve
different, this is roughly the same size as that used bySaur
et al. (1998).

4.3. Concentrations and temperatures in the near-surfa
O2 plus H2O atmosphere

The characteristics of atmospheric gas flow in the n
surface region of Europa’s atmosphere are given inFigs. 3
and 4versus altitude and inTable 3bfor different H2O sur-
face sources—nonthermal (Model D), thermal (Model
and mixed (Model F). The number densities of O2, H2O,
OH and O and their total escape fluxes are given inFig. 3
(left and right panels, accordingly) and column densities
presented inTable 3b; the mean kinetic energies and me
flow velocities of O2, H2O, OH and O are given inFig. 4
(right and left panels, accordingly).

In all cases presented here, as well as in the pure2
model studied earlier, the atmosphere is found to be a
tenuous and surface-bounded gaseous envelope wit2
molecules being the main constituent. This is suppleme
by an admixture of H2O, OH and O and a small compo
nent of H2 and H not considered here. This is the case e
for Models E and F in which the H2O source rate is te
times the O2 source rate. Such a composition was predic
for Europa(Johnson et al., 1982)as a consequence of ga
and loss processes for the three parent molecules ej
from the surface: H2, H2O, and O2. The light H2 mole-
cules are lost to the Europan neutral torus because o
relatively weak gravitational field of Europa. On the oth
hand, the heavier H2O and O2 molecules are lost mainl
through the nonthermal mechanisms: dissociation and
ization, atmospheric sputtering by the low-energy mag
tospheric plasma and nonthermal surface ejection. Re
ing molecules have species-dependent behavior on co
with Europa’s surface. The O2 molecules stick with very
low efficiency and are immediately (on the time scale of
simulation) desorbed thermally, but returning H2O, OH, and
O stick to the grains in the icy regolith with unit efficienc
(Smith and Kay, 1997).

Atomic oxygen O and hydroxyl OH are formed wi
suprathermal energies in the dissociation processes o
ejected parent H2O and O2 molecules by solar UV radiation
Since the excess energy in the H2O dissociation carried of
primarily by the light dissociation fragments, H and H2, the
O and OH radicals do not have enough energy to directly
cape. Because the near-surface atmosphere is very rar
these suprathermal particles do not efficiently thermaliz
collisions with the parent molecules (see their mean kin
energies inFig. 4). Thus the suprathermal oxygen atom
formed in the O2 dissociation efficiently escape from the a
mosphere, as seen by escape fluxes inFig. 3, or they stick
to the icy satellite surface, as seen by the height profile
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ed
otted line
Fig. 3. Height profiles of number densities (left panels) and total escape fluxes (right panels) of O2 (solid line), H2O (dot-dashed line), OH (triple dot-dash
line), and O (dashed line) in the surface-bounded atmosphere of Europa for Models D (top panels), E (middle panels), and F (bottom panels). Din
right-hand panels is the O2 source rate.
r-
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erg
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mean flow velocities inFig. 4, which are directed to the su
face. Since the excess energy in the H2O dissociation carried
off primarily by the light dissociation fragments, the OH ra
icals produced in the atmosphere do not have enough en
 y

to directly escape and, primarily, are lost to the surface. T
is indicated by the average negative velocities. For th
reasons, the column densities of O and OH are low (Fig. 3)
as seen inTable 3b.
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d
Fig. 4. Height profiles of mean velocity (left panels) and mean kinetic energy (right panels) of O2 (solid line), H2O (dot-dashed line), OH (triple dot-dashe
line), and O (dashed line) in the surface-bounded atmosphere of Europa for Models D (top panels), E (middle panels), and F (bottom panels).
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Analysis of the H2O flow characteristics in our mode
shows that the H2O escape flux is due mainly to the hig
energy tail of the surface-sputtering source. Molecu
ejected with suprathermal energies very efficiently tran
kinetic energy to the more abundant, near-surface oxy
molecules. The H2O density distribution in the near-surfa
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Table 3b
Characteristics of gas flow in the surface-bounded atmosphere of Eur

Models D(a09b09) E(a09e10) F(a09be1

O2 column density (cm−2) 7.8(14)a 9.9(14) 8.0(14)
H2O column density (cm−2) 9.2(11) 8.7(12) 4.5(12)
O column density (cm−2) 4.2(12) 3.8(12) 3.9(12)
OH column density (cm−2) 3.0(10) 1.4(10) 5.5(10)
O2 escape flux (cm−2 s−1) and 2.5(8) 2.1(8) 3.0(8)

MKEb (eV) 17.0 17.3 16.0
H2O escape flux (cm−2 s−1) and 4.3(7) 7.2(5) 8.9(7)

MKEb (eV) 1.8 0.3 1.7
O escape flux (cm−2 s−1) and 2.4(8) 2.6(8) 2.3(8)

MKEb (eV) 0.4 0.4 0.4
OH escape flux (cm−2 s−1) and 2.4(4) 3.2(4) 6.6(4)

MKEb (eV) 0.3 0.5 0.4
Total O atom supply rate
Qn (s−1)c

2.6(26) 2.3(26) 3.1(26)

Total numberN of oxygen
neutrals in the torus

5.3(32) 5.6(32) 5.5(32)

a a(n) = a × 10n.
b Mean kinetic energy (MKE) of escaping particles was calculated as

of total energy flux to total particle flux of escaping particles minus
escape energy (0.68 and 0.34 eV for O2, and O, respectively).

c Total oxygen atom supply rate to neutral torus assuming global
through the surface areaSexo≈ 3.5× 1017 cm2—see Section4.5.

region(� 100 km) is also strongly affected by the stickin
to the icy surface. At higher altitudes the direct escape
nificantly reduces the H2O abundance.

The concentration of O2 in Europa’s atmosphere withi
the near-surface and transition regions(� 100 km) is de-
termined by all three surface sources: surface-sputte
surface-evaporation, and recycling of thermalized O2 mole-
cules. As the main atmospheric constituents, the O2 mole-
cules are efficiently heated by momentum transfer collis
with the incident plasma, the H2O molecules ejected from
the surface with suprathermal energies, and suprathe
dissociation products. More energetic O2 is found for all
models at higher altitudes (Fig. 4, right panels). However
the density profiles of O2 (Fig. 3) are similar for all models
so the increased production of energetic O2 from sputtering
is balanced by higher escape rates. In all of these mode
rate for the dominant loss process, pick-up ion product
is assumed to be independent of altitude, and details o
thermal distributions for neutrals from different models ha
little effect on the O2 density profiles. We also note, as se
in Table 4for Model D, that although atmospheric sputt
ing is a smaller loss process than ionization and pick-u
our models, it can be comparable to or larger than ph
dissociation-induced loss.

4.4. Balance and the energy spectra of upward fluxes

The macroscopic characteristics of composition, dyn
ics, and energy balance of gas flow in the surface-boun
atmosphere of Europa are presented inFigs. 3 and 4.
These were derived from the calculated energy distribu
,

l

e

functions (EDFs) for all neutral atmospheric constitue
The EDFs characterize the gas flow on the microsc
level.

In the runs for all models fromTable 1the statistics on
the molecule velocities were stored allowing us to estim
the energy distributions of all species. To analyze the
ticle distributions in Europa’s surface-bounded atmosph
the energy spectra of fluxes of upward moving parent H2O
and O2 molecules were calculated and are shown inFigs. 5a
and 5bfor Model D. For comparison the energy spectra
surface-sputtering source functions (Eq.(1a)) for O2 and
(Eq. (1b)) for H2O are also shown. The heights of 3.6 a
100 km were taken as the representative of the near-su
environment and of the upper atmospheric layers wher
mospheric sputtering becomes important.

In Model D the sources of H2O and O2 are both non-
thermal (Eqs.(1a) and (1b)). It is seen that in the very nea
surface region the upward flux of O2 molecules is characte
ized by the Maxwellian core, corresponding to the recyc
population of molecules with kinetic energies close to
surface temperature, and by a suprathermal tail formed
to both surface-sputtering and momentum transfer collis
with dissociation products. For H2O, the energy spectrum
of upward moving molecules is determined by the surfa
sputtering source spectrum and the Maxwellian core d
not form because molecules efficiently stick to the icy sa
lite surface. We suggest the interesting possibility of s
tially resolving the composition of source sites for sputte
molecules with an orbital instrument on JIMO since lo
energy neutral spectra of H2O-like molecules suffer little
modification after leaving the surface.

The net fluxes of parent molecules H2O and O2, and of
the dissociation products O and OH, can be used for
analysis of mass balance in Europa’s surface-bounde
mosphere. InFig. 6the height profiles of upward and dow
ward fluxes of O2, H2O, O, and OH are shown togeth
with the loss fluxes of escaping molecules and “ioniza
loss fluxes.” The latter are calculated as the column den
multiplied by the ionization rate (seeTable 2) and can be
interpreted as the loss flux due to the ion pickup in the
mosphere. FromFig. 6 it is seen that, as in the all of th
models described here, mass balance for molecular ox
is determined primarily by the ionization by magnetosph
electrons in the near-surface region and by the atmosp
sputtering in the upper atmospheric layers.

As was mentioned above, most of the ejected molec
return to the surface. Collisions between parent molec
and their dissociation products in the very near-surface
gion lead to the formation of suprathermal tails in the dow
ward fluxes of parent O2 and H2O molecules and of O an
OH radicals. The energy spectra of these downward flu
significantly differ from a convective Maxwellian, especia
for dissociation products—O and OH. For example, in c
of Model D the impacting O2, O, H2O, and OH molecule
are characterized by the mean kinetic energies equal to
0.66, 0.19, and 0.23 eV, correspondingly. These values
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(a) (b)

Fig. 5. (a) Energy spectra (solid lines) of upward fluxes of O2 and H2O in the near-surface region at height of 3.6 km for Model D. Energy spectra(1a)and
(1b) of surface sources are shown by dashed lines. Vertical triple dot-dashed lines at 0.38 eV and 0.67 eV show the escape energy of H2O and O2 molecules.
(b) Same as (a), but at height of 100 km.
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much higher than the mean surface temperature of 10
(0.0086 eV). Such suprathermal neutrals interacting w
the icy surface can potentially initiate chemical change
grain surfaces in the regolith(Johnson, 2001; Johnson et a
2003, 2004).

4.5. Atmospheric escape and the Europa’s neutral torus

As was the case for the observed sodium atmosph
torus at Europa(Leblanc et al., 2002), the loss of atmospher
supplies a neutral and plasma torus(Schreier et al., 1993).
Since ionization is the dominant oxygen loss process in
model, this implies the oxygen ions are primarily suppl
by pick-up from Europa’s atmosphere and ionization in
oxygen neutral torus is a smaller supply. Since the neu
molecular hydrogen supply rate is roughly twice the s
face source rate for molecular oxygen, hydrogen is lik
the dominant source for the Europa neutral torus and ion
tion of hydrogen in the torus is likely the principal supply
hydrogen ions.

Because oxygen loss in these models is dominated
ionization and pick-up, the calculated neutral oxygen s
ply rate is much lower than the surface source rate give
Table 3a, andTable 3bfor all models. These values we
calculated asQn = SexoFesc, whereSexo= C(REur+hexo)

2.
If we assume the loss is global, so thatC ≈ 4π , then
Sexo≈ 3.5×1017 cm2 for an exobase heighthexo= 100 km.
/

The flux of escaping oxygen atoms was taken as equ
Fesc= 2FO2 +FO+FH2O+FOH with data taken fromFig. 3
(right panels) andTable 3. We obtained the supply rate
in the range of(1.0–3.0) × 1026 O atoms per second fo
Models D–F for a globally uniform atmosphere. For an2
source rate of∼ 2 × 109 cm−2 s−1, the H2 source would be
∼ 4 × 109 cm−2 s−1. If the H2 escape fraction is near uni
(e.g.,Johnson, 1990) this would result in a supply∼ 3×1027

H atoms per second to the neutral torus primarily as H2. To
understand the relative importance of the various proce
in Table 4we give the atmospheric loss rates for all of t
interactions for the pure O2 surface source rate (Model B
and a model with the mixed H2O and O2 nonthermal surface
source rates. For the latter we use in the following Mode
as characteristic of an atmosphere with a water source
comparison, the loss and gain rates of the model bySaur et
al. (1998)are also given.

The total loss rate and energy spectra of escaping
trals from Europa’s atmosphere characterize the suppl
oxygen and water product neutrals for the inner jovian m
netosphere. Combining these with the hydrogen loss g
the source terms for the Europa neutral torus recently
served using the Galileo energetic particle data(Lagg et
al., 2003)and using the Cassini energetic neutral atom d
(Mauk et al., 2003). The energy spectra of the escaping H2O
and O2 are indicated inFigs. 5a and 5bas the contributions
to the right of vertical lines on the energy spectra of upw
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Fig. 6. Flux balance in the mixed O2 and H2O surface-bounded atmosphere of Europa for Model D. Left panels show the fluxes of O2 and O, and right
panels—fluxes of H2O and OH. Line styles for both left and right panels are the same as ones inFig. 2.
lanc
iza-
ons
e of
fluxes. A rough estimate of the total numberN of neutrals
in the trans-Europa gas torus can be made using the ba
equationQn = N∗Li , or N = Sexo(2FO2/LO2 + FO/LO +
FH2O/LH2O + FOH/LOH), whereQn is the total supply rate
e
(Table 3) andLi are the species loss rates due to the ion
tion by solar UV radiation and by magnetospheric electr
(Table 2). Using these supply and loss rates our estimat
the total numberN of oxygen neutrals is∼ (5.0–6.0)×1032
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Table 4
Total loss rates for oxygen molecules

Loss process rate (O2 mol s−1) Model B(a09) Model D(a09b09) Saur et al. (1998) Nagy et al. (1998)

Atmospheric sputtering 4.0(6)a × 3.5(17) = 1.4(24) 2.5(8) × 3.5(17) = 8.8(25) 7.3(26)b –
Photo-dissociation 3.2(8) × 3.5(17)/2 = 5.6(25) 2.4(8) × 3.5(17)/2 = 4.2(25) – –
Electron impact dissociation 2.2(7) × 3.5(17)/2 = 3.9(24)c 2.2(7) × 3.5(17)/2 = 3.9(24)c – –
O+

2 recombination 3.6(7) × 3.5(17)/2 = 6.3(24)d 3.6(7) × 3.5(17)/2 = 6.3(24)d – 1.4(8) × 3.5(17)/2 = 2.5(25)
Ionization+ charge exchange
+ sweeping

5.3(26) 4.6(26) 1.2(26) –

Total loss 1.9(9) × 3.1(17) = 6.0(26) 1.9(9) × 3.1(17) = 6.0(26) 8.5(26)
Torus supply rate (O atoms s−1) 1.2(26) 2.6(26) 1.5(27) 4.4(25)

a a(n) = a × 10n.
b This includes ion-recycling by charge exchange, that could also be included in ionization plus sweeping.
c Energy releases of dissociation fragments measured byCosby (1993)were used.
d Same ionospheric parameters as inNagy et al. (1998), but the elastic collisions of hot O atoms with atmospheric O2 molecules were taken into account.

Table 5
Europa’s neutral gas torus

Observations and model estimates Mauk et al. (2003) Lagg et al. (2003) Mauk et al. (2004) Model D(a09b09)

Total neutral gas content of the
torus

(4.5–9.0) × 1033

hydrogen atoms
and molecules

(4.6–11.2) × 1033 neutrals for
the same torus volume as in
Mauk et al. (2003)

(6.0± 2.5) × 1033 (H and O)
atoms and (O2, OH, and H2O)
molecules

8.0× 1033

hydrogen atoms
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O atoms as O, O2, H2O, or OH for Models D–F (Table 3b,
last row).

Mauk et al. (2003)estimated the total number of neutra
in the Europa gas torus to be in the range of(4.5–9.0)×1033

atoms. Preliminary analysis of the Cassini UVIS obser
tions (Hansen et al., 2004)suggests much lower torus co
tent for oxygen. Because most of the oxygen is lost
pick-up in these models, the supply of neutral hydroge
larger and, therefore, H is likely the dominant species
the Europa neutral torus. The H2 electron impact ionization
rate for theBagenal (1994)model of the magnetospher
plasma with two populations of magnetospheric electron
thermal (with densitync = 38 cm−3 and temperatureEc =
20 eV) and hot (with densitynh = 2 cm−3 and tempera
ture of Eh = 250 eV) fractions can be estimated using
measured electron impact cross sections from(Straub et al.,
1996). With these cross sections the frequency of H2 elec-
tron impact ionization near the Europa orbit has a follow
valuenc〈σ(Ec)×v(Ec)〉+nh〈σ(Eh)×v(Eh)〉 = 38×6.9×
10−9 + 2× 5.2× 10−8 = 3.6× 10−7 s−1. Therefore, we ob
tained the simple estimate of the total numberN of neutrals
of ∼ 8.0 × 1033 hydrogen atoms with a supply∼ 3 × 1027

H atoms per second. This estimate of total number of hy
gen in the Europa’s neutral torus is rather close to the va
inferred byMauk et al. (2003, 2004)(seeTable 5). However,
the atmosphere is not likely to be globally uniform as m
tioned earlier due to variations in the surface composi
and to variations in the charged particle flux to the surfa
Since most of the ejecta are molecular, the excess energ
dissociation needs to be accounted for and the interac
occurring in the torus must be treated in correctly mode
the neutral torus.
n

5. Summary and conclusions

We have presented results from a 1-D collisional Mo
Carlo model of Europa’s atmosphere in which the su
mation and sputtering sources of H2O molecules and thei
molecular fragments are accounted for as well as the ads
tion, thermalization and re-emission of condensed O2, a sta-
ble decomposition product of H2O radiolysis. The very tenu
ous oxygen atmosphere of Europa originates from a bal
between sources from irradiation of the icy satellite surf
by solar UV photons and magnetospheric plasma and lo
from pick-up ionization and ejection following dissociatio
or collisions with the low energy plasma ions. Since the
cident plasma is primarily responsible for both the sup
and loss of oxygen, a dense atmosphere does not accum
(Johnson et al., 1982). The thin, surface bounded atmosph
calculated is also consistent with a recent model for the
tended sodium atmosphere at Europa(Leblanc et al., 2002
Johnson et al., 2002b).

The surface-bounded atmosphere of Europa is chara
ized by a diffuse and extended hot corona of atomic oxy
formed due to atmospheric sputtering and dissociation
suprathermal radicals entering the regolith that can drive
diolytic chemistry, by a supply of pick-up ions to the plasm
torus, and by a supply of neutrals to the jovian inner m
netosphere producing a neutral gas torus along the Euro
orbit. The calculations described here show that the chem
composition and structure of the atmosphere is determ
by both the water and oxygen photochemistry in the n
surface region and the adsorption–desorption exchang
radiolytic water products with the satellite surface. In th
models the principal loss of oxygen is by pick-up ionizat
and not by atmospheric sputtering or dissociative recom
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nation. The large atmospheric sputtering contribution e
mated bySaur et al. (1998)(seeTable 4) is due to their
inclusion of pick-up ions that charge exchange before
iting the atmosphere and due to a very rough treatmen
knock-on sputtering. To confirm our result an accurate, s
consistent model of the electron temperature and dens
Europa’s atmosphere is needed. In such a model the o
vations ofHall et al. (1995, 1998)constrain the product o
the column density and the electron impact ionization
(Saur et al., 1998). Whereas deflection and cooling of t
plasma might increase for the largest surface source
discussed, dramatic differences are not expected for the
dard O2 source rate which is consistent with that used inSaur
et al. (1998). We further note that, although electron imp
is the dominant atmospheric dissociation process, by c
paring Models A and B it is seen that photo-dissociatio
an important loss process and an important supply of oxy
to the neutral torus. Depending on the characteristics o
H2O surface source, direct escape of sputtered water m
cules also supplies oxygen-containing species.

The surface flux of oxygen that we found earlier(Shema-
tovich and Johnson, 2001), to account for the production o
the oxygen emissions observed by HST(Hall et al., 1998),
was corrected here. Here we also used the fact tha
O2/H2O sputtering yield ratio is larger than that measu
for laboratory samples because radiolysis is occurrin
a very porous regolith(Johnson et al., 2003, 2004). Be-
cause ionization is a dominant loss mechanism in this mo
the surface-bounded atmosphere of Europa is an impo
source of heavy pick-up ions that directly supply plasm
the inner magnetosphere of Jupiter or re-impact the sur
The ejected neutrals that populate the neutral torus are s
quently ionized and are a smaller, distributed source of o
gen containing ions for the Europa plasma torus. Beca
the dominant loss of oxygen in these models is by ion
tion and pick-up, which must be balanced by a compar
loss of H2, we find that the dominant supply of neutrals
the torus is radiolytic production and direct escape of m
cular hydrogen. Therefore, if the ionization rates used h
are correct, the neutral torus will be dominated by hydro
and the proton source for the Europa plasma torus will
distributed source.

If the atmosphere is not uniform, then the pick-up ioni
tion rate found here is likely to be too large. In fact, H
observations byMcGrath et al. (2000, 2004)suggest the
atmosphere might be nonuniform. Noting that the ice co
age of the surface is indeed nonuniform, a preliminary
model was run for a pure oxygen atmosphere(Wong et al.,
2001). In this model the source of oxygen was the icy lead
hemisphere bombarded only by the energetic ions. In st
state, the differences between the leading and trailing
gen column density was found to be only about a facto
two because oxygen returns to the surface and desorbs
times before being ionized. Hence, oxygen spreads ac
the surface of Europa. Since photo-processes are not d
nant for oxygen loss, the total oxygen content will proba
-

s
-

-

t

.
-

y
s
-

not exhibit significant diurnal effects, although the compo
tion with altitude and the H2O sublimation contribution wil
exhibit such effects. However, molecular oxygen can re
in the regolith, a process ignored here. Note fromFig. 6that
the average O2 downward flux near the surface is three
ders of magnitude higher than that of O (OH fluxes are m
lower) and of a surface source flux of 2× 109 cm−2 s−1, so
even a small increase∼ 0.01 from zero in sticking efficienc
can result in substantial oxygen accumulation within the
regolith with implications for astrobiology. Even if the po
sible reactions are inefficient, the surface area in the reg
is many orders of magnitude larger than Europa’s geom
surface so that such reactions for oxygen in the porou
golith may in fact be likely. If this is the case a nonunifo
oxygen atmosphere like that suggested by recent obs
tions can result. Therefore, our model will be expanded
3-D model. A goal will be to include the effect of the su
face catalytic chemistry and the release of trace amoun
SO2 and CO2 that are trapped in the surface ice(Johnson e
al., 2003, 2004).

There is a need for reference models of the Euro
atmosphere to aid in planning of future missions to
ropa such as the Jupiter Icy Moons Orbiter (JIMO), wh
could conduct orbital measurements of this moon for s
eral months.Johnson et al. (1998)noted that Europa surfac
composition, among the prime science objectives for JIM
could be inferred in part from orbital measurements of s
tering products comprising the atmosphere. At an orb
altitude of 100 km the data inFig. 3 give densities of 106

to 107 cm−3 for O2, and 104 to 106 cm−3 for H2O and O.
Moving to a lower orbit∼ 10 km would increase the O2 and
H2O densities by an order of magnitude but would ne
gibly change the O and OH densities. Current techniq
for bulk measurements of neutral gas, e.g., as to be uti
by the Cassini Orbiter Ion–Neutral Mass Spectromete
Titan and other saturnian moons, have a density thres
∼ 104 cm−3, so different techniques may be needed to m
sure OH and other trace species (Na, Mg, K) origina
from Europa’s surface. Direct imaging of single, H2O-like
low-energy(∼ 10 eV) neutrals sputtered from the Euro
surface is a possibility and could provide geologic con
for surface composition studies. Although we have not
tempted to quantify pick-up ion densities and fluxes in
present model, ion composition measurements are far m
sensitive, so that even trace species could be measured
pick-up ion populations downstream from Europa and o
galilean moons. The neutral gas torus that extends ar
Jupiter at Europa’s orbit, as discussed above, provide
extended region for JIMO detection of neutrals and i
originating from Europa.
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