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Europa is bombarded by intense radiation that erodes the surface, launching molecules into a thin
“atmosphere” representative of surface composition. In addition to atoms and molecules created in the
mostly water ice surface such as HyO, Oy, Hp, the atmosphere is known to have species representative
of trace surface materials. These trace species are carried off with the 10-10* H,0 molecules ejected by
each energetic heavy ion, a process we have simulated using molecular dynamics. Using the results of
those simulations, we found that a neutral mass spectrometer orbiting ~100 km above the surface could
detect species with surface concentrations above ~0.03%. We have also modeled the atmospheric spatial
structure of the volatile species CO, and SO, under a variety of assumptions. Detections of these species
with moderate time and space resolution would allow us to constrain surface composition, chemistry

Ices and to study space weathering processes.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Jupiter’s moon Europa has a tenuous atmosphere. It was first
postulated to exist in the 1970s (Steklov, 1977; Yung and McElroy,
1977) and has the observed species O, (Hall et al., 1995), H or H;
(Mauk et al., 2003), Na (Brown and Hill, 1996), K (Brown, 2001),
and, via pickup ions, SO, and Cl (Volwerk et al., 2001). The ero-
sion of Europa’s predominantly water ice surface by robust plasma
bombardment (e.g., Cooper et al., 2001) is expected to produce ad-
ditional atmospheric components (e.g., Johnson et al., 1998, 2004).
Energetic heavy ions (sulfur and oxygen) from Jupiter’s magneto-
sphere eject HO molecules from the surface in a process called
sputtering. Ions, along with electrons and photons, also break
molecular bonds. The subsequent chemistry in the ice produces the
observed volatiles O, and H/H, (e.g., Burger and Johnson, 2004;
Smyth and Marconi, 2006). O, H and OH are predicted dissocia-
tion products of atmospheric H,0, O, and H, (Shematovich et al.,
2005). Other species expected to be present in the atmosphere are
trace species in the surface that get sputtered along with the dom-
inant H,0. One of these, Na, is by far the best-observed and mod-
eled component of Europa’s atmosphere (e.g., Leblanc et al., 2005;
Cassidy et al., 2008). Though it is much less abundant than the
predicted water-related species, Na is much easier to observe be-
cause it fluoresces in sunlight.

This paper describes the issues involved in modeling trace
species sputtered from Europa’s surface and presents model at-
mospheres of two volatiles seen in Europa’s surface: CO, and

* Corresponding author.
E-mail address: tac2z@virginia.edu (T.A. Cassidy).

0019-1035/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2008.12.033

SO;. CO; has not been detected in Europa’s atmosphere, though
it is abundant in Callisto’'s atmosphere (Liang et al., 2005), and
SO2 has only been detected once via the cyclotron waves pro-
duced when it is ionized and picked up by the magnetosphere
(Volwerk et al.,, 2001). These interesting species provide an op-
portunity to discuss aspects of atmospheric modeling that have
not been adequately treated before. The ultimate goal is to learn
how atmospheric composition is related to surface composition,
chemistry, and space-weathering processes. For example, studies
of the Na and K atmospheres suggest that they might originate
from Europa’s subsurface ocean (Brown, 2001; Leblanc et al., 2002;
Johnson et al,, 2002) and, if that is the case, then there must be
other species present that are indicative of the composition of the
ocean.

2. Atmospheric model

We used a Monte Carlo ballistic (collisionless) model of the at-
mosphere. The Monte Carlo model uses tens of thousands of test
particles in order to represent the atmosphere. In this section we
describe the atmospheric source processes, loss processes and in-
teractions with the surface. In order to calculate densities (and
column densities) I assume that the atmospheric densities are ap-
proximately constant state over some short period of time.

A formula for the column density N is found by considering the
balance between particles entering and exiting a given column:

dN/dt = Q f/AA — N/Aty

where Q is the global source rate of particles, f is the fraction
of those particles that enter the column, At,, is the average time
a particle spends in the column, and AA is the column area. If
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Fig. 1. Normalized speed and energy distributions from a molecular dynamics simulation of electronic sputtering. The matrix material (mass 18) contains a contaminant of
mass 64. The sputter product energy on the left-hand side is unitless; it is scaled by the material binding energy. For water ice, a sputter product energy of 1 corresponds to

~0.45 eV. The sputter product speed was scaled by the square root of the binding energy; the horizontal axis of the right-hand graph has units of kg

the density is unchanging (or nearly so), we can set dN/dt =0
and find N. Because the column density varies as Europa orbits,
we estimate column density in a dynamic atmosphere by only
calculating densities during a time short enough that N changes
little. The simulation times we used ranged from 2 to 50 Europan
days, but densities were only calculated for a few hours around
the time period of interest, during which the surface temperatures
are approximately constant, surface temperature being the only pa-
rameter that changes during the simulation.

In our model the ejection rate of particular species is propor-
tional to its surface concentration. Although the ejection efficien-
cies for trace species in an ice matrix have not been measured,
a molecular dynamics simulation described below suggests that
trace species are carried off with the large number, up to 104, of
water molecules sputtered by each energetic heavy ion (see also:
Johnson et al., 1998).

We also assume that the sputtering rate is spatially uniform,
as most of the sputtering on Europa is done by energetic heavy
ions (sulfur and oxygen) which impact the surface nearly uniformly
(Cooper et al., 2001; Paranicas et al.,, 2002). This is contrary to
what was assumed in earlier models (e.g., Sieveka and Johnson,
1982; Tiscareno and Geissler, 2003). The assumption of a uniform
sputtering rate may be undermined by a non-uniform sputter-
ing yield: Europa’s surface is not pure water ice. The sputtering
yield is, however, likely quite large even at Europa’s trailing hemi-
sphere apex, where, although the surface is 90% hydrated non-ice
material, HoO molecules still outnumber other molecules 10 to 1
(Carlson et al., 2005).

The energy distribution of trace species sputtered from water
ice has not been measured. Leblanc et al. (2005) used telescopic
observations to constrain the energy distribution of Na ejected
from Europa (see also: Johnson, 2000). The results are consistent
with sputtered Na having either the same energy distribution as
laboratory-sputtered H,O or the same velocity distribution (Cassidy
et al., 2008). These observations cannot distinguish between the
two cases because Na and H,O have similar masses. Although the
ejection of trace species in a matrix material is now a reasonably
well studied process, there is a dearth of results for the energy
spectra. Therefore, we carried out molecular dynamics simulations
(see, e.g., Bringa et al., 1999) to compare their energy and velocity
distributions.

Molecular dynamics (MD) is the simulation of a solid or lig-
uid at the molecular level by numerical integration of the classical
equations of motion. The first step in MD modeling is the choice
of an appropriate intermolecular potential. We used the Lennard-
Jones potential (also known as the 6-12 potential), as it is ap-
propriate for many condensed-gas solids (Bringa et al., 1999). For
this simple potential both the yields (number of molecules ejected

—1/2_

per ion incident) and the energy spectra scale with the molecule’s
binding energy (Fig. 1). Although the Lennard-Jones potential does
not accurately describe H,O’s hydrogen bonding, simulations of
large sputtering yields using a variety of intermolecular potentials
showed the same scaling: Bringa et al. (1999) found that the use
of Lennard-Jones and Morse potentials resulted in nearly identical
sputtering yields, as did Tucker et al. (2005) when using an em-
bedded atom potential. Jakas et al. (2002) even found the same
using a fluid-dynamic model.

For the matrix material in our MD model we used atoms with
mass 18 (the same as H,0). The trace species was assumed to have
identical chemical properties (i.e., the same Lennard-Jones param-
eters) but with a mass of 64 (the same as SO;). The passage of
an energetic heavy ion through the ice was simulated by impart-
ing kinetic energy to atoms along an ion’s path through the solid.
The resulting sputter product energy and speed distributions are
shown in Fig. 1. These results are scaled to the binding energy,
one of the two parameters of the Lennard-Jones potential (Bringa
et al,, 1999). Therefore, a “sputter product energy” of 1 in Fig. 1
corresponds, for water ice, to its binding energy of ~0.45 eV. In
Fig. 1 (right) the sputter product speed was scaled by the square
root of the binding energy.

Because the energy distribution for the trace species appears
to be very similar the matrix material in these model simulations,
we will assume that the energy spectrum measured by Reimann
et al. (1984) for the sputtering of water ice by heavy ions applies
also to the imbedded contaminant. As mentioned above, we also
found that trace constituent atoms were roughly sputtered in pro-
portion to their concentration in the solid. These approximations
break down for small sputtering yields but are appropriate for the
large yields expected at Europa.

Based on the results of Cassidy and Johnson (2005), the exit-
angle distribution is assumed to be given by

dp

m = 2(:05(9),

where 6 is the angle of ejection from Europa’s local surface nor-
mal.

For these contaminant species ejected from the surface, we
include loss by gravitational escape and loss by electron impact
ionization and dissociation. Solar UV photons also cause ioniza-
tion and dissociation, but at much lower rates (Shematovich et
al., 2005; Smyth and Marconi, 2006; Johnson et al.,, 2009). Elec-
tron impact ionization and dissociation lifetimes are uncertain and
variable due principally to uncertainty in and variability of the
electron temperature and density near Europa’s surface. To a first
approximation, the magnetospheric electron population of ~20 eV
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Table 1
Lifetimes.

5052 Coy® H,0¢ 0,4 Na®
Lifetime against ionization/dissociation 1.1x10° s 22x10° s 15x10% s 23x10° s 9.8 x 10* s
(20 eV, 100 cm™3)
Lifetime against ionization/dissociation 3.6 x 10° s 8.4x10° s 42x10°s 6.6 x 10° s 13x10%s
(10 eV, 100 cm™3)
Lifetime against ionization/dissociation 40x10°s 7.7 x10° s 1.0x10° s 2.0x10° s 2.9x10° s

(1 eV, 10* cm—3)

Lifetimes calculate from electron densities, speeds and cross sections.
2 Cross sections from Lindsay et al. (1996).
b Cross sections from Hudson et al. (2004).
¢ Cross sections from Itikawa and Mason (2005).
4 Cross sections from Cosby (1993) and Straub et al. (1996).
€ Cross sections from Johnston and Burrow (1995).

electrons is assumed to be unchanged as they pass near the sur-
face (Hall et al.,, 1998). Lifetimes used in the model for SO, and
CO, are shown in Table 1. For our model atmospheres, lifetimes
were calculated using lab-measured cross sections, an assumed
electron temperature of 20 eV, and an assumed electron density
of 100 cm~3 (Johnson et al., 2009). Given the variability in elec-
tron temperature and density, we also show the lifetimes for 10 eV
electrons. The difference in lifetimes is significant, but the two
sets of lifetimes are of the same order of magnitude. A dense
(~10* cm~3) ionosphere of “cold” electrons (Kliore et al., 1997;
Saur et al., 1998) makes a minor contribution to ionization and
dissociation.

Gravitational escape is incorporated by removing particles
when they reach Europa’s Hill sphere at 8.7 Europa radii, which
requires 0.019 eV/amu for a particle launched from the surface.
The Hill sphere defines, roughly, the region in which Europa’s
gravity dominates Jupiter’s gravity. Its use approximates the ef-
fects of Jupiter's gravity, which is otherwise neglected. While
Jupiter’s gravity is important in modeling the extended atmo-
sphere and neutral torus (e.g., Leblanc et al., 2005), it is not
significant in the near-surface region that we consider in this
paper (Tiscareno and Geissler, 2003). The fraction of molecules
ejected from the surface that reach the Hill sphere depends
on the ejection process. With the exception of Hp, a negligible
fraction of thermally desorbed molecules will reach escape en-
ergy. The fraction of sputtered molecules with escape energy is
significant given H,O’s energy spectrum (Reimann et al., 1984;
Shematovich et al., 2005). This is very roughly given by:

dP _ 2UE
dE ~ (E4+U)3

where dP is the probability of a particle leaving the surface with
an energy between E and E + dE and U, a laboratory measured
parameter, is ~0.055 eV.

Assuming that SO, and CO; sputtered along with the H,O ma-
trix material have roughly the same energy distribution as sput-
tered HoO when the sputtering yields are large, then about 9%
(SO2) and 12% (CO3) reach the Hill sphere. In these simulations
we track sputtered molecules in the gas phase, their redistribution
across Europa’s surface and their residence time in the regolith be-
fore being either thermally desorbed or again sputtered. Therefore,
the overall importance of gravitational escape is affected by the
multiple sputter ejections in a typical molecule’s lifetime.

The average sputtering rate of H,O at Europa has been esti-
mated many times, most recently by Paranicas et al. (2002). He
estimated a globally-uniform sputtering rate of 7 x 10° cm2s~1,
a value we use here. This rate can be converted to the lifetime
of a surface molecule against sputtering of 1.3 x 10° s and is
roughly independent of latitude and longitude. The thermally pro-
duced portion of the H,O atmosphere is negligible: it has, at its
subsolar peak, a column density two orders of magnitude smaller
than the sputtered H,O atmosphere (see also: Cooper et al., 2001).

(1)

Tiscareno and Geissler (2003) considered the possibility of non-
uniform H,O sputtering in an effort to explain Europa’s leading-
trailing color asymmetry. They hypothesized that the asymmetry
was due to a net burial of species on the leading hemisphere
by H,O sputtered from the trailing hemisphere. However, their
case B, which had the most realistic parameters, resulted in no net
H,0 redistribution, consistent with the assumptions made here for
sputter ejection.

A numerical issue regarding the atmospheric source rate arises
due to the nature of our program: we follow particles throughout
their lifetimes from the initial sputtering through loss, including,
for refractory species such as HyO, several returns to the sur-
face and subsequent re-sputtering. The problem with re-sputtering
means that our program effectively multiplies the sputtering yield;
for instance, H,O molecules in our program are sputtered, on av-
erage, 3 times before being lost. If we assume that H,O molecules
are initially sputtered at the rate listed above, then the model, by
re-sputtering the H,O an additional two times, effectively triples
the sputtering rate. We account for this by lowering the sputter-
ing rates by a factor of 3. We do the same for trace species, even
though they will not generally get sputtered 3 times. The reason
for this can be found by looking at the problem another way:
the sputtering rate needs to be reduced because returning water
molecules cover the surface and thus partially protect it from sput-
tering. We divide by 3 because H;O is the primary sputter product
and thus is primarily responsible for covering the surface.

As mentioned above we include two competing ejection pro-
cesses; sputtering and thermal desorption. Fig. 2 shows the resi-
dence time on the surface, the average time before thermal des-
orption, for a variety of species. The figure’s temperature range
extends from polar to subsolar temperatures. O, with its short
residence time at all Europa temperatures, will almost always ther-
mally desorb before being sputtered while H;O will only rarely
thermally desorb before being sputtered. This is usually imple-
mented in atmospheric models by using a “sticking coefficient”
of 0 for O, and 1 for HyO. For SO, and CO,, the relative im-
portance of sputtering and thermal desorption will vary during a
Europan day. These lifetimes are turned into probabilities in our
Monte Carlo model. A molecule that has returned to the surface
from the atmosphere has a probability 1 — exp[—At/ts] of des-
orbing and probability 1 — exp[—At/7p] of sputtering (or, rather,
re-sputtering) during a time At. Here ts and tp are the residence
times against sputtering and thermal desorption, respectively.

The residence times for a molecule on a grain surface in Fig. 2
come from Sandford and Allamandola (1993), except for the O
curve, which came from Shi et al. (2007). There was no data avail-
able for SO, on H,0 ice, so we used the SO, on SO, curve. The use
of the SO, on SO, residence time curve is partly justified by the
similarity of the CO, on CO, curve and the CO, on H,O curve (not
shown; Sandford and Allamandola, 1993). However, it is possible
that the SO, on SO, curve is quite different from the SO, on H,0
curve. Further experimental data is needed to resolve this ques-



Trace constituents of Europa’s atmosphere 185

10°

Ufe&ve agaik& sputtering

10°

104

10°

Residence Time (sec)

102

10!

10°

snoydiouly /
)@v
sejBuUIWO(
BuULSINdS

H,0 on H,O

i
sejeUIwO(
uondiosa(] [eulay|

60 70 80 20

Temperature

Fig. 2. Residence time as a function of temperature for a variety of species. For residence times above the horizontal line labeled “lifetime against sputtering,” a molecule
is more likely to be sputtered or photodesorbed along with H>O before being thermally desorbed. All data come from Sandford and Allamandola (1993), except for the O,
which comes from Shi et al. (2007), and the “lifetime against sputtering,” which comes from Paranicas et al. (2002).

O
O

Fig. 3. Schematic of an atmospheric molecule entering and leaving the regolith.

tion, and, as discussed later, a laboratory measurement on pure
H,0 might not be applicable at Europa’s surface. The O, curve
(Shi et al., 2007) may be considered an upper limit to O,’s resi-
dence time since the data was acquired using “microporous” water
ice; ice that is porous at the scale of nanometers (as distinguished
from regolith porosity). Using this data with our model requires
that atmospheric molecules are fully thermally accommodated in
the brief period when they are adsorbed on the surface.

This begs the question: why would the SO, and CO; known to
be present in the surface need to be sputtered when they should,
according to Fig. 2, be desorbed? This is an unanswered question
addressed by Hand et al. (2006) and Hibbitts et al. (2004). We
consider two possibilities: first, that these volatile molecules, once
liberated by sputtering, are well described by Fig. 2, and, second,
that the residence times are much longer than the laboratory mea-
surements shown in Fig. 2.

Europa’s porous regolith (Simonelli and Buratti, 2004) compli-
cates these ejection processes. A molecule sputtered or desorbed
from within the regolith might hit the underside of a regolith
grain, rather than exit the surface, where it would be protected
from sputtering (Cassidy and Johnson, 2005). It also increases the
residence time since a molecule may be repeatedly adsorbed and
desorbed deep within the regolith (Hodges, 1980). This is shown
schematically in Fig. 3.

The average time a molecule spends in a regolith, as a function
of regolith depth, was calculated two ways. A molecule entering
the regolith from the atmosphere can be approximated by a 1-D
random walk of m steps with a reflecting boundary condition to
represent the bottom of the regolith (Hodges, 1980). The result is
that a molecule is adsorbed and desorbed 2m times, on average,
before leaving the regolith and so would spend an average time
of 2mtp in the regolith, where t is the residence time on a grain
surface. A calculation using the Monte Carlo regolith model de-
scribed by Cassidy and Johnson (2005) found an average time of
~3mtp, with m being, in this case, a unitless measure of the re-
golith depth: m = z/A, where z is the depth of the regolith and
A is the mean free path, the average distance a molecule travels
before hitting a regolith grain. Europa’s regolith depth is uncer-
tain, but Cooper et al. (2001) estimated that it was on the order
of 1 m deep. If the mean free path is about 1 mm (based on 90%
porosity and a regolith grain radius of 100 pm), then 1 m cor-
responds m =~ 1000. That allows us to estimate the average time
spent in the regolith, but the median time can be quite differ-
ent. In our Monte Carlo regolith model the median number of
desorptions a particle endures before leaving the regolith never
goes above 4, even as the average goes to infinity (Hodges, 1980;
Cassidy and Johnson, 2005).

Europa’s surface temperatures were obtained from the Spencer
et al. (1999) temperature map, which is based on Galileo mis-
sion data. The dayside temperature map was fit with the func-
tion 40 + 50cos(l)!/* + 40cos(i) K, where [ is the latitude and
i is the solar zenith angle. The nightside temperature was fit
by the function 40 + 50cos(l)!/4 K. The errors on the fit were
410 K, although actual errors may be larger due to the reasons
discussed by Spencer et al. (1999). An accurate temperature distri-
bution is important because, all other parameters being equal, the
column density of a volatile species is anticorrelated with temper-
ature (Hodges, 1980). This effect is not seen in 1-D ballistic atmo-
sphere models, where increasing the surface temperature increases
a desorbed particle’s speed, and thus particle’s ballistic flight time,
which increases the column density (Johnson, 1990). The same is
true in our 3-D model, but that effect is overwhelmed by another:
a molecule desorbed from a high-temperature region travels far-
ther in its ballistic arc than from a low-temperature region so that,
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Fig. 4. (a) Map of bright and dark terrain from McEwen (1986). (b) Source rate map for the sputtering of H,0. As discussed in Section 2, the H,O sputtering rate is roughly
uniform. (c) Source rate map of SO, for Figs. 5 and 6. (d) Same as (c) for CO,. For reasons discussed in the text, the ejection rates used in the model are a factor of 3 lower

than the rates shown in this figure.

after many desorptions, the average molecule spends more time in
the low temperature region. This result does not apply to species
with long residence times like H,O.

3. Results: Spatial distributions

SO, and CO; source rates were found by using our conclusion,
discussed above, that their sputtering rates are roughly propor-
tional to their concentration along with estimates of their spatially
non-uniform surface concentrations. The IUE space telescope first
observed the UV absorption attributed to SO, (Lane et al., 1981;
Ockert et al.,, 1987). The absorption’s longitudinal trend roughly
follows the sulfur implantation pattern calculated by Pospiezsalska
and Johnson (1989), with a peak concentration near the apex of
the trailing hemisphere (the hemisphere opposite the direction of
Europa’s orbital motion and upstream of the co-rotating plasma).
Europa’s sulfate-rich hydrated material and dark terrain have sim-
ilar distributions and are a possible source of SO, via radioly-
sis (Carlson et al., 1999, 2005). According to Carlson (2004) and
Carlson et al. (2009), the SO, is associated with Europa’s dark
terrain (Fig. 4), though Hansen and McCord (2008), examining a
portion of the trailing hemisphere, found only a weak correlation.
We used a map of dark terrain as a proxy for SO, concentra-
tion.

McEwen (1986) identified 4 shades of dark terrain; from light-
est to darkest, we distributed the SO, density as 0%, 33%, 67%
and 100% of the maximum SO, concentration. McEwen (1986) re-
moved an “exogenous” pattern in the dark terrain map but we
added it back in as it is similar to the longitudinal trend seen
by the IUE and is thought to be the result of sulfur implantation
(Pospiezsalska and Johnson, 1989). Hand et al. (2006) estimated
a range of values for the global average SO, surface density but
chose a nominal value of 0.3% (by number), which we adopted.
A map of the SO, source rate is shown in Fig. 4.

CO, trapped in ice was detected by the Galileo NIMS instru-
ment and its surface density has also been estimated (Hand et

al.,, 2006). Unlike SO, it is found preferentially on the leading
hemisphere in the dark terrain, consistent with radiolytic produc-
tion from meteoritic material (Carlson, 2001, 2004; Carlson et al.,
2009). Alternatively, given the dark terrain’s association with ge-
ological features, it may also be endogenic. There is also some
evidence that it is present on the anti-jovian trailing hemisphere
(Hansen and McCord, 2008). For our model’s CO, distribution we
used McEwen’s (1986) dark terrain distribution in Fig. 4a multi-
plied by the cosine of the angle away from the leading hemisphere
apex. We used the Hand et al. estimate of 0.08% for the globally-
averaged surface density. A map of the CO, source rate is shown
in Fig. 4.

Fig. 5 shows the results of the SO, simulation for two times
of day, as indicated by the accompanying temperature maps. The
SO, results show a strong dependence on time of day, with SO,
column density highest on the daytime hemisphere. This strong
dependence on temperature is due to the strong temperature de-
pendence of its residence time (Fig. 2). A molecule on the night-
side, where the temperature is less than 90°, has a residence time
comparable to a Europan day (3 x 10° s) and the lifetime against
sputtering (1 x 10° s). An SO, molecule in the cold nighttime re-
gions will sit on the surface until daylight or until it is sputtered.
Since sputtering is energetic (Eq. (1)), some sputtered molecules
will be deposited on the dayside. Also, each time an SO, molecule
is sputtered it has a ~9% chance of gaining escape energy.

The simulations of CO, show a very different behavior: almost
no dependence on time of day. The reason for this difference is its
volatility; CO,, unlike SO,, can be thermally desorbed during the
nighttime.

That these volatile species remain in the surface at all is sur-
prising (Hibbitts et al., 2004). It might be the case that CO, and
SO, have much longer residence times on non-ice materials than
shown in Fig. 2. Accordingly we considered the possibility that
these molecules adsorb in radiation-produced defects or chemi-
cally active sites in Europa’s dark terrain. To explore this possibility
we ran cases in which SO, and CO, had infinite residence time on
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Fig. 5. Top: Atmospheric SO, column density for two different times of day (shown by the temperature maps in the middle panel). The SO, atmosphere freezes out onto the
night side. Bottom: Atmospheric CO, column density for the same times of day as the SO, above.

McEwen’s (1986) two darkest terrains. The result (Fig. 6) is that
SO, and CO, migrate to the bright terrain, as can be seen by com-
paring Fig. 6 and Fig. 4a.

4. Results: Densities

In this section we calculate the atmospheric density as a func-
tion of altitude, paying special attention to the detectability of
trace atmospheric species by a spacecraft in orbit above Europa’s
surface. A low-power, lightweight mass spectrometer might be able
to detect neutral densities as low as 100 cm~3 (P. Wurz, personal
communication, 2008), sensitive enough to detect even trace at-
mospheric constituents.

Density vs. altitude profiles from the SO, and CO, simulations
of Fig. 5 are shown in Fig. 7 along with our estimated H,O densi-
ties and Na densities computed using the “nominal” Na source rate
from Leblanc et al. (2005). This graph demonstrates the different
types of atmospheres created by sputtering vs. thermal desorp-
tion. The atmospheres produced primarily by thermal desorption
(SO, and CO3) have very large densities near the surface but fall
off quickly with altitude. The atmospheres produced primarily by
sputtering (H,0 and Na) have much lower densities at the surface,
but the densities decay slowly over the altitude range shown. Slow
decay is also seen for SO, and CO, at higher altitudes where the
escaping component becomes a larger fraction of the density. It is
seen that a neutral mass spectrometer at ~100 km altitude can de-
tect all three species, though CO, and SO, are near our estimated
limit of detectability. To detect even less abundant species, that
limit might be lowered by integration of data over many orbits.
Another way to improve sensitivity is to use the mass spectrometer
to measure ion, rather than neutral densities. Since the dominant

atmospheric loss process is ionization, ions representative of at-
mospheric composition should be abundant (Johnson et al., 1998;
Sittler et al.,, 2008), though modeling their abundance is outside
the scope of the present work.

The densities are quite sensitive to the various assumptions
discussed above. Accordingly, we calculated SO, and CO, densi-
ties at 100 km altitude using different assumptions to get a range
of possible values. The altitude of 100 km was chosen because
this is a likely altitude for a spacecraft in orbit (Pappalardo et al.,
2007). The results are shown in Table 2, along with density ranges
for other species (Leblanc et al., 2005; Shematovich et al., 2005;
Smyth and Marconi, 2006). For CO, and SO;, we include the two
limiting cases described in the previous section (Figs. 5 and 6) and
one additional case in which molecules that return to the surface
are lost (eliminated from the simulation). This might be this case
if gardening buries molecules deep within the regolith (Cooper
et al,, 2001), if the molecules are lost through chemical reactions
(Cassidy et al., 2007). Such an efficient loss process at the surface
is unlikely, but included for the sake of completeness.

The ultimate goal of measuring atmospheric densities is to
learn more about the surface. The problem of deducing surface
composition from atmospheric densities is simplest for the case
of refractory species, such as Na or a complex organic. We cal-
culated density as a function of altitude for several masses using
the assumption of long residence times, re-sputtering and an ion-
ization/dissociation rate proportional to the molecular cross sec-
tion (~mass?3). As seen in Fig. 8, the densities are all similar at
100 km, ~3 x 10°d cm~3, where d is the number fraction of that
molecule in the surface. Therefore, a neutral detection threshold on
the order of 100 cm~3 requires a number fraction of > ~3 x 10~4
in the surface.
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Fig. 6. Same as Fig. 5, but calculated with different residence times. CO, and SO, freeze (have infinite residence time) on the dark material shown in Fig. 4a. The highest

column densities are above the bright terrain.

5. Conclusions

The aim of the modeling described is to connect atmospheric
properties to surface properties. An obvious connection is the sur-
face/atmosphere composition, as discussed above. Here we show
that it is very likely that the morphology of the atmospheric SO,
and CO, can be mapped by a neutral mass spectrometer on a
spacecraft orbiting at ~100 km above the surface of Europa. In
addition, a comparison of Figs. 5 and 6 shows that the atmo-
spheric morphology can reveal other properties. A long residence
time, as indicated by the morphologies seen in Fig. 6, would in-
dicate a strong attraction between molecules and the surface, but,
more importantly, it could also indicate a sink for returning atmo-
spheric molecules. That is, the gardening rate, though stochastic,
is, on average, faster than the sputtering rate (Cooper et al., 2001).
Therefore returning molecules that are adsorbed could be mixed
downward and buried deep into the surface over time, eventually
reaching the ocean. Such a sink has been hypothesized for the O,
atmosphere (Johnson et al., 2003) and has astrobiological implica-
tions (Hand et al., 2006).

We used a variety of assumptions to explore the connections
between Europa’s atmosphere and surface. One possible test of
these assumptions is found in the extensive work done on simu-
lating Europa’s Na atmosphere (Leblanc et al., 2005; Cassidy et al.,
2008; Cipriani et al., 2008). Spectral similarity between Na sulfate
salts and the hydrated material in Europa’s dark terrain allow us
to crudely estimate the density of Na in the surface. Based on the
discussion above, this should allow us to estimate its abundance
in the atmosphere. Orlando et al. (2005) used laboratory spectra
of flash-frozen salts to estimate that the hydrate on Europa’s sur-

face is ~40% NaySO4-nH,0, but did not estimate density. Carlson et
al. (1999) did, however, estimate the density of the hydrate under
the assumption that it was hydrated sulfuric acid (H,SO4-8H;0).
Combining the two estimates yields a globally-averaged concen-
tration of ~0.5%. This, perhaps coincidentally, is the density es-
timated by Johnson (2000). Using the observationally-constrained
estimates of the Na source rate (Leblanc et al, 2005) we esti-
mate a Na surface concentration of 0.08-2.0%. This range was cal-
culated using the Paranicas et al. (2002) H,O sputtering rate of
7 x 10° cm~2 571, the Leblanc et al. (2005) Na source rate range of
0.5-14.4 x 107 cm~2s~! and, of course, the assumption that the
sputtering rate of a trace species is proportional to its surface con-
centration.

This similarity between estimates based on the atmosphere and
spectroscopy is compelling but also requires caution: a modeler
can employ a wide variety of parameters and assumptions. We
considered a variety of possibilities in this paper, resulting in the
large range of values shown in Table 2, but did not address some
important variables, such as a variation in ion flux due to Europa
passing in and out of the jovian magnetosphere’s plasma sheet,
where electron density and “cold” ion densities are highest. In
addition, Paranicas et al. (2002) and Cipriani et al. (2008) found
evidence that energetic ion fluxes vary by up to an order of mag-
nitude.

Given the lack of laboratory data, our MD model result that the
sputtering rate of a trace species in a condensed-gas matrix is pro-
portional to its concentration needs to be verified for a water ice
matrix (Carlson et al., 2009). Further laboratory work and MD sim-
ulations will constrain these numbers, but it will take a neutral
mass spectrometer near Europa to settle questions about surface
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Table 2
Globally-averaged densities at 100 km altitude.

H,0? 10*-2 x 10° cm—3
032 4 x 105 — 107 cm~3
Hy? 10% cm—3

0? 3 x 104-10° cm—3
OH? 102-9 x 10* cm—3
NaP 60-1600 cm >
C0,°¢ 36-193 cm 3

S0,¢ 110-600 cm—3

2 The ranges come from the differing results of Shematovich et al. (2005) and

Smyth and Marconi (2006).

b The range in Na density come from the observationally-constrained range in Na
source rates estimated by Leblanc et al. (2005).

¢ The ranges for SO, and CO; are based on the various scenarios discussed in the
text.

composition and atmospheric dynamics. In spite of these uncer-
tainties, it appears there are compelling reasons to have a mass
spectrometer on a Europa orbiter.
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