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Fig. 6. Residence time vs. temperature. For times above the horizontal line, a molecule
is more likely to be sputtered along with H,O betore being thermally desorbed. Data comes
from Sandford and Allamandola (1993), except for O, from J. Shi (personal communica-
tion, 2007), and the lifetime against sputtering comes from Paranicas et al. (2002).

molecule. Such day-night differences can result in the dy-
namic redistribution of the atmosphere.

Uncertainties in the residence times are due to lack of
data, large error bars, and disagreement between experi-
ments. A potentially larger uncertainty is the porosity of the
ice, which has two scales: microporosity or the nanometer
scale and regolith porosity on the tens of micrometers scale.
Microporous water ice is amorphous and can act like a
sponge increasing the residence time by many orders of
magnitude (Raut et al., 2007). On the other hand, the time
a molecule spends in the regolith due to repeated adsorp-
tion and desorption depends sensitively on the thickness of
the regolith (Hodges, 1980; Cassidy and Johnson, 2005:
Cassidy et al., 2007). A molecule deep in the regolith can
also be protected from sputtering.

6. NEUTRAL CLOUDS AND
EXTENDED ATMOSPHERE

Atmospheric molecules can undergo elastic and reac-
tive collisions with the ambient plasma and photochemis-
try driven by solar radiation. The resulting products will
have energy distributions characteristic of their creation and
collision processes. Products with sufficient energy can es-
cape the Hill sphere as discussed earlier. Some neutrals, es-
pecially those created through charge exchange between
plasma ions and atmospheric neutrals, can even escape

Jupiter’s gravitational field. Most of the escaping particles
except H, however, have energies less than Jupiter’s escape
energy. These constitute the extended atmosphere/neutral
cloud as described earlier for sodium. The accumulation of
such neutrals, orbiting the planet, is limited by reactions
with the magnetospheric plasma and solar radiation. Neu-
tral lifetimes in the magnetosphere are shown in Fig. 7.
Neutral lifetimes near Europa are less certain but often as-
sumed to be the same. The morphology and density of the
resulting clouds depend upon the interplay of the neutral
orbits with the spatially nonuniform magnetospheric plasma
and solar radiation. The result is clouds having different
morphologies for different species, each containing intor-
mation about the satellite surface, the ejection process, and
the plasma.

Observations of the Europa neutral clouds are limited
and include a few observations of the sodium and potas-
sium clouds near Europa, as discussed; a large-scale obser-
vation by the Cassini Magnetospheric Imaging Instrument/
Jon and Neutral Camera (MIMI/INCA) experiment; and in
sit. plasma measurements. For the sodium and potassium
clouds, only that fraction roughly contained in a cylinder
located within 40 Rg of Europa has been observed, with a
significant fraction contained in the bound component.
These observations proved to be highly valuable in defin-
ing the source strengths and energy distributions, their varia-
tion with time and location on Europa’s surface, as well as
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Fig. 7. Mean lifetimes in the equatorial plane of the major neu-
tral cloud species as a function of distance from Jupiter. Updated
from Burger and Johnson (2004).

the morphology of the local jovian plasma. The Europa
sodium cloud is also expected to have a muchdifferent mor-
phology trom the much-studied lo sodium cloud (Burger
and Johnson, 2004). As seen in Fig. 8b. the column den-
sity was largest in the portion trailing Europa’s motion,
whereas lo’s forward component dominates. This difference
is due to the radial morphology of the electron impact ion-
ization lifetime of the sodium, which is determined by the
plasma density and temperature. The potassium cloud has
been observed and modeled to a far lesser extent (Browm,
2001). but is expected to be roughly similar in behavior to
sodium after accounting for the larger mass of the potas-
sium atom.

A large-scale, azimuthally averaged observation of the
dominant component of Europa’s neutral cloud was taken
by the ENA imager during the Jupiter Cassini flyby in 2001
(Mauk et al., 2003, 2004). This instrument measures ener-
getic neutrals that are generated by the charge exchange
of the energetic component of the plasma with the neutral
cloud. Due to the large distance (closest approach ~140 R))
and one-dimensional nature of the image, little structure was
evident, hut two distinct enhancements in the 50-80-keV
neutral particle flux were noted just outside the orbit of
Europa. Determining the neutral composition causing the
enhancements is problematic, but by assuming a torus ge-
ometry, Maitk et al. (2004) estimated a cloud gas content
of (1.2+0.5) x 103 for a pure H cloud or (0.6 + 0.25) x
103 for a mixture of water-group gases dominated by H.

Several plasma observations near Europa’s orbit are also
consistent with the presence of a neutral cloud (Lagg et al.,
2003; Mauk et al., 2004). The Galileo energetic particle
detector observed an abrupt change in energetic plasma
properties with decreasing radial distance upon crossing
Europa’s orbit. In particular, a drop in energetic plasma
density, including the almost complete removal of protons
in the tens of keV range (Paranicas et al., 2003; Mitchell et
al., 2004), an increase in average energy. and a decrease in
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the 80-220-keV protons with pitch angle 90° at L = 7.8 R,
(Lagg et al., 2003) were interpreted as being caused by
charge exchange with Europa’s neutral cloud. Assuming a
composition of 20% H and 80% O plus O,, Lagg et al. esti-
mated the cloud had a density of 20 cm—3-50 cm-3, in agree-
ment with the ENA-derived numbers (Mauk et al., 2003,
2004). Starting with Pioneer 10, plasma measurements near
Europa’s orbit consistently indicated enhanced oxygen com-
position and higher temperatures, suggesting the presence
of an oxygen neutral cloud (e.g., Bagenal, 1994, and refer-
ences therein).

The neutral cloud observations have stimulated several
three-dimensional simulations: sodium (Leblanc et al.,
2002. 2005), sodium and O, (Burger and Johnson, 2004),
and O and H, (Smyth and Marconi, 2006). In each case,
the species ot interest are initialized with a velocity distri-
bution for the escaping component. Test particles are fol-
lowed along orbits determined by tbe gravity of Jupiter and
Europa, and, for sodium, solar radiation pressure. For the
surface-ejected sodium, Leblanc et al. (2002) took into
account collisions with the background O, atmosphere. The
escaped neutrals are destroyed by reactions with the plasma,
which is more important than the photoionization, The
particles are followed until they collide with Europa or
Jupiter, depart the computational domain, or are destroyed
by an ion or electron. The model for the plasma that is used
to react with the neutral cloud differed somewhat in each
study.

For sodium atoms a spatially nonisotropic sputter source
with a maximum at the apex ot the trailing hemisphere was
used (Leblanc er al., 2005) as suggested by albedo varia-
tions and by Pospieszalska and Johnson (1989). Several
energy/angle distributions for t(E,0) sputtered sodium were
used in the model and the results of each were compared to
the data. The model that best matched the data used f(E,©) ~
[2EU/E + U)3]cos(®) with U= 0.055 eV. the energy dis-
tribution given above for the large sputtering yields for H,O
carrying off an embedded impurity (Johnson, 2000). The
excitation and ionization of sodium hy electrons was based
on the radial and latitude dependence of plasma electron
density given by Smyth und Combi (1988). Burger and John-
son (2004) calculated a neutral cloud using a spatially iso-
tropic source and an energy distribution similar to Leblanc
et al. (2002). Their electron model was based on the Bage-
nal et al. (1994) results at the centrifugal equator and as-
suming an exponential drop in density with magnetic lati-
tude off the centrifugal equator. The model also accounted
for an oftset dipole and east-west field. For an initial sodium
flux of 3 x 107 cm=2 s=!, modeled densities are given in
Figs. 8a and 8b. Both clouds are concentrated near Europa
and exhibit a dominant trailing cloud. However, the cloud
in Fig. 8a is significantly more extended due to the use of a
lower electron density and thus longer lifetime.

Smyth and Marconi (2006) simulated the O and H, neu-
tral clouds. The H, atoms were set in motion using the glo-
bally averaged H, velocity distribution at 1000 km altitude
derived from the previously described two-dimensional
DSMC atmospheric model. The initial velocity distribution
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Plate 24. Schematic of Europa’s interaction with Jupiter’s magnetosphere. lons and electrons trapped by Jupiter’s magnetic field alter
and erode the surtace, producing a tenuous atmosphere composed mostly of O, with an extended neutral torus of primarily H,.

Accompanies chapter by Johnson et al. (pp. 507-527).

Plate 23. Compilation of all the Galileo radio occultation and near-occultation results illustrating the nonuniformity of Europa’s iono-
sphere. Figure courtesy of A. Kliore. ‘

Accompanies chapter by McGrath et al. (pp. 485-505).

Plate 25.  Average Na emission intensity (in kilo-
Rayleigh) at 4 Europa radii from the surface at dif-
ferent positions around Jupiter (Leblanc et al.,
2005). The red part on the surface is the preferen-
tially bombarded trailing hemisphere, whereas the
dark part represents the night hemisphere. Also in-
dicated is Jupiter's shadow at Europa’s orbit: sizes
of Jupiter and Europa are not to scale. White arrows
indicate where accumulation of Na atoms on the
leading side may occur.

Accompanies chapter by Johnson et al. (pp. 507- y
527).
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