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Europa’s Sodium Atmosphere: An Ocean Source?
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Sputtering and decomposition of Europa’s surface by energetic
ions and electrons produce an atmosphere. Here we use a 3D Monte
Carlo simulation, including collisions with the background O2 at-
mosphere, to describe recent measurements of the sodium compo-
nent of the atmosphere. By constraining the model with the obser-
vational data, we attempt to reconstruct the source processes, the
energy distribution, and the flux of the ejected sodium. We confirm
that electronic sputtering from ice-rich regions dominates the ejecta
and that Europa loses between 5 and 10 ×106 Na cm−2 s−1. This is
about one order of magnitude more sodium than that implanted
from the jovian magnetosphere. c© 2002 Elsevier Science (USA)
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1. INTRODUCTION

and Hill 1996), with a column density of sodium ∼1010 cm−2

2

Jupiter’s moon Europa continues to be one of the most inte-
resting objects in the Solar System because of its geologically
young surface (e.g., Pappalardo et al. 1999), a possible “salty”
subsurface ocean (e.g., Kivelson et al. 2000), and the existence
of a tenuous atmosphere (e.g., Hall et al. 1995). In addition,
Europa’s surface and atmosphere are in a rough chemical steady
state with the external radiation field (Carlson et al. 1999, Cooper
et al. 2001, Paranicas et al. 2000). Therefore, studying the origin
and evolution of its thin atmosphere can lead to an understanding
of the surface composition. Since Europa’s surface is young,
this understanding could, in principle, lead to information on
the subsurface material (Johnson et al. 1998).

As predicted from laboratory measurements (Johnson 1990),
the decomposition of water ice due to the charged-particle irra-
diation of the surface produces an O2 atmosphere with a surface
density ∼108 cm−3 and a column density ∼1015 cm−2 (Johnson
et al. 1982, Hall et al. 1995, Ip et al. 1998, Saur et al. 1998). A
much thinner atmosphere of Na has also been measured (Brown
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and an even smaller potassium atmosphere (Brown 2001). The
observation of a potassium-to-sodium ratio different from that
at Io and a recent analysis of the sodium observations (Johnson
2000, Johnson et al. 2002) both suggest that the observed sodium
is not due to the implantation of sodium ions from the jovian
plasma torus. Therefore, the observed sodium may be endogenic.
With the upward revision of the Brown and Hill (1996) sodium
column density by Brown (2002), both the surface density and
the escape flux analyzed by Johnson (2000) should be increased,
strengthening the argument for an endogenic source. A possible
source is irradiation decomposition of a frozen ocean mineral,
such as a hydrated salt (e.g., Na2SO4XH2O; Na2CO3XH2O)
(Johnson 2001).

In this paper we reexamine the sodium cloud using a new set
of observations (Brown 2002) and a much more detailed model-
ing of the ejected sodium atoms. Whereas Brown & Hill (1996)
in their discovery paper provided a profile of the atmospheric
column density perpendicular to the orbit plane, the new mea-
surements give a number of averaged profiles of the column
density along perpendicular and parallel directions. These data
require that we consider the asymmetric character of the Na
cloud due mainly to the combined effects of Europa and Jupiter.
For this purpose, we use a 3D Monte Carlo model in which the
sodium atoms ejected from Europa’s surface are followed. The
atoms cross a thin O2 atmosphere and move under the combined
effect of the gravity fields of Jupiter and Europa. By adjusting the
simulated cloud to the morphology observed by Brown (2002),
we are able to estimate an ejected atom energy distribution and
spatial distribution for the sputtered sodium. This allows us to
more accurately quantify the nature of the sodium source.

Section 2 is a description of the observations (Section 2.1) and
of the 3D Monte Carlo approach used in this paper (Sections 2.2
and 2.3). We compare the measurements and simulations leading
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to a rough spatial and velocity distribution for the sputter source
in Sections 3.1 and 3.2. In Section 3.3, we discuss the ultimate
source of the observed Na. We confirm that it is much larger than
the implantation source and is likely, therefore, to be endogenic.
This is followed by a summary.

2. OBSERVATIONS AND MODEL OF THE SODIUM CLOUD

2.1. Observations

The observations used in this work have been obtained by
Brown (2002) on 28 December 1999 during 3 h 30 min at the
Keck telescope. The positions of Europa and Io at the start time
of the measurements (separated in 6 sets of scans) are indicated
in Table I. The size of the observing slit is 0.56 arcsec wide.
Nine scans (set number 1) were first made along a north–south
axis that is perpendicular to Europa’s orbital plane with the scans
centered on Europa. Each scan corresponded to 4 min of integra-
tion. Eight scans along the east–west axis (set number 2) were
then made with the 4-min scan again centered on Europa. Three
scans (number 3) also along the east–west axis but at 10 RE

(Europa radii) to the north of Europa were then made each with
10 min of integration. This last set was then followed by three
scans (number 4) along the east–west axis at 10 RE to the south
of Europa. Finally, four 15-min scans along the east–west axis
were made, two (number 5) at 20 RE north and two (number 6)
at 20 RE south. The observations shown in this paper are the av-
erages of all the scans for each sequence of measurements. The
overall calibration has been made from Jupiter’s disk. A con-
servative estimate of the overall calibration error is ∼20% and
is indicated in the figures presented in this paper. Point-to-point
variation is small, as is shown. At the time of the measurements,
Europa was at an average phase angle of 115◦ (see Table I).
At the beginning of the measurements, Europa was at −4.7◦

magnetic latitude compared to Jupiter’s plasma torus centrifu-
gal equator and at the end was at −2.9◦ after passing through a
maximum around −9.6◦. We started by finding the best fit to the
observations ignoring the variation of Europa’s position inside
Jupiter’s magnetosphere. That is, we consider that the jovian
magnetospheric characteristics (the ion and electron densities)
are constant at Europa’s orbit. We then discuss the variability.

TABLE I
28 December 1999, Keck Telescope (Brown 2002)

Time System III Europa
Set Scans’ position (UT) (CML) phase Io phase

1 N/S centered 4:28 260 109 347
2 E/W centered 5:16 288 112 353
3 E/W 10 RE north 6:04 318 115 355
4 E/W 10 RE south 6:37 337 117 4
5 E/W 20 RE north 7:14 1 120 11
6 E/W 20 RE south 7:45 19 122 15
Note. Time and position are for the start of each set of scans.
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FIG. 1. Coordinate system used in the 3D Monte Carlo simulation for po-
sition shown for Europa. x , towards the sun; y, towards Jupiter; z, perpendicular
to Europa orbital plane.

2.2. 3D Monte Carlo Model

A 3D Monte Carlo simulation is used to describe Europa’s
sodium cloud. We assume in the following that the sodium is
primarily sputtered as Na atoms with a small molecular com-
ponent, NaX where X could be oxygen or sulfur (Wiens et al.
1997, Chrisey et al. 1988). Since a fraction of sputtered sodium
returns to Europa’s surface and sodium ions are implanted in
the surface, we assume, as did Johnson (2000), that sodium is
sputtered from both icy and refractory regions by the energetic
particle radiation. These source regions can result in different
ejecta speed (Johnson et al. 2002) and spatial distributions at
Europa’s surface.

Each particle that is ejected (sputtered) from the surface is
followed along its trajectory in a coordinate system linked to
Europa (Fig. 1). We assume that the motion of Europa around
Jupiter is in the (xy) plane and the rotation vector,ωE , of Europa
around Jupiter and around itself is along the z-direction. The
x-direction is in the direction of the motion of Europa towards the
observer at the time of the observations (see Fig. 1). We suppose
also that at the time of the observations, the solar flux direction is
along the x-axis and then neglect the variations of the Na cloud
emissions from 90◦ (the mean position of the cloud assumed in
our simulation) to 115◦ in Europa geocentric phase angle (the
mean position of Europa during the observations). Positive y is
towards Jupiter. In this paper, the east–west direction is along
the y-axis and the north–south direction is along the z-axis.

The motion of a particle sputtered from the surface of Europa
is determined from the equation

m

(
d2r

dt2

)
E

= F(r ) + (aE )J + Fcen(r ) + Fcor(r ) + F(part/O2),

(1)

where m is the mass of the particle and

2 2
• (d r/dt )E is the acceleration of a particle of position vec-
tor r in the Europa coordinate system.



134 LEBLANC, JOHNS

• F(r ) is the sum of all the forces in an inertial frame that act
on the motion of this particle, F(r ) = FJ + FE + Frad with

FJ = −m
G MJ

r ′3 r ′

(2)

FE = −m
G ME

r3
r.

FJ and FE are the gravitational forces due to Jupiter and Europa.
r ′ is the position vector of the particle in the Jupiter coordinate
system. G is the gravitation constant, MJ is the mass of Jupiter,
and ME is the mass of Europa. Finally, Frad is the solar radiation
pressure which is calculated using the photon flux with respect to
the wavelength provided by Brown and Yung (1976). This force
generates an east–west asymmetry in Io’s sodium cloud (Smyth
1979, 1983; see also Smyth and Combi 1987). The photon flux
is determined from the relative speed of each particle and the
Sun, and the derived doppler shift determines the brightness of
the Sun seen by the atom in the D1 and D2 absorption lines.

• (aE )J is the acceleration of the coordinate system linked to
Europa in Jupiter’s reference frame and is equal to the Jupiter
gravitational force acting on Europa, (aE )J = +[mG MJ /R2

E J ] j ,
where j is a direction vector from Europa towards Jupiter along
y. RE J is the distance from Europa to Jupiter which is set to be
equal to 9.4 RJ (Jupiter radii) or 427 RE .

• Fcor(r ) is the Coriolis force due to the rotation of Europa
around Jupiter: Fcor(r ) = −2mωE × (dr/dt)E , where (dr/dt)E

is the velocity of the particle with position vector r in the Europa
coordinate system.

• Fcen(r ) is the centrifugal force acting on the particle and
due to the rotation of Europa: Fcen(r ) = −mωE × (ωE × r ).

• F(part/O2) is the effective force due to the collisions of
the particle with the O2 molecules of Europa’s atmosphere. The
characteristics of the O2 atmosphere are from Saur et al. (1998).
We use an atmospheric scale height equal to 135 km and a sur-
face density of 4 × 107 cm−3, which roughly reproduces the
∼1015 cm−2 column density suggested by Hall et al. (1995).
Sputtered particles can collide with the O2. This is described as
collisions between ejected Na or NaX (treated as a heavy atom)
and O atoms, where the density of the oxygen atoms is twice
that of O2. At each time step, in each cell of the domain of cal-
culation, the number of collisions between the ejected particles
and the representative O atoms of Europa’s atmosphere is calcu-
lated following Bird’s algorithm (1994). The collisions are then
described using the universal potential (Ziegler et al. 1985), and
the new velocity vectors of the ejected particles are deduced.
The O atmosphere is assumed not to be changed by these colli-
sions. A more accurate description is not warranted, since these
collisions were shown to have a relatively small effect on the
cloud morphology.
The position of each particle during the simulation is calcu-
lated at each time step by solving Eq. (1) with a central force
ON, AND BROWN

algorithm. The new position of each particle is deduced from its
previous position and from the net force in Eq. (1) times the time
step. The time step is chosen to be small enough to minimize the
error made by solving Eq. (1) with this method. This is tested
first of all by comparison with known analytical solutions of
Eq. (1). At each new position of each particle, we test whether
the particle reaches Europa or Jupiter or escapes the domain of
the simulation. We also test the probability that each particle will
be ionized, or dissociated in the case of a molecule, as described
in Section 2.3.

In tracking the sodium atoms, the density of the sodium cloud
is determined assuming it tends to a steady state which varies
only with respect to Europa’s longitude in Jupiter’s rest frame.
This requires tracking several hundred thousand test particles
sputtered from Europa’s surface during 10 Europa rotations
around Jupiter (which is also equal to ∼17 times the average
lifetime before ionization at Europa’s orbit). The space around
Europa is divided into cells (500 × 60 × 30) which cover a
sphere centered on Europa of radius ∼1000 RE . The distribution
of these cells follows a height scale in order to describe the inter-
action of the sputtered particles with the thin atmosphere of O2.
At each simulated rotation, Europa passes through the region
corresponding to the observations of Brown (2002), that is, be-
tween ∼109 to 122◦ phase angle (Table I). During this period, the
time spent by every particle crossing a cell is noted and added.
At the end of the simulation, the density is calculated by multi-
plying this value by a weight and by dividing by the volume of
the cell and the total time spent by Europa in the region of the ob-
servations during the whole simulation (the number of rotations
times 3 h 30 min which is the total length of the observations).
The weight, w, is the number of real particles that each simu-
lated particle represents: that is, w = � × SE × Ts/nsim, where
� is the total sputter flux, SE is the total surface of Europa,
Ts is the total time of the simulation (corresponding to the 10
Europa rotations around Jupiter), and nsim is the total number
of simulated particles (∼106). Typically, a simulated particle
represents ∼1025 real particles. In the observation region, the
integration of the column density along a line-of-sight out to
∼40 RE from the surface requires a determination of the density
out to ∼500 RE . Large distances are also needed to compare
the north–south and the east–west differences. However, for the
very large distances from Europa (∼500 RE ), the atom transit
times (the time it takes a particle to reach such a distance) are
on the order of several Europa rotations around Jupiter, so com-
parisons for large distances are difficult because most of the test
particles have been ionized. When the integrated line-of-sight
emission does not vary significantly, we assume steady state is
reached.

The emission along a line-of-sight is calculated using the rela-
tive speed between each atom and the Sun. The results presented
by Brown (2002) are the sum of the D1 and the D2 emission lines.
Based on resonant scattering of sunlight, the ratio D2/D1 ≈ 1.66

indicates that the emission is optically thin (Brown and Hill
1996). We use a tabulation of the emission from a Na atom vs
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its speed (Brown and Yung 1976) to calculate the scattered light
at the D2 line and to deduce the (D1 + D2) line’s emission.

In order to test our method, we first simulated a spherical ex-
pansion by neglecting the effect of Jupiter and Europa, ioniza-
tion, and solar radiation pressure. We calculated the optimized
values for the time step and grid distribution with radial distance
in order to reproduce the 1/r evolution of the integrated line-of-
sight emission in such a case. The grid size close to Europa is
fixed in order that the fastest particle travels more than one mean
free path inside each cell below 150 km from the surface (higher
than the exobase). The time step is chosen to be small enough to
conserve energy and to reproduce known analytical solutions.
We also reproduce the results presented in Section 3 varying the
time steps, grid distribution, and number of simulated particles
to optimize for accuracy and computing time.

2.3. Energy and Spatial Distribution and Ionization
Rate of the Ejecta

Since collisions with the background O2 are few, the spatial
distribution of the atoms or molecules prior to ionization is de-
termined primarily by the initial energy distribution. The form of
the initial energy distribution of the sputtered particles is guided
by experiment and previous modeling. We write f (E, θ ) as the
probability a particle will be ejected from the surface with an
energy E in a direction that makes an angle θ with the normal to
the surface. This average distribution is assumed to be the same
for the Na atoms and for NaX molecules (Wiens et al. 1997) and
to be the same everywhere on Europa’s surface. f (E, θ ) will be
described shortly.

The sputter source in Johnson (2000) was assumed to be
spherically symmetric. Here a nonisotropic flux is used. The
bombardment and, hence, the sputtered flux are assumed to fol-
low a rough cosine dependence with a maximum at the apex
of the trailing hemisphere, almost null values at the apex of
the leading hemisphere (Popieszalska and Johnson 1989), and
that is isotropic from north to south poles. Such a distribution
of the bombardment is also suggested by the albedo variations.
g(θ ′, ϕ′) represents the flux of particles ejected from the surface
per unit solid angle at (θ ′, ϕ′), where θ ′ is the latitude and ϕ′ is
the longitude. θ ′ = 0, ϕ′ = 0 is at the apex of the trailing hemi-
sphere, whereas θ ′ = ±π

2 are the north and south pole positions,
and θ ′ = 0, ϕ′ = ±π is the apex of the leading hemisphere. We
use g(θ ′, ϕ′) = �/4π × cos(ϕ′/2) with � the total sputter flux.
� is here assumed to be time independent, which we discuss in
the next section.

The probability for a Na atom to be ionized or for a NaX
molecule to be dissociated by electron impact depends on the
local electron density and temperature. We neglect photoioniza-
tion and use the 2D geometry of the electronic density in the
jovian magnetosphere calculated by Bagenal (1994) allowing
for the relative position of Europa to the Io torus. Extrapolat-

ing the density between contours, we calculate the probability
of ionization and of dissociation in the jovian magnetosphere.
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At Europa’s orbit (9.4 RJ from Jupiter and a magnetic latitude
between −2.9 and −4.7◦ in the jovian magnetospheric frame),
the density ranges from 25 to 50 cm−3 (Bagenal 1994, Smyth
and Combi 1988). This implies a lifetime for ionization of Na
between 40 and 80 h at Europa’s orbit (Smyth and Combi 1988)
and a lifetime for dissociation of NaX between 10 and 15 h.
We assume these molecules dissociate with each atom, receiv-
ing an additional energy between 0.5 and 1 eV. In this paper,
we used a Na ionization lifetime at Europa’s and at Io’s orbits
of 50 and 2 h, respectively, and a NaX dissociation lifetime of
10 and 0.4 h. The dependence of these lifetimes with respect
to the distance to Io torus is calculated using the lifetimes at
Europa and Io orbits and the variation of this lifetime in the jo-
vian magnetosphere as defined in Smyth and Combi (1988). We
neglect the latitudinal variation of the ionization and dissocia-
tion rates due to the oscillation of the current sheet of Jupiter’s
magnetosphere compared to Europa’s orbital plane and the tilt of
Europa’s orbital plane compared to the equator plane of Jupiter.
Indeed, the range of variation of the ionization and dissociation
lifetime at Europa’s orbit is only a few percent of the average
ionization and dissociation lifetimes (from the maximum to the
minimum lattitudes of Europa inside Jupiter’s magnetosphere).
We changed the average lifetime of ionization from 40 to 60 h
without seeing significant variations in the results of the simu-
lation. Therefore, an accurate description of the lifetime which
would take into account Europa’s latitude inside Jupiter’s mag-
netosphere is not warranted. At each time step and for each test
particle, the probability that the particle will be ionized, or disso-
ciated in the case of a molecule, is equal to the time step divided
by the local ionization or dissociation lifetime. A random num-
ber is then computed and compared to this probability. When
this random number is smaller than the probability value, the
particle is assumed to be ionized and is suppressed.

The calculated sodium emission depends on the source distri-
bution, the intensity of the source, the variation of this intensity
across Europa’s surface, and the energy distribution of the ejecta.
These are constrained by comparing calculated emission inten-
sity profiles to measured profiles below.

3. RESULTS

In Figs. 2a and 2b, we display the number density of the cloud
of sodium around Europa in the planes (xy) and (yz), respec-
tively, when Europa is at a 90◦ phase angle. This was obtained
using an energy distribution f (E, θ ) defined as displayed in
Table II. In addition to background sodium from Io, two energy
regimes are needed to reproduce the measurements of Brown
(2002). The energy, Ulim, is used to divide f (E, θ ) into fast and
slow ejecta, as discussed below.

The shape of the cloud of sodium is similar to Smyth’s (1983)
for Io. Figure 2a shows the asymmetry of the cloud around
Europa primarily due to the combined effects of Jupiter and

Europa. We also plotted three lines (solid lines with arrows)
which indicate the direction and the domain of the observations
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FIG. 2. Cut centered on Europa of the sodium cloud at a phase angle of 90◦ along. (a) Europa orbital plane. Jupiter is represented by the circle on the axis
x = 0. Gray colors correspond to density varying by factors of 10−1, from 10−1 Na cm−3 (clear gray) close to Europa to 10−6 Na cm−3 (dark gray) far from Europa.
(b) A plane perpendicular to Europa’s orbit plane (x = 0). Gray colors correspond to density varying by factors of 10−1, from 100 Na cm−3 (clear gray) close to

Europa to 10−3 Na cm−3 (dark gray) far from Europa. Also represented are the six different lines of scan made during the measurement. The energy distribution

of the sputtered Na particles is the one displayed in Table II.

(Brown 2002). Figure 2b shows the asymmetry in a plane per-
pendicular to Europa’s orbit plane. We also show six lines (dot-
ted lines) indicating the scans along a north–south axis (vertical
line) and along an east–west axis (horizontal lines) at −20, −10,
0, 10, and 20 RE from Europa. From the cloud morphology, any
measurement of the column density made simultaneously on a
north–south axis and on an east–west axis is more extended in
the east–west direction (parallel to the y axis in Fig. 2b). This
difference is due to the combined effect of the centrifugal force
and the gravity of Jupiter, which has a significant effect at high
latitudes.

The emission profiles along the lines shown in Fig. 2 are dis-
played in Figs. 3 and 4. Also given are the calculated profiles
discussed below. By adjusting parameters in the calculated pro-
files to fit the measured profiles, we roughly characterize the
sodium source (Table II). The observations given in Figs. 3 and
4 are used as follows. The integrated intensity at the closest dis-
tances to the surface, ∼6 RE , for the north–south (Fig. 3a) and
east–west (Fig. 3b) primarily constrains the net surface flux �

and the nonisotropic nature of the ejecta. In all of these figures,
the decrease in intensity with respect to the distance from Europa
for scans between 6 and 30 RE primarily constrains the principal
lower energy component in Table II of the energy distribution
of the sodium sputtered from Europa’s surface. Finally, the de-

TABLE II

Ulim = 0.8 eV f (E, θ ) U or U ′

E < Ulim 2EU/(E + U )3 × 2 cos θ U = 0.055 eV
E > Ulim

4
9 EU ′1/3/(E + U ′)7/3 × 2 cos θ U ′ = 0.55 eV
Note. E is the energy of the ejected particle and θ is the angle between its
velocity and the normal to the surface.
pendence of the intensity above 30 RE from the surface (that is,
the decrease of the emission with respect to distance) is used to
roughly constrain the energetic tail of the energy distribution and
the “background” sodium. Sample comparisons between obser-
vations and simulations made using different sets of parameters
are shown in Figs. 5 and 6 and are described below. The source
parameters obtained in this manner are given in Table II and are
discussed below. In general, the integrated emission intensity
calculated out of Europa’s orbital plane is noisier than in the
orbital plane because of smaller statistics. Indeed, the ejected
particles tend to remain close to the orbital plane because of
the combined effect of the gravitational forces of Europa and
Jupiter. The size of the sodium source derived from this work
is based primarily on the measurements shown in Fig. 3. The
measurements shown in Fig. 4 have been mainly used to con-
strain the background and energetic tail distribution but also as
an indication of the temporal variations of the sodium cloud
(Section 3.2.2).

The best simultaneous fit of the first few points in Fig. 3 at
6 RE on the east–west and north–south axes are for a roughly
uniform flux going from north to south poles as described in Sec-
tion 2.3 (Popieszalska and Johnson 1989). The nonuniform lead-
ing/trailing flux predicted by these authors does not play a sig-
nificant role. Measurements closer to the surface will be needed
in order to check this dependence. In the results shown in this
paper, we have used the distribution suggested by Popieszalska
and Johnson (1989).

3.1. Energy Distribution: Near Europa

Laboratory measurements of the energy distribution of the

ejecta in sputtering are often parametrized using f (E, θ ) =
2EU/(E + U )3 × 2 cos θ , where U is a parameter related to the
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FIG. 3. Emission intensities in Rayleighs. (a) Scan centered on Europa along north–south axis (set of scan 1). (b) Scan centered on Europa along east–west
axis (set of scan 2). Solid line: Simulated emission intensities integrated along x-axis for Europa at a phase angle of 90◦ and for an energy distribution of the
sputtered Na particles as displayed Table II. Circles: Brown’s (2002) observations. Error bars correspond to overall calibration error.
FIG. 4. Emission intensities in Rayleighs. Same symbols as in Fig. 3. Scans along east–west axis in a plane at (a) 10 RE in the north (set of scan 3), (b) 10 RE

in the south (set of scan 4), (c) 20 RE in the north (set of scan 5), and (d) 20 RE in the south (set of scan 6). Error bars correspond to overall calibration error.
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FIG. 5. Emission intensities in Rayleighs. (a) Scan centered on Europa along north–south axis (set of scan 1). (b) Scan centered on Europa along east–west
axis (set of scan 2). Circles: Brown’s (2002) observations. Simulated emission intensities for Europa at a phase angle of 90◦ and using an energy distribution for

the ejecta f (E, θ ) = 2EU/(E + U )3 × 2 cos θ with U = 0.02 eV (solid triangle line), U = 0.055 eV (solid square line), and U = 0.1 eV (solid star line). Error bars

correspond to overall calibration error.

barrier for escape from the solid. We use this form, varying the
net flux and U to obtain a best fit to the data in Fig. 3. Wiens et al.
(1997) measured sputtering of Na from solid NaSO4 and found
U = 0.27 eV. Johnson (2000) suggested that U = 0.055 eV wo-
uld correspond to the sputtering of Na in an ice matrix (Reimann
et al. 1984). Low values of U are also more likely as sputtering
from a porous regolith (vs from a laboratory surface) preferen-
tially affects the low-energy end of the spectrum (Hapke 1986).
Therefore, we tested several values of U (0.01 to 0.5 eV) as
sodium may be primarily sputtered from a hydrated salt or an
ice-rich region, and the surface is a regolith. In Fig. 5, measured
emission brightnesses are compared to simulations for U = 0.02,
0.055, and 0.10 eV (triangle, square, and star solid lines, respec-
tively), adjusting the size of the flux for a best fit in each case.
In Fig. 5, we did not indicate the systematic calibration errors
because our purpose is to find the best fit to the decrease in emis-
sion with respect to distance. Here we consider measurements
and simulations along the north–south and east–west axes and
centered on Europa (as in Fig. 3). Fig. 5 shows that the emission
brightness profile obtained for U = 0.055 eV (square line) dis-
plays the best agreement with measurements (circles), whereas
emission brightness profiles obtained for larger (star) or smaller
(triangle) values of U display larger discrepancies with mea-
surements (especially for the east–west axis in Fig. 5b; for y > 0
that is towards Jupiter and along the north–south axis in Fig. 5a
at large z values). We used U = 0.055 eV to obtain the profiles
in Figs. 3 and 4, although changing this between ∼0.03 eV and
∼0.08 eV gives equally good fits within the noise of the data.
The observations in Figs. 3 and 4, however, suggest the need for
an even more energetic tail than that defined in Table II, and the
presence of a background component.

3.2. Distant Sodium
3.2.1. Energetic tail. The comparison between simulations
and observations (in particular Fig. 3a for z > 15 RE ) suggests
that the observed sodium cloud can be roughly separated into
two components. One component populates the region close to
Europa (less than 20 RE ) and the regions beyond 20 RE are
populated by more energetic ejecta. The comparison between
simulations and observations (between 10 to 40 RE ) is better
if the energy distribution of the sputtered Na has a slowly de-
creasing, high-energy component. Such a tail occurs for physical
sputtering by the corotating ions and for electronically induced
sputtering when the excitation density in the material is high
(e.g., Johnson 1990). The latter is the case for energetic (tens
of keV to MeV) O+ and S+, the dominant sputtering agents at
Europa (Cooper et al. 2001). However, the energy distributions
for both physical sputtering and electronic sputtering decrease
more rapidly than the energy distribution for knock-on sputter-
ing from the atmosphere (Smyth and Combi 1997).

Profiles using two forms for the energetic tail of the distribu-
tion of the sputtered particles are compared in Fig. 6 to the
observations along the north–south axis (Fig. 6a) and along
the east–west axis (Fig. 6b), both centered on Europa (same
as Fig. 3). The triangle solid lines correspond to the distribution
f (E, θ ) = 2EU/(E + U )3 × 2 cos θ with U = 0.055 eV having
at high energy an E−2 dependence and normalized to the inten-
sities near Europa. It is seen in Fig. 6 that this distribution results
in somewhat lower emission intensity than that measured along
the north–south axis beyond 20 RE from Europa and greater
emission intensity along the east–west axis between 10 to 25 RE

from Europa. The square solid lines in Fig. 6 have been obtained
using the same distribution for energies E < Ulim but a more
energetic tail for E > Ulim, f (E, θ ) = 4

9 EU ′1/3/(E + U ′)7/3 ×
2 cos θ , where we used U ′ = 0.55 eV and Ulim = 0.8 eV. This dis-
tribution has been suggested by atmospheric sputtering (Smyth
and Combi 1997, Johnson 2000). The fit is not excellent but is
improved with the more energetic tail. The profile is not very
sensitive to the choice of the energy threshold Ulim or of U ′.

However, if we had used a lower or higher U value in f (E, θ ),
the need for an energetic tail would have been enhanced (see
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FIG. 6. Emission intensities in Rayleighs. (a) Scan centered on Europa along north–south axis (set of scan 1). (b) Scan centered on Europa along east–west
axis (set of scan 2). Circles: Brown’s (2002) observations. Solid triangle line: simulated emission intensities integrated along x-axis for Europa at a phase angle of
90◦ and using an energy distribution of the ejecta f (E, θ ) = 2EU/(E + U )3 × 2 cos θ with U = 0.055 eV. Solid square line: simulated emission intensities for the

same conditions, with the same energy distribution for E < Ulim and for E > Ulim with an energetic tail that is f (E, θ ) = 4

9 EU ′1/3/(E + U ′)7/3 with Ulim = 0.8 eV
′
and U = 0.55 eV. Error bars correspond to overall calibration error.

Fig. 5). The resulting energy distribution (Table II) was used in
Figs. 3 and 4.

In Fig. 7, we compare the best model-derived distribution
(Table II) with measured energy distributions. The best agree-
ment requires a low value of U , consistent with the data on
the sputtering of water ice by keV heavy ions, and an ener-
getic tail. For incident fast light ions, the energy distributions
are shifted to lower energies (e.g., Johnson 1990, Reimann et al.
1984). The low value of U suggests that Na might be carried
off due to large sputtering yields for water ice (Johnson 2000).

FIG. 7. Normalized energy distributions of sputtered particles. Experiment:
Na from silicate (Yakshinskiy and Madey 1999) in solid line with crosses; Na
from Na2SO4 (Wiens et al. 1997) in dashed line with circles; H2O (Reimann
et al. 1984) in solid line with triangles; Na from ice (Yakshinskiy and Madey

2002) in solid line with squares; best fit from this simulation in dashed–dotted
line with diamonds with U = 0.055 eV, Ulim = 0.8 eV, and U ′ = 0.55 eV.
Yakshinskiy and Madey (1999) measured an energy distribution
corresponding to low-energy-electron or UV-photon-stimulated
desorption of sodium atoms from a lunar-like material which
has a more rapidly decreasing tail than the distribution for ice
sputtering. Using such a distribution in our simulations increased
the discrepancies between measurement and simulation. Re-
markably, the peak of the best model-derived distribution in
Fig. 7, at ∼800 m/s, appears to be in rough agreement with
the measurements for sputtering of sodium from ice, which be-
came available after this paper was submitted (solid lines with
squares in Fig. 7; Yakshinskiy and Madey 2002, Johnson et al.
2002). Although we have used a form for atmospheric sputtering
for the tail of the distribution, we presume this accounts for a
number of processes which we cannot separate here: knock-on
sputtering, sputtering from refractory regions, and atmospheric
sputtering.

3.2.2. Background sodium and temporal variation. Assum-
ing a background of sodium atoms can considerably improve
the agreement at large distances, Wiens et al. (1997) found that
∼10% of the Na that is sputtered from the surface is in a mole-
cular form, mainly NaX. Sodium atoms from the dissociation of
these sputtered molecules can have enough energy to reach the
relevant distances. However, using a 10% population of NaO
does not account for the background since a large fraction of
the ejected molecules return to the surface before dissociating.
Therefore, the background is probably not due to Na that is
sputtered from Europa. Sputtering of dust grains is one possible
source. Thiessenhusen et al. (2000) described a population of
grains of 10−11 g with a density of 4 ×10−13 cm−3 at Europa’s
orbit originating from Io or Europa. These grains can be sput-
tered by the energetic ions, producing a population of neutral Na
atoms. As an example, if we assume a concentration of 1% Na

(roughly what is found for Europa’s surface; see Section 3.3),
a density of ∼0.001 Na cm−3 can be generated by this process.
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However, the main contribution to this background is Na from
the Io torus region. Simulations (Smyth and Combi 1991) and
measurements (Mendillo et al. 1990, Flynn et al. 1992) show an
extended Iogenic sodium cloud which corresponds to an emis-
sion of 50–150 Rayleighs at Europa’s orbit. However, the back-
ground considered in this work is doppler-shifted by an amount
comparable to Europa’s motion. A contribution up to ∼100
Rayleighs (∼0.008 Na cm−3) at the doppler-shift of Europa may
be possible (Smyth and Combi 1991).

Such a background would be dependent on the distances of
each observation to Io’s torus and the torus plane. We arbitrar-
ily chose a background equivalent to an emission intensity be-
tween 30 and 80 Rayleighs (which corresponds to a density
between 0.002 and 0.006 Na/cm3), which varies with respect to
the distances of each observation to Io’s torus and to Io’s torus
plane. The smallest background contribution (between 30 and
60 Rayleighs) is used for the observations made south to Europa
(sets of scan 1 for the south part, 4 and 6) and for the east–
west scan (set 2) centered on Europa. The largest (between 60
and 80 Rayleighs) is applied to the observations made north of
Europa (sets 1 for the north part, 3 and 5). A larger background
contribution does not significantly improve the comparison and
is difficult to justify since, even ignoring the doppler-shift, 100
Rayleighs is the average Iogenic sodium emission intensity ob-
served at Europa’s orbit (Flynn et al. 1992, Takahashi et al.
2000).

A potential variation of the source rate of sodium ejected
from Europa is strongly suggested by the observations (Brown
2002). Indeed, the observations in Fig. 4 are not consistent with
observations along the north–south axis shown in Fig. 3a. At
y = 0 in Figs. 4c and 4d, an emission of 200 ± 40 Rayleighs is
observed, whereas at the same location in Fig. 3a at z = ±20 RE ,
the emission is 400 ± 80 Rayleighs. We observe the same
discrepancy between the peaks of Figs. 4a and 4b, 600 ±
120 Rayleighs, and the corresponding point in Fig. 3a, 800 ±
160 Rayleighs. The latter discrepancy could be due to calibration
error between the two sets of measurements, but for the first case,
the discrepancy is larger than maximal calibration error. These
differences likely correspond to temporal variations in the source
rate over the time period of the measurements,∼3 h 30 min. They
are much too large to be due only to background variations (two
times the average Io’s sodium emission intensity observed at
Europa’s orbit).

A large majority of the observed particles (which are the clos-
est particles to Europa along the emission line-of-sight) have
been ejected 1 to 2 h before being observed. Since the tilted
dipole magnetic fields oscillate in 10 h, when the sodium re-
ported in Fig. 3a (set 1) was ejected, Europa was in Jupiter’s
current sheet near the magnetic equator (between +0.5 and −2◦

magnetic latitude). For Fig. 3b (set 2), the sodium was ejected
from Europa when Europa was between −2 and −4.5◦ mag-
netic latitude; for Fig. 4a (set 3) it was between −4.5 and −6◦;

◦
for Fig. 4b (set 4), it was between −6 and −7.5 ; for Fig. 4c
(set 5) it was between −7.5 and −9◦; and for Fig. 4d (set 6),
N, AND BROWN

it was between −9 and −7.5◦. This variation of Europa’s lati-
tude corresponds to a variation of the distance of Europa to Io’s
torus plane between 0 and 60 RE . From the first to the last ob-
servation, it is then probable that Europa was in a lower plasma
density, so that the flux of energetic particles impacting Europa’s
surface decreases in intensity during the 3 h 30 min of the ob-
servations. The flux of ejected Na particles from the surface of
Europa should have changed (at least decreased in intensity)
during the observations. This is in agreement with the remark
made in the previous paragraph on the discrepancy between ob-
servations made at the same point but at two different times (the
latest observations being less intense than the earliest).

In order to illustrate this point, we reduce the emissions ob-
tained in Figs. 3 and 4 to reproduce the decrease of the ejected
flux during the observations. Fig. 8b was obtained by reducing
the emission intensity of Fig. 3b by 15%; Figs. 8c, 8d, and 8f
were obtained from Figs. 4b, 4c, and 4d, respectively, by re-
ducing the emission intensity by 25%; Fig. 8f was obtained by
reducing the emission intensity of Fig. 4d by 35%. Reducing
the emission intensity of the observations reported in Figs. 4a
and 4b (Figs. 8c and 8d) corresponds to reducing the population
of particles with enough energy to reach 10 RE north or south
of Europa’s orbital plane, i.e., those with initial ejecta energies
>0.4 eV. For Figs. 4c and 4d (Figs. 8e and 8f), such corrections
correspond to reducing the population of particles able to reach
20 RE north or south of Europa’s orbital plane, i.e., those with
initial energies >0.6 eV. Therefore, both the intensity and the
energy distribution can be changing. As can be seen in Fig. 8,
these corrections significantly improve the agreement between
simulation and measurement, in particular when compared to
the measurements in which we subtract the background (dark
crosses), as described above. The results in Fig. 8 suggest one
explanation of the shape of the emission brightness observed by
Brown (2002). However, the systematic calibration errors place
a limit on the uniqueness of this solution.

Temporal variations closer to Europa than 10 RE are seen
by comparing the new observations with the Brown and Hill
(1996) observations, as corrected in Brown (2002). These are
20 to 100% smaller, also suggestive of a changing total source
rate.

3.3. An Endogenic or Exogenic Source?

Using the results presented above, we can determine the frac-
tion of the sputtered population on bound and escaping trajecto-
ries. By escape we mean atoms which are ionized or which reach
1000 RE from Europa. For the set of parameters presented here,
of the � = 3 × 107 Na cm−2 s−1 sputtered from the surface, 60%
return to Europa’s surface. This fraction would increase if 10%
of Na is ejected as molecular NaX (Wiens et al. 1997). This
implies that the redistribution of the Na across Europa’s surface
is efficient. Of that 40% of Na atoms that escape from Europa,

28% are ionized in our study volume and 12% reach 1000 RE .
The net flux of lost particles from Europa is ∼107 Na cm−2 s−1.
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FIG. 8. Emission intensities in Rayleighs. (a) Scan centered on Europa along north–south axis with no change with respect to the results shown in Fig. 3a
(solid line). (b) Scan centered on Europa along north–south axis with a 15% smaller emission intensity than shown in Fig. 3b (solid line). (c) Scan along east–west
axis at 10 RE in the north with a 25% smaller emission intensity than shown in Fig. 4a (solid line). (d) Scan along east–west axis at 10 RE in the south with a
25% smaller emission intensity than shown in Fig. 4b (solid line). (e) Scan along east–west axis at 20 RE in the north with a 25% smaller emission intensity than
shown in Fig. 4c (solid line). (f ) Scan along east–west axis at 20 RE in the south with a 35% smaller emission intensity than shown in Fig. 4d (solid line). Circles:
Brown’s (2002) observations. Solid line: simulated emission intensities integrated along x-axis for Europa at a phase angle of 90◦ and for an energy distribution
s
of the sputtered Na particles as displayed in Table II. Crosses: Brown’s (2002) ob
to overall calibration error.

The estimate of ∼107 Na cm−2 s−1 is based mainly on the
measurements and fit provided in Figs. 3a and 3b. The four

sets of measurements in Fig. 4, obtained apparently for different
conditions of ejecta flux and/or background than those in Fig. 3,
ervations minus the background defined in Section 3.2.2. Error bars correspond

suggest up to ∼35% lower flux for the fast ejecta depending on
the actual background. That is, a reduction of the population with

initial energy >0.4 eV. The low-energy part of the ejecta, which
is ∼70% of the ejecta, is not as strongly affected. However,
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the differences between the observations reported in Brown
(2002) and in Brown and Hill (1996) relate to the whole en-
ergy distribution and suggest that the total loss rate can decrease
by a factor of 2. Therefore, the net loss rate from Europa is ∼5
to 10 × 106 Na cm−2 s−1.

Even allowing for these uncertainties, the net loss rate is
larger than the estimate made by Johnson (2000), 2–4 ×
106 Na cm−2 s−1 using Brown and Hill (1996). The net loss
rate found here, ∼5–10 × 106 Na cm−2 s−1, is about one order of
magnitude larger than the implantation rate for Iogenic sodium,
0.2–0.8 × 106 Na cm−2 s−1, estimated in Johnson (2000). There-
fore, it appears that Europa is losing much more sodium than is
implanted from Io.

Based on the above, the ejected sodium is either endogenic or
supplied by another exogenic source such as micrometeorites.
Using an atomic concentration of ∼2% Na, micrometeorites
supply <∼105 Na cm−2 s−1 to the leading hemisphere (e.g.,
Cooper et al. 2001), much less than that required. Therefore, the
ultimate source of sodium is likely to be endogenic. Cooper et al.
(2001) estimated the average flux of ions of energies >10 keV
sputtering from Europa’s surface to be ∼2 × 108 ions cm−2 s−1.
In addition, lower energy ions impact the surface but with a net
sputtering rate smaller than that for the fast ions (Ip et al. 1998),
and a significant fraction of this flux may be deflected by the
induced fields (Saur et al. 1998). Therefore, a lower bound to
the required yield, that is, the ratio between the total sputter flux
at the surface (� = 3 × 107 Na cm−2 s−1) and the incident flux,
is ∼0.15 Na/ion incident. Using the relation between yield and
concentration of Na in ice given by Johnson (2000): Y <∼20 CNa

implies the present Na concentration in Europa’s surface would
be CNa ∼ 0.008, somewhat larger than the estimate made by
Johnson (2000) but sensitive to the actual flux and better mea-
surements of the sputtering yield. For comparison, Smyth and
Combi (1997) estimated a Na loss rate from Io as being equal to
2.0 × 108 Na cm−2 s−1. The net loss rate of sodium given above
is small geologically. Approximately 10 m of Europa’s surface
materials would be fully depleted in sodium in 109 years using
an initial concentration of 1%. Maintaining Na in the penetra-
tion layer of the energetic ions and electrons (∼1 cm) requires
replenishment of this layer in <∼106 years.

4. CONCLUSIONS

The discovery measurements of Brown and Hill (1996) gave
the first profile of the cloud of Na around Europa. Although the
surface of Europa is the immediate source of the observed at-
mosphere, Brown and Hill (1996) concluded that the ultimate
source of Europa’s Na was implantation of sodium from Io. A
subsequent analysis indicated that the sodium loss rate is larger
than the present implantation rate (Johnson 2000), and Brown
(2001) observed that the K/Na ratio at Europa differed signif-
icantly from that at Io. These papers both suggested that the

sputtered sodium is predominantly endogenic. Although the im-
plantation rate is variable and could have been much larger in
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an earlier epoch, the sputtering rate would also have been larger,
making a significant accumulation of Iogenic Na unlikely.

The initial measurements of Brown and Hill (1996) were re-
cently corrected and presented along with a more complete set
of measurements (Brown 2002) which are analyzed in this pa-
per. These measurements give more detail and clearly show that
the cloud is asymmetric with column vs distance from Europa
differing in direction perpendicular to the orbit plane from the
direction parallel to the orbit plane. Whereas Johnson (2000)
used a 1D analytic model, these data required a full simulation.
Here we developed a 3D Monte Carlo simulation to describe
the formation of the Na cloud by sputtering of Europa’s surface.
In this way, we better constrain the parameters that characterize
the sputtering of sodium from Europa.

We find that the dense regions of the cloud close to Europa
require an energy distribution that is shifted to lower energies
than that measured by Wiens et al. (1997) for Na sputtered from
Na2SO4. This is not surprising for a number of reasons. First,
if the sodium exists as a sulfate or carbonate, it is in a hydrated
form which is less refractory (McCord et al. 2001). More im-
portantly, a large fraction of the sputtered sodium returns to the
surface and is adsorbed in icy regions. Therefore, the Na atoms
are likely to have an energy spectrum closer to that associated
with the large sputtering yields for ice (Johnson 2000). The peak
in the energy distribution used here to fit the observation is con-
sistent with electronic sputtering from an ice surface (Reimann
et al. 1984, Yakshinskiy and Madey 2002), and the distribution
is remarkably consistent with laboratory measurements that be-
came available after the submission of this manuscript (Johnson
et al. 2002) and support our analysis.

Modeling the more distant sodium is problematic due to the
very long flight times of the atoms, the systematic calibration
error bars, and the length of the observation time for the complete
set of scans. Ignoring these uncertainties, we give a rough fit of
the distant sodium cloud. This component appears to have a
“background,” which is likely to be Iogenic sodium moving at
speeds consistent with the doppler shift for Europa sodium or
sodium sputtered from grains. In addition, the surface source
rate appears to be variable (up to a factor of 2 for the energetic
part of the ejected Na population) implying a variability in the
composition of the flux of the jovian plasma to Europa’s surface.
Finally, the source distribution appears to require an energetic
tail that is sensitive to the choice of background. It can be due
to sputtering from the more refractory regions as discussed but
appears closer to the form found by Smyth and Combi (1997)
for Na sputtered from Io’s atmosphere, although such a process
alone cannot account for the flux required.

Based on the model shown in Fig. 2, we can estimate the atmo-
spheric density of Na atoms near Europa’s surface, 900 Na cm−3,
∼105 less than the O2 atmosphere. This is larger than the early
estimate of Brown and Hill (1996) but in reasonable agreement
with Johnson (2000). The loss of sodium atoms from Europa is

6 −2 −1
found here to be ∼5–10 × 10 cm s depending on the time
variability of the ejecta flux. This is about one order of magnitude
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larger than the estimate of the Iogenic implantation rate. There-
fore, either another exogenic source, such as micrometeorites or
grains from Io, is required or the sodium is endogenic. Since the
supply rate by micrometeorites is too small, we suggest that the
sputtered sodium is most likely endogenic, although additional
observations and modeling are needed to strengthen this impor-
tant result. Here we estimate that this source must provide a net
flux of ∼4–9 × 106 Na cm−2 s−1 at Europa’s surface.

Although sputtering occurs from all regions on Europa’s sur-
face, the ultimate source of endogenic sodium must be regions
having a young surface. Since such regions are associated with
upwelling of subsurface material (Pappalardo et al. 1999), the
observed sodium may come from the decomposition of hydrated
salts (Johnson 2001), or other minerals, originally from Europa’s
putative subsurface ocean. This should encourage observers to
look for gas-phase ejecta indicative of other species from this
ocean, including organics and, possibly, biomolecules (Johnson
et al. 1998).
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