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Abstract. Energetic ions from the solar wind, local pick-up ions or magnetospheric plasma ions
impact the atmospheres and surfaces of a number of solar system bodies. These energetic incident
ions deposit energy in the gas or solid. This can lead to the ejection of atoms and molecules, a process
referred to as sputtering. In this paper we first describe the physics and chemistry of atmospheric
and surface sputtering. We then apply this to the production of a thin atmosphere on Europa by
magnetospheric ion bombardment of Europa’s surface and show that Europa loses more Na atoms
than it receives from the Jupiter magnetosphere. The loss of atmosphere from Mars in earlier epochs
by pick-up ion sputtering of that atmosphere is also calculated.

1. Introduction

The flow of the solar wind plasma, a plasma trapped in a planetary magnetic field or
a local pick-up ion plasma onto a surface or onto the exobase of an atmosphere can
cause chemistry, heating and the ejection of atoms or molecules. These processes,
which can affect the evolution of a solar system object are often referred to as
sputtering. In the laboratory, sputtering is a procedure in which a flux of heavy ions
produces a vapor above a material that would otherwise have a low vapor pressure.
This is often done for controlled vapor deposition of a thin coating on a glass or on
an electronic device. Here we consider the ejection of atoms and molecules from
a natural surface or atmosphere by an energetic incident plasma ion or electron
(Johnson, 1990). The effect of solar wind and solar flare ion sputtering of the lunar
surface has been of long term interest and may contribute to the observed lunar
atmosphere (Sprague et al., 1992). Similarly the observed sodium cloud at Io was
suggested as being produced by the energetic ion bombardment of Io’s surface
(Matson et al., 1974). Based on their initial laboratory experiments, Lanzerotti,
Brown and co-workers first suggested that large amounts of surface are sputtered
and an atmosphere is produced over the surface of Europa by ion bombardment
(Lanzerotti et al., 1978). Later this atmosphere was shown to be dominated by
sputter-produced O, (Johnson et al., 1982) which was recently observed (Hall et
al., 1995). By analogy with the ejection of material from surfaces, Haff and Watson
(1979) thought that atmospheres might also be sputtered by energetic ions. This has
since been shown to be an important evolutionary process at Mars (Jakosky et al.,
1994), Io (Smyth and Combi, 1988) and Europa (Saur et al., 1998).
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In this article honoring the work of J.L. Steinberg we review the physics and
chemistry of sputtering since, not only does it affect the evolution of solar system
objects, but it is often the source of the local plasma. For instance, atmospheric
sputtering plays an important role in forming the Io plasma torus and the sputtering
of the icy Saturnian satellites and the E-ring is the likely source of the trapped
plasma in Saturn’s inner magnetosphere. We first outline the physics and chemistry
of sputtering, relying heavily on an earlier monograph (Johnson, 1990) and previ-
ous reviews (Johnson, 1994, 1996, 1998). We then consider examples for which we
have recently made progress in relating space observations to the plasma sputtering
processes.

2. Physics and Chemistry of Sputtering

Sputtering is a process by which an energetic ion deposits its energy in a material
initiating a cascade of events which eventually leads to the ejection of atoms or
molecules from the surface. Ions lose their energy by direct knock-on (momentum
transfer) collisions with an atom in the material and by electronically exciting the
atoms and molecules in the material. The effects produced by the incident ion
are typically described using the stopping power of the material for a given ion,
dE /dx, which is the energy lost per unit path length. Therefore, d E/dx can be
roughly written in terms of knock-on (n) and electronic excitation (e) contributions:
(dE/dx), + (dE/dx)..

In the sputtering of refractory solids for vapor deposition, it is knock-on colli-
sions that cause the ejection of atoms from the surface. Each atom set in motion
(a recoil) by the incident ion in turn collides and produces additional recoils, so
there is a cascade of collisions. It is straight forward to show that, if the cascade
of collisions evolves fully, the spectra of recoil energies, E, produced has the form
BE;/E?, where E; is the incident ion energy. Sputtering then occurs when an atom
or molecule in the material reaches the surface (exobase for an atmosphere) with
sufficient energy to overcome the energy barrier (gravity for an atmosphere). If
the cascade of collisions evolves sufficiently to become nearly isotropic, then the
energy spectrum above can be used to estimate the number of recoils which are
sputtered per ion incident, the yield, ¥ (Johnson, 1990; 1994): Y ~ a8 [S, / U o4l
Here S, is the stopping cross section [(dE/dx), = n S,, where n is the material
number density] giving the knock-on contribution to the energy loss. The quantity
U is the barrier to escape from the material [a chemical barrier for a solid and
the gravitational escape energy for an atmosphere], and o, is the collision cross
section between the surface (exobase) species and the exiting atoms or molecules.
Finally, o contains the angular factors and corrects for the fact that the cascades
are not isotropic. The remarkable aspect of this expression, noted by Haff and
Watson (1979), is that it is independent of density! This allows it to be applied to
both atmospheres and solids. Monte Carlo simulations of atmospheric sputtering
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confirm the above form for Y (Johnson et al., 2000). However, the parameters « and
o4 have been estimated incorrectly in many applications. The form for Y has been
confirmed empirically for surface sputtering (e.g., Andersen and Bay, 1981). The
recoil energy distribution, if applicable at the surface leads to a spectrum of ejected
atom energies f(E) ~ 2EU/(E+U )3. This expression has also been established
experimentally for surface sputtering. Because of the importance of ‘edge’ effects
it decreases more slowly with increasing E in atmospheric sputtering (Smyth and
Combi, 1988; Johnson et al., 2000).

Since the Jovian plasma ions do not bombard a refractory, lunar-like surface,
but rather the Gallilean satellite surfaces which are composed of low-temperature
condensed gas solids and salts, a new experimental effort was launched (Nash and
Fanale, 1977; Brown et al., 1978). These materials typically have much smaller
surface binding energies. As they are also electric insulators, they can retain the
electronic excitations produced by the incident ions long enough to produce lu-
minescence and non-radiative energy release events. The energy release events
can cause bond breaking and, often, the direct desorption of a species like Na
(Yashinsky and Madey, 1999). In addition, when the excitation density is high,
sufficient energy may be released to cause large amounts of material loss. This
is the case for water ice as shown in Figure 1 for bombardment by energetic H™
and O". The hump at low velocities is due to knock-on collisions but the much
larger peak in the yield at high velocities is due to the electronic excitations and
ionizations. Brown, Lanzerotti and co-workers (e.g., Brown et al., 1978) referred
to this as electronic sputtering. Because the energy flux for the Jovian plasma ions
peaks in the 10 keV-1 MeV region (Cooper et al., 2000), the sputtering of the icy
Galilean satellites is predominantly electronic.

For the ions and ices of interest in the Jovian plasma the dependence on (d E /dx),
was shown to be Y ~ c¢[({/U) (dE/dx).]* where | = n~'/3 (Johnson 1990;
1998). This expression for Y is clearly dependent on the density and, therefore,
is not applicable to atmospheres. The equivalent atmospheric process is ionization
followed by dissociative recombination near the exobase leading to loss. This is
similar to an individual surface desorption event (Johnson, 1990; 1994). The quad-
ratic dependence in Y indicates it is the combined effect of many ionizations and
excitations that produce the large yields seen in Figure 1. In both knock-on and
electronic sputtering the yield depends inversely on the binding energy U. Because
bond breaking occurs, new molecules can be formed and ejected. Therefore, for an
atmosphere, fragments (low U) are preferentially ejected, but for a solid the most
volatile species formed (low U) will be sputtered preferentially. This is seen to be
the case in Figure 2 for deuterated ice. Whereas bond breaking initially forms OD +
D or D, + O, the O, D and OD have strong binding energies to the solid. Therefore
the principal ejecta are D,, D,O and O,. That is, even though decomposition of ice
is inefficient, D, when formed is readily lost leaving an oxidizing surface so that
O, gradually forms (Reimann et al.,1984). For ice the principal ejecta are H,O, H,,
and O,. At Europa, H, which is light, directly escapes whereas the H,O and O, do
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Figure 1. The sputtering yield (equivalent H>O molecules ejected per ion incident) for water ice at
~77K for incident OT, ST (left hand axis) and H ions (right hand axis). Lines are model fits of
data indicated by points.

not. Because the H,O sticks when it returns to the surface but O, does not stick
at the temperatures at Europa, a very thin O, atmosphere was predicted (Johnson
et al., 1982) and recently detected (Hall et al., 1995). Of course, bond breaking,
decomposition and chemistry occur in all of the materials suggested for the icy
Galilean and Saturnian satellites (Johnson, 2001). Therefore, other decomposition
products are also present in Europa’s atmosphere (Johnson et al., 1998).

3. Surface Sputtering

3.1. EUROPA

Although sputtering is the likely source of the Na atoms observed in the atmosphere
of Europa, the ultimate origin of the sodium is not fully understood. Based on their
first observations, Brown and Hill (1996) suggested that source of the Na was ions
from Io implanted into Europa’s surface. Johnson (2001) used a model for sputter-
ing and implantation to show that decomposition of Europa’s subsurface materials
by the incident plasma more likely to be the principal source of the sodium. This
conclusion was also drawn by comparing the Na to K ratios at Europa and Io
(Brown, 2001) and it bears on whether material from the putative underground
ocean has reached Europa’s surface in geologically recent times.
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Figure 2. The sputtering rate vs. irradiation time for sputtering of low temperature DO ice by 1.5
MeV Ne™ ions (Reimann et al., 1984). These ions have a (d E /dx). equivalent to energetic ions in
the Jovian magnetosphere (Cooper et al., 2001).

Sodium atoms are sputtered from Europa’s surface by incident ions according to
an energy distribution like f(E) given earlier (Weins et al., 1997). The ejected Na
cross a thin atmosphere consisting mainly of O, and move along bound or escape
ballistic trajectories determined by the gravity of Europa and Jupiter. Although
a simple spherically-symmetric, analytic model of a sputtered atmosphere was
shown to roughly reproduce the averaged observations (Johnson, 2000), N-S and
E-W asymmetries observed more recently by Brown require a more accurate three
dimensional simulation of the motion of the Na atoms. Such a calculation also
allows one to extract more detail on the spatial and energy distribution of the sput-
ter source. Each particle ejected from the surface is followed along its trajectory
until either it reaches a maximum distance from Europa, is ionized by energetic
electrons trapped in Jupiter’s magnetosphere, or reimpacts Europa’s surface. We
typically follow several hundred thousand particles and compute the density of the
generated sodium cloud. The flux ejected from the Europa surface is chosen to
be distributed from trailing to leading hemispheres following a cosine law with
a maximum on the trailing hemisphere and a null flux at the leading hemisphere
(Popieszalska and Johnson, 1989). The probability of ionization is integrated over
the trajectory following Smyth and Combi (1988). Figure 3 reproduces the shape
of the Na cloud around Europa obtained for this set of parameters. The emission
of the Na atoms along a line of sight as seen from the Earth is then calculated and
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Figure 3. Cut along the Europa’s orbit plane of the sodium cloud. The figure is centered on Europa
and Jupiter is represented by the circle on the axis x=0. The different grays correspond to density
from 10~2 Na/cm™> close to Europa to values of 10_3, 10_4, 10~3 and 10~% Na/em™3 for the
darker ones. We followed 500,000 particles until 1000 Rg.

compared with recent observations made by Brown. The best agreement found has
been obtained for a flux of ~6x107 Na/cm?/s with a binding energy U equal to
0.055 eV. This implies a loss of ~6 10° Na/cm?/s for Europa which is 7 to 30 times
higher than the estimate flux of Na impacting Europa from the magnetosphere.
Therefore, the source of ejected Na atoms from the Europa surface is likely to be
endogenic. In addition, we show that direct ejection of atoms from the surface,
although dominant, is not the only source of the observed Na, and that the effective
binding to the surface is lower than that measured by Weins et al. (1997) because
the surface is porous and the Na is ejected from icy as well as refractory regions.

3.2. SATURN’S ICY SATELLITES AND E-RING

A model for the extensive laboratory data for the sputtering of low temperature
water ice was recently constructed and used to calculate the sputtering of the icy
satellites and E-ring grains by Saturn’s magnetospheric plasma ions (Jurac et al.,
2001). At the temperatures of interest, the principal ejecta is H,O. H,O is dissoci-
ated in Saturn’s plasma more rapidly than it is ionized producing an OH cloud,
originally observed by Shemansky ef al. (1993). Since, unlike Europa, the icy
satellites are small the escape fraction is large, so the sputter contribution from the
icy satellites and E-ring grains can be modeled using the initial sputtered-molecule
energy distribution [ f (E) with U ~ 0.055¢V ] and the lifetime for dissociation and
ionization. Although sputtering is likely to be the ultimate source of the observed
OH as well as the magnetospheric plasma, Jurac et al. (2001) found that a detailed
calculation, including all enhancements, could not account for the observations.
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Either a large amount of additional surface is required, particularly near Enceladus,
or the surfaces are not simply pure water ice but some more volatile mix. This issue
will be resolved by the plasma ion measurements in the Saturnian magnetosphere
by CASSINI.

4. Atmospheric Sputtering: Mars

The mechanism of sputtering of the Martian atmosphere by pick-up ions is de-
scribed in Figure 4. On the dayside (left side on Figure 4), a part of the neutral
atmosphere is ionized by the solar EUV and the photo-electrons from the sun.
These newly ionized particles are ‘picked-up’ by the magnetic field lines initially
frozen in the solar wind but distorted near Mars, and they are accelerated along
gyroradial trajectories in the Martian tail direction. The gyroradius around the mag-
netic field lines of these pick-up ions has been estimated to be of the order of Mars
radius (Luhmann and Kozyra, 1991). Some of these particles reimpact the neutral
atmosphere with sufficient energy to generate new ejecta and ballistic particles. The
net loss of atmosphere has been estimated in several papers (Jakosky et al., 1994;
Kass and Yung, 1995; Johnson et al., 2000) and has been identified as one of the
mechanism for loss of Martian water and CO,. It should be particularly efficient
(Johnson and Luhmann, 1998) during the period following the disappearance of
the Mars magnetic field which has been estimated to occur before a period of solar
intensity 3 times higher than the present intensity (3EUV) defined by Zhang et al.
(1993). The method for calculating this loss is complex. First, the trajectories of
impacting particles need to be calculated between the time of their ionization and
the time they are neutralized by charge exchange collisions, which typically occurs
above the atmospheric exobase (Luhmann and Kozyra, 1991). This involves de-
scribing the draping of the magnetic field around Mars’ ionopause, and the motions
of electrons and ions in the vicinity of Mars. The hybrid code developed by Brecht
(1997) describes this phase self-consistently.

Second, the trajectories of newly neutralized pick-up ions close to the exobase
are tracked in the neutral atmosphere accounting for collisions and gravity. Al-
though the Mars atmosphere near the exobase is primarily O and CO, (Bougher et
al., 1999), we describe it as purely atomic composed only of O at the correct total
atomic density, which is realistic above the exobase. We developed a 3-D Monte
Carlo model. Each incident particle (~keV) is followed in the atmosphere (< 1eV),
describing all the collisions until either it reaches a region where the density is so
high that it has no effect (around 120 km for Mars) or it again crosses the exobase.

We calculated the loss of atmosphere and the increase in the coronal density due
to the bombardment by the flux of pick-up ions suggested by Zhang et al. (1993)
for the 3EUV epoch. The initial neutral population is described using the results of
Bougher ef al. (1999). We first calculated the heating produced by the O pick-up
ions using a 2D Direct Simulation Monte Carlo. This new atmosphere was then
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Figure 4. Sputtering of the Mars neutral atmosphere by pick-up ions dragged by the solar wind.

used in the 3D code to calculate the increase of the corona density, considering
those recoil particles which have sufficient energy to escape or to populate the
upper corona where pick-up ions are formed. In Figure 5, density is seen to be
equivalent to that estimated for dissociative recombination of the O, molecules for
this epoch (Zhang et al., 1992) except in the polar regions. Therefore, feedback will
be important because the additional O atoms reaching high altitudes can be ionized
by the EUV flux and become pick-up ions reimpacting the neutral atmosphere
(Johnson and Luhmann, 1998). Ignoring feedback, the sputtering yield is equal
to 3.6 atoms/ion, slightly lower than the 4.2 obtained in a 1D model (Johnson et
al., 2000) because of our more accurate description of the collisions above the
exobase. We carried out a similar study for the present epoch and then extrapolated
to obtain the total loss due to sputtered O atoms over the history of Mars using
data in Luhmann et al. (1992). We find a loss of the equivalent of 4 m of water,
to which should be added the larger loss by ionization in the corona estimated
earlier (Luhmann et al., 1992). These calculations show that sputtering is effective
primarily because it changes the density in the corona where atoms are ionized and
swept away.

5. Conclusions
In many solar system environments space plasmas have been shown to effect the

evolution of objects. The bombarding plasma sputters either the surface material or
the gravitationally bound gases. This bombardment not only leads to the ejection of
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Figure 5. Corona density due to a flux of pick-up ions as defined by Zhang et al. (1993) for the 3EUV
epoch. The different grays from darker to lighter correspond to 10%, 103, 10% and 10! particles / cm?.
The sun is at the right of the figure. Mars is the gray half-circle in the center of the figure, the dark
half-ring is the atmosphere below 120 km, the clear half-ring the atmosphere where the incident
pick-up ions collide with the neutral atmosphere and above this circle the domain is supposed to be
collisionless.

atoms and molecules but also to chemistry. Solar wind and solar flare ions sputter
grains ejected from comets and the surfaces of the moon and Mercury. Pick-up
ions erode the Martian atmosphere and magnetospheric plasma ions erode the at-
mospheres of lo, Titan and Triton, the surfaces of the other moons and the grains in
planetary rings. In this article we briefly described sputtering and how Monte Carlo
models can be used to describe observations for a few caes: the surface of Europa
is a net source of Na; there is likely missing material in Saturn’s magnetosphere;
and atmospheric sputtering effects the morphology of Mars’ corona and, hence,
atmospheric loss by pick-up ion formation. With the recent improvements in space
borne ion mass spectrometers, there will be a wealth of new data from CASSINI
and from the planned missions to Mars, comets and Pluto. The critical need for
interpreting this data will be the availability of good models for the flow of plasma
onto an object. In addition, a new laboratory and calculational effort is needed
to produce the sputtering and decomposition yields for plasma bombardment of
realistic surface materials and for determining collision cross sections in the critical
energy regime ( ~100eV - 10keV) for ions and neutrals impacting molecules.

Acknowledgement

We would like to acknowledge the support of NASA’s Planetary Atmosphere Pro-
gram.



268 R.E. JOHNSON AND F. LEBLANC

References

Andersen, H.H. and Bay, H.L.: 1981, in: D. Behrisch (ed.), Sputtering by particle bombardment I,
Springer-Verlag, Berlin.

Bougher, S.W., Engel, S., Roble, R.G. and Foster, B.: 1999, Comparative terrestrial planet thermo-
spheres. 2. Solar cycle variation of global structure and winds at equinox, J. Geophys. Res. 104,
16591-16611.

Brecht, S.H.: 1997, Solar wind proton deposition into the Martian atmosphere, J. Geophys. Res. 102,
11287-11294.

Brown, M.E.: 2001, Potassium in Europa’s atmosphere, Icarus, in press.

Brown, MLE. and Hill, R.E.: 1996 Discovery of an extended sodium atmosphere around Europa,
Nature 380, 229-231.

Brown, W.L., Lanzerotti, L.J., Poate, J.M. and Augustyniak, W.M.: 1978, Sputtering of ice by MeV
ions, Phys. Rev. Lett. 49, 1027-1030.

Cooper, J.H., Johnson, R.E., Mauk, B.H. and Gehrels, N.: 2001, Energetic ions and electron
irradiation of the icy Galilean satellites, Icarus 149, 133-159.

Haft, P.X. and Watson, C.C.: 1979, The erosion of planetary and satellite atmospheres. J. Geophys.
Res. 84, 8436-8442.

Hall, D.T., Strobel, D.F., Feldman, P.D., McGrath, M.A. and Weaver, H.A.: 1995, Detection of an
oxygen atmosphere on Jupiter’s moon Europa, Nature 373, 677-679.

Jakosky, B.M., Pepin, R.O., Johnson, R.E. and Fox, J.L.: 1994, Mars atmospheric loss and iostropic
fractionation by solar-wind induced sputtering and photochemical escape, Icarus 111, 271-288.

Johnson, R.E.: 1990, Energetic charged-particle interactions with atmospheres and surfaces,
Springer Verlag, Berlin.

Johnson, R.E.: 1994, Plasma-ion sputtering of an atmosphere, Space Sci. Rev. 69, 215-253.

Johnson, R.E.: 1996, Sputtering of ices in the outer solar system. Rev. Modern Phys. 68, 305-312.

Johnson, R.E.: 1998, Sputtering and desorption from icy surfaces, in: B. Schmitt, C. Debergh and M.
Festou (eds.), Solar Sytem Ices, pp. 303—334.

Johnson, R.E.: 2000, Sodium at Europa, Icarus 143, 429-433.

Johnson, R.E.: 2001, Surface chemistry in the Jovian radiation environment, in: R. Dessler (ed.),
Chemical Dynamics in Extreme Environments, Chap. 8, pp. 390-419.

Johnson, R.E., Killen, R.M., Waite, J.H. and Lewis, W.S.: 1998, Europa’s surface composition and
sputter-produced atmosphere. Geophys. Res. Lett. 25, 3257-3260.

Johnson, R.E. and Luhmann, J.G.: 1998, Sputter contribution to the atmospheric corona on Mars, J.
Geophys. Res. 103, 3649-3653.

Johnson, R.E., Lanzerotti, L.J. and Brown, W.L.: 1982, Planetary applications of ion sputtering of
ices, Nucl. Instrum. Methods 198, 147-157.

Johnson, R.E., Schnellenberger, D. and Wong, M.C.: 2000, The sputtering of an oxygen thermo-
sphere by energetic O, J. Geophys. Res. 105, 1659-1670.

Jurac, S.: 2001, Saturn’s E-ring and the production of a neutral torus, Icarus, 149, 384-396.

Kass, D. M. and Yung, Y.L.: 1995, Loss of atmosphere from Mars due to solar-wind induced
sputtering, Science 268, 697-699.

Lanzerotti, L.J., Brown, W.L., Poate, J.N. and Angustyniak, W.M.: 1978, On the contribution of water
products from Galilean satellites to the Jovian magnetosphere, Geophys. Res. Lett. 5, 155-158.

Luhmann, J.G. and Kozyra, J.U.: 1991, Dayside pick-up oxygen in precipitation at Venus and Mars:
Spatial distribution, energy deposition and consequences, J. Geophys. Res. 96, 5457-5467.

Matson, D.L., Johnson, T.V. and Fanale, F.P.: 1974, Sodium D-line emission from lo: sputtering and
resonant scattering hypothesis, Astrophys. J. 192, L43-146.

Nash, D. and Fanale, E.P.: 1977, 1o’s surface composition based on reflectance spectra of sulfur/salt
mixtures and proton-irradiation experiments, Icarus 31, 40-80.



PHYSICS AND CHEMISTRY OF SPUTTERING 269

Popieszalska, M.K. and Johnson, R.E.: 1989, Magnetospheric ion bombardment profiles of satellites:
Europa and Dione, Icarus 78, 1-13.

Reimann, C.T., Boring, J.W., Johnson, R.E., Garett, J.W., Farmer, K.R. and Brown, W.L.: 1984,
Ion-induced molecular ejection from DO ice, Surf. Sci. 147, 227-240.

Saur, J., Strobel, D.F. and Neubauer, EM.: 1998, Interaction of the Jovian magnetosphere with
Europa: Constraints on the neutral atmosphere, J. Geophys. Res. 103, 19947-19962.

Shemansky, D.E., Matherson, P., Hall, D.T., Hu, H.-Y. and Tripp, T.M.: 1993, Detection of the
hydroxil radiacal in the Saturn magnetosphere, Nature 363, 329-332.

Smyth W.H. and Combi, M.R.: 1988, A general model for lo’s neutral gas clouds. II Application to
the sodium cloud, Astrophys. J. 328, 888-918.

Sprague, A.L., R.-W.H. Kozlowski, D.M. Hunten, W.K. Wells, and F.A. Grosse: 1992, The sodium
and potassium atmosphere of the Moon and its interaction with the surface, Icarus 96, 27-42.

Weins, R.C., Burnett, D.S., Calaway, W.F., Hansen, C.S., Lykkem, K.R. and Pellin, M.L.: 1997,
Sputtering products of sodium sulfate: Implications for Io’s surface and for sodium bearing
molecules in the Io torus, Icarus 128, 386-397.

Yakshinskiy, B.V. and Madey, T.E.: 1999, Photon-stimulated desorption as a substantial source of
sodium in the lunar atmosphere, Nature 400, 642—-644.

Zhang, M.H.G., Luhmann, J.G., Bougher, S.W. and Nagy, A.F.: 1993, The ancient oxygen exosphere
of Mars: Implication for atmospheric evaluations, J. Geophys. Res. 98, 10915-10923.






