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In this study we compare the sodium exosphere observations made by Schleicher et al. [Schleicher, H.,
and 4 colleagues, 2004. Astron. Astrophys. 425, 1119–1124] with the result of a detailed numerical
simulation. The observations, made during the transit of Mercury across the solar disk on 7 May 2003,
show a maximum of sodium emission near the polar regions, with north prevalence, and the presence
of a dawn–dusk asymmetry. We interpret this distribution as the resulting effect of two combined
processes: the solar wind proton precipitation causing chemical alteration of the surface, freeing the
sodium atoms from their bounds in the crystalline structure on the surface, and the subsequent photon-
stimulated and thermal desorption of the sodium atoms. While we find that the velocity distribution of
photon desorbed sodium can explain the observed exosphere population, thermal desorption seems to
play a minor role only causing a smearing at the locations where Na atoms are released on the dayside.
The observed and simulated distributions agree very well with this hypothesis and indicate that the
combination of the proposed processes is able to explain the observed features.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

In 1974, the UVE experiment on board Mariner 10 (Broadfoot et
al., 1976) observed a tiny exosphere around Mercury, made of hy-
drogen, helium, and, probably, oxygen. Starting from 1985 (Potter
and Morgan, 1985), many ground-based observations have identi-
fied the presence of sodium in Mercury’s exosphere. Most of these
observations indicate either north–south or dawn–dusk asymme-
tries (see Killen et al., 2007, for a recent review on observations).
Several processes, such as ion sputtering (IS), thermal desorption
(TD), photon-stimulated desorption (PSD), and micro-meteoroid
vaporization, have been proposed for being responsible for the
formation of the sodium exosphere (e.g., McGrath et al., 1986;
Hunten et al., 1988; Potter and Morgan, 1997; Madey et al., 1998;
Yakshinskiy and Madey, 1999; Killen et al., 1999, 2001, 2004,
2007; Leblanc and Johnson, 2003; Wurz and Lammer, 2003). In
fact, Leblanc and Johnson (2003) concluded in their study that
the sodium surface density distribution becomes significantly non-
uniform from the day to the night side, and from low to high
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latitudes as well as from the morning to the afternoon due to the
rapid depletion of Na atoms in the surfaces of grains mainly driven
by thermal depletion. Killen et al. (2004) suggested that ion pre-
cipitation increases the diffusion from the interior.

Recently, Schleicher et al. (2004) published sodium tangen-
tial column densities, derived from observation of Mercury tran-
sit of May 2003. These column densities show a strong dawn–
dusk asymmetry, an enhancement near the poles, and a moderate
north–south asymmetry. Also, the reported scale heights are sev-
eral 100’s of km, which is difficult to reconcile with thermal de-
sorption using realistic temperatures. The aim of the present study
is to investigate the possibility that these features may be the re-
sult of two combined processes:

(1) space weathering of the surface by precipitating solar wind
protons, which cause chemical liberation of sodium atoms at
the surface, and

(2) photon-stimulated desorption of the liberated sodium from
the surface into the exosphere.

For this purpose we have developed a numerical model that is
able to reproduce the proposed processes and which allows the
comparison of the simulated data with the observations. Already
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Fig. 1. Observed Na tangential column density during the Mercury transit of May 7, 2003. Data are from Schleicher et al. (2004). y and z axes are orientated according to the
MSE frame (see text), i.e., z is positive towards north and y is positive towards dusk.
in earlier observations Na and K were sometimes found in lo-
calized enhancements at elevated latitudes, which was associated
with solar wind entry through the magnetospheric cusps. Also
dawn–dusk asymmetries were observed earlier, with pronounced
Na and K dawn enhancements. A possible explanation for these
features was by recycling of Na and K, which become ionized in
the exosphere, enter the magnetospheric system, and with some
probability are implanted on the surface again (Sprague, 1992;
Hunten and Sprague, 1997). Diffusion will bring these atoms back
to the surface where they will thermally desorb. Diffusion of Na
and K from locations in the regolith to the surface has been stud-
ied in detail (e.g., Sprague, 1992; Killen et al., 2004). Since diffusion
and desorption are both thermally driven processes, they will not
occur on the night side and implanted Na and K will accumulate
there until Sun rises. Accumulation of Na and K on the night side
explains in a natural way the dawn–dusk asymmetry and the en-
hancements at high latitudes, the latter because of the regions of
ion precipitation on Mercury’s surface.

In Section 2 we give a brief outline of the observations; in Sec-
tion 3 the numerical model used to simulate the data is described.
A discussion of the results is given in Section 4, followed by a sum-
mary and conclusion in Section 5.

2. Observations

On May 7, 2003, a transit of Mercury across the solar disk oc-
curred. On the occasion of this optimal observation configuration,
Schleicher et al. (2004) obtained a series of 2D spectra of the solar
sodium resonance line at 589.0 nm (D2), with Mercury being po-
sitioned near the field-of-view during the ∼2 h of observation (UT
8:27 to 10:25). At each location h above the limb and at azimuth ϕ ,
the column density along the line of sight n(h,ϕ) has been derived
from the observed equivalent widths Wλ(h,ϕ) from the curve-of-
growth relation for an absorption tube. For the Doppler-width of
the absorption profile the value measured from the observed aver-
aged profile of the excess absorption was used. The equations are
given in the appendix section. The derived tangential column den-
sities are displayed in Fig. 1.
These observations show a maximum Na density at the plan-
etary limb, exponentially decreasing with altitude. The density
around the limb, however, is not uniform: two maxima can be
found near the polar regions, with a prevalence of the north-
ern one. There, the Na column density along the line of sight
(in the following referred as “tangential column density”) is up
to 8 × 1010 cm2, and the estimated volume density at the sur-
face is 2.6 × 103 cm3 (Schleicher et al., 2004); the presence of
sodium is noticeable up to more than 700 km above the surface.
Between the two peaks, along the dawn limb, a density excess can
be seen. If we integrate the tangential column density over the en-
tire field of view, we obtain a total Na content in the exosphere of
4 × 1027 atoms. From the Doppler width of the line profile of the
excess absorption, Schleicher et al. (2004) estimated that the par-
allel component of the velocity distribution was 1.6 km/s, which
may corresponds to a very high temperature (∼3500 K) if we as-
sume a Maxwellian distribution of the particles.

3. Model description

The general concept, underlying our simulations is that the
surface abundance of sodium is depleted by thermal and photon-
stimulated desorption, and refueled by the solar wind precipita-
tion. In our study, we assume that for each solar wind proton pre-
cipitating onto the surface, with some probability a sodium atom
will eventually be available at the surface, as the result of chem-
ical alteration of the mineral grain (described below). Hence, we
first evaluated the solar wind proton flux onto Mercury’s surface
corresponding to the solar activity conditions during the transit
observations. Then we simulated the sodium surface composition,
which was finally used as an input for our 3D exosphere model.

At the time of the considered observations of Mercury exo-
sphere, the planet was 0.45 AU away from the Sun, at an anomaly
angle of about 150◦ . The real physical conditions in the solar wind
(in particular speed, density, IMF, etc.) and the solar irradiative
background near Mercury during the transit are of critical impor-
tance for interpretation of its exosphere observations and verifica-
tion of the applied models. According to the GOES satellite synop-
tic data, the Sun was relatively quiet during the whole transit of
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Fig. 2. Measured by ACE, during May 7–9, 2003, distance from spacecraft to Earth,
components of magnetic field, solar wind proton speed and density (http://www.
srl.caltech.edu/ACE/ASC/level2/index.html).

Mercury on May 7, 2003, with just 3 X-ray events of C-class reg-
istered, of which only one in the northern hemisphere (N15E88,
C2.2 from 10:17 till 10:27) took place during the performed obser-
vations, near the end of the transit. From these data it is justified
that we use as an input the average quiet Sun radiation flux in our
model.

Because of the absence of in situ measurements of the solar
wind plasma parameters near Mercury at the time of the tran-
sit, we used for their estimation the solar wind data measured by
the ACE satellite which is located downstream of Mercury at the
Lagrange point L1 at 1.5 × 106 km from the Earth. The fact that
Mercury’s transit was observed from the Earth, and the ACE space-
craft is also located close to the Sun–Earth line, it makes it possible
to assume that the solar wind flow measured by ACE within the
next 1 to 2 days after the Mercury transit belongs to the same
stream of the solar wind that passed near Mercury.

Fig. 2 shows the ACE data, measured components of magnetic
field, solar wind proton speed and density, as well as the dis-
tance from the spacecraft to Earth, during the Mercury transit
on May 7, 2003 (day of year 127) and two days after the transit
(http://www.srl.caltech.edu/ACE/ASC/level2/index.html). As it can
be seen, a relatively fast interplanetary CME passed ACE with a
velocity ∼890 km/s) on May 9, 2003.

However, taking into account the speed of this CME and mu-
tual location of Mercury and the ACE spacecraft, one can calculate
that the CME passed Mercury after the transit. Similar treatment of
other parts of the solar wind speed curve measured by ACE makes
it possible to conclude that the solar wind portion with the speed
∼780 km/s, registered by ACE on May 8, 2003, was very likely
passing Mercury on May 7, 2003 during the transit observations.
Taking into account the decrease of the solar wind speed with dis-
tance from the Sun, we extrapolate ACE values down to the Sun
and estimate the solar wind speed near Mercury during the transit
on May 7, 2003 as ∼800 km/s. Using ACE magnetic field measure-
ments (see Fig. 2) and taking into account the decrease of magnetic
field with distance (∼1/r2), as well as solar wind motion, the com-
ponents of the IMF at Mercury during the transit on May 7, 2003
can be estimated as (−20, 10, −10) nT.

The proton precipitation flux, which is needed for the exo-
sphere modeling, was obtained by using a single- particle model
(Delcourt et al., 2003; Mura et al., 2005). The original magnetic
field model (Luhmann and Friesen, 1979; Delcourt et al., 2003)
was adapted to the specific conditions at Mercury by adding the
IMF field. The resulting proton flux onto the surface has the gen-
eral shape similar to that presented in Mura et al. (2005). The
total flux in the northern hemisphere is about 4 × 1025 s−1, while
the negative IMF x-component introduces a flux enhancement in
the southern hemisphere similar to the results in Sarantos et al.
(2001).

3.1. Chemical alteration of the surface composition

The impact of energetic ions (solar wind or magnetospheric
ions) on the surface affects the topmost layer of the regolith. The
induced processes are ion implantation, sputtering of surface ma-
terial, and chemical alteration, where the latter allows the breaking
of existing and creation of new chemical compounds. Production of
sodium and water by proton sputtering of sodium-bearing silicates
was considered by the following mechanism (Potter, 1995)

2H + Na2SiO3 → 2Na + SiO2 + H2O·. (1)

The free energy of this reaction is −4.7 kcal/mol, therefore it
will proceed spontaneously; however, the activation energy is un-
known. Together with the liberated Na, water is produced, with the
supply rate of water molecules being half the supply rate of Na by
this process. The solar wind protons are implanted into the regolith
grains and are neutralized there. The proton fluxes onto the sur-
face are high and saturation of the regolith grains with hydrogen
can be safely assumed, which assures the availability of hydrogen
for the chemical reaction given above. In summary, hydrogen re-
acts with the sodium bearing rock, the Na atoms are liberated from
their chemical bounds in the crystal. Since the ion implantation is
close to the surface, the atomic Na is produced near the surface
and will diffuse thermally to the surface. Atomic Na at the surface
can be easily released into the exosphere either by TD or by PSD
(Yakshinskiy and Madey, 1999, 2004; Yakshinskiy et al., 2000). The
process described in Eq. (1) causes also the production of water.
The global source rate fot H2O should be roughly half of that of
Na, even if the total exosphere content can be different because of
different lifetimes. It is worth noting that, recently, FIPS instrument
on board MESSENGER has discovered water group ions (Zurbuchen
et al., 2008).

3.2. Surface composition model

The planetary surface was divided into 24 × 48 (latitude, longi-
tude) surface elements. Each surface element had a variable value
for the sodium relative composition, C(t), which gives the numer-
ical fraction of free sodium in the elementary surface with respect
to the total surface density. The time resolution of the simula-
tion was 10 min; the simulation lasted for a full Mercury’s day
(176 days). For each surface element, we calculated the temporal
evolution of C(t), taking into account:

(i) the planetary rotation and orbit;
(ii) the solar wind proton precipitation;

(iii) the photon-stimulated desorption;
(iv) the thermal desorption;
(v) the photoionization of sodium.

At each step, we first calculated the position of each surface
element with respect to the Sun, taking into account the planetary
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rotation and orbital speed. The apparent angular velocity of the
Sun is assumed constant. In fact, we were far from the perihelion
where the apparent angular velocity has large variability (where it
is retrograde for few days).

Then, for each surface element we calculated the photon-
stimulated desorption rate:

ΦPSD(t) = NC(t)Φγ σ cos(α) = AC(t), (2)

where ΦPSD is the PSD neutral flux, Φγ is the relevant photon flux
(3 × 1015 cm−2/s at 1 AU; the flux is scaled as 1/r2), σ is the PSD
cross-section (2 × 10−20 cm2, Yakshinskiy and Madey, 1999), N is
the surface density (7.5 × 1014 cm−2, Killen et al., 2001), α is the
instantaneous angle from the sub-solar point (for α > 90◦ , ΦPSD is
obviously zero).

To calculate the value of C at the equilibrium, we set C(0) =
0 and calculate the value of C(t) at the next integration step, by
solving the following differential equation:

N
dC(t)

dt
= kΦPREC − ΦPSD(t) = kΦPREC − AC(t), (3)

where A is defined in Eq. (2); ΦPREC is the flux of precipitating
protons, and k is the product of the overall process yield and the
probability for the proton to interact with a Na atom in the sur-
face; by considering the fraction of Na bearing minerals (Feldspars)
in the regolith here we have assumed that k is about 5%.

When a surface element is on the dayside, C(t) raises or de-
creases exponentially, until it reaches the equilibrium:

ΦPSD = kΦPREC, (4)

the time-scale for the equilibrium is:

TSC = (Φγ · σ)−1, (5)

which is of the order of 1 h. When a surface element is on the
night side, C(t) increases if ΦPREC > 0 (i.e., magnetospheric protons
precipitate onto the surface) until this surface element reaches the
dawn terminator. Then, C(t) is rapidly decreased by PSD following
Eq. (3). This leads to a maximum of concentration close to the
dawn terminator, and hence to a dawn–dusk asymmetry of C .

Note that the total amount of sputtered sodium particles has to
be proportional (see Eq. (4)) to the total flux of proton precipitat-
ing onto the surface. Hence, the parameters Φγ , and σ influence
only on time scales of the simulated density, but they have very
small impact on the results at the equilibrium.

Concerning thermal desorption, we find that particles released
by TD always fall down onto the surface because their veloci-
ties are much lower than the escape velocity. Hence, TD does not
contribute to the net flux from the surface. However, as outlined
below, the Na atoms fall back within an area of radius <300 km
(about 100 km on average, in our simulation). Thus, thermal des-
orption will cause a smearing of the places of Na release on the
dayside. To include this effect in our simulation, we first estimated
the TD rate:

ΦTD(t) = νNC(t)e−UTD/kB T , (6)

where ΦTD is the neutral flux, ν is the vibration frequency of the
adsorbed atoms (1013 s−1, Hunten et al., 1988), N is again the re-
golith surface density, and UTD is the binding energy. This last
parameter has a big influence on the desorption rate, and has
to be evaluated carefully (Yakshinskiy et al., 2000). Yakshinskiy
et al. (2000) determined an energy range for UTD between 1.4
to 2.7 eV. In this study, however, we used an average value for
UTD = 1.85 eV, like Leblanc and Johnson (2003). The local temper-
ature of the surface was assumed to vary according to (Leblanc and
Johnson, 2003; Wurz and Lammer, 2003):

T (α) = Tn + (Td − Tn)
[
cos(α)

]1/4
, (7)
where the sub-solar point temperature (Td) is scaled between
590 K and 725 K (Vilas, 1988) according to the planetary distance
from the Sun. The night side temperature was always 110 K.

Then, for each surface element, we distributed the flux ΦTD to
a large number of test-particles. We simulated their ballistic tra-
jectories, starting with a Maxwell–Boltzmann surface velocity dis-
tribution with the proper surface temperature. We then evaluated
the precipitation position and the lifetime of each test particle, and
we redistributed the flux ΦTD accordingly (decreased by photoion-
ization, with lifetime 104 s). This latter flux can be considered as
an additional source in Eq. (3), while ΦTD can be added to ΦPSD
in the sink section of Eq. (3). Hence (as far as photoionization is
negligible), the net effect is just a time and spatial blurring of the
solution of Eq. (3).

Our simulation lasted one complete Mercury day. However, if
we take C in a reference frame fixed with respect to the Sun (i.e.,
MLT, Mercury Local Time), then C reaches a stable equilibrium af-
ter about half a rotation or less (i.e. tens of days). In Fig. 3 we
show intermediate steps of the temporal evolution of parameter C
at different times. After 1 h, the dayside configuration is more or
less stable. In Fig. 4a we show the values of ΦPSD at the equilib-
rium, in a MLT vs latitude map, and, for comparison, the proton
precipitation flux (panel b). Since the flux in the dayside is basi-
cally proportional to the proton flux (Eq. (4)), the two panels are
similar in that area. The dawn–dusk asymmetry of the composi-
tion is responsible of the enhancement of ΦPSD close to the dawn
terminator (∼6:00 MLT).

3.3. Exosphere model

To simulate the Na tangential column density in the exosphere
of Mercury, we used a Monte-Carlo model. The energy distribu-
tion of the emitted Na atoms was extrapolated (Johnson et al.,
2002) by laboratory measurements of electron-stimulated desorp-
tion (ESD) of adsorbed Na from amorphous ice. It was assumed
that the electron energy has little impact on the emitted neutral
energy, and that PSD and ESD cause desorption of atoms via sim-
ilar electronic processes. Johnson et al. (2002) have found a good
analytical description of the energy spectrum using the following
function:

f (E) = β(1 + β)
EUβ

(E + U )2+β
, (8)

where β is the shape parameter (0.7 for Na) and U is the charac-
teristic energy, which is of the order of 0.05 eV, for Na. Since the
maximum ejection energy should be lower than the photon en-
ergy, we used a cut-off function (at about 10 eV) to eliminate the
high-energy tail of the function, which we consider unphysical. To
evaluate the effect of the source distribution function on the sim-
ulated exospheric density, we have also used a different source
function:

f (E) = E

(kBT )2
e(−E/kB T ), (9)

since other authors (Yakshinskiy and Madey, 1999; Leblanc and
Johnson, 2003) suggested that the energy spectrum has a Maxwel-
lian Boltzmann flux distribution, with T of the order of 1000 to
1500 K.

A large number (>106) of test particle trajectories were simu-
lated; a weight w was associated to each test particle to reproduce
the flux in Eq. (2) (see details in Mura et al., 2007). The trajectories
were calculated using the classical equations of motion, including
gravity and radiation pressure acceleration. The radiation pressure
acceleration, for Na, can be up to 54% of the surface gravity, rang-
ing between 20 and 200 cm/s2, being function of the photon flux
and of the amount of Doppler shift out of the Fraunhofer features
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Fig. 3. Simulated temporal evolution of parameter C(t). The pink line is a meridian line, fixed on the surface.

Fig. 4. Panel a: Simulated sodium flux due to PSD. The flux in the dayside (8:00 to 16:00 MLT) is basically equal to the H+ flux (see Eq. (4)). The flux close to the dawn
terminator (6:00) is enhanced because the Na composition in the night side is enriched by the proton precipitation. Panel b: H+ precipitation flux.
(Smyth and Marconi, 1995; Potter et al., 2002). Here we calculate
this acceleration as in Leblanc and Johnson (2003), i.e. we calcu-
late the Doppler shift as a function of each particle’s velocity, and
then we calculate the acceleration; on average, at 0.45 AU, this is
60 cm/s2, in the anti-sunward direction.

We defined a 3D cubic accumulation grid extending between
−12RM � x � 3RM (30 steps) and −2RM � y, z � 2RM (60 steps),
with RM = 2439 km being the radius of Mercury and x pointing
towards the Sun, z pointing towards north pole (MSE reference
frame). The grid has wider x boundaries to enclose all the Sodium
(see, for example, Potter et al., 2002). The Na density inside one
grid cell was calculated taking into account the number of test
particles, the weight w and the lifetime inside the cell. Finally, we
integrated the simulated Na density along the x direction to obtain
the tangential column density, to be compared directly with the
observations.

4. Results and discussion

4.1. Model results

To reproduce the observed tangential column density, we need
to assume some values for the simulation parameters. As already
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(a)

(b)

Fig. 5. Panel a: Simulated Na tangential column density. Panel b: Idem, but using the source distribution function in Eq. (9).
mentioned, TD causes just a temporal and spatial smearing of the
signal, so the related physical parameters have a small impact on
the simulations. Leblanc and Johnson (2003) arrived at the same
conclusion when they compared the residence time of sodium
atoms related to TD, PSD and sputtering in Mercury’s upper surface
versus the solar zenith angle. It was found that TD is the most effi-
cient desorption process at low zenith angles but at higher zenith
angles PSD and sputtering become more efficient.

One of the most important parameters to be considered is the
energy U (in Eq. (8)), which controls the energy distribution of
the emitted sodium atoms. A best fit between data and simula-
tions to find the optimum value for U is not easy; however, we
found that a good agreement between observations and simula-
tion can be obtained by taking U = 0.086 eV. In Fig. 5a the result
of the simulated sodium tangential column density is given. As it
can be seen, the simulated data show the same features as the
observed ones (Fig. 1), which are the dawn–dusk and the north–
south asymmetry. In the simulation we find that the maximum
tangential column density is located at the limb in the north-dawn
region and has a value of about 6 × 1010 cm−2.

Moreover, the apparent scale-height is similar to that in the
observations (Fig. 1). This parameter results from the chosen en-
ergy distribution for the release of the particles: a more energetic
source distribution produces higher scale-heights. To evaluate how
sensitive our model is to the chosen energy distribution, we pro-
duced a similar simulation, using Eq. (9) instead of Eq. (8), with
T = 1000 K. This energy distribution is somewhat less energetic
than the previous one (Mura et al., 2007); the result of the sim-
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Fig. 6. Parallel (x) velocity distribution of the simulated particles (dotted line).
The observed velocity distribution can be reproduced by a Gaussian function with
vth = 1.6 km/s (solid line). The dashed line shows the simulated velocity distribu-
tion using Eq. (9). The small secondary peaks visible at about 2 km/s are due to
radiation pressure acceleration.

Table 1
Summary of observed and simulated physical quantities.

Parameter Observations Simulation

Tan. col. dens. (max) 7 × 1010 cm−2 5 × 1010 cm−2

Total amount 4 × 1027 5 × 1027

Scale height 200 to 500 km ∼1000 km

ulation is shown in Fig. 5b. There is a substantial resemblance
between the two simulations, and it is difficult to tell just by vi-
sual inspection which fits better with the observations However,
apparently the scale height of the first energy distribution (Eq. (8))
fits better with the observations.

More information on the energy distribution of the source can
be obtained from the observed velocity distribution. To study the
velocity distribution of Na in the x direction, a fourth dimension of
the accumulation grid, consisting of 100 velocity steps from −10
to +10 km/s, was included. In this way we were able to estimate
the velocity distribution shown in Fig. 6. According to Schleicher
et al. (2004), the observed velocity distribution can be reproduced
by a Gaussian function with a width vth = 1.6 km/s. As shown
in Fig. 6, the simulation is able to reproduce this feature rea-
sonably well using the energy distribution of Eq. (8). The small
secondary peak, visible at about 2 km/s in the figure, is probably
due to the radiation pressure acceleration, which originates in the
tail up to few RM behind the planet. In fact, this is the value that
can be obtained by simple calculations assuming an acceleration of
−60 cm/s2 and a tail size of about 3RM as reported by Potter et
al. (2002). For comparison, the velocity distribution obtained using
Eq. (9) (dashed line in Fig. 6) substantially differs from the previ-
ous two. We concluded that the source energy distribution is likely
to be more energetic than a Gaussian at 1000 K.

The effect of the radiation pressure acceleration on the ob-
served column densities is negligible; in fact, since this force acts
parallel to the line of sight, the first order effect is null. To evalu-
ate the effect of the radiation pressure, we removed this force from
the model: the simulated tangential column densities were very
similar, almost identical, to those shown in Fig. 5a; however, the
fraction of escaping Na particles dropped down by a factor 2. We
concluded that the radiation pressure acceleration, in the present
configuration, is responsible of about 50% of the Na escape rate.
Table 1 gives a summary of the observed and simulated physi-
cal quantities. The tangential column densities are very close. How-
ever, the typical scale height in the model calculations is higher
than in the observations and therefore the total amount of Na in
the simulation is higher than that in the observations.

The gardening rate at Mercury is estimated to cause a grain
lifetime on the surface of the order of 104–105 years (Horz et
al., 1991); a complete discussion about how this lifetime implies
diffusion-limited supply rates in the exosphere of Mercury can be
found in Killen et al. (2004). These authors found that a supply
rate up to 107 cm−2 s−1 is consistent with a diffusion limited sup-
ply of Na. For comparison, in our study, the average PSD flux on
the surface was found to be of the order of 107 cm−2 s−1, but the
local PSD rate (see Fig. 4) was higher in the areas of intense pro-
ton precipitation. This is consistent with the results of Killen et al.
(2004) when saying that higher supply rates can be the result of
ion-enhanced diffusion.

4.2. Ion sputtering

The presence of the two maxima observed at high latitude is a
hint for the presence of a space weathering process, such as ion
sputtering. Hence, we simulated the Na exospheric density result-
ing from this process. We assumed that the proton precipitation
flux was the same as shown in Fig. 4b. Each impinging proton
has some probability (yield, Y ) to extract a neutral sodium atom
from the surface; this probability is related to the proton energy
(Lammer et al., 2003); we have assumed an averaged value of 10%
for simplicity. Other solar wind components, like α particles or
high-charge-state particles, produce a comparable amount of ion
sputtering (Johnson and Baragiola, 1991). Assuming that their pre-
cipitation patterns are similar to that of protons, we assumed a
weighted yield of 20% as an upper limit for sputtering. The result-
ing Na flux is hence:

ΦIS = Y cΦPREC, (10)

where c is the surface abundance of sodium in the surface. While
thermal and photon-stimulated desorption act on the extreme sur-
face (a few monolayers, where the concentration of Na should be
calculated as in Section 3.2), ion-sputtering extracts sodium from
deeper and in a stoichiometric way. Hence, we assumed c uniform
all over the surface and equal to 0.5% (Goettel, 1988).

The energy distribution of the ejecta can be simulated using the
following function (Sigmund, 1969; Betz and Wien, 1994):

fS(Ee) ∝ Ee

(Ee + Eb)
3

[
1 −

(
Ee + Eb

E i

(mH + mNa)
2

4mHmNa

)1/2]
, (11)

where Ee is the ejection energy, E i is the proton energy, Eb is the
binding energy (here 2 eV, as in Lammer et al., 2003). We used this
as an input for the exospheric model, then we integrated the result
to obtain the tangential column densities to be compared with the
observations. The result is shown in Fig. 7a. There are at least three
discrepancies between this simulation and the observations:

• the tangential column densities are about two orders of mag-
nitude lower than those observed; in fact, for each proton,
only 0.05% of Na is sputtered, i.e. released into the exosphere
(Y times c);

• the simulated scale-heights are considerably larger than those
observed; in fact the energy distribution in Eq. (11) is more
energetic than that in Eq. (8);

• there is no evident dawn–dusk asymmetry.

In summary, ion sputtering, alone, is not able to explain the
observed features. Moreover, since the contribution to the total
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(a)

(b)

Fig. 7. Panel a: Simulated Na tangential column density, for ion sputtering. Panel b: Idem, but for impact vaporization.
column densities is only about 1% of the observed values, which
is consistent with the results from (Wurz et al., 2007), it is pos-
sible to neglect its contribution in the particular configuration of
the present study. On the other hand, since the process is more
energetic, most of sputtered Na are either photoionized (due to
longer ballistic time) or lost (due to Jeans escape). Hence, this pro-
cess must be taken into account while simulating the Na tail, as in
Section 4.4.

4.3. Meteoritic and micrometeoritic impact vaporization

Mercury is exposed to the constant precipitation of particles of
small sizes (<100 μm), impacting the surface at a mean velocity
of 20 km/s (Cintala, 1992), churning the regolith and vaporiz-
ing the surface. Larger objects impact the surface as well, causing
local enhancement of the sodium exospheric density (Mangano
et al., 2007), but the contribution by these meteorites to the
global Hermean exosphere is considered to be negligible (Killen
et al., 2007). Morgan et al. (1988) reported an average value of
2 × 105 (cm−2 s−1) released Na at aphelion, a factor 2 higher than
the value reported by Cintala (1992) (see Killen et al., 2007 for a
detailed discussion). The first value, which we have used here as
a worst case, is a factor 100 lower than our averaged PSD flux.
If we assume that the ejecta have a thermal velocity distribution
at about 2500 K (Killen et al., 2007), and that the precipitating
particles are uniformly distributed over the surface, we obtain the
simulated Na tangential column densities of Fig. 7b. Obviously, the
precipitation flux could be not uniform on the surface and so our
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Fig. 8. Simulated Na density in the x–z plane. Sun is to the right.
estimation of the density due to impact vaporization is probably
locally inaccurate to a factor of two (Killen et al., 2004); however,
this simulation shows that, at a first order of approximation, we
can discard impact vaporization as a main Na source in this par-
ticular observing configuration.

4.4. The sodium tail

The presence of a sodium tail, extending in the anti-sunward
direction, has been first observed by Potter et al. (2002). Since
this is an important feature of the sodium exosphere, it should
be taken into account by any model. In this section we discuss
the formation of the Na tail within our present model. The sodium
tail is formed by those Na atom whose ejection energy is higher
than the gravitational escape energy (2.07 eV), or by that atoms
that can overcome the gravitational field thanks to a partial con-
tribution of the radiation pressure acceleration. These particles are
accelerated by the radiation pressure in the anti-sunward direction.
In addition, photoionized Na can be picked-up by the solar wind.
The radiation pressure acceleration during the observation time, at
150◦ anomaly angle, was about 60 cm/s2, well below the max-
imum (200 cm/s, which occurs at about 60◦ and 300◦ anomaly
angle (Smyth and Marconi, 1995; Potter et al., 2002). The relation
between the solar radiation pressure and the tail formation has
been recently investigated by Potter and Killen (2008). According
to these authors, the tail is not detectable from Earth with a radia-
tion pressure below about 100 cm/s2. In our case, the acceleration
was lower (60 cm/s2), but the proton precipitation was very in-
tense, due to the extreme solar wind conditions (see Section 3).
Hence, in our case we should obtain a very faint tail. To simulate
it, we used all the four processes described previously as a source
for our exospheric model; the PSD source function is that given
in Eq. (8). The result is shown in Fig. 8. Such a tail is very faint
and probably hard to observe from Earth; in fact, in the night-
side, the densities are 2 to 4 orders of magnitude lower than those
in the dayside. The contribution of thermal desorption is negli-
gible, since only 3% of the desorbed particles do not re-impact
onto the surface, and only due to photoionization. Also impact va-
porization does not contribute significantly, since only 10% of the
ejected particles are able to escape, mostly due to photoionization.
The fraction of particles desorbed due to photon-stimulation that
escape was found to be between 1% and 10%, depending on the
source function we used, while 50% of the ion-sputtered particles
are able to escape. However, since surface flux for PSD is higher,
both these two processes contribute significantly to the formation
of the sodium tail. A summary of these values can be found in Ta-
ble 2. We conclude that, in general, our model is consistent with
the existence of a sodium tail.
Table 2
Loss rates.

Parameter Jeans escape (%) Photoionization (%)

Photon stimulated desorption 5% 25%
Thermal desorption <1% 3%
Impact vaporization 2% 10%
Ion sputtering 45% 45%

Recently, the sodium tail has been observed during the first
MESSENGER flyby (McClintock et al., 2008). These authors have
found that, at 2RM down the tail, the traverse column density was
∼3.4 × 109 atoms/cm2. In our simulation, we found, for the same
quantity, a value slightly less than 109 cm−2. Even if a detailed
comparison is beyond the scope of this study, we note that there
is no contradiction between these values. In fact, during those
MESSENGER observations, the radiation pressure was close to its
maximum, i.e. three times higher than that assumed in this study.

5. Model limitations

A critical hypothesis in our model is to assume that the proton
precipitation flux (on the night side) is constant over a very long
time-scale (∼ weeks), which is clearly a major simplification. How-
ever, as discussed in Section 3.2, the time-scale for the equilibrium
between proton fluxes and PSD fluxes is very short on the dayside
(about one hour). Therefore, we propose the following explanation.
The north–south asymmetry is due to the proton precipitation on
the dayside, which rapidly results in an enhancement of the Na
density in the high latitude regions (by means of the combined
mechanism described in Section 3.1). The dawn–dusk asymmetry,
on the other hand, is caused by the planetary rotation, which is
always in the same direction (except a few days of apparent retro-
grade Sun motion), and by the presence of some magnetospheric
proton precipitation on the night side; such a precipitation is pre-
dicted for most of the IMF conditions (see, for example, Kallio and
Janhunen, 2003, or Mura et al., 2005). Hence, in this first study
we did not perform a detailed estimation of the proton circula-
tion and precipitation; moreover, the TD effect causes a smearing
of the surface composition, so that a detailed map of the proton
precipitation is not needed.

6. Summary and conclusions

We presented a model for the formation of Mercury’s sodium
exosphere as it was observed during the Mercury transit on May 7,
2003, involving two steps for the release of Na atoms from the
surface. The first step is the liberation of Na from the chemical
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environment of the mineral by implantation of energetic hydro-
gen and subsequent chemical reaction. The second step is photon-
stimulated desorption of Na into the exosphere. Thermal desorp-
tion only smears the location where the Na atoms are released.
For the simulation of this two-step process, a 3D exospheric model
was adapted accordingly.

Comparison of our model results with measurements by Schlei-
cher et al. (2004) show good qualitative agreement in the structure
of Mercury’s sodium exosphere. Our model reproduces the high
latitude features, and the asymmetries in the north–south and in
the dawn–dusk direction. Concerning the quantitative comparison,
the simulated Na total amount is of the same order of magnitude
as that derived from observation. There are, however, at least 3
parameters that control this value:

(1) The scale height. The parameter U in Eq. (8) controls the energy
distribution of the PDS emitted Na, and hence the scale-height
of the simulated exosphere. A larger scale-height in the model
causes the dayside population (which is the most relevant one)
in the simulations to rise above the planetary limb and there-
fore to become more visible from the night side. Hence, the
value of U is also related to the overall Na amount. Since the
scale-height of the simulation is higher than that of the ob-
servation, this may suggest that a lower value for U should
be used. We have also performed some simulations, using
a simple Gaussian distribution function (with temperature of
1000 K), instead of Eq. (8). Even if the simulated densities
(Fig. 5b) and scale-heights were very similar to the observed
ones, such energy distribution failed to explain the measured
velocity spread.

(2) The proton flux. The simulated densities are proportional to the
total precipitation rate, and the shape depends on that of the
proton flux onto the surface. In particular, the proton precipi-
tation onto the nightside, thanks to the rotation of the planet,
is responsible for the formation of the dawn dusk asymmetry.
In addition to proton precipitation other magnetospheric ions
will precipitate as well. For example, Na+ precipitation occur
nightside (see Delcourt et al., 2003), which will increase the
surface weathering effects. In fact, according to Potter (1995),
in the case of chemical sputtering caused by Na+, the yield
should be higher. In any case, the inclusion of any other pre-
cipitation or replenishing process occurring on the nightside,
which we have neglected in this first simulation, will cause an
enhancement of the simulated dawn–dusk asymmetry, and, in
fact, the dawn–dusk asymmetry is a somewhat more evident
in the observations than in the model. The effect of other ion
precipitation on the nightside, as well as impact vaporization,
not included in the present simulation, can be estimated us-
ing the model. In fact, adding an hypothetical, uniform value
of sodium 2 × 106 cm−2 s−1 lead to a tangential column den-
sity of 4 × 1010 cm−2, which is what is observed close to the
dawn terminator. In this way, it is possible to estimate the up-
per limit of the Na replenishment process that can occur in
the nightside as 2 × 106 cm−2 s−1.

(3) The process yield. Here, we have assumed that the averaged
process yield is 5%, and the simulated densities scale linearly
with this parameter. Recently, Sarantos et al. (2008) have stud-
ied the influence of ion-enhanced PSD at the Moon, following
the mechanism proposed by Potter (1995); the mechanism is
somewhat different from that proposed here, but the global
result is the same. These authors observed that the ion flux
increased to 3 × 107 cm−2 s−1 during the passage of the Moon
in the Earth’s magnetotail, and as a result, the PSD rate was
higher then expected, and of the order of 2 × 105 cm−2 s−1.
This would result in an averaged yield of the order of 1%,
which is in good agreement with our assumption, also because
one could expect that the yield of the process may depend on
the ion energy ranges, that may differ from the Moon to Mer-
cury.

Since the PSD release Na flux is proportional to the proton pre-
cipitation, one could expect that, on the dayside (which is not
visible in the observation) the Na exospheric densities should re-
semble the proton flux in Fig. 4b. As shown in Fig. 8, however,
this is not the case. In fact, on the dayside also the Na population
from thermal desorption is present. Moreover, in the case of a non-
uniform surface source, Mura et al. (2007) have estimated that the
characteristic horizontal scale lengths of the exosphere are about
a factor 2 longer than that of the source, due to the ballistic tra-
jectories of the particles. Another effect, not yet included in this
model, can be the Na release due to thermal diffusion, that should
be maximal in the sub-solar point region, between our two pre-
cipitation maxima (Killen et al., 2004).

The Na density in the tail predicted by our model is also in sub-
stantial agreement with that observed during the first MESSENGER
flyby (McClintock et al., 2008). Moreover, chemical sputtering of Na
by protons causes also the production of water, and it is worth not-
ing that the FIPS instrument on board MESSENGER has discovered
such water group ions in the exosphere of Mercury (Zurbuchen et
al., 2008).

In a separate simulation run we have tried to simulate the Na
density in a different way, by assuming that the proton precipita-
tion causes only direct ion-sputtering of surface sodium. However,
the simulated scale-heights were larger and the tangential column
densities were about 100 times lower than those observed, be-
cause ion-sputtering has a lower yield (5%) and a more energetic
velocity distribution. On the other hand, it is difficult to explain
north–south asymmetries without including plasma precipitation
effects. We also simulated the Na exospheric density arising from
impact vaporization; also in this case, the tangential column densi-
ties were lower by a factor 100. Presently, it is therefore not possi-
ble to explain these observations without including a process that
combines ion-precipitation and PSD via the chemical alteration of
the surface induced by ion impact.
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Appendix A

From the detected excess absorption, densities of the sodium
atoms in Mercury’s exosphere could be derived using the following
equations:

Wλ(h,ϕ) =
+∞∫

−∞


Iλ(h,ϕ)

Iλ
, (A.1)


Iλ(h,ϕ)

Iλ
= 1 − exp(−τλ)

−1, (A.2)

τλ = κ
(A)
λ n(h,ϕ)−1, (A.3)

κ
(A)
λ = κ

(A)
0

1√
π
λD

exp

(
− λ


λD

)2

. (A.4)

Here, Wλ(h,ϕ) is the equivalent width of the absorption ex-
cess 
Iλ , observed at location h above the limb at azimuth ϕ .
Iλ is the solar background intensity (that is the undisturbed so-
lar D2 line profile). κ

(A)
0 is the atomic absorption coefficient at line
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center of the resonance line, 
λD the Doppler width of the ex-
cess absorption. By inserting Eqs. (A.2)–(A.4) into Eq. (A.1) one gets
the relation between equivalent width and n, the column density
along the line of sight, which is nearly linear, because the excess ab-
sorption is nearly optically thin. Using this relation, the tangential
column densities displayed in Fig. 1 have been derived from the
observed equivalent widths; for the Doppler width the value mea-
sured from the observed averaged profile of the excess absorption
were used.
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